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NPEJVCJIOBHE

HecmoTps 1na cTpemaenue apTropoB K cTporoMy ot6opy
marepuana, o0bem TOMOB Halero Kypca rteoperuueckolt gpusnku
NpH KawaA0M nepensiaHud yBeanuusaercss, Koneuno, 310 — ecre-
CTBeHHOe I HeusOe.xHOe cAeAcrBve OBICTPOro pasBuTHa HaAYKU.
Ho BmecTe ¢ TeM TU KHUTH B pe3yabTaTe BCe B MeHblied cTe-
neHy MOTYT CIY)KHTb B KauecTse YyueOuoro nocobus Aas c1y-
JEeHTOB, Aa U BooOule Aas He NpodeccMoHalbHBIX (PU3UKOB-TEO-
DETUKOB,

B osroit catyaunu Jles [dapungosuu Jlawgay B rnocaeaHue
roJsl nepel POKOBOH aBTOMOOWIbHON aBapue# ¢ 6OJbILUM DHTY.
31a3MOM OTHOCHJICS K Huilee CosJdanusg Ha Gaze MOJHOrO Kypca
TaKkKe U Kparkoro Kypca reoperuuecko#t ¢usuxu. Ilo ero
MBIC/IH, TAKOH KYPC AOJ/KEH COAepiKaTh MHUHHMAIbHBIE 00DbEM CBe-
JdeHnfl, KOTOpbIf MOKIIO Obl0 Onl peKOMelAOBaTh BCIKOMY COBpE-
MEHHOMY (U3HKY, BHE 3aBHCUMOCTH OT ero crneuuanudauuu, Tparu-
yeckuti cayvalh momewan JI I, Jlangay camomy npuHsaTb yyacTue
B OCYWIeCTBIEHUN 3TOr0 1J1aHa, ¥ KIIUCM HAYMHAOT BBIXOANTH
B CBET yie NOCJAE ero CMepTH,

dtor Kparkui Kypc OyAeT cocToaTh u3 Tpex Kuur: 1. Mexa-
HUKa., AaekrpodvHamuka, 2. Kpautosas mexanuxa, 3. Makpocko-
nuueckas ¢usuka,

MNpennaraemas Knura 1 cocTaBieHa B OCHOBHOM NyTeM Tiia-
TeJbHOrO COKpalllennss TeKcra wHaliux «Mexannku» u «Teopun
noagas. IIpu 3TOM s CTPEMMICAd MOMHOCTBIO yueCTb BCE IOKEJa-
HUd, BbiCKasahuble B csoe BpeMs JI JI, Jlangay B npeAsaputenbs



[PEANUCJIOBHE 7

HhX 00CywIeHMAX TIsaHa 3TOro M3AaHHA, a TaKke YyueOHbie
IJaHB KyDCOB, UHMTABIIMXCA MM B Das3JuuHble roisl B Mockou-
CKOM rOCyAapcTBeHHOM YyHusepcurere, B uactHocrn, Jles [aBu-
JOBHY CUHTAJI, YTO B TAKOH Kparxuil KypC He H0MKHO BXOAHWTH
u3nokenne obme# Teopun orTHOCHTenbHoctu. 110 ero Muemo,
OCHOBHbIE (PH3NYECKHE HICH M Pe3yabTaThl 5TOH TEOPHH AOJKHBI
u3nararbesi B Kypcax oOmeH ¢usuky, a H3yyeHHe ee MNOJHOro
MareMaTH4YeCcKoro anmapara HeodxoanMmo (mo Kpalinell Mepe
B HACTOAUIEE BPeMs) JHIIb CHENHATHCTaM-TEOPETHKAM,
OcranpHOH MaTepuan ABYX TOMOB MOJHOLO Kypca COKpalieH
zaech lpumMepHo BABoe, ITockoabKy 3TOT Kparkuit Kypc He
HMEET 1e/bl0 HayunTh [1POECcCHOHAILHOMY BJAAAEHHIO BCEM
annapaToM TEOPeTHuYeCKOH (PU3HKH, TO B KHHre OCTaBJEHO JHILbL
neGoabloe uncao 6oJee HPOCTHX, WMIOCTPATHUBHHLIX 3alad.

E. M. Jlngpuuy
Mait 1968 r.
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YACTb I

MEXAHHKA

Faaeal
YPABHEHUS JABWXEHUS

§ 1. OGoOmeHHbIE KOOPRUHATHI

OanuM 13 OCHOBHBIX HOHATHY MEeXaHUKM ABIACTCA (OHATHE
mamepuassroid mouru ') ol 3THM HazBaHdeM MOHUMAKT TENO
pasMepaMH KOTOPOrO MOKHO r[ipeHebpeub npH OMHCaHWU €ro
AshneHns. PasymeeTcsl, BO3MOXHOCTL Takoro mnpeHebpexelus
3aBUCHT OT KOHKPETHBIX YycaoBd# TOH niad uHo# 3agaun. Tak,
NIaHEeTHl MOMCHO CYHTATh MarepPHaJblibiMH TOUKAMH MPH HSYyueiinu
ux aswxkentna sokpyr CouaHua, HO, KoHeuno, He NPH paccyMoTye-
HUM UX CYTOYHOTO. BEpauleHus.

IMonoxeHne marepuanpHoll TOYRM B NPOCTPAHCTBE onpeie-
JIeTCA ee PaAnyC-BEKTOPOM T, KOMMOIEHTH KOTOPOTO COBIAAAOT
¢ ee JeKaprosuMK KoopauHaTaMu x, ¥, z. [Ipoussonnas r no
BpeMenu t

dr

Vo= —

de

Ha3BIBAETCA CKOPOCTHIO, a BTOPas npouasolnas dir/dt* — yckope-
nueM Toukd, Huwe, kak aro npuuaro, mb 6yaem yacro obo3Ha«
yath AupdepelvpoBaHue N0 BpeMeHd TOUKOH Hal OyxBoH:
V=i,

Ilna onpelenends noJokeHus cucrembl U3 N MatepHasbHBIX
TOYeK B MPOCTpalcIBe HaAO 3aldath N PaAdyC-BEKTOPOB, T. €.
3N koopaunar. Boobiie unCI0 HE3aBUCHUMBIX BENUUHH, 3aAaHHE
KOTOPHX HEOOX0AUMO A ORHO3HAYHOrO ONpPEeNe/]CHHA MNOJOoXKe-
HUSl CUCTEMBI, Ha3hIBAETCA UYUCJIOM ee cmenerell c80000u; B Ralls
HOM cayuae 3TO udca0 pasHo 3N. DT BETHUHHBL He 0013aTC/bIIO

') BMeCTO TepMHHA <MATCPHAILHAA TOGYKA» Mbl OYyJAeM YacTo 10BO-
PHTb O e¢yacTHILAX>.



10 . YPABHEHUS IBHKEHHIS ra. 1

No/kHb  ObITh AEKAPTOBLIMM KOOPAHHATAMH TOYEK, W B 3aBUCH-
MOCTH OT yca0BHH 3aJauyd MOXET OKasaThes Goxee yAOOHLIM
BbIGOD Kakux-anbo ApPyrux koopauuar, JlioOble § BeJUuMH ¢y,
Ga .-, (s, BOOJHE XaPAKTEPHBYIOULHE MNOJOKeHue cucreMs (¢ §
cTeneHany cBOOOb), HASBIBAIOT €€ 0000 CHH b1 MU KOOPOUHAMAMIL,
a MPOU3BOJINEC §; — €€ O0GO00UECHHBIMI CILOPOCHIAMI,

Sananie snavennit 00OOILEHHBIX KCODAHNAT €lUE He OIpeae-
JS€T, OAHAKO, <«MEXaHHUYCCKOTO COCTOSIHHS» CHCTEMbl B JaHHHIH
MOMEHT BpeMeHH B  TOM CMbICJe, YTO OHO He MO3BOJseT npel-
CKas3aThb MOJIOMEHHE CHCTEMBI B MOC/CAYIOUINE MOMEHTH BPEMEHH,
Tlpun sajaHHBIX 3HAYEHUSX KOOPAMHAT CHCTEMAa MOKer 00/alath
NpON3BOJLHBIMHU CKOPOCTAMH, 4 B 3aBHCUMOCTH OT 3HAUCHHA
nocrefHux OydeT pasauyHbM M NOJOXKEHHE CHCTEMB B CJCAYIO-
i MOMeHT. BpeMeHH (T. €. yepe3 Oeckoueulo Maabiil BpeMeH-
HOH HHTepBan df),

OanoBpeMEnnOe A6 3a4anie BCeX KOODPAIHAT U CKOPOCTEH
TIOJHOCTBIO ONMpPeJie/seT, KaKk MOKa3blBACT OMbIT, COCTOAHNEE CHCTEMbI
1 NO3BOJACT B MPUHIMMNE MPEACKa3aTh JladbHeHlee ee HBUKEHHE.
C MareMaTHUYeCKOH TOYKM B8peHHs 35TO 3HAyuT, YTO 3afaHHEM
BCEX KOODAHHAT ¢ H CKOpocte#l ¢ B 1I€KOTOPHH MOMENT Be-
MEHM OJHO3HAYHO OMpPEeJe/aeTcs TAKWKE M 3HAyeHue YCKOpeHu# §
B 3T0T MOMeHT 1),

CoOoTHOWIECHNS, CBA3BIBACILNE YCKOPEHHS ¢ KOOpAMHATaMu
M CKODOCTSMH, Ha3bIBAIOTCH YpagueHusgmu odsuocerus. Ilo orno-
nmennio K dynknnam ¢ (f) 310 — guddepeniinaspipie ypaBHEHA R
BTOPOr0 MNOPAAKa, UHTErPHPOBAHME KOTOPHLIX MO3BOJAET B MPHH-
Iune onpeaeauts 3TH  (PYHKIHH, T, € TPACKTODHU IBIIKEHHS
MEXalUYEeCKOoH CHCTEMBL,

§ 2. prHnpn nHanMeHbliero geiicTBHA

HanOonee o6was ¢opMyIHpOBKA 3aK0HA OBHMKEHHS MEXaHH-
YECKNX CHCTEM MaeTcsd TaK Ha3blBAEMHM HPUHUUNOM HAUMEHL-
wezo Oelicmsun (nan npunuyunon asiasmone). Cormacuo
5TOMY MNPHUHLHNY KakOaa MEXaHHUYecKkas CUCTeMa XapakTepuayercs
onpeaeacHHON (QyHxuue

L((]b Gz «ovs G ‘].1: '2: ceey q.S: t)

1y Jlna xpatkoctd o00603HayeHni Mbl GymeM YacTto YCIOBHO TOHH-
MaTb 1101 ¢ COBOKYIHOCTb BCEX KOODHHHAT gy, s, ..., §s (i 1O §
aHaJOrNYHO COBOKYIHOCTb BCCX CKOpocTeil).



§2 MPHHIMIT HAMMEHBIIETO IEMCTBHA 1

nan, B Kpatkod 3amucwk, L(g, ¢, ), npudyeM JABHIKEHHE CUCTEMH
YIAOBAETBODAET CJAEAYIOEMY YC/OBHIO.

IMycte B moMeHTbt Bpemenu f=—1¢, n { — 1, cucremMa 3aHuMaer
onpeleneHHbe MOJOKEHN, XapaKkrepuayeMmbie AByMs HabopaMu
suayennit koopannat ¢ n ¢¥. Toraa mexay STHMH OA0KEHUAMH
CUCTEeMa ABUKETCA TakuM oOpasoM, YTO HHTErpan

{2
S=\ L(g ¢, t)dt 0

ty

UMeeT HauMeHbllee BO3MONHOE 3HaueHue, PyHKUMA L HasblBaeTCs
@yuryued Jlaepansca Aanuoit cucremsl, a uurerpaa (2,1)—
deficmeuen.

Tor ¢akt, uro ¢ynxuus Jlarpamka COIEPKHT TOABKO ¢
H ¢, HO He 0OJee BbICOKHE NPOM3BOAHBIE KOODAMHAT TO Bpe-
MEHH, ABAAeTCA BLIPa)XK€HWeM YKasaHHOTO Bbilie (akTa, 4TO Mexa-
HHYECKOE COCTOSIHHE TI0AHOCTBIO ONpefessieTcs 3aldaHneM KOOp-
Aulat U CKOpocTel,

IMepeitaem K BbiBOAY duddepeHInaabubiX ypaBHeHuH, pela=
KX 3a4auy o0 onpeaeseHMH MHUHUMyMa uHTerpana (2,1). das
yupoumeHua sanicy QopMya NLeAnonokHUM CHauyanz, 4To CUCTEMA
ofnajaer BCero OAHOM creneHbio ¢BoGOAL, TaK uTO JOJKHA
OblTb onpeneaena Bcero oaHa gyukuua ¢ (7).

Ilycte g=gq(f) ectp K2k pa3 Ta QyHKUMA, Aas Kotopod §
UMEeT MHHMMYM. DTO 3HAYMT, YTO S BO3pacraer NpH 3ameHe ¢ (f)
Ha JoOyo (QyHKUMiO BUAa

GERAO) | 22)

rae 0q(f)— dyukins, Malas BO BCEM WHTEPBaAe BPEMEHH OT I
00 3 (ee HasbiBaOT gapuayued Pyuxunu ¢ (f)); NOCKOABKY NpH
t=t, n {t=1{,; Bce cpasuuBaemble Gynxuuu (2,2) A0MKHH TpU-
HOMaTh, OAHKM H Te xe snavenns ¢ n ¢, To Aoamuo OblTh

b (6) =3q (1) =0. @3)

Wsmenenne § mpu samene ¢ Ha g -} 8¢ AaeTcsl pasHOCTbLIO

ta t2

§Lg-+3q, ¢3¢ tydt—L(q ¢ 0)dt.

ty ty

Pasnaoxeune 3TOR pasuccTn MO CreneHsM 0¢ W 8¢ (B NOLBLUTEr-
panbHOM BbIDAXEHUH) HAUMHACTCS ¢ UYJEHOB NEPBOTO MOPAAKA



12 YPABHEHMS NBIKEHIA Ira. x

Heo6xomuMbiM yc10BHEM MUHHUMAabHOCTH S aBaserca obpaiieHse
B HYJb COBOKYNHOCTH 3THX YJIEHOB; €€ Ha3LBAIT NepBoH Bapua-
rued (uau  npocro Bapuanueid) wmnrerpasa, Taxum o6pason,
UPHHUUN HauMeHbIlero JAeHCTBUS MOMNHO 3anucCarb B BHUIAE
£
8S§=3{ L(g, ¢, ydt=0, (2,4)

13

HAH, NOM3Leas BaPbUPOBAHUE:
t

S\dq g +2L “'\ —0.

fy

) . d .
3axeuas, uTo qu—d—t- 5, TPOMHTErpuUPYEM BTOFGH 4YJeH 10

HacTAM U HOJYUMM:

ts I
R oL oL d 0L _ -
=it | -\ (55— 55 ) adt=0. @9
t £

Ho B cuay ycaosuil (2,3) mepssii ujeH B 3TOM BHIPaKEHHH
nciesaer. OcTaeTcs uHTErpal, KOTOPHH J0JKen OHTbh paBeH
HYMO TPH TMPOU3BOJLHLIX 3HAUEHMAX &8¢, DTO BOZMOXKHO TOJBKO
B TOM CJ]YY&ae, €C/H MOABIHTErPalLlOe BLIPAMEHHE TOKAECCTBEHNO
obpamaerca B Hyap. Takum o6pa3soM, MH noJyyaeM ypaBiHeHue

d oL 9L

dt 9§~ dg
. Tlpm waznpuuu HECKOJLKHX cTenmeHeld cBOGOAN B NPHHUUIE
HauMenpIlero JeHCTBHA JOJIKHB HE3aBUCHUMO BapLUPOBA1bLLH S
pasanudbiX Gynxkumii ¢; (f). Ouesuano, 4TO Mbl NOJUYUUM TOTAA S
Ypapuenuih BrAa

d JL oL

— = =0 i=1,2..., %) 2, 6

dt dqt 01]‘ ( y <y > ) ( ) )
310 — ucKoMbie Auddepeninanbiible YpasHeHus; OHU Ha3bIBAIOTCS
B Mexanuke ypasuena Jlazpanaca '), Ecan dyukuus Jarpanxa
BaHOM  MeXanuvecKkoll C/ICTeMbl H3BECTIIA, TO YypaBueHus (2,6)

') B BapHauu#oOHHOM HCYHCICHHH, paccMaTpHBaloOW(Ccs GOPMAABLHYIO
3anauy 00 ompefcieHHI SKCTPCMYMOB uuTerpajos Bliaa (2,1), onn
Ha3uiBIOTCH ypaBHCHHAMH Jfiaepa.
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yCTaHABAUBAOT CBA3L MEIKLY YCKOPEHHSIMHA, CKODOCTSAMH H KOOP-
JUIHATAMH, T. €. TPEACTasasioT coOOH  ypasiienus ABHIKEHUA
cuctempl. C MaTemaTuyeckoll TOYKH speHus ypasHeurs (2,6)
COCTAaBASIOT CHCTEMY § ypasuenuf#h BTOpPOrO nopsaxa Aasl S
Hen3BeCTHRIX  GyHKiu# ¢;(f). OOwee peuseHue TaKOH CHCTEMM
comepKHUT 2§ NMEOM3BOJLHBIX NOCTOSHHMX. a7 ux oipenerenns
1t TEM CaMBIM TMOJHOTO ONPEAENCHUA MABHKEHHUS MexauusiecKoi
cncTeMbl HeOOXOIMMO 3HaHME HAYaJblBIX YCAOBUH, XapakTepu-
3YIOMIMX COCTOSHHE CHCTEMB B HEKOTOPHHU 3aJanHblii MOMENT
BDEMEHH, HAMpUMEp, 3HAHWE HAYAJBHHIX 3HaYeHHU# BCeX KOOPAH-
HaT U CKopoctel.

Iycte MexaHnueckas cHCTEMa COCTOMT M3 ARyX vacTeil A
¥ B, Kakias 43 KOTOPHX, Oyayun 3amMkuyToH, umena 6w a
KkavecTse (yHkuuH Jlarpamxa COOTBETCTBGHHO yukuny Ly u
Lp. Tora B mpenene, npit pasBeleHHH uacTe# HACTOJLKO NAJEKO,
4TO B3aUMOAEHCTBHEM MENNY HUMH MO:KHO npenebpeus, Jarpau-
WeBa QYHKUUS vcell CHCTEMB CTPEMUTCH K npeneny

limL=L,-}Lg. ‘ 2,7)

1o ceoficTso amauTHBHOCTM Gyuxnmu Jlarpamka Bepaxaer
co00#l TOT (haKT, YTO ypasHerus ABHXEHUS KakAOH U3 HeB3au-
MOJEHCTBYIOUIMX YacTel 1e MOTYT COAEpKaTh BENHYHHB, OTHO-
CHIIMECS K APYTHM YacTAM CHCTEMH,

Ouesunno, uto yMuowmenue Ppyuxnun Jlarpanxa Mexauuue-
CKOH cucTeMbl Ha NPGHU3BOJBIYIO HOCTOAHHYIO camo no cebe He
OTpaXaeTcs Ha ypaeneumsx aAsukenus, OTcioga, kasanoch Om,
MOT/Ia BBITEKAThb CYHIECTBEHHAS HEOTPEAeCHHOCT: (PyuKLEK
Jarpanka [asAMuUHBIX  H3OAMPOBAHIBIX  MEXAUMYECKHX CHCTEM
MOraM OBl yMUOKAThCH Ha JMoOble pasnyHbie NOCTOsHUbE. CBOR-
CTBO  AAAUTHBHOCTH YCTPAlIRET 3TY HeOonpeaeeHHOCTh, — OO0
AOMYyCKAeT Jdlib  OJHOBPEMEHIIOE  YMHOMXEHHE JIArPAHMKEBHIX
QYHKUMH BCEX ‘€UCTEM M3 OJMHAKOBYI0 TNOCTOSHHYIO, NTO CBO=
AUTCS TPOCTO K €CTECTBEIHOMY MNpPOH3BOJAY B BoibOpe eMUHHIL
H3MepeHus 3TOH uanyeckofl BEMWUMIIB; MBl BEPHEMCA €IE K
sTOMy Bompocy B § 4,

Heobxonumo caenats eine crenyioiee obiee 3ameuanue,
Paccemotpum ase oyukuun L'(g, ¢, t) w L (g, ¢, ¥), oranvaomuec
ApYT OT APYTa HA MOAHYIO MPOM3BOAMYIO MO BPEMEHUW OT KaKOH-
aubo dyMxuin rKoopauHaT u Bpemenu f(g, )

L@ 4 0=L@ ¢ D+ 14 1. 28)
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Buunciennne ¢ nomousio 3THX ABYX (YHKUWHH Hurerpans (2,1)
CBA3aHH COOTHOLIEHHEM

2] i3

ty
Y ’ . da
§= S L' (4 4, t)dt:%L(q, g, ydt - S#}dt:
Y {

1 131 1
=S+f(q(2)’ ti!)—f(q(”: tl)’
T. € OTJHvYalTCA ADPYr OT JApYyra JAONOJHHUTEABHEIM UJEHOM,
MCUe3aI0I MM TPY  BapbUPOBAaHWM AEHCTBHA, TAK YTO YyCJIOBHE
38 =0 cosnansaer ¢ ycaosuem 8S=0, u BUI ypaBHEHHH IBH-
WEHHSl OCTAaeTCs HEH3MEHHBIM.
Takum oOpasom, ¢yuxuus Jlarpawmxa onpefesdeHa JAulllb C
TOYHOCTBIO [0 TNpHOaBAeHH K 1HeHd NoJHOH TPOM3BOAHOH OT
NPOU3BO/bHOH (YHKIHM KOODAHHAT W BPEMEHH.

§ 3. Mpunuun oTHOCHTENbHOCTH Tajmiesn

Iaa onucaHus npOHCXOJAUX B TIPUPOJE INPOHECCOB HeoO-
XOAUMO BHIOparh Ty WJAH UHYIO cuCHieMY ommema.,‘ﬂon cucre-
MOH OTCUeTd TMOHHMMAIOT CHCTEMY KOOPJAHHAT, CAyXKaWyoo 171
YKa3aHHS TIOJI0XKEHHA YaCTHIL B IIPOCTPAaHCTBE, BMECTE €O CBfl-
3aHHLIMHE € 3TO# CHCTEMOH uacamu, CJAYXAUMH A YKa3aHus
BpEMEHU.

B pasauudbix cucTemMax OTCYETa 3aKOHBI NPHPOAbl — B TOM
ypC/ae B3aKOHbBI JABHMKEHHS — MUMEIOT, BOOOLIE rOBODS, PasaudHbIi
BuA, Ecau BBATH TNPOU3BOJBHYIO CHCTEMY OTCYETd, TO MOMET
OKa3aTbCs, UYTO 3aKOHBI Jaxe COBCeM NPOCTHIX fBAeHUH OyayT
BBILJIAETh B HeH ¢/10xkHO, EcTecTBeHHO BO3HUKAer BoOIpoc 06
OTBICKAHHUH TaKOH CHCTEMBI OTCUETa, B KOTOPOH 3aKOHBI [PUPOALI
Bhir/Iagenu 6 HaubGosee mpocro. _

IMpocredmuil BuA ABHKEHUS — ABUKEHHE CBOOOAHOrO TeJa,
T. € Te/a, HE MNOABEpramlerocs Kakum-id00 BHEIIHHM BO3JeH-
crBusM. CyIWEecTBYIOT CHCTEMBl OTCUETa, B KOTOPHIX ¢80600HOE
O8usicerlle TIPOUCXOJUT € TIOCTOSIHHOW 10 BeJMYHHEe H HarpasJje-
'HUIO CKOPOCTBIO. Takue CuCTeMBl OTCUETA HA3BIBATCHA HEpUll-
QAbHBMI, A YTBepkiaeHne o006 ux cymeCTBOBaHHH COCTaBJsIeT
COJEPKAHUE 3aAKOHa UHepuul,

CBOHCTBO HMHEPIUAJIBHOCTH MOKHO CGHOPMYJAHPOBATH TAKKe
Kak ytBep:kleHle 00 OXHODOAHOCTH W H3OTPONMH NPOCTPAHCTBA
H OJHODOAHOCTH BPEMEHH IO OTHOLUEHHIO K TAaKOH cHuCTeMe
otcueta. OIHOPOAHOCTH TNPOCTPAHCTBA M BPEMEHM O3HAyaer
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SKBUBAJEHTHOCTb BCEX MNOJOKEeHMH CBOOOAHOH yacTHLB B TpPO-
CTPAHCTBE BO BCEe MOMEHTH BpEMEHH, a H30TPONUA TPOCTPaH-
CTBAa — 5KBHBAJEHTHOCTb Pa3JUuHKX Hanpasienuit B uHeMm. Hewus-
MEHHOCTh XapakTepa C(BOOOJAHOrO ABHKEHHS YACTHUH B JOOOM
HaTPaBJIeHN U npOCTpaHCTBa ABJSETCA OUEBUJHBIM  CJEICTBHEM
3TUX CBOHCTB.

Ecan aBe cucremMbl OTcueTa ABHXKYTCA APYT OTHOCHTENBLHO
ADYra DaBHOMEDHO W NPAMOJMHEHHO M eCca¥ OJHA W3 HUX UHEp-
UMadbHa, TO OYEBMAHO, UTO W APYras TOXe ABJAETCA WHEPLHAJb-
HOH: BCAKOe CBOOOAHOE JBuXeHHe W B 3ToH cucreme Oyner
NPOHCXOAUTE C MOCTOSHHON CKOPOCTbIO. TakuM oOpaszom, uMeeTcs
CKOJIbKO YTOAHO HHEPUHMAJbHBIX CHCTEM OTCUETa, ABMKYIIUXCA
Apyr OTHOCHUTEJILHO Apyra ¢ NMOCTOAHHBIMH CKOPOCTsSMHU,

OKa3bIBaeTcs, OAHAKO, YTO Da3/jM4HbE MHEPUHAJIbHBIE CHCTE-
MH OTCYeTa SKBUBAJEHTHBl HE TOJBKO MO OTHOWIEHHIO K CBOH-
cTBam cBoGoAnoro Apuxenns. ONHT MOKAa3HBaeT, YTO CrpaBelJuB
Tak HaswBaeMull mpusgun omuocumeasnocmu. CoraacHo 3TOMY
NPUHUKUNY BCE 3aKOHMbl IPHPOJBI OAMHAKOBH BO BCEX MHEDILUAJD-
HBIX CHCTeMaX oTcuerd. [Ipyrdmu C/Ao®BaMi, YDABHEHHs, BBHIPAXa-
[OUIHE 3aKOHBl IIPHPO/ABI, WHBADHAHTHH 10 OTHOLIGHHIO K Npeosd-
Pa30OBaHMIO KOOpAWHAT M BpPeMeHH OT OJHOH uHEPUHaJbHOH
CUCTEMBI K APYroHd. JTO 3HAUNT, UTO YPABHEKNS 3aKOHOB MPUPO/H,
OyAyud BBIPAKEHL YeDe3 KOOPMMHATLI (1 BPEMS B DasJUUYHBIX
MHEPUHAMLHHX CHUCTEMAX OTCUETZ, HMEWT OAWUH H TOT. XK€ BUI.

Hapsity ¢ npeHUMMOM OTHOCHTEJBHOCTH, B CaMOH 'OCHOBE
NpeAcTaBleHuil Kaaccuteckoil (WM Ko MOHOBCKOHE) MeXaHUKN ')
JAKUT NPEANoNoKeHne 00 adcoalomHocHil 8peserll — OJNHAKO-
BOCTH XOAa BPEMEHH BO BCEX HMHEPULHAJIbHHX CHCTEMAX OTCUETa,
Of6beauHeHHBIH ¢ 5TUM TPEANONOKEHHEM HPUHUHN OTHOCHTE/b-
HOCTH HA3LIBAIOT MPUHLGUNOM OmHocuineasrocmu I aiuies.

KoopauHarel r u r’ OAHOH U TOH Ke TOUKM B ABYX pas3juy-
HEIX HHEpUMANbHEIX cucTeMax orcuera K u K, 13 KOTOpbIX
BTOpas - ABHXKETCS CO GKOPOCTHIO V OTHOCHTEABLHO TepBOH, Cpil-
8auel JAPYr C APYroM COOTHOUIEHHEM

r=r Vi, 3.1
rae t-— BpeMs, oJuHaKoBoe B 00eux cucrTeMmaxt
t="t. (3,2)

1y B otauure oT peasmusucmeroli (Wan diHwmednoscKOd) Mexa-
HHKH, 0 KoTopol Gyxer uxtd peus B ra, VI,
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Mporudipepenuposas o6e cTopols papexctsa (3,1) no spemen,
NOJYUUM OOLINHBIR 3AKOH CAONCERUS CEOpOCmel

ve=v V. (3.3)

dopmuyan  (3,1-—2) uasuBawor npeodpalosannen aanaesn.
Mpunuin  ortnocutessnoctd Canauaes tpefyer MmiBapuanTHOCTH
3dKOHOB TPHPOIbI MO OTHOIWIEHHIO K 3TOMY npeo0pa3oBaHuio.

Bce ckasanHoe ROCTaTOYHO SCHO CBHAETENBCTBYET OO HCKJAIO-
YHTEAbHOCTH CBOHCTB HHEPLHaJblIBIX CUCTEM OTCYETa, B CHJAY
KOTOPHIX HMEHHO 3TH cucCTeMhl AOJIKHB, KaK 1PaBHJIO, HCMOJb-
30BaThCA PPH H3YUEHHH MeXaHUuecKUX ssxenud, Besne wHuxe,
rae obpaTHoe He OrosopeHo o0c¢oGo, Gyler nOApasyMeBaTbCs
TaKoil BHIGOP CHCTEMBI OTCHETA.

IMoanas ¢uanueckas 3KBMBAJEHTHOCTb BCEX HHEPLHAMBHEIX
€HCTeM OTCYETa MOKAa3bIBIeT, B TO e BPEMA, YTO He CYULeCTBYeT
HHKaKOH «aBCoMOTHOR> CHCTeMB, KOTOPYD MOXHO Oblio O
NPEAncueCTb BCEM APYrHM CHCTEMaM.

§ 4. ®yrxuua Jarpanxa croGonnoit yactaum

Nepexoas kK onpejesenno suia (yuxian Jlarpaixa, HauHen
¢ npocrefiliero cJayyas — cBOGOAHOrO ABHHEHHS OAHOH YaCTHLLBI
(oTHocuTeabHO MHepuHadbHOR CHCTEMUL OTCUeTa). '

B cit1y OZHOPOMHOCTM NPOCTPAHCTBA M BPEMEHH (Y HKLLiA
Jlarpanxa cso0OAHOH YacTHBl HE MOKET 3aBHCETh $IBUBIM 06pa-
30M HH OT PalNyC-BEKTOPa YacTHIB! T, HM OT BpeMenn f, T. €,
L sasercst (pyHRuMeli ToabKO OT cKopoctit V. B cuay ke uso-
TPONMH npocTpaincTsa (yHkuwaa Jlarpauka He MOKET 3aBUCETL
TaK@ke U OT HanpasjieHdsl BEKTOPa V, TaK UTO 9BJARETCA (PYHK-
uredl Juwb OT ero abcoJOTHOH BesuuMHLL, T. €. OT KBaipara

vi= %

L=1L (v

Bia sTodl (ynKuun 0ZHOBHZUHO YCTaHaBJHBAETCA TPHHILUTIOM
oriiocnteabHocTH Faauges. B cuay sroro npuHusana dyiikiuus
L(o%) 10mKHA uMETb OAMHAKORHIH BHA BO BCEX HHEPHUAJIbHBLIX
cricreMax otcuera, C APYro#l CTOpOHH, NPH NEPeXofe OT OAHOfi
CUCTEMBI OTCY€Ta K APYroii CKopoCTh yacTuub npeobpagyercd
coraacro (3,3), rak uro L (v?) nepexoaur B L [(V -+ V). HeoB-
XOMMMO, CJIeflOBaTelbHO, YTOOH TMNOCJelHee BbipaKeHHe, e H
orAnvanoch of L(v?), 10 aHWL Ha nOJNYI0 NPOM3LOAHYIO OT
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(yHKIWH KOOPAHHAaT W speMeHH; Kak Obl10 yKas3ano B KoOWile
§ 2, Takan Npou3BOZHas BCErAa MOWKET ObITh OMyuieHa,
DTOMY TPeGOBAHHIO YAOBIETBOPSAET TOJABKO 3aBHCHMOCTL BUAA

L=av’
Hpu npeoGpasosaiin v=1v'--V uueex:
L(@)=av’=a(V -+ V) =av? -} 2av'V-}aV?
uam, sameuasn, uro v =dr’ dt:

L)=L@Y)--5 (2ar VL v,

Hogsasiomufics aumunit nien ZeficTBUTENbHO OKa3biBaeTCH MOA-
HOH NpOH3BOAHOR H MOMKET OBITb ONMYULEH,

Hoctosmnyio a npuusito 0603Hauars KaK #2/2, Tak 4T0 OKOH-
YaTeabHo HamduieM (QyHKIHIO JlarpaHika ¢BOOGOAHO ABHXKYULEHCH
TOYUKH B BUle

2
L::’—"—QU—. "
Beauunna m Hassidaercs .Maccoil MaTepuaiabHOH ToUkH. B chay
CBOHCTBA aMIMTUBHOCTH (pyHKuMu Jlarpamxa, mA9 CUCTEMH
HEB3aUMOLCHCTBYIOUIUX TOUEK HMeeM ')
\ n ‘1’121
L: —{'.12-—' (472)
a

Crenyer nmouepkHyTb, YTO AHIIL NPH YUETe 3TOrO CBOHCTERA
HaHHoe onpeneneHue Macchl npHodperaer peaibhbiit cmbica Kak
yKe Gbl10 OTMEneHO B § 2, BCerla MOKHO YMHOXHTH (DYIKIMIO
Jlarpanxa nHa Jo0yio NOCTOAHHYIO; 3TO e OTPaKaeTcs Ha ypas-
Henuax asuxenus, i dynxuny (4,2) Takoe yMHOKeHHe CROIMTCA
K H3MEHEHWIO €IHHHILG H3MepeHHs MaCCbh OTHOLIEHHS KE Macce
Pa3JHYHBIX YACTHIL, KOTOPbIE TOLKO W MMEIOT PeadbHbiil (usu-
UECKHHA CMBICT, OCT2IOTCR NPU 3TOM NPeodPa30BaHi HEHIMEILILI M,

Jlerko BHAETH, uTO Macca He MOxer ObiTh OTPHIETE.iLHOH,
B camom mene, coraacno npiminany HamMensliero meHcTsu A

1) B KauecTBE WHAEKCA, YKA3bIBAIOLLEIO HOMCP YACTHILH, Mbl Gyacs
N0Ib308aTLCA NCPBLIMI GYKBAMH A4THH CKOLO ampamna 4 A HHICK OB,
HYMCDYIOUIMX KOOPJAHHATLI, HCROab3yeM OVKBu i, k, 1,
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peasbHOro ABMMEHHM UACTUUB W3 TOUKM J MPOCTPAHCTBAa B
TOUKY 2 HHTerpa’

S

|
I T
E
<
&

umeeT MuHamyMm. Ecau On macca Owina oTpULaTeNbHOM, TO /s

TPaeKTOPUH, MO KOTOPBIM 4YacTHUa cHayada ORICTPO ylaisercs

or I, a sarem ObicTpo npubauiaercd K 2, MHTErpan AeHCTBUA

npuHuMan Gl CKOJb YroAHo Gospluve 1o abCOMOTHON BeaUuuHE

OTpHLATENbHbE 3HAUeHHs, T. €, He MOr Ob MMETb MHUHUMYyMa.
[TonresHo 3aMeruTh, 4TO

o jdh\e_ar
V= km) = s (4;3)
[lostomy aas coctaaenns (GyHxuuu JlarpaHka JOCTATOUHO HAHTH
KBaZpaT AJMHBI 3JaeMeHTa Ayru d B COOTBETCTBYIOIEH cucTeMe
KOOPAUHAT,
B mexapToBHX KOOpAMHATax, Hanpumep, dff=—dx®--dy*--
-} d2? mnostomy

L=" (& 29, (4.4)

B uuauuapuueckux di?=dr* - r*de® - dz? ortkyna

L="(4-r*9* 4 2. (4,5)
B cgepuveckux dif=dr? - r'df? - r? sin?6 do? u
L =" (7 2 rsin®6 49, (4,6)

§ 5. ®ynknua Jarpanxa cHCTeMBl 4acTHL

PaccvoTpuM Temepp CHCTEMY uacTull, B3aUMOAeHCTBYMOILUX
OpYT C IPYroM, HO HH € KAaKUMHU TOCTOPOHHHMH TENAMH; TaKyio
CHCTEMY HaseBaIOT 3amixnymoi. OKasbBaeTcs, UTO B3auMOAEH-
CTBME MEXAY YacTAUuaMp Moxer ObiTh OnucaHo npubasaeHHEM
K ¢yukunn Jlarpanxka nessaumodefcrsyromux Touex (4,2) onpe-
OeseHHOH (3aBHcAllelt OT XapakTepa B3auMOAeHCTBHSA) (PYHKUUH
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koopauHat!). OO6o3uauuB 3Ty QyHKiMio yepes — U, Hanumem:

1 2
L=Zﬂqg’_‘1_u(r,, Ty «v2) (5.1)

(r, — paauyc-BekTop @-#i TOukH). D10 ectb OOWMH BUI (PYHK-
nuy Jlarpanixca 3aMKHYTOH CHCTEMBbL

Cymmy
L) 2
T 2 ma2'va

a

Ha3bIBAOT KuHerudeckol 3snepaued, a ¢yuxkuuio U-— nomen-
yuaabHol 3Hep2ueil CUCTEMBI; CMBICT 5TUX HA3BaHUM BbISCHHTCH
B § 6.

‘ToT ¢aKT, 4T0 NOTEHLHAJIbHAs IHEPrusl 3aBUCHT TOJLKO OF
PacnosoXeHus BCEX MATEPHAMbHbIX TOYEK B OIHMH M TOT Xe
MOMEHT BDPEMEHH, O3HAuYaeT, YTO H3MeHeHUe IO0JOKEeHHs OIHOH
M3 HHUX MIHOBEHHO OTPAXAETCA Ha BCEX OCTAJbHBIX, MOXHO CKa-
3aTb, YTO B3aMMOJEHCTBRA «pacnpocTpaHsoTes» MrHosenHo. Heus-
GeXCHOCTh TAKOTO XapakTepa B3auMoaeHcTBHH B KJIaccmueckod
MEX4HHKE TEeCHO CBA3aHAa C OCHOBHBLIMH NPEANOCHJKAMH NOCJael-
Hel -— abCo/MOTHOCTHIO BPEMEHH U HPHHIHUINOM OTHOCHTENLHOCTH
Famnes. Ecau Obl B3aUMOZEHCTBHE PaCIPOCTPAHSIOCH HE MIHO-
BEHHO, T. € C KOHEYHOH CKOPOCThIO, TO 3Ta CKOpOCTb Oblja OH
pasnMyHa B PasHWX (IBHXKYLIHXCS HAPYT OTHOCHTEJNBHO APYra)
CUCTEMaX OTcuera, TaK Kak abCcOITHOCTh BPEMEHH aBTOMATH-
YEeCKM O3HAY3ET NPUMEHHMOCTb OOCBLIYHOTO MNPAaBHJIA CROXEHHS
ckopocTel o BceM sBaenusiv. Ho rtorma sakousl aBHXKEeHus
B3anMOAeHcTBYOWNX Te Obian Obl PA3iMuHBL B PasHbIX (UHEp-
ILMAJbHBIX) CHCTEMAX OTCYET3, YTO NMPOTHBOPEYHJIO OB NPUHLMNY
OTHOCHTE/LHOCTH, '

B § 3 mbl roBopHJH TOMHKO 06 OXHOPOIHOCTH BpeMeHu. Bua
¢yuxunn Jlarpauxa (5,1) nokasbiBaer, YTO B MEXaHHKE BPEMA He
TOJIbKO OAHOPO/HO, HO U U30TPOIHO, T. €, €70 CBOHCTBA QAMHAKOBH
no o6ouM HanpasJeHusM, B camoM mene, 3amena t na —t (o6pame~
Hue spementr) OCTaBaser (QyHKUMIO JlarpaHia, a cJjeldOBaTeabLHO,
W YPaBHEHMS IBMXEHHUS HEH3MEHHLIMH, [IPYTrUMH CJIOBAaMH, €CJH
B CHCTEME BO3MOXHO HEKOTOPOE IBIMNEHHE, TO BCErla BO3MOXHO
¥ oOpaTHOe [BHXeHWe, T. €. TaKOe, [PH KCIGPOM CHCTEMA

1) 910 yTBepMIeHME OTHOCHTCA JHUIb K KAGCCHYECKOH MCXaHHKe,
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NPOXOAKT T€ Ke COCTOAHKuA B 0OpaTHOM NopaiaKe, B atomM cMsicie
BCE /BIDKEHHUH, ITIPOUCXOAAINHE NO 33KOHAM KJIACCHUeCKOH MeXa-
HUKHK, OOpaTUMHI,

3uaa ¢yukumio Jlarpadka, Ml MOKeM COCTARUTh YPaBHEHHA
Aprxenun 1)

d oL oL =
@ v, —or, (5:2)
[MToacrasus cwoaa (5,1), noayuuna:
dv,  oU
m, —df = — 5;. (5’3)

YpéBHeHHﬂ ABHKeHUn B 3TON (pODME HA3HIBAWTCA YpaAsHEHUA MU
Heomona W npeiactasasioT co0Off OCHOBY MEXAHHKH CHCTEMB
B3aUMOJEHCTBYIOWMX YacTHIL Bexrtop -

F,—— ;T[j’ | (5,4)
croamuit B npasoll cropoHe ypasueHud (5,3), HazwBaercs cuaod,
aeficTeyonelt Ha a-io wactuny. Buecte ¢ U oHa 33BUCHT ML
OT KOOPAMHAT BCEX YaCTHL, HO HE OT MX CKOpocTel. YpasHeHud
(9,3) NOKa3HBAT MNOITOMY, UTO H BEKTOPH YCKODEHH® 4aCTHIL
AB/SIOTCA PYHKUUAMH TOMBKO OT KOODAUHAT.

IToreHumnansHan aHeprus €CTh BEMWYMHA, ONpeneNaeMas JHIUb
¢ TOYHOCTBLIO A0 npubaBireHusa K HeH NPOW3BOALHON NMOCTOAHHOH;
Takoe npubGaBaenne He uaMeHuJ10 Obl yparHeHu# Nsuxenus (yacr-
Hbld cayuaht ykasanro#h B Kouue § 2 HEOAHO3HAYHOCTH (PYHKIAH
Jarpamka). HauGonee ecrecTeennsift 1 0ObUHO NPUHATHE cnocol
Bx0Opa 3TOH MOCTOSHHOH 3aK/OYAETCA B TOM, YTOOK NOTEHIHAb-
HAa® SHEPTLHA CTPEMH/IACH K HYJNO NPH YBEJHUYEHHH PACCTOAHHHA
MEXKAY YaCTHUAMU.

Ecan A1 onycaHus ABUAEHHUS WCNOJB3YIOTCA HE NEKapPTOBhL
KOOPAHHATH TOYEK, @ MPOHM3BOJbHbiE 0600UIEHHHE KOOPAHHATH
qi, TO AA4 NOJYYeHHUs JNarpaHxeBOH (PYHKUMH HAAO NPOU3BECTH
COOTBeTCTBYIOUICE npeolpasopanue

0

. A N of .
xazfa(qh Gar <o Gk A'a:‘\;&iiqk-
k

1) Iloa npowuasonHofl ckaaapHol BexHYULbl 10 BCKTOPY MOAPA3Y Me-
BACTCA BEKTOP, KOMIOHEHTH KOTOPOro paBisl MPOM3BOAHBIM OT 9TOR
BEAHYHHB 110 COOTBETCTBYWIHHM KOMIIOHRHTGM BeKTOpa.
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MoxcraBass 5TH BHpPaxeHHs B (YHKIMIO

1 . s ) ae
L_:TZ—EI)za(xf,—{—ya—;—é;,)— U,

a

NOAyuMM MCKOMYI ¢yHkuuio Jlarpauma, koropas 6yiaer nMeTb
BUI .

L=%Zaik(61)c}i(ik — Ulg) (5,5)

ik

rae a;, — QyHKUMH TOJBKO OT Koopaunar, KuHernueckast smep-
rusi B 00OOHIEHHBHIX KOOPJAMHATAX TNO-TPEXHEMY fBJAAETCH KBak-
parHuHo#t yHKuMEH CKOpOcTefl, HO MOXET 3aBHCETh TaKike o
OT. KOODJHHAT.

Ilo ¢uX nOp MBl rOBOpHJHM TOJBKO O 3aMKHYTHIX CHCTEMaXx.
PaccymoTpuM Teneprs He3aMKHYTYIO cHCTeMy A, B3auMonelcrsyio-
iy ¢ Apyro#t. cucremofi B, cosepliaioulell 3afaHHOe IBUHIKEHHE.
B rakoM cayuaze roeopst, uTO cucreMa A ABMXETCA B 3a0aHIOM
BHellHeM roJe (cosaasaenom cHucremoi B). Ilockoasky ypasue-
HUSl JBHXKEHMA [OJYYIIOTCS M3 NMPHHUMNA HaUMEHbIHEro AeHcTBud
HyTEM HE3aBUCHMOrG BAPbHLOBAHMA KawAOH M3 KoopauHar (T. €.
KaK OBl cuMrasd OCTa/bHBIE M3BECTHHIMH), MBI MOMXEM I/ HaXO0X-
geuus dyukuuu Jlarpamka Ly cucteMer A BOCNO/NL3OBATHCH Aar-
paHxeBo# ¢yHkuued L BCeH CuUCTEMB A—}—B, 3aMEHHUB B HEH
KOODAMHATH ¢pg 3aAaHHBIMH (PYHKIHMSAMH BpEMEHH.

Ilpeanonaras cucreMy A -} B 3aMkuyrol, GyleM HMeTh:

L=Ts(qa ¢4)+ Ts(gs ¢8)— U(qa 98),

rie TepBbie [ABa UJEeHAa NpeACcTaB/sioT co0o# KHHeTHueckue aHep-
rud cucteM A u B, a Tperul useH — WX COBMECTHYIO MNOTeli-
nuaabHy0 sHepruo. IlolcraBnB BMeCTO ¢p 3alaHHbE (YHKLM
BpeMeHH u onyctuB ujted T(gp(t), §p(t)), 3abucaumfi ToALKO
OT BpeMEHH (M TO3TOMY ABJAIIMACA NOJHOH NpoH3BOAHOH OT
HEKOTOpOH ApYro#l (GpyHKUHMH BpPEMEHH), NOJYUHM:

La=Ts(qa §a)— U(ga 980)

Takum o0pasom, ABMXKEHHE CHCTEMH BO BHELIHEM TOJE ONi-
cwBaercd (yHxkumel Jlarpauwa oOHUHOrO THNA C TEM JAWL:h
OTJIMUHEM, YTO TEREPb NOTEHUHKANAbHaA IHEPrus MOKET BaBUCETH
OT BPEMEHH SBHO. ' : '
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Tak, Anst ABUKEHUs OAHOM YAaCTHLB BO BHEIMHEM roJje obuiui
sua ¢yHkuuu Jlarpanika

L=———U(r, %), (5,6)
# YpaBHEHHE IBIDKEHHs
. ou
my ==— ==. 6,7

OO0HOpOOHbM HA3HIBAIOT [10JI€, BO BCEX TOYKAX KOTOPOro Ha
yacTuny AeHcrsyer omua u Ta ke cuia F. IlTorenumansnas snep-
rud B TAaKOM [0Jie PaBHAa, OYEBUMAHO:

U=—Fr. (5,8)

B szakaiouenue 3TOoro naparpada ciaenaeM eme CaeAyiouiee
3aMeyaHue 10 MOBOAY NpPUMeHeHUs ypapHeHuH Jlarpanua K pas-
JIMYHBIM KOHKDETHBHIM 3adayaM. YacTo NpPUXOAMTCS MMETh [Aeno
C TAKMMHM MEXaHHUECKMMH CHUCTEMaMu, B KOTOPHIX B3auMojeHcTBHE
Mexny tenamu (MarepHaJbHLIMM TOYKAMH) HMEET, KaK TOBODAT,
XapakTep c8g3ell, T. €. OrpaHMYeHHH, HaJAara€MbBIX Ha B3aHMHOE
pacniosiokeHue Tea. PaKTUYECKM TaKHe CBA3M OCYLIECTBJSIOTCA
HYTEM CKPENJIEHH TEeJa PasAdyHbIMA CTEPXKHAMH, HUTIMH, LUap-
HApaMU U T. N, DTO OOCTOATENBCTBO BHOCHT B ABHKEHHE HOBHIH
(haxTOp — [BMMNEHHE TEJN CONMPOBOWAAETCH TPEHHEM B MECTaX MX
CONPUKOCHOBEHHMS, B Pe3y/bTaTe Yero 3ajaua BHIXOAMT, BooOuie
rosopd, 8a pamxM uyucTo# Mexanvka (cM. § 20). Oanako Bo
MHOTHX CJYyuYasX TPEHME B CUCTEME OKas3blBaeTCH HACTO/MbKO cha-
GHM, 4TO €ro BJHUAHMEM Ha INABMHEHHE MOXKHO MNOJHOCTHIO TIpe-
nebpeub. Ecau K TOMy e MOXHO mpeHeOpeub MaccaMH «CKper-
AAICLINX  3JEMEHTOB» CHCTEMBl, TO pOJb [OCJAEAHUX CBeleTcH
HPOCTO K YMEHBIIEHUIO 4Yucaa cTeneHel cBNOOABI CHCTEMBI §
(no cpasuenmo ¢ uncaom 3N). [Laa onpeleseHus ee ABMNKEHHS
MOXKHO NPU 3TOM CHOBA MOJb30BaThCs (pyHKLmel Jlarpanka suia
(5,5) ¢ uuc/aOM He3aBUCHMEIX 0000LeHHBIX KCOPAMHAT, OTBEYalo-
UMX (haK THYECKOMY uHCay cTelieHelt csoOoabl

3apauu

Hantn d¢yuxumio Jlarpawxa caeayoidx cucTeM, HaxoaAaluxcs
B OJHODOJHOM NOJ€ TAKECTH (YCKODeHHE CUABl THXECTH — g).

1. dsoliHofl naocku#t MasthHHK (puc. 1).

Pemenune. B kauectse koopuuHar GepeM yraw ¢, H ©z KOTO-
puoi¢ HUTH {; M [, 06pa3ylor ¢ BepTUxaabio, Torga BAf TOUKH My
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HMeem:
1 )
T,——— m, 1343, U=—imgl, cos ¢,.

Uro6el HaliTM KUHETHYECKYI0 3HEPryui0 BTOPOH TOYKH, BhIpamaeM ee

&l

Puc. 1. Puc. 2.

JICKapTOBb KOODAMHATH Xy ¥y (HAUal0 KOOPJAMHAT B TOUKe MNOJIBECA,
0Cb y-—NO BEPTHKAAN BHH3) yepe3 YIIbl ¢y, ¢g!

xg==1, sin ¢; 4 I sin ¢,, Yo=1; 05 ¢; + I3 COS ¢y
IMocne atoro nonyunm:

2 /e "o m o .y
Ty= 5 (4 38) = = [13] + 883 + 20uls cos (91— o) fue).

OKOHYATeIbHO!

m+ms .. m . .
L= e g o 133+ malyLodids €05 (91— ¢a) +

+ (ny 4 my) g, cos 9, 4 mygly cos g,

2. TTnocKMH ManTHHK, TOYKA NOJBECa KOTOPOIO COBEPIUAET BEPTH-
KaabHbie KoaeGaHHa NO 3aKOHY a cos vt (pyuc. 2).

Pemenuc, Koopannate TOukyu m:
=/lsing, y=1Icosy—+ acosxt
$ypxuua Jlarpamxa

mi®
L= -5~ §* 4 maly® cos 1t cos ¢ + mgl cos .

37ech ONyUEeHH YJaclibl, 3aBHCALIME TOJILKO OT BPeMeHnH, H MCKAIUCHA -
1107HaA NPOH3BOAHAA 110 BPEMCHH OT maly cos ¢ sin y¢,
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§ 6. dneprusn

Mpu apuxeHun MeXaHHYECKOH CHCTEMH 2§ BENHYHH ¢; H §;
(i=1,2,...,5), onpeiensiounx ee COCTOAHHE, HIMEHSIOTCA CO
spemeHeM. CylmiecTByIOT, OAHAKO, Takve (GYHKHHH 3THX BEJIHUHH,
KOTOpPHE COXPaHAIOT NPH ABHAKEHHH NOCTOSIHHBIE 3HAUEHHs, 3aBH-
campe TOJLKO OT Haua/ibliolX YCAOBHH., DTH (QYHKUHMH Ha3biBaloT
URME2PANA MU OBUNCEHISL.

Ynecno Me3aBUCHMBIX HMHTErPajoB JBIKEHHS A/ SaMKHYTOH
MeXaHHYeCKO# cucTeMbl C § CTeneHaMH CBOGOAL paBHO 2§ — 1.
3TO0 OUYEBHAHO K3 CACAYIOWMX INPOCTHX cooOpawenndt. Obuee
pelieHse ypaBHEHHR [BHIKEHHs] CONEPRKHT 2§ NPOU3BOJBHLIX
nocTogHHNX (cM. crp. 13). TlockoabKy ypaBHEHHS BHXEHNA
3aMKHYTOH CHCTEeMBI He CONepxaT BPeMeHn sBHo, 10 BHOOD
HayaJna OTCYeTa BPEMEHN COBepIIEHHO NPOH3BOJIEH, W OlHa u3
NPOHSBOJMbHHX [OCTOSHHBIX B PEIIEHHH YPaBHEHHH BCerlla MOWET
6LiTp BHOGpaHa B BuAe ALIMTHBHOH NOCTOSHHOH f; BO BpPEMEHH.
Hckmouns ¢4 ¢, n3 2s dyHxumuy

gi=¢; ({+ 1ty Cy Cy..., Cys.y),

‘7i=q'i (t“li‘ ty Cy Gy Czs41),
Mbl BHDasHUM 2§ — 1 npoussoJbHEX n0cTOAHHBX Cy, Gy, ..., Cos y
8 BuAe O(YHKOMH OT ¢ M ¢, XOTOpHe H OYAyT HHTErpasamu
JBHKEHHS.

OnHaKO anexko He BCe HMHTErpadbl ABHMXKEHHS HFPAIOT OAHIIA-
KOBO BaXHYI0 poab B Mexannke. Cpenw HHUX eCTh HECKOJBKO,
MOCTOAHCTBO KOTOPHX HMeeT BeCbMa rayGokoe NMpOHCXOAeHHe,
CBA3AHHOE C OCHOBHHMH CBOWCTBAMM MPOCTPAHCTBA M BPEMEHH —
HX OJHOPOAHOCTHIO K usoTponued. Bce »sTH, Kak romopar,.
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COXpaHAIOIMECS BeJAHUMHH HMEIT BaxHOe ofbniee CBOHCTBO
ANIATHBHOCTH — MX 3HAYEHKE [JIS CUCTEMB, COCTOSILEH U3 HECKOIbh-
KUX HeB3anMoleHcTBylomiux uacTell, paBHO CyMMe 3HaueHu# AJf
KaxKAo# H3 uvacTeil B OTIHEJABHOCTH.

HimMeHHO CBOMCTBO aaAWTHBHOCTH NPUIAAET B MEXaHHKE COOT-
BETCTBYIOIIUM Beauyunam ocobenHo Baxhyio poss. Hpeanonoxkum,
HanpuaMep, UTO ABa TeJa B3aHMOAEHCTBYIOT JIMIUBL B TeUeHHE HEKO-
TOPOro BpeMeHu, IlockonbKY Kak 10, Tak ¥ AOC/AE B3aUMOAEHCTBUN
KaxXAbiH M3 aJiMTUBHBIX MHTErpajoB BceH CHCTEeMBH DaBeH CyMme
X 3HaueHuH #19 oloux Tea1 B OTAENLHOCTH, TO 3aKOHH COXpa-
HEHHS 3THX BeJHUMH Cpady HaloT BO3MOKHOCTb CHAEJaTh P
34KJIOUEHAR O COCTOSHHHM TeJ NOC/e B3aHMONEHCTBHS, €CAW HX
COCTOAHHA A0 B3aHMOLEHCTBHSI M3BECTHHI.

Haunem ¢ 3akoHa coxpaHenus, BO3HHKAIOUIErO B CBA3H

C OOHOPOOHOCIMBI0 BPCMEHIL.
' B cury 3710# 0MIOPOLHOCTH JarpaHiesa (yHKUUS 3aMKHYTOR
CHCTEMBl HE 3aBHCHUT $18HO OT BpeMenu. IToaTOMy noJHas npous-
BOQHast (PyHruMu Jlarpamxa no BpeMeHu Moxer ObiTh 3andcaHa
crenywoiuM o6pasoM:

dL oL . oL
G ‘ 55‘:‘1:*1‘2@‘1:
: t

(ecin Om L saBucesna #BHO OT BpeMend, K npasoli CTOpOHE
pasenctsa moGasuiaca On used OL/df). 3ameHss npoU3BOHBE

0L/dq; cornacHo ypasHenisM Jlarpamka Ha g?%‘-’ HOJIyuHM:
A \ IS i oL R )
dt — 2 91t o4, Z 0¢; §i= A| dt <0q l},)
¢

d , 0L
E(Zq,(ﬁ‘~—L>=0
i

Orciona BHAHO, UTO . BEIRYHHA

E:Zq,-g—é‘——L 6,1)
i

HJIA

OCTaeTCd HEHSMEHHOH MpPH ABHKEHHH 3aMKHYTOM CHCTeMbi, T. @&
ABAETCA ONHHAM M3 €€ HHTEerpaloB aBwKenus, IDTa BE/JIHUAHA
HasnBaerca snepeiieli CHCTEMBbL. "ANINTHRIIOCT, 3HEPLHH HENOCE el
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CTBEHHO CAedyeT M3 alAduTHBHOCTH (yHKuun JlarpaHxka, uepes
KOTOPYI0 OHa BEIpaxaercs cornacHo (6,1) aunedinum oGpasom.

3aKOH coXpaHeHus 3SHEPruM CApPaBelJUB He TOJbBKO JJsf
3aMKHYTHIX CHCTEM, HO W JJIs CHUCTeM, HAXOMAUIUXCS B FHOCTOSH-
HOM (T. €. He 3aBUCAULEM OT BPEMEHM) BHEIIHeM MoJe; eUuH-
CTBEHHOE UCHOJb30BaHHOE B TMPHBEIEHHOM BBIBOAE CBOHCTBO
(ynxiun  Jlarpanxa — OTCYTCTBHE SIBHOH 3aBUCHMOCTH OT BLe€«
MEHH — HMeeTCsT M B 3TOM cJyuae. MexaHuueckue CHCTEMBI,
SHEPrus KOTOPHIX COXPaHAETCsS, MHOrAa HashlBAOT KOHCEp8amis-
KoL,

Kak Mu Bugmenu B § 5, narpamkeBa (YHKUMA 3aMKHYTOH
(unu HaxonsuleHcs B MOCTOSHHOM TIOJIE) CHCTEMBI HUMEET BUI

=T H—U@Y)

rae T — kBadparuudas GYHKuus crkopocTed, [lpuMenss K Hedl
M3BECTHYI0 TeopeMy JHnepa 00 OMHODOAHBIX (DYHKUHAX, O AYYHM!

. OL N' . 0T .
Zqid_q'i_zqid—tii_Qr'
2

1
IMoncrasass sTo auaueHue B (6,1), Hatizem:
B JeKapTOBBIX KOOPAlHATax

2
my,la

2

E= Y08 Uy ry ). (6,3)

a

Takuy 06pa3om, SHEPrUs CUCTEMB MOXeT GblTh NpPEACTaBJeHa
B BHAE CYMMBI JABYX CYUIECTBEHHO PasJUuHBIX UJICHOB! KUHETH-
yeCKoH 3HepruM, saBUCAllEH OT CKOPOCTEH, W MOTEHNUAABHOH
aHEpruy, 3aBHCsUlEH TOALKO OT KOODAMHAT YaCTHIL

§ 7. Umnyasc

Jlpyrofi 3aKoH cOXpaieiis BO3HHKAET B CBASH C 00HOpoQ-
HOCMbIO NPOCIMPancinsd.

B cuny 5TOH OZHOPOAHOCTH MeXaHHUECKHE CBOHCTBA 3aMKiy-
TOH CHCTEMBI HE MEHAIOTCS NPH M0O0M MapasiienbHOM HEPEHOCE
CHCTEMBI KaK 1leJOro B mpocrpaHcTBe. B cOOTBETCTBMH € 3THN
paccvoTpum OeCKOHEUHO MaiHf mepeHoC Ha OTPE3OK € U MOoTpe:
GyeM, uroObi (yHkuns JlarpaHxa ocCTa’zach HEM3MEHHOMH,
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ITapannensHei#t mepeHoc o3Hayaer npeoOpa3oBaHue, Np¥ KOTO-
pOM BCE TOYKH CHCTEMBI CMELIAIOTCS Ha OAMH H TOT e OTPE3OK,
1. € HX DaluyC-BeKTODH [, —> I, -} €. V3ameHeHne dyHkumu L
B pesyapTare OECKOHEYHO MajOr0 H3MEHEHHs KOODAMHAT NpH
HEU3MEHHBIX CKOPOCTAX 4YaCTHL, €CTh

N 0L
oL = ar,
a

oL
araze aTa’

a

rie CyMMHpPOBaHHE [POHM3BONMTCSA [0 BCEM MaTepPHalbHBIM TOYKAM
cucrembl. BBuny npowusBospHOCTH € TpeGosanue 3L —0 sKkBu-
Ba/JE€HTHO TpPe6OBaHHIO
oL
= =0, 7.1
e =0 (1)
a

B cuny ypasuwennit Jlarpamka (5,2) nonyyaem orciona:

d 0L _d oL __
i dt OV, df i OV
a [
Takuy 06pazoM, Mbl IPUXOAHM K BBIBOAY, YTO B 3aMKHYTOR

MEXaHHUYECKOH CHCTEMe BEeKTODHas BeJHYHHa
oL
z'dva (7.2)
a

OCTaeTCs HEH3MEHHOH mnpm Awkenud. Bekrop P HasmBaerca
umnyascom ) cucremsl.  Tuddepennupys ¢yuxkuuo Jlarpanxa
(5,1), makimeMm, yTO MMOyJAbC CJGAYOLIHM OODPa3OM BHIDANKAETCA
yepe3 CKODOCTH TOYeK:

P— Z MoV, (1,3)
a

ANIMTHBHOCTH HMIIy/1bCa OYEBHAHA. Boaee TOro, B OTJIHYHE
OT SHEpPruM MMNYJAbC CHUCTEMbl DaBEH CyMMe HMIIYJbCOB

Pa=MmMgV,
OTHAE/JLHBX YaCTAL BHE 3aBHCMMOCTH OT BO3MOXKHOCTH NpeHelre-
XKEHHs] B3aMMOAEHCTBHEM MEKAY HUMH.

3aKoH COXPaHEHHS BCEX TPEX KOMIIOHEHT BEKTODa HMIY/IbCa
HAMEET MECTO /Ul B OTCYTCTBHE BHEIHHErO [0/, OnHako

1) Ycrapesuiee Ha3BaHHe — KOJIHYECTBO ABHMXEHHA,
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OTIEe/bHBIE KOMIIOHEHTH MMIYyJbCa MOTYT COXDaHATbCA U ITIpH
HaJMYUH TI0Jd, €CJU IOTEHLHUAJbHAsA SHEPrusi B HeM HEe 3aBUCHT
oT Kakofi-nnbo u3 mekapTOBHX KoopAuHar. Ilpu mepeHoce BHOJB
COOTBETCTBYIOIER KOOpPAMHAaTHOH OCH MeXaHuyecKue CBOHCTBA
CHCTEMBl, OYEBHIHO, HE MEHSIOTCA, H TeM Xe CcrmocofoM Mol
NalzeM, Y4TO IPOEKUMsA MMIYJLCa HA STY OCb CoXpaHsercd. Tak,
B OJHOPOIHOM 10JIe, HalP3aBJEHHOM BIOMb OCH 2, COXPaHAIOTCH
KOMITOHEHTH HMIYJbCa BJOJb OCeH X u Y.

Hcxonnoe pasenctso (7,1) nMeer npocToft (usnyecKuit CMbICI,
Ipouseoanas dL/or,= — aUjor, ects cuna F,, zefictsyronias
Ha a-10 uvactuny. Takum ofpasoM, paseHcrBo (7,1) o3Hauaer,
YTO CyMMa CHJ, ZIefiCTBYIOILMX Ha BC€ YaCTHUB 3aMKHYTOH
CHCTEMBI, PaBHA HYJIO:

Z F,=0. (74

B uactHocTH, B CJ/yua€ CHCTEMBl, COCTOfiled BCEro M3 IBYX
matepuassHux Touek, Fi-Fy=—0: cuaa, nelicreyomas Ha
NepPBYI0 YacTHUY CO CTOPOHH BTOPOl, paBHa MO BeJIHYHHE, HO
NPOTHUBOIOJNOXKHA O HanpasJeHHO Cuae, NeficTByouelt Ha BTOPYIO
UaCTHILY CO CTOPOHH MEepBOH. ITO YTBEPXKIEHHE H3BECTHO IOXR
HasBAHHUEM 3QKOHA paseHcmsa Oelicmaus u npomugodeiicmaus,

Ecau nBukeHue ONHCHIBAeTCH 000OULIEHHBIMH KOOPAMIIATaMu
¢;, TO N[LOM3BOIHBIE Jarpawxesoll QyHKuUH 10 060OLIEHHHIM
CKOpPOCTAM

aL
= 2 (7,5)
pl oqi
1123b1BAICTCH OO’OO’WEHHIJLMH unanyapcamu, a NPOH3BOIAHLIC
L
(7,6)

izé;ﬁ

HasbiBaloTCn ofobuyesnbimil cuzianmi. B srix obo3nauennax ypas-
Henus Jlarpaixa HMET BHI

p: = F,. (1,7

B nexaproBsix Koopiutarax o600uieHHEIE MMIYJbCH COBIA-
HAlOT ¢ KOMIOHEHTAaMH BEKTOPOB p,. B ofulem xe cayyae Bejn-
YHHB p; SIBJSIOTCH JUHEHHHMH OIHOTOIMBIMH QynKuHMAMH 0000-
INEHHBIX CKOPOCTER §;, OTHIOAs He CBOMALIMMHCA K [pou3Bele-
HHAM MacCLi Ha CKOPOCTb.
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§ 8. LenTp uHepunu

MMnyabc 3aMKHYTOH MeXaHNUECKOH CHCTEMBl HMEET Pas3/NyHHEe
8HAYEHNS MO OTHOLICHHIO K Pa3/MuHHM (MHEPLHAJIbHHIM) CHCTEMaM
orcuera. Ecam cucrtema orcuera K’ [BHKETCS OTHOCHTEJLHO
cacteMd orcueta K co ckopocThio V, TO CKOPOCTA Vg A V,
YaCTHLL [0 OTHOIUEHHI0O K 3THM CHCTEMaM CBf3aHH COOTHOMIE-
HHeM V,==V,-L V. TTostomy cB#3b Mexny sHaueHnsmn P u P’

i

HMIIY/IbCa B 3THX CHCTeMax Aaercs dopmyuoH

P==) maVo=, mgVa-+V Z mg,
b a a
Hm

P=P -V m, 8,1)

B uactHOCTM, BCeria cyuiecTByerT Takas cHcreMa orcueta K,
B KOTOPOH NOJHBIA HMIYJbC obpaimaercs B Hyab. Tlosoxns
B (8,1) P'==0, Halizem, uTO CKOPOCTb 3TOH CHCTEMH OTCYETA
paBHa )

P . Z LA . (8,2)

M Sl Sr

Ecan nosnwift ummysanc MEXaHUYECKQH CHCTEMB paBeH HYy.o,
TO TrOBOPAT, YTO OHA MOKOHWTCHA OTHOCHTE/IbHO COOTBe'l‘CTBYIOHleﬂ
CHCTEMH OTCYeTa, JTO SBASETCS BIIOMHE E€CTECTBEHHHM 0000iuie-
HHeM HOHATHSA MOKOA OTAeJbHOH MaTepnaibHO# Toukn. CooTser-
CTBEHHO CKopocTh V, naBaeMas dopmysolt (8,2), npuoGperaer
CMHICJ/ CKOPOCTH «JABHIKEHHS KaK LEJOro» MEXaHHYeCKOH CACTEMH
C OTJ/INYHBIM OT HYJAS HMIIY/IbCOM. Mui BHINM, TaKHUM 06p330M,
UYTO 3aKOH COXPAaHECHMA HMIY/JAbCa MO3BOJAET €CTECTBEHHbIM 06]:)3-
80M COPMY/IHPOBATh NOHATHS NOKOS W CKOPOCTH MexaHHYyeCKOH
CHCTEMBl KaK 1e/10r0,

dopmyaa (8,2) noxasbiBaeT, uTO CBsI3b MeXAY MMnyascoM P
H CKOpOCTbIO V CHCTeMbl Kak 1(e10r0 Takas e, kakas Owia
Onl MeXAy HMOYJbCOM H CKOPOCTHIO OLHOH MAaTePHaNbHOH TOUKA
C Macco# pzz nm,, paBHOH CyMMe MacC BCEX 4acCTHiL B CHCTEME.
3T0 06CTOATENLCTRO MOKHO CHOPMYAUPOBATH KaK YTBEPKACHHE
o0 addumusnocmit mMacce,
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ITpaas cropona dopmyas (8,2) Moxer OblITh MpeACTaBJAECHA
KaK [M0J/Hasl TPOUSBOIHAS MO BPEMEHHU OT BHIPameHHd

— %"’;“;’_“ (8,3)

MoxHO CKa3aTe, YTO CKOPOCTh CHCTEMBHl KaK LEJOro ecTh
CKODOCTh MNEepeMemieHuss B TNPOCTPAHCTBE TOYKH, PaddyC-BEKTOP
Koropo#l maercsd dopmynoit (8,3). Takywo TOUKY HaA3BIBAOT Yerin-
POM UREpLUNL CHCTEMEL

3aKOH COXDaHEHHs MMIYJbCa B3aMKHYTOH CUCTEMB MOXKHO
CPOPMYNIMPOBATh KaK YTBEDWIAEHHE O TOM, YTO €e LEHTP HHep-
LMK JABIXETCH NPAMOJAMHEHHO U paBHOMepHo. B rtakoM BuIe
510 ecThb 0000meHne 3aKOHa HHepUHH, CHOPMYIEPOBAHHOIO
B § 3 Iaa odHoH cBOOOANOH MAaTEPHANBHOM TOUKH, <LEHTP
HHEePLUHH» KOTOPDOH coBMmagaer ¢ HeH caMod,

Ilpn wusyyeHun MeXaHHYECKHX CBOMCTB 3aMKHYTOM CHCTEMBI
€CTeCTBEHHO TM0Jb30BaTbCA TOH CHCTEMOH OTcuera, B KOTOpPOH
€€ LEHTD -HHEPLUHH MOKOUTCHA TeM CaMpIM HCKJ/IOuaercs U3 pac-
CMOTDEHHs paBHOMEPHOE U NPAMOJUHEHHOE ABHAEHHE CHCTEMBI
KaK LeJoro.

DHepPru0 TOKOAWEHCsS KaK 11eJ0€ MEXaHHUYECKOH CHCTeMBbl
OOHIUHO HA3BIBAIOT ee gHympernell snepaued Eg, Oua BrIOuaer
B €0 KUHETHYECKYIO SHEPIHI0 OTHOCHTEIBHOTO ABHKEHHS YACTHLL
B CHCTeME ¢ TIOTEHLHMAJBHYI0 BSHEPIrUid HX B3auMoIeHCTBUA
Ionnas ke sHeprud CUCTEMH, ABMKYmEHCA KaK LEJIOE CO
CKOpocThio V, MoOkeT ObITh MPENCTABJAECHA B BHAE

pV:
E= W + Egy (8,4)
Xora era (opMmyaa caMa no cebe AOBOABLHO OYEBUIAHA, AaAUM

ee TmpsAMOH BHBOA. JHeprud E u E’ MeXauHuecKOH CHCTEMH
B IBYX cucremax orcuera K u K’ CBA3aHs COOTHOLUEHHEM

- 1 1 ,
b=§2mavi—{— U=;2~2ma(va—{—V)2—{— U=
a a

pVt . mave
= —{—VZmava—{— 2 o LU
a a
HUJIH

E=FE VP2, 8,5)
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ot dopmynok ompedensercs sakoH npeo6pasoBaHus SHEPruu
npu fepexode OT OAHOW CUCTEMH OTcuera K Apyro#t, nogo6Ho
TOMY Kak [Jd UMOyabca STOT 3aKOH gaercs dopmyaoft (8,1).
Ecau B cutreme K’ uedtp uHepuuu noxourcs, to P’ =0,
E'—E;;, u MBl BO3Bpamaemcs Kk gopmyae (8,4).

§ 9. MomenT HmMRyJanca

ITepeineM K BbIBOAY 3aKOHa COXPaHEHUS, BO3HUKHOBEHUE
KOTOPOro CBSI33HO € u3omponued npocmpaxcmsa,

Or1a H30TpONUS O3HAuYaeT, YTO MEeXaHUYECKUE CBOHCTBa 3aMK-
HYTOR cuCTEMBl He MEHSOTCS npH JM000M TNOBOLOTE CUCTEMBI
KeK leaoro B mpocrpaHcrse. B coorsercrsuu
€ 3TUM paccMOTpUM OECKOHEUHO Majblft NOBOPOT
cucreMbl u norpebyem, utobn ee Qyuxuus
JlarpaHxa npu 9TOM HE U3MEHHJIACH.

Beesem BekTOp 6¢p OGECKOHEYMO Maloro MNo-
BODPOTa, a0COMOTHAS BEMUMHA KOTOPOro pasHa
yray 39 NOBOPOTa, a HanpaBJEHHE COBIALaeT
¢ OCblI0 MOBOPOTa (MpHYEM TakK, YTO Hampas-
JeHue TM0BOPOTa OTBEYaeT MNPABUJIY BUHTZ 1O
OTHONIEHUIO K HAMpPasJaeHuio d¢).

Haltzem, npewne Bcero, ueMy paBHO fpH
TaKOM TMOBOPOTE MNpUpalleHUe pPaAHyC-BEeKTOPa,
NPOBEAEHHOro u3 oObmero Hayand KOOPAMHAT Puc. 3.
([acnoNOAEHHOrO Ha Ocd BpalleHus) K Kako#-
1ub0 U3 MarepualbHbIX TOYEK NMOBOpauuBaeMOW cucremsl. Jluxeh-
HOe mepeMenieHUe KOHLa PaduyC-BEKTODPa CBA3aHO C YrjIOM COOT-
HOIIEHUEM

|3r |==rsinb.3¢

(puc. 3). Hanpasaenue wxe BekTOpa dr nepneHIUKYJISPHO K TJIO-
CKocTH, npoxoisulelt ueres r u 8¢. ITosromy sicHo, uro

Brz[a(pr] (9:1)

Ilpu nosopore cuUCTEMBl MEHSETCA HanpaBJeHHE He TOJbKO
paauyc-BeKTOPOB, HO U CKODPOCTEH BCeX 4vaCTUL, MpUuUeM BCe
BEKTOPBl Npeobpas3yloTcs N0 OAWHAKOBOMY 3akouy, IlosTomy
NpUpAIIEHHEe CKOPOCTH OTHOCUTENBHO HENOABMMKHOK CUCTEMb
KOOpAMHAT ‘ :

v=[b¢-v]. ©.2)
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IloacTaBuB 3TH BRIPaXKEHHS B YCJAOBHE HEU3MEHAEMOCTH (PyHK-
uuu Jlarpamka npu nosopore

= (2 or,+ 2 oy, ) =0

W 3aMEHWB MPOM3BOAHMe 0L/dV, = p,, dL/or,=1p,, noayumum:

2 (i’a [B(p * ra] —}' P. [B‘P ' Va]) =0.

HaxoHel, Npou3sois HMKAHYECKYIO NEPeCTaHOBKY MHOxuTeled u
BHIHOCA 8¢ 3a 3HAaK CyMMBI, HaAXOIHM;

> . d
2@ Y([rapal +[VaPal ) =29 3; ¥ [r,p,] =0
a a
Beuny npou3ssoJbHOCTH 8¢ OTCI0MA CJAGAYET, 4TO

d
i Z [rapa] =0,
a

T. € Mbl TMPHXOAWUM K BBIBOLY, YTO NPH JABUXEHHH SHMKHYTOH
CACTEMBl COXpAHAETCA BEKTOpHAsA BEJAHYHHA

M= 2 [raPa); 8,3)

Ha3HIBAEMas MOMEHMOM UMRYAbCA (RAA TIPOCTO MOMEHMOM)
cucremul '), ANIUTUBHOCTE 3TOH DBeAUYMHBl OYeBWAHA, TPUYEM,
KaK W y HMIYJbCA, OHA HE 3ABUCHT OT HAJUUUA WAH OTCYTCTBHSA
B3aUMOIEHCTBUA MEXRY YacCTHUAMH.

ITUM  UCUEPIBIBAIOTCA  ANAMTUBHBIE HHTErpaabl ABUXKEHHS,
Takum o00pasoM, BCAKas 3aMKHYTas CHCTEMA HMEET BCEro ceMb
TaKUX HHTErpajoB: SHEPrus H NO TPH KOMNOHEHTH BEKTOPOB
MMIY/bCa ¥ MOMEHTA,

flockonbky B omnpeliefieHHe MOMEHTa BXOIAT PalMyC-BEKTODH
YacTvll, TO ero 3HaueHue, BooOumie rosops, 3aBUCUT OT BHGOpa
Hayana KoopanHar. Paauyc-ekTopo r, M rp oaHo#t M toffl we

1) Ynorpe6an0oTca TaKXKE HA3BAHHA BPGU{AMEAbRUBE MOMEHM KAH
Y2080l momenm.
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TOUKM MO OTHOINEHHIO K HayajiaM, OTCTOSLHM Ha PacCTOsHUU a,
C853aHN COOTHOLIEHHEM T, =T, -} a. [ToaTomMy umeem:

M= [r,p,]= Y [rapa] +[a 3 pa]

WJH

M=M - [aP]. 9,4)

U3 310# (opMyJ sl BHIAHO, YTO TOJNBKO €CJAM CHCTEMAa KaK He-
Aoe nokoutca (T. €. P==0), ee moMent mve sasucut or suHGOpa
Hayana koopaunar. Ha 3axkome coxpaHenus MOMEHTa 3Ta He-
ONpPENeNEHHOCTh €50 SHAYEHHd, PasyMEEeTCs, HE CKaSHBAETCH, TaK
KaK Y 3aMKHYTOM CHCTEMH UMNYJAbC TOXE COXPaHSercs.

BuiBezeM Takxe (QOPMYAY, CBSSHBAIOUIYIO SHAaueHHs MOMEHTa
UMIYABCa B ABYX Pas/MUHHIX WHEDUMAALHHX CHCTeMax orcyera K
u K, ¥3 KOTOPHX BTOpas ABHWETCH OTHOCHTEJLHO NEPBOH €O
ckopoctbio V. ByneM cuurarth, uro Hauana KOODAMHAT B CHCTE-
Max K n K’ B JaHHWH MOMEHT BpeMeHH CcOBnadaioT. Toraa
panuyC-BEKTOPH YacTHLL B O0GEHX CHCTEMaX OZMHAKOBH, CKOLOCTH
#e CBA3aHH NOCPeIACTBOM V, =V, -} V. [TosroMy uMeeM:

M= > m,[rvo]= mg[t,va] + 3, 1y [t,V].

IMepBas- cyMmMa B npaBodl CTOpOHe paBeHCTBa eCTh MomednT M
b cucreMe K'; BBeas BO BTOPYIO CYMMY palMyC-BEKTOp IEHT[a
HHepuuu coraacHo (8,3), moayvaem:

M=M - u[RV] 9,5)

9T1a QopMya OnpelenseT 3aKOH MPeo6PasOBaliks MOMEHTa HMITY Jib-
€a NPy nepexoie OT OAHON CHCTEMEI OTCYera K ApYyro#, noaoGHO
TOMY, KaK /I UMNY/bCa U SHEPruNi aHaJOTHYHBIE 3aKOHH JAlOTCA
dopmyaamu (8,1) u (8,5

- Ecan cucreMa orcuera K’ ecTb Ta, B KOTODOH naHHas
MEXaHMYECKas CHCTEMa MOKOMTCH KaK 1€eJ0€, TO V eCThb CKOPOCTh
UEHTPa WUHEPUUM mnociednelt, a pV —ee noaHui# umnyisc P
(orrocuteavno K). Toraa

M =M -|-|RP]. (9.6)

Opyramu croBami, MOMenT uMny/anca M Mexanuueckol cHCTeMH
9 J. A. Naunay, B. M. Nubwan
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CK/IaIbIBaETCA U3 ee <«COOCTBEHHOr0 MOMEHTa» OTHOCHTEJbHO
CHCTEMBI OTCYET3, B KOTOPOH OHa mokoutcd, 1 MoMenta [RP],
CBSI3aHHOTO C ee [IBHXKEHHWEM KaK LEeJoro.

XOoTa 3aKOH COXpaHeHHUs BCEX TPeX KOMMOHEHT MOMEHTa
(OTHOCHTE/IbHO TNPOM3BOJBLHOIO HAYaJda KOODPAMHAT) MUMeeT MecTo
TOJALKO J/Sl 3aMKHYTOH cucCTeMb, B 6oJiee OrPaHUYEHHOM BHIE
STOT 38KOH MOXET HMMeThb MeCTO M IJisl CHCTEM, HaXOJAMIUXCA
BO BHeWIHeM rnoJe. V3 npuBedeHHOro Bbillie BBIBOAA OYEBHIHO,
YTO BCErja COXPaHReTcd TMNPOEKIHd MOMEHTa Ha TaKyl OCb,
OTHOCUTEJLHO KOTODOH [aHHOE MoJe CHMMETPHYHO, U MOTOMY
MeXaHWUeCKUe CBOHCTBA CUCTEMbl He MeHAITCA npu  mo6oM
NoBOPOTE BOKPYr 3TOH OCH; MPH 3TOM, KOHEUHO, MOMEHT JOJIKEH
ObITh OMpeAejeH OTHOCHUTEJNbHO KakKOH-HHOYDb TOYKM (HavaJa
KOOPAHHAT), Jexailefd Ha STOH e OCH.

Haubosee BawHRM CJayyaeM TakKoOro poja fBJAfETCA MoJe
C LEeHTpaJbHOH cuMMerpHefd, T. e. mojae, B KOTOPOM MOTEHUHA/b-
Hasg SHepPrus B3aBUCHUT TOJBKO OT pPACCTOSHUA OO HEKOTODOH
onpenejeHHOR Toukd (LeHTpa) B mpoctpaHcrse. OueBHAHO, YTO
Npu ABUXEHAM B TAKOM MOJie COXDAaHAETCA MPOEKUHS MOMEHTa
Ha o6y OCbh, NMPOXOAALI0 uepe3 weHTp, Jpyrumu cjosam,
COXpaHfieTcs BeChb BeKTOP M MOMeHTa, HO OMpelde/ieHHOrO He OTHO-
CUTEJbHO TIPOM3BOJLHOH TOYKM TNPOCTPAHCTBA, 4 OTHOCUTEJHHO
IIeHTPa MOJIs.

Ilpyro#t mpuMep: OAHOPOAHOE TOJE BHOJb OCH 2, B KOTOPOM
coxpaHfiercs npoekuusa M, MOMEHTa, MPUUEM HAYAJIO KOOPAMHAT
mMo¥eT OnTb BHOPAaHO MPOM3BOJLHEM 00pa3OM.

OTMeTHM, UTO MpPOEKUMS MOMEHTA HAa KaKylo-imbo ocb (Haso-
BeM ee 2) Moxer ObiTb HalmeHa AudpepPEeHIUMPOBAHUEM (DYHKIHHU
Jlarpanxa no ¢opmyae
_ N\ oL
= 2%

a

M, o7

rie KOODAMHATA ¢ €eCTb YroJa MOBOPOTa BOKPYr OCH 2. IT0
CHO Ye M3 XapaKTepa H3J0XEHHOrO BHIUE BHBOMA 33KOHA
COXPAHEHUS MOMEHT3, HO B TOM e MOMXHO yOeduTbCl M MPAMBIM
BLIUAC/EHHEM, B UMJIMHADHUECKHX KOODAMHATAX r, @, 2 UMeeM
(MOACTABAAT X, =1 ;COS Py, Vo=",SiN Q)

M= Z Mo (Xfa —VaXg)= Z MalaPe. 9,8)

C npyroH cropowub, ¢ydkuus JlarpaHika B 3TUX NEPEMEHHHX
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UMEET BuA

1
inzma(rz,juf,q:gjuz)—u

M ee noAcTaHoBKa B Qopmyay (9,7) npHBOAMT K TOMY *Ke BHIpa-
wenuo (9,8).

3anaua

Kakne komnonenTw umnyiabca P u Momenta M coxpamsiotcs npH
IBHXEHHH B CielyIOLNX TNOJAX:

a) none GECKOHEYHO OIHOPOIHON NIOCKOCTH.

O1Bem P, Py M, (6eckoneunas IaOCKOCTb — IIOCKOCTb XY).

6) INose GecKOHEUHOTO OLHOPOXHOrO HHAMHIPA.

OtBett M, P, (ocb unanHipa— ochb 2).

B) Ilon¢ 6eckoHeunoli 0LHOPOLHOK MPHIMEL

Or1BeT P, (pe6pa mpu3Mel napaianelbHul OCH 3).

r) llone nByx TOuYek.

Or1Bet M, (TOUKH HaxoIATCS Ha OCH 2).

1) Ilone Geckoneynofi 0IHOPOIHON NMOMYNAOCKOCTH.

Or1Bem P, (6eckoneynas NoaynaockocTb — YacTb IIOCKOCTH XY,
OrpaHHYeHHas OCbio Y).

e) Ilome omHOPOLHOTO KOHYCa.

OrBer M, (ocb KOHYCa — OCb 2).



Fazaeall
WHTETPHUPOBAHUE YPABHEHHI IBUXKEHUSA

§ 10. OnHomepHoe HmBUMEHUE

OHHOMEPHBIM HA3LBAIOT ABHXEHHE CHCTEMb C OJHOH cTe-
neHeio  csoOonbl. HanGonee oOwwmit sum narpanxesod dyHkuAd
TAKO# CHCTEMB, HAXOAALEHCS B NOCTOSHHBX BHEILMHHX yCAOBHAX,
€CTh

L= a(q)§"— U() (10,1)

rie a(g) — nekoropas ¢yHKuus 0600meHHON KOOPAHHATH g.
B uactuocTn, ecam ¢ ecTh HeKapTOBa KOODAMHATAa (Ha30BEM

ee x),
N mx? :
L= 5 — U(x). (10,2)

CootsercTByrommne 3THM JarpaHxesHM (QYHKUMAM YpaBHEnus
ABMXEHHA WHTErpupyoTcs B oOwem Bufe. Ilpn atom Her maxe
1eoGX0AUMOCTH BHINUCHBATL CAMO yPasHEHHE NBUAEHHS, a Chie-
AyeT UCXOOWTh Cpa3y M3 €ro NepBoro HHTErpajaa — ypaBHEHMH,
BhHIDAXAIOIWIEr0 3aKOH coxpaHeHuss sHeprun. Tak, s QyHKuuu
Jlarpanxa (10,2) umeem:

22 L Uw=E

310 ecth AudQepeHurabHOe YPaBHEHHME NEPBOr0  NOPSAKA,
MHTErPHPYIOIIEECH nyTeM [asileneHns nepeMeHHeix. Hmeem:

L=V -

" m dx
(=1 S____T t. 10,3
]/ 5 =0 -} cons (10,3)

OTKyna
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Poal ABYX NPOHM3BOJBLHBIX NOCTOSHHBIX B PEIIEHHH YpaBHE-
HUSL ABHXEHHS HrpaloT 3Aech NOJHAs sHeprua E W nocTosiHHas
WHTerpupoBaHua const.

[TockoOABKY KHHETHUEeCKas SHEPrus — BEJHYNHA CYLIECTBEHHO
NOJIOKUTENbHAS, TO MNpH MABHXEHHM TOJHAs SHEPrusi BCeraa
60.bllle NOTEHIUHWAJILHOH, T. € JABHKEHHE MOXET NPOMUCXOAUTh
TOJABKO B Tex obaactax npocrpacrsa, rae U(x)< E.

Tycrts, Hanpumep, 3asucumocts U(x) nmeer BuA, H300pa-
weunsi# Ha puc. 4, [lposeas Ha 5TOM ¥Ke rpaguKe ropU30HTAb-
* HY10 MNpAMYI0, COOTBETCTBYIOLLYI0 3aJaHHOMY 3HAUEHHIO MOJHON
SHEPruH, Mbl CPasy Ke BHACHUM BO3MOXHBE 00/acTH ABMKEHMS,
Tak B H306paxeHHOM Ha
puc. 4 cayuyae JABHIKEHHE v
MOXET NPOHUCXOMUTH JHIIb
B ofBaactn AB wm B 006-
aactu copasa ot C.

‘Touk#, B KOTOPHX NO-
TenlHaJbHas SHEPrus pasBHa
NOJIHOH,

Ux)=E, (10,9)

onpeleasioT IPaHMIlLl ABH-
NEeHn., Ouu aBJasm0TCH MOY-
KaMiL OCMAHOBKI, MOCKOJBKY B HAX CKOPOCTh 00paiuaercs B HyJIb,
Ecau o6nacTe ABUXEHNA OrpaHAUYEHa ABYMS TaKHMMH TOYKAMH, TO
IBUKEHNE TMPOUCXOAUT B OrpaHHueHHOH 0O6/acTH NMPOCTPaHCTBA;
OHO ABJACTCA, KAK FOBOPAT, gunumnsm, Ecan xe 061acTh ABuie-
HUA HE OrpaHuyeHa WM OrpaHUyeHa JUWL ¢ OMHOM CTOPOHLL, —
JBHXKEHHE UHEOUHUMHO, YACTHLA YXOAUT HA OEeCKOHEYHOCTD.
OnnomepHoe (HPUHUTHOE ABUKEHHE ABJASETCA KoaeGaTeabHbIM —
YacTHIlA COBEPLIAET NEPHOJMYECKH MOBTOPAIOIIEECS ABHKEHUE
Mexay ABymMs rpauuuamu (Ha puc. 4 B nomenyuansnoii ame AB
MEXAY TOUYKAMH X3 M X3). Ilpn sToM, coraacuo obimemy cBOM-
crBy ofparumoctd (cTp. 19), BpeMs [ABMKEHHA OT Xy A0 X3
pasHO BpemeHH OOpPaTHOrO NBHKEHHA OT Xy MO xy Iloaromy
nepuonl xosebanuft 7T, T. e. Bpems, 32 KOTOpPOE TOYKa NpoiHAeT
OT Xx; A0 X, W 06paTHO, paseH yABOEHHOMY BPEMEHH NpPOXOX-
JleHnst OTpesKka x,xy Wian coraacHo (10,3)
) x3 (E)
T(E)=Vm g
x5 (

Puc, 4.

dx

N (10,5)
QV E—U(x)
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NpUUYeM Tpelessl X; U Xg ABJAIOTCH KOpHAMu ypasuenus (10,4)
npu AaHHOM 3HaueHnd E. Ota dopmyia onpefenser nepuos
OBUMEHUA B 3aBUCUMOCTH OT NOJIHOH SHEPrUd YaCTHILBHL

§ 11. Nlpusenennan macca

IMosnoe pewenue B obweM Buie HOMYyCKaeT uype3Beluatiuo
BaxXHas 3ajaya O HBWKEHHUH CUCTEMH, COCTOsALIEH BCEro U3 ABYX
B3aUMOJeficTBYIOWUX vacTuil (3adaya 08yx mear).

B kauectBe npeaBapuTenbHOro Iara K pelieHui0 3Tof
3aMaud MOKaMeM, KaKUM 00pasoM OHa MOXeT OHTb CYWweCTBEHHO
YNpoUleHa TYTEM DPasJOKEHHs ABUKEHHS CHCTEMBl HAa OBUKEHHE
HEHTPa WHEPUMH U [IBUXEHHE TOYEK OTHOCHTEJBHO TMOCJEIHEro.

[Motenuuanbuas sHeprust B3auMOZeHCTBHs OBYX YaCTHIL 3aBH-
CUT JIMIIB OT pPACCTOAHUS MEXIY HUMH, T. €. OT abCOJOTHOH
BEJMUMHB PAa3HOCTH UX pa’uyc-BeKTOpoB. ITo3TOMY JsarpaHxeBa
dyHKILUA TaKOH CUCTEMBI

L="00 L M (i — 1)) (11,1

BBelIeM BEKTOP B3aHMHOrO pacCTOAHHUA obeux TOUYCK
r=r;—1TIg

¥ TNOMECTHM HayaJI0 KOOPAMHAT B LEHTPE WHEpilUW, YTO AaeT:
Ty - mary =0,

Us ABYX MNOCJACAHUX PaBeHCTB HAaXOAUM:

r1=7"1—"4’j—”Z T, rgz—#’_ii—":r. (11,2)
IMoactasass st Bepaxenus B (11,1), moayuum:
L— "‘2"3 — U, (11,3)
rie BeedeHo o0o3Haueue
m:;r%"—z; (11,4)

BeJIMYMHA M HasbiBaeTcs npugedensoli maccold. Pyuxuus (11,3)
dopmasbHO coBnadaer ¢ dyunkuuet Jlarpamxa OAHOH MaTepu-
albHOM TOUKM € MaccoW m, ABUXKYLIeHCs BO BHEIUHEM TMOJe
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U(r), cuMMETPHYHOM OTHOCHTE/bHO HEMOABHMIKHOTO Hayala KOop-
IHMHAT,

Takum o6paszoM, 3amaua O JABMKEHHH ABYX B3auMOIEHCTBYIO-
ILMX MaTePHaNbHBIX TOYEK CBOAMTCH K PeIleHHI0 3alayd O HABH-
WEeHUH ONHOM TOukM B 3amaHHOM BHemHeM moae U(r). TTo
pemeHtio r=r(f) 3TOH 3amaud TPaeKTOpUU ry=r(f) ¥ ry=
=ro(f) KaXIOR M3 4YaCTUIL My U Mg B OTHENLHOCTH (MO OTHO-
IUEHHI0 K UX oOIieMy LeHTPY HHepIUH) NOAYyYaloTcs 1o (Gopmy-
aam (11,2).

§ 12. /ipHixenHe B LEHTPANLHOM MOJe

Cpens 3alauy O JABMWEHHH ABYX Ten K 33afaue O ABHKEHHH
ONHOTO T€J3a, MBI NPHIIJIN K BOMpocy 00 OnpeneseHnK IBHXKE-
HUSl 4aCTHHBl BO BHEIUHEM TOJe, B KOTOPOM €€ MOTEHUHaJbHas
SHepPTUSl 33BUCHT TOJBKO OT pacCTOAHHS 7 IO ONpede/ieHHOR
HEMOABHIKHOM TOUYKH; TaKoe TI0Jieé HA3blBAOT  LEeHMPAAbHUM.
Cuna
Uy __ dU r

F= or  dr r°

JeRCTBYIOLIAs Ha 4vacTHiy, TO abcoMOTHOH BeNUUMHE BaBHCHT
IpH 3TOM TOXE TOJbKO OT 7 M HAanpaBJeHa B KaxIOH TOuke
BJOJL padnyc-BeKTOpa.

Kak 6510 yxe nokazaHo B § 9, npu IBHUXKEHHH B HEHTpPaib-
HOM TOJIE COXPAHAETCS MOMEHT CHCTEMBI OTHOCHTENLHO UEHTPa
noas. Hns oaHo# wacTnusl 3TO €CTh

M={rp]

[MockoneKky BekTOpsl M B r B3aUMHO TEPNEHIUKYJSPHH,
nocTosHCTBO M 03HauaeT, uTO mNpH ABHIKEHHN YacTHilHl ee pa-
INYC-BEKTOP BCE BpEMsl OCTaeTcs B OJHOH MJIOCKOCTH — MJIOCKO-
CTH, MEPNEHAUKYAApHOR K M,

Taknm 00pasoM, TPaeKTOPNA JABMMCEHHUS YACTHILK B LEHTPaJib-
HOM TOJe JIeKAT UeJMKOM B ONHOM MJAOCKOCTH. BBens B Heit
NOJNAPHBE KOOPAMHATH 1, ¢, HamulueM @yHkuuio Jlarpanxa
B Bule (cp. (4,9))

L= (P~} rgh — U(r). (12,1)

OTa QyHKUHS He CONEPMKBT B SIBHOM BHAE KOOPJAUHATY Q.
Beskylo  0600LIEHHYI0O KOOPIHHATY ¢; HE BXOIAILYIO SBHHIM
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06pasoM B Jsarpaixesy. (GPYHKIHIO, HasHBAOT Lurameckod. B
CHAY ypaBHeHust JlarpaHika HMMEEM AR TakOH KOOPAMHATHL

4oL _ oL _g
dt 04, '_'Oq, -
T. €. COOTBETCTBYKIMH et 0606uweHHHH UMIYyabC py==0L/0¢;
ABAAETCA WHTErpas’oM JABHiKeHus, DTo OOCTOSTENLCTBO NMPUBOAMT
K CYLIECTBEHHOMY YNPOLIEHHIO 3aJlayd WHTErPUPOBAHMS YpaBHe-
Hufl JBHXKEHUA NPH HAAHUMM LHMKIHMYECKHX KOOPAHHAT,

B nanHoM cayuae 060OHICHHHH HMIYabC

Py =mr*%
cosmazaer ¢ MomentoM M,=M (cm. (9,8)), Tak 4TO MH BO3-

BpaltaeMcs- K HU3BECTHOMY 'YXKE HaM
33aKOHY COXpaHE€HHA MOMEHTaA

M=mr¥% =const. (12,2)

r i ﬁ(’{¢ L .
7o ' ’ 3aMeruMm, 4TO JHJs IVIOCKOTO HABH-.
7 WEHUs] OAHOHM YaCTHIL B LEHTPab-
\ HOM T[OJIE 3TOT 3aKOH JOMYCKaeT
Puc. 5. NPOCTYI0 TEOMETPHYECKYI0 HHTEP-

nperauno. Bupawenne r-rdyp

npeacrasiaser Cofof NIOWAAL CEKTOP3, 06Pa30BAHHOrO ABYM1
6eCKOHEUHO OAH3KHMH DalMYC-3€KTOPSMH M. 3/EMEHTOM. AYyrH
tpacxtopun (puc. 5). OG6o3Haunms ee Kak df, HanMIIEM  MOMEHT
YacTHUH B BUAE

M=2mf, - (12,3)

rAe TPOM3BOAHYIO f HAasHBAT CEKMOPUAALKOE CKOPOCMEI0.
IMosTOMY COXpaHEHHE MOMEHTA O3HaYaeT MOCTOSHCTBO CEKTOPHAND-
HOH CKODOCTH — 32 PaBHBIE TIPOMEKYTKN BPEMEHH PaluyC-BEKTOD
ABMKYWIEHCA TOYKH OMWCHIBAET PaBHHE TOMlaAM (TaK HasbiBae-
Mul 8mopoli 3axon Kenaepa Y)).

[MonHoe peliieHne 3afauM O HBHIKEHMM HACTHUB B LEHTPab-
HOM MOJie TMpOoule BCEro NOJYUHTh, WCXOAS M3 3aKOHOB COXpalie-
HUSl SHEPTUH W MOMEHT4, He BHIHMCHBas TNPH 3TOM CaMUX ypao-

1y 3akoH COXDaHEHHA MOMEHTa JAA HaCTHUH, RsuiyuleHica B
HEeHTPaJbHOM Tl0Ae, HHOTNA HA3WBAOT UNMEZPAAOM naouaded.
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HeHn#t ABuxennd. Bupaxas ¢ uepes M w3 (12,2) u noacrasans
B BHIPAMEHHE A SHEPTUH, NMOAYUHM:

e+ U =" M U, 129

Orciona

=2 =Y 2 E— U — (12,5)

m? r’

uid, pasfesinid TEPeMeHHHEe u HHTerpprn:

t =
Ma
5]/711 [E— U(r)]_‘w

Hanee, nanucas (12,2) s Buge.

~}- const. (12,6)

M

TIOACTaBUB ClOAa df u3 (12,5) M HHTECPUPYS, HaXOAUM:

— dr
P = - const. (12,7
;/ 2mE—U(r)] — M

dopuyan (12,6) u (12,7) pewaior B obiiem BHAE NOCTAB-
7eHHylo 3adauy. Bropad ua HUX onpenenser CBA3b MEXIY I U @,
T. e. ypasHenue Ttpaekropnu. dopmyna xe (12,6) onpemenser
B HEABHOM BRHAE pACCTOAHUE [ ABMXKYHIEHCd TOUKH OT HEHTpa
kak @yukudio Bpemedn. OTMETHM, UYTO YroJd ¢ MEHAeTcsd CO
BPEMEHEM MOHOTOHHLIM ofpasom—u3 (12,2) Bumio, uro ¢
HUKOrAAa HE MEHseT 3HaKa.

Boipaxenge (12,4) nokassiBaer, YTO PaAHaJbHYI0 4YacTh ABH-
JKEHHS MOXHO PacCMaTpusaThb KaK OZHOMEPHOE NBHKEHHE B [0JE
¢ «3¢dexTUBHOH» TOTEHLUANbHOH 3HEpTHEH

M’
Usqnb:: U(f)—l—m. (12,8)

Bemuuuny M3 2mr? unasuBawoT yeumpoGescnoll sxepauied. 3Ha-
YeHds r, NPH KOTOPHIX

U()+ s =E, (129)
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onpelensioT rpaHUlBE 00JacTH ABIKEHHS 10 PacCcTosHHIO OT
uenrpa. I1pu suimoauennn paseucrsa(12,9) paananbuas cKkOpocTs 7
obpamaercs B HyJb. JTO He 03HAayaeT OCTAHOBKM 4YacTHUB (Kak
NPH HUCTHHHOM ONHOMEPHOM JBH)KEHHM), TaK KakK YIrI0Bas CKO-
pocts ¢ He oOpamaercs B Hyas. Pasencrso f=—10 osHauaer
mouKy nosopoma TPAEKTOPUH, B KoTOpoH ¢yHKuus r(f) ne-
pexoauT OT yBeJUYEeHHd
K YMEHDLIICHUID HJA Ha-
o6opor.

Ecan ofaacte  mony-
CTHMOroO U3MEHEHHUd r orpa-
HHYeHa JUIb OMHHM YCJ0-
BHEM I == Ipig, TO IBHXe-
HUe YacTHILbI HHPHUHUTHO —
ee TPAEeKTOpHS TIPUXOAMT
13 OEeCKOHEYHOCTH H YXO-
IUT Ha GECKOHEYHOCTh.

Ecan obnacts M3MeHe-
HHUS ¢ HUMEEeT [BEe TPaHHlLbl
Fmin U Tmax, TO HBUXEHHE
sBasgercs GUHUTHBIM U TPa-
EKTOpHS LEAMKOM JIeKHT
BHYTPH KOJIbI13, OFPaHHYEeH-
HOTO OKDYXHOCTSAMH I == Fmyax U I == pis. ITO, OAHAKO, HE O3Ha-
YaeT, 4TO TPAaGKTOPHA  HENpPEeMeHHO ABJAAETCS 3aMKHYTOH KDHBOH.
3a BpeMs, B TeyeHHE KOTOPOTO I W3MEHAETCH OT rpax MO Imyin
U 3aT€M CHOBA A0 Iy, PAIUYC-BEKTOD NoBepHETcs Ha yroa Ag,
pasubitt cornacuo (12,7)

Tmax

%) M
'r—2dr
Ap=2 —_— (12,10)
V2m (E—U)— =3

Tmin

VcnoBuE 3aMKHYTOCTH TPAEKTOPMM 3aK/MOYAeTCs B  TOM,
yToObl 3TOT yroam OBl paBeH pauMoHajbHOH wacTu OT 2w, T. e
umen Bul Ag == 2mm/n, the ny, Ny — neasle uucaa. Torda yepes
11, TOBTOPEeHu# 5TOr0 Nepuojda BPEMEHH Ppaluyc-BEKTOP TOHYKH,
caenas Ay noJubix 000POTOB, COBNAAET CO CBOMM NEPBOHAYANL-
HLIM 3HaueHHEM, T. € TPACKTOPHS 3aMKHETCH,
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OaHaKo TakHe cJayyad HCK/IOUUTENbHH, M IIDH NPOM3BOJLHOM
suie U(r) yroa A He sBiasercs palMOHAJbHOH YaCTBIO OT 2.
ITlostoMy B ofweM cayuyae TPAeKTOPHS (UHUTHOTO ABMKEHUS
He samkHyra. OHa Oecudc/€HHOE YHCAO Das MPOXOAMT uepes
MUHUMAJbHOE M MaKCUMaJbHOE paccTosHue (KaK, HanmpuMep, Ha
puc. 6) 1 3a OeckOoHeuHOe BpeMs 3aMOJHAET BCE KOJBLLO MEeMIy
ABYMSI TPAaHHYHEIMH OKDYXHOCTSMH.

CyuiecTByIOT JMWb [ABAa THNA LEHTPAJbHBIX NOJEH, B KOTOPHIX
BCE TPAEKTOPHM (IMHUTHHIX [ABMXEHHH 3aMKHYTH. ITO 101, B
KOTOPHIX TOTEHIMAAbHAR SHEPTUS YACTHLL NPONOPLLUOHABHA 1/
wan % Ylepemit M3 3TUX CAYYaeB DPaCCMOTPEH B C/EAYIOILEM
naparpage, a BTOPOH COOTBETCTBYET TaK Ha3LBaeMOMy NpPOCT-
PAHCTBEHHOMY OCUMJIATOPY (cM. 3azauy 3 § 19).

§ 13. Kenneposa 3agaua

BaxneHiium Cayyaem IEHTPAJbHBIX TNOJEH ABJAIOTCA TOJH,
B KOTOPHX NOTEHIMaJbHas 3HEPrus oOpaTHO NMPONOPLUOHANBHA I
M COOTBETCTBEHHO Cuabl — 06parTHO nponopuuonansue % Ciosa
OTHOCATCS HBIOTOHOBCKHUE TNOJIfl TATOTEHHA U KYJOHORCKHE 3JEKTPO~
CTaTMueCKue [OJs; MHepshie, Kak H3-
BECTHO, MMEIOT XapaKTep UPHUTHKEHUs, | P¥
a BrOpHle MOryT OHTb KaK 1OJSIMH
NPATAKCHUSA, TaK A OTTaIKHBaHUA,
Paccmorpum chavasaa nose nputsi-
WEHUA, B KOTOPOM

a
U= — = (13,1
¢ moJoxurenpHol mocrosuno#t a. I'pa-
Uk  «3PdexTrBHOH» nOTEHUHANbHOM 4
SHEPrUu \/ :
a M2 .
Uspo=——F5. (132 Puc. 7.

umeer BHA, n3obpaxenumid wua puc, 7. Ilpu r-> 0 oua ofpa-
maercs B -}~ cO, a Npu r ~» 0O CTPEMUTCH K HYJIO CO CTOPOHHI
OTPHULLATEJIBHEIX 3HAYEHUH; npu r:Mq/'am OHA HMEET MHHHUMYM,
paBHBIl

(Usppdmin == — S (13,3}
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Hs storo rpaduka cpasy ouesniso, uto npu E =0 asuxenue
yactuus Oyner MHOUHUTHEM, a npn E < 0 — (pUHATHHM.
dopMa TP3IEKTOPUYU NOJYuYaeTcs ¢ MnoMmouibio obmel §op-

uyau (12,7). Iloacrasass B Hee U==— a/r 1 nponseols 3JeMeH-
TapHOE MHTErPHPOBAHME, MOMYYHM:
M ma
r M
¢ == arceos — -} const

Bub6upas Hauano OTCUeTa yrJa ¢ Tak, uroOun const =0, u BBOLs
0003HayeHn

M2 . 2EM®
== ezl/ 1+W: (13’4)

ma

nepennuiem QopMyJay s TPAEKTOPHH B BHIE
£ =1+4eccose (13,5)

IT0 — ypaBHEHHE KOHMYECKOrO cCeyeHHsd ¢ (OKYCOM B Hauaje
KOODIMHAT, p W ¢ — TaK HAasHBAEMHE napamemp N KCHEHmMpl-
cumem op6utsl, Clie/aBHHN HaMu

Y BOOp Hayana OTCueTa ¢ 3a-
4 K/MIOuaeTcd, Kak Buano us (13,5),
/; B TOM, 4TO TOuKa ¢ ¢=0 sp-
N i -, JA9eTCs Gamxkailied K UeHTpy.
i B skBuBa/ienTHOH 3anaye ABYX
[ 28 »
TeJ, B3aUMOILEHCTBYIOLHUX - MO
- sakony (13,1), opbuta Kaxxol us
YaCTHIL TOXE NpeacTaBadeT coGol
Za KOHHYECKOe ceyeHHe ¢ (QOKYCOM
© B #X o0umeM LEHTPe HHepUHH.
Puc. 8. Hs (13,4) Buauo, yto mnpw

E<0 skcuentpucurer e< |,
1. €. opOuTta fBaserca saauncom (puc. 8) M IBuKeHHWEe PUHUTHO
B COOTBETCTBMH CO CKa3aHHbIM B Hauajse naparpada. CorsacHo
W3BECTHRIM QopMysnaM aHaAnTHueckof reomerpuu OoJapnias M
MaJ1as NOJYOCH 3JJRNCa

S . =t __ M 13
¢ oTET” ? Vi—e ™ VImiE[~ (13.9)

Haumenbluee JonycTHMO€ 3HaueHwe sueprum cosnagaer ¢ (13,3),
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upu 3TOM e==0, T. e. 3./HMnc 06pauLaeTcs B OKPyKXHOCTb, OTMe-
T4M, 4T0 60/blIaf% NOJYOCh SJ/UIHNCA 33aBHCHUT TOJBKO OT 3HEPruu
(10 He or momenTa) yactuun. Haummenbuwiee W HauGoJpliee pac-
crosuus 1O leHTpa nois (Pokyca 3JiMnca) paBHM

fun=1ig=0a(l—@), ra=1c=a(l4e (137

ITu BHpameHus (c a u e u3 (13,6) u (13,4)) moxno w0 O,
KOHEUHO, MOJAYYHTb M HEMOCPENCTBEHHO KaK KOPHH ypaBHeHHs
Uschcb (=E.

- BpeMs of6pameHsst no 3andnTHueckodt opOute, T. e. nepHox
apixenus 7, yA0OHO ONpeNeNHTh C MOMOILBIO 8AKOHA COXpaHe-
HHUA MOMeHTa B gopme «uHTerpasa naowanet» (12,3). Uurerpupys
3TO PaBEHCTBO N0 BPEMEHH OT HYJR 10 T,

NOJyunM: 4

2mf=TM,

rie f— naomans Op6uTH. Jas 5J-
munca f==mab, u ¢ nomomwsto cdop- P
Mya (13,6) Haxomum: |

ol s m_ m z
T=2na%: l/ - ‘.-_'ma V-_“QIEF‘ .

(13,8) ~ae

OTheTuM, YTO MEPHOL 33BHCHT TOJLKO
ot sHeprun yactuumn, [Tpu saTom kBanpar.
nepuoaa NpOonopUUOHaJeH KYOy JnHeti-
HBIX pa3MepoB OPOGHTH (TaK HasWBAEMEIH
mpemuii 3axon Kenaepa). Puc. 9.
[TIpu E = 0 npuxenne nupuuurro. Ecan E > 0, T0 3KcuekTpu-
cuter e > 1, T. e. TPaeKTOPHA ABJseTcs runep6oJod, orubaromeh

neHTp noJas (Pokyc), Kak mnokasaHo Ha puc. 9. Bimxaftmee pag-
CTOSIHHE 10 LEHT[a

’mm=e£1 =a(e—1), (13,9)
rae ' |
1 _ a
C=FT1T9E

— «HOJYOCh> runepOoJH,
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B cayuae xe E=—0 sKcueHtpucurer e=1, T. e. uacTHua
ABUXETCS N0 napabose, ¢ MAHUMAIBHEIM PACCTOSHHEM T min =p/2.
3TOT Ccayualt OCYIECTBJIAETCH, €CHH 4YaCcTHla HauWHaeT CBOe

IBUXKEHHE U3 COCTOSIHUA MOKOs Ha Gec-
4 KOHEUYHOCTH.

OG6parnMcs K [BHXEHNWIO B MoJje

OTTaJIKMBAHHS, B KOTOPOM

a
U=-= (13,10)

8

< a//¢ : (@>>0). B atom cayuae sdpeKkTHBHas
NOTEHLMAIbHAS SHEPTHS

Usgo =7 ~+ g 2,,,,2

Puc. 10. MOHOTOHHO YOHBaeT oT -+ co 10 HYJs

NpW HM3MEHEHWW T OT HyJas A0 OO,

D1eprus 4acTULLbl MOXKET OBITh TOJBKO MOJIOMHUTENLHON H JBUKEHHE

BCeraa- MHQHHATHO, Bce BHuUHCHEHHs s 3TOTO c/ayuas B TOY-

NOCTH aHAJIOTHYHDLI MPOM3BENEHHEIM BhiLe, TpaekTOopns sBJIsSETCS
runep6oso#t (nan mapabono#t npn E =0}

L——14-ecose (13,11)
(p w e ompemensiorca npexxuHumn opmyaamn (13,4)). Oua npo-
XOANT MHUMO LEHTPAa MO0Jf, Kak fokazaHo Ha puc. 10. Munumans-
HOEe pACCTOSHME IO LEeHTPa

rlllillze—'ET:a(e+1)‘ (13,12)



Farasa 1V
CTOJIKHOBEHHUA YACTHIL

§ 14. Yupyrue CTONKHOBEHHA YacCTHY

Yxe camu no cebe 3aKOHEI COXPaHEHHs UMMYJbCa U SHEPruu
NO3BOJIAIIOT CAEAaTh BO MHOTHX C/AYYasiX DSl BaXKHBIX 3aKJioue-
HUH O CBOHCTBax pas/nyHBIX MeXxaHHueckux mpoueccos. Ilpn
3TOM 0CO0EHHO CYIECTBEHHO TO OOCTOATENLCTBO, UTO 3TH CBOf-
CTBa COBEPUIEHHO He 3aBUCAT OT KOHKPETHOro poAa B3auMO-
JeHCTBHSI MEXAY Y4aCTBYWOIMMH B HPOLECCE YaCTULAMHU.

PaccMoTpuM ynpyzoe CTONKHOBEHHE ABYX YacTHl, T. €. CTOJK-
HOBEHHE, MNP KOTOPOM BHYTDEHHHE COCTOSHHMS YaCTHLL He Me-
usoTcs, B cuay atoro cBoficTBa mpu NMPUMEHEHMH K YNPYromy
CTOJIKHOBEHHIO 33KOHZ COXPaHEHHs IHEPIrMH MOXHO HE YUHATHI-
BaTh BHYTpeHHeﬂ QHEPruv 4acCTHlL.

Bynem HaspiBaTh Aa0opamopHoifl CUCTEMY OTCYETa, B KOTO-
po#t oaHa u3 uyactul, (MycTe 3TO OydeT YacTHUA Mlg) AO CTOMK~
HOBEHHs NMOKOUJach, a Apyras (m;) ABUraiace €O CKOPOCTbIO V.
Ilpome Bcero, 0AHAKO, CTOJKHOBEHWE BBITASAAUT B APYro# cu-
CTeMe O0TCYeTa, B KOTOPOH MOKOMTCs LEHTP HHepuuu oleux
vactal, (cucmema yeHmpa uxepyuil), 3HauEHHs BEJIMYUH B 3TOH
cucreme Oyaem oTsmuate unmekcoM 0, CkopocTu yacTuu B CH-
cTeMe IIEHTPa MHePUHM CBA3aHH CO CKOPOCTbIO V B Jalopartop-
HOH cHUCTeMe COOTHOUIEHHSAMH

m,

me
Vi — ————— Vop == — =i Y
O m, 4 m, v, » my + ms

(cp-_(11,2)).

B cuay 3aKkoHa COXpaHeHHs HMMY/bCa MMIYJbCH OOenx ua-
CTHL, OCTalOTCS IOC/J€ CTOJKHOBEHUS PAaBHLIMU MO BeJUuHHE
¥ TNPOTUBONO/IOKHBIMH IO HANPaBJEHHIO, a B CHJYy 3aKOHa
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-COXPaHEHHs SHEPrid OCTAOTCA HEMSMEHHLIMH H HX abCOMOTHBIE
seanunnsl. Takum 06pa3oM, Pe3yIbTaT CTONKHOBEHHS CBOAMTCA B
CUCTEeME LIeHTPa HHEPLUHH K MOBOPOTY CKOpocTe# obeHx uacTHi,
OCTAOIMXC B3aUMHO [POTHBOINOJ/IOXKHBIMA M HEHSMEHHBIMH 110
sejuyue. Ecai 0603HauyuTh NOCPEACTBOM fly €AMHHYHBIH BEKTOP
B HanpasJeHud CKOPOCTH YaCTUUH 2y NOCAE€ CTOJNKHOBEHHA, TO
CKopocTH ofeux uacTHl MOCJAE CTOJKHOBEHHS (OT.’lH‘laeM 40,4
wrpuxom) Oyayr:

. m ",

TTmy - m,y i, - m, UM

YroOH BO3BPATUTBCA K J1a0OpaTOPHOH CHCTEME OTCYeTa, HAJO
J0GaBUTL K “5TAM BBIPAXEHHSIM CKOPOCTb V LEHTPa HHEpUHUH,
Takum oOpa3oM, Ans cKopocreli yacTHu B JabopatopHOH cucTeMe
nocae CTONKHOBEHHS MOJYYaeM:

Vio UMy, Vip == — (14,1)

P msy n,

Vi== m, - m, n"_T_nt -}—mz Vs (14.2)

V2=“ml+mg °+m Tm; v

DTHM HMCYEPNBIBAIOTCA CBEAEHUS, KOTODHlE MOKHO MOJYYHTD
O CTOJNIKHOBEHHH, UCXOIS M3 OMHHX TOJABKO 3aKOHOB COXPaHeHusl,
Hanpassnenne e BeKTOpa i, 3aBUCHT OT 3aKOHa B3aUMOJEHCT-
BUA YaCTHIL M HMX B32aUMHOIO PacCliONIOKEHHS NPU CTOJKHOBEHHH,

Gopuyam (14,2) MOXHO HHTEPUPETHPOBATh TEOMETPHYECKH,
A 4ero yaoOuee nepeiTH OT CKOpocred K uMOysabcaM. YMHo-
#ue paseHCTBa (14,2) COOTBETCTBEHHO Ha iy B My, NOJYHHM:

ri= e +'"’ (143)

p2==— MUy} ——>— e + m!

(rae  m==mymy/(m, -} my) — npusenenHas wmacca). IlocTpomum
OKPYKHOCTb € PaadyCOM mU M NPOM3BENEM YKa3aHHOE Ha puc. 11
nocrpoenne. Ecau eauHMyHBIH BEKTOP n, HanpaBiaeH Broapr OC,
10 BeKTOpPH AC # CB 1al0T COOTBETCTBEHHO UMIYJLCH P; U Pa.
Ilpu 3amanHOM aluyC OKDYXHOCTH U MOJIOXKEHHE TOYKH A
1
HEHSMEHHL, a4 TouKa C MOX¥eT 3aHHMaTh Jio0oe MOJOKEHUEe Ha
okpysxHocTd. Touka A JexuT BHYTPH OKPYMKHOCTH NPH My < Hiy
(puc. 11, a) nm Bue oxpyxnocrd, ecau my > my (puc, 11, 6).
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YKasaHHbie Ha PHCYHKax yraw 0y u 8 npedacrasasor codoi
YE/AH - OTK/JOHEHUST " YACTHI MOCJAE CTOJKHOBEHHA MO OTHOIUECHHIO
K HanpasJeHUiO ylapa (HanpasjeHuiO p,). LleHTpaibHbi#t e
yroa, 0003HAYeHHHH Ha PHUCYHKaX TMOCPEACTBOM ¥ (Zaromuhh
HanpaeJeHHe m)), npelcraBaseT coO00H YyroJ mMoBOpPOTa nepsoi
yacTHilll B CHCTéMe HeHTpa HHepuud. VI3 pucyHka oueBHIHO,

a) m, <m, a) m; > m,
" m, m, —
Al P, OB=p p=mo 4B,
Puc. 11.

yro yrasl 6, m Oy moryr OHTb Bmpameubn uepes yroa y op-
MYJIaMu

my sin y
my - mg cosy, ?

o
tg 6y = b="51, (14,4)
Bunumem takxe ¢opmyas, onpeiessomune abCoMOTHHE BelH-
YHHB CKOPOCTEH 006eux YaCTHIL NOCJAE CTOJKHOBEHHS YEPe3 TOT
Ke yroa y:
. VY m - mi - 2mymy cos % . 2m,v
'Ui:: v, ’ng"———
I my + mg

sin. (14,5)

Cymma 0; 46, ects yros pasnera YacTuii nOCAe CTOJK-
Hopenns. Quesnano, uro 6,40, >w/2 npn m<my nu
0, + 04 <=®/2 npu my > ms. :

Cayyaio, xorda ofe 4acTHIH NOCJE CTOJKHOBEHHS ABHIKYTCH
B3 OZHOH mnpaMOR («1080BOH yaap»), COOTBETCTBYET ¥ ==T, T. €,
nosoxenne Toukn C Ha AuaMerTpe ciaesa ot Toukn A (puc. 11, g;
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npy 3TOM P; U P; B3aHMHO TNPOTHUBOMOJIOKHBI) UM Mexdy A
u O (puc. 11, 6; npy 5TOM p; ¥ P; HanpasJeHhl B OAHY CTOPOHY).
CKOpOCTH HacTHLL NOC/Te CTOJIKHOBEHHUS B 3TOM C/IyYae PaBHBI

. m—my . 2m,

==YV Voq—= —-r—
Vi m +my 2 m 4 my

(14,6)
3uauenue v, npH 3TOM — HauGoJbluee BO3MOXKHOE; MaKCHMaJb-
Hasl 3Heprus, KOTOPYIO MOXKET MOJy4YdHTh B pesyJ/sbTare CTOJKHO-
BEHHUs nepBOHA4YaJbHO NMOKOUBLIAACH
Jyacruua, pasHa, CJied0BaTeJbLHO,

‘2
MoUymax __ 4mmg

Eémax': * DA = (i, & my)® Ep
(14,7)

rae £y == myv?/2 — nepeBoHauanbHas
9HEPrUsl HAJETAIOIEeH YaCcTHUBL
Ipu my < my cKOPOCTH NepBoH
YACTUILBI OCTE CTOJIKHOBEHHS MOXKET
Prc. 12 uMers Jno6oe Hanpassenue. Ecun
T We my > n,, YTON OTKJIOHeHHs ma-
Haollel 4acTHILH He MOXET MpeBbi-
1iaTh HEKOTOPOTO MaKCHMAaJbHOTO 3HaueHHs, COOTBETCTBYIOLIEro
TakoMy noJsioweHuo Touku C (puc. 11, 6), npu kortopoMm nps-
Mas AC Kacaercsl OKPY#HOCTH. OueBuIHO, 4TO Sin 8 oy = OC/OA,
HJIH

$in 0, gax == ,’:—f (14,8)

Oco6eHHO MPOCTO BHIIJISAAAT CTOJKHOBEHHE 4acTHU (M3 KOTO-
pHX OIHA MNEPBOHAUAMLHO MOKOHUTCA) ¢ ONAHHAKOBHIMH MaccaMi.
B sroM ciayuae He TOJBKO TOUKAa B, HO M TOUKa A Jexar Ha
oxpyxHoctu (puc. 12). Ilpu stom

el—;%, - “‘2‘1 (14,9)

U] == C0S %, Vg ==1sin % (14,10)
OTMeTHM, YTO 4aCTHUBl PasJeTAOTCs MOC/Ae CTOJAKHOBEHHS MNOX

NpSMBIM YI/IOM APYr K APYTY.
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§ 15. Paccennue uyacTui,

Kak Obl0 yxe yKaszaHo B mpeanaylieMm naparpade, NoJHOE
onpeleneHne Pe3y/abTara CTOJKHOBEHHMS ABYX wuactuu (omnpene-
7eHue yraa y) TpeOyeT pelueHHs ypasHEHHH ABHXKEHHs C yue-
TOM KOHKPETHOrO 3aKOHa B3anMOAEHCTBHA - yaCTHIL

B cootsercTBun ¢ o6wMM npasniaoM OyldeM paccMaTpHBaTh
CHauala SKBUBAJEHTHYIO 3alauy
00 OTKJIOHEHMH OIHOH YaCTHILBI
¢ maccod m B noae U(r) ue-
NOABHKHOIO CHJIOBOrO  LIEHTpa
(pPacnosoMEeHHOro B LIEHTPE HHep-
IIMH 4acTHLL),

TpaeKTopHs YacTHLE B LLEHT-
palbHOM MoOJe CHMMETPHYHA 1o
OTHOUWIEHHIO K TNpsAMOH, npose-
JeHHOH B Oaumalwyo K LEHTPY
Touky op6utel (OA Ha puc. 13).
ITosToMy oOe acumMnTOTHI Op-
ONTH NEPECceKalnT YKasaHHYIo
NpAMYi0 ned OAMHAKOBBIMU yrja- Puc. 13.

Mi. Ecniu 0003HaunT, 3TH yribl
NOCPENCTBOM (g, TO YrOJ ¥ OTKJOHEHHS YacTHIB NMPH ee mpoJe-
TAHHM MHMO LEHTPa €CTh, KaK BHIAHO H3 PHUCYHKA,

y=1]%— 29,/ (15,1)
Yron we ¢, onpelenserca cornaacHo (12,7) unrerpanom
oo
_M dr .
Qo= ! (1572)
Vzm [E—UN)—>
Tmin

B3ATHIM MEMAY OJMumaliuM K LEHTPY U BGECKOHEYHO YAaJeHHHM
MOJIOKEHUAM uacTulbl,  HanoMBuM, uyTo rgyjy ABAAETCA KOPHEM
BEIDQEHMS, CTOALIErO NOJ 3HaKOM pafaKaia.

Ilpy MHOUHUTHOM JBMNEHMH, ¢ KOTODHM MBI UMEEM 31eCh
Zeno, yio0HO BBECTH BMECTO NMOCTOAHHHX E u M Apyrue — cko-
POCTh U YACTHLBI HA OECKOHEUHOCTH U TaK Ha3LnBaeMoe npu-
yeasnoe paccmosnue p. Ilocnenuee npencrapaser coboit Aauny
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[iePHEeHAUKYApa, ONYIEHHOrOo W3 WEeHTpa Ha HaNnpaBJ€HUE Vi,
T, € paccTofHue, Ha KOTOPOM YacTHHA npouina On MUMO UEHTpa,
ecan On cunoBoe noae OTCyTcTBoBano (puc. 13). Dueprus u
MOMEHT BHRIDAXAIOTCA 4Yepe3 3TH BEJHYMHBI COFJIacHO

E mv, M'—

=5, = MPUss, (15,3)
a ¢opmyna (15,2) npunuMaer BUX
o

dr
e 15,4
") Ve ted

rFoin re Vm-v,;O

Bumecre ¢ (15,1) oHa onpenenser 3aBuCHMOCTH ) OT p.

B. ¢pusnueckux npuMeHeHHAX NPUXOZUTCS OGHIYHO MMETh HENO
He ¢ HHOMBMAYAJbHBIM OTK/JOHEHMEM UaCTHILH, 4, KaK rosopdr,
C paccesniem UENOTO TNyYyKa OAWHAKOBLIX YaCTHL, MNaJAIOUIUX
HA DacceuBalolluit UEHTP C - OMMHAKOBOH CKOPOCTBIO V.. Pas-
JUYHBE YAaCTHUB B Nyyke O0/Mafal0T PA3JIHYHBIMH NPHULETbHLIMH
pacCTOAHHIMH H COOTBETCTBEHHO pacceuBaroTCd 1oL pas3JuYHBIMH
yraamu y. OGosHauuM nocpeacTBoM dN 4YUCJAO 4acTHl, pacceu-
BAEMHX B E€NMHHIY BDEMEHM Ha YriH, Jexalnue B HHTepBaJe
mexay y u y-dy. Camo no cebe 310 4ucI0 HeymnoOHO A
XapaKTePUCTUKHM TNpPOLeCcca pPaccedHus, TaK KAK OHO 3aBUCHT OT
TJIOTHOCTA Tajalouiero nydyka (nponopuuoHaasHo ei). Tlostomy
BBEHEM OTHOlIeHHe

da=2N (15,5)

TA€ M — YUC/O YaCTHLl, NPOXOAAIHX B EIMHUIY BpPEMeHH uepe3
eNMHHIY TJIOWadH [ONIePEeYHOr0 CeYyeHus MyyKa (Mb TpeanoJa-
raeM, €CTeCTBEHHO, 4TO INYYOK OOHOPOJEH IO BCEMY CBOEMY
CeYeHU10). DTO OTHOIUEHHE UMEEeT Pa3MepHOCTb IJOIIAAH H Ha3H-
Baerca sfernmusnusm ceverem (UMM NPOCTO Cedenlie M) pac-
cessnusg. OHO BCelle]0 OnpefenseTcsi BUIOM PacCEHBAIOLIETO MOJs
M ABJAETCA BaXKHeHllle# XapaKTePUCTHKOH Mpoilecca paccesHus,

Bynem cuutath, YTO CBf3h MEXAY Y U p — B3aUMHO ONHO3-
HayHa; 3TO TaK, €C]H YFOJA paccesHus ABAAETCH MOHOTOHHO
yOuBaome#t ¢yHkuued npuneasHoro paccrosuus, B Takom cay-
yae pacceMBalOTCd B SaJaHHHH HHTEPBaJd YrJIOB MeXAy ¥ H
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X, - dy JHMWb Te 9YaCTHUH, KOTOPHE JETAT C NPHUETbHHM pac-
CTOSIHHEM B ONMpPEAEJIEHHOM UHTepBase Mexdy p(x) u p ()t dp(x)
Hucno TakMX 4acTHIlL PaBHO NMPOH3BEAEHPIO 72 HA MJIONAIb KOJbila
MEXAY OKPYXKHOCTAMH C pamdycamu p H p-dp, T. e dN==
=2npdp-n IlostoMy sddexTHBHOE CceueHue

do = 2wp dp. (15,6)

YroOW HaitTy 3aBUCHMOCTb S((MEKTHBHOTO CeueHHs OT yrJa
paccesHus, AOCTaTGYHO NMEPENHCATh 3TO BHIPaXeHHE B BUAE

dp ()

do = 27p (%) a0y

dy. (15,7)

Mbi numem 3aech aGcoMmoTHOE 3HAYEHHE NrpousBoAHOH dp/dy,
uMes B BHAY, UYTO OHa MOXeT OHWTb OTPHILATEIbHOH (KAK 9TO
ofnuno SmBaer). Hacro OTHOCAT do HE K 3JEMEHTY ILIOCKOro
yrna dy, a K SJAE€MeHTy TeaecHoro yraa do. Tenecuw#t yroa
MeXAy KOHYCaMH C YrJaMu pacTsopa y # 3~ dy ectb do==
== 2xsin y dy. [losTomy umeem u3 (15,7): )

do= 200 _ i‘i|do. o 159)
siny |dy

BosBpamasce K ¢akTaueckoit 3alaue O pPacCesHHH Myuka
Y3CTHIL HE Ha HEMOABHXKHOM CHJIOBOM UEHTPE, a Ha ApYrux
NEPBOHAYa/bHO MOKOUBILMXCA YaCTHILAX, MBI MOXEM CKa3aTh, YTO
dopmyaa (15,7) onpemenser 3(p{eKTHBHOE CEUEHHE B SABHCH-
MOCTH OT YrJia paccesHWs B CUCTEME UEHTpa HHepuuu. [las
Haxoxaenus ke 3(QQEeKTHBHOrO CEYeHHst B 3aBHCHMOCTH OT yrJa
paccesHus 8 B naboparopHOH cHCTeMe HAlO BHPasuTh B 3TOMH
dopmyne y uepes 8 cormacHo  dopmyaam (14,4). Ilpu stom
ROJYYalOTCAd BRIPAXEHHS KaK LJs CEUEHHs paccesHus NMaialomiero
nyuka uactui (y BhpaxeHo uepe3 ;) Tak W LAA YACTHI, Nep-
BOHAYa/bHO [OKOMBIIMXCA (¥ BHPameHO uepes 6j).

3apauy

1. Onpemeants spdeKTHBHOE CeveHHe pacCeaHua yacTHL Ha aGco-
MOTHO TBEPAOM lUapHKe paguyca a (T. e, NpHU 3akoHe B3auMopelict-
Bua: U=co npin r <<a u U=0 npu r >a). .

Pemenue. Tax xax BHe mapuka yacTuua IBumerca cBOGOAHO,
a BHYTPb HEro TNPOHUKHYTL BoOOLIC He MOMXeET, TO TPacKTOpHA
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CKIaAKBACTCA M3 [BYX NpAMbIX, PACTOJNOXEHHBIX CHMMETPHYHO OT-
HOCHTENIbHO pamuycCa, TIPOBeJEHHOro B TOYKY MX TepeceyeHus
¢ wapuxkoM (pue. 14). Kak BumHo M3 pHcyHKa,

. . T—
p = a sin ¢, = a sin —5—1=acos%.
Monctasaas B (15,7) nau (15,8), moayunm:
2 2
dc=i‘_g.sinxdx=‘%do, (1)

T. €. B CHCTeMe UEeHTpa HMHepuMH pacceskue usorponHo, Huterpupysa
de TO BCeM )yInaM, HailleM, YTo TIONHOE CeYeHHe ¢ =ma’, B COOTBET-
CTBMH C TeM, YTO MpHUeNbHas TNJI0MmMAalb, B KOTOPYIO HOJXHA TIONAcTh
yacTHUa pas TOro, 4to6ul BooGuie paccesaTbCs, eCTb MAOWIANb CEYCHHA
1apHKa.
2. HOna Toro se cayyaAa BHPasuTh 3((HEKTHBHOE CeueHHe Kak
GYHKUMIO 9HeprHHu ¢, TepsAeMol pacceMBaeMbIMH YacCTHUAMH.
Pewrenue JHeprus, TepseMas yacTHUe#l m,, cOBMagaer ¢ suep-
ruelt, npuo6peraeMoit yactuueit my Cornacho (14,5) n (14,7) umeen:
- 2mem,

e—— p—

e=Fym= 10 gr sine L
T (my 4 mg)? T "

2:
X

= ¢ax sin? %

2

OTKyZa

de = % max S Y 4Y,

H, ToJAcTaBJiAs B Qopmyny (1)
3afauy |, nonyumum:

Puc. 14, ds ==a? de

max

Pacnipenenenye paccesHHbIX YaCTHL TIO 3HAYEHHSAM ¢ OKa3biBAETCH PABHO-
MCPHBIM BO BCCM MHTEPBAle & OT HYNA 1O & ..

3. Onpeneantb 3hdeKTHBHOE ceueHHe AJas MaleHHA 4acTHW (¢ Mac-
CaMH m,) Ha TIOBEPXHOCTb C(epHyecKoro Tena (C Maccoi m, u pamuy-
coM R), K KoTopofl OHHM TIPHUTATMBAIOTCs Mo 3akoHY HbploToHa,

Pemenne YcroBue NaleHus 3akmwoyaeTcs B HepaBeHCTBe
Fmin <R, rae r . — Gmmiafias K UeHTPY chephl TOYKa TPAEKTOPHI
yactuub., HawGonbmee gomycTuMoe 3HayeHHe p ONpelensieTcs yCuo-
BHeM r ;= R, uTO CBOmMTCA K pemennio ypasHenua Us,gg (R) =E
Han

2 2 2
mjvoopmax a mjvoo

2R? R 2
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npHYeM a = {n,;m, (y — [PABUTARHOHHAA nocromman), H ‘Mbl NIOJOXHAH
M= m,;, CYuTad, YT My >> m;. Haxons orcona pl ., noayuum:

=R (14 20,

Tlpn v, — co 3ddekTHBHOE CceYeHHe CTPCMHTCH, €CTeCTBCHHO, K reo-
METPUYECKOH MNIoulanu ceyeHus cdepeol.

§ 16. Popmyaa Pesepdopna

Oano u3 BaxHeHIIUX NPUMEHEHW# NOJyyeHHHIX BHIe Qop-
MyJ — PaccesiHne 3apAMEeHHHX YacCTUL B KYJOHOBCKOM TOJE.
ITonoxus B (154) U=a/r wu 1pou3nBoAs sJeMEHTAPHOE

HHTETPUPOBalHE, MOJYyUYHM:
l/ +\mv2

a? °
= Wt tg®oq
o

@y =—arCCOS ——=————e

OTKYyAa
Wi, Bsods coriacHo (15,1) %:(n—x)/Q:

Pg_ 21,4 Ctg (]6’1)

Luddepennupys 10 BeIpaXeHune no y W noacrasuis B (15,7)
wiu B (15,8), noayuum:

« gcos—é—
dc:‘rt( ) dy, (16,2)
m'uao .5 L
sin —2“'
HJIH
2 do
do= ——) o 16,3
(vaao sin‘—% ( )

910 Ttak HasHBaemas popmysa Pesepgopda. OtMerum, urto
9 deKTHBHOE CEYEHHE HE 3aBHCHT OT 3HAKa o, TaK YTO TOJY-
YeHHHH Pe3yabTaT OTHOCHTCA B PaBHOH CTEMEHH K KY/JOHOBCKOMY
NOJII0 OTTAJKUBAHUS W NPUTHXKEHUs,
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dopmyaa (16,3) maer sddexTuBHOE CceueHne B CHUCTEME OT-
Cyera, B KOTOPOR TNOKOHUTCH WEHTD HHEPUUH CTAJKHABAOINXCH
yactuu. [TpeoBpasoBanne k nabopaTopHOH cucreMe NPOU3BOAUTCS
¢ nomouipto dopmya (14,4). Jas vactuy, nepBoHauaabHO MOKOUB-
wuxcd, noacrasass y ==—0,/2 8 (16,2), nonyuum:

ddg—?ﬂ( a )‘l sin 8 _{ )’ do,__. (16,4)

mv | cos® ‘cos? By \mug, | cos’ b,

Ias nagaomux xe yacTul npeoGpasoBaHue NPUBOAMT B OOUiEM
cayyae K BecbMa rpoMosiaxko#t dopmyse. OTMeTHM JMmb ABa
YaCTHHX Cayuas.

Ecin Macca my paccempaiomet yaCTuunl BeJnKa MO CpPaBHe-
HUIO C Maccoit my paccenBaeMOR uacTulH, TO Y ~<0;, a ma~my,
TaK 410

2 )’ do, (16,5)

ddl:(—4El - 61 ,
2
rie Ey = my13,/2 — sHeprua nanawoume#t yacTuusl
Ecanm Maccw 06euX uacTHL OAHHAKOBH (m2y = Mg, m==my|2),
10 coraacHo (14,9) y =26;, n noacraHoska B (16,2) maer:
a \? cos 6l a cosﬁl
13y —— 4T * do,. 1
do, =2 (El) smP o, dby = (EI) “sinig, ! (16,6)
Ecan He TOABKO MacCH 00enX yacTHll PaBHH, HO 3TH YaCTHILBI
BOOOLIE TOXAECTBEHHH, TO HE HMMEeT CMBIC/AA Pa3nuyaTh MOC.Ie
paccesHusi TMEPBOHAYJbHO HABHUCaBIIHECA OT NEPBOHAYAJBHO TNO-
Kousmuxca uyactuy, OO6wmee 3ddexTuBHOE CceueHue Mas  BCex
YaCTHI MBl TOayumM, CKaaiuBas do; n doy u 3amenss O, n 6y
o6uwmM 3HaueHneM 6:

2/ 1 1
do= (5" (grg + o) cos O do. (16,7)

Bepuemcst cuoBa k obmeil dopmyne (16,2) u onpeaenum ¢ ee
NOMOLIBIO pacnpefeseHne PacCesHHHX YacTHl MO TepseMoft umu
B pesy/bTaTe CTOJIKHOBeHuA 3Hepruu. IIpm nponssoibHOM COOT-
HOWIEHHH MEXIY MaccamMu paccensaeMolt (m;) U pacceuBatomeit
(mg) uactuy, npuoOperaemas TNOCJAEAHER CKOLOCTb BHRIPaKaeTcH
yepes3 yros paccesHuss B CHCTEME UEHTPa HHEPUUHU NOCPEACTBOM
2m,

U= mg+ my

Voo SiN -7-2(—
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(cm. (14,5)). CootsercrBenno, npuoOperaemas 3ToH uvacrulleh,
a TeM CaMbiM M TepseMas vacTuueH m; SHePrus paBHA

:  2m® a2t
R 2
5 = v, Sin 5

Bripasus otcrona sin—?z"— yepes e u noacrasue B (16,2), nosyuaem:
a? de

myud, e’

ds =2x (16,8)
dra ¢opMyaa oTBeuaeT HAa NOCTABAEHHBIH Bompoc, onpeaesss
3(QpeKTHBHOE CceueHue KaK (PYHKIHMIO OT MOTepH SHEPrud &; no-

clreaHasn npoﬁeraer Nnpyu 3STOM 3HaYE€HUA OT HYAA OO Epax ==
=2m2'020/mg.



TF'aasa V
MAIJIBIE KOJEBAHUY

§ 17. CroGonHrle OZHOMEPHBIE KOJeGAHHUSA

OueHp pacnpOCTPaHEHHBI THI ABUXEHUA MEXaHUYECKHUX CH-
CTeM TPEeACTABAAIOT cOOOH Tak HasblBaeMble MaAbe KeaeGawus,
KOTOpble CUCTEMA CcOBepliaeT BO/AuBH CBOEr0 NOJOKEHUH YCTOH-
UMBOTO paBHOBecus, PaccMoTpeHHe 3THX ABHKEHHH MBI HauHeM
¢ HauboJee MPOCTOro CJyuasd, KOTAa CHCTEMAa UMEET BCEro OAHY
creneHn, CBOOOILI.

YCTORUHBOMY DPaBHOBECHIO COOTBETCTBYeT TaKOe I0J0XeHue
CHCTEMB, B KOTOPOM e€e ToTeHunualbHas sHeprus U(g) nmeer
MUHUMYM; OTKJOHEHHE OT TaKOrO INOJIOXEHUS NPUBOLUT K BO3HU-
KHOBeHUw cuibl — dU/dg, crpemsielica BepHYTh cuctemy 06-
parHo. OO003HAaUUM COOTBETCTBYIOIiCe 3HaueHue 0O600MmeHHON
KOOPAUHATE TMOCPEACTBOM ¢o IIpH MaJjnlX OTKJIOHEHHAX OT 1no-
JOKENUs paBHOBecus B pasaoxenun pasHocru U(q)— U(qy) mo
CTeneHsM ¢ — gy JOCTATOUYHO COXPAHUThL NEPBBIH Heucuesawmuh
uzeH, B o6ienm cayuae TaKOBBIM AB/ISETCA UJEH BTOPOTO MOPSAKA

U@)— U@~ &g — 02

rae k==U"(gy) — NONOKUTEJNbHBI KO3PPuuuenT, ByaeM B dajp-
HeHIeM OTCYWTBHIBATH MOTEHUHAJNbHYI0 3SHEPrHI0 OT €€ MHHH-
MaJbHOTO 3HaueHus (T. e. mosoxuM U(q,)==0) u BBeaem 060-

3HayeHue
=g -—q, 17,1)

AJs  OTKJOHEeHusd KOOplIHHaTbI OT ee paauoaecnoro 3HaueHud
Torna

U=, a7
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Kunernyeckass sHeprus CcHCTEMB C OOHOW CTEmeHbIO CBO-
Gonnl uMeer B oOlleM Cayuae Bul

32 =5a(@)

B rtom ke npubauxieHuu AOCTATOYHO 3aMEHUTb QYHKUHUIO a(g)
NpOCTO ee 3HaueHUeM NpU ¢ —g¢q, Bsoms Aas xpatkoctu 0060-
3HayeHue )

a(qo):m,
NOJY4YUM OKOHYATeJbHO CJAEAYIOUIEe BhPaxEHUe MJA JarpaHke-

BOH (PYHKIUK CHUCTEMBl, COBEPLIAIONIEH OMHOMEPHblE Masble KO-
aeGanus 2):

mx3 kx?
L=T——§—, (17,3)

Coorsercrsyolnee 3TOH (PYHKUUA ypasHEHUE MBUKEHHUS
JI2CHUT:

mi 4 kx =0, T (17,4)
HJIU
24 0le=0, (17,5)

rae sseldeHo o0o03Hauenue
0= ]/5. (17,6)
m

Il8a 1e3aBUCUMBIX pelieHus JuHeHHoro AuddepeHnuansHOro ypas-
HeHud (17,5): cos wf u sinef, Tak uto ero ofuiee peleHue

X = cycos wf 1 ¢y 8in wt, 17,7
D10 BbhIpamEHHe MOWeT ObITh HANHCAHO TaKKe M B BuUIE
x = a cos (wf 4 a). (17,8)

TlockosKy 08 (wf - 0) = cos wf cos 2 — sin wf sina, T0 cpasHeHUe
¢ (17,7) nokassiBaeT, 4r0 NPOU3BOJbHLE NMOCTOAHHbIE @ U 0 CBf-
3aHb! C TMOCTOAHHBIMH €y H €3 COOTHOLIEHUAMHU

a=Vea+q, tga=—-2, (17,9)

€y

) MoxuepkrneM, OjxHAaKO, YTO BeaMYdHa m COBMAfaeT ¢ MacCoH
TOJIbKO, €CIH X — LCKaPTOBA KOOPIAMHATA YaCTHilki!
*) Takywo CHCTEMY YaCTO Ha3biBAIOT ONHOMEPHBIM OCHLUAAAMOPOM.
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Takum o6pazom, BOJU3N N0JOKEHUsT YCTOHYNBOrO paBHOBECHA
CACTEMA COBEpLIaeT rapMoHMueckoe KoJjecharespHOEe ABHKEHHE.
Kos¢duivent a npu nepuolnueckoM Muomurese B (17,8) nasal-
BaeTca a.snaumydofi xonebGaHull, a apryMest KocuHyca — ux ¢a-
30fi; o ecTh HayaJpHOe 3HaueHNe (a3bl, 3asucAilee, OYEBNIHO,
or Bnfopa Hauasa orcuera BpeMmeHH. BeanuuHa o HasbiBaeTcs
wrcAaudeckofi wacmomod xonebGannft; B Teopernueckolt Qusuke,
BPOYEM, €€ Ha3blRaloT OOBIYHO MNPOCTO #acmomodl, 4To Mbl H
GyldeM Iejarh B Aa’bleRuieM.

YacToTa ABJASETCA OCHOBHOH XapaKTepucTHKOH KoJeGaumil,
He 3aBucAlEd OT HayadLumx ycaosu# Aemwenns. CoraacHo ¢op-
myae (17,6) ona Bceneno ompeleasercds CsoHCTBaMM MeXaHHWue-
cKolt cucteMsl Kak Takoso#h. IToouepkHeMm, OLHAKO, YTO 3TO CBOM-
CTBO YACTOTH CBA3aHO ¢ npeAnoJaraeMofl MajJocTbio KoJjefaHui
W Wcyesder npH nepexode K OoJee BLICOKHM NPHOJINKEHHAM.
C MareMaTHyecKOHl TOUKH 3PEHHs OHO CBA3AHO C KBaXPaTHUYHOH
33BUCHMOCTbIO NOTEHIN3JbHOH 3HEPrHH OT KOOPAHHATHI,

Dueprua CHCTeMbl, cosepiuaiomelt Mainie koaebauud, eCTh

mx? | kx? m .,
E—T + __2_..._ 5 (x2 _i‘ (nix?)
uan, noicrasus ctoga (17,8):

E= mo'a®. (17,10)

OHa nponopUHOHabHA KBALPaTy aMmIMTYAsl koJeOanut,

3aBHCHMOCTL KOOPAMHATHl KoJeOaolneiics cucTeMbl OT - Bpe-
MEHW YaCTO OKA3biBaeTCs YILOOHHM NPEACTaBJATL B BUIE Belie-
CTBEHHOH 4aCTH KOMIIEKCHOTO BbIDAaKEHHS

x=Re[Ae "}, 17,11
e A — KOMIIIEKCHas TNOCTOsSHHaf, HanucaB ee B BHIE
A=ae™, (17,12)

Mbl BepHemcs Kk supawenuio (17,8). TTocrosHHyio A Ha3biBaioT
KounaekcHoli amnaumydoli; ee MOIyJb cOBNalaeT C oObuHOH
aMIUINTYIOH, a apryMeHT — ¢ HauaJbHOR asofll.

OnepupoBanne ¢ 3KCHNOHEHUHAIbHHMHA MHOXHTEAMH B Mare-
MAaTHUYECKOM OTHOWIEHWW Mpolle, Y4eM C TPHrOHOMETPUUECKHUMHU,
TaK Kak JAndxpepeHUMpoBanne He MeHseT WX BHIa. ITpu sTowm,
NOKa "Mbl TpPOW3BOAMM JMWb JUHeHHHWe - onepaumny (Croxenue,
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yMHOXeEHHe Ha NOCTOfHHbie KO3(hduLHenTH, AnddepennupoBatue,
MHTErPHPOBAHHE), MOXHO BOOGUIE ONYCKaTh 3HAK B3ATHA Belle-
CTBeHHOfl 4acCTH, Nepexolds K noc/jeaHel Julip B OKOHYaTeJIbHOM
pesynabTaTe BbLIYHC/IEHHH,

3agaun

1. Bupasutb aMIOAHTYAY M HavaabHylo ¢asy koaeOGaHui depe3 Ha-
YaabHbi¢ 3HAYEHHA X, H Uy KOOPAHHATH M CKOPOCTH.

OrBeT:
v3 v,
e=) 1+ 3, wa=—2

©Xy "

2. Hality oTHOLIeHHe YacTOT w M o’ KOJAeGaHMA IBYX NBYXATOMHAGIX
MO1€KYA, COCTOSIUHX H3 aTOMOB Pa3mHy-
HHX H30TONOB; MACChI aTOMOB PABHBI COOT- A
BEeTCTBEHHO My, My N My, My

Pemenne [lockoabky aToMu H30-
TONOB  B3aHMONCHCTBYIOT  OHHAKOBBIM
obpasom, 10 k=Fk". Poap ke xo3ddu-
UHEHTOB M B KHHETHYECKMX 9IHEPLHAX
MOJEKYX MrpaioT HX NpPHBEICHHBIE MAacCCH,
Cornacno (17,6) HaxonHM MO3TOMY:!

W mymg (my 4-mj) .
o mymy (my +mg) *

o~

P

3. Hatitn vacroty xoaebanuil TOYKH $ —
¢ Maccolt m, criocoGHOIl 1BMraThbCA M0 npa- m
MOM ¥ NPHKPENIEHHOH K DPYXHUHe, IPYroi bz
KOHel KOTOPOM 3akpenjeH B ToYke A Puc. 15.

(puc. 15) na paccroanuu / ot npamoit, [1py-
WHHa, HMes JUHHY /, HaTAHYTa C CUioOl F,

Pemen e [lloTeHunanpHaa 3Heprua NPyXHHB (C TOYHOCTLIO KO
ManniX BeTMYMH BBICLIETO TOPAAKA) PaBHA NPOU3BEHCHHIO CHAb F Ha

yaaunenue 8/ npyxunst. Ilpu x <€/ umeem:

— x!
—_ 2 £3 -,
3=V I x — =5,

tak yto U= Fx*2l. IocKoAbKY KHHCTINYECKAA IHEPTUA eCTb mX?[2, To

F
ml -

W=

§ 18. BuinyxnaenHnie KoneGaHus

IepelineM Kk paccMOTpeHuio KoJeGauutt B CHCTEMe, Ha KOTO-
pyio JeHCTBYET HEKOTOpDOEe MNepPeMeHHOe BHEIUHEE T[0J€; TaKue
KosneGaHusl Ha3biBAOT BHHVIHCOCHHHMIL B OTJAWUME OT PaCCMOT-
PEeHHBIX B MpelbiaymeM naparpade TaKk Ha3wBAEMbIX C8000IHHX
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Kosebanuil. ITockoabky Ko/eGaHus NPeanoaaralnTcs No-NPeXHEMY
MaZbiMH, TO TEM CaMbiM NOJAPA3yMEBAEeTCs, UYTO BHEILHEE [0J1e
JOCTaTouHo caa6oe, B NMPOTUBHOM Cayuyae OHO Morao O BHI3BaTh
cauikoM GosbIIOe CMENIeHHe X.

B stom cayuae Hapsay ¢ cOOCTBEHHOR MOTEHUMaMbHOM SHep-

1
rueft 7kx2 cucteMa o6/ajaerT e€me NOTEHUMAIbHOR sHepruei

U,(x, t), cssanHol ¢ neficTBueM BHewHero noJs. Pasaaras stor
AOMOJHHTEAbHHIA Y/€H B PAA MO CTENEHAM MajaOH BeNMYUHH X,
MOy YNM:

U,

.(W x=0"

U, (x, )~ U, (0, ) - x

DepBuft uned aBasercs GYHKUMEHR TOMBKO OT BPEMEHH U NMOTOMY
MO:KeT OHTh ONYWIEH B JAarpankKeBod ¢yukuuu (Kak noJaHas
npousBoaHas Mo ! OT HEKOTOPOH Apyroft GYHKUMA BpEMeHH).
Bo Bropom unene —oU,/0x ecTb BHelWHss «cuaa», AeHCTBYIO-
asi Ha CUCTEMY B MOJOXKEHUH PABHOBECHS M ABJAIOMIANACS 33MaH-
HOH dyukuuedt spemeHn; obo3nauuM ee kak F (f), Takhm obpa-
30M, B MOTEHUHaAbHOH sHeprun nossiasercs uixed — xF (f), Tak
uyro ¢ynkuus Jlarpamxa cucrems Oyner:
mx?

=" xR (18,1)

CoOTBETCTBYIOLIEE YPaBHEHHE ABHXKEHHS €CTh
mi -+ kx =F(t),

Il
2 +-wtx = F () (18,2)

rA€ M CHOBa BBEJM 4acTOTY © CBOOOAHBIX KoJebanui.

Kak wusBectuo, obuiee pelli€HHE HEOAHOPOAHOro JHHEHHOro
nudpdepenivaibHOr0 YPaBHEHUS € MOCTOSHHBIMU KOS dUlUeHTaMu
TOY4aeTCs B BHAE CYMMbl ABYX BBIpAaXEHHH: x = xo-} xy, rie
Xo — ofulee pelueHue OAHOPOAHOTO YDaBHEHHMS, d Xy — YACTHBHIH
MHTErpas HEOAHOPOAHOrO ypaBHeHus. B HanHoM ciyuae x, npei-
crasaser coGoH paccMOTpeHHbe B NMpeAbAyLleM naparpadge cso-
6oausle KoaeOaHus.

PaccMoTpuM umetomu OCOOHH HHTEpEC cayyalt, KOrAa B
HYXAAIOMAs CHI3 TOXE ABJAAETCH NPOCTOR nmepuoanueckoi dyHK-
nueit BPEMEHM € HEKOTOPOH uacToTod 7:

F(ty==1f cos (1t -- B). (18,3)
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Yactupi#t uHTerpan ypasHenus (18,2) uwmem B BHIE X;==
=bcos(yt-}-8) c Tem e nepuomuueckuM MHOmuTeneM, ITox-
CTaHOBKA B ypaBHenue mnaetr: b= f/m (v® —1%); npuGasnsas peue-
HHE OIHOPOAHOIO YpaBHEHHs, nonyqum ofuwu#t HHTErpan B BuAe

x=acos (ot 4-a) |- ——— - (m, 5 cos (7t - B). (18,4)

ITpousBO/ILHEE NOCTOAHHHE @ WU & ONPEIENFIOTCH M3 HAYaJIbHHX
ycaosui.

Takum o6pasom, nod AeHCTBUEM NepHOANUYECKOH BBIHYXKIAIO=
el cuJsl CHCTeMa COBepLuaeT ABHXEHHe, NMPeACTaBJsioliee COo-
6ol COBOKYNMHOCTb JABYX KoJeOaHU# — ¢ coOcTBeHHOH uacToTo#
CUCTEMH ® M C 4YacTOTOH BBRIHYXAAMOIWEH CHJIbl 7.

Pewenne (18,4) HenpumeHuMO B cJayuae TaK HasbIBAEMOTQ
Pe30HAACa, KOTAa 4aCTOTa BHHYMAAIOWEH CH/IBl COBMNAAaeT ¢ COO«
cTBeHHOH uacToto#t cucremsl. Jlas HaxomaeHus oOIIero pelneHus
ypaBHEHNs [BHXKEHHS B 3TOM CJydyae nepenuiieM BbIPaXEHUE
(18,4) c coorBeTCTBYIOWUM nepeo603HaquneM NOCTOSHHHX B BHIG

x==acos (ot f-a) 4 ———7p (m [cos (1t - B) — cos (ot - 8)].

ITpn 7— ® BTOpOH uieH maer Heonpenenexnocts Buda 0/0. Pac-
KpeiBasg ee no npasuay Jlonurans, noayuum:

x = a cos (ot +-a) |- 51—t sin (ot 4 ). (18,5)

Takum oOpasoM, B cJayuae pe3OHaHca aMIInTYIa KoJaeGaHui
pacrer JUHEHHO CO BpeMeHeM (IO Tex MOP, NoKa KoJaebaHHs He
nepecTaHyT ObITb MaJbIMA U BCS U3JaraeMas TeOpUs NepecTaHer
ObiTb MPUMEHUMOR).

BoiicHuM ellle, KaKk BBIMVISIAT MaJjble KoJaeOaHusi B6/ausn peso-
HaHCa, KOorda Y==w--e¢, rle ¢ — Manas BeanunHa. Ilpeacrasum
ofuiee pelueHHe B KOMIVIEKCHOM BHAE KaK

x==Ae " |- Be (*r) = (A |- BeT"e ™!, (18,6)

Tak Kak sesnuuna A - Be ™ mano mensiercs B TeueHue nepuona

2n/w MHOXHTENs e, TO ABHKEHUe BO/IUBU DPE3OHAHCA MOMCHO

paccMaTpuBaTh Kak MajdunE koJaeGaHds, HO C nepeMeHHOH ammin-

Ty$0H#. '
O0603HauuB MOCAEAHIOID uepes ¢, MMeeM;

—ist l

c=|A—+Be
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Tlpencrasus A u B cOOTBETCTBEHHO B bHae ae ™ u be P,
NOAYYHM:

c*=a'-1- b* - 2ab cos (et - B — ). (187)
Taxum o6pasom, amaanryna koaeGaeTcs nepuofMueckn ¢ 4acro-
TOH & MEHASCH MEKAY ABYMS npelenamu

la—bi<<c=<a-}-b.
D10 ABAEHHE HA3LIBAT OUENUAMM.
Vpannenne Asmxeus (18,2) moxker OblTh NPOUHTErPHPOBAHO

B o0weM Buie W 1pu NPOM3BOJBHOH BHHy)AawweH cure F(f).
DTO NErKo cheaarTs, Nepenucas €ro NMPeABAaPUTEALHO B BHIE

d . . . 1

Ft(x-—-th)—}—iw(x—iwx):m F ()

nin

dg 1
ri¢ BBEleHa KOMIUIEKCHAas BeJHuHna ) .
= & — fox. (18,9)

Ypasuenne (18,8) yxke ue Broporo, a mepsoro mnopsaka, Bes
npasol uacTm ero peiuenueM 6ba0 Ob &= Ae ™ ¢ mocrosu-
no#t A. Cnemys oOmemy npasuny, MuleM pelleHHE HEOAHOPOA-
HOTO ypaBHeHHs B Bume E=A ()¢~ u nan pynkuuu A (f) no-
JAy4aeM ypaBHEHHe

A)=—F@)e™,

Wurerpapys ero, moayysM peineHne ypashenus (18,8) B Bume
¢
_iw 1 i
bt {\ DR e dt by, (18,10)

0

TRE MOCTOSHHAA HMHTerpuposauus & BeiOpana tak, utoObl npea-
CTaBaaTh coO0H 3uauenue & B MOMeHT Bpemenu ¢ ==0, 10 U ecrp
Hexkomoe ofulee peluenue; QyHKuns x(f) Aaercs MHHUMOH 4acTbio
eupaxenns (18,10) (nesennolt na — w)?).

1y Tpu stom, pasymeercs, cHiaa F(f) moawHa GblTh HANNCAHA B Be~
BleCTBEHHON BITAC.
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DHeprug cucTeMbl, COBepLIAlOlel BHIHYXICHHBE KoJebauus,
pasyMeercs, HE COXDaHAETCsl; cHcreMa HPHOOPETaeT IHEPruio 3a
CYET MCTOUHMKA BHEWHell cuabsl. Onpefenim MNOJHYI0 3IHEPTHIO,
nepelaBaeMyio CHCTeMe 3a BC€ BpeMa AeHcrTBHA ciibl (0T — 0O
Ao +oo), npeanonaras HavaJbHYIO 3HEDPruio paBHOH HYydw.
Cornacno dopmyne (18,10) (¢ wmmHuM npelesoM HHTErpH-
LoBaHUA — OO BMECTO HYAs H ¢ 5(— 00)==0) umeemM mpu
t— cor

5 2
. 1 ¢ ;
lt{o0)P=—x| \ FO)£dt] .

—_

8

C 1pyroit CTOLOMHBL, 3UEPrHSi CHCTEMbl KaK TakOBOHM Jaercs
BhIpAXKEHHEM

E:%i(.tQ—Q—m?x’):%}Exg- (1811

IMToncrasus coaa [5(00)[} noayuny wuckoMyio mnepelauy 3Hep-
ru¥ B BHIE

2

; (18,12)

E=y- 5 F(t) et artf

— 0

OHa ONpeNendeTcs KBaaparToOM MOAYJIs KOMIOueutsl Pypbe
cuapl F(f) ¢ wacroToff, paBHOH coOcTBEHHOM uACTOTE CHCTEMEL.
B YaCTHOCTH, €CJIM BHEUIHAA CHJa ﬂeﬁcmyer JUIIbL B TEUEHHE
KOLOTKOro NpOMEKYTKa BpPeMEHH (MaJoro mo cpasuennio ¢ !/w),
TO MOXKHO TOJ0XuTh €™ A~ 1, Torna
| e} 2
E=ga| \ FO].
— D

Cwmblca 3TOr0 pesyabTara OMEBHUASH: OH BbIpakaeT co0ofl TOT
¢)a1t.'r, YTO KPaTKOBpeMEHHas cHJaa coo(‘)mae'r CHCTEME UMNYJABC

Sth, He YCIEeB 3a 3TO BPeMfA NPOHU3BECTH 3aMETHOI'O CMELILCHUT,

3apayu

I. Onpeneadth BHIHYWAEHHbE KOJAeGaHUA CHCTEMBl ITOjl BIHAHICM
cuan F(£), ecny B HavaabHbl MOMeHT £ =0 cHCTeMa TIOKOUTCH B NOJI0~
wenun papHoBecHa (x =0, X=0) nag cayyaes ‘

a) F=const = F,,.

3 . O. Jaunzay, E. M. JTudmxy
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Fy
mol
BOIHT K CMELIEeHHIO TOJOXeHHA PaBHOBCCHSA, BOKPYL KOTOpPOro IpoOHC-
XONAT KodeBaHHsA,

OTrTBeT x=

(1 — cos w?); neHicTBUE MOCTOAHHOH CHABI MpPH-

6) F=at.

OtBeT: x_—..’i)—s (of — sin wf).

B) F= F,e®,

OrBer: x=————f1—-—<e"“’— cos of +isin mt>
) m(w? 4 a?) o :

r) F= F,e~ cost.

OrBeT:

- Fy PP
= m[(m3+a2_gﬂ)2+4a232]{ (o 4 B%) cos of +-

+ 2 (0t a® 4 57 sim ot + e [(o? 4 a* —2) cos Bt — 23 sin Bt]}

(npu penieHuu YI06HO NUCaTh CHAY B KOMIIEKCHOM BHle F = Fetaib)y,
OnpeneiuTs KOHEUHYIO AMILIMTYAY KoneGaHMi CHCTeMb! Moche
HeliCTBUA BHEIHEH cuasl, MeHsoumlelica no 3akomy: F=0 npu ¢ <0,

F F
‘ %
o
1
7 ¢ I I4

Puc. 16, Puc. 17,

F=F,t|T npu 0<<t<T, F=F, npu £> T (puc. 16); 10 moMeHTa
¢t =0 cucreMa NOKOMTCA B IIONOXEHHU DaBHOBECHS,

Pemenue B unrepsase Bpemenn 0<C£<C T koaebaHus, ynoB-
JeTBOPAOMKE HAaYaAbHOMY YCIOBHIO, HMEIOT BHI

Fy .
X = ons (wf — sin wf).
[pu ¢ > T nmeMm pemende B BHAR
x=ccos0(t—T)Fcysinw(t—T) +m£u(;_ﬂ‘

W3 ycaoputi HenpepuiBuocTH X M X 1np# £ =T HaxomuM:

)
mTw?

Fo .
€, = — sinwl, ¢, =
. mTed ? E

(1 —coswT).
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Ilpn atom ammautyxa xoneSannh

—VaTla— b ool
a—]/cl—%—c._,__msm?,

OTMeTHM, YTO OHA TeM MeHbllle, YeM MelaeHHee «BKIOYaeTca» cuna F,
(1. e. yem Goabuie 1),

3. To we B cayyae nocroaHHol cuan F,, XeHcTByuUieH B TeyeHue
orpanuyernoro spemenn T (puc. 7).

Pemenue MokHO HAaWTH Kak B 3agave 2, HO euie TIpollie BOC-
nonbacpatbcn dopmynoit (18,10). MNpu £ > T umeeM cBoGOIHbHE KOMAC-
GaHuA BOKPYr ToaxoxcHua x =0; NpH 3TOM

T .
= E" p~iwt S eimt dt — f_o (l _eimT)e“imt;
m wm
0

KBA#paT ke MOAyAA § naeT aMnaHTyay coriacHo hopmyne [§ |2 =a%w?,
B pesyabTaTe Haxogum:

sin of
= — sl -,
me? 2

§ 19. KoneSanns cHCTEM CO MHAOTMMH CTEMEHAMH CBOGOXBI

Teopus cBoGomHBX KoaeDaHHH CHUCTEM C HECKOJbKMMH (S)
CTEMEHAMH CBOOOALI CTPOHTCH aHAJAOTMYHO TOMY, Kak Obiau
paccmoTpenst B § 17 oaHomepHbie KoneGaHus,

[Tycte norenunanbHas sueprus cucreMet U Kak Qypxuus
" 06o0umeHHBIX KoOpAMHAT ¢; ({==1, 2, ..., §) UMEET MHHUMYM
npu q; == q;. BBOIA Majbe CMemeHus

Xi=q;—qun (19,1)

H pasnaraf no HuM {J ¢ TOYHOCTBIO OO 4YJEHCB BTOPOro TO-
psiKa, 0OMYYMM NOTEHIUAMBHYIO 3HEPrui B BUIE TOJOXKUTEABHO
onpeneneHHoN kBaapaTUyHON GopMH

I
U=‘—2-2 k,-kx,-xk, (19,2)
i, k

»

Tae Mbl CHOBAa OTCYMTHLIBAEM TOTEHUMAJLHYIO 3HEPTHI0 OT €€
MUHHMAaJbHOrO 3HayeHus. IToCkOABKY KO3(duuueHTr k;p U Rp;
BXoaaT B (19,2) yMHOXEHHHIMH Ha OOHY H TY K€ BENHYHHY X;X s
TO fiCHO, YTO HX MOXHO BCErla CuyuTaTh CHMMETPHUYHHIMU IO
CBONM HHIEKCaM

Rip==ly;.
80
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B kuHeTnueCKOR ke sHeprum, KoTopas nmeer B olwiem cuiy-
vyae BUI .

I 9 .
-Q‘Zazk(‘I)‘iif/k
i I
(cm. (5,5)) nosaraeM B KodhduILHEHTAX ¢; =—¢;, W, 0003Hayas

NOCTORAUHBIE &;5(gy) TOCPEACTBOM fi1;,, TOJy4YaeM ee B BUIE
[0JIOXKATEALHO OTIpene eHHol KBaapaTHuHOl (opMul

1 s
b 2 MipXiXp. (19:3)
ik
Kosdduiineursl #;, TOWE MONKHO CUUTATH CHUMMETDHUHLIMHU f0

HHACKCAN:
Mp=— Mp;.

TakuMm o0pa3on, JsarpalikeBa (YHKLUR CUCTEMBl, COBepuialoied
cpobodiitie Maanie KoJaebanns:

AN . . ,
L= Z (11X 8 — RypX 1 Xp). (19,9)
ik
Cocrasnyl 1enep, ypasHeHns Asuwennd. [Las onpeleseHus

BXOASIMX B HHX TMPOM3BOAHLIX HanuuleMm noJHsh AnddepeHunan
dyHruun Jlarpamxa
1

dl. =7 2 (I)I,-]:.\.','d):’k —%‘ ’”ik«\"‘kdf\‘:i — k,—kx,-dx,, — k,—kxkdx,-).
ik

TTocKkOLKY Beauunlla CYMMB He 3aBUCHT, pasymeercs, 0T 00o-
3HAYEHHUA HIIEKCOB CYMMHUDOBAHHs, MEHsSeM B TePBOM H TPEThEM
ysenax B ckoOkax / na k, a k wa {; yUuTHIBag MNpu 3TOM CHM-
METPHUIIOCTh KOYDPUILUENTOB My M Ryp, TIONYHUAM:

dl — Z (1, %05 — ki Xpd ).
ik

OTtcona BMAIIO, 4TO

oL . oL
W:Zmik,\'k, a—/—(—_:——Zkikxk.
% ! k

Tlostomy ypasuenus Jlarpania

an,k.i’k—}—Z/e;kxk:O. (19,5)
3 k
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Oun npeacrasasoT coboft cucremy s(i=1, 2,..., s) JuHeH-
HBIX OOHOPOMHHIX AupdepeHLnalbHLX YPaBHEHUR € MNOCTONH-
HBIMH KO3((UIIEHTaMu,

ITo ofwmM npaBusaM pelleHHs TAKUX YPaBHEHHH HOlEM §
len3cecTHRX PyHKUUA xp (f) B BHOE

Xp= Ake"i“", (19,6)

rie A, — HEKOTOpSle, TMOKa HeompeAeJaeHHEIe, nocTosHHHe, [lox-
crasasa (19,6) B cucremy (19,3), moayuaeM no COKpauleHHH Ha

e cucTeMy JUHEBHBIX OJHOPOAHBLIX aire6pauyeckux ypashe-
A, KOTODHIM JO/IKHB YIOBJIETBOPATh TOCTOSIHHBIE Aj:
2 . -
E(—(D ”lik+kik)Ak_0~ (19,/)
%

Has toro uyro6b 3Ta cucTeMa HMMeJda OTJAMYHHE OT HYJ
PeIIcHis, JO/MKeH ofpamarsbcs B HYJAb €€ ONpeme/uTesb

]k,'k—-—(l)gﬂlik!:o. (19,8)

D10 ypaBHEHHE — TAaK HA3LIBEEMGE XAPAKMEPUCHUYCCKoe
ypasuenne — npeAcTasaser cO00H ypaBHEHHE CTeNeHH § OTHO-
cureabHo 0 Ouno umeer B ofumieM caydae § PasJMuyHBIX  Belle-
CTBEHHBIX MOJOXKHUTENBHBIX KOPHEH w; (x=1, 2, ..., §). Onpe-
JAEJEHHBIE TaKUM OOpPa3OM BEJMUMHL ®, HA3BIBAIOTCA CoOOCMEei-
HBIMU dacmomamit CUCTEMBl, B uyacTHBIX cAyyasXx HEKOTOphie
#3 KOpHeH XapaKTePUCTHUECKOIO YpPaBHEHHMsi MOTYT COBISAATh;
TaKKe KpaTHble COOCTBECHHLIE YaCTOTH H23BIBAIOT 86PONCOCHHBLMI,

BeulecTBEHHOCTh M NOJOKHMTEALHOCTh KOpHEH ypasHenns
(19,8) sapaHee oueBMAHBI yike U3 (QU3KUECKUX coobpamenut.
He#cTBuTEIbHO, HaJAMYHE Y ® MHHMOU YacTW O3Hau210 OH HaJu-
Yie BO BpPEeMeHHOH 2aBuCHMOCTH KoopauHar X, (19,6) (a ¢ numu
M CKOPOCTEH X;) SKCIOHEHIMaMbHO YOLIBAIOWErO HAM 3KCIOHEH-
1iMaJdbHO BO3[acTalomero Muoxureas., Ho Haluume rTakoro muo-
KUTEA] B JaHHOM CJIyyae HEAONYCTHMO, TaK KaK OHO TPHBEJO
Ob K u3MEHEHMIO €O BpemexeM noJaHo#d sueprun E=U--T
CHCTEMBl, B NPOTHROPEYAH C 3aKOHOM €€ COXpaHeHus,

ITocse TOro Kak YacTOTH ®, HAHIEHLI, MOACTABJAAS KAKAYIO
u3 Hux B ypasHenns (19,7), MOxHO HaHTH COOTBETCTBYIOULHE
3HaueHUs! KO3(QPuUUHENTOB Ap. Bauay OAHOPOAHOCTH CHCTEMEI
aareOpanyeckux ypasHeHu#t (19,7) 5Tu 3HaueHHs ONpPeNESIOTCS,
. OIHAKO, JHWb € TOUHOCTHIO [O YMHOXKEHUS Ha NPOM3BOJBLHLIA
o6 MHomuTerb, YTOOH NOAYEPKHYTL 5TO 06CTOATEALCTBO,
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NpeACTaBuM KOI(DPHUIHEHTH Ay (A48 KaOXAOR 3afaHHOR YaCTOTH w,)
B sute A,=A;,C, Cc omnpereneHHnM HaGOpPOM BelIECTBEHHLIX
NOCTOSHHLX Ap, W He 3aBUCALIER OT HHAEKCa £ TPOH3BOJLHOH
(xoMniekcHOH) nocrosHuoR C.

YactHoe peumienue cucreMb auddepeHnuasbHBX — ypaslie-
uuaft (19,5) umMeer, crex0BaTeNBHO, BHA

—fw
Xp= AkaCae 0 f

OO6uwee we pelleHHe JaeTCsi CYMMOH BCEX YaCTHBX peLieHuH.
[lepexoas K BewIECTBEHHOM YacTH, HamHILEM €ro B BUIE

xp =, 8¢, Qu (19.9)

rie Mo BBeJd 00o3HaueHHe
Q,=Re{C, e~ "}, (19,10)

Taxkum o0pasoM, usMeneHHe KaxAOM 03 KOOPAMHAT CHCTEMHI
CO BpeMeHeM npeACTaBjseT COCOR HalOKEeHHE § NPOCTHX Tie-
puoanuyeckux koaeGanutt Q, Qy ..., Qs € TNPOUSBOJLHHIMH
aMIVIMTYAaMu 1 (a3aMy, HO BIOJHE ONpPEAEJEHHBIMA YaCTOTaMU.

EcTecTBeHHO BO3HMKaeT BOMPOC, Heabast Ju BhIGpars 0606-
LIeHHBlE KOOPAMHATH TakuM o00pa3oM, utoOn Kawaas H3 HHX
copeplliaja TOJALKO 0AHO mnpocroe KoaeGanue? Cama dopma
obutero wunterpana (19,9) yxasbiBaer nyTh K peLIEHHIO 3TOH
3aaayi.

B camom nene, paccmarpuBas s cootuowenu#t (19,9) kak
CHCTEMY YpPaBHEHHH ¢ S HEM3BECTHHIMM BesMunHaMu Q,, MBl MO-
KeM, PaspelluB 3TY CHCTEMY, BHPasuTh BeAHuHHE Q) Qp ..., Qs
uepea KOOPAHHATE Xy, Xg, «.., X5 CAEL0BATENbHO, BeJMUHHB Q,
MOXHO paccMaTpuBarth Kak HoBble 0000uieHHble KOOPARHATHL
ITH KOODPAHHATH HA3LIBAIOT HOPMAALHBLMI, & COBEPLIAEMBIE HMH
GPOCTHE NEPHOAMYECKHE KOAEGaHNS — HOPMAJIbHBIMA  KoJeba-
HHSIMH CHCTEMBL

HopsansHbie KoopauHarthl @, YAOBJAETBOPSIOT, KaK 5TO fB-
CTBYET U3 HX OnpejeseHHs, YPaBHEHHSIM

Qo+ 02Q, =0. (19,11)

D10 3HayuT, YTO B HOPMAJLHLIX KOOpAMHATAX yPaBHEHMs ABHKe-
HMs PACTAfAlOTCsd HA § HE3aBHCMMBIX APYL OT APYra YypaBHeHuf.
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YckopeHue kamao# HOPMadbHOH KOOPAHHATHL B8aBHCHT TOJBKO
OT 3HaYEHHWs 3TOH Me KOOPAMHATHL, U M MOJHOrO ONpexeNeHHs
€€ BPEMEHHOM 3aBHCHMOCTH HalO 3HAaTh HAYaJbHBIE 3HAYEHHS TOJb-
KO €€ ke caMOit ¥ cooTBeTcTBYIOMEH €H ckopoctH. Jpyrumu cJao-
BaMH, HOpMaJbHbie KOJeGaHUd CHCTEMbl TOJHOCTBIO HE3aBUCHMEL

Ma ckasanHoro oueBnaHo, uro ¢yHkuus JiarpaHika, BHpa-
XEHHas 4epes HOpPMaJbHblE KOOPAHHATH, PacnalaeTcs Ha CyMMy
BBIDAXEHHH, KaXIOe W3 KOTOPHX COOTBETCTBYET OIJHOMEDHOMY
K0/e6aHHI0 C ONHOH M3 YacToT O, T. € HMEET BHI

m Ao 3
"2‘5 (QE - wﬁsz),

rae m,— NoJOXKHTebHAd MOCTOsHHAA. DTOH NOCTOAHHOH MOXHO
npuaate Mmo6oe 3HAYEHHE NyTeM M3MeHeHHsi Ha OGImit MHOMH-
TeJb BHOpauHoro Habopa kosdduunentos Ay, B (19,9). Obniuno
HOPMaJIbHBIE KOOpAMHATH BHOMpaoT Tak, 4r06s 6hlI0 M, == I,
Torma monHas ¢yskuns Jlarpamxa CHCTeMB npuMeT Bui ')

L= ¥ (@2 — 01Q). (19,12)

Eciu Mbl uMeeM Jleno € CHCTEMOH yacTHll, B3auMOIEHCTBYIO-
WX APYr C APYroM, HO He HaxONSIIHXCS BO BHELIHEM TOJE,
TO HE BCE €€ cremend cnoboAn HMET KoJaeGaTeapHHH Xapak-
T€P., TUMMYHBIM TIPHMEPOM TAKHX CHCTEM SIBJSIOTCH MOJEKYJIHL.
ITomumo- ABuieHntt, npeacTaBasiomWnX coBoft koneSaHus aToMOB
OKOJXO WX TMOJOXEHHS PaBHOBECHS BHYTDH MOJEKYJ/b, MOJEKYJa
KaK IE€J0€ MOXET COBEPIIATH TNOCTYNaTEALHOE W BpalllaTeNbHOE
JBHIKEHHUS.

IToctynare/pHOMy TNEPEMEWIEHAIO COOTBETCTBYIOT TpPH  CTe-
nenn csobonel. CTonbko xe umeercs B obmeMm cayuae Bpaua-
TENbHBIX CTEneHe# cBoGOMB, Tak 4YTO W3 37 cTeneHel CcBOSOMB
n-aTOMHOH MOJEKyJn Bcero 3n— 6 orBevaloT KoJaeGaTeabHOMY
ABUxeHn0. VIcKmoueHne npencTaBiasioT MOJEKYAB, B KOTOPMX
BCE€ aTOMBbI DacCnoJIOXeHn BROJAL OMHOH npsamo#. Ilockoseky ro-
BOPHTb O BpAILEHHH BOKpYr caMoH 3To# mnpsaMoH He wumeer

1) B cayvae BLPOMCHHBIX YaCTOT BHIGOP HOPMAaJILHLIX KOODAMHAT
B TOC/J€ 9TOr0 OCTaeTCs €lle He BMOJHEe ONHO3HAUHEIM. [lOCKOAbKY
B KUHETHYECKYI0 ¥ MOTEHIHaAbHYI0 SHEPIHH HODMalbHble KOOPAHMHATH
(c omHaKoOBOW ®,) BXONAT B BHUIE OAHHAKOBO NMPe0GPA3YOLINXCA CYMM
N Qi u Y QF T0 UX MOKHO TOXBEPIrHYTh NPOH3BOILHOMY AMHEHHOMY

npeo6pasoBalyio, OCTABAAOIIEMY MHBAPHAHTHON CYMMY KBaapaTos,
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CMBIC/IA, TO BpalLaTe/bHBIX cTereHel cBoGodsl B 3TOM Cayuae
BCero HBe, Tak YTo KosebarenbHbIX uMeercs 3n — B,

Hopmanshbie konebaHusi MoAeKyanl MOryt OHTh KJaccupu-
(MpOBalbl 10 XapakTepy JABH:KEHHS aTOMOB B HUX Ha OCHOBaHUM
cooOpaxeHUH, CBS3aHHKX ¢ CHUMMeTDHeH pacroJioweHus aroMoB
(8 nosoxeHuusx pasHoBecus) B MoJekynae. Ias stott uean cy-
mecTpyer OOWHE MeTOA, OCHOBAHHBIH Ha MCNOML30BAHUM TEOPHH
rpynn, 3Jech Xe Mbl PAacCMOTPUM JHLIL HEKOTODble 3JaeMeHTap-
Hele TPUMEpHL.

Ecan Bce 72 aTOMOB MOJIeKyqbl JexaT B OJHOR TJIOCKOCTH,
TO MOXHO PpasjnyaTh HOPMaJibHbie KojaebaHus, OCTaB/IsMoilie
aTOMB B 3TOH MJIOCKOCTH, U HOpMaJsblbie Kojebauus, npy KOTO-
PHX aTOMBl BHIBOJSATCS H3 IAOCKOCTH, JIerKO ONpelenuTh YUCAO
Tex u Apyrux. Tak kak Bcero Aas NJOCKOrO JABIMNKEHUS HMEETCH
2n crenene#t ¢B06OAN, U3 KOTOPHIX JABE NOCTYNAaTeAbHBIE W OAHA
BpaIlaTe bhas, TO YHCAO HOPMAaJbIBIX Kko/1e6anni, He BHBOSALLAX
aTOMBl M3 MOCKOCTH, pasuo 2n — 3, Ocranbhble ke (3n — 6) —
—{2n—3)==n-—3 KoaedaTesbHHX cTerncHeit cBOOOAR OTBE-
qal0T Ko/e0aHUusM, BHIBOASILUM aTOMH M3 MAOCKOCTH.

B cayuae suHeiHON MOJEKyJB MO/KHO pas/iud4aTh NPOAOJL-
usie KoaebaHMs, cOXpaHsiomue ee MNpsMOAUHelHYyw ¢opmy, ©
xoaeGanus, BBBOJASIUME aToMbel ¢ mpsvo#d, Tak Kak Bcero Jasu-
MEHUIO K YaCTHIL 110 JUHHM OTBeyaeT n creneHel cpoOGoOAb, M3
KOTOPHIX OJHa NOCTYraTeabHas, TO YHCJAO KoJebaHuH, HE BHIBO-
Asmux atoMel ¢ npsmoi, pasuo n— 1. Ilockoabky ke TOJHOE
uncao KojebaTesbHHIX  creneHed cBoOOAB JuHEHHOR MOJEKYJIH
ecth 3n— 35, 10 umeercss 2n — 4 konebavul, BLIBOJSUINX aTOMBI
¢ mpAMOR, DM KoseGanusiy, OJHAKO, OTBEYAOT BCEro #~— 2
pas/uuHsle YacToThl, TAK KaK KakJ10e M3 Takux KoseGaHuii mMower
OCyLLECTB/ATLCS ABYMS HE3aBHCHMBIMH CrlOCOOaMu-— B ABYX B3a-
HMHO TepreHIUKYIIPHBIX [I0CKOCTAX (NPOXOASIIINX Yepes 0Ch MO-
JeKybl); U3 cOoOOpaKeHHH CUMMETpUM OUEBHMAHO, YTO Kamjas ra-
Kad 1apa HOPMaAbHRX KosneOann#h WMEeT OJUHAKOBHIE YACTOTHL

3aagauu

1. Onpegeants KoneGanHs CHCTCMB! C ABYMs CTETCHAMM cBOGONH,
ecan ce QyHkuus Jlarpanma

| SR od o
L= (& 4 3%) — 5 (¢ 4 %) faxy

(n8e OJHHAKOBHIC OJHOMEPHBIC CHCTEMbl C COGCTBEHHOH YACTOTOH o,
CBA3AHHLIC B3aUMOJCHCTBHEM — 2XY),
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Pewenue YpaBHeHHs JBUKEHMA
X+ odv=1y, J4 oly=1unx
Moncranoska (19,6) maer:
Ax (o — o) =124y A, (0f — f) =2A,. (N
XapakTepucruyeckoe ypasuenue (w3 — o%)*=na? oTKyHa

2 (2 9 2
o=} —a, oj=ojTa

MpH o= w, ypasuenus (1) maior A,=Ay, a npy o=o0, A,=—A,
[Mostomy ’
1 1
X == == 2 ) == — —
Vs (Qi+Qa), 3 V3 (Qi—Qy)

(ko3dpduunents: 1/)/2 COOTBCTCTBYIOT YKa3aHHOH B TEKCTC HOPMHDOSBKE
HOPMa/bHHX KOODIMHAT).

Mpn a € o} (caaGan ceaA3b) IMeeM:

’ o o

o fE oy Ty, Wy RS oy T R

Jiamenenwe x u y TpeacTaBsiseT coGoff B 3ToM cayyae HaloweHue
KBYX KozeGanuit ¢ GAM3KMMM uwacToTamm, T. e, HMeeT XapaKTep GueHHURt
¢ YacCToTOM wy— o, ==a (cM, § 18). [lpu 3TOM B MOMEHT, KOrla amitiu-
Tyfa KOODAMHATH X IIPOXONHT Yepe3 MaKCHMYM, aMILIMTYAa y NPOXO-
TUT Yepe3 MUHUMYM H Hao6opoT.

2. OnpepeauTh Maase KomeSaHHA HBOMHOIO TLIOCKOTO MaATHHKA

(puc. 1).
Pewenue [HAaa maawix xoaebannii (v, << I, v, < 1) nalizennan

B 3ajave 1 § 5 dyHkuua JlarpaHxa NpHHAMaeT BHA
m my .. m . . . my - my my .
L= —~‘2i~’11?i’ 5t 1368+ molulynge — L gl — 5 gl

YpasHenua IBUKEHUS:
(my = mg) 1,5, - mols$y + (i1, 4 1) g9, =0,
1%+ 18y + 92 =0,
Mocae nogcranoskd (19,6):
A, (my +my) (g — 0% — Ayodmyl, =0,
— Aldjo? + Ay (g— le0?) =0.

KOpHH xapamepncmqecxoro ypaBHCHHHZ
: . &8
0hs= g {m 4 my) (L 1) =
= Y (my + mg) [(my & my) Uy 1 15)° — dm 1 1] |.
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Tlpn m; — oo wactorn crpematcsa K npemeram Vglly n Vgl coor-
BETCTBYIOILHM HE3aBHCHMALIN KOJeOaHHSM JBYX MaATHUKOB.
3. HaiiTn TpacKTOpHMI0 NBHMIWCHHMA YaCTHiLl B UEHTPaIbHOM MoAe
U=Fkr*/2 (12K Ha3bIBAeMBbI NPOCMPANCMEEHNOLE OCYUALIMOPD).
Pemenue. Kak u BO BCAKOM HEHTpadbHOM T1oOJe, [BHWKeHHe
NIPOYICXORMT B OJHOW MIOCKOCTH, KOTOPYX0 BhIOMpaeM B KayccTme TMJo0-
cKoCTH xy. MWameHense Kaxpoil M3 KOOPIMHAT X, y — MPOCTOC KOJe-

GaHHe C OJMHAaKOBHIMH vyacToTamH o=V k/m:
x=acos (ot +a), y=bcos(at-+tf)
na
x=acose, y=>bcos{g-+3)=>5cosdcosp— &sind sin e,
rle BBeleHb 0003H3aucHHA ¢ =wf 4 e, d=F—a. Onpepeass orciofa

COS¢ M Sl ¢ B COCTABHB CYMMY HX KBaJpaToB, NOJAYYMM YP4BHCHHE
TPaeKTOPHH
x2 oy 2xy -
e —— 2 o8 & = sin? 8.
AT T

STo— 3aauNc ¢ HeHTPOx B Havyaxe Koopauxat, flpy 3=0 um =
TPAaCKTOPHs BHPOXJACTCA B OTPE3KHd TPAMOI,

§ 20. 3aryxawmue KoaeGaHus

Ho cux nop Mbi BCerida NOAPAa3yMeBaJH, 4TO ABHNKEHHe Tel
NPOHCXOOUT B NYCTOTE HJAM 4TO BJHAHUEM Cpelbl Ha JABHXEHUE
MOXHO npeHeOpeus, B NeHCTBHTENBHOCTH TPH ABWXKEHHE TeJa
B Cpejle TOCJAEOHAS OK4a3LIBAET CONPOTHBJAEHHE, CTpeMInleccs
3aMEAJUTh JABHMEHKE. DHEPrHs ABMKYLIErOCs Teaa NPH 3TOM
B KONile KOHIL0B TNEPEXONNT B TENAO WM, KAaK [OBODPSAT, [HC-
cunupyercs.

ITrouecc apuxemis B 5THX YCJOBHAX yiKe He SBJASETCH UHCTO
MEXAaHMUECKHMM IIPOUECCOM, a ero paccmoTpedue tpebyer yuera
JBHIKEHHST CaMol cpelnl M BHYTPEHHEro TemJo30ro COCTOSHHSA
KaK Cpellsl, Tak H Teda. B uacTHOCTH, yxke Hean3s yTBepKIaTh
B o0lieM C./yuae, 4TO YCKOPEHHe MBHKYILErocs Teda ABJAETCSH
(PYHKUHEN JuUlb OT €0 KOOPAMHAT M CKOPOCTH B JadHbI MO-
MENT 'BPEMEHH, T. €. HE CYIUeCIBYeT YPaBHEHMH NBUKEHHS, KOTO-
peie Moram GOl OwiTh CQ:OPMYJMPOBAHB C TNOMOIILIO (YHKIHHA
Jlarpanaa, kaxk 3710 IOenaercs B Mexauuke, Takum oO6pasowm,
3alaya O IBUXKEHHH B Cpele ye He gBJfercs 3ajayel oaHoh
TOJIBKO MCXAHWKH,

CyuiecrByer, ONH2KO, ONpefeneHHas Kareropus CJAyuaes,
KOrla IBHxeHHe B cpele MOKeT ObiTh NPHOMIKEHHO OMUCAHO
¢ NOMOUBI0 MEXaHHUECKHX. YPABHEHNHA [BHKEHWS NyTeM BBele-
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HAA B HUX ONPEINEJEHHMX AOMOJHHTEALHHX uaeHoB, Croaa oTno-
carcAd KosebaHus ¢ YaCTOTaMH, MaJbiMM N0 CPaBHEHHIO C 4acTo-
TaMH, XaPaKTEPHBIMA AJf BHYTPEHHHX AMCCHNATHBHBIX NPOLECCOB
B cpene. Ilpu BBIDOJHEHHH 5TOro YCJAOBHA MOMXHO CYUHTATh, YTO
Ha TeAo JeHCTBYyeT cusa mpenus, 3aBucdmas (A48 3aJaHHOU
CpEAH) TOJBKO OT €ro CKOPOCTH.

Ecin k TOMY e 3Ta CKOPOCTb AOCTATOYHO MaJja, TO MOXKHO
pas/OkKUTb CuJIy TPeHus Nno ee creneHsM. HyseBo# usen pasao-
KEHHUS PaBEH HYMIO, NOCKOJbKY HA HENOJABHXHOE TEJI0 HE JeH-
CTBYET HUKAaKOW CHJIB TPEHHMA, W nepsuifl Heucuezawomufh yjaeH
nponopunoHaien ckopoctu, Takum oOpasom, 0000IEHHYIO CHIY
TpPeHus fr,, NEHCTBYIOMYIO Ha CHCTEMY, COBEPLIAIIYI GAHO-
MepHble Maubie KoJebaHns ¢ 0600imesHol koopaunarofl x, MOAHO
HamuCaTb B BHAE

prz———ax,
e o — MOJOKHTEIbHEH KOIQHUUKMEnT, a 3HAK MUHYC NOKA3H-
BAE€T, YTO CHJA ﬂeHCTByeT B CTOpPOHY, INpOTHUBONOJIOKHYIO CKO-

pocti. [JoGapasnsa 3Ty cuay B NpaByio CTCPOHY YpaBHEHUs ABH-
KEHHUS, NOJYUHM:

mi—=—kx—ax. (20,1)
Pasnesum ero Ha m u BBeAeM 0003HAuUEHUT

k N a

=), = 2\ (20,2)

®y €CTb 4acToTa CBOGOAHBIX K0JeOaHMH CHCTEMH B OTCYTCTBUE
TpeHus., BeanunHa A HaswBaeTCA Kosghghuyuenmon samyxanus ).
TakuM o0pasoM, uUMeeM ypasHeHue

X205 wjx =0, (20,3)
Caeays obiiuM npaBuiIaM pelueHus JuHENHBIX YpasHeHHH ¢ 10-

CTOSHHEIMM KO3((HUUMEHTANH, ToaaraeM x=—e” u HaxoAuM s
r XapakTepUCTHYECKOE YPaBHEHHE

r* - 2hr 4+ 0} =0,
O6imee pemenue ypasHeHus (20,3):
x=cef Lcperd, = —At Va—ao

1} Geapasmeproe npoussefende 2T (rae T ==2n/w— NepHon) Ha-
3BBAIOT A02aPUPMUILCKUM OeKpeMenmoM 3aTyXaHl,
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3pech CAEAYET pa3auyaTh ABa Caydas.
. Ecan A< wg, TO MBl HMEEM ABa KOMIIEKCHO COTIPHMEHHBIX
sHauenus r, O6ulee pelICHHE YpaBHeHUus ABMKEHAA MOWET ObITb
IIPEACTABAEHO B 3TOM CJyuae, Kak

x—=—Re {A exp (—— M— it ]/0,_0‘_:7)}’

rTAe A-— NpoM3BO/JIbHAA KOMIJIEKCHAd MOCTosnlas. Muaue MOXKHO
HATIHCATh!

x=ae M cos(ut-+1a), w=} 0l =N, (20,4)

rie @ H o -—BCUIECTBEHHBIE TMOCTOsiHHBIE. BhipamaeMoe 3TUMH
(opMynaMil JBUXEHHC TpeAcTasiaser Co0oH Tak HasbIBacMEIE
3amyxanuue rKorebanus, Ero MOKHO paccMaTpuBatbh Kak rap-
MOHAUeCKHe Koae0aHHus ¢ 9KCHOHEHUHAJAbHO YObiBaouweidl amnau-
tTygoll, CKopoCTh yObIBaHUS aMIVIGTYAB OTPEACATETCA M0Ka3a-
TedaeM A, a «4acToTa» o KoseGaupi MeHollie uyacTOTH  CBOOOA-
HBIX koseGauuit B oTcyTcrsue Tpenua; npu A< w, Pa3HHLA
MEKAY ® U Wy— BTOPOro HOPSIAKA MaJOCTH, YMEHbIUEHHE ua-
(TOTH MNPH TPEHHH CJIEAOBAJ0 OXKHAATL 3apaHee, NOCKOAbKY
fpenne BooOlIE 3aJepiKHBaeT ABHKEHHE,

Ecmn A< wy, TO 32 BpeMa1 ORHOrO mepuoAa 2x/w aMnauTysa
saryxalouiero koseGaung ToOUTH He MeunsaeTcs. B stom cayuwae
HMEET CMBICA DAcCMaTPUBAaTh CDefHHe (3a NEpHOA) 3Hauenny
KBaZPATOB KOODAUNATHL U CKOPOCTH, mpenedperas npu ycpeaue-
HUM H3MEHEHHEeM MHOkHTe s e, Dt cpennne KpBaapaThl, O4e-
BUAHO, Tpornopunonansis e *Y, TlosToMy M SHEprua CUCTEMDI
B CPEAHEM YObIBAET MO 32KOHY

E=Ee ¥, (20,5)

rac E£y— HauaJbHOE 3HEUCHHE IHEPTHH.
ITycte Temeps A >w,. Torma o6a 3HaueHHs r BEIICCTBEHMLY,
npuueM ofa orpuuarespipl. OOwui BUA pelueHus

x=ce" (—y 2 —oz)t _,r_ cye” Oy re—o) ' (20,6)

Mnbl BuAMM, UTO B 3TOM CJyyae, BO3HUKAIOUIEM MPH AOCTATOYIO
€oabIIOM TpeHdW, HBHAEHHE CcOCTOMT B yOmBanmu |xI|, T. e
B ACHMNTOTHUECKOM (O[HM f—> cc) npubmbKEHHH K TOJOKEHHO
papHoBeCHS. IDTOT THIT [ABIKEHHMS HA3bIBAIOT aGREPUOOUYECKILit
3amyxanient.
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Hakowneu, B ocobom cayuae, xorza A=y XapakTepuCcTH-
YeCKOe ypaBHeHHE MMEeT BCero OAuH (ABOHIION) KOpeHb r = -— A,
Kak mssectiio, ofmee peireHne AnpepeniiualbHOTO ypaBHEHUS
HMEET B 3TOM CJyuae Bull

x=/(cy + ety e, (20,7)

910 — 0ocobuilt cayualt anepuoduueckoro 3aryxanus. OHo Toke
He umeer KosefareanHOrO Xapaxrepa.

Ina cucrembp co MHOTUMU CreneHsMu cBoGoiut 0GoCuleHHEIE
CHJIBl  TPEHHf, COOTBETCIBYIOUWIE KOOPAMHATAM JX; ABJAOTCA
AuHelubME QYHKUMAME CKOPOCTEH BiLAa

fZTp:"" Zaikxk- (20:8)
k

M3 4uCTO MexaHHyeckux coobpamennii Hes»3d CIeTaTh HHKAKHX
3aKMOYeHNU O CBOMCTBAX CHMMETPUH KOI(PPULUEHTOB 2, 11O
HHAeKcaM { v k. MerojdaMu e CTaTUCTH'MECKOH (PHU3UKH MOXHO
110Ka3aTb, 4TO BCEria

B == Ry (20,9)

ITosToMy Bmpawenns (20,8) MoryT OoiTb HamucaHsi B Bljle
NPOU3BOJHHIX

OF .
f“Pz”b’;z-; (20,10)
OT KBaApaTHUHOH (OpMH
- I . .
F=1 ¥ oty (20,11)
ik

Ha3uBaeMOH duccunamusnoll yrryuel.

Cunm (20,10) pomknpl Gbith jo6asfieHsl K TNpasoit cTopoue

ypasHenu#l Jlarpamxa:
do oL ' 0
doL _ 9oL _of (20,12)
dt 0x; Oxl ox;

HuccunatusHass QyHkuMs uMeer caMa no cefe BaxHpif (u-
suuecKul CMBICT — €10 OnpelenseTcs WHTEHCHBHOCTb AHCCHTIALHY
sHeprun B cucteme. B stoM zerko yGeduTbCs, BBIYHCIHB TIPOU3=
BOAHY0 TI0 BPEMEHHM OT MexaHuuecko#t sHepruum cucTemnl. Hmeem:

dE__ d . OL N . fdoL oLy _ W, oF
E—E(inéki’"")_Zx"\d_taf-,’"ai/_’"g"ib}}'
i i i

¢
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IMockonbky F — KkBaapaTuuHas QyHKUHA CKODOCTEH, TO B CHJY
TEOpeMB Diaepa 06 ONHODOAHHIX (IYHKUMAX CyMMa B Tpasch
cTopoHe papeHcTBa paBHa 2F. Takum o6pasom,

dE

EE:-—QF, (20,13)
T. € CKOPOCTb U3MEHEHWs DHEPTHH CHCTEMB MA2eTCs YABOEHHOH
AuccunatuBHod  yuxuned. Tak Kak AuccunaTHRERLIE NPOUECCH
NPUBOJSAT K YMEHBUIEHKIO BHEPTHH, TO A0JKHO 66Tk Beeraa F >0,
T. € KBaiapaTuuHas ¢opma (20,11) cywecTBeHHO NOMOKHTEIbHA,

§ 21. BoinymnenHble KoleGanusi OPU HAJUUUM TPCHHUS

Hccnenoanne BoiHYKAEHHHIX KoJaeGaHn# npu Haniuuupm Tpe-
HUsl BNOJIHE aHANOTHyYHO npousseleHHomy B § 18 paccMoTpenuio
xoneGaHu#t 6e3 TpeHms. Mel ocTamomuMcs 3iech noApo6HO Ha
NPEACTAB/AIOUIEM CAMOCTOATENbHH MHTEDEC C/yyae MepuoaH-
YECKOH BHHYXAAOWEH CHJBL

IlpuGasus B mnpaso# cropone ypasuenns (20,1) sHEWHIOW0
cuay fcosyt m paspenuB Ha m, HOJAYYUM YPaDHEHHE [ABH/KEHHSA
B BUle

.??—l—?k:&—l—mﬁx:%cosﬂ. 2Ll

Perienne 3Toro ypasHeHus ymOGHO HaXOIWTh B KOMIJEKCHOH
dopme, naa uyero milieM B mpaso# uacth e’V BMecTO €OS it

i+ 20xfor =L it

Yactnpiit usTerpan uweM B BuAe X == Be ¥ u naxonum
ana B:

B= 4 @1,2)

T om (0 — 2 —2iky) °
Ilpencrasus B B Bume be™'®, umeem aast b u 8:

b= 2y

f
_ P S 21,3
my (@i — 1) F 4’ ' 7 — @L9)

Haxoneu, otaenus BewecTsennyo yacTs o BHpakenus Be 'V —
=be It +9, monyunm wuacTHw# uurerpan ypasienus (21,1),
a mpubaBuB K HeMy ofwiee pelreHue ypasheuus Oes npapot
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yacTd (KOTOpPOE MH HanullleM sl OIIPEAEJeHHOCTH AJi CcJydas
®p > 1), NOMYYUM OKOHYATE/LHO:

=ae™ cos (wf 4 a) b cos (1t -+ 3). (21,4)

Ilepsoe cnaraemoe sKCrOHEHUHANbHO YOHIBA€T CO BPEMEHEM,
TaK 4YTO 4Yepe3 MAOCTaTOYHO OOJIBIIOH NPOMEXYTOK BPEMEHH
OCTa€TCA TOJABKO BTOPOH UJEH:

==b cos (7t} 3). (21,5)

Boipaxenne (21,3) misg aMuuTyasl D BBIHYMKIEHHOTO KOJ€<
GaHusi XOTA U BO3PAcTaeT NpPH NPUOMUKEHHH YACTOTHL | K W,
HO He obpauiaercsi B 6ECKOHEYHOCTb, Kak 3TO Obljo mpH peso-
HaHCce B OTCYTCTBUE TpeHus, IIpu 3ajaHHOH aMmuutyde cuiam f

aMnnTyda KoneGaHus MakcuMabHa npu uactore y==} 0§ — 2%
npu A< wy 9TO 3HAYEHHE OTJHMYAETCH OT Wy JHIIL HAa BEJUYHHY
BTOPOro MOPsAKa MaJOCTH.

Paccmorpum obnacts BOJMSM pesoHaHca, Ilonowum =
==wy— ¢, Tle e-—Majias BeJHYHHa; OyAEeM TaKiKe CUUTaTh, UTO
AL wg Toraa B (21,2) MOAKHO NpuGJMKEHHO 3aMEHHTH:

1P — of =1} 0)(y —wp) A= 2mpe,  2ihy Az 2[hw,,
TaK YTO
) P S (21,6)
2m (e +10) o, '
HJIH

f

2mw, Ve + A2 7 &

L. @L7).
€

OTMmeTuM XapaKTepHyi0 OCOOERHOCTb XOJa HW3MEHEHHS PasHO-
cTd (a3 & Mexcay KoJedaHUEM M BHRHYyXJIawolieH cuaoft npu
U3MEHEHHH YacToThl NOC/JeAHeH. ITa PpasHOCTh BCerAa OTpuIla-
TeNbHZ, T. €. KoJeOaHHe «3aNasiblBaeT» OTHOCHTEJbHO BHEMIHEH
CHJBL. BAaau oT pe3oHaHca, cO CTOPOHB < wg, & cTpeMHTCa K
HYJI0, a CO CTOPOHBI T >wy— K 3HaueHdo — w. llameHenune 3
OT HyJs JO — ™ NPOUCXOAMT B Y3KOH (WMpHHBI ~ A) 00xacTH
4acToT, G/MKMBKMX K g uYepe3 sHaueHHe — m/2 pasHOCTL (a3
npoxodut nmpu T==w0y OTMeTHM B 5TOH CBfA3H, YTO B OTCYTCT-
BHE TPEHUs H3Menenue (pasbl BHHYMKIEHHOrO KoJeOarus Ha BeJu-
YHHY ™ TPOMCXOAMT CKauKOM INpu ==, (BTOpO# usen B (18,4)
MEHSIET 3HaK); yUeT TPEHHS «Pa3Ma3LIBaeT»3TOT CKA4OK.
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INocnennas maercs uHTErpajiom

[se} (o)

findr= { 1@ d-.

0 —uy
IMockoabky [(g) Ovictpo yOmBaeT Npu yBeaMueHMM |e|, TaK uTO
o6nactb OosbLIMX |e| BCE PAaBHO HE CYLIECTBEHHA, MOXKHO NpH
MHTErpupoBaHun nucatb [(e) B Buae (21,9), a HuKHuEA npedea
3aMeHuTb Ha — oo, Toraa

T , b d £
S 1@ d=2L \ = o, (21,10)

§ 22. IlapameTpuueckuil pesonanc

CyllecTBYI0T TaKMe HE3aMKHYThe KoaeGaTeabHble CHCTEMB,
B KOTODBIX BHEUIHEE BO3AeicTBHE CBOAMTCA K M3MEHEHMIO CO
BpEMEHEM €e napamerpos ).

IMapamerpamu oIHOMEPHOH CUCTEMB ABJAIOTCS KOIPQULHEHTDI 72
v k£ B ¢Qynxuun Jlarpanxa (17,3); ecnv oHM 3aBucaAT OT Bpe-
MEHH, TO YPaBHEHHUE ABHIKEHHUSA TJaCUT:

& (mi)+ kx=0. (22,1)

ITyrem bBedenns BMeCTO ! HOBOH HE3aBHCHMOH IEpeMEHHOH 1
cornacHo dt=dt/m (f) 510 ypasHEeHUE NPUBOANTCS K BHAY

2
%—}—mkx:O.

IMostomy daktuueckn, 6e3 BCAKOro orpaHuuenns o6mpocty,
ZOCTaTOYHO PAacCMOTPETh YPaBHEHHE ABHMEHUS BUAA

L L) x=0, (22,2)

KOTOpOe noayunaocs Owi u3 (22,1) npu m = const.

Bua ¢yukunn o (f) 3agaerTcst yCca0BUAMH 3adaul; NPEANoJo-
AMUM, 4TO 5Ta (PYHKUMA TNEPHOAMYECKAs C HEKOTOPOH 4acTOTOH T
(1 nepuomom 7T =2=n/7). D10 3Hauut, 4TO

o4 )=o),

1) IMpocTelM PprMepOM TaKOro pojia ABAAETCA MaATHHK, TOYKA TOj-
BECA KOTOPOro copepliacT 3ajaHHOC NEePHOAUUECKOC [BHXEHNE B Bep-
THKAAbHOM HaNpaBleHHH (CM. 3ajgauy).
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Ipu ycranobuplueMcs ABHIKEHUH, KOrda CHCTEMa COBEpIUAET
BhIHY:KZeHHbe KosaeGanusa (21,5), ee sHEPrus OCTAETCA HEM3MEH-
nofl. B TO ixe BpeMs CUCTEM@ HENPePHIBHO NOraomaer (0T UCToM-
HUKa BHeMielt CHJB) 5HEPruio, KoTopas Auccanupyercs Gaaro-
napst Hagauuuio Tpeuus. OB603HaYKM MOCPEACTBOM [(]) KOANYECTBO
SHEPrUH, TNOTJOaEMON B CpPEOHEM B EIUHHILY BPEMEHH, K3K
dyurinio uacrorsl suewneidl caas. Coraacho (20,13) umeem:

IN= 21?»

rie F— cpemnee (10 nepuofy KoaeGauus) 3uaueHue AMCCHNA-
TuBHON (ynkuun. Jdas ogHOMEPHOro AEMXeHua suipaxeHne (20,11)
JUCCUNIATUBHOA  (QyHKLUMA  CBO-

70 nutea K F = 0432 = m 2 Mox-
7 crasuB ciona (21,5), noayumm:

F = hmb¥*sin® (1t - 3).

X Cpeniiee 10 BpeMeHH 3Haue-
! HHE KBalpara CUHyca pasHo 1/2,
A & TO5TOMY

Pic. 18 I(p=2mb¥%: (21,8)

B6ausn pe3oHaHca, NOACTABAsSS aMIATYLYy Kozebanusa u3
(21,7), nmeem:
A

_r
Ie)=4 o

(21,9)
Tako#i BuAd 3aBUCUMOCTH TIOTJOWIEHHS OT 4YaCTOTH Ha3bl-
Baerca Oucnepcuonnus. IloNylWIUpUHON pPE30HEHCHON KpPHBON
(puc. 18) HasuIBalOT 3HaueHue |e], mpa KoTopoM BeanuuHa J(e)
YMEHBIIAETC BIABOE MO CPaBHEHUIO ¢ €€ MaKCHMaJbHLIM 3Haue-
nuem npu e=0. Mz ¢dopmyam (21,9) BuaHO, uTO B HaHHOM
clIyuae 3Ta IIMPHHA COBMNAA2ET C TOKA3aTeJeM 3aTyXanus A

BuicoTa e MakcuMyMa
0y— L

10) 4k

o6paruo nponopunoHaabua A, Takum o6pasoM, NPH YMEHbIIEHHH
NOKA3aTeqns 3aTyXaHusl pPE30HAHCHAas KpuBas CTaHOBHTCH YKe u
Bbllle, T. € €€ MaKCAMyM cTaHOBUTCH Gosee ocTpuiM. Ilmomans
e TOA DPE30HaHCHOH KpuBOH OCTaeTCA NPH 3TOM HEH3MEHHOM.
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a noToMy # BCe ypasHenue (22,2) MHBZPMAHTHO 1O OTHOLICHHIO
k npeoGpasosanuio {—f - T, Orcioga caedyer, uro ecan x(f)
ecTh pelIeHHe ypasHeHusa, TO W (yHKuus x (f |- T) tome ecTh
petuenue. Jpyrumu caosaMu, €cau Xy (f) u xy(f) — ABa HE3aBH-
CHUMHX HHTerpasa ypasueHus (22,2), To npu samede {—>f4- T
oHu mnpeoGpasyoTca JHHEHHHM oO0pasoM APYr uepes Apyra.
Ipu srom moxuo ') BuBpaTe Xy H Xy TakuM o0pascM, uToOHl
WX u3MeweHwe npH 3aMene f{ Ha f{-}- T CBOAMIOCH NPOCTO K
YMHOKEHHIO Ha NOCTOAHHBIN MHOMNHTEMDb:

X+ N=pxi (), x4 T)=px ().

HauGoree ofwwuit Bua PyHKLMH, 00/aAa0IHX TaKHM CBOMCTBOM,
ecThb

x (O)=plTIL (), x()=pf"1L,(t), (22,3)

rae II,(f) u II3(f) — uucro nepuoanueckue GYHKIHH BPEMEHH
(c neproaocm T).

IMocrosiHHbie by W pg B 3THX (YHKUUAX AOMKHB OHTH CBf-
8aHK JADYT C /ADYrOM onpejeneHHbM CooTHoLueHueM. JleHcToH-
TEJbHO, YMHOXHUB YPABHEHUA

B o) =0, F-{o'(f)x=0

COOTBETCTBEHHO HA X9 M Xy KW BHUYTE UX NOWICHHO OAHO H3
ALyroro, ioJyuuM:

d ,. .
X1 Xq — Koy = v (B1xa — x189) =0

HJ/H
X1Xq — XXy = const. (22,4)

Ho npu mobux ¢dyukumax xi(f) u X (f) suia (22,3) spipanenne
B JIEBOH CTOPOHE 3TOTO pAaBEHCTBA YMHOXKAETCA Ha Qyihy NPH
usMenenuu aprymenrta ¢ Ha 7. ITosromy dcHo, uTto colmwoneHue
pasenicta (22,4) Bo BecskoM cayuae TpeGyer, utoOn Ghia0

ppe =1 (22,5)

[anpuchiine saKMOYEHUst O NOCTOAHHBIX [, g MOMKHO Ch€-
Jath, KCXOAsl M3 (PaKTa BEILECTBEHHOCTH KOS(MPHUHEHTOB ypas-
uenns (22,2). Ecau x(f) ecTs Kako#-1uGo uHTErpaa TaKoro
ypasHeHHs, TO W KOMIJIEKCHO conpmkeHHas ¢yukuua x* (f)

1y Ecau 10AbKO TOCTOAHHBIE p H Py HE COBNAJANT,
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HDONKHE YAOBAETBOPATL TOMY e ypasHeHmo. Orclosa caenyer,
YTO Mmapa TNOCTORHHBIX (&, {hy AOJKHA COBMAlaTh ¢ mapo# pf,
p3, T. € AomkHO Obie aubo py=pf, b0 pg ¥ py BEmECT-
BenHsl, B nepeom cayuae, yuntoisas (22,5), uneem py=1/pf, 1. e
g =] pe *=1; nocrosiuusie p; U pg N0 MOAYMO PABHH EJUHHULLE,

Bo BTOpOM e cayuae Apa HE3aBHCHMBIX WHTErpala ypasHe-
Haa (22,2) umeior vul

O =plIL @),  xO)=p"1TH,() (22,6)

€ OT/MYHHM OT EAUHHLG MOJOXHTEALHHIM HJH OTPHILATENbLHBIM
BCUIECTBEHHBIM 4uCa0M . OnHa u3 a1ux ¢yHkuud (nepsas uau
BTopas mpu | i | >1 uam |p| < 1) sKCnOHEHUHANBHO BO3PACTAET
CO BpeMeHeM. ITO SHAUWT, YTO COCTOSHHE TOKOA CHUCTEMB (B
noaocxenny paBHoBecHs x = 0) GyaeT HEYCTOUUMBEIM: JOCTATOUHO
CKOMb YrOAHO €1a00ro OTKAOHEHHUS! OT ITOrO COCTOSHHS, 4TOGHI
NOSBUBILEECH CMEUIEHHe X CTaao ObICT[O BO3pPacTaThb CO BpeMe-
HeM. DTO ABNCHHE HaBLIBAETCS NAPAMeMPUYECKUM PE3OHAHCOM.

OGpat#M BHUMAHHE HAa TO, 4TO TPH CTPOr0 PAaBHBIX HY/MI0
HaYaJbHBIX 3HAYCHHAX X U £ OHM OCTaBauch OBl PaBHBIMH
HyJMIO U B AajbHeHweM B oTauune ot oOmunoro pesonauca (§ 18),
B KOTOPOM BO3PacTaHWe CMEnieHUs CO BpeMeHeM (NLOTNOPLUO-
HaJbHOE ) TPOUCKOAUT U OT PABHOrO HY/IO HAYaALHOTO 3HAYEHHUS,

BrisicHaM  ycaoBAs  BOSHMKHOBEHHST MApaMeTPLuECKoro peso-
HAZHCA B BAKHOM CJAyuae, Koria ¢yHKuus o (f) Mano OTJIM4aEeTCs
OT HEKOTODO# MOCTOSHHON BEMMYEHB ®, H HBASETCS MPOCTOMH
NEPHOANIECKON (yHKIMEN:

0 () =w; (1 - A cos1t), (22,7

rie nocrosHdas <1 (Mbl OyaeM CYuTaTh /i TOJOKMTENLHOH,
YEro pcerfla MOXHO A00MTBCA HalaexamuM BhOOpPOM Hauana
orcuera Bpemenn). Kax ms ysmauM Hmxe, mapaMeTpuyecKuii |
pe3oHanC BOSHUKAET, €CAM 4YacToTa ¢yHxkuun o(f) O6auska K
YABOEHHOft vacToTe ®) I[T09TOMY mMOSOMKMM:

T=2wy-}e,
e & < wy,
Peutenne ypasuenus asmxenus
X+ of[1 4 hcos 2wy e){] x =0 (22,9)

HAAO0 WUCKaTh B BUAC

x=a(t)cos (u)a T %) t+ b (f)sin (u)o T %) t, (229
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ree a(?) w O(f)— mennenuo (MO CPaBHEHHIO C MHOXHTE/AMH
cos u sin) mensuommecs dyHkuuw sBpemenyd. Takol BUA pelleHus,
pasymeercs, e €BAfeTCA TouuhM. B mefcTearesBHOCTH (yHK-
uus x (f) cozlepmm TAKKE UAEHM € YHaCTOTAMH, OTJNUAIOILAMHACH
0T Wy -2 na nenoe kparHoe ot (2w, -~ €); 3TH WIeHb!, OAHAKO,
BHCIIETO ropﬂ;u\a MaJ0CTH No h, #© B nepsBoM nNpalamxenuu
HMH MOKHO Tpenedpeus.

3uaueHusM yacToT 7§, OTACAAIOMINM O6/MaCTh 11€YCTOHUUBOCTH
rosebanufi oT 06JacTH ycTOWUMBOCTH, OTBEUaeT 3HaueHue p—1
B (22,6), a 8 (22,9)— cooTrBercTBEHHO NOCTOAHHBIE (HE 3aBACH-
e ot sBpemenn) kos@duuuents a U b. Onpenenenue rpanuit
o0JiacTH  Pe3onanca CBOAMTCA, CAELOBATENBHO, K HAXOXAEHHIO
TeX 3Hauvewuil Y (MM, YTO TO K€, 3HaueHHR £), NMPH KOTOPHX
ypasienune ABiKeHHA YIoBJIeTBODAETCA (¢ TPeGyeMO# TOUHOCTDLIO)
pewenriem (22,9) ¢ nocrosudbiMu a u b,

Hoacrasus (22,9) 5 (22,8), nponaeeleHus TpHroHOMETpH'IC-
CKUX MHOKHTEJeH Hax0 passiOKHTb B CyMMbI

fo e ‘ \
cos Sy t-cos (2o, —-2)t =

__ 1 { 3 \\ o E\
—_-—2»—cos,\3w0l Q/t | Zcos( +5 t

W T. N, A B COOTBETCTBHI CO CKA3aHHLIM BbiIE HalO ONYCIHTH
uiens ¢ uacroramu 3 (wy +4-¢/2). B pesyabrare nosyusm:

. /lm A /
b/a “/sm Wy —+-

}Ia) e\
Zo>cos( —}—§)t=0.

Brinosnense 310ro pasencrsa rpedyeT OAHOBPEMEHHOro obpanie-
udss B HyJsb KO3(pdHUAEHTOB Npu KaKAOM H3 MHOKATENeR sin
Hocos: e=—hwy/2 n a=0 mwm :=hwy2 u b=0. Iu
3HAUeHHs € M AAOT FpaHnb 00/1acTH BO3HAKHOBEHHA [1apaMeT-
paueckoro pesoHanca. Taxny 00pasoM, OH AMEET MeCTO B AHTEP-
BaJe

/lmo /Z(.)o

s < (22,10)
BOKPYTL 4YaCTOThl 2wy,

[TapameTpryecKHil PE3OHAHC UMEET MECTO TaKKe NpHd YacTo-
Tax 7, O/U3KUX K 3HaueHHMAM BHAA Qw(./n, rae n— moboe uenoe
uncio. OAHAKO HIMPHHA PE3OHAHCHBIX 0OaacTell C YBEJNHUEHUEM N
OBICTPO yMmenbliaeTcsd — Kak A%,
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3anava

HaltH ycioBHA napaMeTpHyYecKOro pe3oHaHca JIa Maablx Koaeba-
HUA MIOCKOTO MasTHHKA ¢ KoaebawluelicdA B BePTUKaIbHOM HalpaBac-
HUH TOYKOH nojseca.

Pemenmne. lNo naitnensoit B 3anave 2 § 5 dynkuun Jlanrpanxa
nafimem pas Maaux (p <€ 1) KoreGanuil ypaBHeHHE JIBHXCHHA

$+ w%(l +4—7~ccs (2w0+e)t><?=0

(rne o} =g/l). OTcioga BUAHO, YTO POIbL BBEJEHHOTO B TEKCTe Iapa-
MeTpa A urpaer oTHomenne 4afl. ¥Ycaosue (22,10) npunuaMaer Bul

20V g
AT

lel<

§ 23. AxrapmoHunueckue KoaeOaHug

Besl M3n0XeHHash BBIIE TEOPHS MaJHX KOJe0aHuMil OCHOB&ua
HA [a3JoXKeHNH NOTEHIHANbHO! H KUHETHYECKOH 3HEPruy CUCTeMbL
N0 KOOPAHMHAaTaM M CKOPOCTSM € OCTaBJeHHEM JHlib YJEHOB
BTOPOrO TNOPSAKa;, NPH STOM YyPavHeHHS MABHAEHUs JuHelHb,
B CBASK C uYeM B 3TOM npuOJAMMEHUN TOBOPHT O AUAEHHELX
Kone0aHusax. XOTS Takce pasJoXKeHHe BIOJHE 3aKOHHO MpH
YCJAOBUM JAOCTATOYHOH MaJOCTH aMMJAHTYA KosjedaHuM, OAHAKO
yuer craeaywoumux npudauxeHudl (TaK HashiBaeMOW aH2ap MOHUYHC-
cmil MM Heaudrelrocnur KonedaHui) NPUBOAUT K MOSIBJACHHIO
HEKOTOPHX XOTs M ClabhiX, HO KaueCTBEHHO HOBHX OcofOeHHOCTel
JIBVKEHUS,

ITpouspeneM rasnoxenne ¢yukuun JlarpaHxka A0 UJ€HOB
TPETHEro NOpsaKa. B notennpansHOW SHEPrMH MPH STOM HOS-
BATCSl YJIEHBl TLEThEH CTCMEHM 110 KOOpPAMHATaM X;, B KHHETHYE-
CKOH e 3HEeprud — uJeHsl, COJepiKaliue NpOU3BeNeHHs CKOPO-
crel M KOOpPAMHAT BRAA X;{pX;; 3TO OTJHUME OT mMPexHero
peipaxenuns (19,3) cBS3aHO ¢ OCTaBJEHHEM UJEHOB MEPBOTO MO-
psAKa no x B pasaoxenuy Gynkuud a;r(¢). Takum obpazom,
¢yuxung Jlarpanxka Oyaer uMeTb BRI

1 . .
L=+ 2 (ki — kipxix,) +-
e

1 . . 1
+‘2‘ Z RiriXiXpXy — 7 Z Lipgxixpxy (23,1)

i k1 ik, 1
Th€ fipy iy — HOBBIE TOCTOSIHHHE KOSGMQUUUEHTHL
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Ecav OT NMpOM3BOJMBHEIX KOOPAMHAT X; nepefTd K HOpManab-
HWM KOOpAMHAaTaM (AMHeiHoro npubauxennd) Q, TO B cuay
AMHEHHOCTH 3TOr0 npeolpasoBaHus TPETBA M YETBEPTasd CYyMMbl
B (23,1) nepeillyr B aHanOrMYHBE CYMMHK, B KOTOPEIX BMECTO KO-

OpAMHAT X; U CKopocred X; 6yayr crosts Q, 1 Q.. O603nauus Koad-
(UUHEHTH B STUX CYMMaX UYEPE3 Ay U gy, MOAYUHM (PYHKIMIO
Jlarpauxa B BuAe

L=5 Y @ — i+
oy ¥ 3,;:QQ,Q — % Z b QuQ,Q (23,2)

o, By e B 1
My He craHeM BBINUCHIBATB NOJHOCTBIO CJAEAYIOIMX M3 STOH
nAarpaHkesclt  (yHKU#M ypasHeuuH asuienns. CyluecTBEHHO,
4YTO OHM HMEIOT BUIA

Q1+ 0:Q,=/(Q Q Q) (23,3)
rae f, — omHopoauele (YHKIMA BTOPOro nHOPRAKa OT KOODPAH-
Hart Q ¥ MUX TIPOM3BOAHLIX O BPEMEHMU.

ITpuMensss MeTOd TNOCAEAOBATENBHBIX TNPUOAMKEHUR, HULEM
pelIeHe 3THX yYPaBHEHUR B BUAE

Q=Q"+ Q2 (23,4)
rae Q€ Q) a dynkumn Qi yIOBAETBOPAOT <HEBO3MYLUEH-
HHM>» yPaBHENUsM

('2'1) Lol —
o T Waxa — VY
T. € TpeldcTaBasioT cobofl o0buHbie rapMoHHUecKue KoJaebaHus
' = a, cos (w,t -}-a,.). (23,5)
Coxpausn B caeaywoiueM npudamxeHud B TpaBoi cTOpoHe

ypastenuit (23,3) auliip UJEHB BTOPOro NOPSAJAKA MaNAOCTH, NOAY-
upM Iaa BeauuuH Qg ypasHeHus

:12) ’]l_ (DE. :1.2) =fg_ (Q(l): Q(l): Q(l))r (2376)
€ B MPaByo YacTh AOMMHEI GbITh MOACTABAEHK BhIpaKeHN (23,5).
B pesysbTaTe Mbt MOJAYYHM JMHEHHBIE HEOAHOPOAHBIE AuddepeHLiu-

aNbHHE ypPaBHEHHA, NPaBBE YAaCTH KOTOPHIX MOWHO Nnpeolpa3osaTh
K CYMMaM NpOCTBIX TNepuoanueckux Qyukuuit. Tak, manpumep,

Q' Q" = a,a, cos (o5t - a,)cos (of 4 a)=
1 ]
= 5 8,4, {c0s {(w, ~}- 0}t -0, - a,] -
4 cos [(0, — w )t - %, —alh
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Takum oO0pa3oM, B npaseX uyacrsXx ypasuenuit (23,6) naxo-
ASTCS WIEHH, COOTBETCTBYIOIIME KOJeGaHHusAM ¢ 4acTOTaMu, pas-
HHIMM CYMMdM H DasHOCTSIM COOCTBEHHBIX 4YaCTOT CHCTEMBI.
Pemenne ypasnenu#t caenyer ucKath B BuAe, COEpKALIEM
TaKHe e MEePHOIUYECKHE MHOMHTENH, M MBI NPUXOAMM K BHI-
BOAY, UTO BO BTOPCM mnpub/IMKEHUH Ha HOpMajabHble KoseGanus
CHCTEMBI € “2CTOTaMM ®, HaKJaABBAIOTCSA AONOJHUTE/bHBIE KOJe-
GaHus ¢ yacTroTaMu

0, % v, @3,7)
(B TOM uucre yABceHHBle uYacToThl 2w, ¥ uactora 0, cCoOTBET-
CTBYIOLIA MOCTOSIHHCMY CMEIEHHI0). STH YacTOThl HA3BIBAIOTCS
KoMOunaynorse i, ANy as KoMOuHanHOHHBIX KOIe6anuH npe-
NOPUUONA/BHEl IPOU3BELEHUAM a,d, (unu KBagpartaM a;) COOTBET-
CTBYIOUINX HOPMAaJbHBIX Koneﬁamﬂ

B crenyomux npubanxceHusx, Npu yuere usenos GoJee BRCO-
KOro TNopsaxka B PasJoxeHHH QyHKUuH Jlarpania, BOSHHKAOT
KOMOuHaIUMCHHHE KOMeOaHUs C YacTOTEMH, SBJASIOIUAMHCS CYM-
MaMi W pasHocTavMu Ooapmiero umcsaa vacror o, Kpome Tore,
OIIHAKO, BO3HMKAET €Nl M HOBOE SIBJEHUE,

Ileno B TOM, UTO yxe B TpPEThEM NPUOIMKEHHH CDPEIN KOM-
GYHAUMCHHBIX 4YaCTOT TOSBJSIOTCA YacTOThHl, COBMNAAOIUE €
UCXOAHBIMH ®, (KOoMOMHAauMs BHAZ +w@—w) ITpu  npume-
HEHHH oanaHﬂoro Bbillle METOJa B npanoﬂ YacTH ypasueHuit 1Bu-
xenus OYAyT HaXOMMTbCA, CJAEAOBATEJLHO, [E30HAKCHBIE UJIEHHI,
KOTOPHI€ TPUBEAYT K BOSHUKHOBEHWIO B PELIEHHH WJIEHOB C BO3-
pacraioumeit co BpeMeneM amnaurydofl. Mexay reMm, dusnuecku
OUEBUIHO, YTO B 3aMKHYTOM cHCTEMe B OTCYTCTBHE BHELUHEro
HCTOUHHKA SHEPrUM HE MOMET INPOUCXOAUTH CAMOUPOHU3BOJbHOE
HapacCTaHue WHTEHCHUBHOCTH KOJeGaHuM.

B 1efiCTBUTEIBHOCTH B BHICIUKX NPHOIHKENHAX TIPCHCXOINT
M3MEHEHHE OCHOBHBIX YaCTOT w, NMO CPABHEHHID € UX <«HEBO3MY-
WEHHLIMU> 3HAUEHHUSNH o, (UIyPUPYIOUIMU B KBaAPaTHUHOM
BBID@KEHUH TIOTEHUHaabHOM sneprun. IlosB/ieuue xe Bozpacraio-
IUX WIEHOB B PEIIEHHH CBSI3aHO € Pas3jOKeHHeM THTa

cos (@, 4 Aw,) t Ac cos 0t — tAw, sin w,"t,

SIBIIO HE3aKOHHUBIM 1PHU AOCTAaTOUHO O0AbWINX £,
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§ 24. YraoBas CKOpOCTh

Taepdoe nieao0 MOXKHO ONPENENUTh B MEXaHHKE KaK CHCTEMY
MaTepraJbHbBIX TOYEK, PacCTOSHUS MEKAY KOTODbIMH HEH3MEHHBI,
PeaspHo cyuiecTsysonie B NPUPOJE CUCTEMBl MOrYT, KOHEUMO,
yIOBJAETBOPATb 3TOMY YCJAOBMIO Juiib npubmikendHo. Ho Gosb-
IHHCTBO TBEPALIX Ted B OOBIUHBIX YCJAOBHAX TAK Majiio H3MEHseT
cBO1I0 (POPMYy U pa3Mephrl, YTO NPH H3YYEHHH 3aKOHOB JBUIKEHHS
TBEPAOro Tesa, PacCMaTPUBAEMOrO KakK HEYTO LLeJIOe, Mbl BIOJIHE
MOXeM OTBJIEeUbCS OT 3THX H3MEHEHuMH.

B nmanpHefilueM u3j0XEeHHH Mbl OyAeM yacTO paccMaTpHBaTb
TBepJAOe 7TeJ0 KaK AHCKPETHYO COBOKYNHOCTb MarePHaJbHBEIX
TOYEK, yeM [OCTHraeTcsl HEKOTOPOe YMmpolleHHe BBHIBOAOB. JTO,
O0HAKO, HY B KaKOH CTeneHd He NMPOTUBOPEYHT TOMY obcrosTenn-
CTBY, YTO B JAEHCTBHUTEABHOCTH TBEpIkE Teda MOXKHO 00bLIYHO
paccMaTpHBaTh B MEXAaHHKE KaK CMNJ/OWIHBE, COBEPLIEHHO HE HHTE-
pecysice ux BHyTpeuHeit crpykTypol. Ilepexon ot dopmys, conep-
AKX CYMMHUPOB3HHME NO JUCKPETHBIM TOYKaM, K (opMmyaaM ILis
CIJOIIHOIO TE€Ja OCYUIECTBJACTCH NPOCTO 3aMeHOR Macc vacTulg
Ha Maccy pdV, sakaouyendyio B saeMente obveMa dV (p — nioT-
HOCTb MacChl), ¥ WHTErpupoBaHueM no BceMy oObeMy Tena.

Ilns onucanus ABHXKEHHS TBEPAOrO Tesia BBEIEM JIBE CHCTEMBI
KOODIMHAT: «HEMOABHAKHYIO», T. € HHEpUUaAbHYI0 cucTeMy XYZ,
H JBUXKYILYIOCS CHCTEMY KOODPAMHAT X=X, X;==J, X3==2,
KOTOpas MNpeanojaraeTcs MKECTKO CBA3aHHOH ¢ TBEPABIM TEJOM
¥ yuyacrByoltedh Bo pcex ero ABikenusx. Hauano meuwywefica
CHCTEMBl KOOPAUHAT YAOOHO COBMECTHTh C LLEHTPOM WHEPLHH Tesa.

[TonoxeHne TBEPAOro Tesfia OTHOCUTEJBHO HENOABHMHOM cHC-
TE€Mbl KOOPAMHAT BMOJIHE ONpPeNe/seTcs 3aZaHHEM NOJOKEHUA [ABu-
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wyiedca cuctemsl. ITycTs pamnyc-sekTop Ry yxasmbaer 1o.omxe-
uue Hauana O Aswxymefics cucremnt (puc. 19). Opuentauns ke
OCefl 3TOH CUCTEMBl OTHOCHTEJLHO HENOABHXKHOH onpelaensercs
TpeMa HE3aBUCHMBIMHU YTJAaMH, TaK 4YTO BMECTE C TPEMd KOMIIO-
HEHTaMH BeKTOPa R, Mbl @meeM BCero mecTb KOOPAHHAT. Taxum
o6pa3oM, BCAKOE TBepIOe Teao mpelcTaBaseT coOOH Mexaup-
YeCKYI0 CHCTEMY C IIeCTblO CTerneHsMH cBOOOIBL.

Paccmorpus npoussosbHoe OeCKOHEUHO MaJoe NepeMellerie
TBEPAOro Tesja. Ero MOXKHO TpeACTaBUTH B BHAE CYMMEI ABYX
yacred, Oana u3 1uux ecrb Oec- 7 z
KOHEUHO MaJBfi napanaienslbit s
niepeHoc Teaa, B Pe3yJabTaTe KO- L
TOPOrO LEHTP HHEPIHd Tepexo- Z,
JAT U3 HauyaJbHOTO T10/I0KEHHS
B KOHeyHOe [pH HeuzMeHHOU 7
ODHEeHTallEM  Oocell 1OoABUAKHOH R
cucreMbl xoopauHar. Bropas — /
GeckoHeulo MaJablfi TOBOPOT BO- R, &
KDY LeHTPa NHEPLHUH, B DPe3y/ib-
TaTe KOTOPOrO TBEPAOE TeA0 NpH- Iz

- XOOUT B KOHEUHOe T0J0KeH e,

OGosnauuy  PaaHyC-BEKTOP Puc. 19,
NIPOHU3BOJBHOW TOUYKH TBEPIOTO
TeNa B NOABHKHOH CHCTeMe KOOPAMHAT TOCPEACTBOM I, a paid-
YC-BEKTOD TOH e TOUKY B HENOABUXKHOH CHCTEME — IIOCPEACT-
oM R. Toraa Geckomweuno mazoe cyemenne dR Toukn P ckaa-
npiBaerca u3 nepemenienus dR, BMecTe ¢ LEHTPOM HHEPLUH H
nepemelterust [dg.r] OTHOCHTEJILHO TNOCIEAHETrO NPH TOBOPOTE
Ha Oecroneuno Maan#i yron dg (cm. (9,1))

dR ==dRy - [d¢ -],

Pagnenus 310 paBencTBO Ha speMmsi df, B TeueHHe KOTOPOTO MNpo-
M30ILJIO PacCMaTPHUBAEMOE nepeMelleHne, U BBelds CKOPOCTH

R, R,

— @ __
=V @ =V =2 241)

l'lO.TIy'-IHM COOTHOLICHEe ME)K,Ely HUMHA
v=V - [Qr]. (24,2)

Bekrop V ecTe ckOpOCTh HeHTPa HMHEpLUH TBEPAOro Te/a; ee
Ha3bIBAIOT TAKKE CKOPOCTBIO €T0 HOCHIYNAMEALHO20 [NBUKEHHH,
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Bexrtop @ HaswBaercsi Y2080l cKOpocmei0 BPaUleHHs TBED-
KOro TEeAa; €ro HampaBieHue (Kak W uanpasjeHue dg) coB-
NajaeT ¢ HanpaBAeHUEM ocH BpauleHus, Taxkum o6pasoM, CKo-
pocth V moboif TOUKM Tena (OTHOCHTENAbHO HEMOABHMKHOH CHCe
TEMBl KOOPIMHAT) MOAKET OHTb BHIPAXEHA YEPE3 MOCTYNATEALHYIO
CKOPOCTb TEJA3 U YIJOBYIO CKODOCTh €ro BpailleHus,

Caenyer nonuepkHyTb, 4To NpH BhBOIE (opmyan (24,2) cne-
nuUUeCKHe CBOHCTBA Hauala KOODAMHAT KaK LEHTPa HHEpLUH
TeNa COBeplleHHO He OnlsM MCNoJb30BaHb. IIpeumymecrsa atoro
BuOOpa BHIACHATCA JHIIb T[03)Ke INPU BBHIUUCAEHHH SHEpruu
IBHAKYUIErocs Tena.

Ionyctum Temephb, YTO KECTKO CBA3aHHAs C TBEPIALIM TEJOM
CUCTEMA KOOPAMHAT BHOpPaHa TaK, YTO €e Hauaao HaXOIUTCH He
B ueHTpe wuHepuud O, a B HeKoTopo# Touke (' Ha pPacCTOSHHH
a or touku O. CKoOpocTh nepemeuieHus navana Q' 5TOH CHCTEMB
ofo3Hauum uepe3 V', a YraoBYio CKOPOCTH €€ Bpalllenus —
yepes Q.

PaccMoTpuM cHoBa Kakyw-au6o TOuky P TBEPROro Teaa H
0003HauUM ee PallyC-BEKTOP OTHOCHTEABLHO Hawana O uepes r',
Torza r=1'--a u nolicranosxa B (24,2) naerm:

v=V - [Qa]-}[Qr]

C I1pyro#t cropowsl, no onpegeacHuio V' u Q', 10MKHO GhiTh
v=V'-[Q7]. ITosToMy MH 3ax/ouaeMm, YTO

V=V-}[Qa, Q@=2Q. (24,3)

Bropoe us 53THX paBeHCTB BecbMa cyulecTseHio. Ml BHIUM,
4TO Yra08as CKOPOCTh, ¢ KOTOPOH BpaillaeTcs B KawAblH JIaH-
Hbli MOMEHT BPEMEHH XECTKO CBA3aHHas C TEJOM CHCTEMAa KOOp-
JUHAT, OxashiBaeTcs He 3apucAulel or BuiGopa 3TCH CHCTEMBLL
Bce Takme cucTeMbl BpaulaloTCd B SaIaHHBIH MOMEHT BPEMEHH
BOKPYr NapaatebHbeIX APYr ApYry ocelt ¢ ofMHaxkoBoft 1o abco-
JIOTHOH BedHunHe CKOpOCThIO Q. IDTO 06CTOATEALCTBO H HAET
HaM HpaBo HaswiBaTh 2 YrJ0BOH CKOPOCTHIO BpailleHHs TBEPAOro
Tena Kak TakoBoro. CKOPOCTh Ke MOCTYNATeALHOrO XBHXKEHHS
TaKOro «abCOMOTHOrO» XapaKTepa OTHIOLb HE HUMEET.

Ws nepeoit dopmyan (24,3) suano, uyro ecau V u € (B nxan-
HEI}f MOMEHT BpEMEHH) B3aUMHO NEPIEHIUKYASPHB TPH KaKOM-au60
Bhifope Hauana KoopAuHat O, To oHu (1. e. V' n Q') B3aumHo
NEPNECHANKYASPHB B NPY ONpeleseHyd Mo OTHOUIEHHIo K Jobo-
My apyromy Hauaay O, Us ¢opmyam (24,2) suano, 4ro B 3TOM



§ 25} TEH30P WHEPLIMU 91

clAyyae CKOPOCTM V BCEX TOYEK Teda JeXaT B OAHOH u Tof
Ke MJIOCKOCTH — IIOCKOCTH, neprneHavkyaspHo#t k Q. Ipu stom
Bceraa MoxHO BHOGpaTh Takoe Hadamo O'Y), ckopocts V' KoTO-
pOro paBHa-HYyJIO, TaK YTO IBMXEHWE TBEPJAOro Tesa (B HaHHLIH
MOMeHT) OyJeT NpeACTaBJEHO KAaK YMCTOe BPAlLEHHE BOKPYT OCH,
npoxoasuelt uepes O'. DTy 0Cb Ha3bLIBAT M2HOBCHHOE 0CBHI0
spauenus Tena?),

B nanpHeittiiem mpr OyZeM Bceria MpeAnoJaratbh, YTo Hayaao
JBuxkyuelics CUCTeMB KOOpAWHAT BBIOPAHO B LEHTPE WHEpLHH
TeJa, TaK 4YTO M OChb BPALEHUA TeJa NPOXOANT uYepe3 3TOT
ueutp, Ilpn nasuxkeHus Tena MeHsoTcs, BoOOUIE TOBOPSH, Kak
abconoTHan Beanuyuna Q, TaK M HaNpasJeHWE OCKH BpaLlEHHnA.

§ 25. Teusop uHepuuu

Jist pBluMC/IeHUs KMHETMYECKOR 3Hepruu TBEpPAOro Tena pac-
CMaTpMBaeM €ro Kak AMCKPETHYIO CHCTEMY MAaTEPUaJbHBIX TOYEK

M THLIeM:
my?
T=Z__2 ,

rI€ CyMMUDOBAaHUE NPOH3BOAMTCH TO BCEM TOYKAM, COCTABJSAIO-
KM TeJO. 3AeCh W HUME Mbl ONMyCKaeM HHAEKCBI, HYMepywoline
3TH TOUYKH, C LeAbl0 YNPOIeHUA 3anuch (OpPMYL

IMoacrasus cioma {24,2), nojayunm:

r=Y5v-+1enp= Y5 vt Y v+ Y e

Ckopocra V ¥ Q oIuHakose /sl BCEX TOYEK TREPAOrO TeJa.
IlostoMy © mnepsoM uiede V?/2 BHHOCHTCA 33 3HAK CYMMH,’
a cymma Zm eCTh Macca Tesa, KOTopyio Mo Oyaem oGosHayaTb
nocpeAcTsoM p.. BO BTOPOM ujeHe nuiuem:

Z I?lV{QI'] :Z m [VQ] r:[VQ] Z mr.

Orcrona BUAHO, 4YTO €CJAM Hayano AsHkyumeHcs  cucreMpt

') OHO MOXCT, KOHEYHO, 0Ka3aThbCH JeKaIUHM 1 BHe ofbeMa Texa,

) B oGuem xe cayvae Ie B3aNMHO NepIleHANK YAAPHLIX Hallpagaes
Hu#t V 0 Q Haya1o KOODAMHAT MOMHO BHIGPaTh TakMM 06pa3oM, 4TOGHI
V u Q cTanu NapaafeibHbIMM, T. €. ABHkKeHHe (B JaHHBIH MOMEHT Bpe-
MeHn) OyldeT COBOKYMHOCTLIO BPAIUEHHA BOKPYT HEKOTOPOH OCH H
NOCTYMaTeAbHOr o MepeMeleHUA BROIb ITOU Xe OCH.
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KOODAMHAT BLIBPAHO, KAK YCAOBJEHO, B LeHTPEe WHEPLUH, TO 3TOT
unen o6paulaercs B Hyab, Tak Kak rtorma Y, mr=20. Haxoueu,

B TPETbEM 4JEHE paCKPhIBAEM KBaApar BEKTOPHOrO Mpou3Bele-
HUSl 1 B pesyJbTare HaXOAMM:

B L S (et — (@ (25,1)

T ="

Takum 00pa3om, KuHeTHUECKast SHEPrus TBEPJOro T€Aa MOKET
ObITh - IPEACTaBAEHa B BuAe CYMMbl JByX uacred. Ilepsnii unen
B (25,1) ectp KuHeTMueckas B3HEPrus MNOCTYNareaLHOro JBHME-
HUS — OHA MMEEeT TakoH BHI, Kak ecau Obl BCa Macca Tena Oblaa
COCPEIOTOYEHd B €ro ueHrpe uHepuud. Bropo#l uisen ecTh KuHe-
THUYECKas BlEDrus BPALIATENbHOrO ABHUKEHHUS € YrJOBOH CKOpO-
creio @ BOKPYr ocm, npoxoisuiei uepes ueurp unepumd, Ilox-
YePKHEM, YTO BO3MOXKHOCTb TAaKOro pPasfeNeHHs KHHETHYECKOH
SHepruMm Ha Jase uacTé oGycaOBjNeHa BRIOOPOM lauyaja CBA3aHHOH
¢ TEJOM CHCTeMsl KOODIHHAT MMEHHO B €ro UeHTPe HMHEPUHH.

[Tepenuiem KHHETHYECKYIO 3HEDPrUio BPaLIEHHs B TEH30DHBIX
00603HaUeHHAX, T. € uepe3 KOMMOHeHTH X;, @; sekropos r, Q1)
Mmeen:

1 1 a9 2
Top= ¥ Z m{Qix; — Rix;Rpx,} =

1 ‘ a
= 7—2 m {Q;Q,0;,x7 — Q;Qpx;x,} =

2
1 o
=5 2,2 2 m (X0, — XiXp).

3mech HMCMOJb3IOBAHO TOMAECTBO Q;=10;,Q;, rie d;, — eIuHny-
HBIH TEH30D (KOMIIOHEHTH KOTOPOrO PaBHBI eluyue npu =4
1 wymo npu iz~ k). Beens Tensop

Liw= D m (xid;p — x;%4), (25,2)

1) Byxsamu i, R, [ 0603HAYAI0TCA TeH30PHble HHJeKCH, npoberalo-
wye 3Havenus 1, 2, 3, Ilpn sroM Be3ne npumendeTcA U3BeCTHOeE lipa-
BU0 CYMMHPOBaHUA, COTaCHO KOTOPOMY 3HaKHM CyMM OIllyCKAloTCs, a 1o
BCEM JBa¥Ibl MOBTOPAIOMMMCA (TaK Ha3biBACMBIM <HEMBIM») MHIEKCAM
NnojpasyMeBaeTca cyMmMipoBaHHe No 3navenuaM 1, 2, 3; Tak, A;B; =
= AB, A}=A;A;= A% 1 1. 1. O603HayenHe HEMbIX MHJEKCOB MOXHO,
OYEBHIHO, MEHATH NPOU3BOLHLIM 06pa3oM (auin 6bl OHO HC COBIANO

¢ o6GosnavenyueM JPYyrdx (QUrYpPUPYIOIHX B AaHHOM BhIDAXEHHH Teil-
30DHBIX HHICKCOB),
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NOMYUAM OKOHYATE/NbHOE BBRIPANKEHHE AJA KUHETHUECKOH SHEpPTHH
TBEPAOrO TEJMd B BUAE

V2 1 -
T="% 4 5 1422 (25,3)

dyuxuua Jlarpamika TeEpAOTO Teda mnoJydaerca u3 (25,3)
BHIUMTAHUEM MOTEHILMANbHOH SHEPTHM:

nb? ! =
B b 5 1622 — U, (25:4)

L=
TMoTennuansuas sueprus spagercd B ofuem cayuae QyHKinest
WEeCTU NepeMelHbIX, ONpeAe/sIoUINX NOJOKEeHHe TBEPAOTO TeNa,
HanpuMmep, Tpex KeopAumHaT X, Y, Z UeHTpa HHEpUUH U Tpex
YI/I0B, ONpeAe/sOUIX OPHEHTAUHI0 ABHKYIMXCA OCel KoopAn-
HAT OTHOCHTE/JbHO HEMOABHMKHBIX.
Teusop I;, HA3LIBAETCA MEHIOPOM MOMEHMOS UHEPUUN NN
NpoCTo meH3opos uxepyun tena, Kax scuo u3 onpeaenenus
(25,2), on cuyMeTpHueH, T. €,

I[k - IkI~ (25,5)

Brinuuien JIA9 HArJAaAHOCTH €r0 KOMIIOHEHTH B ABHOM BH/IEC
B c/aedyiomel rabsauue:

[ m(y4-2%) — ¥ mxy — Mmxz \
o —— 2L
1,,(_2 N myx dmxT=-27%) ﬁZmeyzl N
Y max — Y\ mzy 3 m(x? - y°)//
Kounoneuts Iy, Iy [, NHOTAA HA3HIBAIOT MOMENTAMH HIEPLIH
OTHOCHUTEJILHO COOTBETCTBYIOWINX OCEH.
Tenzop uuepund, OYEBHIHO, AAAUTHBEH — MOMEHTHl HHEPILUH
TENa PaBHbl CyMMaM MOMEHTOB HHEPIHH €ro uacrefl,
Ecau TBepaoe TelMO0 MOKHO DaccMaTpuBaTh Kak CIIOWIIIOE
(c nioTHOCTbLIO p), TO B onpedeneHud (25,2) cymma 3ameHsercs
MHTETpaNOM no oObemy Tesa:

Tn=" 0 — xix;)dV. (25,7)

. (25,6)

Kak n BCAKHH CHMMETDHUUYHLIH TEH30p BTOPOTO paiira, TEH3OP
HHepLuM MoKeT OBITL MpHUBEAEH K JAMaroHaJAbHOMY BUAY NyTeM
COOTBETCTBYIOLLErO BuIOOpA Hanpasienud ocelt Xy, Xy, X3 ITH
HAfpaBAeHUd MHa3LIBAIOT 22ABHBLMIL OCAMI UHEPYUU, a4 COOTBET-
CTBYIOLLHE 3HAUCHHUA KOMIIOHEHT TEH30Pa — 22ABHbIMIL MOMEHMAMIL
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unepyuuy; o0oanauuM ux Kak Jy, Iy, 1y Ilpu Takom BmGope oceit
X1, Xg X3 BpANIATeJbH3A KHUHETHYECKAs BHEPrdf BbipaxaeTcH
0C0O0eHHO NpoOCTO:

Tap= 5 (h@1 4 123+ 1 23) (25,8)

OtMeruy, YTO KamIRH M3 TpPEX TI/IaBHHIX MOMEHTOB MHEPLLHH
ne Moxer OwiTh OoJsiblle CYMMbl IByX ApyruX. Tak,

hd-h=Ymd4+ 425D = N m(i -+ x) =1k (259

Teno, y KOTO[Oro BCe TPM T/IABHHX MOMEHT3 MHEpLMM pas-
JINYHBI, HA3LIBAIOT QCUMMEMPULECKIM  BOALKOAM.

Ecan nBa rnasHblX MOMEHTA HHEPUMM paBHLl IDYr APYTY,
Ii=1Ik+#J;, TO TBepaOe TEJIO0 HASKBAOT CILMMEPIPULECKIM
goaurxosm., B sTOM cayyae BHOOp HanpasJeHuns# TAABHRX OCEH
B MJOCKOCTH X;X; NPON3BOJIEH,

Ecap ke Bce TPH TJaBHHIX MOMENTa HMHEDHMH COBMAAAIOT,
TO TeJO HashIBalT wapossm Boatrkom. B atom cayyae npowus-
BOJEeH BHIGOD BCeX Tpex T[JAaBHBIX OCEH HMHE[LME: B KayecTse
HX MOXHO B3ATh JI0Oble TPH B3aUMHO MEpPrEHAHKYJIALHBIE OCH,

HaxomieHne raasHeX OcCell MHEPLHH Ovells YIpOWIAeTCs,
ecan Teepioe Teno obsnafaeT TOH WM MHOH CHUMMeTpuel; fcHO,
YTO MOJOMEHHE IEHTPA MHEPUHM M HAMpaBJEHUA TJAaBHLEIX Oceft
HHEpLuH MOJLKHH 00safgaTe TOH ke caMMETpHeH,

Tak, ecn Ten0 06/1aJ1aeT NIOCKOCTBIC CAMMETPHH, TO LEHTP
MHEPUHHN [OJUKEH JexaTh B 3TOH MIOCKOCTH. B wHel we sexar
ABe TJaBHbIE -OCH HMHEPUHH, W TPEThA — NMEPNeHAUKYJIApHA K Helt.
OueBuAHBIM CJy4aeM Takoro pOJa HBJAETCA CHCTEMAa HacTHll,
PAcnOJOMEHHBIX B OAHONH MJIOCKOCTH. B 3TOM cayuae cyumecTByer
NPOCTOE COOTHOLUEHHE MEM(AY TPEMA IJaBHHIMH MOMEHTaMH HHE[-
ugd. Ecan niockocts cacTeMnl BHIOpaHa B KayecTBe MJIOCKOCTH
X1Xg, TO NGCKOJBKY [IJS BCeX vacTal x3==0, umeem:

h=X mx;’ ]:%‘:mef: ]322 m(x;l_l'_xg):

TaK 4TO
]:;=]l —%‘]2- (25:10)

Ecau teno o6safaeT OCbIO CHMMETPHH KaKOTo-au00 MOPAAKa,

TO WEHTP HMHEepUMM JexdT Ha 3ToH ocm, C Helt ke coBnamaer
OHA M3 TJaBHHX cce#l uHepLMM, a ABe APYrue — NepneHauKy-
JaspHsl K Hell. TIpn 3TOM, ec/Mm MOPAmOK OCH CHMMETPHH BHLUE
BTCPOFO, TO TEJO ABJAETCA CHMMETDHYeCKHM EOJukOM. JleHcTBH-



§ 254 TEH30P MHEPLIMKH 05

TEJbHO, KAKAYI0 FAaBHYIO OCb (NMEPHeHANKYIADHYIO K OCH CUMMET-
pun) MOXHO TOBEPHYTH TOrja Ha yroJa, oTauunbift or 180° T. e.
BHOOP 3THX OCeH CTAHOBUTCA HEOAHO3HAUHLIM, a 3TO BO3MOMXHO
JUilib B CJAyyae CHMMETPUYECKOrO BOJYKA.

OcCoO5IM cJIyyaeM sBJSETCA CHCTEMA 4aCTHL, PachoA0MKEHHBIX
BAOb OAHOHM npsMol subuyu, Ecan BeiOpaTbh 3Ty NpsAMYI B Ka-
YeCTBE OCH X3, TO [ BCEX HACTHL X3 —X3 =0, u noromy
JBA T/IaBHHIX MOMEHTA MHEPLMM COBMAJAAIOT, 3 TPETUH paBeH HyJo:

11:1.2:2 mxg, 13:0. ) (25,1 1)

Takyw cucreMy RashBalT pomamopo.st. XapakTepHod ocoOeH-
HOCTBIO POTATOPa B OT/MYME OT OOWIEro Caydas NPOU3BOJLHOTO
TeJa ABJAETCA TO, UTO OH MMEET BCero Ase (a He TpH) Bpamwa-
TeJbHBlE CTeneHn CBOOO/b, COOTBETCTBYIONLME BPAILLEHUAM BOKPYT
ocell X1 U Xy rOBOPUTH XKE O BPAILEHNH npﬂmoﬂ BOKDYT camoit
cefq, OUEBHAHO, HE MMEECT CMBIC/A.

Hakonen, cnenaem ete 0JHO 3aMeuaHue MO MOBOAY BbIUMCIE-
HUAd TeH3opa uHepund, XOTH MBl ONpEAEan/IM 3TOT TEH30D IO
OTHOLUEIMIO K CHUCTeMe KOODAMHAT ¢ HayaJoM B LEHTpe HHEePLUH
(ToMbKO TPKM TakoM omnpeleseHHH cnpaBelanBa ocliopHas Gop-
myna (25,3)), HO AnA ero BHYMCJEHMs MOKET OKasaTscs yA00-
HBIM BHIYHC/AHTE NPEABAPHUTE/BHO 2HAJOTHMUHBIE TEH30p

Ln=23 m{x;*8;, — xiX}),

onpeje/elubli 110 OTHOWIEHMIO K ApyroMy Hauaay . Ecan
paccrosnne OO naerca Bekropom a, To r=r'-}a, x;=
=ux; -} a; yuntoipas Ttakke, uro Y, mr=—0, no onperesennio
Touku O, Haftpem:

1‘:[; = Iik + X ((128,‘/{ — aiak). (25,12)
ITo sro#t Qopmyne, suas [ip, JAErKO BBHIYKUCANTL HCKOMEH TeH-
30p I
3apgaun

. Onpegennts raaBHBIE MOMEHTH HHEPLUMM 118 MOMEKYN., pac-
CMaTpUBaeMbIX Kak CHCTeMbl YacTHi, HaXONAIMUXCSA Ha HEU3MEHHBIX
paccroanuAx Apyr OT Ipyra, B CAEIYOIUUX cayyasx:

8 Mousnekyza ¥3 Tpex aTOMOB, PacTiONOMEHHKIX Ha ONHOH TIpAMOf,

TBET:

1
i =1,= " (mymglys = mymgly - mymyl3y), 1, =0,

CHe m, — macchl aToMOB, lgp — PacCTOsHUe MeXIy atoMamy a U b,
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Jasi IBYyXaTOMHOH MOJeEKYlbl HOAyuHacs Obi 3apaHee OYeBHIHBI
pe3yabTaT — NPOH3BeNEHHEe TNpHBeleHHON Macchl 06OMX aTOMOB Ha
KBajgpaT PacCTOAHHS MEXIY HHMU:

My
g -} my

6) Tpexatomuas Moaeky1a B BHIE DPaBHOGEIpPEHHOrO Tpeyronp-
nitka (puc. 20).

O7BerT. lleHTp HHEDUHH MNCXHT Ha BBHICOTE TPEYroAbHMKA Ha
PacCTOAHUH mgh/n OT ero OCHO-
BaHHA, MOMEHTH HHepPUHH:

l=1= 12,

I = 2mma,z

¥
n,

L="Tt et I=1,41,

2. OmpeleauTth rAaBHbIE MO-
MCHT5! HHEDHUM CIIOLIHBIX OJTHO-
POAHLIX Teu.

a) Towkuii crepmenb ILaH-
ol L

I
OtBeT: 11=12=T);Ll~’, I3=0 (Tomuumoil crepikus mpeHC-

6peracwm).
6) Ulap paamyca R.
OTBeT:

(Buuncaaty caenyer cymuy /41 —{—13_29Er~dV)

B) Kpyrosofi uvanuap paguyca R u suicoroii A,
OtBerT:

]1=12= 5

2’ P‘
?) o= R

.:>|':

(xg— oCb UMauHApa).
r) IpavMoyroanvnplil maparteaenumen ¢ panaaMu pebep a, b, c.
OTBeT:

=50+ ), L= ta), L=t

<

(ocH x4, Xy, X, Maparaeante pebpam a, &, c).

1) TpexocHnil 3a1MnCOHA C IOIYOCAMH a, &, c.

Pemenne. LleHTp HHEPUHH COBNAzacT C UCHTPOM 3LIMICOHIA,
a raaBHEe OCH HHEPUHMH — C €ro ocsaMu. VHTerpupoBanne no o6nemy
S/MANCONLA MOXET OhTh CBELCHO K HHTETPHPOBaHHIO 0 06bemy cdepur
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nyreM npeofpasoBanua koopauHar x =af, y=0bm, z=¢cl, npespa-
U[AIOLLer0 YPaBREHHE TNOBEPXHOCTH 3MIMICOMIA

Xty 22
st te=!

B YPaBHCHHC ITOBEPXHOCTH eJWHHYHON cdepH
g tt=1
Tak, a9 MOMECHTa MHEPUHH OTHOCHTEABHO OCH X MOAyuaeM:
Li=p{§§ 2t dedydz=pabe || § (422 4 020) diam at =
= abc %1’ 0%+ ¢,

rac I'— MOMCHT WHEDLMM IHIapa eIMHHYHOIO pajnyca. ¥ UMTHIBasf, YTO
o6beM 3/aHMNca paseH 4mabe/3, mony- '
YHM OKOHYATeNbHO MOMEHTH HHepPUUH

a ¥
L= @ +e), L=%(@4e),

!
|
!
|
i t
Iy=% (@ +b2).
I
I
3. OnpenenuTs YacTOTy MadnX KO- |
neGaHufl GU3NYECKOro MasnTHUKA (TBEp-
Ioe Teno, Kayawuleecs B MOJae TAKECTH 7
OKOJIO HEMOABHKHON TrOpH3OHTaNbHOH
oc). Puc, 21.
Pewmenmne. Ilycts /— paccros-
HHe OT LeHTpa HHepPUHH MasTHHKA 10
OCH BpaLleHHda, a @, §, 71— yran MexJy HanpasleHHAMH €ero rias-
HBIX OCefl MHePUMH M OCbl0 BpallleHHA. B kauecTBe IepeMeHHOH KoOOp-
IHMHATel BBOAHNM YrOX ¢ MEXNy BEPTHKANbI0 M IePHEeHINKYaspoM, OIy-
LIEHHBIM M3 LieHTpa MHepUMH Ha oOcb BpaimleHHs. CKOpPOCTL LeHTpa
uHepuuy V=1[$, a NpocKUMH YrI0BOH CKOPOCTH Ha rHaBHBIE OCH
MHepuui: $cose, $cosf, dcosy. CuuTas yrom ¢ MaloiM, HAXOAUM IO-
TeHUHMaJbHYIO 3HEPrHI0 B BHIe

1
U=pgl (1 —cos9) ~~ 5 pgle?,

[Mostomy ¢ynkumna Jlarpanxa

2 2
L:‘;’ o* - % (I cos? a 41, cos? f 41, cos? 7) $* — “g; o,

OTcloma aaa uacToTh Koae6aHHUiT uMmeeMm:
_ gl
pl2 -1 cos®a 4 Tycos? B Tycos2y °

4, HaliTh KMHeTHYeCKYI0 3Heprul CHCTCMLl, H306paXcHHOH Ha
puc. 21; OA n AB — TOHKHE OJHOPOJHEE CTEPIKHN IIKHOH [, IapHUPHO

4 JL 4. Janaay, E. M, Jlndbuun

w?
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ckpennennsie B Touke A, Crepwenms OA Bpamaerca (B IIOCKOCTH
pucynka) Bokpyr toukd O, a KoHcU B cTepxkHf AB CKOIL3MT BIOMIbL
ocu Ox.

Pemenune, Cxopoctsh uemga unepuun crepxus QA (Haxons-
werocs Ha ero cependne) ecrs /2, roe ¢— yron AOB. [lostomy xu-
HeTHyecKas sHeprus crepxua OA

(p — Macca OIHOro CTEPXHA).
JlekapTOBH KOOPNHHATH LieHTpa HHepuMu cTepkHa AB: X=

! .
= 5 0S¢, Y=—2— sin . Tak Kak yrioBaf CKOPOCTb BpalUeHHA ITOrO

CTEPXKHA TOWE PaBHA (Z), TO €ro KUHEeTHYCCKasa IHCPru#d
; sy 1 L g 0d? c oy ey F
L= &+ P+ o= (4859 ¢ +

Ilonrnas xuHeTHuecKas IHEPTrUa CHCTEMbI

2
T=%—(1+3sin2 9)
(noncrasneno [ = pl*/12 coraacHo 3anaue 2a)).

5. HaltTu xkMmeTMYeCcKyI0 3Hepru0 UMIHHApa (paimyca R), kard-
Ierocs TMo MI0CKOCTH. MaCca UMAMHApa pacHpeleneHa 1O ero o6beMy
TakuM 06pa3oM, YTO ofHA W3 T'MABHBIX OCefl MHEPUMM HapalienbHa OCH
UHIMHAPa M NPOXOJHT HAa DACCTOAHHM @ OT HEe; MOMEHT HMHepUHMH 0T~
HOCHMTENbHO ITOH raaBHOH ocH ecTh /.

Pemedue BBomMM Yol ¢ MEXIy BePTHKaAbi0 H MePHEHIMKY-
NAPOM, OMNYIUCHHbIM M3 UEHTPa TAXECTH Ha oCb WHMAHHApa (pHc. 22).

a
rd
7 7. Z e
Puc. 22, Puc. 23,

JiBMikeHHMe UHIMHIPA B Ka¥ibllf MOMEHT BPeMeHH MOXHO pacCMaTpi-
BaTb KaK YHCTOE Bpall€HHe BOKPYr MFHOBEHHOH OCH, CcOBHanaowicit
C JTMHMEH ero CONMPMKOCHOBEHHA C HEMONBHMKHOH IIOCKOCTbIO; YrioBas
CKOPOCTb 3TOTO BPAIUEHHA eCTb ¢ (YriIoBasi CKOPOCTb BPALCHUA BOKPYT
BCEX MapaaaenbHuX ocell onuHaxkoBa). LleHTp mHepumH HaxonHICa Ha

paccroannt } a® + R¥—26Rcose OT MrHOBEHHOH OCH H IOTOMY. €ro
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cxopocth ectb V=2¢} a* R*—2aRcos¢. [loanas xuHerdueckas
9Heprus

T=%(02+R2—20RCOS?)¢2+%¢”.

6. Halitu xHHeTHuecKyi0 9HEPrHIO OIHOPOIHOrO UHIHHAPA PajHyca
€, KaTALLErocs [0 BHYTPeHHeH CTOPOHe UHIHHIPDHYECKOH IMOBEpPXHOCTH
paauyca R (puc. 23).

Peunienue. BpoauMm yroao Mexny JHHHEH, COCTHHAIOWEN LEHTPH
060UX UNIHHAPOB, U BepTHKaabio. LIeHTp HHepuwH kartsAweroca uu-
JUHIDA HAXONMTCA Ha OCH U ero ckopocts V=% (R—a). Yraosyo
CKOPOCTb BHIUMCIAEM KaK CKOPOCTL UUCTOrO BPAalLEHHA BOKPYr MIHO-
BEeHHOI OCH, COBMNafaoulelf ¢ AMHIIeH CONPUKOCHOBEHHA LHIHHIDPORB; OHa

pasHa
oY _sR—a
__a_.? 2

Ecau /;— MOMeHT HHepuHd OTHOCHTEJIBHO OCH IHIHHApA, TO

o 1 —ay., 3 .
T=b R—app+ 3 B Sy g

(/;— u3 3apauu 28).

§ 26, MomenT uMnyJanca TBepAGro Teaa

Beanuuna MOMEHTA UMNYAbCA CHCTEMBI 3aBHCHT, KAK MbI 3HAeM,
0T BHOOpa TOYKH, OTHOCUTENLHO KOTOPOH OH ompeneseH. B re-
X4HUKE TBEPOOro Tesa HauboJee pauuoHaseH BHOOD B KauecTse
5TOH TOYKM Hayasja MOABMKHON CHUCTEMbl KOOPAHMHAT, T. €, HEHTPa
niepiuu Tena. Huae mu 6ysem monumatrs mox M momeHT, ompe-
JeJeHHbH UMeHHO TakuM o0pasoM.

CorytacHo  dopmyse (9,6) npu Befope Hayaaa KOoOpAMHAT
B LleHTpe UHeplinu Tesa ero MoMeHT M cosnagaer ¢ «coGcTBeH-
HBEIM MOMEHTOM», CB3aHHBIM JIMIIbL C JIBIXKEHHEM TOYeK Tesaa
OTHOCHTENLHO UeHTpa uHepuuu. Jlpyramu cioBamu, B onpele-

Jdenun M= Z m[rv] Hano 3ameHmTb V Ha [Qr]:
M= Y\ m[r[Ql]= > m{r'Q —r(rQ)},
HId B TEH30DHLIX 0003HaveHusx:

M= m{x}Q — x,; x4} = Qr 3, m {x1Bsx — xixr}.

Haxoren, yunrsizas onpenenenne (25,2) Tensopa uuepuud, noay-
YaeM OKOHYATEeJbHO:
M; =125 (26,1)
4.



100 IBIDKEHHE TBEPHOLO TEJA {rJa. vi

Ecau ocn Xy, xg, X3 HampaBJeHsl BAOJL FJIaBHHIX OcCeH uHep-
uuM Tesla, TO 3Ta opmysaa naert:

/VI] = ]lglv Mg = ].192, M3 = ]3523. (26,2)

B YAaCTHOCTH, AJA IIAapOBOro BOJIYKA, KOrAda BCE TPH r/1aBHbIX
MOMEHTa MHepUHH COBMNAAAKT, HMEEM NpPOCTO:

M=/Q, (26,3)

T. €. BEKTOP MOMEHTa MPOMOPLHOHANEH BEKTOPY YrJOBOH CKoO-
POCTH H HMMeeT OAUAKOBOE C HHM HaNpaBJeHHE.

B obutem e cayyae npoussoaAbHOro Teaa sekTop M, BooGuie
TOBODP#A, HE COBMalaeT NO CBOEMY HampaBJAeHHI0 C BEKTOPOM L,
¥ JUIIL NPY BPAlWlEHHH TeNa BOKPYTP KakoH-1u60 U3 ero raas-
HEX ocelt mHepuun M u @ uUMeOT OJMHAKOBOE HampaBJeHue.

Paccmorpud cBoOOIHCE ABH:keHHE TBEPAOFO TeJaa, HE [OA-
BEPKEHHOrO AeHCTBHIO Kakux-audo BHelinux cua. He npeacras-
afollee MHTEpeca PaBHOMEPHOE MOCTyMaTe sHCe ABKKeHHe OyaeM
Npeano/araTs HCKJIOUEHHBIM, TaK YTO DPeYb HAET O C¢BOGOAHOM
BpaliEHn TeJa.

Kak u y BCAKOH 3aMKHYTOH CHCTEMBI, MOMEHT HMIYJbCa
cB0GOANO Bpanlalomerocs Teaa nocrosrell, s WapoBoro BOA4Ka
ycaosne M == const npusoaut npocro Kk Q = const. 1o 3HauuT,
4To OOWMM CayuyaeM CBOOOAHOrO BpallleHUs WapoBOTO BOJYKA
ABJASETCA NPOCTO PaBHOMEPHOE BpalleHe BOKPYT NOCTOAHHOR OCHL.

Croabs ke npocT cJayualh poratopa. 3Aeck Toxe M=—=]Q,
npuueM BEKTOP Q neprneHAuKyJspeH K ocH poraropa. Flostomy
csobodnce BpallleHWe pOTaTopa eCTh P3BHOMEPHOE BpalleHUe
B OJHOM MNJOCKOCTH BOKDYT HampaB/JeHH:, MEPNEHAHKYARPHOTO
K 3TO# MNJIOCKOCTH.

3aKOH COXPaHEHMA MOMEHTa JOCTaTOYEH M AJA Onpenene-
unst Gosee CA0KHOTO CBOOOAHOTO BPALIEHHT CHMMETPHUYECKOTO
BOJIUKA.

Bocnoab3oBaBuinch NPOUSBOJBIIOCTHIO BBUSOpA Harpas/eHu#
T/aBHBIX ©Cel HMHepUHH Xy, Xy (NepneHAMKYJNALHHX K OCH CHM-
METPHU BOJIYKA Xg3), BLIOEPEM OCh Xy NMEPNEHAHKYJAAPHOH K MJo-
CKOCTH, OnpeaeiseMof MOCTOSHHBIM BEKTOPOM M 1 MTHOBEHHLIM
NI0JI0KEHMEM OCH X3 Toraa My==0, a us dopmya (25,2) Buaro,
yto 1 Q,==0. D10 3nauutr, uro HampasaeHus M, Q u ocu
- BOMYKAa B KamAblf MOMEHT BPEMEHHM JeXar B OAHOM MJIOCKOCTH
(puc. 24). Ho orciona B cBOWO ouepedb C/AEAYET, YTO CKOPOCTH
v ==[Qr] BCex ToueK Ha OCH BOJNUKA B KawAbiH MOMEHT BpEMeHH
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NEPNeHANKYISPHBL K YKa3auHoM NJOCKOCTW; ADYFHUMH CJIOBaMu,
OCb BOJYK3 PAaBHOMELHO (CM. HWKE) BPAILAeTCl BOKDYT Hanpas-
aeHnst M, onucwiBas kpyroso#t KoHyc (Tax Hasbizaemas pezyasp-
ras npeyeccus Boauka). OMHOBPEMEHHO C Mpeleccuel cam BOIUOK
[aBHOMEDHO BpaILAeTca Bo-
Kpyr coOcTBenHoH ocu.

Yraoseie cropoctu o6oux
5TUX BpauleHUH Jerko BhHIpa-
3UTh UEpes SaﬂallHYIO BEJAU-
uuHy Momentra M u  yroa
HakJoHa 6 ocu BoJuKa K Ha-
npabacHuio M. Yraosas cko-
pPOCTh BpaIlleHUs] BOJAUYKA BO-
Kpyr csoefl ocu ectn mpocto
npoexkuns £2; sektora £ Ha
3Ty OCh:

Q=10 =M 056, (26,4)
38 3

Jlaa onpegenenus ke CKo-
pocru npeueccun £2,, Hamo
pasaoxuth BekTop € no npa- Pruc, 24,

BUJIy naraJjnaejaorramMma Ha co-

CTaBJAIOIIME BAOAL X3 M BAOAb M. M3 Hux nepsas ne npusoaur
HY K KaKOMy MepeMelleHuio CaMCH OCH BOJYKA, a MOTOMY BTOpas
¥ 1aeT KCKOMYIO YIJIOBYIO CKOPOCTh npeueccru. WUs nocrpoenus
Ha puc. 24 scuo, uro sin 6 Q =), a nockoabKy Q) == M/l =
== Msinb/];, To noayyaem:

{
Q=T (26,5)

§ 27. YpaBHeHus ABHIKEHHS TREPHOro Teja

[Mockonbky TBEpHOE TEa0 OOaamaer B oO6IEM CAyuae MECThIO
cTeneHsMu cBo0OAB, TO oOWIasd CUCTEMa Y[aBHEHUH ABMKEHAA
JO/KHa COEPKaTh INECTh HE3ABUCHMBLIX ypasHeHui. Mx MOXHO
NPENCTaBUTh B BRAE, ONPENeJsIOleM NPOU3BOJHbIE [0 BPEMEHH
OT [BYX BEKTOPOB: UMIYJbCd M MOMEHTA TeEJa.

[Tepsoe u3 5THX ypaBHeHu#l moayuyaercs npocTo NYTeM CyM-

MHpoBaHus YypaBHeHud p=1 Qa1 KaxAoHl H3 COCTaBJAACILMUX
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TEJN0 YacTul, re P — UMIyJbc dactuusl, a f— meficrsyoman
Ha Hee cuJa. Bsois nosHb mMnyJbc Teqa

H N0/IHYIO ﬂeﬂCTBle[Lly[O Ha HEro cuay 2 f— F, NoJYy4YHUM:
dP
& =F. 27,1

Xora mb onpeaenuau F kax cymmy scex cua f, neiicrsyio-
IMX HA KaKIAYHO M3 YyacTdl, B TOM YUCJAE CO CTOPOHB APYrHX
yacruy tena, ¢akruyeckd B F BXOmaT aumib cuibl, AeficTByoiue
CO CTOPOHH BHEMIHMX HCTOYHMKOB, Bce cuubl B3ammoieficTeus
MEXAY 4YaCTHUAMHM CaMOro TeJa B3aMMHO COKDAIAKTCs; AeHCTBH-
TeNbHO, NpH OTCYTCTBUM BHEIUHMX CHJA HUMOYJAbC Tena, Kak
M BCAKOH BaMKHYTOH CHCTEMbB, JOMKEH COXPaHATbCH, T. €
nomxno Omth F==0.

Ecin U — norteHumaibHas SHEPrus TBEPAOro TeJNa BO BHELI-
HeM noJse, 1o cuaa F moxer Ovlth onpeaeneHa nyrem Auddepen-
UMPOBAHMS €€ MO KOODAKHATAM UEHTDAa MHEepUHd Tesa:

ou
F=— (27,2)
IlefcTBUTENBHO, 11D NMOCTYNATENLHOM NepemeiieHun Teqaa Ha SR,
HACTOJLKO K€ MEHMOTCA M [aldyc-BeKTophl R Kammol TOuKH
“ena, a NOTCMY H3MeHeHHe NOTEHUHAJbHCH SHEPrum

o

aU:Z‘ﬂ—’anzan0 Ul

e —BROZfz_—-—FBRD.

[Tepeftmem K BBIBOAY BTOPOrO YPABHEHHs ABMMKEHHS, ONpene-
JSIOMEr0 NPOM3BOAHYIO NO BPEMEHHM OT MOMEHTa uMIyabca M.
Ias  ynpouenus Bbigoda yaoOHO 8bOpaTh <HENOABHKHYIO»
(MHepuHanbHy0) cucteMy OTcyera TakuM oOpasoM, utobul B
JAaHHbLIE MOMEHT BpEMEHH LEHTP MHEePUHMH TeJd NMOKOM/CH OTHOCH-
teapHo Hee, Ilosyuennoe Taxum o0pasoM ypasBHEHHE ABHKEHUA
GyAeT TeM CaMmblM B CHJY FaJH/EEBCKOro NPHHUMIA OTHOCHTENb-
HOCTH CnpaBeauso ¥ 8 JoGo# Apyrofi uMHepUMaJbHOH cuCTEME

oTcyera.
M= 3 Y(rpl= Y [fp)+ Y [rp)

Hmeewm:
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B cuny caenanHoro Hamu BpiGOpa cucteMsl otcdera (B KOTOPGii
V=0) sHaueHne r B JAaHHLI# MOMEHT BPEMEHU COBNAZALT CO
ckopocThio v=R. TTocKO/BKY e BeKTODbi V H p=—mV N0

OJ/MHAKOBOE HarpaBJjeHue, TO [rp]_O 3aMEeHUB TaKie p na
cuiy f, nolyunm oxomnuaressno:

dM
;=K (273)
rie

K= > [rf]. (27,4)

Bekrop [rf] nassibaercs aostenmon cusor 1, tax uro K
€CThb CyMMa MOMEHTOB BCeX CuJ, Jedcraylowux Ha rtesto. Kak
n B nojHo# cune F, B cymme (27,4) dakrauecku KOS
YUUTHIBATLCA /ML BHEUIHHE CUJIbL B COOTBETCTBUM € 3aKOHOM
COXPaHEeHWUs MOMEHTa HMMYJALCA CYMMa MOMEHTOB BCeX CuJ,
JeHCTBYIOUIUX BHYTPH 2aMKHYTOM CHCTEMBbI, HOJ/MKHA OOpaliaTLCs
B HYJb,

MoMmeHT cuab, Kak W MOMEHT uMIyJbCa, 3aBMCUT, Boolule
rosopsi, OT Bbrdopa Hauasa KOOPAWHAT, OTHOCHTEJIBHO KOTOPOIo
oH omnpeaeaeH. B (27,3 —4) Momeuth ONpPelessioTcs OTHOCH-
TEJIbHO LEHTPA WHEPIUHU Tesa. .

[Iph nepeHoce nauala KOOPAHHAT HA PAcCTOSHME A HOBHE
PalMyc-BeKTOPbl T’ TOUEK Tesa CBA3aHbl CO CTapsiMM T nocpen-
crsoM r=r"-}-a. foaromy

K=>[rf]= > [ri] -+ Y [af]
N

K=K’-}- [aF]. (27,5)

OTcioa BUAHO, B YACTHOCTH, YTO BEJWYMHA MOMENTA CHJ HE
3aBucuT OT BhICOpa Hauajla KOOPAMHar, ecan noixas cuia F=0
(B TaKOM CJyuae roOBOPAT, YTO K TeJy HPUIONEHA napa ciid),

WameneHne noTeHnuasbHoR swepruu U npu noBopore Tesa
Ha OeckOHeYHO Maablit yroa 8¢ paBHO

BU=— N fiR= — D i[3¢-r]= — ¢ > [ri]= — Kig,
OTKYHa



104 ABMXEHHE TBEPOOTO TEJIA [TJ. VI

I1a dopmyJa 4% MOJHOTO MOMEHTa CHJ aHAJOTHUYHAa (popMy.ie
(27,2) nas nomwo# cuabl

pennoaoxkum, uro sexktopsl F u K Bsaumno nepnenauiy-
aspusl. B stoM cayuae Bcerza MoxHO ualite Takoli BekTop a,
yto6ul B hopmyse (27,5) K’ obparuiock B Hy.Jb, Tak yto Oyact:

K = |aF). (27,7

IMpu stom BHOOP a Heoanosnauew: npubasjeHue K Hemy J06OTO
BeKTOpa, napauienbHoro F, ne usMmenutr pasenctsa (27,7), rax
yro ycaosue K' =0 nact He onpeneseHHY® TOUYKY B MOABH.K-
HOH CHCTEME KOOPAHMHAT, a JHLIL OTpeleseHHYI0 NPSMYIO JIMHMI,
Taxum ofpason, npu K | F nefictBue Bcex Mpu/oKeHHbIX K Teay
cusn MoxeT OHTh cBeaeHo k omnoft cuse F, mefictayome#t Bros
onpeneseHHON npsMott JuHUM,

TakoB, B 4acTIOCTH, CAyuyail OLHOPOAHOTO CWJIOBOTO MO,
B KOTOpPOM [JeHCTBYIOla? HA MaTePHaJLHYIO TOYUKY CHJIA HUMeet
pus f=¢E, rae E — nocrosuueit BexTOp, XapakTepusyloumi
noJie, a BeJMUHHA € XaPaKTepH3dyeT CBOHCTBA YaCTHOB MO OTIO-
mieHnio K danHoMy fomo '), B arom cayuae umees:

=E e, K=[Der-E)

IIpennoaaras, yTo Ze =~ 0, BBeleM paldyC-BeKTOP Ty, omnpeie-
JIEHHBIH COTrJ1acHO

r, LS (27,8)

Toraa mpl MOJYYuM CJeayloulee npocroe BEIPaXeitde At NoJHIOTOo
MOMENTa CH/I

K ={r,F}. (27,9)

Takum oGpasoM, NpH ABHKENHH T3EPAOr0 TeJa B OMHOPOANOM
noJe BJIHAHHE MOJA CBOOMTCS K fAelicTBuio oano# cudsl F,
<NPUJIOKEHHOH> B TOurke ¢ panuyc-sextopoM (27,8). ITosoxeHue
3TOH TOYKH BCEUEeJO onpenesasercss CBOHCTBaMH C€aMOro Teaa;
B M0JIe THAECTH, HampuMep, oHa CoBMagaeTr ¢ HEHTPOM uHEepIUd
TeJa.

) Tak, B oaHOpOZHOM 31eKTpHueckoMm nose E ecTb Hanpamennocts
noas, a e— 3apam vacthus. B onHopomsoum mnoze Tamectn E ecte
YCKODEHHE CHJbl TAXCCTH g, @ €— Macca yacTuubl 7,
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§ 28. ConpykocHOBeHHE TBEpIbLIX TeJa

VYcaosua pasrogecus TBEPOOro TEJaa, KaK 3TO BUAHO U3
ypasHeHn#t nBukenns (27,1) u (27,3), moxHO cdopmyauposars
B Buge paBeHCTBA HY/M0 AEHCTBYIOIIMX HA HEro MOJHGH CuJbl
M TOJHOrO MOMEHTa CHJ:

F= Zf:O,
K=} [ri]=0.

CyMMUpOBaHHE MPOU3BOAMTCA 3AeCh MO BCEM TPHJIOKEHHBIM
K TeJYy BHEIHMM CHJaM, a T — PaiuyC-BeKTOPH «TOUEK MPHUJOIE-
HUS» CHJ; MPH 3TOM TOYKA (Ha4a/l0 KOOPAMHAT), OTHOCHTENbHO
KOTOPOM OMNpeme/sioTcss MOMEHTSH, MowerT OniTh BhIOpaHa npous-
sosbHbiM oOpasom: npu F=—0 3nauenue K He 3aBuCHT OT 3TOTO
BeIGOpa.

Ecan Mbl nmeeM Jesqo C CHCTEMOH CONPHUKACAIOMWIMXCS APYr
C APYroM TBEpAbIX TeJ, TO B pasHoBecud yc.aosus (28,1) nosmkHsl
BBIMOJIHATBCA A/t KAWAOro u3 Tea B OTAeabHOCTH. IIpu 3TOM
B YUCJO CHJI OOJJKHBI 6LITD BKJ/IKOUEHBI TAKXE€ 1 CHJbI, lIEHCTBle-
¥e Ha AAHHOE TEJO CO CTOPOHBI OCTAJIbHBIX COMPHKACAIOUINXCS
C HUM TEJ/L At CHJIBI TMPHJIOMKEHBI B TOYKaX CONPHKOCHOBEHHA
TeJd W Ha3bBAIOTCA cuaamu pearxyuu. OueBujHO, YTO AJS KAXABIX
ABYX Te€a HX B3aUMHGLIE CHJIBI PE€aKIMKA pPaBHbBI MO BEJHYHHE
H TNPOTHUBOMOJIOXHE! 1O HAMpPaBJEHHIO,

B ofwmeM cayuae Kak BEJAMYHHBI, TAK M HAMPABJIEHHS peakiuil
onpeaeasioTcs B pesyanaTe COBMECTHOTO peHICHHSI CHCTEMBLI
ypasHeHult pasHoBecus (28,1) Ans Bcex Tea. B nexkoropnix ciay-
4asfx, OJHAKO, HAMpas/JeHHE CUJ PezKluM 33JAeTCs Yice YCJIOBH-
aMu 3afaud. Tak, ecan Asa Tesa MOryT csoGOAHO CKOJB3KHTL MO
MOBEPXHOCTH APYT APYra, TO CHJB peaklun MEKAY HMMH Hanpas-
JIEHE! 10 HOPMAaJIH K TMOBEPXHOCTH.

Ecan conpuxacawomuecs Tega ABHAYTCA APYr OTHOCHUTEILHO
JApyra, TO, KpOME€ CHJ PEeaKlHH, MOABJAAIOTCA TaKMKe CHJL AHC-
CUNATUBHOTO XapaKTePa — cuasl MmMperis.

Bo3moxmnpl ABa THNAa ABHNKEHHS COMPHKACAIOMINXCST TeT —
cKonsocenue n kKatesne, Tlpn cKOMbKeHUH peakuun neprieHau-
KyJAIpHBl K COMPHUKACAIOUIMMCS MOBEPXHOCTSIM, a CHJAR TPEHUd
HAfpaBJeHBl 10 KAaCaTeJbHBIM K HUM. :

Hucroe kayerne XapaKTepHSYeTCs TeM, YTO B TOUYKAX CONpH-
KOCHOBEHHA HET OTHOCHTE/NLHOIO ABHKEHNA TeJ; APYTUMHU CJIOBaML,

28,1)
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KATsleecs TEN0 B KawIbl MOMEHT BpeMeHu Kak Obl 3aKpenjeHo
B TOUKe conpuxocnosenus, IIpu sTOM HanpaBaeHue CHUABL peak-
MM [IPOU3BOJALHO, T. €. He 00s3aTe/NbHO HOPMAJbHO K COMpUKa-
CaIOMMMCA NOBEPXHOCTSAM, TpeHHe Ke NMPH KaueHHU MPOsBASETCS
B BHAE HOMOJHUTE/JALHOIO MOMEHTa CHJ, NPENATCIBYIOLEro Ka-
YeHHIO,

Ecan npu CKOJLKEHUH TPEeHHEe HAaCTOAbKO MaJo, uTo UM
MOXHO BOBCe mnpenefpeub, TO TMOBEPXHOCTH TeA HASLIBAKOTCS
abcoaromro 2aadxuru. Hanpotus, ecau cBOHCTBA NMOBEPXHOCTH
OOMYCKaOT JAulib UYUCTOE KaueHHe rest 0e3 CKOAbXKEeHusl, a Tpe-
HUEeM NP Kauellld MOXHO mpeHeOpeub, TO NMOBEPXHOCTH HA3HIBAIOT
aOCORIOMAHO HEPOXOBANbIMII.

B o6oux cayuasx cuiel TpeHHs He QPUIYPUDPYIOT sIBHBIM 06pa-
30M B 3alaue O IBIKEHHUM Tea, U NMOTOMY SaZaua SIBASETCS YMCTO
MexaHHuecko#l, EcaM ke KOHKPeTHbie CBOHCTBA TPeHHst CyILecT-
BEHHbBl AJS1 IBHKEHHS, TO TNCCJAEIHEE He SBJARETCS YiKe UUCTO
MeXaHHueCKUM mpoueccoM (cp. § 20).

ConprKcciioseHHe Tea YMEHbINAET YHCJI0 UX cTencnell ceofoabl
IO CPaBlicHHIO ¢ TeM, KOTOPbIM OHM ofaafasu 6ol ApH ¢BOGOX-
roM npmaennd, Jlo CUX HOP NPH PACCMOTPEHHHM TaKOro pola
3aXau Mbl YuMTHIBaJH 370 OOCTOATESLCTBO MYTEM BBEAEHHA KOOP-
JAHMHAT, HENGCPEACTBEHHO COOTBETCTBYOIIHUX pPEaJbHOMY uucay
creneueit csoonmm., llpun Kauenuum Ttes, OZHAaKO, Takch BHGOP
KOODAHHAT MOMKET OKa3aTbCH HEBO3MOXKHLIM,

choaue, HaKJAaArBaeMce Ha JIABWIKEHHE TEa NpPpH KauCHUH,
3dKJI0YAETCS B PaBeliCTBE CKOPOCTeH COMPUKACAOILMXCS TOUEK
(T2K, npM KaueHHH TeJa N0 HENOABHUKHOU MOBEPXHOCTH CKCPOCThH
TOYKHM CONPHKCCHOBEHMS IOJKHAa OBITh paBHa HyMo). B obwewm
cAyyae TaKOe YCJOBUE BHDAMIETCA VPABHEHUAMU €853 BUAA

ani(]izo, (28,2)
i

rie C,;-— (PYHKUHU TOJBKO KOOPAMHAT (MHAEKC o HYMepyeT
ypaBseHus csszeit), Ecan jeBble CTOPOHBI PaBEHCTB HE SBAAIOTCA
HOMHKMH [IPOUSBOLHBIMU NO BPeMeHH Kaxux-1nbo (yHKUMH Koop-
IUHAT, TO 3TH YpaBHEHUs HE MOTYyT ObITh MPOUHTErPUDOBAHEL.
Ilpyrumu cJaoBamMy, OHW HE CBEAYTCA K COOTHOINEHUSM MEKRY
OAHUMH TOJLKO KOOPIAMHATaMH, KOTOPHIMH MOMXHO Oblio  Obi
BOCNOABL3OBATbCA AASE TOrO, uTOOB BBIPAa3HUTL TOJONEHHE Tes
yepe3 MeHLLIEe YUCJAO KOOPAMHAT B COOTBETCTBHM C PeaibHHM
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yucaoM cremeueit cBoGoab, Taxkue CBsisM HA3LIBAT HE20A0HOM-
HuMU (B TIPOTUBOTIOJIONHOCTD 20A0HOMHbLM, CBASLIBAIONIUM JANIIL
KOOPAMHATH CHUCTCMBHL).

PaccMoTrpun, HampuMep, KaueHue wapa 10 NJAOCKOH MoBepX-
Hoctd, Kak oOmiuno, o6o3nauny nocpeactsoM V cKOpPOCTh MOCTY-
NaTeABHOr0 ABHMKENNS (CKOPOCTb LIEHTPa Wiapa), a MeCPeACTBOM
Q — yraoByi0 ckopocts Bpauienus ero. CKOpPOCTb TOUKH KaCaHuA
wrapa ¢ IMJOCKOCTBIO MOJAYYHTCH, €CAU [OJOKUTh T == — an
B obwed dopmyre v—=V - [Qr] (a — patuyc wapa, n — enu-
HHYHBIH BEKTCD HODMa/i# K IVIOCKOCTH KaueHus B TOUKE COMpH-
KocHOBenus). Mckomas cBs3p npeicrannseT co6o# YCJI0BUE OTCYT-
CTBUA CKOJBXCHUA B TOUYKE KacCanud, T. €. AdeTcd ypaBHEHHEM

V—a[Qa]=0. (28,3)

Ono wue moxer OWTb NPOMHTErPHPOBAHO: XOTA CKOPOCTh V
npeacrtasaser co60H MOMHYW NPOUSBOAHYIO 110 BPEMEHM OT
paluyC-BEKTOPa IWEHTPa Illapa, HO 3aTo YrJO0Basg CKOPOCTh He
sBageTcd B oOIEM cayyae NOJHOM NPOM3BOAHOH Kakux-au6o
xoopauHar, Taxum o6pasom, csisb (28,3) nerosonomua?t),

Ilng  cocTaBieHMs YDaBHEHUH JBHKEHHS CONPHUKACAIOLIUXCS
TE/A CYWEeCTBYeT METOl, OCHOBAHHEI Ha SIBHOM BBENEHHH CHJ
peaxuuyu, CywHOCTb 3TOTO MeTOA2 (COCTaBJSIOUIEr0 COAEPIKAHUE
Tak Ha3blRAEMOro nmpunyuna J’Aiambepa) COCTONT B TOM, 4TO
A9 KaXKA0ro U3 COIPHUKACAUuXCa Tea MHUIYTCA YpaBHEHHd

dp \ dM Ve 5
=21 = 2Ir), (28,4

npuueM B YuC/JO JAEHCTBYIOIHX Ha T1edo cua f BxmioualoTcd
TaKAKE€ N CHJBl DEaKiluy; 3TH CW/ILl 3apaHee HEeM3BeCTHLI W Canu
ONPEACAMOTCA BMECTE C ABUMKEHHEM TEJAAa B Pe3yJ/bTaTe PelleHus
ypaBHeHuH. DTOT METOA B DPaBHOH CTemenu NPUMEHEM Kak npu
FOJIOHOMHEBIX, TaK H IIPH HErOJOHOMHLIX CBS34X.

) 3ameruy, 4TO TaKaa ke CBA3b AaA KAYCHUA HUAHHAPA Guina Gm
rononoMHoil. B 9toM cnyuae ocb Bpamienis coxpaHaeT TPH KaueHUM
TIOCTOAHHOE HANDAB/ICHNC B MPOCTPAHCTBE, M NMoTOMY Q = d¢/dt ABaa-
€TCA MONHOHA 1IPOM3BOJHON OT yraa NoBOPOTA ¢ UHAMHADA BOKPYI CBOCH
ocy. Cootnomenue (28,3) NPH 3TOM HHTETPUPYETCA M AT CBA3bL MEMLY
KOODIMHATON HEeHTPa HHEPUUM M YIIOM ¢
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3aaaun

1. Tloabaysncy npuuunnom a'Asam6epa, HAUTH yPABHEHHA JBHKE-
BUs OAHOPOAHOrO 1HApa, KaTAueroca MO MIOCKOCTH TOJ AeHCTBHEM
NPHIOMEHHBIX K HeMy Bueurvelt cuael F u momenrta cun K.

Pewmeunne. Ypasuenune cps3n (28,3) nanucano Ve B TeKCTe.
Beoast cuny peakumn (o6osuauum ee, kak R), mpuioxennyo B Touke
KACaHMsT LIAPA C TIIOCKOCTbIO, HANMLIeM ypasHenusn (28,4):

dv
dQ ‘

(3neco yuteno, yto P==pV n ut0 fnn waposoro poauka M =/Q). dud-
(depeHupys ypaeHenne csasn (28,3)
v/ M0 BPEMEHH, NOIYUNM:

V=a [Qn].

loncrasus B ypaBuHenue (1) m me-

Kmoyas @ ¢ nomoupo (2), Hailpem
yYpaBHCHUE

éﬁF+Rh=mﬂ—mR+anmm,

cBa3pipawuice cuay peakunn ¢ F un K.

Pacnucas 3To ypasHeHHe B KOMIOHel-
2

Tax W TOACTABHB Izzg pa? (cM. 3a-

aavy 26 § 25), 6yneM HMMeTh:

5 2
Rx=75Ky_7ny
5 2
Rym —2-Ky—7 Fy  Ry= —F,

Puc. 25,

(naockocts xy BHOGpPaHa B ILIOCKOCTH
Kauenus), Haxowneu, mojctasms sTH
pboipaxkenus B (1), MOJIYUHMM YpaBueHHs JABHXEHMs, CONEPKaALINe Yyxe
TONbKO 33AaHHLIE BHEIUHHE CHJIY H MOMEHT:

dv, 5 Ky dv, 5 K,
F‘E(Fx+'a>’ @\

Koumonentnt 9y,  yriopofi ckopoctn BhipaxaoTes ueped V, u V,
€ TIOMOLIbIO ypaBHeHus cBsi3n (28,3), a nnsa Q, nMeeM ypaBHeHHe

2 dQ
5 et g =K

{2-KOMTIOHENTa ypaBHenua (2)).
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2. OpHopoauuiit crepwens BD secom P u amuHolt [ onmumpacrcs
Ha3 CTeHY, KaKk MOKAa3aHO Ha puc. 25; ero HHKHHA KoHel B yaepiu-
BaeTcA HHTbI0O AB. Onpejennts peakiyio oNOp U HATSAKEHHE HHUTH,

Puc. 26.

PeuweHue Bec crepxHa NpeicTaBaseTcsas MPHIOXEHHOA K €ro
cepeanHe cuioit P, HanpapJeHHON BepTHKaabHO BHIT3. Cilibl peakuun Rp

H RC HanpaB/JeHbl COOTBETCTBEHHO

BEPTHKAILHO BBEPX H MepleHAHKY-
NAPHO K CTEPIKHIO; HaTAXeHHe HUTH T
uanpasaeHo or B k A. Pemchue
ypaBHeHHEt paBHOBeCHS aaeT

Re= % sin 2a,

Ry=P—R¢sinz, T=Rcosa

3. Crepxenb AB Bcconm P
OnupaeTcs CBOHMMK  KOHIAMU HA
TOPHM3OHTAMBLHYI0 H_ BEPTHKAALHYIO
nnockocTH (puc. 26) ©  yaepxit-
BaeTCA B 9TOM [OJOMEHHH [BYMA
ropusoutTatbHbING HiITAME AD u BC;
HuTh BC HaxoauTca B OAHOf (BepTi-
KaabHO#) IIOCKOCTH €O CTEpK-
Hem AB. Onpejgenautb peakuyu
OMOp M HaTAXEHUA HHTeil.

ST T s e T et R s il

&

14,
|
j

Puc, 27.

Pemenue Harawenus nurest T, n T nanpasiaedst oT A Kk D
u or B k C, Peaxuunt R, u Ry nepneHauKyaApHol K COOTBETCTBYIO-
UM [IIOCKOCTAM. PemieHye ypaBHeHuit paBrHOpecHa jacT:

P . -
Rp=P, TB=7c1ga, Ry=Tpgsini, T,=Tgcos}
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4, llea cTep®Ha papHOU [ COeMWHEHBl CBepPXY IIADHUPOM, a CHu3Y
ckpeniens HUTbio AB (puc. 27). K cepenuse oxHoro U3 cTcpiHed
1puiI0KeHa chaa £ (Becom crepikHell ipeHe6peraem). OnpefeldTb CHAB
peakuuu.

Pemenwue Haramenne nura T pefictByer b Touke A ot A k B,
a B Toyke B— 0T B k ‘A Peaxnnnt R, u Rp B 10uKax A W B mep-

ICHANKYIMPHb K 1aockocTd onopwl. [locpescTrom R, o6o3nauum cuny

peakund B wapHupe, ACHCTBYIOWYIO Ha cTepuens AC; Toria Ha crep-
wenb BC meficTeyeT peakuuf — R,. YclI0oBHe DaReHCTBA HYIIO CYMMbI

MoMenToB cia Ry, T u — R, nclictayomux na crepuens BC, npuso-
JBT K pe3yapTaTy, 410 BekTop R manpasaen Baoab BC. Ocraabubie

yClI0oBUA paBHOBeCHA (A4 KAWLOro H3 ARYX CTepiwHell) IPHBOIAT K 3HA-
YCHUAM

3 r
RA—':-‘I‘F, RB:

- F 1
““1"', RC—HHT’ T=~4-Fctga,

rpe a— yroa CAB.

§ 29. Jipmmenue B HeHHSDUHAALHOH cHCTeMe oTcuera

Ho cux nop, paccMarpusasl Apuxende moOOK Mexauuyeckol
CHCTEMDBl, Mbl BCErJa OTHOCHJIM €ero K HHepUHaAbHOH cucreme
orcuerd. TOMBKO B MHEPUMAJNbHEIX CHUCTeMaxX oOTcuera (DYHKILUS
Jlarpan:ka, Hanpumep, OOHON HaCTUILLI BO BHEUIHEM 110/ UMEeT BUA

mvs3
Ly= 5 A (29,1)
0 COOTBETCTBEHHO YypaBHeHue IBHUKEHUS
' dv, 00U

TR
(mpl O6yoem B 3TOM naparpade orauuaTh uHAekcoM 0 seauuuHsl,
OTHOCSLIMECS] K MHEPILHaJbHOR cUcTeMe oTCdeTa).
3alimemcsa Tenepr BONOCOM O TOM, Kak BBIIJIROAT YpaBHe-
H¥AdA OBUXEHHAd 4YacCTRIlbl B Helmepuuanbnoﬁ CUCTEME OTCYETa,
OTnpasdbiM MYHKTOM NPH PeLIEHHd 3TOr0 BONPOCAa CHOBA SIB-
AsieTcA TIPUHIUN HauMeHbILero AeHCTeus, NPUMEHUMOCTD KOTOPOro
He OrpaHuyeHa HHKAKAM Bbl()OPOM CUCTEMBI OTCYETd; BMECTe
C HUM OCTaioTCs B cule M ypasHenus JlarpaHxa
d oL oL
dt ov — or °
Qmiako dyukuus Jlarpanxka ymxe ue umeer Buia (29,1), u aas
ee HaxowZeHna HeoOXO0JxuMO NPOH3BECTH COOTBETCIBYIOUIEE Npe-
obpasoBanne QyHxuan Ly

(29,2)
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910 npeobpasoBaHue MB NpoussefeM B JBa npueMa, Pac-
CMOTPHM CHauasia cucreMy orcyera K’, KOTOpasi ABMXKETCS OTHO-
CUTEJBHO HHEpUHANbHOH cucreMbl Ky NOCTYnarenapbHo cO CKO-
pocreio V(f). Ckopoctu Vy M V' UaCTHUH OTHOCHTELHO
cucreM Ky u K’ cBsizaupl APYT ¢ APYroM COOTHOLIEHHEM

Vo=V |+ V(. (29,3)

Iloacrasus 310 BeipaxeHue 8 (29,1), noayumm Qyukumo Jlar-
pamxka B cucreme K’
y__my? ’ m y2

Ho V*(f) ects 3afannas (YHKUHMsS BDEMEHM; OHa MOwer OHITb
NpeACTaBieHa Kak TOJHas NpousBoAHas 1o f OT HeKoTopoH
Apyro#t QYHKUMH, W NOTOMY TPETHH UJEH B HANKUCAHHOM BBIPAKE-
Hun Moxer Obith onyuweH. Ilanee, v'=dr’/dt, rne r' — paauyc-
BEKTOP uyacTHLlbl B cucreMe Koopaudar K'; moatomy

dr’ d av .
t ’: — DT e 1 " — i
mV () vV =mV 77 dt(nVr) my’ —-.
IMoacrasus 310 B yHKumuwo Jlarpauxka 1 CHOBA ONYCTHB NOJHYIO
NPOM3BOAHYIO NO BPEMEHH, MOJYYHM OKOHYATENbHO:
my'?

U'=—;

—mW @)y — U, (29,4)

rae W=dV/dt —yckopeHue NOCTYNaTeJbHOrO MBHXEHHUS Ci-
cremn orcuera K.
Cocrasasist ¢ nomoubio (29,4) ypasnenue Jlarpanxa, noayunn:
r
DU mw o) (29,5)

Mui BHAMM, YTO B CMBICJAE CBOEr0 BJAMAHMA Ha YpaBHeHus
ABMXKEHUS YaCTULBl YCKOPEHHOE NOCTYNarenbHOe ABHMKEHHE CM-
CTEMBI OTCYETA IKBUBAJEHTHO MNOSBJAEHUIO OAHOPOAHOTO CUJIOBOTO
nossi, nNpuueM ASHCTBYIOIAS B 5TOM [OJE CHJIa PaBHa POU3BE-
JEHHIO MacChl YacTHUK Ha yckopeune W u HanpasJeHa B Npo-
THBONOJIOKHYIO 3TOMY YCKODEHHIO CTODOHY.

BBezeM Tenepp eme OAHY cucremy orcyera, K, Koropas
umeer obuiee ¢ cucremodt K’ Hauano, HO BpPaIaeTCsi OTHOCHTEMBbHO
Hee ¢ yraosoft ckopoctbio (f); MO OTHOLIEHHMIO XK€ K HHep-
unanpHot cucreme K, cucrema K coBepIiaeT Kak INOCTYNATedb-
HOE, TaK M BpallaresbHOe JABHXKEHHe
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CkopoCTb V' uyaCTHUBI OTHOCHTEABHO cucreMbl K’ CKaafui-
BaetTcCsd U3 €€ CKOPOCTH V OTHOCHUTEABHO CHCTEMBI K H CKOpO-
ctu [Qr] ee Bpawenust BMecTe ¢ cucremoit K:

=v+or]

(pamuyc-BexTopn T # ¢’ uactuus B cucreMax K n K’ coBnagaiot).
Moncrasue 310 BHIpaxenne B ¢yHkimio Jlarpauxa (29,4), noayunm:

ﬂl”()

L=

4+ mv|[Qr]-F 5 o (@ —mWr — U, (29,6)

Dro ects 06w Bux QyHxkumu JlarpaHka 4acTulbl B MPOU3-
BOJbHOH HeuilepllnanbHoii cucteMe orcueta. OTMETHM, YTO Bpa-
WEHAE CHCTEMBl OTCYETa NPHUBOAUT K MOABASHHIO B (yHKUUHM
Jlarpan:xa unieHa cosepluenso ocoCoro Brla— JAdHEHHOro 6o
CKOPOCTH YacCTHLLBL

Il BLIYMCJEHHS TNPOU3BOAHBIX, BXOAAUIMX B ypaBHEHHE
JlarpaHxka, nuuieM noJHeld aupdepenunan

dL=mv dv + mdv[Qr]+ mv|Q dr] 4-m [Qr][Q dr] —
— mW dr—%—dr:mv dv - mdv [Qr] {-mdr [v9]+

+ m|[[Qr] Q@] dr — mW dr — o a’r.

Cobupas uzenn, cofepumauwue dv n dr, naizem:

oL
v ="V —+ m[Qr],
oL ouU
——nz[vQ]+m[[Qr]Q]—mW— .
[Moacrasus 31U Bhpaienus B (29,2), noAyuuM HCKOMOE ypaBHe-
Hue ABHKEHUA
dv oU
My =—5= — mW - m[rQ] 4 2m [vQ] + m [Q[rQ]]. (29,7)
MBI BUANM, YTO «CHJBI HHEpUKU», 0OYyC/JOBJEHHBIE Bpaile-
MEM CHCTEMBI OTCueTa, CaaraiTcs M3 Tpex vactedl. Cumaa m[rQ]
CBA3aHA C NEPABHOMEPHOCTBIO BpallleHUs, a ABe Opyrue Mpu-
CYTCTBYIOT i npu pasHomepnoM spawenni. Cuna 2m [vQ] nasm-
BaeTca cuaoli Kopuoauca; B OTJAHUME OT BCEX paHee paccMar-

puBaBuinxcs (He AUCCHNATHBHLIX) CHJ OHa 3aBMCHAT OT CKOPOCTH
vacruupl, Cuna m|Q[rQ]] wuassisaercs gewmpobedcrod. Oua
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HanpaB/eHa B TJIOCKOCTH, NPOXoAsiuielt uepes r u Q nepneuau-
KYJSPHO K OCH BpalleHnst (1. €, Hamnpaszaeuunio ), B CTOPOHY
OT ocH; TIO BeaWuuHe uentpobexnas cuia pasua mpQ? rie p —
paccTOsHUE YaCTHLBl OT OCH BPALICHHS,

Paccmorpum ocofo cayual paBHOMEpPHO Bpallaiouleiics cu-
CTEMbl KOOPAMHAT, HE HMEIOIEH MOCTYNATEABHOrO YCKODEHHS.
Hoaoxus B (29,6) u (29,7) @ = const, W =10, nonyuum @ynx-
uuo Jlarpania

L= mv[Qr] FIQPF—U (299
u ypaBHEHHe JBHKCHHUSA ’
" %z—%Jr 2m [vQ] - m [Q [rQ]]. (29,9)

BoluncauM Takme HEpPruio yactuus B 3TOM cayuae, Iloa-
CTaBHB

pz—g—é—zmv -+ m [Qr] (29,10)
B E=pv—L, noayuum:
E="Y _ Miorp U (29,11)

OO6patuM BHMMaHHE Ha TO, YTO B SHEPrUM JHHEHHHHR 1O CKO-
POCTH uJeH OTCYTCTBYeT. BiMsHMe BpAalICHHS CHCTEMBI OTCUE€Ta
CBOAMTCA K A00aBJEHHIO B IHEPIUM UJEHA, 3ABUCALIETO TOJBKO
OT KOOPJAMHAT YacTHilbi ¥ NMPONOPUHOHAJBHOIO KBaAPATy Yr/iaoBoi
CKOPOCTH, JTa  AONOJHUTE/NbHAs  TOTEHLHA/JbHAs  HHEPrus

m 3 o
—?[Qr]z HA3LIBAETCSH YeHMPOOeHCHOH,

CKOpOCTb V yacTHLlbl OTHOCHTEJNbHO PaBHOMEPHO BPallaio-
Iecs CUCTEMBI OTCYETa CBA3aHA C €€ KE CKOPOCTBIO V, OTHO-
CHTENbHO MHEPUHaIbHOR clicTeMbl K, mocpelcTBoM

vo=v |- [Qr]. (29,12)

[Tostomy umnysasc p (29,10) uacruust B cucreme K coBmamaer
C ee JKe MMIYJAbCOM DPy=rmv, B cucreMe K, Bmecre ¢ Bumn
COBMNAJAT TaKKE MOMEHTH uUMIy/bcoB My=|[rp,] 1 M=[rp].
Dueprun we vactuukel B cucremax K u K, pasawmunn. Ioacra-
BuB Vv u3 (29,12) B (29,11), noayumm:

mug

E="0 — mv, (@] 4- U="8 4 U—m[rv,] Q.
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Iepaoie ABa yaena npeicTaBiasioT coOoi sHepruto £y B cucteme K.
BBOlIH B NMOCJACIHUHA yJeH MOMEHT HMIYJbCa, NOJYyYUM:

E=E,— MQ. (29,13)

J10#t opMyNOH onpeldenseTcs 3akoH npeobpasoBaHus SHED-
FHM NpH NMepexole K PaBHOMEPHO Bpamalomledics cucreme Koop-
nuuar, XoTa Mbl BBIBEAM €ro JJAsi OAHOH 4YacTHLbL, HO OYEBHUIHO, '
YTO BHIBOM MOMKET OBITh HEMmOCPEACTBEHHO 0000LleH Ha cayyald
mo0o# cHUCTeMBl uacTuL, ¥ NPUBEAET K TOH ke (popmy.e (29,13).

3anayH

1. Ha#tn oTkmoneHe cBOGOAHO Majawuiero Tema OT BepTHKATH,
ofycnoencHnoe BpalieHMeM 3eMad. (YrAOBYI CKOPOCTL BPaLeHHA
CYHTAaTb ManoH.)

Pemenne. B none rmxectn U= —mgr, rie g — BeKTOD yCKOpe-
HUA CHAB TAWCCTH; NpeHebperas B YpasHeHMu (29,9) uenrpoGexnot
cHIOH, comepkauie KBagpar Q, NMOAYYMM YParRHCHHE IBHMKCIA B BULE

v=2{v@]+g. 1

Pemrdem 370  ypaBHeHMe IOCTeROBATCAbHLIMH NPUGIHKEHUAMH,
Naa storo momaracM: V=V;+ Vs [j¢ V,— pellcHie yPaBHeHUs
vi=g, 1. e. Vv,=gt-} v, (Vo— HauaabHa# CcKopocTb). [logcraBaas
v=v,+ v, B (l) ¥ ocTaBana Cmpasa TOALKO V, IIONYYUM YyDaBHCHHE
&Ad Vgl

v =2[v,Q] =2¢[gQ] + 2[v,Q].

VIHTCrpupys, MOayuuM:
gt | £ 9
r=h+ v | 5= [gQ]+ £ [viQ), (2)

rae h— BeKTOp HayaabHOrO MOMOXKCHHUA YaCTHUbL

BuifepemM ochb 2 MO BEPTHKANH BBEPX, a OCb X — M0 MePHAMAHY
K MoAlCY; TOrfa

gx=8y=0, g=—g 9r=02cos}, 2,=0, ¢, =Qsin},

rge A —iuupora (KOTOPYIO AAA ONpeLeNeHHOCTH MpexnoxaraeM ceBep-
noif). Tlomoxus B (2) v, =10, Halgem:

3
x=0,y= ——~%—g9cos)\.
[loxcTaBMB CoOMa Bpemsa MajeHua ¢ ==} 2hjg, HaliieM OKOHUATEALHO:
1 /2h\3/2
A:O,y——§<—§-> gQCOS)\

(oTpHuartebHbie 3HAYECHHMA Y COOTBETCTBYIOT OTKAOHEHHMIO Ha BOCTOK).
2. Onpefeauth OTKJAOHEHHE OT IUIOCKOCTH AAA T¢Ad, GPOIIEHHOro
C MOBCPXHOCTH 3eMAM ¢ HaYaAbHOH CKOPOCTBIO V.
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Pemenne BrubupieM NIOCKOCTD X2 TaK, YyTo6bl CKOPOCTb V,
sexara B Hell. Hayaibnas Bbicota A=0. a1 60KOBOr0 OTKJIOHEHHA
noayyuM 3 (2) (3agaya l):

£
y=—3 €9 1 2 (2o — L;044),

MJH, NOICTaBHB BpeMA loJeTa f == 27,,/g:

% 0 A in?
= —— = Uz COSA— Ty SINA |,
y & 3 Yoz 0x
3. OmnpelleauTb BAMAHKE, OKa3HBACMOE BpalleHHeM 3eMJau Ha Madbie
. Kone6GauMa MasATHHKA (TaK HasbiBaeMblfl maamuux DYKro).
Pemenne. Ilpene6peras BepTUKaZbHHIM CMeLUEHHeM MasATHHKA
Kax Manofi BeJHYHMHOIl BTOPOro HOPAIKA, MOXKHO CYUTAThb ABHUMEHHE
Teaa NPOUCXOAAINM B FOPH3OHTaALHON NIOCKOCTH x¥. ONycKas YaeHbl,
cojepxauuie Q7 HanulWeM YDPaBHEHHA IBUKEHIs B Bije

&40l =20,0, 4 oly=—20,,

rie ©—vuacrora xoaeGannfi MaATHHKA Ge3 yuera BpAUlcHHA 3emau,
Y MHOMHB BTOpPOE YDPABHEHHE HA { U CJAOKHB C TICPBHIM, OAYYHM OAHO
ypaBHeHHe

Eb2i0f 4 o=

Jas koMIekcHolt Beaiyuuel § = - iy. Ilpy Q, <€ v pcuwenue 3Toro
YDaBHeHusA HMCET BH1I
—iot iot — it
f=e 2 (Ale -+ Age )
uay

. —i2 ¢ .
x+iy=e Yz (%o -+ iye)s

rae QyHKUHM X, (£), ¥, (f) RAOT TPaeXTOPHIO MasATHUKA 6e3 yyera Bpa-
nieHHa 3emad. BadsHme 3Toro BpaiueHHs CBOIHMTICA, CIeLOBATeNbHO,
K NOBOPOTY TPAEKTOPHHM BOKP)T BEPTHKAAH C YILIAOBOH CHOpUCTBIO 2.



I'arasa VI
KAHOHUYECKHE YPABHEHUS

§ 30. Ypapnenus I'amuabtoHna

DopMyANPOBaHHE SAKOHOB MEXAHHKHM C TOMOILLIO yHKIHY
Jlarpamika (4 BHBOAUMBIX U3 Hee ypasHetuH Jlarpawka) npenno-
JaraeT  ONUCaHHe MEeXaHWYECKOTO COCTOSHHSI CHCTEMH NyTEM
3amanns ee oOOOLIEHHBIX KOOPAWHAT H cKopocted, Taxoe onu~'
CaHye, OMHAaKo, He SBJSETCS €MIHCTBEHHO BOBMOXKHBIM., Psn
NPEUMYIIECTB, B O0COGEHNHOCTH NpH HCCAEN0BaHUM Pa3IHUHBIX
oOIHUX BONPOCOB MEXaHMKH, NPEACTaBIAET ONUCAHME C NOMOILBLIO
o6o6uieHtbIX KOODARHAT U MMIYJALCOB cucTeMbl. B cmasn ¢ atum
BO3HUKAET BONPOC O HAXOXAEHHH VDAaBHEHHH [BUMKEHUs, OTBe-
YAIIUX TaKOH (OpMyaMpoBKE MeXaHHKH.

ITepexoa or oanoro Habopa He3aBHCUMBIX TNEPEMEHHEIX
K JDYrOMY MOXXHO COBEPIUHTH mNyTeM npeoOpa3oBaHus, H3BECT-
HOTO B MaTe€MAdTHKE MO HasBaHueM mnpeoOpa3oBauud Jlexanapa.
B naHHOM cCiayuyae OHO CBOAUTCS K CJAEAYIONIEMY.

HMoanwit nupdepenunan dynxunn Jlarpamxa xak Qynxuan
KOOPIVHAT ¥ CKODOCTEH paBeH

{

oL VL 4
dL= Y2 dg, 4 Y So-dg.
L Oqi 91 é g:

i
aTO BBRIpAXEIINEe MOXHO Hanucath B BUIe
dL==Y\p1dq; + D\p: d4s, (30,1)

NIOCKO/MbKY TMpPOW3BOAHEE OL/0¢; SBASIOTCHA, MO ORPEREIEHHIO,
obGobwenHyMe  uMnyabcamu, a8 0L/0g;=p; B cHAy ypaBHeHUi
Jlarpanxa.
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IMepenucas teneps BTOpOi usen 8 (30,1) B BuAE

>pidgi= d(ZPiéi) — > dudps,

nepeneca NOJHHH auddepenunan B JeBYIO CTOPOHY pPaBeHCTBA
M H3MEHUB Bce 3Haxu, noayunM uz (30,1):

d(Dipigi— L) =—>P:dg; -+ > ¢ dp;.

Besuunna, crosiuas noA 3HaxoM muddepennuana, npencras-
aser co6oi sHepruio cuctemsl (cM. § 6); BeIpaxceHHas uepes
KOOPAMHATH M HMNYJbCH, OHA HA3LIBAETCH 2QMUALMOHOGOR
oynryuel

Hp, ¢, = Ypigi— L. (30,2)
W3 nuddepenuuassuoro papeHcTna

dH=—Y\p;dg; + >\ ¢: dp; {30,3)

CeNYI0T YpaBHEHHUs

) oH

qi= op:’ Pi—— dg; (30!4)

DTO — UCKOMBlE YDaBHEHHS ABMKEHUS B NEPEMEHHHX p H ¢,
TaK HaswBaeMble Ypasgwernusg [amuasmorna, OHU  €cOCTABIASIOT
cucteMy 2s auddepeHuUaNLHBIX YpaBHEHHH NepBOro nopsaKa
Aas  2s HeusBecTHHX ¢yHKkURH p(f) u ¢(f) BMecTo S ypasHe-
Hufi BTOPOro MOPAAKA JarpaHxeBoro Meroda. Beuay ux dop-
MaJbHOA NPOCTOTH ¥ CUMMETDHUM 3TH YPABHEHMS HA3BIBAIOT TAKKe
KQHOHRUYeCKILMIL

INommasa npouspoaHas ¢t ¢yuxuun 'amusapTona no speMeHu

dH __oH oH |, o ,
717——0;‘1‘27[;%—1‘2—0;%

ITpu noacranoeke ciofa ¢; u p; u3 ypasuennit (30,4) nocaenuue
JBa 4J€Ha B3aMMHO COKPAIAOTCA, TAK 410

dH __ oH

@ ot (30,5)

B uacrhocty, ecan dyuxinms TamnibToHa He 3aBUCUT OT BpeMeHH
i

a8H0, 10 dH/dt=0, T, € MM CcHOBa NPUXOIUM K 33aKOHY

COXDaHeHHsd SHEpPTHH.
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Hapagy ¢ A4HaMHYeCKUMU TEPEeMEHHBIMH ¢, § WaH ¢, P PYHK-
uuu Jlarpanxa u I'amuibTOHa comep.«ar pasnMyHble mapa-
METDHl — BEJIHYMHLI, XapaKTEPU3yIOHIHe cBolcTBa camolt Mexai-
YeCcKoH cucTeMbl HJ/AM OAEHCTBYIOHIEr0O Ha Hee BHeWHero noJst.
Tlyctb ) — raxo# napamerp, PaccMaTpusast ero Kax nepeMeHHy!»
Be/HUHHYy, Oyaem uMers BMecto (30,1):

R . oL
dL:Zpidqi+2pidqi‘%‘7)T d,
nocae uero smecro (30,3) nomyunm:
\I D, oL
dH=— ZP;’ dg; +- 2_ gidp;s — —5- A\

O71ci00a Haxo0AUM COOTHOLUEHHE

(35 =-/3£). , (30,5)
Ok jp. g Lok /g, q

CBA3LIBAIONIEE YACTHHE TNPOU3BOAHBIE 10 TAPAMETPY A OT (PYHK-
iwuit  Jlarpanaia u aMUIBTOHE; MHAGKCH YV 1IPOM3BOLHBIX YKashi-
BaoT, uro AudepeHIpoBaEue KOJLKHO NPOH3BOAUTHCA B OAHOM
C/lyyae NpH MOCTOSHHBIX p M ¢, a B ADYrOM — IDH TNOCTOSHHBIX
q 4 q.

ITOT pesyabTaT MoxeT OblTh IPEACTaBACH M B APYrOM
acnexkte. Ilycts @yHkuus Jlarpanxa umeer Bua L=—L,-} L/,
rae L' npeacrasaser coboft Maayio n00aBKy K OCHOBHOH (yHi-
uun L, Torma coorsercrsyionas fobasra B (ynkuny Iasuib-
tona H==H,-}+ H' csssaHa ¢ L’ nocpeacrsom

Y, g =—L; (30,7)

3anauyu

1. Hailtd ¢yuxuuo amanpToHa A OAHOH MATEPHAILHON TOYKH
B NeKapTOBbIX, HHIHIJIPHUYCCKHX H chepHYeCKHX KOOpDHHHATAX.
OTBeT. B nekaprosux KOOPAHHATAX X, ¥, 2

He= e (0% 42} 472 + Ulx, 3. 2).

B UUIHHAPUYECKUX KOOpAHHATAX r, ¢, 2.

o

1 P} o
H =y (pi+7-f~ +p§) - U(r, ¢ 2).
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B coepnueckux xoopauHartax r, b, ¢

1y i J
f’zfgk\P;+"ﬁ+m>+U(f, 0, ¢).

2. Haiitu dyuxkuuo [aMHUIbTOHA YacTHilLl B PaBHOMEDHO BpAU1aio-
nlefica CHCTEMe OTcYeTa,
Peuwenue M3 (29,11 u (29,10) monyunm:

§ 31. Ypashenue I'amunntona — Slkodu

ITpn GdopMyIMpOBKe NPHHILMNG HAMMEHBUIErO JAEHCTBHA Mol
paccMaTpUBaJn MHTErpan

2
S=\ Ladt, BLhH
fy

B34THIH 110 TPaeKTOPHH MEeXAY IByMd 3a1aHHbIMH NOJOXKEHHARHN
¢'V n ¢®, Koropsle cucTeMa 3aHHUMaeT B 3a/aKHBIE MCMENTLI
ppeMenu f; u fo. IIpH BapbHpOBaHMM Ke JEHCTBHS CPABHUBAIUCDH
3UAYEHUs STOr0 HHTerpasa Lnf OJMHBKUX TPAaeKTOPUH ¢ OMLMH
W o<TeMHM ke 3HaueHusmMu ¢ (f) u g(fp). Jlumb oaHa w3 THX
TPAéKTOPUH  OTpevaer JAeHCTBUTENbHOMY JBH/KEHUIO — Ta, [Jd
!{OTOpOﬁ HHTErpan S MHUHUMAJEH.

PaccMoTpem tenepb nouaTne JAeHCTBUsi B JAPYroM acnexre.
Vinenno, Oyaem paccMarpusarbh S Kak BeJIMYMHY, XaPaKTeLH3YIO-
L1y o JBHKEHWE 1O HUCTHHHBIM TPAEKTOpHUAM, N CpaBHHAM 3HauEC-
nns, KOTOPbHIe OHa HMeeT [Js TpaekTopull, usewpinx obwmee
Hauano g (f)=¢, HO DPOXOAAILMX B MOMEHT f, uepes pas-
auudpie nosoxeuus, Jpyrumu caopamu, OyleM paccMarpiBath
uHTErpa1 JeHCTBUA [Jas HCTHHHBIX TPAeKTQpHH Kak (yHRURIO
3HaUEHMH KOOpPIMHAT HA BEPXHeM Mpejlese HHTErPHpOoBaHus.

HMsmeneHue neicTBua npu nepexoje OT OAHOH TPaeKTOPHH
K G.auskoit k Hell ApPYrod TpaekTopuu jaercs (NLH oAHOH CTe-
nequ ceoGosl) BepaxeHnem (2,5)

£

oL f2 oL d dL
38— B O L e
S 0d % itl ' S (04 dt 0!1')8q dt.

1

MocioabKy TPacKTOPHM HeHCTBUTEJILHOTO [BHKEHUA YIO0BAETBO-
pslot ypaBHenusim Jlarpamwa, TO cTOAmMH 3/€Ch HHTerpan
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oOpauwaeTcss B HyJb. B mepBoM e ujieHe moJiaraeM Ha HibKHeM
npenesne 8¢g (t)=20, a suauenue 8q (t;) 0603HaUMM NPOCTO, KaK 3g.
3amenuB Takie 0L/0§ ua p, noayuuMm okonuareasHo: dS=p 3g
win B obuieM ciayuyae Jmoboro uucaa creneneft csoOoAB

88 =D\ p: 3. (3L2)
:

HUs 3TOro COOTHOILUEHHs C/IefyeT, YTO 4YACTHBE NPOHM3BOJIHEIE
OT AeHCTBHS 110 KOOPAUHATAM PABHBI COOTBETCTBYIOIMM UMY /IbCAM
AnanoruuHslM 00pasoM JAeHCTBHE MOXHO MOHUMATH KaK SIBHY IO
(YHKUMIO BpEMEHH, pacCMaTpPHUBas TPaeKTODHH, HauMHAWLIHecs
B 3aLaHHBI MOMEHT BpeMeHH f; B S8aZaHHOM nOJOxeHHH gl
HO 3aKaHuMBaOLMecs B 3amaHHOM mosoxenuu ¢ B pasmuunse
MOMeHTH BpeMeHu fo—1{. IloHuMaeMyio B 3TOM CMBbIC/]IE HACTHYIO
NpOUsBOAHYI0 O0S/0f MOXHO HaHTH [yTEM COOTBETCTBYIOLLEr0O
BappupoBaHns uuTerpana. Ilporle, 0mHako, BOCIOMb30BATECSA YHKe
usBecTHolt Ham dopmynoft (31,3), nocrynuB caedyouiuM o6pason,
ITo camomy onpefeseHuio AefiCTBUS ero mOJHas NPOU3ROAHAS
N0 BpeMeHH BIOJb TPAEKTOPHH paBHA:
ds
-7 =L 31,4
-C apyroli cTOpOHH, paccMaTpuBas S kak QYHKUHMIO KOOPAMHAT
¥ BpEMEHH B OMNHCAHHOM BHILIE CMBICJAE W HCIOAB3YS  op-
mMyay (31,3), umeen:
dS S | 9 . 48 .
P72l VA . 'a;qi—w"l"zpi‘h-
T 13

Cpasuusas 00a BHID2XEHHUS, HaXOANM:

0S .
5 L— 2 Piq:
!
UM OKOHYATEJIbHO:
iN -
—5z—=——H(p, q, 1. (31,5)

Gopmyast (31,3) n (31,5) BMecTe MOxHO 3anmcaTb B BUJe
BBIPaXeHHs

dS= > p;dg; — H dt 31,6)
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I NoJaHoro Auddepenunana JeHcrBus KaK (PYHKUUH KOOPAHHAT
¥ BpPEMEHHM Ha BepxHeM mnpeleie unrerpuposanus B (31,1). Camo
K€ JEeHCTBHE COOTBETCTBEHHO HANHMLIETCA B BHAE HHTErpaJa

S=S(Zp,-dq,~—Hdt>. (31,7)

B uwacrHoctH, ecau Qyuxkuus H(p, g) He 3aBUCHT OT BPEMEHH
IBHO, TAK YTO JHEPrUs COXPAHAETCHA, MOXKHO 3aMeHHTs H(p, §)
nocTosHHOH E W TOra 3aBHCHMOCTb S OT BpeMEHM CBOAHMTCH
K cnaraemomy — Ef:

S(g, H= S () —EL, (8L38)
rie

Si@y= Y \p: dq:. (31.9)

14

dynxkumio S, (g) HHOTAA HAa3LIBAOT YKOPOLEHHHM OeldcmBued.
dynxuun S(g, t) ynosjaersopser onpejeneHHomy Auddeperi-
HHaAbHOMY YPaBHEHHIO, KOTOPOEe Ml NOJAYYHM, 3aMEHHB B COOT-
Howenuu (31,5) umnyabcol p npousscAnsiMu 05/0g:
98 4 (oS 98,
ot \0q, 09
D10 ypasHenue B YACTHHIX NPOU3BOAHEIX EPBOrO NOPAIAKA Hasbi-
paercsd ypasuenuesm Iamursmona — Srodou. Tak, maa omioH
uacTUlL BO BHelHeMm note U(x, y, 2, {) OHO HUMeeT BHI

5 Tl oe) Tla) @)+ U s 0=0
(B31,11)

Ypasuenue [amunbrona — SIko61 NPUHEMAET HECKOAbKO 00J1€€
npoctyio dopmy, ecau dynxuua H(p, g) He 3aBUCHT OT BPEMEHH
aBHo. Basas S(g, f) us (31,8), nmoayuum a8 yKOpPOUEHHOro Aeit-
CTBUS ypaBHCHHE

95, 95, \— 31,12
H(GR, o 525 o oo 45)=F. (31,12)

X t):o. (31,10)

§ 32. AnnaGaTuuecKkie WHEApHAHTHI

PaccmoTpnM MEXaHHUYECKYIO CHCTEMY, COREPIIAIOULYIO OMHO-
MepHOE (PUHHTHOE ABIKCHUE M XaPaKTEPHU3YIOWLYIOCd HEKOTODBIM
NapaMerpoM A, OI[ELeNIONMM CBOMCTBA CaMOH CHCTEMB HJd
BHEILLHEro 1NoJd, B KOTOPOM OHAa HaXOAUTCH. '
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IIpeanmonomuM, Yro napamerp i NOA BJHSHHEM KaKHX-aubo
BHEIUHHX TPHYMH MEAJEHHO (KaK roBopAT, ainaGaTHuYECKH) MEHs-
€TCs CO BPEMEHEM; 1O <«MCIANCHHBHM» HMEeTcs B BHAY TaKoe
¥3MEHeHue, NPU KOTOPOM A Mallo MEHSeTca 3a spems mepuona T
ABHKEHHS CHCTEMBL

. di
T <M (32,1)

Takas cucrema He fBJSETCS 3aMKHYTOH M ee sHeprus E He co-
xpaufercs. Ho B cuiy MeaseHHOCTH usMeHeHuss A MOXHO yTBep-

WAaTbh, 4YTO CKO[LOCTH E naMeHenus SHEPruil MNpONOLUNOHAJNbHAE

CHOPOCTH A U3MEHeHWsl mapaMerpa A. DTO 3HAUUT, YTO SHEPTUs
cucreMsl Beer ceds TDH U3MEHEHHH A Kak HEeKoTopas dyuKuus A,
JIpyrumu caoBamu, cyuiecTsyeT takas koMmMOuHauust us E u A,
KOTOpasi OCTaeTCsl TNPH ABHIKEHUH CUCTEMbl HEH3MEHHOH; 9Ty Be-
JHYUBY HasblBaIOT aQuQAGamu4eckim UHBapUAHINOM,

Iycte H (p, g; X) — raMuabTOROBA (PYHKIIUA CHCTEMbI, 3aBH-
csmas ot mapamerpa A Coraacuo Gopmyae (30,5) mouauas
HEOU3BOLiH2sT 9HCPIrHU CHCTEMDBI MO BPEMCHHU

dE __0H _ 90H d)
dt ™ ot~ ok dt’
YcpeanuM 3TO  PaBEHCTBO TNO TEPUOAY IABUKEHHS; YUUTBHIBas
MEJICHHOCTL M3MEHENHMA A (3 C HHUM 1 A), MOXXHO BBIHECTH A 33
312K YCPeaHeHMs:
aE__ A\ Gl
dt ~ @t on’
a B ycpeausiemoil ¢yHkuuu 0Ff/0h paccmMarpuBaTh KaK H3MEHSIO-
IHeCs BEJHUMHBL JHIIs P U g, HO #e A, JIpyrumu cjoBamu,
YCPEAHeHHEe NMPOUCXOAUT MO TAaKOMY JBIKEHHIO CHCTEMbi, KaKoe
uMesno Onl MECTO IiPU 3afaHHOM TNOCTOSHIIOM 3HAUEHUH A,
JanuiieM ycpedHeHHe B fBHOM BHIE

T
al: dh | o0H
E—ET&ﬁM
0

CoraacHo ypasHenuio I'amunbToHa ¢ ==0//0p umeem:

__ dq
dt=5p-

op
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C NMOMOLILI0 3TOTO PAaBCHCTBA 3aMCHACM HUHTETpUPOBAHHE 1o
BpemeHu Ha uHTerpupOBauue o KoopAuHare, npuueM u Nepuon
T 3anuceiBaeM B BHAE

T

= fai=

0

%_'é

3HAKO 1 @ 3Jecr 0003Ha4aeTCd UHTErPUpPOBAHHE TO0 TOJHOMY

M3MEHEHUIO KOOPAUHATh («Brepel» W «Hasal») 3a BPEM# NepuoAa.
Takum oOGpazom

. oHjo.

a& _ a Jorjop (52.2)

dt — dt dg * =
“OHjop

Kak yxe OblJIO yKa3aHO, MHTErPUPOBaHus B 3TOH HopMyJe d0-
HBI TIPOM3BOAMTECS 110 TPAEKTOPHUH JABUXEHUA MPH AaHHOM TOCTO-
SHHOM 3:aueHuu A, B1oas Takol Tpaexropud ¢ynkuusa ['aMuabrona
COXpaHfAET TMOCTOSIHHOE 3HayeHue E, a uMNYyJbC ABJAAETCH Ompe-
aeneHEof QyHKIKHeH nepeMeHHON KOOPAUHATE ¢ ¥ JABYX MOCTOSAH-
HBIX He3aBucuMbiX napamerpoB £ u A [Tonumas umnyasc umenuo
Kak Takyw Qyakumo p(g; E, \) u auddepenuupys papenctso
H(p, ¢; y=E o napamerpy X, noayunm:

OH | 0Hdp

o Tapan—0
HJn

OHIN ___dp

OHop — oA’

Tloacrasms 3T0 B BepxuHudt uurerpai B (32,2) u Hamucas B HHX-
HEM NOAbHTErpaasHylo (yuxuuio B Buae Op/oE, nmeem:

— dpd
dE o Yo
—_—_—— e e 2
dt dt d_pd (32,3)
oL
582058
¢ {op dE | odp d) L
‘§<EEE+FAW>4?—O'
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Ao PaBEHCTBO MOXHO OKOHYATe/JbHO Nepenucarb B BHIAC

dl
5==0, (32,4)

rie | o0osuauaer uHTErpal
1
1= §p dq, (32,5)

B3ATBI MO TPaeKTOPHMM [ABIKEHHS Npu 3aJaHHBIX E u A, Dror
pe3y bTaT TMOKa3bIBAeT, UTO BEJAMUMHA | CCTaeTcs B PaccMaTpu-
BaeMOM NpHUOJIMKEHNAN TMOCTOSHHOM MpPH M3MEHEHHH TapaMeTpa A,
T. €. ABJAACTCHA aAnabaTHueCKUM HHBAPUAHTOM,

Hurerpany (32,5) moxeT ObIThb NPUNMCAH HATJASIHBIA reoMer-
PHUECKHA CMBLIC/, €C/M BBECTH TIOHATHE O ¢0a3060l mpaexnio-
pun CUCTEMH—KpUBOH, H300paxawle 3aBUCUMOCTD p OT q.
Hast cuctemsl, copepliamoniel nepuoinyeckce ABuxeHue, ¢aso-
Basi TpaeKkTopus — 3amMiHyTas Kpusas. MWurerpan (32,0), saarsiit
BIOJb 3TOR KpuBOH, mpeacrtas/ser cOOOH BaK/IOYEHHYIO BHYTPH
Hee IO alb.

B kauecrse npumepa onpelesuM alnabaTnuecku#l MHrapuaHT
JJs 0JHOMepHOro ocuuaaaror a. Ero ¢yuknua INamuastcHa

_p2 m(.l)2q2
H=or 45—

rie o — COOCTBEHHasl YaCcTOTa OCHMJATOPA. YpapHenue ¢asoroi
TP2€KTOPWH JHaeTCs 3aKOHOM COXpaHeHus sueprum fH(p, ¢§)=E.
DTO eCTh 3JINIC C NOJYOCIMH V' omE u V?E/mmg 1 ero nJjo-
waap (IeaeHHas Ha 2w)

(32,6)

Anuna6atuyecKkas MHBAPUMAHTHOCTH STOH BEJHUMHB O3HAuaeT, yTo
NpPH MeJJEHHOM U3MEHEHUH NapaMeTpOB OCUH/JIATOPA €ro sHeprus
MEHSeTCA NPONMOPIIMOHAJIBHO YacTOTe.



I'aaesa VIHI
nPUHIUIT OTHOCHUTEJBHOCTH

§ 33. CkopocTh pacnpocTpaHeHUss B3auMoIelCTBUN

BsanmoneiicTBHe MaTepHabHBIX YaCTHIL OMUCHIBAETCSA B KJac-
CHYECKON MexaHHKe NOTeHUMalbHON sHepruel, spasiouelcs QyHk-
1Med OT KOOPAMHAT B3aMMOACHUCTBYIOIHX yacTuil. OueBHaHO, YTO
3TOT €nocol OMHCaHus BKJIOUAET B ce0s NPEANOJIOKEHHE O MTHO-
BEHHOCTH pacnpocTpaHenuss B3aumoAeHcreuil., [lelicTBuTenbHO,
CHJibl, AEHCTBYIOIINE Ha KaKAYI M3 YaCTHIL CO CTOPOHHB OCTajb-
HBIX YaCTHIL, IPH TaAKOM ONUCAHHM 3aBUCAT B KaAbi MOMEHT JMLUb
OT MOJ0XEHHS YAaCTHIL B 5TOT XK€ MOMEHT npemeny. Mamenenune no-
JA0XEHHs KaKOH-1mGo M3 B3aMMOASHCTBYIOUIMX UACTHIL OTPaKaeTCs
Ha OCTaJbHBIX YaCTHUAX B TOT XK€ MOMEHT.

OnelT, 0/HAKO, MOKA3EIBAET, YTO MIHOBEHHHIX B3AUMOAEHCT-
Buli B mpuponde He cyulectsyer. ITosToMy u MexaHHKa, wucxois-
ulas U3 NpPEACTaBJAEHHS O MTHOBEHHOCTH DAaCnpPOCTPaHEHHS B3au-
MOZeHCTBUH, Hen30ekHO 3aKII0UaeT B ceGe HEKOTOPYIO HETOYHOCTb.
B ReHCTBATENBHOCTH, €CAM € OAHMM M3 B3aUMOJEHCTBYWOUINX Tes
fPOUCXOANT KaKoe-HUOYAb H3MEHEHHe, TO Ha ADPYroM TeJie 5TO
HayHeT OTPAKaTbCA HE PaHbIUE, YEM MO UCTEYEHHUH HEKOTODOro
NpOMEIKYTKA BpeMEHH, PasfeuB paccTosiue MeXAY TeJaMH Ha
5TOT MPOMEXYTOK BPEMEHH, Mbl HaWIEM cxopociis pacnpocmpa-
Henin 8austodedcmauni.

Boaee TOUHO, 5TY CKOPOCTh MOXHO Obla0 Obl HA3BaTh MakK-
CHMa/1bHOH CKODPOCTBIO pacnpocTpaHeHus B3auMoneicTBuil, OHa
onpeiaeaeT Aulib TOT APOMEXKYTOK BPEMEHH, fOCAe KOTOPOro
40 Tesa MOMET LOWTU nepselél cuewas, Kawown# sHaTh 00 u3Me-
HEHNH, NMpOHCIIEANEM € APYruM Tenod. OueBHIHO, YTO YTBEpK-
JEHHE O CYIIECTBOBAHUM MpelepHOH CKOPOCTH PacnpoCTpPaHEHUd
B3aNMOLEHCTBHH [10APA3yMEBAET B TO KE BPEMS, YTO B APUPOJIE
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BOOOIIE HEBO3MOXKHO MABMMKEHME TEJA CO CKOPOCTBbIO, GoJbLueft
9TOH.

CorsaCHO NpPUHIMNY OTHOCHTEALHOCTH BEJHUYMHA CKOPOCTH
pacnpoCcTpaHeHus B3auMOAeHCTBUYU, KaK OAMH -M3 3aKOHOB MNpH-
POMb, OJMHAKOBA BO BCEX MHEPHHAJbHHX CHCTEMaX OTcuera, T. €.
npeacTasaser coGOH YHUBEPCAJbHYIO MOCTOSHHYIO.

ITa MOCTOAHHAS CKOPOCTh OAHOBPEMEHHO ABJIAETCH, KaKk OydeT
MOKasalo B JdaJbHelilleM, CKOPOCTBIO paclpoOCTpaHeHus CBeTa
B MYyCTOTE; MO3TOMY €€ HashiBaT ckopocmsio csema. OHa 0603-
HauaeTcst oObI4HO OYKBOH ¢, a ee uncjaeHHOE 3HauyeHHe

2,998 - 10" cat/cex. (33,1)

c

Boaboil seaninrof 3Tofl CKOPOCTH 00BscHAETCH TOT (haxT,
4TO Ha MPaKTuKe B OOJLIIMHCTBE CJAYYaeB MOCTATOYHO TOUHOH
OKa3bIBAETCA KJaCCHUeCKas MeXaHuKa. BoJBIIMHCTBO CKOpPOCTEH,
C KOTOPBIMH H&M MNPUXOAUTCA HUMETh AEJ0, HACTOMLKO Majisl IO
CPaBHEHHIO CO CKOPOCTBIO CBET2, UTO MpPeAnoo:Kenue 0 OecKko-
HEYHOCTH MOCACAHEH MPAKTHUECKH He BJHSET Ha TOUHOCTH pe-
8YJbTATOB.

061)6‘,&{11-[6[{!’16 HPHHLIMITA OTHOCHTEABHOCTH C KOHEYHOCTLIO
CKOPOCTH PacmpocTPaHeHHs B3aUMOALHCIBHH HA3BIBAGTCH MPUHLL-
nost omuocumersnocmu Iinmmeina (on Ob1  chopMmympoban
A, DunwredrioM B 1903 r.) B oTanude OT NDPHHLUKMMNA OTHOCU-
teabHocT  [Mainfdess, HCXOAsiero u3 OECKCHEUHOH CKOPOCTH
pacripocrpasenus s3auMoleficTeni,

MexaHnKa, OCHOBAHHAA Ha SHHIITEHHOBCKOM NPHUHIUNGE OTHO-
curepHOCTH (Mbt Oylem OOBIUHO HA3HIRATH €r0 MPOCTO MPHUHIU-
TIOM OTHOCHTEJBRROCTH), HA3LIBACTCS peAfgmusucmekol. B npeles-
HOM CJyyae, KOIAa CKCPOCTH HABHAKYILUXCA TeJ Malu [0
CPAaBHEHHIO CO CKOPOCTbIO CBET3a, MOKHO Tpenedpeub BJMsHUEM
KOHEYHOCTH CKOPOCTH pacnpocTpaHeHHs B3anMoleiHcTBUH Ha ABu-
svenite. Torla pesIATHBUCTCKasd MeXaHHKa MEPEXOAUdT B KJaccuue-
CKYI0O MEXaHHKY, OCHOBAHHYI0 Ha NPEANOJO#EHNH O MIHOBEH-
HCCTH pacrnpocTpaHenus B3auMonelicTBni. [IpemessHbift nepexon
OT PEeNSTHBUCTCKON MEXaHHKH K KJACCHUeCKOH MOKET OHTh dop-
M2JBHO MPOM3BEIeH KaK MEPEXOld K mpeleay ¢ — oo B QopmyJax
PEIATUBUCTCKON MeXaHHKU,

Ve B KJacCuuecKo#i MeXaHUKe MPOCTPAHCTBO OTHOCHTEJBHO,
T. €. NPOCTPAHCTBEHHHE COOTHOIIEHHS MEXAY Pa3/JHuYHBIMH COObI-
THSAMH 3aBUCAT OT TOrO, B KaKOH CHUCTeMe OTcuera OHH OMHCH-
paloTcs. Y TBEP:KAEHHE, YTO 1Ba PasHOBPEMEHHBIX COOBTHA NPoHC-
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XOIST B OJHOM M TOM € MeCTe TNpPOCTPaHcTBa uad,  BooOule,
Ha OTpee/IEHHOM PacCTOAHUM APYr OT APYra, npuoOperaeT CMBIC/
TOJMBKO TOTJAa, KOTAA YKa3aHO, K KakOH CHUCTeMe OTcyeTa 3TO
yTBEPKACHNE OTHOCHTCS.

Hanpotus, BpeMa fBjseTCs B KJiacCUueCKoH mexaHuxe abco-
MOTHBIM; APYTUMU CJ0BaMd, CBOHCTBA BPEMEHM CUHMTAlOTCH Lie
8aBUCSAIIMMI OT CHCTEMBI OTCYETa — BpeMA OAHO [JA BCEX CHC-
TeM OTCyeTa. JTO 3HAYUT, YTO €CAM KaKue-HUOYAb ABa HABJIEHUSA
NPOUCXOAAT OAHOBPEMEHHO MJf Kakoro-HuOyas Haburomatens,
TO OHM HBJSIOTCH OJHOBPEMEHHBIMM M VIS BCSKOrO JIPYroro.
Boo6iie, NpOMEXYTOK BPEMEHH MEwAy JMABYMS JaHHBIMM COObI-
TUAMM JOJDKEH ObiTh OAMHAKOB BO BCEX CUCTEM2X CTCYETa.

Jlerko, olHaKo, yOeduTbCA B TOM, 4TO TOHsATHE abCOJIOTHOIO
BPEMEHU HaXOAHTCHA B TAyOOKOM NMPOTUBOPEUMH € SHRITEHHOB-
CKHM TIPUHLMUIOM OTHOCHTEJIBHOCTH. [1J1s 3TOro MOCTAaTOYHO YikKe
BCNIOMHUTH, YTO B KJACCHUUECKOH MexXaHWKe, OCHOBAHHOHM Ha 1o-
HATUY 00 aOCOMIOTHOM BpPEMEHH, HMMeeT MecTO OOIIEeUsBECTHBIA
3aKOH CJIOXEHHT CKOPOCTeH, COraCHO KOTOPOMY CKODOCTH CJI0¥K-
HOTO JBIDKEHUA PaBHA TPOCTO CyMMe (BEKTOPHOH) CKOpocTeH
COCTABJAIOIIAX €ero MABIDKeHUH. ITOT 3akoH, Oydyud YhuBeEp-
CaJibHBIM, JOJKeH Obli Obl ObiTh MPUMEHHMM M K PacnpOCTPaHEHHUIO
s3aumodetictsuil, Otrcroma caedoBaso Obl, YTO CKOPCCTL 3TOrO
pacnpocTpaHeHus AOJ/KHA ObITh PasAMYHOH B PAa3JHuHBIX HUep-
ILMaJbHBIX CUCTEMAX OTCYET3, B TPCTUBOPEUHM € TDUHILUIIOM
OTHOCUTEJIBbHOCTH, OmBIT, OAHAKO, BNOJHE MOATBEPKIAET B STOM
OTHOIIEHUN TIPUHIUN OTHOCUTEJBHOCTH, VI3MepeHus, mnpousse-
neHHble Brepsoie MankenscoHom (B 1881 r.), o6Hapyxuid mou-
HYIO HE3aBUCHMOCTb CKOPOCTH CBETa OT HanpaBJeHHs ero pac-
TIPOCTPAHEHUA;, MEXAY TEeM COIJIaCHO KJ/JACCHYECKOH MeXaHMKe
CKOPOCTb CBETA B HaNMPaBJEHUM ABMMKEHUs 3e€Mad JoJnkHa Oblia
Obl OBITb OTJIMUHOH OT CKOPOCTH B TPOTHUBOMOJOXKHOM Halpap-
nexuu, '

Takum 00pasoM, NPUHLMII OTHOCHTEJISHOCTH NPHBOAUT K pe-
8YJbTaTy, 4yTO BpeMa He sBiafgercd alcomoTHbiM. Bpems Tteuer
NO-Pa3HOMY B Pa3HbIX CUCTeMax oTcyera. CiaeloBaTenbHO, yTBEP-
KIEHHE, YTO MEXAY ABYMS JaHHbIMM COOBITUAMU MpoiLea ompe-
JeJEeHHbIH TPOMEXYTOK BpeMeHd, npUOOperaer CMHICJA TOJbKO
TOrla, KOrjJa YKasaHo, K KakoH cucreMe OTCYeTa 3TO YTBEPK-
JeHle OTHOCHTCA. B uyacTHOCTH, COOBITHA, OMHOBPEMEHHBE B He-
KOTOpO# cucteme orcyera, OyAyT He ONHOBPEMEHHBIMU B JAPYroH
cucTeMe,
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Ilin  yscuenus 3TOro MOJE3HO PaCCMOTPETh  CAeAYiowMi
npocToft mpumep. PaccMoTpuM [Be MHEpUHAALHHIE CHCTEMBI OT-
cveta K u K’ ¢ ocsiMu KOODAMHAT COOTBETCTBEHO XV2 U X'y'2,
npuyeM cucreMa K’ ABMMKETCS OTHOCHTENIbHO K BIPaBO BHOJb
ccet x n X' (puc. 28).

Ilycts u8 HexkoTOpoH TOUKH A Ha OcH X OTNpPaB/IOTCH
CHTHaJbl B JBYX B3aUMHO TNPOTHUBOMNOJOXKHBIX HamnpaBJeHHsX.
Iockoabky CKOPOCTb pacmpocCTpaHeHMsi curHala B cucteme K,

, Kax U BO BCAKOH MHeplHaJb-
z ‘ HOft cucrteme, paBHa (B 0Goux
‘ HanpaBJEHUsX) ¢, TO CHUTHAJH

AOCTUTHYT  PaBHOYAaJEHHBIX

oT A Touex B u C 8 oaud
7/ 1 TOT XK€ MOMEHT BPEMeHu

’ Z (B cucteme K. Jlerko, ofiaxo,
7 y’/ BUJAETh, YTO T€ XKe CaMble ABa
coObiTusl (IPUXOA CHrHajla B
B n C) 6yayr oTHiodn He
OMHOBPEMEHHBIMU JJIs1 HalJio-
Aarenn B cucteme K. JleHCTBUTENbHO, CKOPOCTh CHFHANOB OT-
HOCHUTEABHO cucTeMbl K COrJIAaCHO TPHHIUNY OTHOCHTEAbHOCTH
paBHA TOMY € ¢, ¥ MOCKOJBKY TO4YKa B IBHUKETCsS (OTHOCHTEIbHO
cucremsl K) HaBCTpeuy MOCTAHHOMY B Hee CHrHaJy, a Touka C—
[0 HampaBJEHUIO OT curHajta (mocaanHomy us A 8 C), TO B cuc-
Teme K CHrHaJ mpuieT B TOUKY B panblue, yeMm B Touky C.

Takum o6pa3cM, NPUHUKMN OTHOCHUTEJABHOCTH DHHUIreHHa BHO-
CUT (PYyHAAMEHTaJbHBIC HBMEHEHHS! B OCHOBHBIE (pUBHYECKUE TIOHS-
Tis. 3aUMCTBOBAHHBIE HAMM M3 TOBCEAHEBHOTO OMHTA NpeAcTan-
JI€HHA O NPOCTPAHCTBE M BPEMEHH OKAa3BIBAOTCH JMIUb TPubau-
XKEHHBIMH, CBSI3aHHBIMU C TEM, YTO B TMOBCEIHEBHOH KU3HU HaMm
NPUXOAUTCA UMETh JeJ0 TOJBKO CO CKOPOCTSIMH, OYeHb MaJbIMU
N0 CPaBHCHHUIO CO CKOPOCTBIO CBETa.

Puc. 28.

§ 34. Unrepeaan

B namnneiimemM Mbl OymAeM 4acTO TOJb30BATLCA TOHSATHEM
coGeumust. CobbiTHe ONPENe s eTCss MeCTOM, FAe OHO MPOMBOILIO,
M BpeMereM, KOria oxo mnpousomo. Taxum oO0pasoM, cobhiTue,
NPOUCXOAsIEe C HEKOTOPOH MaTepuasbHOH uacTHueH, onpefe-
ASETCsl TPEMsl KOOPAMHATAMU 3TOH YaCTHUBI M MOMEHTOM BpEMEHH,
KOIJla MPOHCXO0AUT CcOOHITHE,
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Hacto nose3Ho M3 cooOpaweHHH HArAaIHOCTH HOJAB3OBATLCH
po00paKaeMblM UETHIPEXMEPHHM OPOCTPAHCTEOM, Ha OCAX KOTO-
POro OTKA3ABBAIOTCS TPH NPOCTPAIHCTBEHHbIE KOOPAMHATH W BPEMH,
B sTOM npocTpaHCTBe COGNTHE W306pa)aeTCss TOYUKOH. ITH TOYKH
Ha3LIBAIOTCA  MUPOBsIMU MOYKaMI. BCAKOW yacTHLe COOTBETCT-
BYET HEKOTOPasA JAUHMA (MUPOBAS AUHUS) B STOM UYETHPEXMEPHOM
NPOCTPaNCTBE. TOuKM 5TOH JAHMHMH ONpeNedsioT KOOPAMHATH Ya-
CTHLBI BO BCE MOMEHTH BpeMeHu. OueBuIHO, YTO PaBHOMEPHO H
NPAMOJMHENHO ABHXKYULEHCA MaTEPHANbHON YaCTHILE COOTBETCIBYET
npsiMas MAPOBast JHHHA,

Bripazum Tenepr NPHHHHO HHBADPMaHTHOCTH CKOPOCTH CBETA
MareMaTHuecku. JIis 3TOro paccMOTpHM IBe cucTeMbi oTcueTa K
# K', mBmxyuinecs APYr OTHOCHTENBHO APYra C NOCTOAHHOHM CKO-
poctbio. KoopauHaTHble OCH BbiGepeM HPH ITOM TakuM 06pasom,
ytoOn ocH X U X' COBHAlaMM, & OCH ¥ # 2 OHJAM NapaajeabHb
ocaM 3 u 2'; spema B cucteMax K u K’ o6o3nauum uepes ! u 7',

Ilycts nepsoe coOLITHE COCTOMT B TOM, YTO OTHpPAaBAAETCA
CHrHaJ, PacnpoCTPaHAoWHiCa CO CKOPOCTBIO CBETa, M3 TOUKM,
HMelome KOODAMHATB Xy, ), 23 B cucteMe K B MOMEHT Bpe-
MeHn ¢, B 5ToR e cucTeme. Bynem nabGmonarh u3 cucremn K
pacnpocipaHeHue aTore curHaja. ITycts Bropoe coOniTue COCTOHT
B TOM, YTO CHUIHal NPUXOMHMT B TOYKY X, Vs, 23 B MOMEHT Bpe-
MeHH fy. CHrHam pacnpoCTPaHseTcs CO CKOPOCTLIO ¢; NPOHZEHHoe
MM PACCTOsIHME Pasuo no3ToMy ¢ (f;—t;). C npyro#l CTopoHH,
9TO Xe DPACcCTOsHHE PaBIO [(xy — X1)* 4 (Yo — V1)2 + (29 — 2)f]"2
Takum 06pasom, MbI MOXEM HanMCaTb CAEAYIOULYIO 33aBHCHMOCTDb
MeXAy KoopAuHaTamu oboux coObiTui B cucreme K:

(s — x4 (e — Y (s — 2 — Pty — )P = 0. (34,1)

Te xe aBa coOwTHs, T. €. PacOpPOCTpaHEHHe CHCHaA3, MOXKHO
Habmonath n3 cucremnt K'. TlycTh KOOpAWHATH nepBOro COGHTHSA
B cucteme Kt Xy, ¥y, 21, 4, 8 BTOPOro: xj, ¥i, 2; 3. IockoabKy
CKopocTh cBeTa B cucteMax K u K’ oauHaKkoBa, TO, aHaJOrMyHO
(34,1), nmeenm:

(g — 2 (s — Y (s — 2 — A, — 1, = 0. (34,2)

Ecan xy, ¥1, 24, &y ¥ Xg, Yy, 25, by — KOOPAUHATH KaKNX-An6o
ABYX COOHITHH, TO BEJHYHHA

X 2 . . 1/2
su=[t— 4 — (6 — 2 — O — ) — (22— 21" (34,3)
Ha3LIBACTCAa ltnmepsaros MEXKIY 3THMH ABYMA CO6blTHﬂMH.

b J, A. Jauney, E. M. Jiudmuy
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Takum o06pasoM, U3 MHBAPHAHTHOCTH CKOPOCTH CBETA CJCAYET,
yTO €C/U MHTEPBAd MeXAY ABYMA COOBITUAMM paBeH HY/IO B OAHOM
CHCTEME OTCYeTa, TO OH paBeH HYMO ¥ BO BCAKOH Apyro#t cu-
cTeMe,

Ecan mBa coOwitus OeckoHeuHo OJM3KM ApYr K ApYry, TO
Aasg BHHTEpBaJa ds MEKAY HAMHA HMEEM!

dst= Wt — dx? — dy? -— d2 (34,4)

dopma Beipamennti (34,3) uan (34,4) nossoaser paccMarpu-
BaTh HHTEPBAJ, ¢ (JOPMAIHHOM MareMaTHYeCKOH TOUKM SpeHud,
KaK paccTofHMe MexAy ABYMA TOUKaMH B BOOOpaKaeMOM YETHI-
pexMepHOM TIPOCTPaHCTBE (HA OCAX KOTOPOrO OTKJAABIBAEM X,
¥, ¢ ¥ npoussedenue ct). lIMeercs, OAHAKO, CYileCTBEHHOE OT-
JAYHE B TIpABHJIE COCTABJICHUA 9TOH BEJUYUHBI [0 CpaBHEHHKIO
¢ mpasuaoM O0ObIYHOM reoMeTpuu: npu oOpasosaHMM KBaApara
MHTEPBa/Na KBaAPaTH DPasHOCTEH KOOPAMHAT TO PasJHUHBIM OCHM
CYMMHDYIOTCH HE € OJMHAKOBbIMH, & € PASAMYHBIMM 3HAKaMHU '),

Kak 6w110 moxasarno Beitie, ecad ds=—0 B HeKOTOpO# HHEp-
unajdpHOH cHcTeMe otcueta, To ds'=0 u B Apyro#t cucreme,
C apyro#t ctopousl, ds u ds’— OGeckOHEUHO Majble OJMHAKOBOIO
nopsaaxa. M3 stux asyx ofcrodreancrs caeayer, uro ds® u ds™
JOMKHB! ORITh TPONOPUHOHAIBHE APYT APYTY: :

ds?=ads"?
’

npuueM KO3PODUIUHEHT @ MOMKET 3aBHCETb TOAbKO OT abCco/MOTHOH
BEJMUMHBI OTHOCHTENLHOH CKOPOCTH 06€UX MHEpLUAMbHBIX CHCTEM.
Ou He MOXeT 3aBUCETh OT KOODAMHAT ¥ BPEMEHH, TaK KaK TOrAa
pas/MyHBIE TOYKM TPOCTPAHCTBA M MOMEHTBl BpeMeHH Oblan Obl
HE PABHOLEHHBl, UTO TNPOTHBOPEYMT OAHOPOAHOCTH IIPOCTPAHCTEA
¥ BpemeHd, OH He MOMKET 3aBHUCETh TAKXKE M OT HANpaBJeHHd OT-
HOCHTEJIbHOH CKOPOCTH, TAK KaK 5TO IPOTHBOPEUHIO Obl U3OTPO-
MMM NPOCTPAHCTRA,

Paccmorpum tpu cucremb otcuera K, Ky, K; u nycts Vi u
Vy — cxopocty  asmxenns cucreM K; wu K; ornocutensHo K.
Toraa umeem:

ds‘zza(Vl)de, ds‘l:a(v‘z) ds.g.

1) YersipexMepHyIo TEOMETPHIO, ONpeAeIAeMyI0 KBagpaTHYHOH Gop-~
Mo¥ (34,4), Ha3HIBAIOT nce800L8KALA0B0E B OTANYME OT OGbIYHON, €BKIH-
AOBOM, reoMeTPUH. JTa reoMeTpHa OmJa BBEeAEHAa B CBA3UM C TeopHeli
OTHOCHTEAbHOCTH [, MUHKOBCKUAL
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C TEM XK€ OCHOBAHUEM MOKHO HallHucarth
ds;=a (Vy)ds,

rie Vip— abcomoTHas BeJuuMHa CKOPOCTH ABMkeHus Ky OTHO-
cureasHo Ky CpaBHuBas APYT ¢ IPYTOM 3TH COOTHOILEHUS, HalaeM,
4TO AOMKHO OBITb
a (V)
a(lVy)

=a(Vyp) (34,5)

Ho Vy; 3aBucHT He TO/MbKO OT aBCOMOTHBIX BEAUYHH BEKTOPOB V,
U Vo, 10O B OT yria Mexnay HuMH. Mexay TteM nocaelHut
pcolie He BXONMT B JIEBYIO YacCTh CooTHolueHus (34,5), fcHo
NO3TOMY, 4TO 5TO COOTHOLUIEHHE MO¥eT ObiTh CNpPaBelUBLIM JHILb,
ecnu Qyukuua a (V) cBodurca K MOCTOSHHON BeaMudNe, PaBHOH,
KaK 3TO CJAeAyeT M3 TOro Ke COOTHOIleHus, eluHule.

Taxum o6pasom,

ds*=ds",

a u3 paBeHcTBa 0eCKOHEUHO MaJbIX HHTEPBAJOB CAEAYET paBeH-
CTBO TaKke M KOHEUMBIX WHTEPBaJoB: §==§’

Mb npuxoluM, c/aeloBarenbHO, K BamHERIIEMY pe3y/abTary:
MHTEPBaa MEkKAYy COOSLITHAMH O[AHHAKOB BO BCEX HHEPUMAJbHBIX
cUCTeMax OTCHeTa, T. € SIBAAETCH UHBAPHAHTOM [10 OTHOILEHHIO
K HpeoOpa3oBaHUi0 OT OAHOH WHepUuaaplOH CHCTEMB OTCUETa
K mo6of ApyroH. Drta HHUBADHAHTHOCTb U ABJAETCA MaTeMaTHue-
CKHMM BBIPaXEHHEM [OCTOSHCTBA CKOPOCTH CBETa.

Ilycts onare Xy, ¥y, 21, &y U X Yo 23 13— KOOPAMHATHI
nByx coOsltudl B Hekoropo# cucreme orcuera K. Crpaiuusaercs,
CYlLECTBYET JU Takas cucreMa orcuera K', B KoTopo#d oba 5Tu
COOBITHA MPOUCKOAMAM Obl B OJHOM W TOM XK€ MECTe NpocTpau-
CTBa.

Beenem o6osnauenus

— 2 2 - 9__ g
h—ti=ty @—x)+h—n)t—a)l =04,
Torpa KkBagpar uHTepBasia MexAy coOBITHAMU B cHcTeMe K.
2 . 240 2
Sfp= ¢t} — {iy
1 B cucreMe K"
Sia== "3 — I35,
npitueM B CHAY HHBADUAHTHOCTH MHTEPBaJa
249 2 . 2472 %]
¢t — ly=7c3 — 133
o'
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My xotuM, urobnl B cucteme K’ 06a coObitHA NPOUSOLUJIH B O-
HOM Touke, T. €. utoOm /;3—0. Toraa

Sh= ity — [y = 13 >0,

CaenoBsatenbHO, cucTeMa oOTcueta ¢ TpebyeMbiM CBOMCTBOM CY-
wecTByer, ecan §j, >0, T. e ecau HHTepBal MexAy 06OHMH
cOOHTHAMY BelilecTBeHHHH. BeulecTBenHsle HHTEpPBa/ibl HA3HBAIOT
8peMERUNOOOOHBLMIL

TakuM o0pasoM, ecAd HHTepBan MexJy ABYMA COOBITHAMU
BPeMEHUNOAOOHH Y, TO CYINLECTBYET Takas CHCTEMa OTCYeTa, B KO-
Topo# 06a cOOBTHA NPOUSOIUIM B ORHOM H TOM e Mecte. Bpems,
KOTOpOe NpOHAeT MeXAY OTHUMH COOBITHAMH B STOH CUCTEME,
paBHO

ty=— Lvae =i, = -;_. (34,6)

Ecau kaxkue-Hubyanr aBa COOBITHA NPOMCXOAAT C OOAHUM H TEM
/K€ TENOM, TO HHTEPBA/] MEXAY HUMM BCErda BPeMeHHNOLOOHBIH.
JleficTBUTENBHO, NYTh, KOTOPHI TEN0 NPOXOAMT Mewdy oO6OUMH
coObITHAMH, He MoxeT OunTh OoJblie ¢ty TaK KaKk CKOPOCThb
TeJa He MoweT OwnTh Goanlie ¢, IToaToMy BCeraa

l];_\ < Ct”.

3aganumca Tenepb BONPOCOM, HeJb3# JM BHOpAaTh Takyo
CHCTEMY OTCU€Ta, B KOTOPOH 1Ba COOBITHA NPOHU30IIAU OB B OHO
¥ TO we Bpema. Ilo-npexuemy mel umeem B cucremax K u K%
W, — 0, =% — /[ Mn xornM, urobun f,=0; orciona

9!
$,=— 110,

Cen08aT€/NBbHO, HCKOMYIO CHCTEMY OTCYETAa MOXKHO HAHTH TOJIBKO
B TOM CJyyae, KOTAa HHTEPBAN Sy3 MEWKAY HBYMS COOBITUAMH
MHUMBIH. MHUMEIE HWHTEPBAAH HA3BIBAOT NPOCHIPAHCMBEHKONO-
000 HOLMU.

Takum 0Opa3oM, ecau UHTEpBaA MEXAY IBYMA COOHLITHAMH
1IDOCTPAHCTBEHHONOAOOHBIR, TO CywWIECTBYET Takad CHCTeMa OT-
cueta, B KOTOpOH 00a COOHTHA NPOHUCXOAAT OJHOBPEMEHHO,
PaccrosHHe MexRy TOUKAaMH, Tie NpoH30LIIM 3TH COOHTHA B
3TOH CHUCTEME OTCuUeTa, PaBHO

L=V I, —cf, =|s;l (347)
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INonpasnenenne HHTEPBAJOB Ha BPeMEHUNOAOOHBE W NPOCTPaHCT-
BEHHONOAOGHLE €CTb, B CHAYy HX HHBAPUAHTHOCTH, NOHATHE abCo~
MOTHOe. TO 3HAUKT, YTO CBOHCTBO HHTEPBaAa GuTh BpeMeHHnoa06-
HBIM HJIHNIPOCTPaHCTBEHHONOAOOHBIM HE SABHCHT OT CHCTEMH OTCYETa.

BosbmMeM Kkakoe-HHOydb COOGhITHE — Ha30BEeM ero COObITHEM
O —B KayecTBe Hayana OTCYETa BPEMEHH H NPOCTPaHCTBEHHHIX
xKoopauHaT. [Ipyrumu CJOBaMH, B YeTHpeXMepHOH cHcTeMe KoOop-
ZIVHAT, HA OCAX KOTOPOH OTKJAABIBAIOTCA X, ¥, Z W f, MHpOBas
TOYKa cobutha O 6yaeT HayalOM KOOp-

anHat, [locMoTpuM Temepb, B KaKOM 4
OTHOMNIEHWH K JaHHOMY coObiTHIO O ¢ c
HaXolATCA BCe OCTalbHBEe COOBITHA. ave. | ays.

Jlas HarasaHoctH Mul Gyaem paccMat-
PHRaTb TOJAbKO OHAHY NPOCTPAHCTEEl-

HY{0 KOOPAMHATY H BpeM#, OTKJIaALiBas

WY Ha ABYX ocax (puc. 29). Ilpsmo- 4% ,
JMHefiloe PaBHOMEpHOE ABUKEHne ua- /1927 year T
CTHIH, TpoXoasmied TOuky x==0 npu
t=0, wnsobpasurca npsaMoi auHuei,
npoxodsiiel yepes O u HakJoOueHHOH abe\npour

K OCH f NOA YrioM, TaHTeHC KOTOPOro d b
paBeH CKOpOCTH uvacTHUBL. ITocKoabky
Han6o/bilias BO3MOKHAsA CKOPOCTh PaB-
Ha ¢, TO CymiecTByer Han6Goabluuit
¥YroJa, KOTOPHH MOmeT OGpa3sOBLIBATH
sta npamas ¢ ocbio f. Ha puc. 29 usoOpaxeHs ABe npsiMble,
H300paxaioline pacnpoCTpaHeHne B NPOTUBONONOKHKX Halpasae-
HUAX JIBYX CHTHalOB (CO CKOPOCTBIO CBETa), TNPOXOAALUIMX
uepes cobwrtue O (T. e. npoxodsiumx x==0 npu ¢==0)
Bce uHuu, n306pamxaionine ABHMEHHS YacTHU, MOTYT JeXaTb
TONbKO BHYTpH oOaacteli aOc u dOb. Ha npamux ab u cd,.
oueBuANO, x=tc¢t. PaccMoTpuM cHauaza COOBITUS, MUPOBEIE
TOYKH KOTOPBIX JexaT BHYTpH obsactu aOc. Jlerko coo6pasuTh,
YTO BO BCeX Toukax 3To# obaactu c**— x*">0. Mpyrumu
CAOBaMH, WHTEPBaAbl MexAy JmMoOuiM COGHTHEM 3ToH o6JacTu
n cobmtuem O — BpemenunonoGusie. B stot obmactn ¢ >0,
T. € BCe COOBITHA 3TOH 06JaCTH. TNPOHCXOMAT <NOCAE» COOBI-
tHa O. Ho aBa coObiTus, pasdeneHHLIX BPeMEHHNIOAOOHBIM HHTEP-
BANOM, HA B KAaKOH cucTeme OTCYeTa He MOTYT NMPOUCXOAMTD
oAHoppeMentio. CienoBaTesHO, Hesb3si BuIGPAaTh W HUKaKoH CH-
CTeMbl OTCYeTa, riae Gl xakoe-Hn6yab M3 cobmitult obaactn aOc

aoe.

Puc. 29,
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npoucxomuno «ao» cobutng O, T. e rae Owno 6u1 <0,
TakuMm o6pasoM, Bce cobbitus obaactu aOc¢ sBasoTcs OYAYILMMA
no otHomeHnmo K O, U NMPUTOM BO BCEX CHCTEMAx OTCueTa. IDTY
06/1acTb  MOKHO MNO3TOMY HasBaTb «abComoTHo Oyaymen» 1o
oTHoweHuw K coburtuio O. 7

Cosepuienno aHajornudo sce cobnitus obnactu bOd ssasiorcs
«abcomoTHO TPOWIEALINMU» TO OTHoleHHio K O, T. €. coOblTus
5TOH 064aCTH BO BCEX CHCTEMAX OTCUETA MPOMCXOAAT A0 cobbitus O,

Hakonen, paccmorpuM emie obaacty dOa u ¢Ob. Hurtepsadn
Memay mobbiM cobnitueM 3TOH oOnacth M cobGbiTueMm O — mpo-
CTpaHCcTBeHHONMOAOOHb, B /moGo#t cucreme otcuera 3TH COOHITHSA
NPOUCXOMAT B PasHblX MecTax npocrpanctsa. [Tostomy stu obnacru
MOXHO HasBaTh «aGCOMOTHO YHaleHHbIMM» MO oTHoweHnmo k O.
IMousiTust «OAHOBPEMEHHO», «paubli€» M <«M0O3Me» AJAs THX CO-
6LITHH, OAHAKO, OTHOCHTEMLHEL, 15 Beskoro coOulTus 3T0# o6aactu
€CThb TAKHE CHCTEMBI OTCUETd, TJA€ OHO IPOUCXOAUT fo3ike CoObl-
i O, CUCTEMH, TAE OHO TPOMCXOAMT paHblie O, H, HAKOHEI,
OllHa CHCTEMa OTCYerd, rjie OHO MPOUCXOAMT oAHoBpemento ¢ O.

3anmeTuM, 4TO €C/AM PacCMaTpPHBATL BCE TPH NPOCTPAHCTBEH-
HLlE KOOPAMHATHL BMECTO OJHOH, TO BMECTO ABYX MEPECEKAI0-
LIMXCd DPAMBIX Ha puc. 29 mpl mMenu Ol «xomyc» x?— y*-L
- 2*— #'==0 B uerpIpexMepHOH cHCTEME KOOPAHMHAT X, V, 2, L,
CCb KOTOPOTO COBMafaeT ¢ OCbO ! (3TOT KOHYC HAa3EBaKOT
cgemosoim Korycon). O6nactn «abcomoTHo Oyayiero» u «abco-
JOTHO  MpoliefInero» n300pamarnTcs TOrJAa COOTBETCTBEHIO
ABYMSI BHYTPEHHUMH MOJOGTSIMH 3TOrO KOHYycCa.

JIBa cobnitus Moryt OblTb MPHUUMHHO CBA3aHBI APYr C ApY-
TOM TOJIbKO B TOM CJAY4ae, €CAd MHTEPBal MEXAY HHUMH BpeMe-
HUMOAOOHBH, UTO HEMOoCPeACTBEHHO CAEAYET M3 TOTO, YTO HUKa-
KOE B3aUMOJEHCTBUE HE MOXET PacAPOCTPAHATBLCS CO CKOPOCTBIO,
6oabiell ckopocTh ceeTa. Kak Mbl TOMLKO UTO BHAE/H, KaK Pas
[7151 TaKHX COOBITUH UMEIOT aGCOMIOTHBIM CMBIC MOHATHS «PaHbLIE»
N <«MO03iKe», UTO HABJAICTCA HeOGXOIll/IMbIM yCJOBHEM 1] TOTO,
yToOBl HUMEH CMBEIC/ MOHATHS TPUYMHHE M CJAEACTBUS,

§ 35. CobGcTBeHHOe Bpems

Ipeanonomny, uto Mbl Hal/aOdaeM M3 HEKOTOPOH HHepiH-
ambHOU cucteMsl oTcueta K MPOH3BO/LHLIM 06pasoM ABHKYILMECH
OTHOCHTEJLHO HAac uachl. BBeleM Taxike HHEPUMATbHYI CHUCTEMY
orcuera K’, ABmkymyocs OoTHocuTeabHo K €O CKOPOCTbIO, COB-
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nanaroule o CKOpPOCTHIO U HBHIKCHHS 4acOB B AAHHBIH MOMeHT
BPEMEHH.

B reuenue GeckoHeuHO ManOro NMPOMEKYTKa BpeMeHu df (1o
HETOIBIDKHEIM, T, € CBA3aHHLIM C HaMH, 4acaM) IBHXKYyILHecs
4acel NPOXOHAT PacCTOsHUE

Vdx*FdyTF dz*

CrpaivBaercs, Kakol NPOMEXYTOK BpeMeHd df’ MOKAXYT m1pu
5TOM JHBIKYyuMecs u4acsl. B cucreme K, cBazaHHOM ¢ n1BH-
KYIAMACS YacaMu, NOCTeNHHE B TAHHHIH MOMENT BPEMEHH MOKO-
STCS, T. €,

dx' =dy =dz’' =0,
B cuny uHBapHaHTHOCTH MUTEpBaJa
ds? == %t — dx® — dy? — d2? = Y,
OTKyZa

o =i}/ 1 —EELEE

T e
Ho

dxX? - dy*+d2® 4
at =7

€CTb KBaApaTr CKOPOCTH ABHKYHINXCS 4aCOB; TMO3ITOMY

d'_@_dt]/l—_ (35,1

Vinterpupyss 510 BBIpameHHe, MOWKHO HAHTH NMPOMEXYTOK BpE-
MEHH, TMOKa3biBaEMbIfl IBIKYLIAMMCS 4acaMe, €C/a¥ MO HenoBHK-
HbIM 4YacaM npofiler Bpems [, — i

f—t — S dt]/l _u (35,2)

Bpemsi OTCUHTBIBaEMOE M0 YacaM, ABYXYILHMCS BMECTE ¢ HaH-
HbIM  OOBEKTOM, MHa3bIBACTCS COOCHBEHHBM BPEMEREM STOTO
obbexra, dopmynsr (35,1) u (35,2) BupawaloT CcOGCTBEHHOE
BpEMsi uepe3 BPeMs CHUCTEMH OTCU€Ta, OTHOCHTEJHRHO KOTOpPOH
paccMaTpUBaeTCs IBHAKEHHE,

FEak Bumuo u3 atux (opmys, cOOCTBEHHOE BpeMsl HBHNKYLLe-
rocst 06'beKTa BCeria MelblIe, YeM COOTBETCTBYIOIMH MPOMEKYTOK
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BreMeuy B HENOABHMKIIOH cuctenme. Jlpyrumu crosamu, ABHXKYLIMECH
YaCchl UAYT MedAEHHEEe [EeTOABHUCHBIX,

[Mycrs oTHOCHTELHO uuepnnanbiol cuctemu oTcueta K ABU-
KYTCA NPAMOAMHERHO i« PaBIOMEPHO JApyrie uack, Cucrema
otcueta K', cBA3aHaa ¢ STUMH NOCJACAHUMH, TOXE HHEPUMATbHAs.
Toraa uacel e cucreme K’ ¢ Touku 3pelius Habmopatens B cuc-
reme K OTCTalOT 10 cpaBHeHHw ¢ ero vacaMu. Y1 Haobopor,
¢ TOukM 3peHus cucteMm K’ orcraioT uackl B cucreme K. YGe-
AUTHCH B OTCYTCTBUH KAaKOro-i1uG0 NEOTHUBOpeuMs MOxHO, 00pa-
THD BHHMaHue Ha caeayomee obcroarennctso. Haa Toro urolml
yCTalioBUTh, 4TO 4acK B cuctemMe K’ OTCTalOT OTHOCHTE/BHO
yacos B cucTeme K, HaZ0 MOCTYynuTh caeayomum o6pasoM.
Mycts B HekoToph#i MoMeHT BpemeHu uach K’ npo/neTaior MuUMO
yacos 3 K, ¥ B 3TOT MOMENT nokasanus o6oux yacos cOBMa-
naor, [lag cpasHenus xona uacos K u K’ Hago BHOBbL CPaBHUTDL
noxKasauust fex we asmxymuxca yvacos K’ ¢ uacamu 8 K. Ho
TeMeEpPh MK yXe CPaBHUBAaeM 3TH yackl € JIPYyIrUMHU 4acaMy
B8 K—c Temu, mMuMo xorTopux uacel K’ nposeraor B Apyro#
smovent. Ilpu 310M MB oGunapysxum, uro uacel K’ 6yayTr oTcTa-
Bath 00 CPaBHEHUIO € vyacaMu 8 K, ¢ KOTODBIMA OHU CPaBHH-
BaloTca. MB BUAMM, YTO A4 CPaBHEHHUs XOJd4 Yacos B ABYX
CUCTEMaX oOTcYeTa HeoOGXOMMbl HECKOJAbKO 4acoB B OAHOH cHC-
TeMe ¥ oaHW B Apyrofi. IToatomy 3TOT npouecc He CHMMETPH-
YeH 10 OTHoWieHU K ofeHM cucTemaMm, Bcerna oxaxyrcs OoTCTa-
IOHMH T€ UYacH, KOTOpLIE CPAaBHUBAOTCA C PA3HLIMM yacaMu
B JPYroit cUCTeMe OTcueTa.

Ecian ke HMeOTCA [BOE YacoB, U3 KOTOPbIX OOHH OIHChI-
BAIOT 3aMKHYTYI0 TPaeKTOPHIO, BO3BPAILAsich B HCXOAHOE MECTO
(K UENOABHKHWM uacaM), TO OKaMYyTCs OTCTAOIRUMH UMEHHO
ABIXYIMECT YacH (N0 CpasHenuio ¢ HenodswxkHuiMi). O6paTHoe
paccyxIeHue, B KOTOPOM [BMKYIUHECH Yachi PaccMarpUBaIHCh
6bl KaKk HENOABMMKHHE, Ternepb HEBO3MOAHO, TaK KaK Yackl, OfH-
CHBAOWIHE SaMKHYTYIO TPaEeKTODUIO, HE IABHIKYTCS DaBHOMEDHO
v NpYMOJUHEHHO, a TIOTOMY CBf3aHHAs C HHMU CUCTEMa OTCYeTa
He asaserca uHepuaapHOH. [TOCKOJAbKY 3aKOHB NPUPOAM OAHM-
1IAKOBBl TOJMbKO B MHEPUUANbHBIX CHCTEMAX OTCYeTa, TO CHUCTEMb
OTCYETa, CBA3aHHBIE € HENOABHXKHBIMM yYacaMu (MHEPIHAJbHAs
cucTeMa) U ¢ ABMKYMUMHCS (HeuHepuuasbHas), 00Jadai0T pas-
MY CBOHCTBAMH, M PacCyileHHe, TNpUBOAAILEe K Pe3yJbTary,
YTO TOKOAMMECA Yach MOJINHM OKa3aThCsl OTCTAIONMUMHM, "HElipa-
BUILHO, '
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§ 36. IlpeoGpasosanue Jopenua

Hame#t neasto Gyser ceftuac Haxomaenue ¢opmyn npeobpa-
80BaHUA OT OJHOH wunepuuadbHOH CHCTEMB OTCueTa K Apyrof,
T. €. (POPMYJ, MO KOTOPHIM, 3HAas KOOPHHHATH X, ¥, 2, T COOBITUA
B HeKoTopol cucreme orcuera K, MOXHO Ha#Tu KOOpAUHATH X',
v, &, t toro xe cobmtus B Apyro# uHepuuaasHo#t cucreme K'.

B knaccuuecko#t MexaHuKe 2TOT BOMPOC PeIasncs MPOCTHIMH
tdopmynamu npeobpasosanus lanunes (3,1 — 2). Ecau cucrema
K nmBuxerca ortnocurenbio cucremn K Baoan o6iiero Hampas-
JeHus oceft x U x’, 31U (POPMYJH HMEIT BUI

x=x"--Vl, y=y, z=2, t=t. (36,1)

9To npeobpasonBaHue, pasyMeeTcs, He yaosaersopseT TpeGoBa-
HHAM TEOPHH OTHOCUTEJBHOCTU, — OHO HE OCTABJSET MHBAPHAHT-
HBIMA HHTEPBaJbl MEWAY COOBITHUAMHU.

Penarusucrckue e Qopmyasl npeoGpasopaHus Mbl Oyaem
MCKaTb HCXOAf U3 Tpe6oBaHuf, YTOOM OHM OCTaBASIA HHTEPBAJBI
HWHBAaDUAHTHRIMH,

Kak mbi Bumemu B § 34, uHrepBan mewidy AByMs COOLITHAMH
MOMHO PacCMarpuBaTh KaK PacCTOAHHUE MEWAY COOTBETCTBYIOLLIU-

MM IBYM$ MUPOBLIMH TOUKAMU B UETHIPEXMEDHOH CHCTEME KOOPAU-
Har. Mu1 MOxeM, c/aeloBaTeNBHO, CKa3aTh, UTO MCKOMOE Npeobpa-
30BaHHE JOJKHO OCTABJATH HEU3MEHHBIMH BCE NJHHH B YETHPEX-~
MEPHOM NpoOCTpaHcTBe X, ¥, 2, ¢t. Ho Takumu npeo6GpasosaHusmu
ABAAIOTCR TOJBKO MapaJJe]bHbBle MEePeHOCH U BPAILEHHS CHCTEMBbl
Koopaunart. M3 HUX nepeHocH CUCTeMBI KOOPAMHAT -MapasiesasHo
camoft ceGe He NpPEACTaBAAIOT UHTEPECA, TAK KAK CBOAATCSH
MPOCTO K TNEPEeKoCY Hauajla TMPOCTPAHCTBEHHHIX KOOPAMHAT W
H3MEHEHHIO MOMEHTa Hayaina oTcyera BpeMeHH. Takum obpasom,
HckoMoe npeobpasoBaHue [AO/LKHO MaTeMaTHYECKH BBIPaXaThCs
KaK BpalIEHHe YETBIPEXMEPHO# CUCTEMH KOOPAMHAT X, V, 2, cf.

Beskoe Bpauieiie B 4eTHPEXMEPHOM TMPOCTPAHCTBE MOKHO
Pa3NoKUTh HA IMECTh BPalEHUH, a UMEHHO B . MIOCKOCTAX XV,
zy, xz, tx, ty, tz (nomob6HO TOMY, KaK BCAKOE BPAUIEHUE B
OOBIYHOM TIPOCTPAHCTBE MOMKHO PasJOKUT HMAa TPH BPauieHHs
B INIOCKOCTAX XY, 2y U xz). lleppue Tpu u3 3TUX BpameHuit
npeo6pasyioT TOJBKO 1IPOCTPAHCTBEHHHE KOOPAUHATH, OHU COOT-
€TCTBYIOT OOBIYHEIM MPOCTPAHCTBEHHBM TIOBOPOTAM,

PaccMoTpuM NOBOPOT B MAOCKOCTH fX; KOOPAMHATH V¥ U 2
NP 3TOM He MeHsuoTca. DTO 1peobpasoBanue LOJIKHO OCTABAATh
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HenaMenHol, B YaCTHOCTH, pasuoctb (cf) — x? — kBampar «pac-
CTOSHMA> OT TOUKH c¢f, X A0 Hauaja KoopAHHAT, CBs3b MEWIY
CTappiMH ¥ HOBBIMH KOODAMHATaMH B 3TOM nNpeoOPasoBaHny
ndaetcsd B Hauboxee obmem Buae (gopmyaamu

x=x'ch{-4ct'sh, ct=x"shp--cf'chy, (362)

rae $ — «yroJ TOBOPOTA»; NPOCTON MPOBEPKOH JIErKO yOenrnThs,
YTO mpu 5ToM AeHctButesbHo Oymer (M — x?= (M — i
®opuyam (36,2) orauuaotces o1 0ObuHEX (opmys npeobpazo-
BaHus MpH MOBOpPOTe oceff KOODAHMHAT 3aMeHOH TpHUIOHOMETpH-
yeCKuxX (QyHxuui runepbosuueckimMu. B 5ToM mposiviasercs ovad-
yne 1CeBJOEBKJIUAOBOA reoMeTpHid OT eBKJAHAOBOM,

Mpi umeM Qopmyast npeoGpasosaiiug OT WHEPHUAIbHOH Ch-
cremp oTcuera K K cucreme K', KoTOpas ABHAETCA OTHOCH-
teasno K co ckopoctsio V Brosp ocu x. IIpu 3r10M, OueBHAHO,
No/iBepraloTca HpeoOpa3soBaHHI0 TOMBKO KOOPAHHATA X W BpeMs L.
ITostomMy 510 mpeofpasoBanne 0MKHO ObiTh Buia (36,2). Ocra-
eTcs ONpelesuTh yroJa ¢, KOTOPHH MOXET 3aBHCeTh TOBKO OT
OTHOCHTENBHON cKOpocTH V).

PaccmoTpuM JABuxenne B cucteMe K Hayasa KOODAMHAT
cuctemp orcueta K. Torza x'==0 u ¢opmyas (36,2) npuHs-
MailioT BN

x==ct'shd, ct=ct'chy,
W, pasAenuB ORHO Ha APYroe:
x ,
-— = W,
= th

Ho x/t ects, ouesuano, ckopocts V cuctemnt K’ otHocuteasro K.
Taknm o6pasom,

Orcioaa

Yy Bo usbexandc HEIOPa3yMCHUH 3aMeTHM, 4To ucpe3 V Mb Be3xe
0603HaYacM NOCTOAHHYIO OTHOCHTEJBHYI0 CKOPOCTh JBYX HIEPUHaAbHHX
CHCTCM OTCYeT3, a ycpe3 v —- CKOPOCTL ABHMYUlefics 4acTHib, BOBCE
He 06:13aHiIyI0 GbiTh 1IOCTOAHHOL,
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INoacrasus 310 B (36,2), nHaxozum:

V.
, , 45 x
xz_ij_Vt_ y:y” 2=2, t:-—-—c—-——-(36,3)

Vx_cl: ]/1—CK

910 — uckompie Gopmyasl npeobpazoaHud. OHU Ha3bLIBAOTCA
dopmyaamu npeobpadosanis Jlopenya v UMEWOT AJa  JAJbHER-
wero (QyHaaMeHTaJpHOe 3HAUYEHUeE,

O6pathuie Qopmyanl, Beipaxawowue x’, ¥, 2/, ¢ uepes x, ¥,
z, t, npouie Bcero noayyawoTca 3aMeHo V ua—V (1ak Kak
cuctema K msmxercs ortHocuteasHo K co  ckopoctsio — V).
It ke GOPMYJAH MOMKHO NOJYYHTL HENOCPEACTBEHHO, peluas
ypasHeuus (36,3) orHocutensHo X', ¥, 2, t.

Jlerko Bugets u3 (36,3), uTo npU NPEAEJLHOM TEPEXOe
¢—>00 K KJacchyeckod MexaHuke ¢GopMmy/an npeoOpa3oBanus
JlopeHua pedcrsuTebHO Tepexoaar B npeoOpasosanue ["anuaes,

IMpu V™>>c¢ B dopmyaax (36,3) koopauHate x, f AeNa0TCA
MHHMBLIMHE; 3TO COOTBETCTBYET TOMY (DaKTy, UTO ABHIKEHHE CO
CKOPOCTBIO, GOJbILEeH CKOPOCTH CBETa, HEBO3MOKHO, HeBoamoxHO
JAaxe UCIOJb3CBAHUE CHCTEMB OTCYETa, ABUIKYIUEHCA €O CKOpO-
CTbO, DPAaBHOH CKODOCTH CBETAa, — NPH 3TOM 3HAMeHaTeqau B op-
mynax (36,3) obparusauce 6bl B HYJb.

Ilycrs B cucteme K mokoutcsl JMHe#iKa, mnapaiseibHas
ccu x. Jauna ee, usMepennas B 9TOH cucreMe, nycts Oyjaer
Ax =1x;— x;(Xs U X; — KOOPAUHATE OOGOMX KOHIUOB JHHEHKH
B cucteme K). Hattzem Tenepb AJHHY 5TOTO CTEP:KHSA, U3MEPEHHYIO
B cucteme K'. [las 5TOr0 HaA0 HaWTH KOOPAMHATHl OGOUX KOHLOB
cTepkusa (X2 ¥ Xx{) B STOH CHUCTEME B OQUH M TOT XK€ MOMEHT
spemenu t'. M3 (36,3) naxoaum:

X+ W _ x Ve

Xy = ——— 3 — —_,

2! 2
]/1_1/“ ]/1_1{
c? c?

Nnuua crepwua B cucreme K’ ectb Ax'=x,— X, BbuHTan
Xy M3 X, HaXOAMM:

Ax:——ﬁ———.

V2
V-5

Cobcmsenrnoll daunoi CTEPKHA HA3LIBAETCH €0 AJMHA B TOH
CHCTEeMe OTCYeTa, B KOTOpPOH OH nokoutcs. O603Hauum ee yepes
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ly==Ax, a IauHy TOTO Ke CTepXHsi B KakoH-an6o cucreMe
orcyera K’ — uepes /. Torna

(=LY 1Y (36,4)

Takum oGpasoM, camyio O60JbIIYIO IJAMHY CTepXKEHb HMEET
B TOfl CHCTEME OTCUETa, € OH MOKOWTCA, [L/MHA €ro B CHCTEME,
B KOTOPOH OH JBHKETC €O CKOPOCTbIO V, yMEHbIUAETC B OTHO-
wennn V' 1T — V% DT0oT peByAbTAT TEOPHH OTHOCHTEABHOCTH
11a3BIBAETCA LOPEHUEBHM COKPAU4EHLEM.

[TockoabKy 1OMEpPeuHBle pasMepbl Teda 1IPH €0 JBHKEHHH
He MeHsioTcs, To oObeM *}° Tena coxpamaercs no aHanoruuHo#

¢opmye
8P ==, ]/1__?’ (36.5)

rae “J°, ecTh cobemsennsit 06sem reda,

Hs npeobpasosanna JlopeHua mMoxHO Ha#TH H3BECTHHIE HAaM
yKe pesyAbTaTh OTHOCHTEAbHO coGcTBeHHoro Bpemenu (§ 35).
Iycts ® cucreme K’ nokosTcs uacel, B xavecrse AByx coOsirnfl
BO3bMEM IBa cOOBITHS, MPOHCIUENIIMX B OJHOM H TOM XK€ MECTe
X', ¥, 2 npocrpancrea B cucreMe K'. Bpemsa B cucreme K
MEXIy STHMH coOmTHAMH ecTh At ={, — ¢,. Hallnem tenepn Bpe-
M Af, KOTOpPOE MpPOLIAO MEXAY STHMH Xe COOHTHIMH B CHCTE-
me orcuera K, Us (36,3) umeem:

LV LV,
tl—l-Ea—x ) t2+’07x
2

Y = === —_—375 !
Viee Vs
¢ ¢

HAM, BHIYHTAs OAHO M3 JPYroro,

h— =M=

t =

B NOoJHOM coraacun ¢ (35,1).

§ 37. lpeoOpa3oBanue CKOPOCTH

Mu Haman B nmpeamayuleM naparpade (opMyas, Nossoasio-
HiMe MO KOOpIAMHaTaM COOHTHA B OJHOM cucTeMe OTCUETa HakrtH
KOOpAMHATBl TOro ke coOWTHs B ApyroH cucreMe orcuera, Te-
nepb Mul HaileM QOpMYJH, CBASHBIIONIME CKOPOCTD BBHKYIIENCS
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YACTHILGI B OAHOH CHCTEME OTCUETA CO CKOPOCTHIO TOH 3KE YaCTHILby
B ADYroH cucrteme.

[Tycts cHoBa cucrema K’ aBuxerca oTHOCHTeabHO cucTeMbl K
co ckopocteio V Bmoas ocu x. Ilycts v, =dx/dt ects kKommo-
HCHT2 CcKopocTH B cucreme K, a v_}:dx’/dt’—xomnonem*a
CKOPOCTH TOH #e vacTHil B cucteme K.

M3 (36,3) mut umeem:

1%
, , a4+ dx'
Ax VA gy —dy, de=dY di——C"
il | s
Vi A
]/ l—= ‘ =7

Pasnenus nepseie TPH PaBEHCTBA Ha YETBEPTOE H BBEAS CKOPOCTH

dx ==

v=2 =9
—de 7
HaXo4dUM:
, %] , VAR 77 | Vi
0. — v, +V o __0)']/-1_":—; ; ——UJV 1—?;
X ‘Z)J':V' y O;V ’ r 0 'V .
1+—&T 1+ P
(37,1)

B1u dopmyast u onpemenstor npeoGpasosanue crkopocredt, Onu
NPeACTaBAmoT coBOH 8aKOH C/OKEHUS CKODOCTEH B Teopnd
OTHOCHTE/ILHOCTH. B npeneasHoM cayuae ¢ — 0O OHM NEPEXoadT
B (POPMY/bI KJIACCHUECKOH MEXaNMKM U, ==v, -V, 1,==1,
v, =1,

B YaCTHOM C/lyyae ABHAKEHHUA 4YaCTHiLb napaneslbHO OCH X

V=1, U,=v,==0. Torza vy==v,==0, a8 v,==v, npuuem

v="TC (37.2)

Jlerko yGeanThCcl B TOM, 4TO CyMMa OBYX CKOpOCTeH, MeHb-
UIHX  uaH PaBHBIX CKOPOCTH CBETa, €CThb CHOBA CKOPOCTh, He
66/b11as CKOPOCTH CBETa.

Bubepem ocH KOOpAHHAT TaK, 4TOOGB CKODOCTb HaCTHILBI
B NaHHuH MOMEHT nexaia B maockoctu xy. Toraa ckopocTs
uactuner B chcreme K imeer KOMMOHEHTBI Ty ==1C0s 0, v, =
=wvsinb, a B cuctreme K uMeem v,=17v cosB v, == sin ¥’
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(v, ¥ 1 0, ¢ — abcomoTHEle BeaMuuILl W yrjbl, o0pasoBalHLie
CKOPOCTBIO € OCAMH X H X' cooTBeTcTseHHo B cucTemax K n K').
C nomouwio dopmya (37,1) HaxoanM Toraa

2
v ‘/ I—Y; sin 0’
] <

tgf= v'cost’ +V

(37,3)

Sra gopmyna onpelenseT M3MEHEHHE HanpasJeilns CKOPOCTH NpH
nepexojae OT OJHOH CHCTEMBI OTCuera K ApPYro#.

PaccmorpuM noapoGuee Bawubit yacTHBIE cayuadl stoit Qop-
MYJBl, 4 HMEHHO OTKJOHEHKE CBeTa IpH [epexole K APYroi
CHCTEME OTCueTa, — fBJEHHE, HasblBaeMoe adeppayitetl CBETA.
B stoM cnyuae v=1'=—¢ u npeawaymas opmysa nepexonur B

]/1_ YL
St sin. (37:4)
7 ~+ cos 6

B caywae V<€ ¢ Haxoamm u3 (37,4) ¢ TOUIOCTRIO A0 UMAEHOB
nopsiaka Ve

tgG:

v
ccost’”

tgG:tg@’(l-—

Booas yron AO= —§ (yron abeppauum), Haxoauy C ToH xe
TOYHOCTBIO:

V.
Aﬁ:;sm v, (37,9)
T. €. H3BECTHYIO 3JIeMEHTapuylo opmMy.ny Ansa adeppaluH CBera.

§ 38. YersipexmepHbie BEKTODHI

COBOKYNHOCTE KoopAuHAT co6wITuA (cf, X, V, 2) MOKUO pac-
CMATPUBATH KaK KOMIOHEHTHl YeTHIPEXMEPHOro palHycC-BeKTopa
(nJiM, Kak Mel OyAeM FOBOPUTH IJIl KPAaTKOCTH, 4-pallyC-BeKTOpa)
B uyeTHpexMepHOM mnpocrpaHcrBe. Ero komnoHenrsl Mu Oyiem
o0osHauate uepes x%, rae nuaexc p npoGeraer anauenns 0, 1,
2, 3, npuuem

N=ct, x'=x, x'=y, ==z
Ksagpar «aauHbl» 4-painyc-BeKTOpa AAeTCH BbIPakeHHEM
02 1\2 N2 2
(&) — () — () — (&)
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OH He MeHseTcs npr JoOBIX MOBOPOTAX YETHIPEXMEPHOH CHCTEMHB
KOODAMHAT, KOTOPHLIMH SBJSIOTCS, B YaCTHOCTH, npeoOpasoBaHus
JlopeHiia,

Boobuie #emsipexsmepreist sexmopos (4-sextopom) A* Hasbl-
BAaETCA COBOKYIHOCTb veThipex semuuud A% Al A% A° koro-
poie npu npeobpasoBaHUsiX YETHIPEXMEPHOH CUCTEMBI KOOPAMHAT
npeo0pasyoTca Kak KOMMNOHeHTH 4-pamuyc-sektopa x™1). Ilpu
npeobpasosanuu JlopeHila

A'o-l——]—/A" A"—-I—%A'o
A=l CVg, A= e, A'=4A7, A=A%
Vi-s Vi-%
(38,1)

Kpagpar Beauyunbl BCAKOro 4-BeKTOpa ONpENEseTcs aHano-
TUYHO KBaApaTy 4-pafuyc-BEKTOpA:

(A — (A1) — (A7) — (A%

Ilna yao6cersa 3anuck moZOOHBIX BhIPAXCEHHH BBOIST ABa «COPTa»
KOMMNOHEHT 4-BeKTOpoB, 06o3Hayas ux Oyxksamu A* u A, C uH-
dekcamu cBepxy u cHugy, [Ipu atom

Ay=A", Aj=—AY Ay=—A% A,——A% (382)

Benuyunst A¥ HasblBawT KoHmpasapuaHmuslMu, a A, — Kosa-
puanmrei A KoMnoHeHTanu 4-sektopa, Ksaapar 4-sexropa mpea-
CTaBUTCA TOFAA B BHIE

3

E APA, = A'A,) - A'A| + A, -+ APA,

p=0

Takue CymMMpl MPUHATO 3aNUCHBATL MPOCTO Kak A*A,, ony-

cKkas 3HaK CyMmupoBaHusi, BooOiie npunHuMaercs npasusio, CO-
TJIACHO KOTOPOMY MO BCAKOMY HHAEKCY, MOBTOPAOLIEMYCS B JaH~
HOM BHIpaXEHUW ABaMAbl, NOAPA3YMEBAETCA CYMMUPOBAHHUE, a 3HAK
cyMMbl  omyckaercs. [lpu aTOM B KaxAOW mnape OAMHAKOBLIX
UHIEKCOB OMUH MOJLKEH CTOSTh HABEepPXy, a Apyro# BHu3y. Taxof
cnoco6 0603HauEHUsT CYMMHUDOBaHUA TO, KaK TOBOPST, HeAbiM
UHIeKcaM, OveHb YA0O0eH U 3HAYUTENBHO YTPOLLAeT 3aluch
dopmy .

1) B stoil kHUTe Mbl 6yleM 0003HauaTb YeTbIPEXMEPHbie HHIEKCHL,
npo6eraronpie 3uayeHus 0, |, 2, 3, rpeueckuMU OYKBAMH X, i, Y, oo
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AHa/IOrRYHO KBaIpaty 4-BEKTOPa COCTABASETCA CKaasipHOe
npou3BeNeHRe ABYX PasHeX 4-BEKTOPOB:

AP'B?, - AOBO —%" AlBl + AQB’ + AaBa.

Ilpn 3TOM, OuEBRIHO, €r0 MOXHO 3amACaThb Kak B Bhle A"B,,
T8K B B Bule A, B" — pesyLTar OT 9TOr0 He MeHgerca. BooGume
BO BCAKOH nape HeMBIX HMHIEKCOB BCErfa MOXHO NepecTaB/aTh
BEPXHHE W HRKHHE RHAEKCH D),

Hpouseenenue A*B, spaserca 4-CKaafpoM — OHO KHBAPHaHTHO
N0 OTHOWIEHHIO K MNOBOPOTaM YETHPEXMEPHOH CHCTEMB KOOp-
JAuHaT. 310 OGCTOATE/LCTBO JIETKO NPOBEPHTb HEHOCPEACTBEHHC,
HO OHO H 3apaHee OueBHIHO (MO aHaiormM ¢ kBaapatoM A"A,)
M3 TOFO, 4YTO BCe 4-BeKTOpH npeoOpasyloTcd MO OXHHAKOBOMY
33KOHY.

Komnonenty 4-sektopa A HasmBarT BpeMEHHOH, a KOMMoO-
uentn A!, A%, A®— npocTpaHcTeennnMu (1o anaioruu ¢ 4-pa-
auyc-sekTopoM). Ksanpat 4-sexktopa MoxeT ObiTe NOJOKUTENb-
HBIM, OTPHUATEJLHHIM HJH PaBHHIM HYAIO; B STHX TpeX Cayvyasx
FOBOPAT COGTBETCTBEHHO O BPEMEHUNOGOOHMX, NPOCMPAHCIMEEH-
HONOOOOHB:X W HYae86X 4-BeKTOpax (CHOBAa 110 aHAJOTHE C
TEPMHHONIOTHEN [/ HHTEPBAJIOB).

[lo oOTHOWIEHHI® K UYHCTO MNPOCTPAHCTBEHHKM NOBOPOTaM
(1. e. npeo6Gpa3oBaHKaM, HE 3aTPArHBAIOIMM OCH BPEMEHH) TpH
NPOCTPAHCTBEHHHE KOMIOHEHTH 4-BeKkTOpa AP COCTaBJAIOT TPEX-
mepHuiii BekTOp A. Bpemennas ke xomnosenrta 4-sektopa upei-
craBasieT co6oft (O OTHOWIEHHIO K TeM € npeoOpazoBalnsM)
TpexMepHuit ckanap. [lepeuncias KOMNOHEHTHl 4-BEKTOpa, MH
uacto 6ydeM 3aNHMCHBATL HX KAk

AP == (A% A).
[lpr s5TOM KOBAPHBHTHHE KOMNOHEHTH TOTO ke 4-BEKTOPA:

A,==(A% —A), a xsaapar 4-sektopa: A*A, ==(A")? — A% Tax,
s 4-pajinyc-BeKTOpa:

xt=(ct, 1), x,=(ct, —71) xPx,=c¥—71"

!} B coBpeMenHoft JHTeparype 4Y4CTO OMYCKaOT Boobue HHAEKCH
Y YeTHpeXMEePHbX BEKTOPOB, a HX KBaipaThl H CKajtspHbE TIPOH3IBERC~
HHA BanUChBaOT MNpocTo Kak A®, AB. B 9To#l KHHre, OLHaKO, Mbi HE
6ylen 110Ab30BATHCA TakKMM criocoGoM oGosnavennf,
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V . TpexMepHHX BEKTOPOB (B KOOpIWHATax X, Y, z) HeT, KOHEYHO,
Heo6X0NUMOCTH Pa3AWuaTh KOHTPA- U KOBAPHAHTHHE KOMIOHEHTLL
Besne (rme 9TO HE CMOMeET LIPUBECTH K HENODAsyMEHUAM) MH
6yleM nucaTb MX KOMIOHeHTH A;{({=wx, ¥, 2) C HHIEKCaMH
BHM3Y, 0603Hayas 9Tu HHIEKCH JaTHHCKUMH OykBamu, B yacrHo-
CTH, 1O [ABa¥[bl MOBTOPSIOIUMCA JIATHHCKUM HHIekcam OyneT
NOAPasyMeBaTbCl CYMMUPOBaHUE [0 TPEM B3HAYEHHAM X, Y, 2
(vanpumep, AB = A4,8)).

YeTupexmepHsiM TenzopoM (4-TeH30poM) 2-r0 paHra HasbiBa-
eTCAd COBOKYNHOCTb 16 BeauwuuH A"’, koTophie npu npeobpaso-
BaHHH KOOpAMHAT 11peo0pasyloTcsd Kak NpOUSBEJEHU KOMIOHEHT
4-ekTOopoB. AHaNOruyHelM 00pasoOM ONpenesfioTcs M 4-TeHsophl
BHCIUNX PaHroB.

KoMnoHenTsl 4-TeHsopa 2-r0 paHra MOTYT OHTb NpeacTaB-
Jenpl B TPEX BUIAX: KiaK KOHTpaBapuaHTHHe AP’, KOBapmaHt-
Hee A,, n cmemanusie A®, (8 NOCJeAHeM cayuae Hano, BooOuie
ropopsa, pasmuyate A%, 1 A%, T. & CHemMTb 32 TeM, KaKoH
HMEHHO — MepBuIf MK BTOPOH -— UHAEKC CTOMT BBEPXY, a Kako#
BHU3Y). CBA3b MeX/IY Pa3/MYHbIMH BMAAMH KOMIOHEHT ONpenens-
erca no oOLeMy Nparuay: IIOAHATHE WA ONYCKaHHE BpEMeH-
Horo uHiexkca (0) ne Mmewser, a NMOAHATHE WM ONYCKaHWE Npo-
CTPAaHCTBEHHOTO HHAeKca (1, 2, 3) MeHAeT 3Hak KOMMOHEHTH, Tak:

Ao():AOOy Ay =— 4“1, A11=A“’ seey
Ao“zAM, Al =AY, A“,:——-A“, A,l::—A“, e

Tlo oTHOLUEHWIO K YHUCTO NPOCTPaHCTBEHHHM npeo6pasoBa-
HUAM ZeBaTh KomnohweHT A, A'% ... cocTanafioT TpexMepHHHR
tensop. Tpu xkomnonentst A%, A% A® u tpu Komnowentn A,
A% A cocraBamoT TpexMepHbie BeKTOPH, @ KOMIOHeHTa A%
ABJACTCA TPEXMEPHbLIM CKaJfApOM.

Tengop A" 1aseiBaeTCA CHMMETDUYHBIM, eCiH A* == A%,
H AHTUCHUMMETDUUYHBIM, ecau AP = — A™. Y aHTHCUMMETPHYHOro
TEH30pa BCe JWArolajibHble KOMINOHEHTH (T. € KoMmnoHents A%,
AY ) paBHB WymO, TaK Kak, HanpUMep, HOJKHO OHTb
Am;—AG“. Y cummerpuuHoro rtenzopa A* CMEHIaHHHE KOM-
NoHeHTh A%, u A/, ouesulHO, COBMAalOT; MH OyfeM NHUCaTh
B TaKuX cay4yasx npocro AV, pacnosaras HHIEKCH OIMH Hall
APYruM,

Bo BCAKOM Tel30pPHOM DPABEHCTBE BHIPAKEHHT C oﬁenx ero
CTOPOH AOMKHBL COMEPHATh OHWHAKOBHE M ONWHAKOBO .pacnojo- -



146 MPHMHLMI OTHOCHUTEJBLHOCTH {rJ. vIit

WeHHEIE (BBEPXY HJAM BHU3Y) CBOOOIMEIE, T. € HE HEMEE, HHAEKCHI,
CB060HBIE HHAEKCH B TEH30PHHIX PABEHCTBAX MOMHO TEpeMe-
mare (BBEPX MAM BHU3), HO 00s3aTeNbHO OZHOBPEMEHHO BO BCEX
uneHax ypasHenus. [IpupaBHHBaHUE XK€ KOHTPA- M KOBAPUAHTHLIX
KOMIOHEHT DPasJMYHbIX TEH30POB <«HE3aKOHHO»; TaKOE PaBEHCTBO,
oaxe ecl OH OHO CAyualHO MMENO MeCTO B KaKo#-1u6o cucte-
M€ OTCueTa, HapyWaoch On NPH NEpexole K APYrod CuCTEME.

M3 komnoueHt TteHsopa AY MOxHO 06pasoBaThb ckajaap my-
TeM 06DPa30BAHMSA CYMMBI

Ap.p. — AOO + All + Azg + Aaa
(npu aTOM, KOHEuHO, A*, = AY). Takylo CyMMy Ha3BIBAKOT C(Ae-
doxm TeHsopa, a 06 omepaunmu ero oO6pasoBaHHs TOBOPAT Kak
0 C8epmbLBAKNIl WU YNPOWEHUI TEH30PA.

Onepanyell CBepTHBAHUA HBJAETCS M DPAaCCMOTPEHHOE BHILIE
06pasoBaHne CKaJsApHOrO TpOM3BeneHds IBYX 4-BEKTODOB: 3TO
ects ofpasoBanne ckanapa A¥B, us teusopa A*B,. Boobuwe
BCAKOE CBEPTHIBAHHE [O Tape UHIEKCOB MOHMKAET PAaHr TEH30-
pa na 2. Hanpumep, A%, ecTs Tensop 2-ro paura, A*,B’ — 4-Bek-
T0p, A™,, —cCKaadp U T. A

EnuunuusiM 4-TEH30pOM Ha3biBaeTca TEH3Op ), /s KOTOPOToO
MMEET MEeCTO DaBEHCTBO

S A* = A" (38,3)
npu mobom 4-sektope A*. OueBHIHO, YTO KOMIOHEHTE 3TOTO
TEH30Pa paBHbl

1: =Y
) o SR (38,4)
# 0, ecan p £ v

Ero caem O =4.
OcTaHOBUMCH, HaKOHeL, Ha HEKOTOPHX AU(depeHUHanLHLIX
H MHTErpajbHbIX OTNepalUaX YEThIPEXMEPHOTO TEH3CPHOrO aHaausa,
4-rpafuenT ckajsgpa ¢ €CTb 4-BEKTOp
Os <1 Oo V‘P)-

X+ \c ot

Ipn stoM He0oOGXOZMMO MMETb B BUAY, UTO HAMMCAHHLIE MPOHM3-
BOIHBIC [HOJIKHEI PAaccMaTpUBaTbCs KaK KOBapHaHTHBIE KOMIO-
Hentsl 4-pextopa. [efictBuTensHO, auddepeHnnan ckaasipa

O
= —— d B
de P x
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TOXE eCThb CKa/Ap, M3 €ro Buia (CKajsipHOE NpOM3BeleHHe IBYX
4-BeKTOpPOB) M OYEBMANO CHEJAHHOE YTBEPKACHME,

BooOwe onepatopsl AnddepeHuupoBaHus M0 KOOPAMHATAM
x*, 0/0x", MOJKHB DPaccMaTpUBaTbCA Kak KOBapUaHTHbIE KOM-
NMOHEHTEl omeparopioro 4-sexrtopa. Ilostomy, Hampumep, siB-
JIAETCA CKAPOM AuBepreuins 4-BekTopa — BLipameHne A%/ 0x%, B
KOTOpOM IuddepelinpyioTcs KOHTPaBaPHAHTHBIE KOMIOHEHTH A%,

B rpexslepHOoM NpPOCTPAaHCTBE HHTErPUPOBAHHE MOXKET Npo-
M3BOIMTLCS 110 00LEMy, MO MOBEPXHOCTH M N0 KpuBOH. B ueTw-
pexXMepHOM MPOCTPAHCTBE COOTBETCTBEHHO BO3MOKHBI UETHIPE
poda uHTerpuposaHuii: 1) mo kpuso# B 4-npocrpaHcrse, 2) MO
NOBEPXHOCTH (ABYXMEpHOH), 3) Mo runeprnoBepxHOCTH, T. €. MO
TPeXMEPHOMY MHOrooOpasuio, 4) 1o uersipexMepHoOMY oObeMy,

AnanornyHo rteopemam [aycca u Crokca TPeXMepHOTrO BExs
TOPHOTO aHaJAM3a CYUleCTBYIOT TEOPEMBI, MO3BO/siOMe mpeobpas
30BbIBaTH IOPYr B IApyra uvernipexMepHele wuHTerpaqsl. M3 unx
HaM noHanoburcs /MW TeopeMa o npeobpasoBaHMM MHTErpasa
no 4-o6ueMy B uuTerpasd 10 rUneproBepPXHOCTH.

DeMeHT uHTerpupoBanus no 4-06neMy

dQ=dx"dx'dx*dx*=cdtdVv (38,9)

SBJSCTCS CKaJAPOM; 5TO OUYEBMAHO U3 COMOCTABJIEHHA 3aKOHOB
npeobpasoBanns uurepsajioB BpeMenu (35,1) u npocrpaHcrsen-
X o0nhemon (36,3). DieMeHT He HHTErPUPOBAHMS MO THMEPTO-
BepxHocTn dS* — 4-BeKTOp, MO BeAMYMHE PAaBHBIA «IIOHLANH»
5JIEMEHTA THIEPNOBEPXHOCTH W MO HAMpaBJaeHHIo HOPMadbHbIH
K 3TOMYy 3JeMelity (TaK, cocraBasioulas dS"—=dx dy dz, 1. e,
npeiacrasaser coboit 3jeMeHT TpexmepHoro obbema dV — mpo-
EKLHI0 3JeMEHTA [rHIEPNOBEPXHOCTH HA THIEPIIOCKOCTE X' =2
== const).

MHrerpas no 3aMKuyTO# THNEPNIOBEPXHOCTH MOXKHO ripeobpa-
30BaTb B HHTErPa/l MO B3aK/MOYEHHOMY B He#h 4-00beMy nyrTeM
3aMeHhl 3JEMEHTa HHTerpupoBanus dS, Ha onepaTop

0
dS, - dQ . (38,6)
Hanpumep, misa nHterpana or Bektopa A" umeem:
. 0A*
@ AvdS, = S o de. (38,7)

O1a dopmyna ssasercs obobieHnem teopemnl Iaycca,
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§ 89. ddeprua H HMOYJABC

Kak © B KJaccuyecKOH MeXaHuKe, AJA BHBOAA Pe/ISTHBHCT-
CKHX ypaBHeHMH ABuXKeHHS dacTil Mul OydeM HUCXOLMTh M3 TpUH-
uuna HauMeHbllero Aedcrsus. HaudeM ¢ HaxoxMcIeHHs WHTErpa.a
JeficTBUS A4 CBOGOAHOM UaCTHILbL

ITOT WHTErpaa He JOJKEH 3aBuCeTL OT BeIOOpa TOK WK MHO#R
MHEpUHAJbHOM CUCTEME OTCYETa, T, €. AO/hKeH Obith WHBAPWAHTOM
OTHOCHTEAbHO npeoOpasosanuit Jlopenna, Orcioia ciaenyer, uro
OH Zo/xkeH OBTb B3AT OT cKanaapa. IIpn 9TOM NOA uHTErpaaoM
AOMKHE CTOATh AudpepeHunanst B nepro#t crenend, Eauncrsen-
HEIt TakO# CKaasp, KOTOPHE MOXHO HOCTPOHTL AJA CBOOOAHOR
YaCTULbl, €CTh 3JEMEHT uHTepBana ds, uau const - ds, rae const —
XapaKrepHas Aad 4YacTHUH NMoctosHHas. OOG03HauuM 3Ty NOCTOSH-
HY10 Yepe3 — mc; CMHCA TAKOTO 0003HaUEHHs BBLIACHHTCA HHXKE.

Urak, nelictue a1a cBo0OAHOH HacTHILBl JOMKHO WMETb BHA!

b
S=—me\ds, (39,1)
a
b

rae S of03Hauaer HMHTErpan BIOJAL MHPOBOH JIMHHH MeX1y
a

IBYMS 3a[aHHBIMH COOHTUAMH — HAXOXAEHHEM 4aCTHUH B Hauaib-

HOM U KOHEYHOM MEeCTaX B ONpelejeHHble MOMEHTH BpEMeHH fy 1 f,.
C nomousio (35,1) 910 BHpaxeHue MOXKHO Nepenucarb B BHIe

HHTerpaia no BPEMEHH '

ta
S=—met \ ]/L—v—:dt.
[y
51
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Cpasuus ero ¢ ofmmm onpefeneHueM (2,1)
5
S§={Ldt,

Iy

MK BHIMM, YTO peJNSTUBUCTCKAA ¢yHxuua Jlarpanxa csoGomHo#
YaCTHLLBI

v
L=—me}Y 1=, (39,2)

Hp“ MaJblX CKOPOCTAX, B HECPECJAATHUBUCTCKOM Npelesie, MOXKHO
pasnowuth L mo creneHsM v/c. OnycTus uneHwl BHICWIKX NOPSA-
KOB, NOJy4uM:

L=——-mce—|——zl2£—2.

IocroaHubift unen B QyHkunM Jlarpanxa He OTpaxaerca Ha ypas-
HEHuAX OBMAKEHua u MoxeT Obith onyweH. ITocse 3Toro Mbl Bep-
HEMCl K KJAacCHUeCcKOMY BhpaxeHnio L=—mv%/2, B 10 e BpeMs
BHIICHACTCA CMbICA BBeldeHHoH B (39,1) mocrosHHOH m, KoTOpas
coBnagaetr ¢ MaccoH yaCTHLBL

WMnyasc vacTuubl onpelenseTca Kak npousroauan p=—aL/dv.
ITpoauddepenunposas Buipamenue (39,2), noayuum:

p= . (39,3)
Vi-%

Ipu Mansix cxopoctsx (v < €) 5T0 BHPaneHue NEPEXOMHT B Kaal-
CHUECKOe P = mV,

ITpoussoaHas OT MMITYJbCA MO BPEMEHH €CTb CHJIA, HEHCTBYIO-
mas Ha vacthuy. ITycTh CKOpOCTb 4acTALB M3MEHAETCA TOJBKO
N0 HanpaBJEHHIO, T. €. CHJI3 HanpasJeHa NepneHARKYJAPHO K CKO-
poctun. Torzma

dp m dv

P ]/ln*? . (39,4)
CZ

Ecin e CKOPOCTh MEHAETCA TOJAbKO N0 BEJAWUYHHE, T, €. CuJa
Hanpae/ieHa Mo CKOPOCTH, TO
dp m dv
dt _( v’)"/z dt”’
I——=
P

(39,5)
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Mu BuauM, uto B 000MX Ci/ydasX OTHOLIEHHE CHJIbI K YCKOpPE-
HHIO PasJIHUHO.

CornacHo o6uiemy onpeaenenuo (6,1) sHeprus yacTUibI

E=pv—L. (39,6)
INMoacrasus croma L u p w3 (39,2) v (39,3), noayuns:
E——M__ (39,7)

9ta ouedb BakHat (OPMYJAa NOKa3bIBAae€T, B UYaCTHOCTH, UTO
B PEeNATHBHCTCKON MexXaHuKe 3Heprus cBOGOAHOH YaCTHIH He
obpattaercs B Hyab npu v=—0~0, a ocTaercs KOHeuHOH Beanuu-
HOH, paBHOH

E=mdc*, (39,8)

Ee nasuiBalOT smepauell NOKOS YACTHILHL

ITpn manex cxopocrax (v ¢) umeey, pasaaras (39,7) no
cTeneHsaM v/c:

E~c ch’Tm—;:,

T. €., 32 BbIUETOM SHEpPruu MOKOf, KJACCHUECKOe BHIDaXeHue A
KHHETHUeCKOH SHepruu YacCTHUILbL

IToavepkHem, UTO XOTA Mbl TOBOPHM 3[eCb O <«UACTHIE», HO
€e «3JEeMEeHTAapHOCTb» HUrAe He ucnoandyercd. ITostomy moJay-
yeHHble (OPMYJBl B DaBHOH CTeNeHH NPHUMEHUMbl M K Jobomy
CAQWKHOMY TeJy, COCTOAIIEeMY M3 MHOTUX 4acTHl, MPUYeM Mol #i
Hao0 NOHUMAThb MOJHYIO MacCy Tela, a NMOA U — CKOPOCTh €ro
ABMXEHHS Kak 1eqoro. B wactHocty, dopmyaa (39,8) cnpasen-
auBa u Ajas moboro nokosuwerocs kak weqoe teaa. Obparum
BHUMAaH#e Ha TO, UTO SHEPrus cBoOOAHOrO Teaa (T. e >SHeprusa
A000H 3aMKHYTOH CHCTEMBI) OKa3blBaeTCd B  PeaATHBHCTCKOH
MEXaHUKe BlOJHE OMnpele]eHHOH, Bceraa MoJ0KUTEALHOH BeJH-
YUHOH, HEMOCPeACTBEHHO CBA3aHHOH ¢ Macco# Tesa. Hanmomnum
B S5TOH CBSI3W, 4TO B KJACCHUECKOH MeXaHiuKe 3Heprua TeJa
onpenesneHa JHllip C TOYHOCTBIO A0 NPOHM3BOJLHOH ALIUTHBHOM
NOCTOAHHOH, U MoXeT OBITh KaK MOJOXHTEJIbHOH, Tak U OTpH-
1arTesJbHOH.

Dueprus NOKoAUWIErocs Tena colepxuT B cebe, NMOMUMO SHEp-
rUM MOKOA BXOJSIIMX B €ro COCTaB YacTHIl, TaKiKe KHHETHYe-
CKYI0 SHEPTHI0 YalTHIl U SHEPTHI0 UX B3aHMOAEHCTBHA APYT C APy~
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rom. JIpyramu caosamu, mc’ ue paBHO CymMme 3| m,c? (mg, —

MacCBl YaCTHU), d TNOTOMY W # He PaBHO 3|, Takum o6pa-

30M, B DEJATHBHCTCKOH MEXaHUKe He HMEeeT MeCTa 3aKoH Coxpa-
HEeHHs MacChl: MaccCa CJOXHOrO Teaa He PaBHa CyMMe MacC ero
yacret. BMecTo 3TOro HMMeeT MeCTO TOJBKO 33KOH COXpaHeHns
SHEPrHH, B KOTODPYIO BKJ/UAETCS TAKKE U IHEPTrHs NOKOS 4acTHl,
Bossoas seipaxenna (39,3) u (39,7) B KkBampar m cpaBHuBas
WX, HallleM C/edylouiee COOTHOLIEHHe MeXIy SHeprued 1 UMIyJib-
COM YaCTHLLBI:
72
E—ptme (39,9)
DHeprus, BRIPAKEHHAT Yepes UMIYJbC, Ha3bIBAETCS, KaK M3BECTHO,
¢yuknret I'amuabToHa H:

H=cV p*—+ m*. (39,10)
Ilpu Manbx ckopocTax p << me u npubankenHo
et P
Hasmc* 45,

T. € 33 BHIYETOM BSHEPrUH NOKOf — KJIACCHUECKOE BHIPAXKEHHE
¢dysxuun amuabToHa.

Ws suipaxennt (39,3) u (39,7) BrITeKaeT Takxe CJIEAYIOHIEE
COOTHOIUEHKE MexJy SHeprheH, HMNyJbCOM H CKODCCTBI CBO-
6omod yacTHLBI

p="2. (39,11)

Ilpn v=1c¢ uMnyabc w sHeprus uacTuikl ofpaniaorca B Oec-
KOHEUHOCTb, DTO 3HAYMT, YTO YACTHUA C OT/JIHYHOH OT HYJsT Mac-
COHt m He MONKeT ABHFaTLCA CO CKOPOCTBIO CBeTa., B peasTusu-
CTCKOH MeXaHHKe, OJIHaKO, MOTYT CYLIECTBOBATb uaCTHIB ¢ Maccoi,
PaBHOR Hy:I0, ABHKYIIAECA ¢O CkopocThio c¢eral). Us (39,11)
UMeeM AJAs TaKWX YacTHIL

p==1. (39,12)

Ipubanxenno rtakas xe ¢opMysa cnpaBel)nBa W A YaCTHL
C OTJMYHOH OT WY/ Maccoit B TAaK HA3HIBAEMOM YAbmpapeisimii-
8uCMCKOM CAyude, KOTAA SHEpPrus yacTHubl £ BeJMKa IO Cpas-
HEeHUIO ¢ ee 3Heprued noxkos mc?

1) TakoBbl CBCTOBbIE KBAaHTBl — (POTOHBI, & TaKKe HeiTpuHO.
’




132 PEJIAITHBUCTCKASI MEXAHHKA (ra. 1X

§ 40. YeTripexmepitbifi HMIYJILC

ITpoussenenHbie B npenbliyllen naparpade BbBOAbM CaMH MO
cebe eule OCTaBJAIOT OTKPHITHIM BONMPOC O 33KOHe npeo6pasoBa-
HHA 9HEPTMM W WMOYyJAbCa 4YacTHLB TPH Mepexolde OT OJHOH
cucTeMBl OTcYeTa K Apyro#, Jns orBera wa 3TOT BOnpoc HeoO-
XOJMMO BBISICHHTH YETHIPEXMEDHYIO NPHUPOLY STHX BEAHUMH.

Hs O6BIMHOTO TPEXMEPHOrO BEKTOPa CKOPOCTH YaCTHIL V
MOxHO oOpasoBatb M 4-pektop. Tako# «emupexmeproil cKo-
pocmeio (4-copocTbio) fABASETCA

dxt
W =——,
ds
Bripasus snement ustepsaaa ds depes anddepeninan spemenn dt
cornacHo (35,1), MOXHO HanHcaTh:
1 dxt

vzl‘?i?'
-

OTciola BHOHO, YTO KOMIOHEHTH 3TOro 4-BeKTopa

(40,1)

=

1 \Y

=

KoMnonentn 4-CKOPOCTM HE HE3aBHCHMB. 3aMmerHB, UTO
dx,dx* =ds?, waxomum:

ll"'L —

(40,2)

uut=1. (40,3)

C reoMeTpHYecKOW TOYKH speHHMs u* eCTb eIMHHWUHBIM 4-BEKTOP
KacaTeabHOH K MHPOBO# JIHHHM YaCTHILBL

YemopexmepHusn umnyaocor (4-uMnyibcoM) YaCTHILBI Ha3hi-
paerca 4-exTop

P = mcu*. (40,4)

Bass xomnoxents 4-ckopoctn u3 (40,2) u cpassuB C Bbipaxe-
uaamu (39,3) u (39,7), Mbl YBHIHM, YTO KOMIOHEHTB! 4-UMmy/bca

b — (% , p) , (40,5)

Takum 06pasom, B PENATHBUCTCKOHR MeXaHnHKe UMIYAbC H SHEp-
THS ABJAIOTCA KOMIOHEHTaMH ojxoro 4-gektopa. OTcooma cpasy
crenyior Qopmyans npeobpasoBanus stix BeanuuH. IToacrabus
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B obwue dopmyant npeobpazosanus 4-sexropa (38,1) BrpameHus
(40,5), HaxoauM:

4
Pit L E E + Vp:
¢ . . P
Px= I Py =Py P:=Paz E=7—=‘/‘:‘ ' (40,6)
1 -2
Py

Vi-%

riae p,, Py, P;— KOMIOHEHTH TPEXMEPHOrO WMIYJabCa P.
W3 onpesenenns 4-umnyanca (40,4) u Toxmaecrsa (40,3) numeem
ans ksappara 4-ummysabca cBOGOOHOH 4acTHUBI
pupt = mict 40,7y

IToacrasus ciona xommoHeHtsl p* uz (40,5), Mbl BepHeMmcad K CO-
otHouleHno (39,9).

§ 41. Pacnan wacrun

PaccmorpuM camonpoussoJibHHH pacmas Tena ¢ maccod M
Ha JABE YaCTH C MaccaMu m; U my 33aKOH COXPAHEHHS SHEPruH
DpH pacrnaje, NpHMeHeHHbI B CHCTEME OTCYeTa, B KOTOPOH Teno
MOKOWTCH, maer ')

Af=510+520, (41,1)

rie Eyy n Ey— 3Hepruu pasaeraomuxca udacteit. ITockouabky
Eyy™>>my u Eg > my, 10 pasercrso (41,1) MOXeT BHNOJHATHLCA
JMuIb, ecan M > my - my, T. €. TEI0 MOXET CaMONPOH3BOILHO
pacnanarbcq Ha 4aCTH, CYMMa MacC KOTODHIX MEIbINE MacCh Tesa.
Hanporus, ecan M<my-+ my, 10 TEno ycroiuuso (mo oTHo-
IIEHUIO K JAHHOMY pacnaiy) ¥ CaMONMpPOM3BOJILHO HE Pacrafaercs.
Jlag ocywecrsaenuss pacmaga Hado Owao Obl B 3TOM caydae
cooliuyMTh TENy H3BHE SHEPrilo, PaBHYIO 1Mo KpafiHel Mepe ero
suepenn cea3n (my -+ my— M).

) B §§ 4!, 42 nonaraem c==1. [IpyrumMu cirosaMH, CKOPOCTb CBeTa
BLOUPAETCA B KAUCCTBE CHHHHILI H3MEPEHHA CKOPOCTefl (fIpH 9TOM pas-
MEDHOCTH IJIMHbI M BPEMEHH CTaHOBATCA ONHHaKoBuMHM). Takoii BHGOP
ABJAETCA eCTECTBEHHHIM B PCAATUBHCTCKONl MeXaHMKe W OUYeHb yNpO-
ugaer 3anuce gopmya. ONHaKO B 9TOM KHHUre (3HAYHTCALHOE MECTO B KO~
TOPOH yHeleHO W HePENATHBUCTCKON TEOPHH) MH, Kax MpaBHa0, He By-
JleM TOJL30BaThCA TaKOH CHUCTeMOH elHHHU, a NPH €€ HCIONb3OBaHWUH
O6yneM Kax[bif pa3 oroBapuBaTh 3TO.

Ecan B topMyne moloxeHo ¢==1[, T0 BO3BpaMHICHHE K OBBIYHBIM
@IHHHIAM ~He TpPeACTaBAACT TPYHA: CKOPOCTH CRETa BBOMHTICA B Hee
TaKHM 06pa3oM, YTO6Gbl OOECNCUUTH NMPIBUALHYIO Pa3MEPHOCTH.
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Hapsany ¢ 3akoHOM COXpaHeHHs SHeprud npu pacnaie J10.1-
JEH BBINOJHATLCS 3aKOH COXPAHEHHs HMNYJAbC3, T. €. CyMMa
UMIIYJILCOB  DA3JETAOMWMXCA 4YacTed, Kak M  NepBOHAYANbHBIN
UMIYJIbC Tena, PaBHa HYNIO! Pyg -+ Pay=0. Otcioaa pj,=pj, uam

Ejy— mi=E3,— ms. (41,2)
IBa ypasuenus (41,1) u (41,2) oxnosnavHo OnpeleasioT SHEPruu
pasieTalWUXCA yacTel:
Eyy= M2 4 m?— m3 M2—mi 4+ m3 ]
2M ’ M

B uexotopoM cmbicae OOpaTHBIM SIBJSETCA BONPOC O BBIYHC-
JEHUH CyMMapHOM 3Hepruum Al ABYX CTajiKMBAOUIMXCA YaCTHIL
B CHCTEME OTCYeTa, B KOTOPOH uX CyMMapHbIfi UMIYJbC paBeH
wyamo (cucmenma yewmpa unepyun). BpluucieHne 3TOH BEHYUHBL
IaeT KPUTEpHil, onpelentiouidi BO3MOXKHOCTb OCYLieCTBACHHs pas-
JIHYHBIX TIPOLECCOB HEYNPYTUX CTOJNKHOBEHUH, CONPOBOKAAIOHUXCA
M3MEHEHUEM COCTOAHHMSA CTAMKUBAWOILMXCH MaCTHL HJIH <POMIe-
HHeM» HOBBIX yactull. KawIel$i Tako# rpouecc MOxer NpPOHC-
XOJUThb JHUIUb TIPH YCJHOBUH, YTO CYMMa MacC BCEX <«NPOAYKTOB
peaxkuuu» He mnpesbinaer M.

Iycre B ucxonHo#t (nabopamoproll) cucreMe oTCUYETa YacTHILA
C Macco my U aHeprued £y CrankurRaercs ¢ NOKosuweHcd 4acTH-
e ¢ Maccod mg Cymmapras sueprus ofeux 4acTuil

E:El —II—‘ EQ:EI—;“HTQ,

a CyMMapHbil uMIyabC p=p, -} p,=p;. Paccmarpusas obe
YaCcTHIbl BMECTE Kak OMHY CJIOXKHYIO CHCTeMY, Mbl HAaWIEM CKO-
pOCTb €e HBMXEHHs Kak 1enoro coraacHo (39,11):

_p__ Py
IT0 M eCTb CKOPOCTh JBMMKEHUs CHCTeMbl LieHTpa MHepPLHH OTHO-
CHTENLHO Ma60paToOpHOH CHCTEMBI.

OnHako mas onpepeleHdss HCKOMOHM maccsl M ner 11eo6xo-
AMMOCTH (PAaKTHYECKHM NPOM3BOAUTL NPeobpasoBanie OT OIHOH
CHCTEMBI OTCYETAa K ZIPYyrod. Bmecto 3TOro MOXKHO BOCNOJB30-
BaThCsl dopmyaod (39,9), npuMeHuMOH K COCTaBHOH CHUCTEME
B TakOM JKe Mepe, KAK M K KawJIOH 4acTuie B OTHEJbHOCTH.
Takum o6pasom, umeem:

M=E*—p’=(E, -+ my)? — (Ef — m}),

Eeoz (41,3)

OTKya
M= m; - mi L 2m,E,. (41,5)
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3agava

OmnpeperuTb HaUGOALIIYI IHCPTHUIO, KOTOPYID MOMET YHECTH OJHA
¥3 pacNafHbIX YacTHLl 1IpY pacnajie HeloJBHXHON YacTHUb! ¢ Maccoi M
Ha TPYU YaCTHUbI Ny, My, Hl,.

Pemenne. Yaciuna m, umeeT HauGOJbIIYK SHEPTHIO, €CIU CH-
cTeMa ABYX OCTaIbHhIX YaCTHL M, W My AMeeT HAUMEHDBIIYIO BO3MOX-
HYIO Maccy; MOCIAeNHss paBHA CyMMe my - my; (YeMy OTBeyaeT COBMeCT-
HOE IBMXEHHe STUX YacTUL C OJUHAKOBOH ckopocTbio)., Cpeas, Takum
2?F§30M' BONPOC K pacnagy Tema Ha JBe YacTd, NOJYYHUM COTJIacHO
(41,3):

E o M mi— (my 4 my)
1max oM D

§ 42. Ynpyrue cTOJNKHOBEHHS YACTHL

PaccmMoTpuM, ¢ TOUKM 3peHHs PeISTUBHCTCKOH MexaHuKd, ynpy-
roe crojxkuoseHne uwactui. O003HaUAM HUMOYJALCH W 3SHEPrHH
JABYX CTaJKUBAWLIMXCH uYacTHLL (C MaccaMH 7y, W my) uepes
P, E1 n py, Ey 3HaueHus BeIMuuH NOC/E CTOJKHOBeHUs OyaeM
OTMEYaTh UITPHXOM,

3aKOHBI COXPaHeHUs JHEPTUH M HMIYJAbCA NPH CTOJAKHOBEHHH
MOXHO 3amucaTb BMECTE€ B BHAE YDaBHEHUS COXpaHeHusd 4-um-
nyJbca:

pe-pi=p+pk (42,1)

CocraBuM u3 3TOr0 4-BEKTOPHOrO yDaBHEHHS HHBAPHUAHTHBIE
COOTHOWIEHUS, KOTOpnEe Oyayr yaoOHbIMH A/ AaJbHEHHIMX BBI-
yucaenu#l. [as storo nepenumenm (42,1) B Buae:

Pt —-pp—ppr=pp

1 BO3BeAeM o0e CTOpOHB PAaBEHCTBA B KBaApaT (T. € HamuIuem
HX CKa/APHbIE NPOU3IBEACHUS caMux Ha cebf). 3ameuad, uTO KBaj-

- i " 2 e n
pare  4-uMnyJ/bcoB py w p* paBubl m2, a KBampark py u p
PaBHAHI mg, NOJIyyuM:

m ’]r!’mpfi —PIQP;“—PQ“P;“ZO- (42.2)

AHa:'IOI‘[/Il{l'{bIM o6pasom, BO3BEAs B KBaAPAaT PaBEHCTBO p—|-ph—
—P;=p}, noiyunm:

m2--ppy—ppE—ro pr=0. (42,3)
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PaccMoTpuM CTONKHOBEHHe B 1aGopaToOpHON CHCTEMe OTCYETa,
B KOTOPOH 110 CTOJKHOBEHHS ONHa W3 vuacTHll (YacTHlla #y)
noxkounace. Torza py=0, Ey=smy n ourypupyomue B (42,2)
CKaNspHBIE NPOU3BENEHHS PABHBI

b= = '
Pw_ 27 Elm% P,}j’l m‘)EP

'

, - , , . (42,9)
bpy = EE, —pp,=EE —pp,cost,

rie O —yroa paccesnusn Hanetaonlell uactuus my. Iloacrasus
9TH BEpaxenna B (42,2), noayuum:

cos 91'—:5; (Ex‘f‘ms)“jExms—”"i'. (42,5)
PPy
AnanoruuneiM o6pasom us (42,3) naitnem:
cos 92=(E1+ ) (E;'_m2)’ (42,6)

PiPs

rie 0;— yros, oOpasyeMblii UMNYJAbCOM OTHAYM Py C MMIYJbCOM
HaneTaomell uvacTHUB Py. OTH DOPMYAE CBASHIBAIOT YA pac-
cesHns o0Oeux uacThm B JaGopaTopHoi cHUCTEMe C H3MEHEHMSIMHU
HX 3HEPTHH,

OTtneruy, 4TO €cau my >y, T. €. HajeTalomlas uyacTulla
TAKENEE TOKOAWEHCA, TO yroa paccesHus 8; He MOXET NpeBH-
HIaThb HEKOTOPOro MaKCHMaALHOTO 3HAaueHUs. DAeMEHTapHBIM Bhi-
YHCACHHEM JIETKO HaHTH, YTO 3TO 3HAYEHHE ompemeaseTcd [a-
BEHCTBOM

L p—. (42,7)
m,
COBMANAIOMWHM € KJacCHueckuM pesyabraToM (14,8).

Popmyan (42,5—6) ynpomaloTcs B Cayvae, KOTAa Haxe-
TaI0mas - yacTina o6aalaeT pasHOH Hyaw Maccolt: my=—0 u
cootBercTBeHHo py = Ej, p; = E,. Buinunmem s storo cayuas
dopMyny IAs 3SHEPruM Hajeraoliel 4acTHUB nocae cTOJKHOBE-
HUS, BBIPAJKEHHOH 4YELe3 yron ee OTKJAOHEHHS:

By = ____..’l‘«'____'.n. (42,8)
I —cos, + -Ei
1

BepHeMcs CHOBa K OOIMEMY CJYYal0 CTOMKHOBEHHS UaCTHIL
mo6uix Macc. Hauboaee npocro ¢TOAKHOBeHHE BHIFSAAWT B CH-
treMe lieHTpa uHepuud. OTMeuast 3HauyeHns BeAHUHH B 3TOH
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CHCTEME  JIOHOJHHMTENbHBIM HHAekcoM 0, uMeeM 3lech Pyy==
o= —— Py =Py B CHIY COXPaHeHHs uMNyJ/bCa, UMOYJbChi 00enx
YaCcTul, npu CTOJKHOBEHWHH TOJBKO MNOBOPA4yHBalOTCHd, OCTaBasdACh
paBHbLIMH 110 BC/AHYHHE H NPOTHUBOMNOJIOXHBIMHA MO HaNpaBJIEeHHIO.
B cuay ke coxpaienns 5Heprud aGCOJIOTHHIE 3HAYEHUS KaXAOro
U3 UMIOYABCOB OCTal0TCHd HCHU3IMCHHBRIMH.

OO6o3uauuM yepe3 ¥ YroJ paccesHust B CHCTEMe LEeHTpa HHep-
UHH — YTOJd, 1a KOTOprﬂ NOBOPAUMBAIOTCA MPH CTOJKHOBEHHUH
HUMIYJAbCL Py ¥ Pgy. IDTOH BEAHUUHOH NOJHOCTBIO onpene/seTcs
npouecc paccesuns B CHCTEME UEHTPAa HHEpUuH, a TOTOMY
H BO BCAKOH apyro#i cucreme oTcuera. Ee yno6uo Buibpatsh
TaKKe H PN ONUCAHWM CTOJKHOBEHUS B s1aBoOpaTOpHOH cHCTeMe
B KAueCcTBe TOTO eNHHCTBEHHOro NapaMeTpa, KOTOpHH OCTaercd
HEONPEeACJCHILIM 110CAe Y4e€Ta 3aKOHOB COXPAaHCHUA 3HEPrum
U UMMYbCa.

Bhlpasun uyepes 5Tor NapaMeTp KOHEUHHe SHepruy obeux
yacTvil B JaGopaTtopuo#t cucreme. it 3TOro BepHeMcs K COOT-
Hoitenuio (42,2), HO Ha 5TOT pa3 PaCKPOEM NPOU3BEAEHHE pmp;i*

B CHCTEME LECHTPA HHEPUHH:
b= . " —=F2 —p? y=p2(l — b 2]
plﬂpl EIOEIO p10p10 Elo po Cos L p0 (1 cos /‘) + ml

(B cucreMe uEHTpPa HMHEPLHM 3HEPrus KaiAOW M3 4YaCTHL MNpH
CTOJIKHOBEHUM He MeHsercs: Eyy== Ey). OcTaJjbHble e IBa NMpo-
H3BEJEHUA PacKpBIBaeM no-mpexHeMy B JabOpaToOpHOH cucreme,
T. € OGepeM u3 (42,4). B pesyanTate nosayyum:

E,—E; =2 (1 — cos y).
My
Ocraercs BHIpasuTh p; uepe3 BeJHYHHb, OTHOCAWIHECA K Jabo-
paTopHO#t cucTeMe. DTO JIETKO CIeJaTh NyTeM HPUPaBHABAHHA

SHaueHud uHBApHaHTa p pb B O0eMx cucTeMax:

EEq — p1oPeo == Eym,y
Wi

V4 mD py + my) = Evima — i
Peinas 910 ypaBHeHue OTHOCHTE/bHO pj, MOMYyuNM:

2 __ mg (Es_mn)
P ity omE, (429
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Vmes Ttaxke B BUmy 3akon coxpawenus E, - my=FE{-} E3,
OKOIIYaTEJbHO THUIEM:
, ‘ my (E3— m3)
El—FE=E—my—=—2"21_ _(1— ) 42,10
! ! 2 2T mr mE 2/112[:1( cosy). (42,10)
910 BHIpaX(eHHe mpeAcTaBaser Co6oli HEpruio, TepAEMYIo
1epBod M COOTBETCTBEHHO npHoOperaemyio sTopold wacTuned. Hau-

GoJbluas nepefaya SHEPruH MOJNYYaeTcs NP ¥ =7 U paBHa

2m,y (E3 — m?3)

E.’ -—-m:E-———E' i —
2 max 2 ! L min == e Tome - 2m,E, "

(42,11)
OTHOweHNe MHHEMaJIBHOR KHHETHYECKOW SHEPrHH HajleTalo-
Hied yacTHUB [I0CAe CTOJKHOBEHHS K ee NepPBOHauaabHOM KHHe-

THYEeCKOR 3HEepruu:
El mn—m (m, — m,)*?

Ei—m, 7 m2 4 mi-L2m,E

(42,12)

B npeneabnoM cayuae Maabix ckopocredt (korma E A m - mv/2)
3TO OTHOUIEHHE CTPEMUTCH K NOCTOAHHOMY Mpeleny, PaBHOMY

my— g \?
m+my) "
B ofpatHoM xe npelene Ooapluux sueprddt E, OTHOILEHue

(42,12) cTpeMHTCS K HYJI0; K NOCTOSHHOMY e Mpemeay crpe-
MHUTCS caMa BeJuudHa E] pip. DTOT mnpeden paseH

mi 4 mg

E! ip =
1 min 20,

ITpeanonoxum, 4ro #; > m;, T. € Macca Hajleraioule# ya-
CTHILBl MaJja [0 CpaBHEHHIO C MacCod NOKOMBIUEHCH 4aCTHILBL
CorsacHO KJaCCHYECKOR MeXaHuKe I[PH 3TOM Jerkas 4YacCTHua
Moria Obl nepedarb TAXEJAO0R TOJBKO HMUTOXHYIO 4acThb CBOeH
sHepruu (cM. § 14). Taxkoe nosoxeHue e umeer, OJHAKO, MeCTa
B peasaruBUcTcKo# reopuu. M3 dopmysas (42,12) suano, urto
NpH AOCTaTOUHO OOJBIWINX 3Heprusix FE, m0Jis nepelaHHod suep-
UM MOXET HOCTHup nopaaxa 1. Jlas 3Toro, 0AHAKO, HEdOCTa-
TOYHO, 4TOOB CKOpPOCTH YaCTHUB 77, Gplia nopsiixka 1, a HeoO-
XOOMMEl, KaK JEerKo BUAETh, JHEPrun

El ~ Iy,
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T, €. Jerkad uacTuua [Ho/UkHa 00.1alate aHepricil nmopsaoxa siep-
M TIOKOSl THXKEJOH YaCTHILBL

AHanorniHoe MOJNOKEHHE WMEET MEecTo 1pH my < my, T. €
KOrZa Tskejas 4acTMa HaAeTaeT Ha Jerkyw. M smece cormacho
KJAaCCHUecKON MexaHuke, npoUcxonaa Obl JMIUb HE3HAYUTEJb-
gas nepemaua sdeprud, [lond nepefaBacMod sHEPruM Hauumaer
CTaHOBUTBCH 3HAUMTENABHOL, TOJBKO HAUMHas OT sHEPruf

.
mi
m,

ElN

OTMETHM, 4TO W 84ECh peub MIAET He MPOCTO O CKOPOCTAX Mo-
psOKa CKOPOCTH cBeTa, a 00 sHeprusax, G0JbIMX TO CPaBHEHHIO
¢ my, T. & 00 yAbTPapesaTUBUCTCKOM Cayuae,

3apgaun

1. Jdna ABYX YacTiil oAIIHAKOBOH Macchl OlNpeleaHTb Yroa UX pas-
netTa mociae CTOJKHOBeHis B JaBOpPaTOPHON ciucTeMe OTCYeTa,

Pemenne Bospepsn B xsagpal ofe croponnt pasenctsa (42,1),
TIO Y YUM:

PPy =Pylys

a Tmocae PacKpLITHA TNpPOH3BeAcHUN 4-uMIyancos B nmaGopaTopHcH cH-
cTeMe:

Emy=EE;— pip;cos 9,

rie © — yroa pasnmeta (yroa Mexay p; M pg). Jaa vacTui ogunakoBod
Maccol (m, = my == m), NOJACTaBHB

P =YET=mE P=yEi—m®

H yyutsiBaa coxparenuc apepruu (E; 4+ m = E| 4 E;), nonyunm orcoaa

S E=mE=m
C°59—]/(E;+m>(E;+m>'

Yron © mMenserca B mnpefenax ot =/2 (mpu E; —m umu E; —m) 10
- MHHMMaabHOro 3Hayenua © . . jocturaemoro npu E; =E;.

min

E,—m
1

o8O . ==
min— F4 3m

2. Jdaa CTOAKHOBEHHsi JABYX 4YAacTHL{ OJHMHAKOBOH Maccsl m

Bupasuts FE;, E, ¥ y uepes yroa pacceaHus B na6opaTopHoOft cu-
creme 0,.
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Pemenne. lMoxcrasus B (42,3) p, =V E: —m?, p, =Y E3 — m?
M pewnB ypaBHeHHe oTHOCHTembHo E,, HafifeM:
Er o E,+m+ (E,— m)cos? 8,
YT E - m—(E,—m)cost b,

M 3aTeM
(E5 — m®) sin? §,
n -+ (E, — m) sin®6, *

E,=E,4+m—E{=m +—§I
CpasuuBan ¢ BeipaxeHueMm E| uepes y:
5 1

El=FE — 7(51_’") (I —cosy)

(u3 (42,10)), Halinem yrox paccenHHa B CHCTeMe HEHTPAa HHePUUH
2m — (E, + 3m) sin? 8,
2m + (E, 4+ m)sin®0, *

€08 Y =



qACThH 1T

AJNEKTPOAUHAMHUKA

Faasa X
3APH B JEKTPOMATHUTHOM TOJIE

§ 43. YersipexMeprbiif nOTEHWMAN 1O

BaanmogeficTBue uyacTHL APYr ¢ APYrOM MOXKHO OIMCHLIBATH
€ TOMOILBIO MOHATUA CHJOBOrO roast. Bmecto TOro ytobnl roso-
PHUTB O TOM, YTO OJHA 4aCTHLA JAcHCTBYET Ha APYryio, MOXHO
€Ka3aTb, YTO YaCTHLA CO3AaeT BOKpPYr celf noje; Ha BCAKYIO
APYrYIO YacTHLY, HaXOAAUYIOCH B 3TOM mone, AeHCTBYET Heko-
Topas cusa, B KJaaccuueckol MexaHuke 1oJsie ABJAETCS  JHIIb
HEKOTOPHIM Croco00M onucanis QU3HIecKoro ABJaeHUI — B3aUMO-
neficrBus  yacTHl. B Teopuu ke OTHOCHTEJbHOCTH Onarofaps
KOHEUHOCTH CKOPOCTH pacnpcCcTpaHeHns B3anMoAeHCcTBHH MOJ0-
neHpe Beuled cymecTseuHbiM oGpasom MeHsercs. Cuawl, nedcTt-
BYIOIIYME B JaHHLIH MOMEHT Ha YacCTHily, He ONpPeleffloTCH HX
[:acrosoxeHHeM B 3TOT MOMEHT. MameHeHue mnoaoxenus omno
M3 YacTULL OTPaXaeTcs Ha APYCUX YacCTHLAX JHIUb COYCTS HEKO-
TOPH# MNPOMEKYTOK BpeMeHH. ITO 3HAYWUT, YTO MoJe caMo Mo
ce6e CTAHOBUTCA (PU3HUECKOH peatsHOCThIO. MLl HEe MOXEeM roso-
PHTbL O HENOCPeACTBEHIIOM B3aHMOAeHCTBHM  YacTHI, HaXols-
MUXCS Ha PACCTOSHMW APYr OT Apyra. BaanMoneficTBue MoXer
NPONUCXOANTb B KaXIbi MOMEHT JHIlb MEWAY COCeAHWMH TOY-
KamMu mpoctpaHctBa (Oanskogefictsne). TIosToMy MBl AOJDKHBL
rOBOPUTb O B3aUMOIEHCTBHN OAHOH UACTHLLI C [OJEM H O 0=
CAeAyIOUleM B3auMOAEHCTBUM MO ¢ Apyro# yacTuuef.

Bropas uacThb 3TO# KHHrM nOCBAnIEHAa TEOPHM SJIEKTPOMAT-
BUTHBIX nonel. HayHeM ¢ usyuenns B3amMomeHCTBHS YacTHLH
€ 3aJaHHBIM TOJEM. .

IefictBue a8 vactuubl, Apukymedcs B 3alaHHOM -3JeKTpPO-
MarHATHOM MOJie, CKJaiabiBaeTcA W3 ABYX uacTed: u3 neHcruous
¢BOOOIHON UaCTHLbI (39,1) » u3 unena, ONUCHIBAIOUIETO B3AHMG=

6 J. A. Jaunay, E. M. Jadwun
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AeHictie yacTuubl ¢ noJeM. ITocnemHudl JomkeH CoJepwxarh Kak
BEJHYUHBI, XapaKTepuayloulye YacTully, TaKk u BeJHYUHbBl, Xapak-
TEpUSYIOILLHE TOJIeE.

OxaspiBaercsi!), 4ro cBoKCTBa 4YacCTHUBI B OTHOIUEHWU ee
B3aUMOAEHCTBUsI C 3JEKTPOMArHUTHHIM I10/IEM ONPEAESIOTCS BCErO
OJHMM NlaDPaMETPOM — TaK HA3bIBAEMBIM 3apA00M YAaCTUUB €, KOTO-
peiff MOxeT OWTb Kak IIOJNOKUTENbHOH, TaK W OTpULATE/bIIOH
(w1 pasHoH Hymo) BenuuuHoH. CBOHCTBA e NOAS Xapakrepu-
3yoTCs 4-BEKTOPOM A,, TaK Ha3bBAaeMHM 4-HOMEHLNArOM, KOM-
NIOHEHTHl KOTOPOro SIBASIOTCA (BYHKUMAMY KOOPAMHAT M BPEMEHHU,
ITH BEJAMYHHBl BXOJAST B JeHCTBUE B BHIE uJeHa

b
e
— S A‘._,, dx‘*,
a

rae ¢yuxkuun A, Oepyrca B TOUKaX MUPOBOH JMHUM YACTULLbL.
Muoxurens 1/c BBemeH smech Aas ymnobersa. Caeiyer oTMeruts,
yTo JO TeX MOp, MOKAa Y HAC HeT HUKAKUX (OpPMYJ, CBA3HBAIO-
WHX 3apsl WA TOTEHLUMAdsl C M3BECTHEIMM YK€ BeJMYMHAMH,
eMVHULUbl AAsl HUX U3MEpPEeHUs MOryT OelTb BHOpaHB IPOU3BO/Ib-
ubi¥ o6pasoM (MBI BepHeMCsi K 3TOMY Bompocy B § 53).

Takum o6pasoM, AeHcrBue AJsi 3apsiia B SMEKTPOMArHUTHOM
noJie UMEeT BUI

S= Sb (— meds — £ Adxt), (43,1)

Tpu npocrpaHcTBeHHblE KOMIOHEHTH 4-BekTopa A ofpasyior
TpeXMeplinifi BEKTOP A, Ha3bIBaEMBIH BeXMOPHSLM NOMEHUUAN0 M
nons.. BpeMeHHYI0 e KOMIOHEHTY Ha3MBAOT CKAAAPHUM NOMeH-
yuaros, o6osHauum ee Kak A’=o. Taxum o6pasom,

A*=(¢, A). (43,2)

1) Caenywouue HUke YTBEPWJCHMA HAJ0 paccMaTpHBaTh B 3HAYH-
TeabHOW CTeTeHW KaKk pe3yahTaT ONKITHMX JAaHHbIX. Buj neficteusa ana
YacTHUB B 3JeKTPOMAarHUTHOM ToOJe He MOXeT ObiTb YCTaHOB/IEH Ha
OCHOBAHUH OfHUX TOMbKO OGIIMX COOOpaweHHH TakHX, kak TpeGoBaHde
peasaTUBUCTCKON MHBApHaHTHOCTH (MOCIefHee 10OTyCKano Gbl, HalpUMep,
B dopMyne (43,1) takke W 4aeH Bupa SAds, rage A — ckanapHasn
bynxuua).

Bo u36ekaHile Hegopa3yMeHHH HaNOMHHM, 4TO peYb HMAET pe3je
0 KJacciyecko# (He KBaHTOBOH) TeOopHU, H TIOTOMY HHUrJe HE YYUTbi-
BaloTca 3bdenTsl, CBA3aHHBIE CO CMIMHOM YaCTHIL.
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n03TOMy HHTErpa.a OEUCTBUA MOXKHO HaliUcaThb B BHUIE -
b
e
s=\ <— meds - Adr—egdt),
a

UM, BBOAA 4aCTHUB V=dr/d{ u nepexodsd K HHTErpUPOBANHUIO
No BpeMeHn,

ty e
S= S (— nzc*l/ 1 — 101_ —{—% Av — eq>> dt. (43,3)
fy

TonpiuterpaibHoe phipaxeHHe ectb ¢yuxkuds Jlarpanwka @i
3apafa B S/JCKTPOMarHUTHOM INoJe:

e ? _ Y A
L—=—rme ]/1 v LAV —e. (43,9)

270 BHpawenue OTHHYaeTcd oT (PyHKuMM JlarpaHka aAaa cBoGoId-
. e
HOH YacTHIL! uJeHaMH »c—Av—e@, KOTOpble ONHCHIBAOT B3aH-

MOIeHCTBHE 3apdada C NOJEM.
HpousBoanas 0L/0vV ectb 0GOOUICHHBIH MMIY/bC YACTHILLE
o603HauuM ero nocpeactsoM P

1— )
c?

3necb Mbl 0003HauMAN NOCPEACTBOM P OOBIYHBH MMIY/JbC yac-
THIb, KOTOPOH Mbl U OyIeM HasuBarb NMPOCTO UMIYAbCOM.

Ms ¢ynxunu Jlarpamka MoxuHo uHalitén dyHknuio [aMuib-
TOHA uaCTHIbl B NoJe no obwel dopmyae!)

@%”:Vgé——L.
v

Ioncrasass ciona (43,4), naimem:

H =T (43,6)

') B 3Toit uacTH KHUrM SHeprus ¥ ¢QyHkudn [amMuabTOHa 6yIyT
©603HayaTeca GyKBAMH PYKONHCHOTO wipHdTa & U o3¢ (BMecto E u
H), Bo_u3bexanue myTanuLb ¢ 0603HAYCHUAMU HaNPAKEHHOCTEH MOAeH,

G*



164 3APAA B SJEKTPOMATHUTHOM MOJIE [T X

dyuknus 'aMnabToHa, 0AHAKO, JO/DKHA ObITh BHPAXEHA HE ye-
pes CKOpOCTS, a Yepe3 06006 eHHbIH uMIy IbC vacTuus, U3 (43,5—6)

e
BHIHO, 4TO COOTHOWIEHHE MexAy &7 —eo u P——A raxoe
e, Kak MexLy % u p B OTCYTCTBUE MOJS, T. €.

—pn \2 2
(%_c_ej’_) =mgcg—{—<P—-——i~A> . 43,1

HOnas Maaslx cKOpocTed, T. €. B KJAaCCHYECKOH MeXaHHKe,
¢dyukuus Jlarpamxa (43,4) nepexodur B

L="2 1 ¢ Av—co. (43,8)
B stom npubauxeHun
p=mv=P — —ec- A,
a ¢yHkous [amn/abToHa!

P 1/ e 4\?
Q/Y':%(\P—;—A) —-eq. (43,9

§ 44. YpaBHeHns NBHXEHHS 3apana B moae

3apsn, HaxoOswMics B MOJME, HE TOJLKO TIOABEPraeTcs BO3-
OeACTBHIO CO CTOPOHB [IOJS, HO B CBOK Ou€peldb CaM BJAHMSET
Ha noJne, usmeHss ero. OIDHAKO ecau 3apsil € He BEAHK, TO €ro
nefictsueM Ha noJae MOXHO mpene6peun!). B 3ToM cayuae, pac-
(MarpuBas [OBUXXKEHHE B 3aJaHHOM [0JE, MOXHO CUMTaTb, 4TO
€aMO MOJ€ HE 3aBUCAT HA OT MOJOKEHHS, HU OT CKOPOCTH 3apsafa.

YpaBHeHHs OBdxeHUs 3apsiia B 3aJaHHOM 3JEKTPOMarHUTHOM
noJje HAOTCA ypasHeHHuaMu JlarpaHwka

4 8L oL
dt ov ~— or’
rae L onpereasercs dbopmyaof (43,4).
Mpcuszonnas 0L/0v ectb OGOGCHIEHHBIH WUMIYy/IbC  HaCTHILL
(43,5). Hanee nuwenm:
o7,

5= ’nggradAv———egradcp.

(44,1)

') Ycaosve MaioCTH 3apAaga B 3TOM CMBICAE COCTOMT B MaaocTtH
BO3HUKAIOLe! TpY ero ABHMEHHUH Tak Ha3pBaeMOH CUAbI TOPMOMKEHHA
H3nyuycHueM (koTopana 6yxeT paccMmotpena B § 82).
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Ho no usBecTHOH (pOpMYJIe BEKTOPHOro aHaju3a
grad ab=(aV)b -} (bV)a -} [brota] 4 [arot b},

rae @ 1 b — moGuie mBa sekTOpa. IlpuMenas oty (opmyay k Av
B NOMHA, YTO AuddepeHUUPOBaHHE NO T NPOU3BOJUTCH NPU HO-
CTOSIHHOM V, HaXOIMM:

oL
se=—2(VW) A< [viotA] — egradg.

Ypasuenus Jlarpawxa, caefiosarennno, HMEIOT BHI:

d
W<p+%A>::¥(VY)A+—i» [vrotA] — e grad .

dA
Ho noanu#t nuddepenumnan F dt cxsaapBaeTCa W3 ABYX yacTel:

0A
M3 H3MEHEeHH —at—dt BEKTOPHOIO MNOTEHUHaNa CO BPEMEHEM B

JAHHOH TOUKE NPOCTPAHCTBA W W3 U3MEHEHUS NpH Nepexolse OT
ofHOM TOYUKM MNPOCTPAHCTBA K APYrofi Ha paccrosHue dr. Srta
Bropas 4acTb paBHa (drV)A. Takum oGpasom,

dA  0A
2 = or TVA
HMoacrasasg 310 B npedbliyliee ypaBHEHUE, NOAYYaeM:
dp e O0A e
7‘—=_7—&~—egradgo+c—[v rot A]. 44,2)

D10 W ecTb YypaBHeHue IBHUXKEHUS YACTHIH B IJEKTPOMAr-
HuTHOM noJe, ClleBa CTOMT NPOUSBOAHAA OT MMNYJAbCA YACTULEI
no spemenn. Cnenoparenbto, BupameHie B npaBod vacru (44,2)
€CTb CHJsa, HelcThylollas Ha 3apsal B 3JEKTPOMarHUTHOM TOJIE,
Mu BuzuM, YTO 3Ta CWJa COCTOMT U3 ABYX uactedt. ITeppas
yacTb [nepsuit W BTOPOH uneHW B npasoM uactu (44,2)] He
BAaBUCHT OT CKOPOCTH uacTWlbl. Bropas mxe uyactb (rpetut unen)
8aBUCHT OT HEE. TNPOMNOPUHMOHAIbHA BeJHUMHE CKOPOCTH U Tep-
TIEHAWKYIapHA K Hel.

Cuny nepBoro pona, OTHECEHHYIO K 3apsiy, PaBHOMY €IH-
HHUE, HA3BLIBAIOT HANPINCEHHOCHBI0 SACKMPULECK020 NOAS,;
06o3nauum ee nocpeacrsoM E. Wrtak, no onpenenenuio,

1 0A

E=— - o¢ — gradeg. (44,3)
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MHokHTENb TIPH CKOPOCTH, TOUHEE TpU V/¢, B CUAE BTOPOrO
poaa, AeHcrByomwe Ha eAMHUYHHE 3apsad, Ha3bLIBAOT HANPAdNCEH-
HoCcmbI0 MazrumHoz2o noas, o0o3HauuM ce uepes H. Urak, no
OTIpeieIeHUIO,

H=rotA. (44,4)

YpaBHeHHs1 JABWKEHUs 3apAla B 3/JEKTPOMArHATHOM TMoJe

MO:KHO Telepb HamucaTL B BHJAE
I —eE4- £ [vH], (44,5)
[4

Crosilee crnpasa BhipakeHHWe Ha3bIBAIOT aoperyesoll cuaoil. Ilep-
Baf €€ 4acTb — CHJIa, ¢ KoTopol JeHcrsyer 3sJaeKTpUuecKkce
1i0Je HA 3apsd, — He 3aBUCHT OT CKOPOCTH 3apsia U OpPHEHTH-
posana no nanpasieHno noJas E. Bropas uacts — cuaa, okassi-
BaeMas MarHATHBIM TOJEM, — MPOMOPUUOHATBPHA CKOPOCTH 3apsafa
M HanpaB/JeHd TEePNeHAMKYIIPHO K 3TOH CKOPOCTH W K Hampas-
Jenuo MaruurHoro noas H.

s ckopocrefl, MaJbX MO CPaBHEHUIO CO CKOPOCTHLIO CBETa,
UMMy ¢ P NpUOIMKEHHO paBEeH CBOEMY K/JIAaCCHUECKOMY BHIpa-
WeHHIo mv, H ypasheline ABmxenus (44,5) nepexomur B

—==¢E —{— [vH]. (44,6)

Belucaum euie CKOpOCTh HU3MEHEHUs KUHEeTUueCKOH sHepruu
yacTuunt !) co BpemeHeM, T. e. npouaso;myxo

AExm __ . mcf‘

dt dt ,‘/

Jlerko y0edurses, 4TO

dglmn ‘—VEP—'
et — " dt’

noacrasus  dp/dt w3 (44,5) u 3ameuas, wro [vH]v=0
nMeeM:
dgKHH

7t —¢Ev. 44,7

')y Tlog «kHHETHYECKOH» MBI TMOHHMaeM 3JeCh W HHXe SHepruwo
(39,7), BKMOUAKLILYI0 B ce6a 3HEPrUI0 MOKOoA.
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BeipameHue B lipasodf cTopone paseHcTBa ectb paboTa, MpOMs-
BoluMasd TOJEM Had uvacTHUel (B emuHuny Bpemedun). Pabota
NPOM3BOIAUTCS TOJMBKO 9DJIEKTPHUECKUM noJeMm. Marnurioe we
noJse He MPOU3BOAMT PabOThl Hal IBUKYILHMCH B HEM 3apaldoM,
NOCKOABKY HEeHCTBYIOWAH B HEM CWJIa NEPTeHAUKYJspHAa K CKO-
POCTH UYACTHLLHL.

B § 5 6bl;10 OTMEUEIO, YTO YpPaBHEHUS KJ/JIACCHUECKOH Mexa-
HUKK MHBAapUAHTHB OTHOCUTEJBHO oOpaweuds speMedn. Jlerko
BUIETh, YTO TO K€ CaMOe HMEeT MEeCTO W B 3JEKTPOMArHUTHOM
noJe B TEOPHH OTHOCHTEJbHOCTH. [lpnm 310M, OmHaKko, BMecTe
¢ 3ameHol ¢ 11a — ¢ HAadO UW3MEHHTh 3HAK MarlUTHOTO TOJL
HeHcTBUTEIBHO, NE€TKO BHAETh, YTO ypaBHeHus IBWxenus (44,5)
He MEHSAIOTCS, €C/N TIPOU3BECTU 3aMeHy

t—~—t, E~E, H-—>—H (44,8)

ITpu 310N, coraaco (44,3—4), cxaaspHull TOTEHUMan He
MeHAeTCsl, a4 BEKTODHHI MeHfeT 3Hak:

Takum 06pasoM, €c/AH B 3/JEKTPOMACHUTHOM MOJE BOSMONIIO
HEKOTOpPOE [BUXEHHE, TO BO3MOXHO 1 OOpaTHOE HBHXEHUe B
noae ¢ obparHbiM HarnpasaenueM H

3apgauva

BhIpasuTh YCKODEHHC YAaCTHIEI Yepe3 ee CKOPOCTb H HalpsiXeHHO-
CTH 9JEKTPHUECKOr0 M MarHHWTHOro Tmodaefi.

PemeHne. IloactraBasem B ypaBHewue aBUkeHHA (44,3) p ==
=V&mlc?, a dBy/dt Bupakaesm coraacho (44,7). B pesyastare
naiipem:

X — |
=L/ 1-% {E-{——CL[VH]—C—,,v (vE)}.

m

§ 45. KanuGpoBoyHas UHBAPHAHTHOCTH

PaccMoTpuy Terepb BOUPOC O TOM, HACKOJLKO OIHO3HAUHO
onpelenens TOTeHUManw noas, Ilone xapakTepusyercs Te
JlelicTBueM, KOTODOE OHO OKa3biBaeT HAa ABMMEHHE HAXOASILMXCS
B Hem 3apsagos. Ho B ypaBHeHus asuweHus BXONAT He TOTEH-
uMaabl, a Hanpawelinnocty noas E w H. Ilostomy asa noas
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(U3UYECKH TOXAECTBEHHBI, €C/AH OHM XaPAKTEPHIYIOTCA GIHUMH
1 teMd ke Bektopamn E n H.

Cornacio (44,3-—4), sanaHneM noreHuManos A u ¢ Bean-
yuael E u H onpeneasiorca oaHo3Hauno. OQHAKO ONHOMY M TOMY
e NOJMO MOrYT COOTBETCTBOBATh Pa3iuuHble noréHunansl. YroOw
y6enutbca B8 3TOM, NpHOaBUM K KawIOH KOMMOHeHTe 4-noTeH-
wnana A, sennuuHy — 0f/0x*, rie f— npoussosbHas yHKiMg
oT KoopaWHar M Bpemenu. Torlda A, mepexolut B

. of _
A(J- =A’H-_ W . (40,1)
ITpu Taxkoit samene B uHTerpase Aeficteus (43,1) noasurca aonon-
HUTEJBHBIR usieH, mpeacTasasiowmit coboit noaubi anddepedunan
e of [ e
—dxt =d| = 45,2
¢ Oxt (\cj’ (45,2)
YTO He BJMSET Ha ypaBHeHus ABuikenus (cp. § 2).

Ecan BMECTO YeTHPEXMEPHOrO MOTEHILHaNa BBECTH BEKTOPHHH
M CKaJApHHIM M BMeCTO X" — KOOpAMHATH ¢f, X, ¥, 2, TO YETHIPE
paseHcTBa (45,1) MOXHO HanHCcaTh B BHAE

A=A} grad f,

, 1 0
=9 L. (45,3)

Jlerko ybeauTsca B TOM, YTO SJHEKTPHYECKOE M MAarHUTHOE MO
NeHCTBHTENBHO He HM3MEHAIOTCH NPH nNoAcTaHoBke B (44,3—4)
BMECTO A H ¢ HoBbX mnoTeHumanos A’ u ¢'. Takum oGpasow,
npeo6pasosanne (45,3) He namenser noasa. lloreHunann onpene-
N€HBLl MO3TOMY He OJHO3HAaYHO — BEKTOPHBIA NOTEHLHaa onpeae-
J€H C TOYMHOCTBbIO 10 rPaiMeHTa MPOM3BONBHOM (YHKUMH M CKa-
JSPHBIA — C TOYHOCTBIO JO MNPOKU3BOAHOH 1O BPEMEHH OT TOM
Ke PyHKIHH,

B uacTHOCTH, K BEKTODHOMY MNOTEHLHaNy MOXHO npubasuth
1060i NOCTOAHHLIH BEKTOP, @ K CKaJAAPHOMY MOTEHLHANY — /10~
6yi0 nOCTOsHHYI0. DTO BHAHO M HENOCPEACTBEHHO M3 TOrO, YTO
B onpegeneine E u H Bxomsar rtoabko npoussoaHeie o1 A
M @, W NOTOMY npubapieHHe K NOCAEJAHHAM NOCTOAHHLIX HE BIAWSET
Ha HanpAXEeHHOCTH MNOJs,

du3nyecknit CMBICA HMEIOT JMLID T€ BEJAHYHHEL, KOTODHIE
HHBADHAHTHH 10 OTHOLWEHHI K Npeo0pa3oBaHMIO MOTEHILHANOB
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(45,3); 10OSTOMY ¥ BCE YDaBHEHUs JOJIKHH GHTb WHBADHAHTHH 1O
OTHOWIEHHIO K 3TOMY 1peo6pasoBaHulo. DTy HHBAPHAHTHOCTB
HAa3HBAIOT KA uOposotHol Wi 2paduesmrol b).

OnucanHas HEOJHO3HAUHOCTb TMOTEHUMAJIOB AaeT BCerfa BO3-
MOXHOCTb BbHIODAaThb MX TaK, YTOOH OHM YHAOBJACTBOPAMM OJHOMY
[IPOM3BOJILHOMY HONOMHHTEJBHOMY YCJOBHIO, — OJHOMY, TaK Kak
MH MOXEM IMpOM3BOMLHO BHOpaTh oany ¢ydkuuio f B (45,3).
B uacTHOCTH, Bcersa MOXHO BHOpAaTb TNOTEHIHKAMH TM0Js TakK,
yToOK Obiji0 ¢ ==0. OO6patuTh ke B HYJb BEKTODHHH} TOTEH-
1Hajg, BOOOWIE TrOBOPSA, HEBOSMOKHO, TaK Kak ycjaoBue A=0
npeacTasasao 6l co6oi TPH HONOJHUTENBHHIX YCAOBUS (IS TPeX
KoMIIONeHT A),

§ 46. TlocToAnHOE 3JEKTPOMATHUTHOE MOJE

[TocroAHHbIM 3JEKTPOMArHHTHHM T[I0JIEM HA3LIBAIOT TIIOJE,
He 3apucsumee oT Bpemenu. OueBHAHO, YTO TMOTEHILUANB TIOCTOSH-
HOro T1OJs MOXHO BHOpaTh Tak, yToOH OHH OblTH (PYHKUUAMH
TOJMIBKO OT KOOPAMHAT, HO He OT BpeMeHH, ITOCTOSHHOE MarHMT-
Hoe noJie no-npexuemy pasno H=—rot A. TIloctosmHoe xe snekTpu-
yecKoe roJe

E=—grad¢. (46,1)

Takum 006pa3oM, NMOCTOSHHOE SJEKTPHUECKOE T0JIe Onpeensercs
TOJBKO CKaJsIPHbIM TIOTEHIHAJIOM, 2@ MAarHHTHOE — BEKTOPHBIM
TIOTEHILUAJIOM.,

Mun Bumean B npedbldyiieM mnaparpade, uTO INOTEHIMAJbI
noas ornpeJeneHbl He OoAHO3HauHO. Ho ecan YC/IOBHTBCS OnMHCH-
BaTh MOCTOSHHOE 3JEKTPOMarHUTHOE TICJE € TOMOIILIO HE 3aBH-
cAmuX OT BPEMEHH TOTEHILMAJOB, TO K CKA/NAPHOMY TOTEHIKANY
MOKHO TPUGaBHTL, HE H3MEHSs 10/, JHWbL TPOUSBOJBHYIO T10=
CTOsSIHHYI0 (HE 3aBUCAMYI0 HH OT KOODJWHAT, HH GT BDEMEHH).
OO6HYHO Ha TNOTEHNMAN ¢ HAKJAAHBAOT eille AONOJHHTEIbHOE
ycaosue, TPeOys, uToOHM OH OB/ paBeH HYMO Ha GECKOHEYHO-
cth. Torga u ynomsHyTasd npOM3BOAbHAS [OCTOSHHAs CTaHO-
BUTCA ONpPENE/EHHON, W CKaJAsADHHH TOTEHIHAJ TOCTOSHHOTO

1) TlonuepkHeM, YTO 3TOT pe3yabTaT CBA3AH € NONAPA3YMEBAIOLIUMCA
B (45,2) nocroancTBoM e. TakuM 06pa3oM, KatuGpoBOUHAA HHBAPHAHT-
HOCTb YDaBHEHHHA 9JEKTPOJIUHAMHKM W COXPaHEHHE 3apAfa TECHO CBA-
8aHBI IPYT C OPYTOM.



170 3APSII B SJIEKTPOMATHHUTHOM ITOJE [ra1. x

noas — BroMHe OXHO3HAuHwM. Hanporus, Bex1opHHHA noTEHLNAN
OCT4€TCsl HE OLHO3HAYHBIM: K HEMY MOKHO NPHOAaBATL rpaddeHT
11060# QYHKLMM KOODAMHAT.

Onpenmeany, ueMy paBHa SHEPrus 3apala B [OCTOSHHOM
sNeKTPOMarHuTHOM noje, Ecau mose nocTofnHo, 1o U QyHKuud
Jlarpana mas sapsmla He 3aBUCHT #BHO OT Bpemenn. B sTom
cayuyae sHEPrUs COXpaHsiercs, comaaas ¢ (pyukunedi [amuabToHa.
CornacHo (43,6) umeem:

2
éD — —Vm—%{r —{‘- e, (46,2)
12
C2

TakuMm 00pasoM, K SHEPTHM YacTHLb HPHOaB/seTcs ujiel ep —
MOTEHILHaApHas SHEPrus 3apana B noae, OTMeTHM CyilecTsednoe 06-
CTOATENBCTBO, UTO SHEPTUS 3aBUCHUT TOJIBKO OT CKAJASAPHOTO, HO HE
0T BEKTOPHOTO NOTeHUMana. JIPYruMu c/l0BaMH, MarHUTHOE 10Je
HE BJHSET Ha SHEPrHI0 3apPSANOB; SHEPrHi0 YaCTHUILhI MOXKET M3-
MEHHTb TOJbKO 3JEKTPHUUECKOE [0Jie, JTO CBA3aHO C YIIOMHHAB-
HIAMCSL yoke o0CTOATENbCTBOM, UYTO MAarHHTHOE T0Je, B MPOTHBO-
NOJOKHOCTD 3JEKTPUYECKOMY, He MPOM3BOAUT 1ald 3apAloM
paborThl.

Ecan HanpsKEHHOCTh [0S BO BCEX TOUYKAX NPOCTPAHCTBA
ONMHAKOBA, TO M0JI€ Ha3hiBAOT 00KOpoOxs M. Ckanspunil moren-
I11aJ1 OJHOPOJHOTO 3JEKTPHUYECKOrO MOJMf MOKCT ObITh BHpamen
yepes HalPSKEHHOCTb [0JA COTJaCHO PaBENCTBY

o= Er. (46,3)

Heticrsuteaniio, npu E —const umeem
grad (Er)=—(EV)r=E.

BeKTopHI)Iﬂ K€ IMOTECHUHAJX OJHOPOAHOr0O MArHUTHOTO I[10Js
MOAHO BBHI[A3UTh 4Y€pe3 HAlPAXKECHHOCTh 3TOr0 MNoJsA H 8 sune

A= [Hr]. (46,4)

HetictButensio, npu H=— const Haxonum ¢ MoMolibI0 H3IBECTHHX
$opMys BEKTOPHOTO aHa/1u3a:

rot [Hr]=Hdivr — (HV)r=2H

(nanomHuM, uTo divr=23).
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§ 47. IlBuxeHne B NMOCTOSIHHOM OAHOPOXHOM
9JIeKTPUYECKOM ToJie

PaccmoTpuM ABMXKeHue 3apsia € B OLHODOLHOM MOCTOSHHOM
gaexrtpuyeckom mnose E. Hanpasienue nouas nmpumem sa och x.
Ismxkenue Oyaer, OuYeBUAHO, NMPOUCXOAUTh B OAHOH IJIOCKOCTH,
KoTOpyto BmOepeM 3a ILIOCKOCTh xy. Toraa ypaBHeHus ABUKE-
nus (44,5) npumyrt Bul

OTKYAa
px==¢Et, py=ps (47.1)

Hauano orcuera BpeMeHd M BeIOpajd B TOT MOMEHT, KOria
* py=0; py €cTb MMIYJbC HaCTUIH B 3TOT MOMEHT.

Kuneruueckast sneprus uvactunbl (3Heprust 0e3 MOTEHLHA/Db-
HOH 3Heprum B M0JIE) PaBHA co@mm:cl/mici—}—p*. Tloacrasnass
cioga (47,1), Haxodum B HallleM CJyyae: :

O an—V M T T (ceEDR =V & - (ceBy, (47,2)

rae 6,— sneprus npu t=0.
Coraacuo  (39,11) ckopocts wacTumbl V= pc*/& . Haa
CKOPOCTH Uy =X uMeeM, CJAeL0BaTeLHO:

dx __ pyct c’eEt
S xun Vg')a’ + (ceEt)* *

Hurerpupys, Haxomum:
=- E V 82 (ceEt? (47,3)

(NOCTOSIHHYI0 MHTErPHPOBAaHUS NOJAaraeM paBHOH HY/IO).
Oas onpeaesienus ¥ uMeem:

dy pyc? Poc?
a7 Cum Y &+ (el

OTKyIa

y=2% Arsh ”@ib—” (47,4)
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Ypasunenwe TpaeKTopuuM HaxoiuM, Bbipaxkas w3 (47,4) ¢
yepes y W noacrasass B (47,3). Dro Rmaer:
o]
2’f~ch£§y~,

X= el PoC

(47,5)
Takum o6pasoM, 3apsal IBHKETCA B OJHOPOZHOM B/EKTPHYECKOM
1noAe Mo uenHok JauHnu.

Ecan cxopocTh YaCTull U < ¢, TO MOKHO MOJIOKHTh Py == MYy,
8y==mc% pasnaras (47,5) no creneusm 1/c, moayumm, ¢ TOU-
HOCTHIO [0 YJECHOB BHICLIErO MOPAAKa:

__eE
T 2mul

y? -1 const,

T. €. 8apal JABHWercd no mnapaboJe, — k3BeCTHbIH  pe3yabrar
KJacCUyeCcKkot MeXaHuKHu.

§ 48. [isnxenue B NOCTOAHHOM OXHOPOAHOM
MardHuTHOM TonNe

PaccMorpyM Temepb JABH:KeHWe 3apaia € B ONHOPOJHOM
margatHoM noae H. Hanpasneuwe mnoas BrGepeM 3a och 2.
YpaBHeHua ABUKEHHS

p=-"[vH]

MBI MepenuuieMm B OPYroMm Buae, mMOACTaBuUBD BMECTO HMILYJ/bCa

rie éb—aHeprml 4YacTuuk, KoTopadgd B MarHUTHOM MoJi€ MOCTO-
AHHA, YpaBHenus JOBHKeHHS npuobperaloT TOrda BUL

-f: %: < [vH] (48,1)
HAH, B KOMIOHEHTAX,
Ty =07, by=—wv,, =0, (48,2)
rae Mu ppeau oOo3HaueHue
ecH

L (48,3)
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VMHOKUM BTOPOE u3 YpabHenu# (48,2) Ha { u caoXkuM C

nepBLM:

d .

v (Ve +- lvy)) = — lo (ve - ivy),
OTKYla

Uy -} 10, = e~ 1,
rle a — KOMIJEKCHast nocrosHHas. Ee MOXHO HalucaTh B BHAE
a=wvye— ", rle vy 4 a BewecTBeHHb. Toraa
Vy |- iU, = vge W),

U, OTAE/As BEUIECTBEHHYI0 M MHUMYIO YaCTH, HaXOAMM:
Vg ==Vp COS (0t {-a), v,=—vysin(wf-{-a). (48,4)

ITocrosuusle Vpy U & ONPECACJAOTCA HavdaJbHBIMU YCJOBHUSMH,
a eCTb HauaibHad ¢pasa; uTO ke Kacaercs Uy, T0 U3 (48,4)
BHIIHO, YTO

Vo — l/vi + '0} y

T. € Uy €CTb BEJHYHHA CKOPOCTH YaCTHUB B TVIOCKOCTH X,
OCTaOWAACA NPH ABHKEHHH TOCTOSHHOMN.
U3 (48,4) HaxoauM, UHTEIPUPYS ele pas:
x=ux,-}-rsin(et-}a), y=y,--rcos(of-}a), (48,5)
rie

_”ot_votéa__C_PLF .
© ecH — eH (48’6)

(p; — mpoexuus wuMnyJabca Ha mIockocrs xy). M3 tpersero
ypasuenus (48,2) Haxodum v,=1v,, u

2=2zy- Vy,t. - (87

WUs (48,5) u (48,7) Buano, YTO 3apsil ABHUKETCA B OAHOPOA-
HOM MarHuTHOM nOJI€ MO BHUHTOBOH JHHUHA C OCBIO BAOJb Mar-
HHUTHOrO nNOJA ¥ ¢ paauycom r, onpedeasemuM (48,6). Cxopocts
YaCTHUB! NPpH 3TOM MNOCTOAHHA MO BEJAUYHUHE. B YaCTHOM cC.Jayuae,
Koraa v,,=0, T. e. sapsi He MMEET CKOPOCTH BIO/b I0JS, OH
JABMKETCA MO OKPYWHOCTH B IIJIOCKOCTH, TNepNEHAUKYJ/APHOR K
NOJIfO,

BeiuynHa o, Kak BHAHO U3 (OPMYJ, €CTb NHK/AMUECKas
HacToTa BDAIUCHUA YaCTHHHW B TJIOCKOCTH, HepHeHﬂ.HK)’JIﬂpHOﬂ
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K nomo. EcaM ckopocrh yacTuibl MaJia, TO Mbl MOKeM npuliii-

KEHHO TOJI0kUTE 6 — m¢? Torga yacToTa o npeBpaniaeTcs B
eH

0=—"), (48,8)

me

3agaym

1. Halitn agva6aTnyeckHii HHBAPHAHT 14 ABIKCHHA 3aPsANa B OJHO-
PONHOM MAarHMTHOM T0J1e, BEIMYHHA W HaNpaB/leHHe KOTOPOro MelJCHHO
MEHSIOTCA CO BpPeMeHeM.

Pemenue. IlockoibKy B ONHOPOAHOM MarHHTHOM 110.€ ABIKeE-
HHe B NIOCKOCTH, MepHeHAHKYIApHOH K nomo, HepHoxHuio, To azHaba-
THYECKUM HMHBapHaHTOM ABAAeTCA (cM. § 32) uHTErpan

1
1=—_§§p,d1,

B3ATbII 110 OJHOMY [EPHOZY ABHKEHHA — B LAHHOM CIAyYae [0 OKPYK-
nocty  (Py—mpoekuus 0606LIeHHOr0 MMIyIbCa Ha YKa3aHHYHO MJ0-

e
ckoctp). 1loncraBus Py==p; 4 TA’ uMeem:

1 e (
2ﬁ§ptdl+§t—c—§)1\dl.

B nepeoM yresc 3aMevaeM, YTO P; NOCTOARIO NO BCIHYHHE M HANPaB-
aewo no dl; xo BTopomy npuMeHseM Teopemy CTOKca M 3aMeHseM
rot A ==H;

[ =

[:rpt+-;_cﬁr2v

rue r— paauyc op6utsl. Iloactasus r u3 (48,6), naxomum;

3cpy

2eH *

O1c100a BHAIO, YTO NPH MeNIeHIIOM H3MeHEeHHH H OTCpeyHbl HMITYIbC

p¢ Menserca TipornopuHonansHo V H .

2. OnpenennTs 4YacTOTH KOJMeGaHUI 3apAKEHHOTO HPOCTPAHCTBEH-
HOIO OCHUHIIATOPA, HAXOXAIMErOCA B NOCTOAHHOM ONHOPOJIHOM MariHT-
HOM T0Je; co6CTBeHHAn YacTOTa KoJeGaHHUil OCIMIIATOpa (HPH OTCYT-
CTBUM TI0JIAA) PABHA w,.

Pemenue, YpasHeuua BbHIHYXAEHHHX KoleGaHMH ocuumaaTopa
B MArHWTHOM [OJde (HaNpaBACHHOM BIOAb OCH Z) HMEIOT BUA

fope=y  gpoy=—=y  siue—o

Y MHOXasn BTOpOe YypaBHeHHe HAa [ W CKJaablBas € NEPBHIM, HOayyaeM;
el

7 °r ___ 1
+u) = —
E 0® 1e )

[ =
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rae E=x 4 iy. O1clona HaxoIHUM, YTO YACTOTHI KO1eGaHUH OCLUIAATOPA
B IJIOCKOCTH, TIePNIeHAUKYIAPHON K M0, PaBHH

1 [eH\? e
—_— 2 _— e
° ]/w0+4( c> +2 s

Bcan mnose H Mano, 10 sta GoOpMyasa MepexonuT B

=0 4+ eH
0" 2me

Koae6Ganua BROIL HalpaBieHUA NOJAA OCTATCA HEH3IMEHHLIMH,

§ 49. /lpviKeH¥e 3apana B CKpPeIEHHBIX NOJAX

HakoHen, paccMoTpmM ABuxeHpme 3apafia B C/yyae OJZHOBpe-
MEHHOr0 Ha/JNyus OJHOPOIHBLIX W TOCTOAHHMIX 3JEKTPHYECKOro
B MarHuTHOro mnoJsed, Mol orpaHmuuMcs NpM 3TOM HEPEJSTHUBH-
CTCKMM CJyyaeM, KOrAa CKOPOCTb 3apaia v< ¢, ¥ TNOTOMY €ero
UMOYJbC P==/7V, KaKk MBl YBHAMM HHAe, IJA 3TOro Heo6XOdNMO,
4yTOObl 3JEKTPHYECKOEe 1noJe OBblJIO Majto MO CPaBHEHHIO C Mars
HHTHBIM.

Hanpasaenne H smfepeM 3a ochb 2, @ NMJIOCKOCTb, NPOXOJsi-
wyw uvepe3 sektopsl H nm E, 3a naockocts yz. Torma ypasHe-
HHA JBUNEHUA

mv == ¢E + {vH]
HaMUWYTCA B Buie

mi=-"3H, my=eE,——tH, mi=cE, (49,1)

Us TpeThero us STHX YpaBHEHMH BHAHO, YTO BAOJb OCH 2
3apaj ABUKETCS PaBHOMEPHO-YCKOPEHHO:

“’E’ £ Lot (49,2)

Ymuoxas BTOpoe mn3 ypasHeHuH (49,1) Ha [ u ckaagwBas
€ OepBblM, HaxoduM:

LGttt )=1%E,

(0 =ef/mc). ViHTerpan sToro ypasHeHuss paBeH CyMMe HHTe-
rpaza sTOro e ypaBHeHms 0e3 mnpaBOH 4YacTA W 4YaCTHOrO
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unTerpana ypasHeuus ¢ npasolt uacteio. Ilepsuifi M3 HuUX ecib
ae~ %!, syopoit pasen eE,/mw==cE,/H. Takum o6pasom,

. , cE,
i =ae 4 —.

IMoctosunas a, BooGuie rosops, KoMmaekcHad. Hamucas ee s
BHIE @ == be'™ C Be1eCTBEHHHIMH b U a, Mbl BHAUM, YTO NOCKOIBKY @
yMHOXAETCs - Ha e~ ', 1o, BHOHMpas COOTBETCTBYIMM 06pasoM
HAyaxo oTCYeTa BPEMeHn, Mbl MOXeM npuiath d¢ase o moboe
snauenne, Brbepem ee Tak, 4ToOH a ObJAO BeecTBeHHO. Toraa,
oraenss 8 X1 MHHMYIO H

g BEWECTBEHHYIO YaCTH, HaXOJHM:

i . ‘0 :",
X==acosw —1—-6"‘71*',

2) Z y=—asinwt, (49,3)

IIpu srom B MOMEHT Bpemenu

t==0 CcKOpPOCTb 1anpaBJjieHa 1O

7] 7 oCH x. Mul BuauM, YTO KOMNO-

Y HEHTB CKODPOCTH 4aCTHilbt $£B-

JRIOTCS  FIEPHOTHYE CKUMH  (DYHK-

- UHMAMH BDEMEHHU; WX CPEAHHE 3Ha-
YeHHUS DaBHBI

d) .Z'

- ¢E, -
Puc, 30, Uy == —5, v,=0. (49,4)
DTy CPeAHIOK CKOPOCTbh ABH/KEHHS 3apAMa B CKPEilleHHBIX 3AEKT-
PHYECKOM M MarHATHOM TIOJASX YacTO HAas3blBAIOT CKOPOCThbIO
saexmpuiecxozo Opeiiga. Ee nanpaBacHHE NEPNEHAHKYAAPHO K
ofonuM MoAAM M He 3aBUCHT OT 3HaKa sapaia,

Bce dopmMyasl 3T0r0 naparpada NPUMEHMMEL, €CAH CKOPOCTh
YaCTHLLl Maja 1o CPaBHEHHIO CO CKOPOCTBbIO CBET3; MBI BHIMWM,
YTo AN 3TOro TPeOyeIcs, B YaCTHOCTH, YTOObl 3JEKTPHUECKOE
M MarHMTHOE TOJf YIOBJETBOPAAM YCJIOBRIO

EV

aGcomotnrie ke Beanyunnl E, w H MOryr ObiThb IIPOHSBOJIb-
HBIMH,
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UHrerpupys euwe pas ypassenuns (49,3) u BbiGupas 1nocTofH-
HLIE UHTErPUPOBaHUA TaK, uToOb npu f==0 Oba0 x=—=y—20,
TIOJIy4aeM:

a ., ¢Ey a
x=:)~smu>t—¢——H~t, ,\!:;(coswt—l), (49,6)

‘PaccvaTpuBaembie Kak napaMeTpUuecKHe ypaBHeHUs KDHBOH,
5TH YypaBHeHus onpeneasioT cobo#f Tak HasmBaeMYi0 TPOXOHAY.
B saBucumoctu oT Toro, 60.Jbille WK MeHblie abCoMOTHAR BEJH-
yyHa @, yem abcoJioTiias BeaUuuHa cEy/H, TIPOEKLHA TPaeKTo-
pUM 4aCTULLI HA NJIOCKOCTh X WMEeT BHI, M300paXceHHBI COOT-
perctBeHHo Ha puc. 30, a w puc. 30, 6.

Ecmw a=-— cE, H, 10 (49,6) nepexoaur B

(ot — sin ot Ty 4 t 49,7
xzm(m——smw), y—;—ﬁ( — cos of), 49,7)

T. €. TNPOCKHHUA TPaeKTOPHU Ha NJIOCKOCTb XV aBa4eTCA HHKJIOH-
no# (puc. 30, ).

§ 50. Tensop 2JeKTPOMATHHTHOFO NoAA

dopuysn (44,3—4), Bbipakamoliye HaNPHKEHHOCTH TIOAA Yye-
pe3 ero NOTEHUHaln, NPelCTaBJeHH B TPEXMePHHX 0003naye-
HHAX W NOTOMY IieyAoOubl AJ5 BHACHEHHS 3aKOHa Tpeobpaso-
BAHWA STHX BEJAMYMN TIDH H3MEHEHHH CHCTEMbl OTCYETa.

Jlerko BHIETb, UYTO COBOKYNHOCTb BCEX KOMNOHEHT 000HuX
TpexMepHbix BekTopos E u H moxer OwTh npemocraesiena Kak
COBOKYNHOCTb KOMIOHEHT aHTHCHMMETPHUECKOro 4-TeH30pa
04, 04,
ox*  ox*

(ero HasHIBAIOT MEH3OPOM IACKMPOMAKUMHO20 noAs). CMbICH
OTIE/bHBIX KOMIIOHEHT 3TOTO TEH30Pa JIEFKO BBIACHUTH, TIOACTABUB
aHavenns A, = (¢, — A) » onpenesenne (50,1). Pesyabrat MOx-
HO 3amucarb B Buae Tabauub, B KoTOpOH MHiAekc p =20, 1, 2, 3
HYMepyeT CTPOKM, a HHAEKC v — CTOJOLb:
0 E, E, E,
"“Ex 0 — iz Hv
pr= - . (50’2)
—E, H, 0 —H,

—E, —H, H, 0

Fo,= (50,1)
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KOHTpaBapHaHTHHe KOMINOHEHTH TOro e TE€H30pa OTAHYAI0TCH
H3MEHEeHHUEM 3HaKa Npu NOAHUMAHUH OAHOrO MPOCTPAHCTBEHHOrO
UHAEKCa:

0 —E, —E, —E,
E, 0 —H, H,

P = : 50,3
E, H 0 —H, (0.9

E, —H, H, 0

OTMCTHM, UTO YPaBHEHUs JABUNEHUA 3apsalda B MNoJe€ 3anucsl-
BalOTCa C MOMOIIBLIO TEN30pa pr B BHIE

it
‘% =< Fru, (50,4)
Packpoipas Bolpaxenus B 060UX CTODOHAX PABEHCTBA C MOMOLLBIO
TpexmepHeix c¢Gosuauvenntt (40,2), (40,5), (50,3) (u sameuus
ds =cdt V' 1 —4%c%, nerco yGeamrsci B TOM, YTO NpH p ==
=1, 2, 3 MH MOJYYHM TPH KOMIMOHEHTHl BEKTOPHOrO ypaniie-
Husa (44,6), a npu p =0 — ypaBuenue pabGots (44,7).
dopmyas npeobpasosanus nosed E u H momuo wakitu te-
nepb B COOTBETCTBUM ¢ OOILMMH mnpaBUJaMH npeoGpaszoBaHus
4-ten3opos. KomnoueHTn 4-Te€H30pa BTOpOro paHra F*' npeob-
pasyloTcsl Kak npowussedeHus kKoopauHat x*x°. Ilpu mpeoGpaso-
Banuu Jlopenua (36,3) woopauHarn x*=—y u x’=2z me me-
HAIOTCS; TIO9TOMY He MEHSIeTCa U KOMIoHeHTa F%:

23 23

F =F",
Tlanee, no To# e npuuuue koMmmoHenTs [, F% y F19 F13 ppe.
06pasyioTcl COOTBETCTBEHHO KaK KOopauHaThl x%=cf n x'= x:

F,oz+ K Fi F'u-{-z Fr3
c 12— c

vE ! Ve
VI—F VI—F

u aHajoruuHo nas F%, F13, Hakowen, wkomnoneHta F®' mo/mxHa
npeo6pa3oBsBaThCd Kak npoussedeHue x°x'; orcioma noayuu-
n0ch OL

1 , vV v ,01 ’
FM:'—"’V?{FM"l“C?F o_l__c_(Fo _l_FlO)}.

=
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Ho nockosabky B IaHHOM cayuae Tensop F* aHTHCHMMETpHUEH,
-,01 ,10 :
10 7" =—F"" 1 noromy

01 01
Fr=F".

Bripasus Ttenepr KomiloHeHTH TeH3opa FP® uepes KOMIO-
neuts nose E u H coraacuo (50,3), noayuum caenytwoinne dop-
MyJBl Tpeo0pa3oBaHus IJas 2AEKTPUUECKOTO HOJSE

Vo . Vo
Ey+ = H, E,——H

Ey=F, E, = E,=—X_" (50,5)

R IJid MartunTHOro r1oJisa

Vo . -
Hy— - F, Hy+ = E

Hx:H.;:’ Hy: (50’6)

Taxkum o0pa3oM, 2/MeKTpHYECKOe M MarHUTHOE [0Jf, KaK H
B0/BILHHCTBO (PU3UYECKMX BEJHYHH, OTHOCHTEJBHH, T. €. HX
CBOHCTBA pas3iNuHbl B DAasHEX CHCTEMAax OTCYeTd. B 4acTHOCTH,
INEKTPHUUECKOE MM MarHHTHOE T10Je MOMET OhTh DABHO HYJIO
B ONHOH cHCTEME oOTcuera H B TO K€ B[EMf MPHUCYTCTBOBATL
B ApYro#t cucreme,

Ecau B cucreme K’ wmarnatnHoe moae H =0, to coraacHo
(50,5—6) mexay 3MEKTPHYECKHM ¥ MaTHUTHHIM TIOJSIMH B  CH-
creMe K CymecrByeT COOTHOLIEHHE

H=- [VE], (50,7)

Ecau xe 8 K’ noae E'=0, to B cucreme K

E=— [VH], (50,8)

B o6oux cayuasx, caemoBaTennno, B cucreme K MaruuTHue u
VEKTPHYECKHE TI0S B3aMMHO MePHEeHIUKYAAPHE. ITH POpMYInt
HMEIT, pasyMeerca, ¥ oOpaTHEI CMBICA: €CAd B HeKoTopoit
cacreme orcueta K mnoas E u H Bsaumno nepnesmuxy./apHbt
(HO He paBHE MO BeJMuMHE), TO CymECTBYeT Takaa cucrtema K,
B KOTOPOH 1O0J€ HHUCTO IJIEKTPHUECKOE HJAM UHCTO MarHuTHOE,
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§ 51. UnBapuanTsl noas

M3 BEKTOPOB HaNpPAKEHHOCTEH 3JEKTPUUECKOrO M MAariuT-
HOrO TOJEH MOMHO COCTABUTh WHBAPHANTHBIE BEJMYMHBL, OCTAIO-
14ecs HEUSMEHHBIMU MNpM NpeoO6pasoBaHUsIX OT ONHOH HHEp-
LLHaJbHOK CHCTEMB OTCUYE€TA K APYro#.

Mb nosyuuM Takyio BeJaMuMHY, O0pa30BaB uYeTHPEXMEPHHIH
ckanap F,Ff*’. PackpuB ero B TpexMepHHX 0603HaueHusx,
HafineM, uto F, ™ =2(H*— E?. Takum ofpagsoM, ONHEM U3
MCKOMBIX MHBapUaHTOB SIBASETCA BEAUUUHA

H? — E?==inv. (GINS)

HenocpencrsenHo mposepko#t no gopmyaam (50,5—6) zerko
ybenurncd, uro npu mpeobpasosanusix JlopeHua OCTaeTcs HEM3-
MeHHOH Takke n cymMa E H, -t E H, -|- E,H.. Takum obpasom:

EH = 0. (51,2)

Mewxny 3TuMM IBYMA UHBapHaHTaMH  UMEETCH, OMHAKO,
MPUHIUNKA/JIbHOE OT/IMYME B OTHOLIEHHH MOBEAEHUS MpPU OTpaxe-
HUW (UAHBepciil) NPOCTPAHCTBEHHOM CUCTEMB KOOPIMHAT — OJHO-
BPEMEHHOM M3MEHEHHMM 3HaKa KOOpAMHAT X, ¥, 2. Hanmomuum, uto
NpH TAaKOM NpeoBpasoBaHHM KOMIMOHEHTHl HMCTHHHOTO (WM, Kak
TOBOPAT, HOAAPHO20) BEKTOPA TOXKE MEHAIOT 3HaK. KoMnoHeHTH
K€ BEKTOPA, KOTOPHfl MOXeT OuiTh MpeiucTas/eH KaK BEKTOpHOe
NpousBeACHHUE IBYX MOJAPHHX BEKTOPOB, MPHU HHBEPCHH OCTAIOTCH
HEU3MEHHHMY (TaK¥e BEKTOPH HasbBaleT akcuassHai). CKa-
JAPHOE NPOU3BEJCHHE IBYX TMOJSPHBLIX HAX ABYX aKCHAJIbHBIX
BEKTOPOB ABJSETCA HCTUHHBIM CKaJAipOM — OHO HE MEHSETCs Mpu
npepcun.  CkajapHOe e NpOU3BEJEHHE AKCHATBHOTO W MOJsp-
HOTO BEKTOPOB SBJACTCH Mce800CKaAgPOAM — NIPH HHBEPCUM OHO
MEHSET 3HAK. '

Ho cornacHo onpemenenuwo (44,3—4) E ectp mnoaspherii
BekTop, a H— akcuaspHnft BexTOp (BEKTODHOE mNpPOUSBENEHUE
noaspusix BektopoB V u A). Otcioza scuo, uto H*— E? ecTu
ucruHHei# ckansp, a EH — ncermockansp (MCTHHHBIM e CKaJs-
pom Oyzmer ksampar (EH)Y.

OTMETHUM HEKOTOpHE CJAEACTBHS MHBAPUAHTHOCTH BHIPaMCEHHH
(51,1—2). Ecoiu B Kaxo#i-nmibo cucreme otcuera noas E u H
ONMHAKOBH Mo Beauuute (E'=—H?%, TO OHM OAMHAKOBH MO Be-
JHYMHE W BO BCAKOH MNPYrod uHepuuajbHOH cucreme oOTcyYera.
Ecau B Kako#-im6o cucreme orcuera noss E u H Bsaumuo nep-
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nenankyaspusl (EH=0U), 10 oHM B3aKMHO NepHEeHAHKYJSDHH H
BO BCAKOH JADYrof cHcteme.

Ecain EH=0, To MOXHO HallTM TaKkyw CHCTeMy OTCuera,
B kotopoii E=0 wm H=0 (cmotps mo tomy E*— H?*<0
pan >0), T. e nose YNCTO MAarHUTHOE WJM YHCTO 3IJEKTPH-
yeckoe, O6paTHO, ecam B Kakol-imbo cucreme otcuera E=0
nan H=0, 1o Bo BcsikOi Apyro# cucreMe oum OyayT B3anMHO
nepnenAnKYISpHL, B COOTBETCTBAM CO CKaSaHHBIM B KOHIe INpe-
Aplayuniero maparpada.

HckmovenneM spaseTcs cayuafi, koraa He toasko EH=0,
Ho u FE?— H*=—0- 06a wuuBapuanta pasBeb Hymo. B s1OM
cayyae E u H Bo BCsKolt cucreme orcueta paBHBI MO BesMuHMHE
A B2aUMHO MEPNEHAMKYJAAPHBI N0 HanpapJCHHIO,
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§ 52. lepran napa ypaenenuit Makceenna

M3 Bripaxenntt

. 1A
H=rot A, E_——FEZ———gradcp

JIEFKO MOJYYdTh YypaBheund, colepxamue Ttoasko E n H. Hua
storo onpedenum rotE:

1 0
rotE=————;52rotA———rotgradcp.
Ho poTop Bcakoro rpaiauenta pasBen HYJIO; C/eXOBaTe/bHO,
1 oH
rotE:—-—FaT. 52,1)

Basp auseprenmmio or obeux wuvacTelt ypasuenns rotA—H u
HOMHSR, YTO AMBEPreHUHs BCAKOFO POTOpPA PaBHa HY/IO, HAaXOIHM:

divH=0. (52,2)

Vpasnenus (52,1—2) cocrasaaloT NEPBYIO Napy ypasresuii
Marcgeara'). 3ametuM, yTO 3TH [Ba YDaBHEHUR €ule He oOmpe-
JeJRI0T BMOJHE CBONHCTBA MOJs. DTO BHIHO yXe M3 TOrO, 4TO
OHM ONpele/sioT H3MEHEHHe MarHUTHOTO TMOJf CO BpeMeHeM
{npoussonnyio 0H/of), mo wne ompesenaoT npoussomsott OE/ot.

Vpasuenus (52,1-—2) MOXHO Hanucath B HHTErpapHoOH
¢opme. Coraacno teopeme [Naycca

SdivﬂdV:&}Hdi,

!) YpasuenHa MakcBensa — OCHOBHEIE YpaBHEHHA SJA€KTPOAMHa-
MHKH — Obl/IH BliepBble CopMyauposaust UM B 1860-x romax,
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rhe uHTerpasi cnpasa Oepercsl no Bcelt 3aMKHYTOH NOBEPXHOCTH,
oxBaTeiBalouleft o0beM, NO KOTOPOMY B3fIT HMHTErpaa CJAeBa.
Ha ocuosanuu (52,2) nmeem:

§Hat=0. (52,3)

HMHTerpasn or BeKTOpPa MO HEKOTOPOH NOBEPXHOCTH Ha3bIBaeTCd
nomoroMm 8exmopa uepes 3Ty mnosepxHocTb. Takum oOpasowm,
NOTOK MarHUTHOTO 110/ uepe3 BCAKYIO 3aMKHYTYIO NOBEPXHOCTh
paBeH HYyJIO.

Coraacuo teopeme CToKca

{rotEdi=§Ed,

rle uHTerpas cnpasa Oepercs 1O 3aMKHYTOMY KOHTYDY, OTH-
falomleMy NOBEPXHOCTb, MO KOTOPOH HHTErpUPYETCs CJeBa.
U3 (52,1) waxodumM, mHTerpupyst obe uyacTH IO HEKOTOpPOH mo-
BEPXHOCTIL ’
10

§Edl=_n_t S H d. (52,4)
Hurerpas BexTopa 1O 3aMKHYTOMY KOHTYDY HasLIBaeTcs 4upky-
Afyuell 3TOro0 BeKTOpa 1o Kourypy. Llmpkyasumio siexrpuye-
CKOTO TOJIS HA3blBAOT TaKKe 3Aexmpoodsuxcyuieldl cuiod B Xau-
HoM koutype. Taxum o0pa3oM, 3/1eKTPOJABMKYUIAs CHJId B HEKO-
TOPOM KOHTYp€ paBHa B3ATOH ¢ oOpaTHBIM 3HAaKOM NPOH3BOAHGH
[0 BPEMEHM OT IIOTOKA@ MarHWTHOTO 0OJS Yepe3 MOBEePXHOCTb,
OTPAHHUUYMBAEMYIO 3THM KOHTYDOM.

§ 53. lleiicTeHe AJNA IMEKTPOMATHMTHOrO MOJA

HetictBne S Ajs BCeH CHUCTEMBI, coCTodilel M3 3JAEKTPOMar-
HUTHOTO NOJIS BMECTE ¢ HAXOAAUIMMUCA B HEeM YaCTHLLAMH, HOMKHO
COCTOATh M3 TpeX uacrei:

S=8; - Sp -t Spy. (53,1)

S,, ecrb Ta yacTh AefCTBMA, KOTOPAafA B3aBHCHT TOJABKO OT
cBofictB uyacTi, T. €. JeHicTBhe Jas cBoOOAHBIX uacthy, [as
olHoR cBoOGOAHOH uacTHubl OHO Aaerca dopmyno#t (39,1). Ecau
UMEeTCd HEeCKOJBKO UYacCTHI, TO HX ofulee AelcTBHE PaBHO CyMme
geficTBuft Asf KawAOR uwacTHubl B OTAebHOCTH, TakuM oOpaszom,

Sp=— X mc {ds. (53,2)
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Smy €CTb Ta YacTb meicTBUSA, KOTOPasA 00yC/n0BAEHA B3aUMO-
geficteHeM Mexay uacrtuuamd u noieM. CorsacHo § 43 umeem
IS CUCTEMB YaCTHIL

Smp=— 24\ a.dn (53,3)
B Kaxaom U3 ujseHoB 3TOH CymMMn A, €CTb NOTEHUHANT TNOJA
B TOH TOUYKE MPOCTPAHCTBA M BPEMEHH, B KOTOpOH HaxoduTcs
coorsercrByomas vyactaua. Cymma Sy Spn, ects yke ussect-
Hoe Ham gefictsue (43,1) Ans 3apsafoB B MoOJe.

Hakonen, §; ecte Ta uyacrb neHCTBHA, KOTOpast 3aBMCHT
TOJNBKO OT CBOHCTB camoro noJas, T. e fAefictBue [IJad TmoJd
B OTCYTcTBMHM 8apagoB. o Tex nop, moka Mel HHTEPECOBAJHCH
TOJNLKO /[ABHXKEHHEM 3apAf0B B 3aAaHHOM 3JEKTPOMardHUTHOM
nose, Sy, Kak He 3aBUCAllEE OT YaCTUL, HAC HE HHTEPeCoBaso,
TaK KaK STOT YJeH He MOr TMOBJHSTh HA YPAaBHEHHA ABUNKEHHS
yactaubl, OH CTaHOBHTCA, OAHAKO, HEOOXOAMMLIM, KOrAa Ml
XOTHM HaHTH ypaBHEHHs, ONpele/sliollNe CaMo MoJe. ITOMY
COOTBETCTBYET TO OOCTOSTENbCTBO, uTO H3 4aCTH Sy Spf
JAeficTBMA Mbl HaltaM TOJbKO ABa ypasHeHus, (52,1—2), koto-
pre eme HEeZOCTaTOYHH AJs IOJHOro onpeleneHus MoJs.

Has ycranosienns Buia AefictBus nonada Sy Mm OyaeM HCXo-
AUTh H3 CJELYIOllero BeCbMa BaXXHOro CBOHCTBAa 3J€KTpOMar-
HUTHHX nosefl, Kak nokassiBaéT ONHT, 3JEKTLCMarHWTHCE moJe
NOJAYMHAETCS TAaK Ha3HBAEMOMY Mpunyuny cynepnosuyuu. TOT
MPUHLAN 3aKJIOYAeTCA B YTBEDACICHHHM, YTO TOJE, CO3AaBaeMoe
cucteMol sapagos, npeAcTtaBaser coOoff pPe3yabTaT NPOCTOro
cnoAeHUus moJefl, KOTOPble CO3JATCA KaXAHM H3 3apaioB
B OTAEABHOCTH, DTO 3HAUHT, YTO HATIPSDKEHHOCTH pe3yJIbTHUPYIO-
ero nojs B KaxAOH TOuke paBHBI CyMMe (BeKTOpHOR) Hanps-
KeHHocTeH B 3TOH TOuke Kaxaoro us mnosefl B OTAENbHOCTH.

Bcesikoe pelnenne ypasHeHHH nosis ABJSETCA 1N0JEM, KOTOpoe
Moxer OuTb ocywmecrsieHo B npuapoie. CorjaacHO NPHHLHMY
Cynepniosulid CyMMa JIOObIX TaKHX noJefl Toxe A0MKHA ORTh
noJeM, KoTopoe MoxeT OBITL OCYIIECTBJAEHO B MpPHPOAE, T. €.
JHOJKHO YIOBJIETBOPATh YPABHEHHAM IOJA.

Kak uspecTHo, nuHefiHbie AuddepeHlHalbHble YPaBHEHHS KaK
pa3 OT/HYalOTCd TEM CBOHCTBOM, YTO CyMMa JioOHX e€ro pelue-
nafl  Toke sBasierca pelweHuem. CregoBatenbHo, duddepeH-
llMaJbHHE VDPaBlleHUs MOJA AOJAHH OHTbH JUHEHHBHIMH YpaBHe-
HUSIMA.
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M3 cKkasaHHOro ciaelyer, UTO MO 3HAKOM WHTerpaaa B Iel-
€TBHU S; LO/LKHO CTOATh BHPaXeEHHe, KBaApPaTHYHOE MO MO0,
ToJAbKO B 3TOM CJyyae ypaBHeHus nojs OyayT JavHeHHbIMH, —
ypaBHeHUs NOJf NOJYYaloTCs BapbMPOBaHHWeM [eHCTBUs, 2 NpH
BADbUPOBAHWM CTeNeHb MOIALHTErpPajbHOrG BLIPAXEHHA MOHH-
HAETCA Ha eduHULLy.

B soipaxcenue 14 AeHcTBus Sy HE MOrYT BXONMTb NOTEHUH-
aabl MoJjd, TAK KaKk OHM He oOnpejesneHpl ONHO3HAYHO (B Spy
9Ta HEONHO3HAYHOCTb Owna He cyulectsedHa). [lostomy &
OO/MKHO OBITh HWHTErpajioM HEKOTOpOH OYHKUMH OT TEeH30pa
saekTpomarHutHoro noas F,, Ho nedcteue nomkHo OuTb CKa-
JSPOM W TOTOMY JHOMKHO OBITh MHTErPajJOM OT HEKOTOPOro
ckaanpa (UCTHHHOro). TakoBbIM fBJIfeTCA JHIUIb MpOW3BeleHHe
Fy F*1).

Takkm o6pasoM, Sy HOMKHO UMETh BHL

S;=a{{F,Prdvdt, dvV=dxdydz

roe uHterpan GepeTcs MO KOOPAMHATaM MO BCEMY NMPOCTPAHCTBY,
‘a2 N0 BPEMEHH ~— MexILy ILBYMS 3alaHHHIMA MOMEHTaMH; @ €CTh
HekoTopas nocrosuHas. Ilon wuuterpaiom crour F,.f* =
=2(H*— E%. Ilone E comepxur npoussonuywo 0A/of. Ho
Merko puietb, 4to (0A/0f) momkHo BXOHMTL B neHCTBHE C MO-
JOXUTEAbHEIM 3HaKOM (a noToMy u E? ¢ MOJIOKHTENbHEIM 3Ha-
Kom). IleitcrBuTensHo, ecan Ost (0A/0f)! Bxommno B Sy co 3Ha-
KOM MHMHYC, TO [OCTaTOYHO OBLICTPLIM HM3MEHEHHEM TNOTEHUHMasId
co BpeMeHeM (B pacCMaTpPHMBAaeMOM HWHTEpBaje BPEMEHH) BCeraa
MOxHO Oblio Obl  cHenaThb Sf oTpUUaTEIbHOR BeJUYHHOR CO
CKO0/b yroano GosbuiuM aGCOMOTHHM 3HaueHueM; Sy He MOIJIO
6bl, CACNOBATENBLHO, MMETh MMUHMUMYMa, KaK 3Toro Tpebyer mpuH-
nun HauMeHbpliero nedcrsus, Takum o6pasoM, a JOMKHO ObITh
OTPHLLATEIbHBIM,

!y flopuinterpaabian ¢QyHkuMs B Sy He JOMXHA COJepXath TpoO-
M3BOIHEIX OT F,,, Tak kak B ¢yuxudio Jlarpanka MOryT BXOLHT,
NOMHMO KOODAHHAT CHCTEeMBl, TOZLKO HX MepBhle MPOH3BOAHBIE IO Bpe-
MEHH, a poab <KoopAunaTs (T. €. MCPEMEHHHIX, 10 KOTOPLIM NMPOU3BO-
JHTCA BapbMPOBaHHe B WPHHUMIIE HauUMeHbllero NeHCTBUA) HrpawoT
B 9TOM Cayyae MNOTeHUHanu A, Toas, IJTO aHANOTHYHO TOMY, 4TO
B MexaHuke ¢yHkuHa Jlarpanxa pas MexaHHYeCKoM CHCTeMH comep-
XHT TOJAbKO KOODAMHATH YacTHI, H HX [epBhle IPOH3BOAHBIC MO
BpEMEHH.
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UncaeHHoe 3HaueHHWe @ 3aBUCUT OT BBIOOpa eAUHUL IS H3Me-
peuns noas. 3aMeTuM, yTO TOCJae BhIOOPA ONpeleneHHOrO 3Haye-
HUS @ BMeCTe ¢ eNHHHUIaMH 1JS HU3MepeHHs TOJS onpelesrorcs
TakXe W eIWHHLB IS8 H3MepeHHs BceX OCTaJbHBIX 3JEKTPOMar-
HUTHBIX BeauyuH, Mer OylleM B dajipHeHleM M0/b30BATbCA TaK
Ha3wBaeMOH 2ayccosoll cucmeroil edunuy, B 3TOH cucreme a
ectb GeapasMepHas BeJaMuMHa, pasHag — 1/16w,

TakuM oOpasoM, deficTBue AJ4 1014 UMEET BHI

[P SFMF'“ 49, dQ=cdtdxdydz. (534)

T 16

B tpexmepHom Bume:
S =4 S ﬂ' (E?— HY)dV dt. (53,5)
Jpyrumu caosamu, dynxuus Jlarpanka Aias N0Jas €CTb
1 ; ’ =
Li=g S (E*— HYdV. (53,6)

JlelicTBrie mJS TOJNS BMECTE ¢ HAXOAAIMMHCA B HeM 3apsimaMiu
UMEET BHA

S=—Y | meds—y { £ a0 — 1o \ PP d2. (83)

3ameruM, yTO TENEPb YXKe 3apsAldb OTHIOAL HE AOJKHBE CYM-
TaTbCAd MaJbiMH, KaK NPH BhIBOAE ypaBHeHHﬁ ABHMKEHNUA 3apana
8 saganHoM nose. ITostomy A, v F,, OTHOCATCS K HCTHHHOMY
1010, T. €. BHEUIHEMY [10/i0o BMeCTe C NOJEM, CO3LRaHHBIM Ca-
MumMn 3apskamp; A, u F,, 3aBACAT Tenepb OT MOJOKEHHS U
CKOpocreldl 3apsnos,

§ 54. Yernipexmepueiil BEKTOp TOKa

Buyecto TOro ytoGbl paccMaTPUBATh 3apaldbl KaK TOYEYHHIE,
B LleJSX MAaTeMaTHYeCKoro YAOOCTBA 4acTO pacCMaTpPUBAWOT 3a-
DAL KAaK paclpelencHHbie B NIPOCTPAHCTBE HENpephiBHBIM 00pa-
soM. Torma MOXHO BBECTH AAONWIHOCHMe 3apfida p Tak, uto pdV
ecTh 3apal, Haxolsuwmidcs B of6beme dV;p ects, BoOGLIE FOBODS,
QYHKIUA OT KOODHMHAT n BpeMeHd. Muterpan or p no Hekoro-
poMy 0ObeMy ecTh 3apsll, Haxodsuwfics B 3TOM 0GbeMe.

Tlpy 3TOM HalO TOMHHTb, YTO B AEHCTBHUTENLHOCTH 3apsSiHl
ABASIOTCA TOUEUHBIMH, TaK YTO TJAOTHOCTb p paBia HY/MO Be3lle,
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KpOMe TeX TOYEK, PAe HAaXOAATCs 3apafllbl, a HATErpas SpdV
go/mkeH ObITh PaBeH CyMMe TeX 3apsfoB, KOTOPHE HaXOAATCH
B daHHoM oOmneme. TlosToMy p MOXHO HanHcaTh € NOMOLIBIO
3-pyuxumti ) B caenyowmem sume:

p= Z eqd (r —1,), (G541

rae cyMma OepeTcs no BceM HMeIOMMMCs 3apsiaM, a r, — pa-
OQUYC-BEKTOD 3apsfa e,.

3apaa yacTHIH ecTb, NO CaMOMY CBOEMY ONpeAeseHHIO, BEMH-
yuHa WHBAaDHAHTHas, T. €. HE 3aBHCANIAs OT BHGOPa CHCTEMb
orcueTa. Hanporus, NJIOTHOCTB p HE €CTh HHBAPHAHT, -— HHBAPHAH-
TOM fBJSETCS Jullb npouastieHue pdV.

1) 3-pynkuns 3 (x) onpepeasercs creaywouwnM obpasom: 3 (x) =0
NpH BCEX He PaBHBIX HYMIO 3HayeHHax x; npu x=0 B (0) =oo, npu-
yeM TaK, YTO MHTerpan

o0
{ 2(dx=1 )

—=C0

V3 storo ompeneiaenna cieayer, 4to ecad f(x) — moGas nenpe-
puiBHas ¢GyHKUHA, TO

oo
{ flx)d(x—a)dx=F(a); iy
B YaCTHOCTH,
+oo
§ F)2(x)de=F(0) am

(npenenbl HHTCrPHPOBaHMs, Pa3yMeeTcd, He 06A3aTeNbHO AOMKHB GHITh
& 00; 061aCTbI0 HHTCTPHPOBAHHA MOXeT ObTb m06as o6nacThb, 3aKmio-
Yaoilas Ty TOYKY, B KOTOPOH ¥~PYHKHHMA He HCUe3daer).

CrnpaBenanBbl Takwe paBeHCTBA

3 (—x)=3(x), d(ax)= —]l—lb (x); (V)
HX CMBICH 3aKJIOYA€TCA B TOM, YTO JeBas U NpaBasd YacTH AAOT OAH-
HAaKOBbIM pe3ynbTaT, €CAH MX NPHMEHATb B KayecTBe MHOMHTedell mox
3HAKOM HMHTerpHpoOBaHHA.

[Topo6uo ToMy kak B3 (x) omnpeaeacHa And ogHON INePeMEHHOH X,
MOXHO BBCCTH TpexMepHyio 3-dyHkuuio 3 (r), paBHYIO HYIIO Be3fe,
KpoMe Hayana TpeXMepHOH CHCTeMbl KOODAMHAT, M HHTerpax KoTopoft
o Bcemy mpoctpanctBy paseH 1. Takyo ¢yHKUHIO MOXHO HpeacTa-
BHTB Kak npon3BefieHde B (x) 3 (¥) 3 (2).
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YMHOXUM paBencrBo de==pdV c ofeux cropoH Ha dx'":
dedxt =pdV dx* =pdVdt Lo

Caesa crour 4-Bekrop (Tak Kak de ectb ckaasp, a dx®™ — 4-Bek-
Top). 3Hauut, M cnpaBa JoJuweHn crosth 4-Bextop. Ho dVdt

dxt
€CTb CKamsip, & MOTOMY p—r— €CTh 4-BeKTOp. ITOT BEKTOP

(o003HaunM ero uepes ) HaswBalOT 4-BEeKTOPOM moKa:
dx*
L ¢
et (54,2)
Tpu nNpocTpaHCTBEHHBIE KOMIOHEHTBI 3TOro 4-BekTOpa 0obpa-
SYIOT TPEXMEPHHH BEKTOD MAOMIHOCHMU MOKa
= (54,3)

V — CKOPOCTh 3apsilla B JaHHOH Touke. Bpemeunnas cocrasasio-
ulas 4-BeKTopa TOKa ecThb ¢p. TakuMm obpa3oM,

=={cp, j) (54,4)
BBenem 4-BekT0p TOKa B Buipawmedue (353,7) aas necTaus
u npéoGpasyeM BTOPON uJeH B 3TOM BhIpaxeHud. Buoas BMecTo

TOUYEUHHX 3aPAIOB € HETpPEephBiOe pacnpeleaeHie ¢ NAOTHOCTBIO p,
Mbl JOJKHBI HANHCATh 3TOT WIEH B BHJE

1 § pA, dx* dV,

3aMEeHMB CYMMy [0 3apslaM HMHTErpajoM 1o BceMy oObeMy.
[NepenuiieM ero Kak

—+ o aavat=— {4, a0,
Takum 06pa30M, noaHoe JAeHcrBre npuxmmaeT BUIL
Sz_zsmcds-—;ﬂ- SAJJ 4o — SF AL (54,5)

§ 55. YpaBHeHHe HenpepbBHOCTH

MameneHne co BpeMCHe M 3apsfia, HAXOAAILEroCs B HCKOTOPOM
o6reMe, JaeTcd NpoH3BOAHOM
d

C zapyro#l cTOPOHH, H3MEHEHHE 3a eIHHHILY BpEeMeHH ompe-

HEJSETC KOJMYECTBOM 3apsila, BHXOASILErO 8a 9TO Bpeds U3 JaH-
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goro 00beMa HapyXy, uiu, Hao60pOT, BXOAAUIETO BHYTPb €ro.
KonuuecTso 3apsfa, NPOXOAAUIEr0 3a €AUHHUIY BpEMeHH uepes
gneMeHT df NoBepXHOCTH, orpaHuuuBawomel Haw o6beM, pPaBHO
pvdf, rae v ecTh cKopoCTh 8apsia B TOH TOUKE MPOCTPEHCTBA,
rae Haxomurcs snement df. Bektop df Hanmpasien, kak 3T0 BCeraa
npUHUMaeTCs, MO BHEIMHEA HOPMaakn K TMOBEPXHOCTH, T, €. TO
HOPMa/lil, HampaBJeHHOH Hapyxy OT paccMaTpusaemoro of6bema.
IlosroMy pvdf==jdf noiaoxuTenbHO, €CTM 3apal BRIXOAMT
u3 Hawero o6beMa, U OTPHILATENBHO, €CJAM 3apsA BXOAMT B HEro.
TMoanoe KOMMYECTBO 3apsila, BRIXOAAUWErO B €AUHHUIY BpeMEHH
U3 HdaHHOrO 00bEMa, €CTh, CJENOBATENLHO, @ jdf, rme unrerpan
pacnpoCTpaHeH Mo BCeH 3aMKHYTOH NOBEPXHOCTH, OrpaHHYUBaIO-
wel sToT 00BEM.
Hs cpaBuenus 0OOUX TNOJYyYEHHHIX BBIPaXEHUH HaXOMUM:

_gz S pdv—;-_—(S)jdf. (55,1)

Crnpasa TOCTaBAEH 3HAaK MUHYC, TaK KaK JeBas YaCTh MOJONKHU-
TeJbla, €CAU TOJHBIA 3apsA B HaHHOM o0beMe yBeluuuBaeTCH.
D10 ypasHeHue, BhIpaxalomee coO00H 3aKOH COXpaHEeHHs 3apsia,
€CTb TaK Has3HBAaEMOE YPQGHEHUE HenpepsiHOCIMIL, HamuCaHHOE
B NHTErpajbHOM BHIE.

Hanuwem »T0 e ypasHeuue B OuddepeHUHasbHOM BUIE.
INpumenus k npaso#t yactu (65,1) Teopemy I'aycca:

& jat={divjav,
HaXOIUM:
S (div3+§})d\/=o.
Hocxom,}cy 3TO PpPaBeHCTBO OO/NKHO UMETh MECTO NpU HHTETPU-

poBanuu mo mobomy o6bEMY, TO MOABIHTErPANbHOE BHIpAKEHUE
HomxHO ObITh PaBHO HYJIO:

divj 4% =0, (55,2)

DTO U eCTb ypaBHEHUE HENPEPHIBHOCTY B AUdpepeHLnalbHOM Bule.

Jlerko yOemuTbca B TOM, YTO BhipaxeHue (54,1) mas p B Bige
B-pYHKUMA aBTOMAaTHYECKM YHOBJETBOPSET YPaBHEHUIO HETIPEPHIB-
HOCTH, [Laf TNpOCTOTH NPEAnoNoKuUM, YTO UMEETC BCEro JAHllb
OJlMH 3apsal, TaK YTO

=ed (r — 1)
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Tox j ecrp Torza
j=evd(r —ry),

rie v -— CcKOpocTh aapsiza. Hafizem npoussoanywo dp/of. Ilpn
IBUXKEHUW 3apsla MEHTIOTCA ero KOOPAMHATHI, T. €. MeHSeTCHl Ty
Hostomy

dp __ dp Or,

ot — or, ot

Ho 0r,/0f ecrs me ur0 Mnoe, Kak CKOpocTh V 3apsza. Haree,
NOCKOJIBKY p €CTb (DYHKUHH OT T — Iy,

O ___ %
ory or *
C.es0Bare.biio,
oo . .
Priamian vgradp=-—divpv

(CKopocTb 3apsiga VvV He 3aBUCHT, KolieuHo, oT r). Takum oGpa-
30M, Mbl NPUXOJUM K ypasHeHuio (95,2),

B ueTtnipexmepHo#i ¢opme ypaBHeHHe HenpepwiBHOCTH (33,2)
BHIPA/KAETCsl paBeHCTBOM HyMo 4-AnpepreHunu 4-BeKTOpa TOKa:

9
oxr — 0. (55’3)

§ 56. Bropas napa ypaesHenmit Makcmesana

[Mpu naxoxpeHuu ypasuenuM noJsi U3 HPUHIMIA HauMEIIbILErQ
JIeHCTBUS MB JOJDKHBI CYMTaTh 3aJaHHBIM ABHIKElHe 3apsioB
M JIOJIHBl BaPbUPOBAThH UL NOTEHLMAJb 1105, Hrpauiie 31eCh
poab «00OCILEHHBIX KOODAMHAT» CUCTEMBl (MPH HaXOXKAEGHHH Ke
ypaBHEHUM JBHIKEHHS HaCTULLl MBI, HANPOTUB, CUYUTAAM 1i0JE 3a-
JAHBIM ¥ BapbUPOBAJM TPACKTOPUIO YaCTULL), ITOT BHBOK
ya00HO TIPOU3BECTH B UETHIDEXMEPHOM BHIE,

CornacHo cKa3aHHOMY BapHalus nepsoro usesa B (54,5) pasia
Tenepb HYJO, a BO BTOPOM He HOJXeH BapbUpOBAaThCs TOK ™.
Taxum oGpasowm,

1 1., 1 s _
5= L { [t o om0
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(npu BapbUPOBAHHM BO BTOPOM UJIEHE YUTEHO, YTO F*3F,, =
= F,AF*"). Tloacrasnas B mHoXuTene 8F,,

94, 94,
Fo=%a =2
nMeeM:
. 1 [P I oy 0 wy 0
08= — 4 { (/oA g P 5o 04, — P2 505 34, 2,

Bo BTOpPOM useHe MEHseM MECTaMi HEMbie MHICKCHL @ U v, @ TaKikKe
sameHsem F** pa -— F*', Tlocne aToro BTOpOH ¥ TpeTHH UJeHb
OKAa3hHBaOTCA OAUHAKOBHIMHU, TAK MTO '

1 | . 1 v 0
1= — \ {5/ — o P i b4} de.
Ilanee, Hanucas .
1 v 0 o - 1 d v \ 1 OFP'V_
— g I g Y= — g 5 P04 -4 30 5

U TNpPUMEHMB K MHTErpasy OT TMNEPBOTO 4YJAEHAa YETHPEXMEPHYIO
teopemy [Maycca (38,7), nomyuyaem:
3= — - S {ljv~+_‘_ "F”'}aAde_

¢ ¢ 4n  oxV

1 "
— i \ R4S, (6.1

B nocsaendeM uJjeHe noJpasyMeBaeTcs ero 3HaueHue Ha npeaeiaax
auterpuposadus. [lpedesaMu HHTErpUPOBaHUA NO KOOPAMHATaM
ABAAETCS MPOCTPAHCTBEHHAs OECKOHEYHOCTb, Te NO0Je HCYE3AET.
Ha npenenax xe MHTErpupoBaHUs MO BPEMEHU, T. €. B 3aJaHHBE
HauaJbHblH M KOHEUHBIH MOMEHTBI BPEMEHH, Bapualusl NOTEHIHa-
JOB paBHA HY/MO, TAaK KAaK TO CMBICAY TNPUHUMNA HAUMEHBUIETO
AedcTBuS TMOTEHUMaJbl B 5TM MOMEHTH 3alaHbl. Takum obpasowm,
BTOpO# uaeH B (H6,1) paBeH HYyMO, U MH HAaXOAWM YCJOBUE
MUHUMAJAbHOCTH JEHCTBUS B BUAE

Ta 1 opw

S<7/"-+Z{W> 3A, d2 =0,
Beuny npoussomnHocTH Bapuanmi 34, orciola CreayeTr pase-
CTBO HYJIO NOJBLIHTErPaJbHOTO BBIpAXEHUS B CKOOKax:

i OFwy 4
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Hepenumem stu vermpe (p=0, 1, 2, 3) ypasHeHna B Tpex-
mepHoit dopme. Ipu p==1 umeem:

LOF | 9FM  9FR | 9F™  dn
¢ of ' ox dy 0z — ¢ /"
HonacTasass 3HaueHus COCTaBJAAIOLIMX TeH30pa ', Haxoaum:
| 9E,  OH,  OH, 4n
T oy 9 e dx

Bumecre ¢ nsy™ms caenyouwiuMu (=2, 3) YypaBHEHUSIMH OHR
MOTYT OBITb 3amuCaHbl KaK OANHO BEKTODHOE:
1 0E 4n
rotH= - —a—t— + r j. (56,3)

Haxkoueu, ypasnenue ¢ p=—0 naer:
divE = 4rp. (56,4)

VYpasuenua (56,3) u (56,4) u COCraBJfIOT HCKOMYIO BIOPYIO
napy ypasuenun Makcseanal), Bmecte ¢ neppoft napoft, oum
BNOJHE ONPEIEAOT 3AEKTPOMArHUTHOE NOJIE U ABJAAIOTCA OCHOB-
HBIMM YDABHEHMSMH TEODHM 3TUX NOAEH — 92eKmpodunamurL.

Hanuinem stu ypasneHus B uHTerpa/ibHod dopme. Murerpu-
pys (56,4) no HexotopoMy oO6beMy u npumeHss Teopemy ['aycca

SdivEdV:(S)Edf,
HaxXOoAuM:

@Edi:zxngpdv. (56,5)

Takum 06pasoM, MOTOK 5JAEKTPUYECKOrO MOJIA HEPe3 3aMKHYTYIO
MIOBEPXHOCTh PaBeH MOJHOMY 3apsaly, Haxoasmiemycs B 061eMe,
OFPaHNYEHHOM 3TOH MOBEPXHOCTBIO, YMHOXKEHHOMY Ha 4,

Hurterpupys (56,3) nmo HeKoTopod HEe3aMKHYTOH MOBEPXHOCTH
u npusmenss teopemy CrToKkca

frotHdi=§ Hd,

HaXOoOduM:
1 0 4 s 7
<S>Hd1=c_d_tgadf+7‘g,dr. (56,6)

1) Ypasnenus Maxcscana B ¢popme, NPUMCHUMOH K 9JEKTpOMar-
HHTHOMY NOJIO B IYCTOTE BMECTE € HAXOJAWMMICA B HEM TOYGUHBIMH
3apanaMy, 6uau chopmyauposaHs JiopenieM.
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BesmunHy
1 0E

I of
Ha3bBAT MOKOM cxeujennn. V3 ypasHenus (56,6), nanncannoro

B BHIE
fra="= S R

BHUIHO, UTO UMPKYJAAUNST MArHATHOTO TOJAS N0 HEKOTOpOMy KOH~-
TYPY PaBHa TIOMHOXEHHOR Ha 4rm/c CyMMe TOKOB HCTHHHOFO
A CMEIUEHNSs, NPOTEKAIINX CKBO3b IOBEPXHOCTb, OrpaHHYHBaAE-
MY STUM KOHTYPOM.

M3 ypasHenn#t Makcpeaia MOXHO TOJYYHTh H3BECTHOE YiKe
HaM ypaBHeHne HenpepeBHOCTH. DBeps ¢ ofeux cropon (56,3)
JHUBEPTEHURIO, HAXOLNM:

. 14 . 4n ..
d1vrotH=?—a—t—d1vE+—:~d1vj.

(86,7)

Ho divrot H=0 u, noacraeus divE n3 (56,4), M Bosspamaemcs
k ypasHenuio (55,2).

§ B7. MI10THOCTH M MOTOK 3HEpPruu

Ymuoxum obe uacti ypasHenuss (56,3) na E, a obe uacrm
ypasHeHna (52,1) Ha H n ca0xuM mnoayueHHble YypaBHeHns no-
YJIEHHO!

T Il & (HrotE—ErotH)
Hoabaysch u3secTHoR hopMyJsOH BEKTOPHOTO aHaiu3a
divlab]=brota—aroth,
AEpenuCHBaeM 3TO COOTHOLUEHHE B BuIe

-3—, (B~ H) = --L‘ci jE — div [EH]
RJIR
2
2 EEE s, 67,1)
Bexrop ~
S = [EH] (67,2)

RasktaloT sexmopoxm [lolinmunza.
7 7. A, Mannay, E, M. Jadmuayg
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ITpounrerpupyem (57,1) no nHekoropomy oOveMy #u npuMme-
HHM KO BTOPOMY uJaeny cnpasBa teopemy [aycca. Mu moayumm
TOTAA:

—g? S B gy—— S jEdV——-@Sdf. (57,3)

Ecnu uHTErpUpOBaHie NMPOU3BOANTCS MO BCEMY NMPOCTPAHCTBY,
TO MHTErpas MO NOBEPXHOCTH uCue3aeT (mosne Ha GeCKOHEYHOCTH

paBHO HyJ0). Jlanee, Mbl MOXEM HanucaTe HHTerpan SjEdV
B Buge CyMMH Y eVE no Bcem sapdiaM, HaxoASmMMCA B Mode,
N noAcTaBuTh cornacHo (44,7)

d
eVE= - & yun-

Torna (57,3) nepexonur B
E* 4+ H*
7V EET av Yt} =o. (57,4

Takum oOpasoM, And 3aMKHYTOH CucCTeMHl, cocTosimie# u3
anempomamurnoro MnoJasad BMECTE ¢ HaxodsnluMucd B HEM 4YaCTH-
IlaMH, COXpaHsaAeTCod BE€J/nM4YHHa, CTOslass B HallMCaHHOM ypaBHeHuu
B CKoOkax. Bropo#t unen B 3TOM BEIpaXKeHHH eCTb KUHETHUECKaH
sHeprus (BMecTe C SHeprueit nmokos BCEX 4YaCTHll; CM, MpHMeda-
Hue Ha CTp. 166); mepBuift ke wi1eH eCThb, C/efloBaTENbHO, SHEPTHS
€aMOTO 3JEKTPOMarHUTHOrO noJis. Bemuuuny
-E2 + H9

W= 8n

(57,5)
ME MOXEM [OITOMY Ha3BaTb MAOMHOCHMISI0 3HEp2IUl 3JIEKTPOMAr-
HUTHOTO MOJS, 3TO €CTh SHePrus eduHuub o6beMa Mo,

TIpu WHTErpUPOBAHHM MO HEKOTOPOMY KOHEYHOMY OO6BEMY
NoBepXHOCTHH# uurerpan B (57,3), BooGuwie roeops, He UCYE3aeT,
TaK 4TO MH MOXEM HamucaThb 3TO yPaBHEHHE B BHAE

2 {S £ dV+2§KHH}~—§>Sdf, (57,6)

rle Teneph BO BTOPOM uJeHe B CKOOKaX CyMMHpOBaHHe MpOU3-
BOAMTCA TOJLKO MO 4aCTHLlaM, HAXOUAIMMCA B PaCCMaTPUBAEMOM
o6veme. CreBa CTOMT M3MEHEHHE MOJHOH SHEPruyd NMoJfd U YacTuil

B elunuuy Bpemenu, [TosTomy unTerpan @Sdf Hago paccMats
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puBaTh KaK MOTOK BHEPTHM MOJA Yepe3 MOBEPXHOCTb, OrpaHu-
upBapINylo daHHHIH 06beM, Tak yro Bektop IToddtuHra S ects
IJ0THOCTh 9TOFO MOTOKA, — KOJMYECTBO SHEPTHH [10Jf, MPOTE-
Kaolliee B CAMHHIY BpPEeMEHH yepes eJMHHIY hoBepXHOCTH.

§ 68. [lnoTHoCTe M MOTOK MMOYJbCA

Hapsany ¢ sueprueit saekTpoMarHuTHOE nose 061alaeT Taxxke
A HUMOYJbCOM, pAaCNpEeAeJeHHLIM B NPOCTPAHCTBE ¢ onpeﬂenenﬂoﬁ
MJI0THOCTBIO. BhipaxceHue aTOH MJIOTHOCTH YEPES HANPAKEHHOCTH
nosas MoOxeT OblThb YCTaHOBJCHO € MOMOLIRIO BbIBOAA, AHAJOCHUY-
HOTO TPOHM3BENCHHOMY B MPENLIAYIIEM naparpade,

Bblync/MM NpPOUSBOAHYIO MO BPEMEHM OT HHTErpana

S - [EH]dV.

ITpoussons Anddepenuupopatne NoA 3HAKOM HHTErpaza U 3ame-
s npoussoinsie JE/df u 0H/0f cornacwo ypasHenusm Makce
BCJJId, NOJAYYHUM:

S\ = S\ EF|ev+47 S[—-—{H]de
=_;; \ {[E ot E] + [Hrot H)} dv — 4 S [H] 4V,

B nepsom unrerpaze npeopasyeM MOALIHTErpajbHOE BLIPAKEHUE
€ NMOMOLIBI0 (POPMYJH BEKTOPHOIO aHAIM3a

V(ab)y=[arotb]-}-[brota] 4 (aV)b-}-(bV)a,
COTJIACHO KOTOpPOH umeeM:

[E rot E] _—_% VE*— (EV)E.

Kpome Toro, samenum:

(EV)E =(VE)E — E(VE),
rae 8 unene (VE)E noapasymesaercs, uto oneparop V meHcrs
ByerT Ha ofa caedyiouwue sa HuM MHOxuteas, Hakowen, 3amerus,

4To corsacHo ypasHenuio Makcsenna (36,4) VE=divE== 4mp,
THLeM:

[E rot E} = & VE'— (VE) E -}- 4%E,
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AnanornuneiM oOpasom npeoOpasyercs npousseldenue [HrotH],
HO nockoaeky divH=0, To0

[Hrot H = % VH® — (VH)H.

Takum o6pasom,
{EH]
2 S dV =

4ne

_— S %{%V(E’-{—H“)—(VE)E—(VH)H}dV——
— S {pE—-{—%[]H]}dV. (58,1)

B nepBoM HHTErpaje B NOAHHTErPaJLHOM BLHIPAXEHHH Ofe-
paropsl V JEHCTBYIOT Ha BCE CTOSIIME MNOCAE HUX MHOXHTEIU.
Cornacko mpasusnaM BEKTOPHOTO aHanusa (o0wiast GopMyanpoBKa
teopembl ["aycca) stor uHTerpan npeoGpasyercs B HHTErpan
N0 MOBEPXHOCTH NyTeM 3ameHn oneparopa dV.V ua saemeHT
nosepxuccty df. Bo BTopoM e uHTerpane, B KOTOpOM Qurypu-
PYIOT IVIOTHOCTb U TOK 3aps/oB, NMEPEXOAHNM K 3aNUCH B Bu/E
CYMMBl TIO TOYEYHBIM 3apgJaM, PachOJOXEHHHM BHYTPH HaHHOIO
obvema. B pesyabrare pasencrso (58,1) mepenuiuerca B Buie

0 [EH]
WS T V=

=~§%{£’¥idf—ﬁ(ﬁdf)—ﬂ(ﬂdf)}—
~ V(e [vH]>. (58,2)

Ecan uHTEr pUpOBaHNe NPOU3BOAMTCA MO BCEMY NPOCTPAHCTRY,
TO HHTETpan No NOBepXHOCTH (OecKOHEYHO YAajgeHHOH) obpa-
LIaeTC B HY/b. BHpaxeHHE Xe TONA 3HAKOM CyMMbl B (58,2)
€CTb Ccuna, JeicTByouias Ha 3apaa, CornacHO YypasHEHHIO [ABu-
xenua (44,5) ee MOkHO 3aMeHuTb npoussoaHod dp/df ot um-
nyabca yacTuiubl. Torga paseHcTBo (58,2) MOKHO NPEACTAaBHTDH

B BUIE
%{S (EH) V—-{—Zp}—-o (58,3)

OHo BhIpaxaer coOoff, oueBUaHO, 8aKOH COXPaHeHHs MOAHOTO
JMIY/IbCAa CHCTEMBl YacTHLUBI ~}- nosie. Flepshlil uneH B QUrYpHHX
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CKOOKax €CTb, CIEAOBATENbHO, KMIY/bC 3/IK TPOMAaFrHHTHOTO N0,
a MOIBIHTErPaJbHOE BHIPAXKEHME B HEM MOXHO PacCMaTPHBATh
KaK NJIOTHOCTb MMOYJAbCa, 06o3HaunM ee yepes P*¥):

[EH}

“4nc 62

P — . (58,4)
O6paTuM BHRMaHHE Ha TO, YTO MJOTHOCTb HMNYJAbCa COBNALAET
(C TOUYHOCTbIO A0 MOCTOSIHHOrO MHOXHUTENs 1/¢®) ¢ naoTHOCTbIO
AIOTOKA 3IHEPTUH NOJs.

Ecnu ke uHTerpuposanne B Jesof uacrtu (58,2) mpomsso-
JAUTCS 110 HEKOTOPOMY KOHEUHOMY o0O0keMy mno.Jsi, TO uHTerpal
N0 NOBEPXHOCTH HE paBeH Hymo. 3anuiueM ero B Gojaee KOM-
NAaKTHOM BHIE, BBeASl TPEXMEPHbIH TeH3op

o= g {Efig—’i Sin — B Fk——HH,,} (58,5)

B paCKpHTOM BRIEe €ro KOMIIOHEHTH
Oppmm o 8 o (B34 B2 — EL - Hi + H: — H?),

Oxy == — "E' (ExEy -+ H Hy)

HT N

[oasiHTErpaHOE BHIPAaXKEHHE B HHTEFpane MO NOBEPXHOCTH
B (58,2) ectb BekTOp; ¢ noMoulbio TeH30pa (58,5) ero i KoM-
NOHeHTa 3anuiuercs B BuAe o;x dfk. Takum 00pasoM, BeKTOpHOE
YpaBHEHHEe COXpaHEHMs uMnyJabca (58,2), npeacTaBleHHOE B KOM-
MIOHEHTaX, NPUMET BRI

{S PEMay +- 2”'} (S\ iy dfr. (58,6)

OTcloma fACHO, 4TO MHIEerpajt. B NPaBOH CTOPOHE PaBEHCTBa
npeacTtasiaaeT coboti NOTOK MMNYJAbCa 1NOJY, BBHTEKAIOWETO
M3 paccmatpuBaeMoro oGbvema. IlpomseeneHue xe oy, dfy ectb
NOTOK nMNyJsbCa u€pe3 snement nosepxHocty df. ITo onpexe-
neHuIo, BekTop df HanpasneH no BHeWUHEH HOPMaMM K NOBEPX-

Hocti. Ecam 060sHaunth eZMHMuUHHH BekTOp HOpMaan yepes N,
To df =Ndf. Toraa

ok dfy == 013Ny df,
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M Mbl BHAHM, YTO BEKTOP C KOMIOHEHTaMH 0;x/Np €CTb NIOTHOCTH
MOTOKA MMNYJbCa B HanpaBJeHuH N, T. €. NMOTOK yepes edHHuYy-
Hy10 NJoIaAKy, nepnenaukyaspryto Kk N. IToacrasus o;x u3 (58,5),
HalaeM, yto 9TOT BEKTOD paBeH
22
. {’3 L N — E(NE)— H(NH)}. (58,7)
TeH30p o;r HA3LIBAIOT MAKCEBEANOBCKUM IMEH3O0POM Hanps-
oicerti, COrNacHO CKasaHHOMY BBHILUE KOMMOHEHTA G;% €CTb NJIQOT-
HOCTb NOTOKA i-# KOMMOHEHTH HMNYyJbCa B HanpaBJeHUH OCH X%
OTMerHM, YTO TEH30D HanpsxeHu#, Kak 3TO BuAHO u3 (5H8,5),
CHUMMETPHYEH (0;p = Ok;).



Fazaea Xl
NOCTOSIHHOE 3JEKTPOMAIHHTHOE HIOJIE

§ 569. 3akon Kyaoua

Ilast mOCTOAHHOTO 9JIEKTPUUECKOro (aAeicmpocmamuttecxoeo)
noas ypasuenus MakcBenia HMEOT BHI:

div E = 4wp, (59,1)
rot E=0, (59,2)

Snempmecxoe nose E BbIPDAXKACTCA dYE€Pe3 OJHH TOJBKO CKas
JAPHBIA TNQTeHUHaJl COOTHOILLEHHEeM

E=—grado. (59,3)

Tloncrasasia (59,3) B (59,1), HaxoAUM ypaBHeHHE, KOTOPOMY YAOB-
JIeTBOPSAeT NOTEHLHAA TOCTOAHHOTO 3JEKTPHUYECKOro NOJf:

Ap == —dmp, (59,4)

D10 ypaBHenue Ha3LIBAOT Ypasguenuesr [Iyaccoxwa. B nycrore,
T. e. npu p==0, noTeH a1 yAOBAETBOPACT ypasnexur Janraca

Ap =0, (59,5)

M3 nocaennero ypasheHds CJeAyeT, B 4aCTHOCTH, YTO MOTEH-
UHal SMEKTPHUECKOTO TOJsl HUTAE He MOXKET HUMerh HH MaKCHe
MyMa, HH MuHaMyMa. [leficTBHTe/BHO, /st TOTO 4TOOBL o UMeJo
KCTPeMalbHOE 3HayeHHe, HeoOXxoaumo, uToOb BCE MEPBHIE NPO-
H3BOJIEE OT ¢ MO KOOpAWHAaTaM OB PaBHB HYJ0, a BTODHE
npoussonusie 0*p/0x?, 0%p/ay?, 0%/0z® uMenn omuHAKOBHIA 3HaK.
Iocnennee, 0AHAKO, HEBOBMONKHO, TAaK KaK TPH ITOM HE MOWKET
OLiTh YAOB/IETBOPEHO ypasheHue (59,5).

Onpengeanm Tenepb noJjie, CO3MaBaEMOE TOUEUHBIM 3apPAAOM.
Ha coobpaxenu#i cHMMETPUH SCHO, yTO OHO OyIeT HanpasJeHO
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B KamIOH TOUKe MO palnyCy-BEKTOPY, NPOBEJEHHOMY M3 TOUKH,
B KOTOpPOH Haxoaurca 3apan e, M3 Tex we coobpaxeHnit fAcHo,
yTo abcoMmoTHas BeanunHa E noss OyleT 3aBuceTh TOJBKO OT
paccroaHna R no sapana. [laa HaxoxieHns sTol abcomoTHOf
BE/MMYMHK TpPHUMEHAM ypasHenne (59,1) B muTerpanbHO#t dopme
(56,5). TToTOoK 37EKTPHYECKOr0 NOJA Uepes MAPOBYIO NOBEPXHOCTD
¢ paamycoM R, nposefeHHylo BOKPYr sapafa e, paBeH 4xRYE;
5TOT NOTOK Ao/MmieH OblThb paBeH 4we. OTCi0da HAXOANM:

e
E= R
B 8EKTOPHOM BHAE:
E— %‘%, (59,6)

Taknm o6pasom, moJse, CO3ZaBacMOE TOUEUHHIM 3apsiaoM, 0O6paTHO
NPONOPUHOHAMLHO KBaAPaTy PacCTOAHMA OT Hero (3awoxn Kyaoua).
IToTeHunan sToro no.s

r=1%. (59,7)

Ecan Mul uMeeM cHCTeMY 3apAfoB, TO CO3[aBAEMOE €0 MOJE,
COrJacHO TPHHUANY CYNEpNO3nuK, PaBHO CyMMe noJeH, cosfa-
BAEMBIX KaMAWM W3 3apaioB B OTAeabHOCTH, [ToTeHmman takoro
nons paseH

o= Y 2 (59,8)

rie R, — pacCTofHHEe OT 3apsifa e, JO TOUKH, B KOTOPOH MM
HUEM TNOTCHUHAM. Ecan BBEeCTH NJAOTHOCTH 3apsnaa p, TO STa
thopmyna npnobpetaeT BUA

(e
o= S L av, (59,9)

rae R — pacctosHne oT saeMmeHTa ob6nema dV 10 XaHHOM TOUKA
(«roukn Hab/ogeHAt») Mo,

OTMeTHM 3JeChb MarTeMaTHYECKOE COOTHOUIEHHE, [0JYyYaio-
meecst npu noicraHoBke B (59,4) 3HaueHn# p N @ AR TOUEUHOFO
3apang, T. € p==ed(R) n ¢==e/R. Mub Haxoxumm Toraa:

A .1% = — 473 (R). (59,10)
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§ 60. drexkTpocTaTHUECKAd JHEPrHA 3aPALOB

OnpenendM NOTEHIHaAbHYIO SHEPTHIO CHCTEMb 3apsanob. Ilpu
9TOM OyAeM HCXOAMTb M3 TpeACTaBAeHUs 00 SHEepPrud noJjs, T. €.
u3 BpaxeHus (57,5) ana njaoTHocTH sHeprud, Hmeuuno, suep-
rusd CUCTEMH 3apalOB AOMKHAa OWTL paBHa

U=817: S E*dy,

rie E ectb nose, coszasaenoe STHMM 3apaaaMd, a HHTErpas
Gepercs 1o BceMy npoctpaHcTsy. [ToacTtasasa ciona E=—grade,
mMOXHO mpeoGpasoBats U caenywomwuM oGpasom:

1 1 . 1 ,
U=—& S EgradcpdV:—_——-gT—tS divEg)dV + 4 S 9divEdV.

Ilepnbit U3 3TUX uHTErpajnos corjacHo Teopeme ['aycca pasen
unterpaasy or E¢ no nosepxHocTH, orpaHdudBamomiell o6bem
UHTETPHPOBAHHUA; HO TIOCKOJbKY HHTErpupoBaHde TPOH3BOIMTCA
Nno BCEMY NMPOCTPAHCTBY, a Ha GECKOHEYHOCTH NOJE PaBHO HYJIO,
TO S5TOT uHTerpan ucuesaer, IloAcTaBisis BO BTOPO#H HHTerpat
divE=4wp, Haxoaum cienywoillee BHPaXeHde [ DHEPruu
CHCTEMbl 3apsI0B:

1

Ilng cucTeMbl TOYEUHBIX 3apaaoB e, MOXHO BMECTO HHTErpaJa
Hanucatb CyMMy Ino 3apdaiam

i | .
U=+ 2 €. (60,2)

rie ¢, — NOTEHIHAT N0Js, CO31aBaeMOro BCEMH 3apsaiaMi B TOUKE,
rie HaXOAUTCS 3apad e,
Cornacto (59,8) noreHuuann ¢, paBHH

Pa= Y =2
a Rab !
b

rae R, — pacctosHue Me:xAy 3apaaaMmu e, W e, Ilad cacTeMu
TOYCUHHIX 3aPALOB 5TO BHIPAXKEHHE COJAEPKHUT OeCKOHEUHBH UY/eH,
npoucxomamuit OT noTeHuMana COOGCTBEHHOro TNOJs 3apsaAa e,
(unen cymmn ¢ b==a, B xoropom R,,==0). CooTBercTBeHHO
B sHeprud (60,2) nossaserca GeckoHeuHas NOCTOAHHasd, HE 3aBH-
CAlas  OT B3aUMHOrQ  pacroioxeHWss 8apanaoB, IJTa 4acTb
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sHeprud — «Co0CTBeHHas» NOTEHUHUAAbHASA SHEPrus 3apsAA0B — JHu-
lieHa (U3NUeCKOro CMbicaa (CM. HHMXKe) B AomKHA OLThL BHIYEpK-
nyta. [loce 3TOro oCTaHeTCs JMIUL 3SHEPrus B3aUMOJEHCTBUA
3apafoOB, 3aBUCAULas OT MX pacnoaoxenus, OHa paBHa

, 1 ,
U=y Y eatis (60,3)
rae
v \ _‘ib_
= ) 7 (60,4)
b(#a)

eCTb TMOTEHLHMaN B TOUKE HAXOKIEHUd e, CO3MaBAEMbifi BCEMH
3apslaMH, 32 MCKJovenneM e, HHaue MOXHO Hanucarth

1§ e
U=y Y 22, (60,5)

af:b

B uactHocTH, 3neprus B3auMOJACHCTBHA ABYX 3apALOB

r___ €16y
v="4, (60,6)

Bepuemcs K ynomaHyTOH Bhlle OeckoHedHOH CoOCTBEHHOH
SHEPrHd  DJeMeHTapHoH 3apsikenHoft uactuub.,. Ona BO3HHKAA
B pe3yabTaTe pacCMOTPEHHS uacTWll Kak Toueuno#l. Ho Takoe
DPacCMOTpeHUe B KJaCCHUeCKOH (HeKBAaHTOBOW) pensTHBHUCTCKOH
TEODHH HEeH3BeXKHO Yyxke B CHJAY OCHOBHBIX TMPUHILMIIOB TEOPHH
OTHOCHTEAbHOCTH.

JeticTBUTENbHO, TOBOPS B KJdcCHUeCKOH Teopuu 08 3JeMmeH-
TAapHOH YaCTHILE, MbI [IOHUMAeM YACTHILY, MEeXaHHueCKOoe COCTOos-
HHe KOTOPOH TIMOJHOCTbIO ONMUCHIBAETCS 3afaHHEM €€ KOODJHHAT
M CKODOCTH J[ABHKeHMs Kak 1neqaoro, Ecau Onl Taxkas vacTuna
Obla NPOTSXKEHHOH, TO OHA BO BCSKOM CJyuae O0/MkHA Owaa
611 paccMaTpHBaTLCA Kak aGCoOMOTHO TBepAoe Teao (T. e Teao,
He cnocobHoe AedopPMUPOBATLCA), NMOCKOJLKY CaMO MOHATHE Ae-
(opMaLlnM CBA3aHO C BO3MOXHOCTBIO HE3aBHCUMOTO HEpeMeme-
uus OTAeAbHMX uacTed Ttena. Ho B peastusucTckOH MexaHmke
CyulecTBOBaHHE abCOMOTHO TBEPABIX Ted BOOOILE HEBO3MOXKHO,
KaK 3TO BHJHO U3 CJAefywuux coobpamenutl,

[lycTh TBepHOe TeNO NPUBOAMTCA B ABH:KEHUE BHELIHUM BO3-
JeticTeaeM B KakoH-auGo onno# ee touxke. Ecam Gbl 1€10 OHJO
a0COJMIOTHO TBEPALIM, TO BCE €ro0 TOUKHM J0/MKIib Obiid OW Ha-
yath JBUCAThCA OAHOBPEMEHHO C TOUKOH, noasepriuefics BosAel-
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CTBMIO; B TNPOTHUBHOM cayyae Teno JedopmupoBanocs 6wl Ho,
B CHJY CYHIECTBOBAHUA TpeleJbHOH CKOPOCTH PacnpoCTPaHEHHd
B3aMMOAEHCTBUH, BoszelicTBue mnepeldaeTcd OT HCXOAHOH TOUYKH
K OCTa/IbHBIM C KOHEYHOH CKOPOCTBIO, W NOTOMY BCE TOUKH TeJsa
HEe MOTryT HauaTh IOBUTaThCA OJHOBPEMEHHO,

Takum 06pasoM, COr/IaCHO 3JEKTPOIMHAMHUKE 3JEKTDOH JO.J1I-
weH Onl1 6b 06aajgaTe GeckoHEeYHOU «COOCTBEHHOH» sHEprue,
a cjaenosaTesbHO M ObckoHeyHo# Maccod. Pusmyeckas GeccMbic-
JIEHHOCTb STOrO PE3Yy/bTaTa IOKa3bBAET, YTO SJEKTPOAMHaMHKA
KaK JIOTMYECKH 3aMKHYyTas (uauueckas TEODUs CTaHOBUTCH BHYT-
PEHHe-IPOTHBOPEUUBOH TPH Iepexofe K AOCTAaTOYHO MaJBIM pac-
CTOAHUAM. MOXHO MOCTaBUTH BOIPOC O TOM, KAaKOB NOPSAOK
BEJMYMHBL STHX paccTosHui, Ha 5TOT BONLOC MOXHO -OTBETUTD,
3aMeTHB, 4TO A/ COOCTBEHHOH SJEKTPOMArHHTHON SHEPTUH JEK-
TPOHa Hafo OblIO Obl NOMYYNTb 3HAYEHHE TOPAAKA BEJHYUHEI
sHepruu niokos mc® Ecuau, ¢ IDYyro# CTODPOHB, PacCMaTpusaTh
9JIEKTPOH, Kak 00.1aJaliiiit HEKOTOPHIMI DasMepaMu r, TO €ro
coOcTBeHHAas TNOTEHHMaJbHas 9Heprus Obina Obl mopsika e¥r,.
Uz tpebobanug, uroOsl 00e 5TH BeNHYMHH OBIJIM OMHOrO NOPAIKE,
e¥fr, ~ mc* naxomnm:

ei
eNm_cgu (60,7)

O1u pasMepsl (UX HasbIBAIOT «PaJUyCOM» 9JEKTPOHA) oIpe-
Je/s0T TPaHulbl MDUMEHUMOCTU SJEKTPOIUHAMUKU K 3JEKTDOHY,
ciedyoumne yxe U3 ee COOCTBEHHBHIX OCHOBHBIX TIPUHIUIIOB,
Hano, oaHako, umMeTs B BUAYy, YTO B AeHCTBUTENBHOCTH IIPENEJIBI
MPHMEHUMOCTH H3JaraeMod 3Hecb KJacCHYeCKOH 3JeKTpoAuHa-
MHKH JIeXKaT elle ropaslo Bhllle BCIEACTBUE KBAHTOBLIX ABJAEHHH 1),

§ 61. Noxe pasHOMepHO NBHMYIIETOCH 3apsaa

OnpenesuM  1ojie, €O8SJaBAeMOE 3apsIOM e, IBUKYMIUMCA
paBHOMepHO cO ckopoctbio V. Henomsmkuyio cucremy orcuera
Oynem HaspiBaThb cucTeMOH K; cucTeMy OTCYeTa, ABMKYHIYIOCH
BMecTe ¢ 3apadoM, — cuctemodt K'.. IIycTs sapal HaxoduTcs
B Hayate Koopaunat cuctembl K'; cuctema K’ gsummercsd OTHO-
curenpio K napa/aseNsHO OCH X, OCH Yy ¥ 2z TapasnesbHn Y

!} KpantoBeie 3QexTH CTaHOBATCH CYIMECTBEHHHIMH HAa PacCTos-
AUAX nopaxgka fijmc, rae B — nocroannas Ilianka, -
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# 2. B momenur Bpemenn f==0 Hayagza OOOHX CHCTEM COBNa-
naiot. KoopauHate sapsia B cucteMe K, cneioBaTenbHo, X ==
=V, y=2=0. B cucreme K’ MB HMEEM NOCTOSHHOE OHJEKT-
pHueckoe moJe
,__eR
E=%, (61,1)
a MarHWTHOe M0Je OTCYTCTBYET.

ITepexon k cucreme K nponssoaurcs mo dopmyaam (50,5),
KOTOpHE 1ai0T

Ex=€£
R':]’ 2’ 2
]/1_1 1_____

Mp nomxHsl Temepn BmpasuTe R, X', ¥/, 2/ uepes KOOpAMHATH
x, ¥, z B cucreMe K. CornacHo dopmyaam npeoGpasopaHis
JlopeHua nmeem:

x—Vt ,
__—’ y-_—y’ 2=z,
1/1____
H oTCl01a
%3
Rr=-2, 61,3)
S

rae 0603HayeHo

== V(1= )02 619)

Tloncraeus 9T BeipaxeHns B (61,2), naxoamm:
V2\ R
E=<1—--@->W, (61,5)

rie R — pamuyc-BeKTOp OT B8apsida ¢ K TOYKe HaGMoONEHHs
noas X, y, z (ero KOMIOHEHTH paBHH X — VI, ¥, 2).

910 BBIpaxeHne Aas E Moxno wHanucath B ApYyrom BmIe,
BBels yroa f mexny HANPaBAEHAEM IBIACHUS W DallHyC-BEKTO-
pom R. Ouesnano, uro y* - 2*=R*sin?6, u notomy

R*”=R’(1 — lc/; sin® 6),
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Torpa ana E umeem:

Ve ;
1—2
R c?
E=R_____¢ _ (61,6)
R (1—{; sin’ﬂ)s/’

Tlpu 3amannoM paccTosHuu R or sapana seawunsa noas E
BO3pacTaeT ¢ yseauueHueM 0 OT Hyad M0 /2 (MM NPH yMeHb-
wexnd or © Ao ~/2). Haumenbliee sHauenue noJe UMEET B Ha-
NpasjeHdy, NapaliepHOM Hanpasiennio Aswkenus (8=0, =)

OHO DAaBHO

e &
HauGoplinM ke ABJAAETCA MOJ€, NEPNeHAUKYIIPHOE K CKOPOCTH
(6==/2), pasHoe

e 1
El—k_s"—‘_'—"_ __r/_j.
, ]/‘—z?

OTMETHM, YTO NPH YBEIWYEHHH CKOpOcTH noae Ey nanaer, a Ej
BO3pacTaeT. MOKHO CKa3aTh HArJAfJHO, YTO DJAEKTPUUECKOE NoJe
ABWXKYINErocs sapsaia Kak OH «CIMIOMMBAETCA» NO HanpasJeHHIO
apmkenus. TIpu ckopoctax V, 6amskux K CKOPOCTH CBeTa, 3Ha-
meuaresr B dopMyae (61,6) 61430k K HY/TI0 B Y3KOM HHTEpBaJe
sHayeHuit 6 BOKpyr sHauenus 06 =r=/2. «[llupuHa» sTOro MHTEP-
Ba/Ja NOpsAKa BeIHYHHH

Vﬂ
AeN]/u-_c;_

Takum o6GpasoM, 5JeKTpUYECKOe MnoJe OHCTPO ABHIKYLIErocH
33pAAa, Ha 3a4aHHOM PAaCCTOSHHM OT HEro, 3aMeTHO OTJHYHO OT
HyJA Julb B Y3KOM HHTepBaJe Yraos BOJM3M S5KBaTOPHAIBHOH
MJIOCKOCTH, MNPUYEM WIMPHHA STOr0 WHTEPBaJa NajaeT C yBead-
uerneM V kak /' 1T— V¥,

MaruuTHoe nose B cucteme K paBHO

H= [VE] 61,7)

[em. (50,7). B wuacrHoctn, npu V<& c¢ saeKTpUuECKOE M0Je
npubanxeHHo aaercs oOwuHOR dopmysoft 3akoHa Kysnowa E=
==eR/R% u Torza MarHutHoe noJe

H=2 R : (61,8)

=%¢ R
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3apava

OnpegendTs cuay B3auMoleHcTBUA (B cHCTeMe K) MeW1y ABYMf
3apAjaMi, ABMKYWHAMHCA C OJWHAKOBLIMH CKOPOCTAMH V.

Pemenne Vckomywo cury F BrUHCIAeM Kak cuay, neHcTBYyio-
WYyl Ha OfMH H3 3apaAjoB (e¢,) B MOJe, CO31aBACMOM BTOPBIM 3apANOM
(e;). Vimeem ¢ nomouwio (61,7):

72
F=31E2+%‘[VH2]=31 (1— ‘?‘> Ez‘l“i‘év (VE,).

IMoncrasus ciona E, wu3 (61,6), moayuum nid COCTABIAIOUIHX CHABI
B DaNpaB.IeHHH ABMKeHHs (Fy) 11 MepneHguKyIapHo K Hemy (Fy)

V2 2
(1-———‘,>cosﬂ (1—-7> sin 0
Pt N @) poofes \ @) "
E 2 57 2 87,0 y— 2 ] a1,
(1—“‘-%2- sin® 0> l R (l———l:—a sin26> f2

rne R— panuyc-BeKTop 0T e, K €, a 6— yroas mexay Rn 'V,

§ 62. JunosabHbii MOMEHT

PaccMorpuM 1oJsie, CO3[JaBaEMOE€ CHCTeMOH 3apafoB Ha pac-
CTOSIHUAX, GOJBIIMX 110 CPaBHEHHIO € Pa3MepaMH CHCTEMBI,

Beeaem cucreMy KOODAMHAaT € HauaJoM rAe-HHOYAb BHYTDH
cucTeMbl 3apafoB. Paanyc-BeKTOpH OTZHE/]bHHX 33pPSAOB NYCThb
6yayr r, [IloTenmman mnonas, CO3fapaeMOro BCeMil 3apsiamH
B TOUKe C paamyc-BekTopoM Ry, pasen

— ba
v= 2] ©2D

(CyMMupOBaHUE IPOU3BOANTCS 110 BCEM 3apaiam);, 34ech (Ry — r ) —
PaanyC-BeKTOPHI OT 3apsSI0B €, K TOUKe, Ie MBl HU1eM [OTEeHUHaJ.

Ml JO/DKHBL HCCIEIOBATH 3TO BHPaxenue JAas GoJbIIAX
Ry(Ry>r,). [lna »Toro pasioxuM ero B Pal N0 CTeNeHsM
T,/Ry, BOCNO/L30BABIINCH (HOPMYJIOH

SRy — 1)~ f(Rg) — r grad f(Ry)

(8 grad anddepeHUnpOBaHNe TPOUIBOANTCA 110 KOOPAMHATaM
KoHna Bektopa Ry). C TOYHOCTBIO MO WIEHOB 1epPBOTO MOpPsaKa:

N 1
g= 7?%‘1 — grad R’ 2 eql g (62,2)
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Cymma
d= Z eqly (62,3)

HOCHT HA3BaHHE OuMOAHO20 MOMEHMA CHCTEMBI 3apsIOB.
CyilecTBEHHO, 4TO €CJAM CyMMa Zea BCEX 3apsl0B paBHa

HYMO, TO AMNOJbLHHIA MOMEHT HE S8aBHCUT OT BHOOpAa Hauasla
KOOpAUHAT, JLeHCcTBUTENBbHO, PAAMYC-BEKTOPH [, U Ty OJHOTO U
TOTO K€ 3apsia B [ABYX pPasHbIX CHCTEMAaX KOOPAMHAT CBA3AHM
APYF ¢ APYromM COOTHOIICHHEM

fo=r1,-}a,

rie a — HeKOTOpbil nocTosHHbiY BexTop. ITosTomy ecin Z e, =0,
TO AMNONbHBIE MOMEHT B 00enX cHCTeMaX OJUHAKOB:

d=Dleto= e, ,+ad e, =d

B uactHoCTH, a9 cHCTeMbl JABYX 3apAAO0B NMPOTHUBOMOJOXKHOTO
sHaka (Z=e) aunoabHeii MOMeHT d=—=er, rie r — PaJUyC-BEKTOP
OT 3apaga —e K 3apsly -}-e.

Ecan noaubif 3apsi CHCTEMBl PaBEH HY/MO, TO NMOTEHUHAN €@
1o Ha GOJLHIMX PACCTOSHHAX

—_dy L —9R
p=—dy p- =" (62,4)
HanpsxeHHocts noas
= grad®Re ___ L - 1
E=— grad =R grad (dRg) — (dRy) grad B
MIM OKOHYATEJbHO
E=E’»(nd)u—d (62,5)

B

rie n— eIAHUYHBI BEKTOp B HanmpasaeHuu Ry

Takum 00pa3oM, NOTEHHHMAN NOJA, CO3AABAEMOr0 CHUCTEMOM
¢ pAaBHBIM HYJIO TIOJHBIM 3apsaaoOM, Ha 60X PAaCCTOAHUAX
o0paTHO MPOMNOPUMOHANEH KBaJPaTy, & HANPAKEHHOCTh MOJS —
Ky6y paccroaHus. DT0 uoae 00JagaeT aKCUANLHOK CUMMETpHeH
BOKPYr HanpasaeHus d. B naockocrtd, npoxoasmel uepes 31O
HanpasjeHue (KOTOPOE BLIGEPEM B KAue€CTBE OCH 2), KOMIOHEHTH
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BekTopa E:

3cos? 0 — 1 3 sin 0 cos 0

e E, g3 7
R * R}

PalnanpHas e M TAHTEHUMaabHAs COCTABASAIOULHE B 3TOH 120~

CKOCTH

E,=d (62,6)

2cos8

sin 6
R ¢

Ede Eo=— —7-23—. (62,7)

§ 63. KsanpynoabHulii MOMEHT

B pasnoxeHuu noTeHuuana no creneHsM 1/R,

p==0® oW Le® L | (63,1)

unen ¢\ nponopunonaren 1/RA+! Mmw suzean, yTo mnepoumit
. unen, 9©, onpemensercs cyMMoRt Bcex 3apanos; Bropofi, ¢fl),
Ha3blBAEMBIfl JIMNOAbHLIM TOTEHLMAIOM CHCTEMH, ONpeldenseTcs
ee IUNOJLHHM MOMEHTOM,

Tpetufi uneH pasnokeHus pasen

1 ¢ 1
(2) — X g
P = E ex;xp IX X, Ry (63,2)

rae cysma Oepercss no BCEM 3apsalaM; WHIEKC, YKasBBaloului
HOMEp 3apsla, Mbl 30eCb ONYCTHJM; X; — KOMMOHEHTb BEKTOpa
r, a X;—Bektopa R, 3t1a vyacte mnoreHunasa OOBIYHO HAa3bi-
BAETCA KBaIpYNOJbHHM NOTeHuuanoM, Ecan cymma 3apszos
JUTNOJbHBIH MOMEHT CHMCTeMbl PaBHH HYJIO, TO Da3JOKeHue la-
upnaerca ¢ ¢'%,

B Brpaxenne (63,2) BXOAUT IECTb BEJIUYHH Eexixk. Jlerko,
OIH4KO, BHIETb, YTO B HeHCTBUTEIBLHOCTH 10J€ 33BUCHT HE OT
1IECTH HE3aBUCHMBIX BENMYHH, a TOJbKO OT NATH, JTO CJieldyer
U3 TOro, yro ¢yHkuus 1/R; ymosaeTsopseT ypasHeHuio Jlanaaca

0? i

1 .
AR, = XX, Ry

Mbi moskem nostomy uamucats ) B puze
1y 1 @ 1
o® = ¥ Xy — = I% .
o=y e (7w — 3 ™) gxam ;-
Teusop »
Dik = E é (3x,~x,, —_ faau.) (63,3)
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Ha3LIBAETC TEH30DOM K8QOPYNOALHO20 MOMeKma cucreMbl. Ms
onpeneneHnss Dy, cremyer, yto CyMMa €ro IHaroHajbHHIX KOM-
MOHEHT PaBHAa HYJIO; :

D;;=0. (63,4)
CumMeTpHUHLIH TeH30p D;p MMeeT MOITOMY BCEro MNAThb HE3aBi«
CHMBIX KOMMOHEeHT. C ero moMouipio MOXHO HamucaThb
Dip _0° 1
6 0X,0Xp R,
wau, npoussois AuddepeHLUpOBaHe
0 1 3XXp ¥
0X;0X, Ry~ R} R}

M yuyuThiBas, 4t0 d;p0;, == D;; =0,

(P('Z) —

(63,5),

(2 — Digltinty
P = (63,6).
Kak u BCRKMH CUMMETPHUHBIE TpEeXMEPHBIE TEH30p, TEH30p
D;, Moxer OnTb npusefed K raaBHuiM ocaM. Ilpu atom B cuay
ycaosds (63,4) 8 ofweM cayyae Jaulub IBa M3 TPEX TIABHBIX
SHaueHu# He3aBUcHMbL Ecau Xe cuctema 3apsfioB CHAMMETPHYHA
OTHOCHTEJIBHO HEKOTOPOH ocu (0Cb 2)!), TO oHa we sBAsETCH
OZHOW M3 riaBHHX oceli TeHaopa Dy, NoJlomeHne NBYX APYrux
. 0Cell B IMIOCKOCTH Xy HPOHU3BOJILHO, U BCE TPH TAaBHHX 3Haue-
HHA CBA3aHH Meway cobofi:

I
Dxxszy:"”‘"z“Dzz- (63,7)
O603Hauan koMnoHeHTy D,, kak D (ee HashBalOT OGLIYHO B 3TOM
c/y4yae NPOCTO KBAAPYNOJbHBIM MOMEHTOM), MOAYUHM MOTEHIHAA
B BHZE

o) = 53—5 (3 cos? — 1), (63,8)
[

rae 0 — yrosn Mexny R, u oceio z.

Tlono6Ho TOMy Kak 9TO GHLIO CHEMaHO B npeabiaynieM napa-
rpade A/n7 IOUHOABHOrO MOMEHTa, Jerko yOeIuThca B TOM, Y4TO
KBaIPYMNOJbHbIH MOMEHT CHCTEMH HE B3aBHCHT OT BbifOpa Hauana
KOOPAWHAT, €C/AH paBHH HYJMIO KaK MOJHLIR 8apfAid, TaK W AMIOJb-
HBIF MOMEHT CHCTEMBI.

') MimeeTca B BHLY OCb CHMMETPHH N0GOro NMOPAAKA BLlle BTOPOro,
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AnanoruydiuM o06pasoM MOXHO OHJIO OH HamucaTb CJEAYy1o-
WwHe wieHn pasioxenus (63,1). [-#i unen pasnoxenns onpenens-
eTCs TEH30POM (TaK Ha3HiBAEMBIM TEH30POM 2-NOJBHOrO MOMEHT2)
l-ro paHra, CHMMETPHYHHIM TNO BCEM CBOMM HuAeKkcaM ¥ oOpa-
IAIOMAMCY B HYJb TNPH CBEPTHIBaHHUH MO JI0OOH mape MHAEKCOB;
MOXHO TOKa3arb, YTO TaKol Tensop obaanaer 2/ 1 Hesasmcu-
MBIMH KOMITOHCHTaMH.

Bajgaua

Onpeneadtb KBaZpynoabHbIE MOMEHT OIHOPOIHO 3apHAXEHHOro 31-
JAUMCOMAa OTHOCHTEIbHO ero leHTpa.

PemeHne 3aMensia cymMupoBanue B (63,3) MHTerpuposannem
N0 06beMy SAIMICONAA, UMeeM:

Dye=p\\ @' —y*— ) dxdydz u t. 1.

WHTerpupoBanue no o6beMy SIIHUINCOMIA MOWeT ObITh 3aMeHEHO HHTEr-
pupoBaHHeM 10 oGbeMy cdepbl, Kak 5T0 GHIO cledaHo B 3agave 27
K § 25. B pesyabtate moayymm:

Diy="% (26 —'—¢),  Dyy=- (%' —a'—0¥),
Dgzr= _g‘ (26 — a*—b%),

4n

‘The 6=
ne 3

abcp — monHAEk 3apal SAIMNCOMAA.

§ 64. Cucrema sapsanoB BO BHEWIHEM IOJe

PaccMOTpEM CHCTEMY 3apslioB, HaXOAALLYIOCH BO BHEIIHEM
paeKkTpuyeckoM noJe. Ilocpeactsom ¢ (r) Oyaem tenepb 00603Ha-
YaTb NMOTCHLHAJ 3TOr0 BHCHIHEIO IOJIA. nOTeHLlHa.’IbHaH SHEprua
KAXAOTO M3 3apafioB €CTb €,¢(r,), a MNOo/iHas MNOTEHIMaJbHas
PHEPrUA CHCTEMBl PaBHA

U= D) eqp(ro) (64,1)

BuiGepeM CHOBa CHCTEMY KOODAMHaT € HayaloM rAe-HnOyap
BHYTPH CHCTEMH 8aDANOB; Iy — PajHyC-BEKTOP 8apsfa e, B STHX
KOOpAuHaTax,

Ilpenno/oxuM, 4yTO BHELuHee MoJe cnabo MEHAETCA Ha Ipo-

.\Tﬂﬂ(eHHH CHUCTEMHE 3apaAJOB, T, € HBJAMETCA 10 OTHOLICHHIO K 3TOH



§ 64] CUCTEMA 3APSJOB BO BHEWIHEM TI10JIE 211

cucTeMe K8a3u00rOPOIHEM, TOrAa MBI MOXeM Pa3/JOXKUTh Hep-
rmio U B psan 1o creneHsM r, B 3ToM pasaoxenun

U= U® J- U - U® |- ., (64,2)

nepsulil uJen ecrs
U0 =y Y e (64,3)
a

rle ¢o— 3HaueHUe TOTeHUHa1a B Hayajse KoopauHat, B atom
npubaKeHnn IHEPTU CHCTEMBl TAKOBa, KaK ecian Owl Bce 3apsaabt
HaxXoAuAuCL B OQHOH TOuKe.

Bropott unen pasaokeHus

U = (grad ¢) Z €ala

Bsems nanpsxemnocts Ey nosas B nauase Koopaunat ¥ ANTOJb-
upift MoMenT d cucTeMsl, nMeeM:

UM = —dE,, ) (64,4)

TMoaxas cuna, ILEHCTBleLU,aH Ha Cucremy BO BHEUiHeM KBasH-
OCAHOPOAHOM M10J€, €CTh, ¢ TOUHOCTLIO A0 PACCMOTPEHHLIX YJEHOB,

F=E, > ¢, --(grad dE),

Ecau noansifi 3apam paeell HyaAlo, TO NEPBHH YJeH u3uesaer
H TOrja

F=(dV)E, (64,5)

T. € CHJIa omnpejensercs NPOW3BOANLIMM HANPAKEHHOCTH HOJs
(e39ThIMi B Hadaze KOOPAMHAT). IToaHME e MOMENT HeHcTByIO-
UMX 112 CHCTeMYy CHJI €€Thb

K= Z [rg - e Eo] = [dE,], (64,6)

T. €. onpelesseTcs CaMOM HaNPAKEHHOCTHIO 0.

PaccMoTpuM  [IB€ CHCTEMBI C PaBHBIMH HYJMIO CYyMMaMu 3apsis
OB B KaAIOM M3 HUX W AMNOJbHBIMM MOMeHTaMu d; n d, npu-
yeM HX B3aNMHOE PacCTOsHuE R BeJMKO MO CPaBHEHHIO ¢ MX Col-
CTBEHHBIME PasMepaMu. OnpefiesnM NOTeHUHAJbHY® 3Hepruw U
ux ‘B3auMojcHcTsns. Jlas 3TOro MOKHO paccMaTpHBATL ONHY ¥S
STHUX CHCTEM KaK Haxofsuywocs B nose BTopoH, Toraa

U - diEh
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rae E;—none nepsoft cucremu. Iloacrasass nas E; seipaxe-
Hue (62,5), Haxomum:

U— d,d; — 3}(?(:1:1) (dan)

rie f1— eJUHUYHRIK BEKTOp B HalpasJ€HHH OT OOHOH CHCTEMBI
K IApyroi.
Ias cayuas, xorza y oAHOH M3 CHCTEM CYMMa 3apsdoB OT-
JAuyHa OT ‘Hyas (¥ paBHa e), NOJyYaeM aHaJOrHyHeIM 00pa3oM
dn
U==672§, (64,8)
rje n— eAdHUYHBIH BEKTODP B HANMpPaBJAECHUH OT QUAOJA K 3apsady.
Chenywuui uleH pasnoxenus (64,1) pasen

2,
U® = —;— 2 ex; Xy 90

Ox,-Oxk '

(64,7)

3necs MH, Kak # B § 63, OnycTuaIH HMHIOEKCH, YKa3hlBaiollHe
HOMEp 32pala; SHAaueHUs BTOPHIX MPOU3BOAHHLIX OT MOTEHIHAJIA
GepyTca B Hayale KoopauHaT. Ho morenmuan ¢ ymosaersopser
ypasHeHuto Jlanaaca

0! . 02:?

g =0

Ox? 0x;0xp
ITosToMy MBI MOXEM HanucaThb

1 92 1
U® — .. 9% 2 e (x,—xk —g 3;'/;’“) )

2 Oxidxk

=0,

HJIH OKOHYATEAbHO

Dy, 0%
12) — Ytk _U%0
u 6 0x;0x5" (64,9)

§ 65. NocTosAHHOE MarHuTHOE MnoJje

PaccMoTpuUM MarHuTHOE fOJe, CO3JaBaeMO€ SapsdaMH, COBep-
a0 muMH q)PlHPlTHOC ABHKEHHE, NMPH KOTOPOM 4HacTHUbl OCTaOTCA
BCE BpeMsl B KOHeYHOH 00/1aCTH NPOCTPAHCTBA, NPHYEM HUMAYJbCHI
TOXE OCTAl0TCA BCErda KOHeYHnIMH. Takoe IDBHXEHHE HMEET CTa-
ILMOHAPHEIH XapaKTep, U IPEACTABAIET HHTEPEC PACCMOTPETh Cped-
Hee (Mo BpemenH) MarHuTHOe moae H, cosmasaeMoe 3apsafamu;
510 noJje Oylder Temepb (YHKUHER TOABKO OT KoopdeaT, HO He
0T BpeMeHH, T. €, Oyler NOCTOAHHBIM,
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s toro urobH HatiTh ypaBHEHHsl, OTPEAeJsiOIHe CpeaHee

MarHUTHOE TOJ€, YCPeAHHM N0 BpeMeHu ypasHenus Maxcseana
. 1 0E | 4=
divl=0, rotH=— 5 +—j

Hepaoe U3 HUX AaeT NpocCTo
divi==0, (65,1)

Bo BTOpOM YypaBHEHHH CpelHee 3HaueHue npoussofHott OE[of,
Kak ¥ BooOlle MPOU3BOAHOH OT BCAKOH BEJMYHHH, MeHfIOLEHCA
B KOHeYHOM uHTepBane, pasHo Hymo'). TTostomy Bropoe ypas-
Henue Maxcsensa npuo6Gperaer BuA
—_— 47!...
rot H=—j. (65,2)

c
Dtu 1Ba YPaBHEHus W ONpPeAEASIOT MOCTosiHHoe moae H.
BsezeM cpeannit BeKTODHH# MOTeHUHAn A COracHo
rot A=
Ioacrasus 310 B ypasHeHue (65,2), moayunm:
grad div A — AK:%“ i

Ho Mbi 3HaeM, YTO BEKTODHHH MOTEHIMaK MOJs onpelaeneH
HEONHO3HAUHO, H TOSTOMY Ha HEro MOXHO HAaJOXHUTb AOTIOJNHH-

treapHoe ycaosue. Ha stoM ocHoBanun BnOGepeM mnoTeHuuan A
TaK, 4ToOH

divA =0, (65,3)

Toraa ypasHeHue, ONMpPeAE/AOLUICe BEKTOPHH NOTEHLHKaA NOCTO-
AHHOrO MAarHYTHOrO MOJs, MPHOGPETaeT BHI

M=—%7. (65,4)

Yy Nycrb f— takaa seavynHa, Toraa cpefHee 3HaueHHe NPOH3BOJ-
HOH df/dt 3a HexoTOoDHI HHTepBan BpeMeHH T ecthb
— T
G__1( df gy fD—fO
dat— T )dt™ T )
0
Mockoasky f(f) MeHserca TOJAbKO B KOHEYHHIX Npejenax, TO IPH He-

OrpaHHYeHHOM YBeJuueHHH T 910 cpejnHee 3HayeHHe NeHCTBHTENbHO
CTPEMHTCA K HYJIO,
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Pewienue sTOoro ypasHEHMA Jerko HalTu, 3ametus, yTo (65,4)
BTIOJIHE aHaJoruyHo ypasHeHmio Ilyaccona (59,4) and ckanaspHOro
TIOTEHIHaa TIOCTOSHHOrO SJEKTPHYECKOro MOJSs, MPUYEM BMECTO
IIOTHOCTH 3apsifa p CTOMT TJIOTHOCTh Toka j/c. Ilo amanmoruu
¢ peweHueM (59,9) ypaeneHuns IlyaccoHa MBI MOXeM HanucaTh

A= S Aav, (65,5)
rie R~— paccTosHie OT TOuKM HabuawoJeHns ToJsg A0 3JEMEHTa
o6rema dV.

B dopmyne (65,5) mMomHO mnepeHTH OT uHTErpaia X CyMmme
110 3apsiaaM, MNOACTABJAA BMECTO j TIPON3BCIACHHE pv H TIOMHS,
YTO BCE 3apAdnl ToueuHsle, IIpy 5TOM Heo6x0AUMO MMETH B BUIY,

yto B nHTerpane (65,5) R ABIS€TCS MPOCTO TepeMeHHOH HHTer-
PUPOBAHUA M TIOTOMY, KOHEUHO, HE NOABEPraeTcs yCPeIHEHHUO,

Ecan xe nHanucaTh BMECTO HMHTErpana S day cymMmy 2 ”v"

10 R, OyayT painyc-BeKTOpPaMH OTHENbHBIX YACTHL, MeHSOLLLH-
MHCA TIPH JBHXKeHud 3apaaos. TI05TOMY HaZo TMHCaTh

= Eeﬂ"ﬂ (65,6)

re yCpelHseTcs BCe BbIPAXEHHE, CTosilee TOA 4YepToH.
3uas A, MOKHO HaHTH HanpsUKEHHOCTb NOJS

H:rotxzrot% S %dV.

Onepauns rot TNPOM3BOAUTCS 10 KOODAHHATAM TOYKA Habuiwole-
Hus. ITosTomy rot MokHO mepeHeCcTH NMOJ 3HaK WHTerpasa v I1pu

AnddepeHuupoBaHNA  cYnTaTh j nocToAHHBIM, Ilpumenas ussect-
Hy10 (opmyay

rot fa=frota-}-[grad f-a],
rie f 1 a— mobble CKanAp W BEKTOP, K MPOM3BEACHUIO j f}’

Haxoanm:
k) 1 - jR
rot%: [gradﬁ . j] =L]7?—’l’
H, CJAeJd0BaTeJIbHO,
H=-1 S[’R] av (65,7)

(paanyc-sekTop R Hanpaszien us dV B Touky HabmofeHus noss).
D10 — Tak HasbBaeMbl 3axon Buo u Casapa.
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§ 66. MarHuTHbIH MOMeHT

PaccMOTPHM Cpefluee MAarHuTiOE [10J€, CO3A3BaeMoe CHCTEMOH
CTaHOHAPHO [BHKYUIMXCA 3apadoB Ha OOJbIIMX PacCTOAHHAX
OT 3TOH CHCTEMLIL.

BeeseM cucreMy KOODAMHAT € HayaJoOM TAe-HHOYAb BHYTPU
CHCTEMH 3apsAOB, aHaJOrHYHO TOMY, Kak Mbl Jdeaaau B § 62,
O603HayuM ONATh PAAHYC-BEKTOPH OTAE/JBHBIX 3apSIOB MOCPEH-
CTBOM I, a PalAUyC-BEKTOD TOYKH, B KOTODOH MBI HMLIEM TOJE,
nocpeactsomM Ry Torma Ry~—r, €CTh pamnyc-BEKTOp OT 3apsaa
e, X Touke Habmogeuma. CoraacHo (65,6) uMeeM A BEKTOP-

HOro InoreHuuaga.
A= faVa 66,1
Ziko—ral' 66,1)

Kak u B § 62, pasnoxuM 3TO BHIpAXEHHE MO CTENEHAM T
C TOMIOCTBIO AO YJEHOB MEpPBOro nopsaxa (MHAEKC a And Kpa'r
KOCTH oOllycKaem):

Ae 28;——-}— zev (rVL\\
TR ¢ 1 Ry)*
B uepsBom unene MosHo Hamucarb
Va=Z¥r
=2 Y er.

Ho cpeanee smaueHne npousBOAHOH OT MEUAIOMEHCS B KOHEYHOM
WHTEDBA/TE BENWYMHB D er pasHo Hymo. Taxum o6pasoM, Aas

A ocraercs BBIpakKeHHE

R e e ST o
= —c— ev (r E)—.C—R—g EV(r 0).

ki
IIpeoGpasyem ero caeaywouum o6pazoM. 3aMeuast, YTo V=T,
Mbl MOWEM HamucaTh (MOMHS, YTO Ro €CThL TOCTOSIHHBIA BEKTOP)

Ze Rr)v= 2 7 Z er (rRy) - 5 ¢ [v(rRy) —r (VRy)].

Ilpn nomcTanoBke 3TOr0 BHPAaXEHHA B A CpeIHEE 3HAYCHHE OT
nepsoro ujeHa (C NPOM3BOJHOH N0 BPEMEHH) CHOBA OOpAaTHTCH
B HyJAb, U MBL [OJMYYHM:

7‘=7£}Q§ Ne [VER) —T(VR))
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Beeaem BekTOp

1
m=s Z e[rvl, (66,2)
HA3LIBAEMBI MAHUMHBM MOMEHIIOM . CACTEMHL, TOFlla
% __ [mRy] _[ 1 —]
A=l =V m). (66,3)

3Has BEKTOPHHIH MOTEHUMaJ, JerKko HaHTH HanpaxEHHOCTD
MmarHutHoro nosd. C momouibto GopMY /sl

rot {ab]=(bV)a —(aV)b4-adivb—bdiva

HaXOAUM; . :
H= ot[ﬁ%‘;]——mdxv —-(mV)Ra,
Janee,
divR —g gradl—}-—l—divR =0
Ri 0 Ry ' R} ’
a

— 1 — —0 1 m 3R, (mR,
() = g ) R+ Ro (9 )= gy — .

Takum o6pasom,
= 3n(mn)—m
H= )
R}
rAe N — CHOBa €dMHUYHBIH BEKTOD B HampasiaeHuu Ry Mbl Buaum,
YTO MAarHHTHOE T0J€ BBIPAXKAETCH YE€pe3 MarHuTHHH MOMEHT Ta-
Ko ke ¢opMyJoH, Kaxo# 3JCKTPHUECKOE TMO0JE BBIPAKAETCH
yepes AUNOJbHEIA MoMeHT (cp. (62,5)).
Ecau y BCeX 3apsloB CHCTEMbl OTHOLIEHHE 3apafia K Macce
OAKHZKOBO, TO MBI MOXEM HAaluCaTh:

m:%Ze[rv]zgﬁZm[rv].

Fcam CKOPOCTH BCEX 8apaioB v<L& ¢, TO mV €CTb UMIYJILC P
8apsafa, ¥ MHl [OJYyYaeM:

(66,4)

e e
m=y Z [rp] = 5 M, (66,5)

rae M==Y}[rp] ecTb MexaHuueCKu# MOMEHT UMIY.JbCa CHCTEMBL.

Taxkum 06p330M, B 3TOM CJy4a€ OTHOLICHHWE MAarHWTHOrO MOMEHTa
K MEXaHHYECKOMY IMOCTOAHHO ®° PaBHO 8/2”16'.
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3anava

OnpexenanTs OTHOMICHHE MArHUTHOTO U MEXAHWYECKOTO MOMEHTOB
AR CHCTeMBl U3 JBYX 3apsaos (ckopoctd v <K ¢).

P ¢ w e H U e, BuBupas Hayato KOOPIMHAT B HEHTPE HHepiUHH oGeHx
gacThi, 6yieM UMeTs myry -+ mef; =0 § p;=—py==D, rie p —UM-
HYJbC OTHOCUTeabHOro mBMKeHus. C NOMOMIBIO ITHX COOTHOMIEHHH

HahneM:
1 /e e,) mymg
m—2_c<—’"—1§+’_7_'§ m1+maM'

§ 67. JlapmopoBa mpeuneccus

PaccmMorpuM cucTeMy 3apsiaoB, HaXOHNALULYIOCH BO BHEIIHEM
TIOCTOSHHOM OHHOPOAHOM MAarHHTHOM TOJIE,
Cpennss (o BpeMEHH) cuja, AeHCTBYIolas Ha CHCTEMY,

Z— [VH] = th— [rH]

ofpaltaercs B HYJb Kak cpeaHee 3HaueHHe MPOU3BOAHOA MO
BpEMEHH OT BCAKOH BeauuuHbl, MeHswuelcs B KOHEYHHIX npede-
aax, CpelHee e SHAueHHE MOMEHTa CHJ

2— {r [vH]]

OTJAMUHO OT HyJs. Ero MOXHO BhIpasuTh 4epe3 MarHUTHbIH MO-
MEHT CHCTEMH, I Yero MHLIEM, PacKphiBas JABOHHOE BEKTOPHOE
NPOU3BEAEHHE: '

K=Z%{v(tﬂ)——ﬂ(vr)}=2 {v(rH)————H— r’}

IMpu ycpenHeHuu BTOPOH wuieH oOpautaercs B HYJb, TaK 4TO
— e —— l ——— ——
K= Z? v(rH)= Z—CZ e {v(rH) — r (vH)}

(nocaeanee npeoOpasoBaHHe aHAJIOTMYHO TPOU3BEAEHHOMY TpU
Buisofe (66,3)), umu OKOHuaTe/bHO

K =[mH]. (67,1)

OOparum BHUMaHHEe Ha aHa€oruw ¢ Qopmynok (64,6) snekTpu-
YECKOro caydas,

PaccMOTpuM CHCTEMY OHMHAKOBBIX 3aPfIKEHHBIX 4aCTHL, CO-
BEpIIAIOWHX (DUHHTHOE ABHKEHHE (CO CKOPOCTAMH U < ¢) B HEHT-
PajbHO-CUMMETPUYECKOM I10/1€ HEKOTOPOH HENOABHIKHOH 4aCTHILHI
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(ckameM, cmCTeMa 3JEKTPOHOB B atoMe B noJe aapa). ITpenno-
JI0XKHM, 4TO 5Ta CHUCTEMAa HAXOAUTCI B c/1ab0OM OIHOPOMIIOM
MaTHUTHOM IO,

B orcyrctBHe BHEIIHErO MOJS NOMHBIA MEXAaHHUECKHH MOMEHT
cucteMnt M octaBaiaca Obl noctosHHelM, Haauuue caaGoro mare
HATHOTO T1OJs TNpUBEIEeT K MelJeHHOMY H3MeHeHuio M co Bpe-
meneM, PaccMoTpuM xapaxtep 3Toro u3Menenus, [Las toro utoGml
HCK/IOUMTE NPU 3TOM BJUSAHHE GBICTPO MEHSIOUIEroCs CCHOBHOTO
IBUXEHHS 3apsAoB B cUcTeMe, ycpeasuM M mo nepuojaM s1oro
IBHIKEHUS.

CorsniacHO H3BECTHOMY YPaBHEHHI0O MexXaHMkH (cMm. (27,3))
uMeeM:

dM __
a2t =K
rae K — MoMeHT HeHCTBYOUHX Ha CUCTEMY BHEIUHHX CHJ (yCped-
HeHHBIH 10 TeM e npoMexyTkam BpeMend, uro u M). CoraacHo
(67,1) u (66,5) umeem:

ITostomy
aM —
57 = 1M}, (67,2)
rae Mol 0603HauUAH
e
Q= VrT H, (67,3)

Vpasnenue Buma (67,2) 03HauaeT, uyTo BEKTIOP M (a ¢ uum

1 MAarHMTHBIH MOMEHT m) Bpallaercd ¢ YrJaoBoH CKOpOCTbio —
BOKPYT HanpaBieHHs TNOJAsA, COXPaHdd NPH 3TOM €BOWO abCo/IOT-
HY!0 BEJAHYMHY U yroJ, oOpasyeMbit UM C 3THM IHallpaBjaeHUeM,
D10 sBJElIMe HA3BIBAOT AAPMOPO8OL Hpeyeccuel, a YrIOBYIO
ckopocte (67,3) — aapaoposoil wacmonoi.

Mbl MOxeM Tenepb YTOMHHTh, 4TO NOAPa3yMeBastoCh BLllUe
noa AocTaTouHo# caabocthio noas: tpebyercss, 4roObl JapMo-
poBa wyacToTa @ OblJia Maja 1O CPaBHEHHIO € vacToTaMH colcT-
BEHHOTO (UHUTHOTO JBHXKEHHs 3apamos B cucreme. Ouesuamo,
YTO TOJBKO B TAKHX YCJOBUAX MOMKET HMEThb CMBICJ PaccMat-
puUBaTE HM3MEHEHHE CO BPEMEHEM MOMENTA, YCPEAHEHHOTO yKa-
8aHHBIM BbIle 00pasoM.
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§ 68. Boanosoe ypaeHenue

DJIEKTPOMAarHUTHOE TMOJIE B TYCTOTE OMPEAENSETCS YPaBHEHU S
Mn Makcseana, B kotopux Hamo mnoaoxuts p=0, j=0, Bu-
MILIEM KX eme pas:

, divH=0, (68,1

otH=—%, divE=0. (68,2)

DTM ypaBHEHHS MOTYT MMETh OT/MYHBIE OT HYJd peweHud. ITO
SHAUYHT, YTO 3JEKTPOMAarHUTHOE TM0J1€ MOXET CYmEeCTBOBaTh Jaxe
npy OTCYTCTBUM KakuX OH TO HH OBIJIO 3apsmoB.

DJIEKTPOMarHUTHHIE TOJS, CYWECTBYWIINE B TYyCTOTE MNPH
OTCYTCTBMM 3aPAJOB, HA3KIBAT IACKMPOMAHUMHHMIL  80A-
Hamu., Mb saliMeMcs Tenepp HCCAeNOBAHWEM CBOHCTB TaKHUX
nosel.

[Ipexne BCEro OTMETHM, YTO 3TH MOJA 0043aTEIbHO [IO/DKHbBI
ObITb TepeMEeHHBIMH, JIeHCTBUTENLHO, B MNPOTUBHOM  CJyyae
oH/ot = 0E/0t =0, u ypasrenus (68,1 — 2) nepexoasr B ypa-
BHEHHA TOCTORHHOrO noas (59,1 — 2) u (65,1 — 2), 8 KOTOPHIX,
oiHako, Tenepyr p=0, j=0. Ho pemenns sTux ypaBHEHuH,
onpenesenunie dopmyaamu (59,9) n (65,5), mpn p=0, j=0
00pamaTcs B HYJIb.

BoiBeneM ypasueHus, ompeaeafiolide NOTEHIHAJb JIEKTPO=
MarHMTHEIX BOJIH,

Kak MH y@e 3HaeM, B CHJAYy HEOIHOBHAYHOCTH MOTEHIMAJIOB
BCErla MOXHO HAaJ0XHTh Ha HUX HEKOTOpOE JOTOJHHTENBHOE
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ycaosie, Ha sToM ocHoBannu BoOepes noTEHUHANH 3JEKTPO-
MATHUTHHX BOJH TaK, 4TOOH CKaaspuelii noteHynan OuA pasen
HY 10!

o==0, (68,3)
Torna
1 0A
E=——-c—52‘, H=rot A, (68,4)

TToacrasnna oba 3TH BBHIpaXEHHs B nepsoe u3 ypasheHu# (68,2),
HAXOJMM:

ot rot A= —AA -} grad divA=—522 . (685)

A
‘ott

HecmoTps Ha 170, u4TO MBI YyXe HANOXKHAM ONHO JONOJHH-
TeJbHOE YCJOBHE HAa NMOTEHHHANH, NOTEHHHan A BCe XKe ele He
BNoJHEe OMfHO3HAueH. limeHHO, K HeMy MoxHO npubaBuTh rpa-
IueHT mobofi He 3aBHcAlled OT BpeMeHH (yHKHEKH (He MeHsis
NpH 3TOM ¢). B 4acTHOCTH, MOXHO BHODATh NMOTEHLLMAN 3JEKTPO-
MAarHUTHOM BOJHH TakUM 0Opa3oM, uTOOH

div A==0, (68,6)
Ietictsureasro, noicrasass E us (68,4) B div E=0, umeem:
OA 0 . .
div =7 5= tleA_._O,

T. € divA ecrb QyHKLHS TOJNBKO OT KOOPHAHHAT. DTy (YHKHUIO

‘Bcerza Moo OOpaTUTh B Hyabn mnpuGasieHueM K A rpaiueHta

OT COOTBETCTBYIOIEH He 3aBUCAIMEH OT BPeMEHH (QYHKHHH.
Vpasuenue (68,5) npuobperaer tenepp BHA

1 0°A

BA—m

=0, (68,7)

OTO M ecTh ypaBHeune, onpefiesiolliee NOTEHHUHAA SAEKTPOMar-
HUTHBX BOJH, OHO Ha3bIBAETCA Jpasxexitem O Arambepa wau
BOAHOBHM YPABHEHUEM,

[Mpumenss x (68,7) onepaunu rot u a/at ybeaumca B TOM,
y10 HanpsxeHunocrn E u H yIOBAETBOPAIOT TAKHUM K€ BONHOBHIM
YDaBHEHHSM,
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§69. Mxockre BOAHK

PaccMOTpUM  yacTHeiH CAy4aHh 9JAEKTPOMAarHMTHHX BOVIH, B
KOTOPOM [OJIe 3a8BUCUT TOJMLKO OT OJHOH KOOPAHHATH, CKaMeM
x (v ot BpeMenH), Takue BOJHH HaSHBAOTCA nAockuMu, B atom
Clyyae ypaBHEHHs MOJA MPUHUMAIOT BUA

02 02
& — % =0, (69,1)

rie non f nompasymenaercd moGas KoMmnoHeHta BeKTOpoB E
unu H.
Jlng peweHuas 5TOrO0 ypaBHEHUd MEpPenuuieM ero B BHIE

0 0 0 0
(o“f—ca) <57+Ca;)f—0
H BBEIEM HOBGLIE nepemeHHble
X
TAaK 4TO
1
f=7(7l+5), x=7(7l—5)

Toraa
7} 1(0 a> o__1/9

E= T\ Cox
U ypaBHeHue Ana [
f
'@? —0.

OueBUIHO, YTO €ro pelleHde HUMeeT BUM

f=hH®+fi),

rae f; 4 f— npoussosbusle ¢yHkuuu. Takum oGpasom,
f=h(t—%)+At+2). (69.2)

ITycrs, nanpumep, fy==0, Tak uto f=f;(t — x/c). Buiacuum
CMBICZ 3TOrO pemenus. B kamaold mrockocty x == coust nose
MeHReTCA CO BPEMEHEeM; B KamAulH NaHHbI MOMEHT MOoJe pasiuy-
HO 14 pasHuX X, OueBHIHO, YTO ‘MOJE MMEET OIUHAKOBOE 3Ha-
YeHue I/ KOOPIAUHAT X M MOMEHTOB BpPEMEHH f, YAOBJETBOPSIO-
IMX COOTHOIIEHHAM {— x/c==const, T. e,

x == const - ¢t
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DTO 3HaulT, YTO €C/IM B HEKOTODPHIH MOmeHT f==0 B HexoTOopoH
TOUKE X MPOCTPAaHCTBA NOJe HMEJO ONpeleseHHOe SHAYeHHE, TO
yepe3 INPOMEXYTOK BPEMeHH { TO e CaMOe SHaueHue MoJe
HMeeT Ha PacCTOAHMK ¢f BIOJAL OCH X OT NEPBOHAYAILHOTO MECTa,
Mpl MOKeEM CKas3aTh, UTO BCe 3HAYEHHUS SIEKTPOMArHUTHQIO MOJA
pPacnpocTpaHaATCA B NPOCTPAHCTBE BAOJL OCH X CO CKOPOCTHIO,
PaBHOR CKOPOCTH CBeTa (.

Taknm o6pasoM, fy(t— x/c) npeacrasaseT co6o# nIocKyio
BOJHY, GEryilyio B NOJOXKATEJILHOM Hampasienuud ocu X, Que-
BUAHO, 4T0 fy(t 4 x/c) npencraBaser coBo# BOMHY, Geryuyio
B MPOTHUROINOJOMXHOM, OTPHUUATENLHOM, HANpPaBJAEHUU OCH X,

B npeaniayuiem naparpade ObI0 MoKasaHo, YTo NOTEHILNAJLI
9MEKTPOMAarHUTHOH BOJHBL MOXHO BHIOpaTh TaK, 4ToObl @ =0,
npuuem div A =0, BriGepeM noTeHuHa bl paccMaTPUBAEMOH TeNeph
MJIOCKOM BOJIILI HMEHHO TakuM oOpasoM. Ycaosne divA==0 paer
B 3TOM Clyuae

94x g

ox ’
NMOCKOJbKY BCE BEJHUMHBL He 3aBucAT oT ¥ # 2. CoraacHo (69,1)
Oyzem wuvers Torga u 0°4,/0t*=0, T. e. 0A,/0f==const, Ho
nponssodiias OA/0f onpemenseT SaeKTPHYECKOe MOJE, U MBI
BHIUM, UTO OTJMYHAsi OT UyJs KommnoHeHra A, o3Hayata Obl
B pacCMarpHBaeMOM CJydae HaJIAuyue MOCTOANHOIO NpPOLOJALHOTO
snektputeckoro moasa [lockonsky rtakoe mnoJje mne HUMEET OTHO-
HIEHAST K 3ACKTPOMATHUTHON BOJIHE, TO MOKHO NOJOXUTL A, =0,

Takum o6pa3om, BeKTOPIULIH IOTEULMan MIAOCKOH BOJAMBI MO-
weT OplTh BHIOpaH NMEPHEHAMKYIAPHLIM K OCH X, T, € K Harpas-
JEHHIO PacmpoCTpaHeHns STOH BOJIHHL

PaccMOTPHM MIOCKYIO BOAHY, Geryulyilo B MOJOKHTEILHOM
Hanpas/I€HUd OCH X; B TAaKOM BOJHE BCE BEMMYHHBI, B YaCTHOCTH
n A, seasorca (YHKUMAMH Toapko oT ¢t — x/c. V3 dopmya

LoA o
E#—;_FE’ H-—-—-l’OtA
Mbl 1IAXOAHM 1102TOMY:
E= — oA H=[yAl=|y [t —Z)- 4| =— (A}, (693)

rae wrpux obosHauaet AnddepeHunposatne no t—x/c, a n—
€IOHHIYHHHE BEKTOP BAOJL HAMPaBJIEHHA PACNPOCTPaHEHHS BOJIHH,
‘[loxcrasaas mepsoe paseHCTEO BO BTOPOE, HAXOLUM:

H = [nE]. (69,4)
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Mu BuauM, uTO 37JeKTpHyecKoe u MarHurHoe moas E u H
IVIOCKO# BOJIHE HaMpPaBJeHbl NEPNEHAMKYJ/IAPHO K HanpaBJaeHHIO
pacnpocTpaHeHus BOJHH. Ha 5TOM OCHOBaHMH 3/E€KTPOMArHHT-
HbI€ BOJHH HasblBalOT nonepeunsimu, Y3 (69,4) BHIHO TaKwke, uTO
SJEKTPUYECKOE ¥ MarHMTHOE TOJA TVIOCKO# BOJHH NEPNEHIN-
KYJSPHH ADPYT K APYTY ¥ OIMHaKOBH MO aGCOJIOTHOH Be/HuHHE,

[ToTox sHeprum B MJIOCKOH BOJHE:

[+ [4 [+
S=E[EH]=EEEH=-Z;€H‘ZH.

Takum 006pasoM, MOTOK SHEPruM HAMPaBJAEH BAOAb HAMpaBJEHHS

- o E
pacnpocTpanenns BOMHH. Ilockombky W= ¢ (E ‘l‘H)—z;
€CTh IIVIOTHOCTb BHEPTrAM BOJHBE, TO MOXHO Hamnucartb

S=—c¢ Wﬂ, (69’5)

B COrJIacU® C TE€M, YTO MNOJE DPAacnpoCTPAHAETCS €O CKOPOCTHIO
cBeTa,

Wmnyabc eiumHuusl OGbeMa SJAEKTPOMArHUTHOTO TOJAA €CTh
§/c% s nnocko#t BosHe 3T0 maet (W/c)n. OGpatuM BHHMaHHe
Ha TO, YTO COOTHOLUEHHE Meway osHeprued W # UMNyJIbCOM
W/c saeKTpOMarHUTHOH BOJHH OKa3HBAaETCSd TaKAM Ke, Kak
IJ17 YacTHl, IBUXKYUIMXCA CO CKOpOCThIO cBeTa (cM. (39,12))

[Totox uMnyanca noas [JaeTcsi MaKCBENTOBCKUM TEHSOPOM
HanpsiokeHuf#t oy, (58,5)., Brbupas mno-npexHeMy HampasJjeHue
PacnpoCTPaHEHUsl BOJHBl B KauyeCTBE OCH X, HafleM, uTO E€IHH-
CTBEHHasl OTJMYHAs OT HYJ KOMIOHEHTa

Opx=W. (69,6)

Kak u c/emoBano, MOTOK MMIY/AbCa HalpaBJaeH M0 HampaBJCHHIO
PAaCIpPOCTPaHEHH BOJHB H pPaBeH 10 BEAHYHHE MJOTHOCTH
SHEPrun.

3ajxava

Omnpeneauts cHay, ReHCTBYWOLIYIO Ha CTEHKY, OT KOTopo#t oTpa-
waerca (¢ koypdHUHeHTOM oTpaxeHdAa R) Majalolliag Ha Hee MaOCKas
$1EKTPOMATHUTHAA BONHA.

Pemenne Cuna f, reficTeyoinas ua exuuuny NIOMAAA CTEHKH,
JaeTca MOTOKOM MMIyaAbca Yepe3 9Ty NAoIank, T. € €CTh BEKTOP
¢ COCTaBAAOILUMHU )

fy =0, Ny oV,
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rie N—BeKTop HOpMan# K NOBEDXHOCTH CTEHKH, a 9y, M Gj, — KOMIIO-
HEHTH TEH30DOB HallpsweHHH Mamaoueld U oTpaxerHOM BOAH. Y UHThI~
Baa (69,6), nonyumum:

f=Wn (Nn) + W'n’ (Nn').

[lo onpeneaennto xo3dpodHUKEHTa OTPAMEHHA HMeeM: W = RW. Beena
TaKwe yroa manenus 0 (u-paBHbIf eMy xe yroa orpamemmg U nepe-
XOIA K KOMIIOHEHTaM, HaliieM HODMajbHYIO CHAY (c8emosoe 0Q8AeHue)

fy=W(l 4 R)cos’d
H TaHTERUHANBRYI0 CHAY
fy =W (1 —R) sin8 cosd.

§ 70. MonoxpomaTudeckas HOAOCKAs BOJAHA

BawHHH# yacTHHH cayyalt SMeKTPOMArHHTHEIX BOJH NpPeACTaB-
JAI0T BOJHB, B KOTOPHIX 1OJE ABJAETCA NMPOCTOH NepHOAHUYECKOH
dyHkuned BpemeHn. Takas BOJHA Ha3bIBACTCH MOHOXPOMAMIte-
cxofi, Bee Bennunupl (MOTEHIHAMb, KOMIOHEHTH NoJeH) B MOHO-
XpoMaTHUYECKOH BO/IHE 3aBHCAT OT BPEMEHM NOCPEACTBOM MHOKH-
Teas BHAA COS(wf-}-a), Tle -—guxauieckas wacmoma (WJIH
APOCTO “acmoma) BOJHbL.

B nuockoit BoaHe (pacmpocTpaHsoiledcs BIObL OCH X) none
ABIAETCA (yHKUHeH TOMBKO OT ¢t — x/c. ITosTOMy ecan mnaockas
BOJHa MOHOXPOMaTHYyHa, TO €€ MNoJe SBJAETCHS INpocToff nepu-
onnyecKol ¢yHkuued or ¢ — x/c. Bextopubift noTeHunan Tako#
BOJIHbI ynoéuee BCEro HarnucaTh B BHIE BeELIECTBEHHOH yactd
KOMILJIEKC::0l'0 BLIPAXKEHHAA

A=Re {Ae ¥}, (70,1)

3necs A, — HEKOTOPHH NOCTOAHHBIK KOMIJIEKCHHH BEKTOP,
OuesnaHo, yro u HanpsxkeHHoctH E u H B Takolt Bosme Gyayr
MMETh aHAJOTHYHBLIK BMA C TOM e uyacrorolt o, Beanmynna

2me
)\=————
. (70,2)
H23bIBAETCS 0AUHOL 80AMb; STO €CThb NEPHON HBMEHEHHs NoJs ¢
KOOPANHATOX X B SalaHHEI MOMEHT BpeMeHn f,
Bekrop

k==-n (70,3)
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(rie n-— enuHWYHBIA BEKTOP B HANPaBJIEHUM PaCNPOCTPaHEHUs
BOJIHBI) HA3KIBACT CSl 804HOBHM Beknmopos. C ero NOMOLIBI0 MOXHO
npeacrasute (70,1) B BHIE

A =Re {A ¢! (ke —on)}, (70,4)

He saBucsiizieM oT BmbGopa ocell KoopauHatr. Beanuuny, crosuryio
C MHOXWTEJNEM [ B NOKasaTeste, HasbiBAOT Pa30[ BOJHBL

o Tex rop, noka Mpl NPOM3BOAMM HAL BEJHYUHAMH JIHLLY
JUHeliHble Onepaluy, MOXHO ONYCKaTh SHaK B3ATHS BEIECTBEH-
HOM uacTM u ONEepUpPOBaTs C KOMIMJAGKCHBIMM BEJMYMHAMH KaK
takosuMu !). Tak, noacrabus - :

A— Aoei (kr — of)
B (69,3), nosyyuM CBA3b MEXIY HaNpPSKEHHOCTAMH U BEKTODHLIM
NOTEHIHA/IOM TUIOCKGH MOHOXPOMAaTHYECKOH BOJIHEL B Bule
E =ikA, H=1[kA]. (70,5)
PaccMOTpHMM NoApoGHEe BONPOC O HaNpaBJieHUH 11015 MOHOXPO-

MaTHuecKoR BoJHBE. DBynem n4s onpeneneHHOCTRH rosoputh 00
3NEKTPUUYECKOM 110JIe

E==Re {Eoe’ (kr — wt)}

(Bce (KasaHHOE HHMWKE OTHOCHTCH, PasyMeeTcs, B TOR ke Mepe
1 K MarkutHoMy moumo). E, — xomnaexcHsift Bexrop. Ero xBagpat

) Ecnn xaxue-nu6o nse seanyunn A (¢) 1 B (¢) numyrcs B kom-
NIEKCHOM BHJE

A(t) == Age ~ ol B(f) =Be !,

TO mpH 06pa30BAHUM HX NPOU3BelEHUs Halo, pa3yMeeTcd, CHayana
OTJeAUTbh BemecTBeHHYI0 wacTe. Ho ecam, xak 9To wacto 6niBaer, Hac
HHTEpecyeT NHUIbL CpeiHee (110 BPeMEeHU) 3HaYeHUe 9TOro IpousBene-
HHs, TO €r0 MOXHO BBIYHCIHTbL Kak

]

— *

) Re{AB#*},
HeitcTBUTEABHO, HMCCM:

ReA ReB= % (Age ~Fof - Afefol) (Bye — tof |- Bgelot),

TIpM ycpenHEHWH UJeHH, cojepxauiic MHOxuTean et 2/ o6palanTca

B HYJb, TaK YTO OCTAETCHA

ReA ReB =% (AB* 4 A*B) = % Re (AB¥).
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E! ects HeKoTOpo€, BOOOIIE rOBOPS, TOKE KOMIUIEKCHOE HHCJIO,

Ec.'m apryMeHT 3TOro uucaa ectb —2a (1. e, E! =|E! | e ~%%),
TO BEKTOp b, omnpexeneHHbt coraacHo
=be™ ", (70,6)

6yneT uMeTh BewecTBenHsit kBaapaT b?==|E;[% C rakum onpe-
IeNEHHEM HamuuiemM:

E =Re |be! (kr —of —a)}, (70,7
[MpeacraBuM b B BUIE
b= bl + lbq,

rie b, u by — IBa BewecTBeHHHX BekTOpa. ITockoabKY KBaapat
b?=b? — b3 -}- 2ib,by Ko/KeH OBITH BEUIECTBEHHON BEMUUUHOH, TO
bby=0, 1. e. BekTOpH b, H by B3aUMHO NEPNEHIUKY.SPHbI
Bribepem HanpasaeHue by B kauecTse ocu y (0Cb X — M0 HanpasJje-
HHIO pacnpoctpanenus soause). Torda us (70,7) umeem:

E,=b,cos(ot — kr +a), E,= by sin (of —kr--a), (70,8)

rae 3HaK MJI0C WIH MHHYC MMEeT MeCTO B 3aBHCUMOCTH OT TOrO,
HanpaBJeH BEKTOD by B MOJOXHTENBHOM HJIH OTPHILATENBHOM
Hanpasaednu ocu 2. Vs (70,8) caemyer, uto

Ey E:
=t (70,9)

Mpr BumdM, TakuM o00pasoM, uTO B KauJIOH TOuKe NpPOCT-
paHCTBAa BEKTOP 3MEKTPHYECKOrO MO/ BPaIdeTCd B MJIOCKOCTH,
neprneHAdKy/NSPHOH K HanpaBJEHHI0 PaCNPOCTPaHEHHs BOJHHI,
npuyeM ero Kouel onucwBaer smaunc (70,9). Takas BonHa Hag-
BAETCA SAMNMULECKI NOAfApU308anHol, BpallleHHe NPOUCXOMMT
B HanpaBACHHH MO WJH NPOTUB HANPaBJEHMA BUHTA, BBHHUHBAE-
MOr0 BIOJAb OCH X, COOTBETCTBEHHO NPH 3HAKE MIIOC HIH
munyc B (70,8).

Ecmu by=by, 10 3/munc (70,9) npespaiaerca B Kpyr, T. €,
pexTop E Bpamiaercd, OCTaBasicb MOCTOSHHBIM 1O BEJHYHHE,
B 5TOM cayuae rosopsit, YTO 604HA MOAAPU30BAHA NO  KpY2y.
Bei6op Hanpasienuit oceit y W z NPH 3TOM CTAaHOBUTCH, Oue-
BHAHO, NPOUsBOAbHLIM, OTMETHM, 4YTO B TAaKOH BOJHE OTHOLIE-
HUE Y- U 2-COCTaBAAILMX KOMIJIeKCHOM ammautyast Ey pasHo

Boz 4y (70,10)
Egy
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COOTBETCTBEHHO JJS BPAlEHUs 1O U NPOTHB HANpaBJEHHUA BUNTA
(npasas w aesas noaspusaumum)’).

Hakonew, ecam by uam by paBHO HYJII0, TO MOJE BOJHE
HanpaBJeHO Be3le M BCerja napaaaeabHo (Hau anTHNApaJaeabHO)
OJHOMY M TOMY € HanpaBjeH#io. BOJHY HasHBAalOT B 9TOM
Clyyae AlHedHO NOASPUSOBAHHOL WM TNOJSIPU3OBAHHOH B MIIO-
CKOCTH. JJNIMIITHYECKH MOJAPHU30BaHHYIO BOJHY MOXHO PacCMat-
pHUBaTh, OYEBMJHO, KaK HAJIOXKEHHE ABYX JHHEHHO NMOJAPH30BaH-
HBIX BOJIH.

§ 71. 3ddexr Hdonnaepa

BepueMcs K onpeaeneHHio BOJHOBOTO BEKTOPa M BBEIEM
YETBIPEXMEPHBIH BOJHOBOH BEKTOP € KOMMOHEHTaMH
(0]
B2 k>. 71,1)
\C
Tor dakT, 4TO 5TH BEJAHUMHB ACHCTBHTEJBHO COCTABJIAKT 4-BEK-
TOp, O4YEBMAEH XOT OBl M3 TOrO, YTO NPH YMHOXEHHH Ha 4-BeK-
Top % OH JaeT cKaasp — (asy BOJHEL

k<" = wt — k. (71,2)

Ws onpeaenenutt (70,3) u (71,1) BUAHO, 4TO KBaApaTr BOJHOBOIO
4-BeKTOpa paBeH HyJo:
k=0, (71,3)

Hcrnoap3ys 3akoH npeoGpa3oBaHus BOJHOBOrO 4-BeKTopa,
JAETKO PAacCMOTPETh TaK HaswBaeMmuil sggoexm Jonnaepa —
M3MEHEHHE YACTOTRl BOJHBL ®, HCMYCKAaeMOH HCTOYHHKOM, ABH-
KYWHMES M0 OTHOWIEHHIO K HabJ0AaTe N0, N0 CPaBHEHHIO C «CO6-
CTBEHHOM> YaCTOTOH w; TOTO € HCTOYHMKA B CHCTEME OTCUEeTa
(K,), B KOTOPOH OH MOKOMTCH.

Ilycte V — CKOPOCTb HCTOYHUKA, T, €. CKOPOCTb CHCTEMH
orcueta K, otHocutensHo K. CoriacHo ofwum (opmyaaM mpe-
o6pasoBains 4-BEKTOPOB HMEEM:

kO — Z 3!
R0 —

1) IlogpasymeBaeTcs, YTO OCH X, y, z 00pasyloT, Kak BsCeria,
NPaBOBHHTOBYIO CHCTEMY,

o
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(ckopocts cuctemsl K ornocureabHo K, ects — V). IHoactasus
w
cona k'=wfc, k'=kcosa==—cosa, rie a-—yrox (s cucre

me K) Mexay HanpasleHHeM HCNYCKaHMs BOJMHHL M HAmMpaBJe-
HUEM ABHXEHHA MCTOUHMKA, M BHIPAWad @ UEPE3 Wy, MOJYUAM:

u)::(ﬂo—v——. (71,4)

910 u ectp uckomas dopmyna. Ilpu V<& ¢ ona naer, ecau
yroa a He caumkoM O/u3ok K w/2:

mmmo(l—}——‘gcosa). (71,5)

Mpu o =1=/2 uMeem:

m—mOV—l——Nm0<1 2‘:2) 71,6)

B 9TOM CJyyae OTHOCHTENbHOE HUSMEHEHHE YacCTOTH NPONOPIUO-
HaJbHO KBaZpaTy oTHolleHus V/e.

§ 72. CnexrpaanHoe pasyoweHue

Beakyio BOJHY MOXKHO NOABEPrHYTb TAK Ha3blBAEMOMY CHEKM-
PQALHOMY pPA3A0JCeH! 0, T. €. TPEACTABUTb B BUAE HAMOKEHHUS
MOHOXPOMATHYECKUX BOJAH C PAa3/HUHBIMHM YacTOTaMH, IDTU pas-
JOWEHUS MMEIOT DasAHuNbIi XapakTep B 8aBUCHMCCTH OT Xapak-
Tepa 3aBUCUMOCTH TOJA OT- BpeMeHu.

K onHo#t kaTeropuu OTHOCATCA Caydyad, Koria pasno;«enue
CONEPHKUT HYacToThl, 0Opasyolue AUCKPETHHIR paa 3uaueHudt,
IMpocretunit cayvat Takoro poAa BOSHUKAET TPH Pa3NONEHUH
YUCTO TEPHOAMYECKOro (XOTA M HE MOHOXPOMATHYECKOFrQ) MOJA.
910 ecTh . pasnowenne B OObIUHBIR pag Pypbe; oHO ComEPHUT
YacCTOTHl, SBAAIOLIMECA LEJALIMH KPAaTHBIMU <OCHOBHOW» YacTOTH
w,=2x/T, rae T— nepuod noas. Hamumem ero B snie

f= i Fae™ o0 (72,1)

=—0c0

(f — xakan-nu00 H3 BeAHuMH, ONHCHBAWWMX moae). Beanuunn
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:fn OnpefensioTcA mo caMol ¢yHKuuH [ uHTErpanamu
T/2
/nz% Ft)ye™ dt., (72,2)

—Ty2
Beuny seutectsenHoctd (ynxkunu f(£) oueBHIHO, uTO
fon=13. (72,3)

B Gonee ca0xHBIX Cayyasx B DPas/NOXEHHH MOTYT MPHCYT-
CTBOBaThb YacCTOTHI, ABAAIOUIHECH WEIBIMH KPAaTHBIMH (M MX CyM-
MaMK) HECKOJbKHX pa3/nyHbIX, HECOWIMEPHMBIX ADYr C APyroM
OCHOBHBIX YaCTOT.

[Tpu Bossesenun cymmbl (72,1) B KkBaApar u ycpeIHEHUH TIO
BPEMEHN TPOM3BEAECHHS Y/NCHOB C Pas/HYHBIMH 4acToTamu oOpa-
LI3I0TCS B HYJAb BBUAY HAJHYHS B HHX OCUK/IHDYIOUIKX MHOMH-
tenet. Ocranytes auwb uneusl suaa fof ,=|f, % Takum o6pa-
3oM, cpeaHuft KwaapaT nosas (CPeAHSs WHTEHCHBHOCTb BOJHbBE)
NPEACTaBUTCA B BUAE CYMMBI HHTEHCHBHOCTEH MOHOXPOMAaTHYECKHX
KOMIIOHEHT:

[o0] oS
fi= 2 |fn|‘2="22-_:|fn|El (72,9)
N==—00 n=1
(noapasyMeBaeTcs, 4YTO CPeAHee MO NEPHOAY 3HaueHue CaMoH
dyuxkuun f(f) pasHo Hymo, Tak 4to fy==f=0).

K npyrolf kareropus OTHOCATCA MOJA, pasaaraiouidecs B HH-
terpaa ®ypbe, coaepxalinti HeNPePHBHBIK PSIA PasAMUHBIX YacTOT.
Ilast saToro ¢yHkuuu f(f) ZONKHB YAOBAETBOPATL ONpPENEAECHHBIM
ycaosusM; OORUHO peub HAET O OYHKUMAX, obpauaromuxcs
B Hysab npu t=tco. Takoe pasnoxeHue uMEET BUI

FO=\foet 32

e »

(72,5)

—cC

npuyeM KOoMIoneHTs QOypbe onpenenmorcsi 1o camofl (yHKIUK
f () nurerpanamu

fo=§ Fy = dt (726)

ITpu srom aunanoruuxo (72,3)

Ju=fa (72,7
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Boluncanm  nnrerpan ot f? uo scemy spemend, C nomollblo
(72,5—6) nmeem:

© @ w0
| st = \ {7 \ fuertor g2t =
e —c0 —
© @ d oo d
_ dwf ©__ bt
=\ §reman 2= 215,
—O0 — 0 -0
uan, yunteiBas (72,7),
[e) @ o
\ra= \inpgE=2\1Arg. @29
Ho e v '

Taxnm OGpaSOM, WHTErpasbHaa HHTCHCHBHOCTDH BBIDAW(ACTCst UEDES
HHTEHCHBHOCTH KOMITIOHCHT <Dypbe BOJIHBL,

§ 73. YacTH4uHO monApH3OBaHHBEIA CBET

Bcakas MOHOXpPOMaTHYECKaf BOJIHA MO CaMOMY CBOEMY Ofpe-
JEJEHNI0 HENpEMeHHO moaspu3oBada, OOGLIYHO, OMIIAKO, NPHXO-
JUTCA UMETh AEJO € BOJAHAMHM JIMUIb IIOUYTH MOHOXPOMATHUYECKHMA,
CONEepXKalMMHU UYaCTOTBL B HEKOTOPOM MajioM HHTEpBade Aw,
PaCCMOTpHM TaKyr BOJHY, M TIyCTb ® €CTb HEKOTOpasgs CpeAHAA
ee uacrota. Torma ee mnose (6ydeM roBopHTb, AJAs OlpeldesaeH~
nHoctu, 06 saektpnueckom noae E) B 3amaHHOH Touke 1poCTpan-
C¢TBa MOJKHO Hamnucarb B BHAEC

E=E,(t) e,

rie KoMivexkcHasi amiimryna Ey(f) aBaserca HexoTopo#t MeAIEHHO
meusoneitcs dyHxune#t speMeHn (y CTpPOro MOHOXPOMAaTHUeCKOH
Boausl Obao 661 Ey— const). ITockoasky E, onpenenser noas-
PH3AMI0 BOJHBL, TO 3TO 3HAuWT, YTO B KaxcAOH TOUKE BOJHEI
ee 110JDPH3aUns MEHAETCS CO BPEMEHEM; TaKYIo BOJHY Ha3blBAIOT
YACHUIMHO NOASPUI0BAHHOIU.

CpoHcTBa NOJASPH3aUNN 3JIEKTPOMArHUTHBIX BOJH, B YaCTHGCTH
cBeTd, HabMOMAIOTC SKCNEPUMEHTAIBHO TIOCPEACTBOM INIPONYCKa-
HUsl UCCAEIYeMOro CBeTa YEpe3 pas/iuyHble Teaa (HanpuMep,
npu3Mbl  Hukoas) W HMSMEPEHHS HHTEHCHBHOCTH TNPOLIEALIErQ
yepea Tedo cBeTa. C MaTeMaTHUeCKOH TOUKH 3DEHHs ITO O3Ha-
Yaer, YTO O CBOHCTBAX NOJAPHSAUMK CBETA AEJMATCA 3aKJIOUE-
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HUs, UCXOAS M3 3HAYEHUH HEKOTOPBIX KBaADAaTHYHHIX (YHKILUH
ero noas. IIpu 3TOM, pasymeercs, WIET peub O CPEAHUX MO
BPEMEHHM 3HAYEHUAX STUX PYHKIUH.

KBaapaTuyHas QyHKUUS NOJAST COCTOMT M3 YJEHOB, IPOINOPUH-
OHalbHBIX npoussedenusMm E;E,, EfE} wnu E;E}. Ipoussene-
HUS BHAA

~Qiwf * F3 = fwf
E.E,=EyEw ™", E}E}=E§ES: ™™,

conepxauipe OLICTPO OCHUMAIMPYIOUIHE MHOXHTENH et oy
yCpPeAHEHHH TIO BpeMeHu AaloT Hyab. [Ipoussenenus e E;Ef =
— Ey;E§, Takoro MHOXUTENS He CONepkaT, U NMOTOMY uX cpen-
HUe 3HAuYeHUs OTJAWYHE OT HyJas. Takum oOpasom, MBl BUIAUM,
YTO CBOHCTBA YAaCTMYHO MOJSIPUBOBAHHOrO CBETA BIIOJHE XapPaK-
TEpUSYIOTCH TEH30D OM

Jie = Ep:EGp. (73,1)

IMockoabky BekTop E, Bceraa nexuT B MJIOCKOCTH, TNepreH-
IUKYJASpHOH K HampaBJeHHIO BOJHH, TO TEH30D J;, UMeeT BCero
yeThpe KOMITOHEHTH (B 3TOM naparpade MHAEKCH I, £ noapasy-
MeBalTCs mnpoberaioluMu BCEro aBa 3HaveHus: I, k=1, 2,
OTBEY3IOUMX OCHM Y U Z; OCh X — BAOJb HanpaBJeHHs pacnpo-
CTpaHeHUs BOJIHbI).

CyMMa JuaroHalbHHIX KOMIIOHEHT TeH3opa J;, (o0o3HauuM
ee uepes J) eCTb BELWIECTBEHHAad BEJMYHUHA — CPELHee 3HauyeHue
KBa@para Moxyas Bektopa Ey

J=J; =EE;. (73,2)

IToit BENUYUHOH ONpeaenseTcs HHTEHCUBHOCTb BOJHBI, A3Mepse-
Mas TJOTHOCTBIO MOTOKA B3Hepruw B Hel. Jas Ttoro utoGml
HCKJIOYUTh 3TY BEJIUUYUHY, HE HMEUY0 IPSIMOro OTHOLUEHUS
K TONSPU3ALMUOHHLIM CBOHCTBAaM, BBEIEM BMECTO J;, TEH30p

i
Pik:_}‘, (73)3)
AN KOTOPOTO p;; = 1; OyseM HasblBaTh €ro HOASPUIAUULOHHLIM
merH30poM.
Hs onpenenenuns (73,1) BUAHO, YTO KOMIOHEHTH TEH30Pa Jip,
@ C HHM H pyp, CBA3AHBI COOTHOLIEHUSIMH

Pir=— P?;t (73,4)
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(T. e. TEH30p, KaK TOBOPAT, Sp.Mumos). B cuay 3TuxX cooTHOuIe-
HUft JIHarOHaJIbHbIE KOMMOHEHTH pyy W pgg BEIIECTBEHHH (MpHYEM
p1Fpee=1), a py==pfe. Bcero, caerosarensHo, NoAIPU3AILUOH-
Helft TEH30D XapaKTEPHU3YETCs TPEMSA BELLECTBEHHBIMH MapaMeTpaMu.

BbIiICHUM YCIOBHS, KOTOPHM MOJDKEH YIOBJETBOPSTL TEH30P
p;p JJIA BMOJIHE MOJSPU30BAHHOTO cBeTa. B aTOM cayuae Ey = const,
M TNO3TOMY WMEEM MNPOCTO

Jir =Jpir = E;Ef (73,5)

(6e3 ycpenHeHus), T. €. KOMMOHEHTH TeH30pa MOryT OLITh mpel-
CTaBJEHE B BUIE NMPOU3BEACHHH KOMIOHEHT HEKOTOPOrO MOCTO-
sHHOTO BexTOpa. Heo6xomumoe © JocTaToyHoe ycaoOBHE nas
9TOTO BHPAXAeTCd PaBEHCTBOM HYMO ONpeleuTens

[pir | == Pr1psa — Propn =0. (73,6)

TTpoTHBONOMOKNKM  CAyuaeM sBJSETCS HENoJspPU30OBaHHBIH,
Wi ecmecmsennsli, csel. Ilonnoe OTCYTCTBHE MOJASPH3aLMA
03HauyaeT, uYTO BCe HanpasJeHHs (B NJOCKOCTH YZ) BMOJHE
9KBHBAJCHTHH, JIpyruMu croBamn, MoJSPH3aUHOHHBIR TEH30p L0~
KeH UMeTb BUI:

1
pir =1z dix. (73,7)

Tpn sToM onpenenutens |p;|==1/4.

TlpoussobHbi TEH30pP pir MOXKET OHTb pasyoNeH Ha lse
4aCTH — CHMMETPHUUHYIO (N0 unAexcaM I, k) 1 AaHTHCHMMETPHUHYIO,
PaccmorpuM vacTHuift cayuafl, KOria NOCJAENHsAs 4acTb OTCYTCT-
ByeT. B cuay (73,4) cuUMMeTpPUYHHH TEH30D pir B TO Ke BpPeMs
1 pemecTsed (p; =—p%) Kax u Bcaxuit cuMMeTpuuHHit TeHsop,
OH MOXeT OhThb NPHUBENEH K TJIaBHBIM OCAM C ABYMS pa3idy-
HbHIMH TJIaBHBIMH 3HAueHWsIMH, KOTODble MBl 0603HauMM uepes
A, 1 Ay Hanpassenus riasHHX oceft B3aUMHO NMEPNEHIAUKYJSPHBL
O6o3nauas uyepes nl) u n'® opru (eauHuuHHE BEKTOPH) 3THX
HanpasJeHuH, MOXKHO MPEACTABHTL pikx B BHIE

b= A Fhn®n®, hh=1 (138

Benuuunet Ay u Ay NONOKHTENbHH ¥ MPoOEraloT 3HaueHHs OT.
0 mo 1.
Kaxam#t u3 nsyx useHoB B (73,8) umeer BuA npou3sBeleHus

JIBYX KOMIIOHEHT MOCTOSHHOTO BEILECTBEHHOTO BEKTOpa (Vl, nt)
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wan ¥V hn®), Jlpyrumu caoamu, KaxIHH M3 STHX U1eHOB
COOTBETCTRYET JUHEHHO moJapu3oBalHOMY cBety. [lanee mMbl BH-
auM, uto B (73,8) Her uaeHa, colep allero NPOU3BENEHHs] KOM-
NOHEeHT STHX IBYX BOJAH. 3TO O3Hauaer, 4To o6e 4acTH MOKHO
paccMaTpuBaTh Kak (PU3MUECKH HE3aBUCHMBlE IPYr OT ApPYra,
WIH, KaK TOBODAT, Hexozepenmmubie. JleficTsuTenbHo, ecau ase
BOJHBI He3aBUCHMbI IODYr OT APYra, TO Cpelliee 3HaueHWe Npo-
ussenenns E;VEY pasno nmpcu3BeleHHIO CPENHHX 3HAUEHHN Kax-
IOr0 M3 MHOXHTEJNEH, W MNOCKOJbKY KaxXIoe W3 NOCAENHHX pas-
HO HYJIO, TO H
EPER =0,

Takum 06pasoM, B pacCMaTPHBAEMOM CJyyae YAacTHYHO MO-
NAPU30BAHHYI0 BOJHY MOXHO NPEACTaBHTb KaK HAaJOMXEHHEe [BYX
HEKOTePEeHTHHX BOJH (C HHTEHCHBHOCTAMH, PONOPIHOHAIbHBIMH
A ¥ Ag), JMHEHHO MOJAPHU3OBAHHHIX BO B3AMMHO MEPNEHIAUKY.sp-
HLIX HanpasdieHusx. (B ofiieMm ke cJydyae KOMIJIEKCHOrO TeH-
30pa pir MOXHO [MOKa3aTh, YTO CBET MOXeT OWTb MpPENCTaBJeH
KaK HaJlOXeHHe HBYX HEKOTePEeHTHHX SJJIMNTHYECKH MOJAPH30-
BaHHBRIX BOJH, 3/UIMINCH NOJAPH3aUHH KOTOPHX MOLOGHb M B3aUM-
HO MepPNeHAHKYISAPHHL.) '

§ 74. TeomeTpuueckas onTHKA

[Taockast BOJIHA OT/AMYaeTCs TeM CBOHCTBOM, YTO HampaBsJje-
1He ee PacNpOCTPaHeHWs ¥ aMIJIMTYAa Beslde oauHakosu. Tpous-
BOJIbHBIE 3JEKTPOMarHuTHHe BOJHH 3THM CBOMCTBOM, KOHEUHO,
e o6nanaror.

OaHaKko YacTO 5JEKTPOMarHWTHble BOJHH, He SBJAIOILHECH
NJIOCKHUMH, TeM He MeHee TaKOBBl, UYTO WX MOXHO PacCMaTpWBaTh
KaK IJIOCKHE B KaXIOM HeOOJbLIOM yvacTKe NpocTpancTsa. JLas
sT0ro HeoOX0AWMO, 4TOOH aMNJAMTYAa W HaNpaBJeHHe BOJHDLI
MOYTH He MEHSANHCh Ha NPOTAMEHHH PAacCTOSHWK nopaixa NaH-
HHl BOJIHBI.

Ecnu BHINOJIHEHO 3TO YCJAOBHE, TO MOXHO BBECTH TaK Hagbl-
BaeMHle B80/HOBbLE NOBEPXHOCHM, BO BCEX TOUKAX KOTOPHX dasa
BOJHK B JaHHLIA MOMEHT BpeMeHH OJWHakoBa (AAd MJAOCKOH
BOJIHE 5TO — [IOCKOCTH, NMepneHAUKY/IspHHE K HanpaBJeHHio ee
pacnpocTpaHeHus). B KaxaoM HeGoablIOM YYacTKe NpPOCTPaH-
CTBa MOXHO TOBOPHTb O HampaBJeHWH PacHPOCTPAHEHHS] BOJHH,
HOpMaJabHOM K BOJHOBO# noBepxuoctd. [Tlpu sTOM  MOMXHO
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BBECTY MOUATHE AYied — JAHAH, KacaTesbHas K KOTOPHIM B Kam-
Io# TOYKE COBMalaeT C HampaBJeHNeM DacnpOCTPaHeHHs BOJHBL.

HMayuenre 3aKOHOB pacnpOCTPaHEHUs BOJH B 5TOM CJaydae
COCTaBAAET NpPeAMeT 2eomemputeckoll onmurxu. ['eoMmerpuueckas
ONITHKA PaCCMaTpPUBaeT, CJEJOBATeNbHO, PacnpOCTPaHEHHE 3/eKT-
PCMarHMTHBIX BOJIH, B 4YAacTHOCTH CBET3, KaK PacrnpoCTpPaHeHue
Jayudel, COBEpPUIEHHO OTBJIEKasCh MPH 3TOM OT WX BOJHOBOH mpH-
ponul. IpyruMu CJIOBaMH, reOMETpPUYecKas ONTHKAa COOTBETCTBYET
npelenLHOMY Caydale Manbix AJAuH BOJH, A — 0.

3aiimemcsi Tenepb BHIBOLOM OCHOBHOIO YDaBHEHHS reoOMeTpH-
YeCKOH ONTHKU — YPaBHEHHs, ONpelesAIlero HanpaJeHue Jy-
yet. ITycts f ecTh MmoGast BeJIMUMHE, ONMMCHBAOMAA NOJE BOJHEI
(mobGas u3 kommoHeHt E wm H). B nnockoit moHoxpomaTuueckoh
BoJHe f UMeeT BHI

f= aet ke —of La) (74,1)

(vbl onyckaeM 3HaK Re; Besfle nmolpasymeBaeTcsa BemIECTBEHHAs
4acThb).
Hanumem BbIpaXeHne AJ4 noJa B BHIE

f=ae', (74,2)

B cayuyae, koria BoJHa He MJIOCKad, HO reOMeTpHYECKas ONTHKA
NpUMEHNMa, aMIINTyIa a fAsJafercs, BooOuie roBops, QyHKUHeH
KOOPAMHAT U BpeMmeHH, a as3a ¢ (Ha3bIBaeMas TAKKE JLKOHANOM)
He uMeeT NPOCTOro BuAa, Kak B (74,1). CywecTseHHo, OIHAKO,
yTo 3HKOHaJ ¢ sABadeTcs GoJbLIOH BeAMYnHOH. DTO BHAHO yxe
M3 TOro, YTO OH MEHsAeTCH Ha 2% Ha NPOTHKEHHH IJMHB! BOJHBI,
a reoMeTpUuecKas ONTHKa COOTBETCTBYeT mpenesay A — (.

B wMmasnblx ywacTKax MNPOCTPAHCTBA M HHTEPBanax BpeMeHH
SHKOHA/T ¢ MOXHO PasJOXHUTb B PAA; C TOYHOCTbIO IO 4/EHOB
NepBoro MOpAdKa HMEEeM:

0 0
b=ttt 5

(Hauano0 KOOPAMHAT M Ha4aJ0 OTCYETa BpeMeHH BHOpaHHl B pace
CMaTpMBaeMHX YYacTKe TMPOCTPAaHCTBA W MHTEPBAJE BPEMEHW;
3HauyeHMs Tpou3BOAHHX Oepyrca B Hauane KoopimHat). CpaBHu-
Basg 5TO BHpaxeHue ¢ (74,1), MBI MOKeM HamMCaTh:

Y Y
k__.—a—;_——-_gradqa, 0==—=7, (74,3)
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B COOTBETCTBHM C T€M, UTO B KauAOM Hebo/bIIOM YuacTKe mpo-
cTpaucTBa (M B HeGOJBIUMX HMHTEDBaJaX BPEMEHH) BOJHY MOKHO
paccMarpuBaTh KakK [JOCKYIO.

[To onpexenesmo BOJAHOBOTO BeKTOpa, nMeeMm k*=ow?/c%
Ioncrasus cioma k u w u3 (74,3), noayuum:
s L [0y
V=% ) - (74,4

910 andpdepeHalbHOE YDPAaBHEHHE B YACTHBIX [POM3BOAHMIX
NepBOro {10PAAKA HAa3bIBAETCH YPasHEHUEM IUKOHAAQ W ABJSETCA
OCHOBHBIM YPaBHEHHEM TreOMETDHUYECKOH ONTHKA.

YpasHeHue (74,4) MOXKHO BBIBECTH TaKKe M HeNocpeaCTBEH-
HHM nOpeleJbHHM nepexodoM A-»0O B BOJHOBOM YpaBHeHUH,
[Mone f ymosaersopsier BOJHOBOMY YDaBHEHHIO

1 f
M=LL, (745)

HOas ¢yskunu sunma (74,2) umeem:

Of _ 0a i | o, 008 OV ;o | .0 0% FURY
S =g G Sh e G — (G 1

Ho s#konan ¢ B reomerpuyeckod ontuke — Go/blias seanuuHa,
[osromy moxHO npeneOpeub 3Aech TpeMs NEPBLIMU YJIEHAMH 110
CPaBHEHHIO C YEeTBEPTHM N TOTAa

o f op \2
£ ’“"("a?) /.

AnanornyrpiM 00pasoM Hakzem:
A~ — (W) f,

1 noicTtaHoBka B (74,5) HaeT ypasHeHue (74,4).

M3 Bulda ypaBHeHHS SHKOHaJa BHTEKAaeT 3aMeuaTeAbHas aHaw
JIOTUA MEXKAY reOMeTPUUECKOH ONTHKOH M MeXaHMKOHW MaTepuajib-
HBX uacTul. B MexaHuke ypaBHeHHe IOBMKEHMS YACTHLIB MOMKET
OLITh NPEeACTaBACHO B Bule ypaBHeHus ['aMuaprona—sIkobu Idas
geticteus S (§ 31). D10 ypaBHeHHe, KAK U YpaBHeHME SHKOHaNa,
ABJSETCA YP4aBHEHHWEM B YaCTHBIX MDOU3BOAHEX MEPBOro MOPSAAKa.
pu srom nelctere § cBA3aHO ¢ uMnyabcoM p u hYHKUHEH
Tamuaprona ¥ 4acTUuBl COOTHOILEHUAMA

__ 98 _ 08
P="%r ="
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CpaBunBas 3Tn dopmyas ¢ dopmynamn (74,3), MH BHIHM, yTO
BOJHOBOH BEKTOP BOJHH HrpPaeT B reoOMeTPUyYecKod onTuxe posb
HUMIYJbCA 4YaCTHUH B MEXaHUKE, a YacToTa — POJb (PYHKUHH
FaMnabTOHA, T. €. 3Heprun uactuil. AOCOMOTHas BeanYnHA
BOJHOBOTO BEKTOpa CBfi3aHa C 4acTtoTol dopmynoi k=m/c. 10
COOTHOLIEHHE AHAJTOTHYHO COOTHOUIEHHIO P ==& [c MeXKIy MMMY./b-
COM # 3Hepruedt yacTullel ¢ MAaccoH, paBHOH HYJIO, U CKOPOCTBIO,
paBHOH CKOpPOCTH CBeTa.
ILns yacTail uMeroT MecTo ypasHeHus [aMusbTOHA

M 07" g 9

=—T’ V—r—‘——op .

Beuny ykasaHHO#i aHaJIOruM Mbel MOXEM HelOCPEACTBEHHO Ham-
carb NOMOOHHE yDaBHEHHs IJ9 JyueH

. do . do
= — = = =, 4

k o T=5k (74,6)

B nycrote o=ck, tax uto0 k=0, v=cn (N — eIuHUYHH}

BEKTOP BIOJb HamnpaBJeHus pacnpocTpaHeHud), T, €., Kak M CJe-

J0Bag0, B OYCTOTE JYYHM SBJASIOTCA MOPAMBIMU JIMHUAMH, BOOJb

KOTOpHIX CBET PAacnpoOCTPaHAETCE CO CKOPOCTbIO ¢ 1),

§ 75. Ilpenensi reoMeTpHYecKOdl ONMTHKH

ITo onpeneneHuio nJAOCKOH MOHOXpOMAaTHUECKOH BOJHH ee
aMIIuTyda Be3lie M Bcerda OAMHAaKoBa, Takas BOJHa GeCKOHEYHa
N0 BCEM HanpaBJCHUAM B NPOCTPAHCTBE W CYLUIECTBYET Ha MNpo-
TSKEHHM BCEro BpeMeHH OT — oo M0 -} 0o. Beskas xe Boana
¢ He Be3le N He Bcerja NOCTOSHHON aMIIUTYIOH Moxer OHTh
auuip  Gosiee uWaM  MeHee MOHOXpoMatuveckKod. Mpl  3aliMeMmcs
TeNnepb BHACHEHUEM BONPOCA O CMEAEHIl HEeMOHOXPOMAMULHO-
cmu BOJIH,

PaccMoTpUM 371K TPOMAarHUTHYIO BOJHY € aMIIUTYAOH, ABJASIO-
meklcs B KawAOH TOuke TNpOCTpaHCTBAa GVHKUMEH BpeMeHd,
ITyctb ®, — HexkoTOpas cpeldHsa uvacToTa BOJHH. Torla noze

1) XoTa B NpUMeHeHUHM K PacNpPOCTPaHEHHIO CBeTa B TNYCTOTe Ha-
MUCaHHKWE YyPaBHEHHA TPHBOIAT K 3apaHee OUCBHIHBIM Pe3ynbTaTaM,
HO CyLIeCTBEHHO, YTO B CBOeH ofuieti GopMe 3TH BHBOJL [IPHMEHHUMBI
H K pacnpoCcTpaHeHHIO CBeTa B MaTepuHanbHbIX cpenax. MiMenHo B 3ToM
cAyyae BO3HMKAaeT aHalorua ¢ JBHXEHHEM 4YACTHLU BO BHEUIHEM CHIO-
BOM MoOI¢g, i ’
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BOJIN (HanpuMep, SJEKTPHUECKOE) B JAaHHOH TOYKE HMeeT B
Eg(f)e—™f, D10 mn0se, He sBJswOlleecs CaMO MOHOXPOMAaTHue-
CKHM, MOXHO, OIHAKO, PasJOXHUTb Ha MOHOXPOMAaTHYECKHE KOM-
NOHEHTH, T. €. B uHTerpan ®Pypbe. AMIJIMTYAA KOMMNOHEHTH
STOr0 pasJONKEHHA C YacTOTOR ® MPONOPUMOHANBHA MHTErpany
+
S Ey(f) el @~ w0t df,

—_

Muoxutens ef@—®l! gprsercsa nepuomnyeckoit GyHkumet, cpes
Hee 3HaueHue kKotopo#t paBHO HYmo. Ecin 6w E, 6ni10 BOOOWIE
MCCTOSHHBIM, TO WHTErpan O Obl B TOYHOCTH DaBeH HYJO
npu Bcex o 7 wy Ecam ke E,(f) nepemenno, Ho nouru He Me-
HSIETCA Ha NPOTAMEHUH NPOMEKYTKOB BPEMeHH nopsaaka 1/jo — my,
TO HHTErpaj MNouTH PaBeH HYJIO, — TEM TOUHEe, YeM MelJeHHee
menserca Ey s Toro uro6m uHTErpasn Gwl.1 3aMETHO OT/IHYEH
oT HyJd, HeoOxoxumo, utolGul E,(f) samerHo meHsncch na npo-
TsKEHHHM TIPDOMEXNKYTKA BPEMEHH nopsaka 1/jo — wy).

OGosHauuM nocpeacTsoM Af MOpAIOK BEJNMYHHHL TIPOMENYTKaA
BpEMEHH, B TEYeHHe KOTOPOrO aMIIMTY4a BOJHE B JIaHHOH
TOUKe NMPOCTPAHCTBA 3aMETHO Meusercs. V3 npupeseHHbIX coobpa-
XKEHUH CcrenyeT Teneps, 4TO HanGoJee OTAMYAIOWIMECT OF w,
YacTOTHl, BXOMNAILME B CHNEKTPAJIbHOE PasJOMEHHE S5TOH BOJHBI
C 3aMETHRIMH HHTEHCHBHOCTSMH, OMPENENSITCS H3  YCJAOBHS
1/lo — wy] ~ Af. Ecam 0603Haunts nocpeactsoM Ao uHTepsan
YacCToT (BOKPYr CpeaHe# yacTOThl ®y) B CHEKTPAJIbHOM pasiome-
HHH, TO, CJEIOBATE/]bHO, UMEET MECTO COOTHOILEHHe

Aw At~ 1. (75,1)

Mb BuiuM, 4TO HeACTBHTENBHO BOJHA TeM GoJee MOHOXpOMa-
THYyHa (T. e. Ao TeM meHblue), yem Gosblue Af, T. €. ueM Mel-
JICHHEE MEHAETCA B KamIOH TOUKE NPOCTPAHCTBA €€ aMILIUTYAA,

CootHoluenns, aHanoruudnle (75,1), JMerko BHBECTH H JUIA
BoqHOBOro Bektopa. Ilycts Ax, Ay, Az — nopsaixku seauyun
PacCTosaHui B1OAL OCER X, ¥, 2z, Ha KOTOPHIX 3aMETHO MEHsAeTCH
aMIINTYAa BOJMHH. B NaHHWH MOMEHT BpeMeHM noOJe BOJHH
KaK (DYHKUHS OT KOOPAMHAT MMEeT BMA

EO (l') eikor)

rie ko — HEKOTOpoe cpeaHee sHaueHue BOHOBOTO Bektopa. Co-
BEPINEHHO aHAJOTMYHO BBIBORY (75;1) MOXKHO HaiTe dHTepsan Ak
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SHAUEHHH, NMEIOMUXCA B Pas/JOXEHHH pacCMaTpHUBAEMOR BOJIHLI
B [IpOCTpaHCTBeHHBR mnHTerpan ®ypoe:

Ak Ax~1, Ak Ay~ 1, Ak Az~ (75,2)

PaccMoTpuM, B YacTHOCTH, ' BOJIHY, M3JYYaBIUYIOCS B TEYEHHE
HEKOTOpOro KOHEeYHoro mHrepBasa BpemeHn. OOo3HaunM nocpex-
crBoM Af nopsoOK BeAMYMHBL 3TOTO HMHTepBaJja. AMIIMTYAA B
DaHHOK TOYKE MPOCTPAHCTBA BO BCAKOM C/YYae 3aMETHO u3Me-
HseTca 3a Bpems Af, B TeueHHE KOTOPOTrO BOJIHA YCIEET LEANKOM
npodtu uepes 51y Touky. Ha ocHoBanum coorHomwenns (75,1)
Mbl MOM(EM TENepb CKasaTh, YTO «CTENEHb HEMOHOXPOMATHYHO-
¢Th» TakoH BOJHB Aw BO BCAKOM C/Jyuae HE MOXET OwITh MEHBLIE,
yeM 1/Atf (HO MosxeT, kKOHEYHO, ObiTh U GoJblLe):

1
Ao > 5. (75,3)

AHanoruudo, ecan Ax, Ay, Az — nopsiIKn BeJHYMHB pasme-
POB BOJHB B NPOCTPAHCTBE, TO /IS WHTEPBA/JOB 3HAUEHHH KOM-
TIOHEHT BOJHOBOTO BEKTOPa, BXOIAIMX B Pas/’iOoNEHHE BOJHGI,
HaxoanM:

1 1 1
Akx%g, Aky%@: Ak, > — i (75,4)

M3 srux dopmys caedyer, uTo €CIM MB HUMeeM IYYOK CBETa
KOHeYHOH LIMPHHBI, TO HanpaBJeHue pacrpoCTpaHeHus CBETa
B TaKOM IyYKe He MOXeT OHTb CTPOro nocTosHHeM, Hanpasissa
OCb X MO CPENHEMY HANpPaBJEHHIO CBETa B MYYKE, Mbl I10JyYaeM!

A _
2 a5~ 55 (715,3)
rae 9 — [OpAAOK BE€JAYNHBI OTKJOHCHHS INYYKA OT CpeldHero
Hanpaﬂneﬂnﬂ B NJOCKOCTH XY, @ A-—— [JINHA BOJHBL

C apyro#t cropoHn, dopmyna (75,0) maer orBeT Ha BONpoc
0 npelenbHOM peskoctH onTnyecknx nsobpaxenust. [Tyuok ceera,
BCE JYYH KOTOPOro Cor/jacHo reomerpnqecmn OINITHKC O0J/IKHB
6uin OBl nepeceyncs B OJHOR TOYKE, B JEHCTBHTE/JBHOCTH JaeT
n3obpaxeHne He B BHAE TOYKH, a B BHJE HEKOTOPOro MATHA.

Ilas wwupuHsl A 3TOro nsATHa MMeeM corJacHo (75,5)

1 A

Ao~

(75,6)
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rie § — yros pacTBopa nyuka. ITY GOPMYIY MOXKHO NMPHUMEHHTb
He ToJbKO K H300paxeHuio, HO H K ripeamery. MMenHo, Moxio
yTBepKAaTh, YTO NpH HaOJI0AEHUH HCXOMAIIEro U3 cBeTauleHcs
TOYKH MYYKa CBeTa 3TY TOUKY He b3 OTJHYHUTbL OT TeJa pas-
mepa A/B. CootsercTBenHo stomy dopmyna (75,6) onpenenser
NPEAEIbHYI0 Pa3pewtaiouy0 cuay MHKpPockorna., MunumaapHoe
sHauenne A, nocTuraomeecs npu 8-~ 1, ecte A, B NOJHOM €O-
rJacMd ¢ TeM, yTO Tpefe]n TeoMeTpUYeCKOH ONTHKU Ompele-
JAITCA AJUHOH BOJIHBI CBeTa.

3agauva

Ha#iTH nopanok BeaMUMHH HaHMEHbUIEH IHPHUHBEI CBETOBOIO TYUKa,
MONYYaoIerocs OT TMapajaeibHOrO IYyKa CBeTa Ha paccrosnuy [ or
Auadparmu.

Pewenwue O6o3nauus pasMep oTBepcTHsa AuadparMul uepes d,
uMeeM u3 (75,5) nas yraa ortkaoHeHus ayueli («yraa gudpaxuuu»)

3HaueHHe ~ A/d, OTKyAa IIMPHHA TIYYKa MOPAAKA d—{-——zl. Haumens-

lIee 3HaueHWe 3TOH BedHuHHB ~ VAl .

§ 76. CoGcTBeHHbIE KOJEGAHUA MO

Paccmorpum cBoGomnoe (6e3 3apsaloB) 9JEKTPOMATHHTHOE
10/1¢, HAaXOAAUIEECAd B HEKOTOPOM KOHEYHOM oObeMe MpoCTpaH-
crBa. A ympoueHus HaJbHeHIIUX BBIYMCJIEHUH MPEANOJIOKUM,
yTo 3TOT o0beM OOaanaer ¢opMOB NPAMOYrOJLHOrO mapaJisesne-
nunesa coO CTOPOHaMHu, PaBHHMH COOTBeTCTBeHHO A, B, C. Mu
MOKEeM TOlMA Pas3/OHThb BCE BEJHUHHBI, XapPaKTepH3YloLlue o=
Je B 3TOM mapaJjjejenunene, B TPoihHo# psx Pypee (o Tpem
koopauHataM). Hanumem 310 pasnoxenue (nampumep, I4 Bek-
TOPHOrO TOTEHIHana) B BHIE:

A= (axe’*r 4 afe—ikr), (76,1)
k

SIBHBIM 00pasoM BHIPakaoOIEM BewecTBeHHOCTh A, CyMMupoBa-
HUe MPOM3BOAMTCS 3[ECh MO BCEM BO3MOXHBEIM 3HAUCHUSM BeK-
TOpa K, KOMINOHEHTH KOTOpOro npoGeraioT, Kak H3BECTHO, 3Ha-
YeHHus

2rn, 2rny, A 2nn,

kx= A ’ Yy B F 2 C » (76)2)
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rhe My, My, N — NONOKNTEIbHbIE U OTPHIATE/bHbIE LEAbE UHCA,
U3 ypaBHeHuﬂ divA==0 cnenyer, uto ans kaxnoro k:

kax =0, (76,3)

_T. €. KOMMJIEKCHble BEKTOPH ay OPTOrOHaJbHE K COOTBETCTBYIO-
MM BOJIHOBHIM BEKTOpaM, BeKTODH ax sBJMIOTCH, KOHEYHO,
$YHKILMAMY BPEMEHH; OHM YIOBJETBOPAIOT YDPaBHEHHAM

ay, - %%, —0. (76,4)

Ecan pasmepmt A, B, C ppbpanHoro o06beMa JOCTaTOYHO
BEJMKH, TO COCENHHE 3HaueHus Ky, Ry, k. (Y KOTOpHX n,, Ry, N,
OTJHYAIOTCA Ha EIUHULY) OUEHBb 6:m31<u IPpyr K Jpyry. Mu
MOKEM TIOBOPHTb TOTJa O YMCJE BO3MONKHHIX SHaueHuH k., &,
k, B nebonpluux uHTepsanax Ak, Ak, Ak,

[Mockoapky cocelHue 3Haue€HHs, CKAKEM R, COOTBETCTBYIOT

3HaYEHNAM M, OTA{YAIOUIAMCA Ha e€JUHMLY, TO uucro An, BO3-
MOKHBIX 3HaueHu# k£, B uHTepBaae Ak, paBHO NpPOCTO COOTBET-
CTBYIWOUIEMY WHTEpBany 3HaueHu# n,. Takum o6pasom, ME Ha-
XOIUM:
A
2n
[Toanoe uuciao Ar BO3MOXKHLIX 3HaueHHH BekTopa K € KOMIO-
HEeHTaMH B WHTepBanax Ak, Ak, Ak, paBHO nNpou3BENEHHIO
An,An,ln,, T. e

M =Mk, Any—-2 Ak, An,—C Ak,

An=-5— (2 L Ak Ak AR, (76,5)
rne V=ABC ectb 06beM noJs.

Jlerko omnpenenuTs OTCIOJA YHMCAO BOSMOKHHIX 8HAueHMH
BOJHOBOrO BEKTOpa C abCOMOTHOH BeAnyuHOM B MHTEpBane Ak
‘1 HanpaBleHWEM B 3JeMeHTE TejecHoro yraa Ao, Jlas storo
HalIo TOJBKO MEPEHTH K CPEPUYECKUM KOODAMHATAM B «XR-NpO-
CTPaHCTBE> M HanucaTb BMecTo Ak, AkyAk, snemeHT 00BEMa B
5THX KoopiauHarax. Takum o6pasowm,

An_—-—(2 )Bk*AkAo (76,6)
Hakonell, MoMHOE yucJa0 3HaueHuH BoJaHOBOro Bekropa ¢ abco-

JOTHEIMA BeJIHYMHAMM & B WHTEpBajge Ak W BCeMM HanpapiaeHH-
sMy pasHo (nuumeM 4= BMecTo Ac)

An=-ors (76.7)
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Bextopsl @y Kak (YHKUMM BpEMEHH CBOASTCH K NPOCTHIM
NEePUOJAHYECKUM PYHKIMAM C uacToTaMu @p==ck (cp. (76,4)}.
IpencraBuM pas/oxeHHe MOAH B TaKOM Buje, 4TOObl OHO ABJSI-
J0Cb pas3/iomeHueM ua Oerymwe naockue Boaubl. as storo
OyseM CuMTaTh, Yr0 KaKJA0€ M3 ay B8aBUCUT OT BPEMEHH nocpel-

. —iw, i
CTBOM MHOXHTE/IA e L
ag~ e, wp=ck (76,8)

Toraa kawabi oTAesbHbli uneH B cymMme (76,1) 6ymer ¢yHk-
nHeR TONLKO OT PasHOCTH Kr — opf, YTO COOTBETCTBYET BOJIHE,
pacnpocrpassiouletics 8 HanpasJieHuu BekTopa k.

BHYUCAMM [OJHYO IHEPTHUIo

.
paccMatpuBaeMoro 104s B oObeMe V, BbIpa3uB ee yepes Beju-
yHHbl Ay s JNEKTPHYECKOrO ROAA HMEEM:

E=—t A=—1 ¥ (e 4 age—in,
K

uaW, NpUHUMas BO BHHMaHWe (76,8)

E=1i) k(aye™ — aje—ikr), (76,9)
Kk

Han marHutHoro mnosas H=rot A Haxoaum:

=i 21':“ ([kay] e?r — [kag] e~ ) (76,10)

IIpu BbluMCAEHMH KBaApAaTOB STHX CYMM HAaf0 MMETb B BUAY,
YTO BCE NPOM3BEIEHHUS UJIEHOB C BOJHOBMMH BekTOpamu k £ k'
HAOT HYJAb NPU HHTETPHPOBAaHHH 1O BCeMy oGbemy. JelicTsu-
TEJbHO, TAKME U/AEHH COMAEPKAT MHOMHMTEIN BUa eX (e ==
=k =K', a uxrerpan, Hanpumep,

C LEAbIM OT/AHUHLIM OT HYAd M, pased Hymo. B uaenax e,
B KOTOPBIX SKCMOHEHILHaAbHKE MHOMMTENM BhINAAAI0T, MHTErPH-
posanue no 4V npaer npocrto obvem V,
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B pesyabrate Hatizem:

|4 : %
= ) {Fawak +- [kai] [kai]}.

k
Ho sBuay toro, uto axk =0, umeem:
[kay] [kaf] = k%axaj,
H Mbl MOJAYYaEM OKOHYATEABHO:
» R*V
§=Z@k, é°k=-2—n~ agal. (76,11)
k

Takum o6pasoM, noJHas B5Heprusi [0Js BBHIPAXKAETCA B BHIE
CyMMbl 3HEprH#it G, CBA3aHHBIX € Ka:xIOH M3 NJAOCKHX BOJH
B OTAE/JIBHOCTH.

AHasorvulplM 00pasoM MOMHO BBIYMCAUTbD MOJHBIA MMILYAbC
noJis

1 r i1 o9t
pyuyeM I0Jay4acTCA

é

¥k, (76,12)
k

IT0T pesyabTaT MOKHO OBLIO OWMIAThL 8apaHee BBUIY H3BECT-

HOTO COOTHOIUEHHS MewJy B5Hepruefl u HMIOYyJbCOM MJIOCKHX

BoJH (cM. § 69).

Passoxennen (76,1) JOCTUraeTcs OnMcaHue MO/ NOCPEACT-
BOM AUCKPETHOrQ psia NEpPeMEHHbIX (BEKTOPBI dx) BMECTO Oliu-
CaHus HEeNpEepbIBHBIM PIJOM NEePEMEHHBIX, KAaKOBBIM MO CYILECTBY
ABJAAETCS ONUCaHHe TnoTeHlinaqoM A (x, y, 2, t), 3alalowumMca BO
BCEX TOuKaX npocTpaHcTBa. Mul npoussereM Tenepb npeoGpa-
30BaHHe MEPEeMEeHHbLX ax, B Pe3yAbTaTe€ KOTOPOro OKaXeTcs
BOSMOMHBIM NPHUAATh YPaBHEHHAM NOJA BWI, aHAJOTHYHBIH KaHO-
HUUYECKHM YpasHeHusiM (ypaBHeuwsm ['aMuU/IbTOHA) MEXAHUKH.

BeeneM BelecTBEHHBIE <«KAHOHHYECKHe nepeMeHHbe» Qg u
Pk cormacto cooTHoweHusM

Vv
Q= ]/71“—0; (ax - ag),

. -'/ |4 :
sz — [Wp m; (ak —_ aﬁ)= Qk.

(76,13)
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Pyukuns [amuabToHa no.as 1104yyaeTcs NOACTAHOBKON 3THX
pbipaxenuit B suepruio (76,11)

&f:zo%fk=2%(pa+mzoz). (76,14)
k

k

ITpu srtoM ypapuennss I'amuabToHA ()%//()szQk COBMajawT
¢ pasencrBaMi Py = Qy, koTopble, TakuM oOpasom, HeficTsu-
TeJbHO OKa3blBAOTCA CJCNCTBHEM YDaBHEHHH IBuxeHHa (5TO
DOCTHTHYTO HaljexaumuM BHOOpOM KOS(:pCleuHEHTa B npeoOpa-
3oBaHuu (76,13)), YpaBHeHns e ()Jf 0Q = — Py NIPUBOIAT
K ypaBHEHUAM

dk + 03 Qx =0, (76,15)

T. € TOXAECTBEIIHbl .C YPAaBHEHUAMH TOJA.

Kawapll 3 sexropos Qg u Pg neprneniuxy/sped K BOJHO-
BOMY BeKTOpY K, 1. ¢. uMeer 1o Ape He3aBHCHMblE KOMIOHEHTH,
HanpassieHne 35THX BEKTODOB ONpelesseT HalpaBjaeHue MOJsAPH-
3alMK  CoOTBETCTBYIOWEH Oeryuiedd BoaHul. OO003Wayus Ase KOM-
noHeHTH BexkTOpa Qx (B IVIOCKOCTH, mnepneHAuKy.apHoi k)

110CPeaACTBOM ij, j=1, 2, umeen Qf(.:Z Qﬁj, H aHaJoruuio
J
s Py, Torna
& \' 1 T
H = Z H iy K= (Piy+0lQip.  (76,16)
kJj

Mbl Buauw, uto dyuxkuns [amMuasTOMa pacrnajaeTcs Ha CYMMY
HE3aBUCHUMBIX UJEHOB, KamIbll H3 KOTODBIX COJEPAHUT TOJBKO
Mo OJHOW rape BeJANYHH ij, ij. Kawapl# Takol uned cooT-
BeTCTByeT Oeryluell BOJHE ¢ ONpefeseHHbIMH BOJHOBBIM BEKTOPOM
1 noaspusauned. Ilpu srom @%/kj nMeeT BUA hyHkunn [amivin-
TOHA OAHOMEDHOIO <«OCUMJJIATOpPA», COBEpIUAINIero MpoCThie
rapmoHpueckue koaebauus, ITosToMy 0 MoJyyeHHOM pPasJ/ioKeHNH
rOBOPAT HHOTIA KaK O DPAa3J0XKeHHU TOJAA HA OCUUANAMOPbL.
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§ 77. 3anasgbiBalomue AOT@HIMAJBI

BriBeseM ypapHeHust, onpegeasionpe MOTEHIMANB! TOJf, CO3-
JaBaeMoro ABMXYILKMHCA 3apagamd, [1as 3TOro nmoBTOpUM HPO-
ussefenHsli B § 68 BHBOA, He mnosaras, ONHAKO, MPH STOM
MAOTHOCTh 3apAA0OB H TOK PaBHHIME HYJIO.

IoncrasuB onpenenenus

1 0A

= % H==rot A any
B ypasHeHue
rotH="20y 4 L2
noJy 4uM:
rot rot A =— AA -} grad divA=4—c—n i —21591;7';\- — grad ?)—3
(77,2)

(8 mocaeaHen yieHe Cnpasa nepecTaBaeHsl onepaunn grad u 9/0f).
B KauecTse HOMOMHHTENBLHOIO YCAOBHS, HanaraeMoro Ha mo-
TeNnunass, sHibepeM Teneph PaBeHCTBO

divA- L % —o, (17,3)
3TO YCNOBHE HA3BIBAIOT JHOPEHILEBLIM, a 06 YIOBJACTBOPSIOUIUX €MY

MOTEHUNANAX TOBOPAT KaK O MOTEHUHanaX B Aopenyesoll Kaaub-
posiel). Toraa nocnaequue uaenst B 060WX CTOPOHAX YPaBHEHHS

1) Ycanosue (77,3) apaserca G6oaee oGwiuM, UeM HCHOIb30OBAHHbIE B
§ 68 ycnoua ¢ =0, div A =0; norexuuaas, %,Loanemopmomuc 9THM
HOCAE[IHYM, YIOBACTBOPAIOT TaKwe H ycnosuio (77,3). B orauune ot Hux,
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(77,2) B3auMHO COKPAILAIOTCA U MBI IPHXOLUM K YPaBHEHRIO

I 0%A 4n
AHanoruyunid 06pasoM, noactasus (77,1) B ypashenue divE —
= 4mp, NOAYUHM:

[ o,
———E'azdIVA—‘A\.P—-4'Kp,

win, suipasus divA u3 ycaosua (77,3)

tp— 120 = amp, (77,5)

YpaBHenus (77,4 — 5) u ABJAKIOTCA UCKOMBIMH YDaBHEHHsAMY,
JLas MOCTOSIHHOrO - NOJIL OHH  CBOMATCH K YMXe H3BECTHBIM HaM
ypasHenusm (59,4) u (65,4), a mas nepeMeHnoro noas 6es sapu-
0B — K OAHODOAHBIM BO/JHOBHIM YDPaBHEHUSIM,

Pewexue HEOAHOPOMHMX JanHeHHbIX ypasHenuH (77,4 — 3)
MOXKET ObiTh MPEACTABJIEHO, KaK H3BECTHO, B BHIE CYMMb pelIe-
HEHSl 9TUX Ke ypaBHeHu# 0e3 11paBoi yaCTH ¥ 4aCTHOrO HHTErpana
ypaBHeHu#t ¢ npaBot wacThio. [1af HAXOMAEHHA STOLO YAaCTHOTO
HHTErpajga pasienuy BCE NPOCTPAHCTBO Ha O6eCKOHeuHo. Mainie
YYaCTKH W OnpelenuM I[0Je, CO3ZABAEMOE 3apsaaoM, Haxclds-
INUMCA B OJHOM M3 T2KHX 3J€MeHTOB o0beMa. Bcaemcteue -
HellHOCTH ypaBHeHn# ucrundoe noJje OYAET pPaBHO CYMME MoJed,
CO3/aBaEMBIX BCEMH TaKHMH SJIEMEHTaMU.

3apan de B 3alaHnoM ajemenTe oOLema aBasercs, BooGie
rosops, PynxiideR ot spemenn. Ecan BbiOpaTh nHavano KoopAuHAT
B paccMaTpuBaeMOM sJeMenTe o0beMa, TO MAOTHOCTh 3apsalaa
p=de(t)8(R), rae R — paccrosnue oT Hayana koopamHar. Ta-
KuM 0o0pa3oM, HaM Hako PeLINTh yPaBHEHne

PR

¢ off

= —4nde ()3 (R). (77,6)

OJHaKo, ycaoBHe JlopeHila HMeeT HHBAPUAHTHLIA XapaKTep: MOTEHUHALH,
YAOBAGTBOPAIONUIHE STOMY YCAOBHIO B OflHOM CHCTeMe OTCYeTa, YjoBae-
TBOPAIOT €MY U BO BCAKON APYroft cucreme. 3TO0 BHAHO M3 TOro, YTO
ycnosne (77,3) mower GbiTb 3aMHCAHO B YeTHIPEXMEPHO-HHBAPHAHTHOM
BHJIE
0A% 0
oxt—
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Besne, kpome Hawama koopauHatl, d(R) = 0, n Mb umeeM
ypaBHEHHE
1 0
Aq ———T——q’: .
?— 3 5u="0 (77,7)
OueBuao, 4TO B PaCCMATPUBAEMOM Cayvyae ¢ 00Jafaer WEHTPa/b-
HOH cuMMeTpHel, T. e, sapasercs gyHkied Toapko oT R. IlosTomy,
€CJM Hanucath oneparop Jlanaca B cdepuueckux KoOpAuHaTax,
10 (77,7) npuobpeTter BUI:
30 R oe) 9%,
REOR\"N OR) ™ 2 of
Jlast pelueHust 3TOrO ypaBHEHHS CHE/HaeM MOACTAHOBKY ¢ =—
=y (R, )/R. Toraa ana y noayuum:
P 10 g
OR:'. c? of3 -

Ho 310 ecTh ypasHeHue IJICCKHX BOJH, pellieHue KOTOpOro
HMEeT B!

t=t(t =)+ A{t+5).

IToCcKOMBLKY MBI HilEM TOJBKO YaCTHHI MHTErpan ypasHeHus,
TO AOCTaTOYHO B3ATH TOMbKO OAHy M3 dynkuuit fi u fo. OOwunO
GuBaer ynoOHubiM BmGHpaTh f,=0 (cM. 06 stom Huxe). Torda
NOTEHLHaN ¢ Be3Ie, KPOME Hayana KOOPAMHAT, HMEET BUI:

1%
o= N (77,8)

DYHKUMS ¥y B 5TOM DAaBeHCTBE MOKa [PON3BOJbHA; BhOEPEM ee
Tereps TaK, 4roObl MOJYYHTh BEpHOE 3HAYEHHE s MOTeHHHana
TaKk}e ¥ B Hayale KOOpAMHAT. MHaue rosopsd, Mbl JO/KHBE T0AO-
OpaTh y TaK, 4To0b B Hauaste KOOPAMHAT YAOBJIETBOPSIOCH YpaB-
ueuue (77,6). 1o nerko caenats, 3amerus, urto npun R— 0 cam
TMOTEHLHAT CTPEMUTCS K 6eCKOHEYHOCTH, a TOTOMY €T0 POU3BO/HBIE
110 KOOPAHHATAM PacTyT OBICTpee, ueM M[OH3BOAHBIE MO BPEMEHH,
Caenosatenbto, npu R— 0 B ypasHenun (77,6) MOXHO npeHe-

2

c—fﬁt‘f' no cpaeHeHuo ¢ Ay, Toraa oHO MEPEXO1dT
B M3BECTHOE yie HaM ypasHenue (59,10), npusogsuiee K 3aKOHy
Kynona. Takum o6pasom, BOmu3aM Hauana KOODAMHAT Qopmyna

Opeub 4JCHOM
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(77,8) nomxua nepexomuts B 3akod Kysona, oTkyna caenyer,
uto y ()=de (%), T. e

¢/

R .

Orciona 7nerko nepedTH K pelueHuto ypasHenus (77,9) maa
NPOH3BOJABLHOrO pacnpefenedus 3apajos p(x, ¥, 2, t). Ilag atoro
nocTatoyHo nanucats de=—pdV (dV — snement ob6vema) u npo-
HHTErpupoBaTh N0 BCEMY ‘TIPOCTPaHCTBY. K noayueHHOMY TakuM
0o6pa3oM pelieHHI0 HEOAHODOAHOro YypasHeHus (77,5) MOXHO
npufaBuTh ele pelleHHe ¢, 3TOro Xe ypasHeHHs 0e3 npasoit
yacti. Takum oOpasoM, ofmiee pelieHHe HMMEeT BHA

o, )= go(r t=2)av +q,

R=r—r, dV =dx'dy'dz, (77,9)

de (t —-B->

& ==
4

rhe r=(x, ¥, 2), r'= (¥, ¥, 2% R ecTb pacCTOflHHEe OT 3Je-
seHTa o6pema dV 10 «TOuKH HabmoOJEHHS>, B KOTOPOH Mbl HILEM
3HaueHHe noTeHuMana. Mpi 6yneM NUCaTb 3TO BEIpaXEHHE KOPOTKO
B BHIOE!

Pe—R/c
rac BHAEKC MOKAa3biBA€T, YTO 3HAYEHINE p HAIO 6paTb B MOMCEHT

Bpemenn t— R/e¢, a wrpux y dV onymer
AHaJornyHpiM 00pa3oM HMEEM A8 BEKTOPHOrO NOTEHHHMATa:

Azi—S]";/ch—{—Ao, (77,11)
rae A,— pewenue ypasHenus (77,4) 6e3 npasoit yacTu.

Beipaxenus (77,10—11) (6e3 ¢, u Ay) Ha3LiBawTCA 3ana30st
BAK UM HOMEHUANAMIL

B cayyae HenoAsuxHHIX 3apsnos (T. €. He 3asucame# oT
BPEMEHH MJOTHOCTH p) dopmyaa (77,10) nepexonnT B H3BECTHYIO
yxe HaM dopmyay (89,9) a1g noTeHuuana 3JAeKTPOCTaTHUECKOTO
noJs; dopmyna xe (77,11) B ciayuae CTaHHMOHAPHOrO MBHMKEHUA
3apsfloB NEPEXOMHUT (Mocjae ycpeAnewus) B Qopmynay (65,5) mas
BEKTOPHOrO NOTEHHHMAJa NOCTOSIHHOrO MAarHUTHOrO NOJS.

Beanuunbl ¢y 1 Ay 8 (77,10—11) onpesenaiorcd Tak, 4ToOLI
YIOBJETBOPUTL YCAOBUAM 3afaud. Jlig 3TOro, oyeBHIHO, OO Obl
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AOCTAaTOMHO 3aAaTb Haua/bHble YCJAOBHSH, T. € 110J1€ B HayadbHsil
MOMeHT BpeMeHH. OAHAaKO C TaKMMH HaUaJbHHIMH YCJIOBHSMH
0oObIYHO He NPUXOAUTCA HMETb Aenaa. BMecTo 3T0ro samamrcs
ycaoBusi Ha 60/IbIINX PacCTOSIHUSAX OT CHCTEMbl 3aPAA0B B TEUEHHE
Bcero speMeny. Mimenno, 3aaaerca nagawouiee Ha CHCTEMY BHELIHEe
u3ayyenue. COOTBETCTBEHHO 3TOMY NOJ€, BO3NHMKAOWEE B [e-
8y/JbTaTe B3aUMOLECHCTBHA 3TOr0 H3JIYUEHHS C CHCTEMOM, MOKeET
OT:IMYATLCS OT BHEIUHEro 110418 TGJbKO U3/yuYeHHeM, MCXOASUINAM
oT cuctemnl. Takoe™ ucxoasiiee OT CiCTeMbl u3/yueHne Ha 00Jb-
IHX PacCTOSHHUAX HOKHO WMETH BHA BOJHBL, paclpoCTpaHsIio-
wedcs no HanpaBAeHUID OT CHUCTEMH, T. €. B HanpaBJeHud BO3-
pacraiowux R. Ho 3ToMy YCJa0OBHIO YI0BAETBOPSIOT HMENHO
3anasamBaioiiie noreHuuans. Takum obpasom, nocaeanue #3obpa-
KaioT coboit noJje, uUCXOAALIEE OT CHCTEMBI, a Py ¥ Ay Halo
OTOXKAECTBHTD ¢ BHEIUHHM NOJEM, JEHCTBYIOILIHM Ha CHCTENY.

§ 78. Nortenuuanst Jluenapa -—Buxepta

Onpegenum NOTEHUUAIB! O3, CO34aBAEMOr0 OAHUM TOYEUHbIM
3apsiAOM, COBEpLIAWINUM 3axaHHOE ABHAECHHE 10 TPaeKTOpHH
r==r,y(%).

CorsacHo Qopmy/iaM 3a0asiHBAICIKX [I0TEHLUAI0B 110J€ B
Touke HabmozeHusn P (x,y, 2) B MOMEHT BPEMEHH [ onpenensercs
CCCTOSIHMEM [BHXKEHHS 3apala B NpedllecTBYIOUMA MOMEHT Bpe-
MeHH !, I8 KOTOPOTO BPEMs pacipOCTPaHEHHst CBETOBOTO CHI-
Hajla M3 TOSKWH Haxoxaeuus 3apsda ry(f) 8 Touky nHabmozenus
P kak pas cosnaaaer ¢ pasHocibio {—1t. Iycts R(f)=r1—
— Iy (f) — paauyc-BeKTOp OT 3apsida e B TOYKYy P; BMecTe ¢ 1y(f)
on sBasercs 3alanHoB ymkimeri spemenn. Toraa moment ¢
onpenenseTcs ypabHEHHEM

¢ 5-£Q:t. (78,1)

B cucreMe orcuera, B KOTOPOH B MOMEHT BpeMeHu t vacTdLla
NOKOUTCA, 0HOJMe B TOuke HabmwaeHHs B MOMEHT ¢ JAaeTcs
NPGCTO KY/NOHOBCKUM MNOTCHUHATIOM, T. €

v . R
=TT A=0, (78,2)

BolpakeHus 148 noTeHuHa’so8 B NPOU3BOJBHOH CACTEME OTCUETA
MBl TOAY4YHM Terepb, HanucaB Takol -4-BEKTOP, KOTOPHi Ob
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npu cxkopocth v=0 nasana a9 ¢ u A sHauenus (78,2). 3ame-
yas, yto coraacio (78,1) ¢ us (78,2) MOKHO HANHCATb TaKxNe

H B BHIEC
e

¢=re—ry

HAXONHM, YTO HCKOMBI# 4-BEKTOD eCTb
u

A=t (78,3)

3£lec1> u* — 4-ckopocis 3apsis, a R*—4- BeKTop C COCTaBJSAIO-

IILHM U
R =((t—1t) r—r)

npuueM {', x’, ', 2’ cassaubl IPYT C APyroM cooTHolueHueM (78,1).
ITocnennee wmeer uHBAPHAHTHBIH XapakTep, MOCKOJAbBKY OHO
Mo#eT OWTb 3alHCaHO B HHBADHAHTHOM BHAE

R,R =0. (78,4)

PackpeiBas Tenepnr B Tpexmepunix 0003HaYeHHUsIX CMBICA KOM-
notient 4-pektopa (78,3) B UPOHM3BO/LHOM CHCTEME OTCYETa,
NOAYYHAM AJS NOTEHILHANIOB TIOJS, CO3MABAEMOro MPOH3BOJBLHO
EBAXCYVIHMCA TOYEUHBIM 3apsdoM, CJAEAYIOUHEe BbiPaXEHUA:

e ev
?=7"RD A=-———W (78,5)
(K] (R’

rae R — pamuyc-BeKTCD, NPOBEIEHHHH H3 TOUKH HAXOXIAEHHS
gapada B TOuYKY HabMoAeHHss P, W BCE BEAUYUHB! B MPaBbIX
YacTAX PAaBEHCTB MAOJMKHBI ObiTh B3STHL B MOMEHT BpeMeHu f,
onpeneasomntics u3 (78,1). IloteHunanst noss B BHAE (78,5)
HA3HBATC nomernyuasamu Jluenapa — Buxepma.

s BBIUMC/IEHUS HANDSAKEHHOCTEH 9AEKTPHYECKOTO H Mar-
HUTHOrO noJelt no dopmynam

E__——j—(—)ém grade, H=rotA

Halo AuddepeHunposars ¥ A N0 KOOpPAMHATaM X, ¥, Z TOYKH
H Momeuty ! wnaGmomeHns. Mexay tem ¢opmyan (78,5) seipa-
AT NOTEHUHANb Kak (YHKUHH OT ¢ H JHUIb Yepe3 COOTHO-
mieHne (78,1) — kak HemBHMe (YHKUHH OT X, y, 2, t. IlosTOMy
I BBHIYHCJCHHA HCKOMBIX MNPOH3BOAHBIX  HAAO MPeABapHTE/LIIO
BBIUHC/HTb TIPOU3BOMAHBIE OT ¢ ‘
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Huddepenunpys pasencreo R({{)y=c({ — ') oamnn pas no f,
a Apyro#f pas no r, uMeeM:

OR __ 0ROt __ <1 0t’>

ot ot ot T ot
(78,6)
__O0R_0R ' OR ’
gradR:a = 57 gra dt == = —cgradf.

IMpoussoauyio OR/0f HahmeMm AnddepeHUnpPOBaHUEM TOXIECTBA
R*=R? n noacranoskoil 0R/0f' = — v (') (3HaK MuHYC CBS3au
¢ T1eM, 4To R ectb pamuyc-Bexktop oT 3apsila e B TOuKy P,
CKOPOCTb K€ €CTb [POU3BOAHAZsA [0 BpPEeMeHH OT KOOPAMHAT
3apsna);, OTCIOAa

dR__ Ry
= R"
IMpoussonuas e
9k _R
or ~ R’

[MoscTasun 3T suauenns B paseucrsa (78,0), wanidem u3s Bux

ot' 1 R

= grad = —(——““ﬁ“,—\' (78,7)
R_ —

ot T W
R ¢
C nomomwio stux (OPMYa He NPEACTaBASET TPYAA BhivuC-
aute noas E m H. Onyckas npomemyTousbie  BbIUHCHElNMS,
NPUBEACM NOJY4YalouAca pesyanTar:

1— 3; Rl ¢
Eze@;jng_%R%H;GijgﬂR“R—}@V”
(78,8)
= L [RE]. (78,9)

3necy v=20v/dl’; BCce BeIWUUHBI B NMPAaBRX CTOPOHMAX PaBEHCTBA
OepyTcs B MoMent ¢, MuTepecHO OTMeTUTH, YTO MarHUTHOE NOJE
OKa3hIBAaETCA BE3AE NEPNEHAUKYJAPHBIM K 3JEKTPHYECKOMY.
AnexTpuyeckoe note (78,8) coctour us AByx vacred pasiaud-
1oro xapaktepa. Ilepsbiff uzneH 3aBUCHT TOABKO OT CKOPCCTH
YacTuubl (HO He OT €€ yckopenus) u Ha GOJBLIHX PACCTOAHUSIX
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Mensercs Kak 1/R® BTopo#i useH 8aBHCHT OT YCKGpPeHus, a 1pH
Goapwnx R mensercs kak 1/R. Mbl yBUAMM HiKE, 4TO MMEHHO
9TOT MOCJACAHUH YJICH CBsi3all C M3JIYUaeMbIMH YacTHUIEH 3/1€KTPO-
MArHATHBIMHA BOJIHaMH.

HYro xacaercs nepBoro ujeua, To, OyAyud HE3aBUCHMBIM OT
YCKODEHHs, OH [0KEH COOTBETCTBOBATH [MOJIO, CO3/1aBaeMOMY
PaBHOMEPHO ABMKYILUAMCS 3apsaaoM. JLefCTBHTEIBHO, MOXKHO MOKa-
3aTh (Ha ueM Mbl He OyJeM 3/ecCh CCTaHaBJHBAThCHA), UTO MOJE,
OnpejieIeEMOE 3THM UJIEHOM, TOXAECTBEHHO ¢ moaem (61,3).

§ 79. Hone cucrembl 3apsaoOB HA NANEKHX PACCTOSHHAX

Paccmorpuy nose, cosnaBaeMoe CHCTEMOH IBMXKYLIMXCS 3aps-
NOB Ha PaCCTOAHMAX, 00/BIIUX MO CPABHEHHIO C €€ COOCTBEHHBIMHU
pa3mepamu.

BriGepem nauano koopiaunaT O rAe-a1H00 BHYTPH CHCTEMBI
sapagos, Paluyc-sektop u3 O B Touyky HaOmoseuus noas P
0003HauuM nocpeacTBoM Ry, a elunuuiibifi BEKTCP B 5TOM Hamnpas-
Jennn — uepes n. Paauyc-sekTop asgementa sapsaga de—opdV
nycte OymeT r, a paiauyc-sekIcp oT de B TOuKy P 0603HauuM
kak R; oueBumno, uto R=R, —r.

Ha Gospwnx paccrosimuax or cucreMsl Ry>>r u npuban-
KEHHO MMeeM:

={Ry—r{~~R,—nr.

Tloactasum 310 B GOPMYJH  3anasibBaOILAX  TOTEHILMAIOB
(77,10 — 11). B 3HamenaTese NOABIHTErPAJBHBIX BBIPaXeEHuil
MOXHO mnpenebpeus rn no cpasHeHno ¢ Ry B aprymente xe
t — R/c sroro npeHeGpexenus, BooOue roBops, CAEMaTh HEAb3H;
BO3MOMXHOCTh TaKOTO TNpeHeOpeKeHHs OmnpelesseTca 31ech He
oTHOCHTENLHCH BeanunHOM Ry/c u rn/e, a TeM, HAacCKOJBKO
MEUsIOTCA CcaMi p u j 3a Bpems rn/c. YuuTeBas, uTO 1pH
MHTErPUPOBAHHU R, sBAAETCH MOCTOAHHON UM TOTOMY MOXKET ObITB
BBHIHECEHO 34 3HAK MHTErpaja, HaXOAMUM /s MOTEHLUAJOB MO

Ha G0/BLIOM PACCTOSHUM OT CHCTEMBl 3aPsA0B CJEAYIOIHME BHPA-
wenus:

= dv, 79,1
¢ RoSPt_?+FE" (79,1)

|
A=\ ] L (79,2)
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Ha nocratouno O60JAbmHX DPacCTOAHMSX OT CHCTEMH 10.ie
B MaJBlX YUaCTKax NPOCTPAHCTBA MOXHO PacCMAaTpPupBaTh Kak
NA0CKYi0 BoJHY. Jas sToro Hamo, uyTo6n paccrosiuus  Oblau
BEIUKM HE TOJBKO 110 CPaBHEHHIO C pasMepaMu CHCTEMBI, 110
W NO CPaBHEHHIO € AJAHHOH H3JAYYaEMBIX CHCTEMOH 3A€KTpO-
Maruutibix Boad. O6 3To# o6nacTu moss roBOPST Kak O 804HO-
80l 30He W3NYUEHHA.

B nacckofi soane moas E u H cpssamst apyr ¢ apyrom
cootnomrennem (69,4) E={Hn]. Iocroaky H=rot A, 10 A28
11OJHOTO OMpejenelins 11045 B BOJHOBON 30lie AOCTaTOYHO BHIYHC-
JAATH TOJbKO BEKTOPHEH norenuuan. B maockoil BoaHe uMmeeM
H=[An)/c (cp. (69,3)), rme TOuka nza GyKpoi OspauaeT Aud-
tdepeHunpoBanue no Bpemend, Taxum o6pasomM, 3xag A, Halnem
H u E no dopuynam’y.

H=1[An] E=1[/An]n] (79.3)

OTMeTHM, YTO NOJA€ Ha MANEKUX PAICCTOSHHAX OKa3mIBaeTrcH
06paTHO 1iPONOPUUOHAABHEIM NepBOH creneHu paccrosHus Ry oT
usayuaioiued cucrempl. ChelyeT TaKke 3aMeTuTh, uTO BpeMa ¢
pxoauT B Bepaxenns (79,1 — 3) neane v xomGunaunu -— Ry/e
¢ paccrosuneM R,

Msayvaemnie CuCTEMOM 3JCKTPCMATHHTHEIC BOJIM  YIOCAT
¢ cofoii onpexenennyo sHeprulo. ITCTOK SHEPIUM D4eTCA BEKTO-
pom IloduTanra, paBHHIM B NAOCKOH BOJNE

HurencmBnocts d] wsayuenus B 3aeMenTe Tenecloro yraa do
ONpeleNdiOT KaK KOJHYECTBO 3HEDPrud, NpoTeKaiouied B eAHHALY
Bpemend uepes anement df=R2%o waposolt nosepxHOCTH €
HEHTPOM B Hayale KOOPAMHAT ¥ C paiuycoM Ry ITO KOJMHYCCTBO
PaBHO, OYEBHAHO, NAOTHOCTH HOTOKA SHEPruu S, TIOMHOXKEHHOM
Ha df, 1. e

o S
d]= ¢ ;- Rido. (79,4)

') ®opmyna E= — Ajc (cm. (69,3)) anecp HenpHMennMa, TaK Kak
NOTEHUNaNs ¢, A He YROBACTBOPAIOT TeM NONOIHHTCALHBIM YCHOBHAM,
KOTOpHeE OLlaH Hailoxenw na nux B § 09,
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IMockoabky nose 1 c¢Opatiio NpONopuHOHaMABLHO Ry TO MM
BUANM, YTO KOJHUYECTBO SHEPruM, H3TYyYaeMOH CUCTEMOl B EAUHHILY
BpPEMEHH B 3JEMEHT TeAecHOro yraa do, OAHHAKOBO M5 BCeX
paccroaHul (npd OAMHAKOBHX A4 HKUX 3HAUYEHUAX PasHOCTH
t — Ry/c). Tak, pasymeerca, ¥ AOMKHO OTb, MOCKOAbKY WH31yua-
eMag CcuCTeMOH 3Heprus pacipoCTPAHSETCd B OKPYXKawIIEM (PO«
CTPAHCTBE CO CKCPOCTBIO ¢, HUME HE HAKOUAAACH W HE HCuesad.

§ 80. Junonvdoe H3AyueHHe

Bpesmenem rn/c B noAmHTErpajbHHIX BHPaXEHUsX 3anas/ol-
Bawiux norentnanos (79,1—2) moxno npenebpeub, ecau 3a
BTO BpeMa pacnpeieneHue 3apsaaob Mazo Menserca. Jlerko ualitu
yCA0BHY ocyulectBieHus 3toro tpebosanua. Ilycte 7 c3Havaer
NOPANOK BEJAHUHHL BPEMEHMW, B TCUEHHe KOTODOro pacnpedese-
HUe 3apaioB B CUCTEME MeHsercsd 3aMeTHbIM oOpaszon. Msayuenue
oTOH cucrems Oyjer, oueBuAHO, 00/1aJaTh EPHOACM nopsaka T
(1. e. vacroro#t nopaaka 1/7). O6o3naunm Aa/ee NOCPEACTBOM a
NOPAAOK BEJMUMHBI PasMEPOB cuctembl, Toraa Bpema rn/c ~ a/c.
Il Toro utoGbl 32 5TO BpeMa pacupefeneHne 3apaioB B CUCTEME
HE YCreJo 3HAYMTeNbHO W3MEHMTLCH, HeoOXoauMo, uTobsl afc <& T.
Ho ¢7 ecrb He uTo kO, KaK AMuHA BOJAHK A usayueHusn. Taknm
o6pasom, ycaosue a <& ¢T MOXHO HANUCaTh B Bule

a ), (80,1)

T. € PasMepbl CHCTEMBI JAOJKHB ~ObiTb Madbl MO CPABHEHHIO
C IAJMUMHOR u3nyuaeMOH BOJIHBL

D10 yca0BME MOXHO Hamucath €ile ¥ B ADPYroM BAle,
3aMeTHB, Ur0 7~ afv, Tak YTO A~ ¢a/v, €CAM V eCTb HOPALOK
BeMUHHB CKOPOCTH 3apaaos. Ma a < A naxoaum roria:

v< e, (80,2

T. €. CKOPOCTH 3apaA08 AOJKIb ObiThb Majbl 110 CPABHEHHIO CO
CKOPOCTbIO CBETa.

Byzmem npeanoaarartk, 4TO 3TO yC/AOBME BHIIIOAHEHO, U 33AMEMCH
M3y4yeHNnEM U3JAYYeHU Ha PACCTOAHHAX OT WUBAyuaoLlLell CucTeMbl,
"60AbLIMX MO CPaBHEHWIO C AAHHOH BOMIN (3 C/A€AOBaTEJbHO, BO
BCAKOM Cayuae OOAbUIKX MO CPaBHEHHIO C PA3MEPAMU CHCTEMbI).
Kak 6nin0 ykaszaHo s § 79, Ha TakuX PacCTOAHUAX MOJE MOXKHO
paccMarpuBath KaK TJIOCKYIO BOJHY, H NOTOMY AAf ONpeAc/eHHA
MO/ AOCTATOYHO BBHIUUCAUTH TOJAbKO BEKTOPIIHIH MOTEHLUA,
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BexkrtopHuii notenuuan (79,2) umeer Tenepn BUA
1 .
A= S i dv, (80,3)

rie speMs ¢ =t—Ry/c n yke He 3aBUCHT OT mNepeMEHHHX
unterpuposanns. IToacrasass j==pv, nepenucesaem (80,3) s suae

rae CyMMHDOBaHMe MPOU3BOAMTCH TO BCEM 3apalaM CUCTEMH;
AN KPaTKoCcTd Mbl OyfAeM ONYCKaTh HuAeKC ¢ — BCE BEIMUHHBL
B NpPaBHIX CTOPOHaX paseHcTB GepyTcs B moMeHT Bpemenu ¢, Ho

d \ .
?ev:«Zar:d,
] dt |

rge d — gunosbnbiit MOMEHT cucTeMmbl, Taxim o0pasom,

1 -

A= iR d. (80,4)

C rmoyowsio dopmya (79,3) unaxoamM, uTO MarHuTHOE MOJE
I .

H_c._,—R0 {dn], (80,5)

a 9JeKTpHYECKOe mnoJae

1 "

=R, ({[dn]n]. (86,6)

OTmernM, uTO B paccMaTpuUBaeMOM NPubMKEHUH H3AyueHUe
onpenenseTcs BTOPOH npPou3BOAHOH OT JAMNOABHOTO MOMEHTa
cucTempl. Takoe nanyuenue HasblBaeTCA OUNOABHBIM,

IMockoapky d = Z er, 10 d = Z ev. Taxkum 06pa3oM, 3apsiast

MOTYT u3JyuaTh TOJBKO, €C/AM OHM HBHKYTCA C YCKOpEeHHeMm,
PaBHOMeDHO ABIKYIOMIMECsS 3apSAbl He H3AYHaloT. DTO CJAeAYeT,
BPOUEM, W HEMOCPEACTBEHHO M3 NPHHILMNE OTHOCHTEIbHOCTH,
TaK KaK DaBHOMEDHO ABMKYILMHCA 3apsfia MOXKHO pPacCMaTpHBaTrh
B TaKOH MHEPUUaNbHOH cucTeMe, Tle OH MOKOMTCSH, 3 MOKOALHeCH
3apsAAbl HE H3JYyualoT.

[Moacrasass (80,3) 8 (79,4), NOAYUMM HHTEHCHBHOCTL AHIIOMNb=
HOTO H3JyYeHMs:

o
2

d1=—1 [(‘in]'zdo =% qn2o do, (80,7

4red 4red
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rae 0 — yrosn NexAy BEeKTopaMu d u n dto ecth KOAMYECTBO
pHepruu, wusjaydyaeMol cucreMof B €IUHUIY BPEMeHH B 3JIEMEHT
TeJecHOro yria do, OTMETHM, 4YTO YrJOBOE pacnpelgneHue
H3JIYYEeHUs JdaeTcsi MHOxuTeqeM sin? 9,

Moncrasus do=2rnsin8d0 u unrerpupys no df or 0 1o =,
NOJAYYUM MOJHOE H3Jayyelue

2 .
J— 2
I= 35 d*. (80,8)
Ecnu umeerca Bcero oAuH 3apsil, ABMKYUIMACA BO BHEUIHEM IOJE,
10 d=er n d=—ew, rle w-—ycKkopeHue 3apafa. 1axkum
c6pa3oM, MOJMHOE H3JAYUeHHe ABUKYILErocs sapsaa
2e°w?
I'_ 3¢ (80’9)

CosnaBaeMoe cHCTEMOH H3JyueHHe MOXKET ObITb MOABEPTHYTO
cneKTpasisHOMy pasJoxenuo. OuesnlHo, 4TO 3a CO37aHie onpe-
JeJeHHHX MOHOXPOMATHYeCKHX KOMIOHEHT H3JYUYeHHs OTBeT-
CTBEHHB TaKWe Ke KOMIOHEHTH JMUMOJBHOTO MOMEHTAa CH-
crempl d(f). ITpn sToM Hado pa3anyaTh CJAYy4aH pas/IOKEHUs
B pafA und HHTerpan Pypse,

Ecnu 3apsbl COBEPUIAIOT NEPHOAUUYECKOE IBHMXEHHe (C 4acTo-
TOHf W), TO AUNOJBHBIK MOMEHT (a C HHM U TOJIe H3JyueHus)
nomked Ouith pasnoxen B pan Pypse. CoriaacHo obmel dop-
mysne (72,4) MHTEHCHBHOCTb MOHOXPOMAaTHYECKOH KOMMOHEHTH
(¢ uyacrorol w=nwy) noayuurca u3 dopMyss HAisg cpenHet
HHT@HCHBHOCTH HU3JIYYEHHS

‘2
I= gc—ad (80,10)
fyTeM 3aMeHbl CpeJiero KBaapaTa d* Ha VABOEHHLH KBaapaT
MOIYJA COOTBETCTBYIOIIEH KOMMOHeHTH Dypse:
1]
3c2'd I
Komnounenry ®ypse sexrtopa d(f) MOXKHO BHIPa3HTL uepe3 KOM-
noueury ®ypse sexropa d(f). [Ias storo 3aMeTuM, Y4TO Kaxcaslit
uneH pasjoxenus d(f) moskeH nonyuarscs Auddepennuposa-
HHEM N[O BPEMEHH COOTBETCTBYwIUero uJjeHa pasiowcHus d(f),
T. €

a pmiof — = (d -:mt) — —wid e«imt’

w
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OTKY A

d — — 0¥

w o

80,11
IToste

03TOMY st .
I :F]d‘"" (80,12)

w
C pasaowxemsiem e B nurerpad ®Pypbe NpUXOANTCH HMETDH
Aeno Jast u3ayueHuf, CCHPGBONKAAIIETO CTOJKHCBElNe 3aps-
KEHHBIX UaCTHiL (TaK 11a3biBaeMOe mopiao3noe uaayyesue). Tpu
9TOM NPEACTARIAET WHTEPEeC MNOJHOE KOMAHYECTBO 3HEPruu, N3iay-
yeHHoil 3a BCe Bpems CTOAKHOBeHuws. Ilycts d&, — sneprus,
H3Jayuenlas B BHIE BOJH C YaCTOTaMH B HHTEPBAJE MEKAY ®
n o-dw, Cornzcuo (72,8) Mpl noayuus ee n3 Qopmyas AJ

NOJIHOH 3HePrun H3ayyeHuns

[s9] [ee]
A = 5 mt:?’lﬁs d gt (80,13)
— _— 00 .

nyTeM 3aMenbl unrerpana Ha sepawenwe 2]d, [ dw/2m:
© 2 - ET )
d@m—a—ci]dw‘ do, (80,14)
OrMeTuy, UYTO 3@MKHYyTas CHCTEM3, COCTOAIlad M3 yacThl
C OJUNAKOBHM OTHOLUEHHEM BaPANAOB K MAaCCe, HE MOXET H3JYy-
yath (Anionb1io). JelicToutenbHo, Aas TaKOH CUCTEMbl AUNOMb-
HBI} MOMEHT

— V= 5‘- € o — 2
= er — — eSS t 7
d > et -~ mr = const ) snr,

rae const eCTb OAMHAKOBOE AXA BCEX YACTHIL OTHOILEHUe 3apaAa
k Macce. Ho Y, mr=RY] m, e R— paanyc-sexktop uenrpa
BHEPLMN CUCTEMBI (2llOMUHaeM, 4T0 Bce ckopectH v ¢, TiK

4TO MpuUMEHnMa liepemsiTupucrckan Mexanuka). ITosromy d npo-
NOPUHOHA/BHO YCKOPEHHIO 1EeHTPa MHEPUHM, T. € PABHO HYJIO,
TaK KaK LEHTP HHEePUuH IBMKETCH PasHOMEPHO.

Ecan JUIIOJIBHOE U3JAYYE€HME OTCYTCTBYEeT, 170 A4 onpeaeac-
HUSl M3JyYaeMOH cucreMcH sHepruu Halo oOparutbecs K OoJee
BBICOKMM W/IEHaM Pa3JoKelinf IOTeHLMa a MoJs 1O  CTEeneHsiM
MaJoro OoTHolichus a/A B caenywomem (nocte Adno/sbHOrO) npi-
614NN BO3HRKACT H3AYUEHHe, ONpefesouleecs KoJieSaHuaMu
KaK 3JEKTPUYECKOT0 KBaAPYNOJbHOrO MOMEHTa CHCTeMbl, TaK U
€e MarHiuTHOTO MOMEHTA.
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3anauyn?t)

1. Onpegeauty wu3ayuyewHe gunoas d, BpamlalOLErocs B ORHOH
TLIOCKOCTH € TOCTOAHHOH YII0BOH CKOPOCTbIO 2.

Pewenue BuOHpas Na10CKOCTb BPalICHHA B KadcCTBE NI0CKO-
CTH Xy, HMeeM:

dy=d,cosQt, d

y = d, sin Q.

BBHY MOHOXPOMAaTHYHOCTH STHX (QYHKUHH H3ayueHHe TOXE MOHOXPO-
MaTHYHO C 4acToTOll w=Q. llo ¢opmyne (80,7) HailzeM Han YrHoBOro
pacripefieieHus cpenuero (M0 NCPHOAY BpPaliCHHA) H3AyHEHHA

d2Q

4
. 2
e (1 cost 8) do,

dl =

rxe & —yroa Mewiy HanmpaBieHHeM A H3IyYCHHA M ocbl0 z. Iloanan
HHTCHCHBHOCTD

2, Onpejeauts TMOJAHOE H3AyYCHHE NPH A0GOBOM CTOAKHOBEHHH
IBYX OTTaJKHBAIOLIMXCA YaCTHL.

Pemenune, Brlpas Hayaro KoOpIHHaT B LCHTPe KHCPilMH
4acTHll, TOAYYHM IS JHIOABEOrO MOMEHTa CHCTEMLL

ey — ey e
d==egr, -} er,=—"2 2 1pr (———— 2\,r,
my -+ my \My ny)

rae HHOEKCH 1 u 2 ortHocarca k ABYM YacCTHIlaM, r =7T; — Ty €CTb
PaAHYC-BCKTOP MeEXNY HHMH, a p = mlmg/(ml —lr— ﬂle) — HPHBCACHHE:]
Macca, YpaBHeHHe OTHOCHTENbHOrO IEHXCHHA YacCTHIL
. . &€l
p= wy = —;—:;-

(ese: > 0). Corasacno (80,13) noasas 9oHCPrus TOPMO3EOrO H3ayyeuua

[e) [he}
ey e\ (e, 2 (e e\, ., ¢ df
e=szlm—m) \ve-mlGn) e § 5o

2 2

Ilpp 1060BOM CTOIKHOBEHHH OTHOCHTEAbHAA CKOPOCTb YacTHL ¢
onpefeaAeICcs u3

2 2
pv? ey pod

Tt T

r

f) Bo Bcex 3ajgayax Tojpa3yMeBacicd, 49TO CKOPOCTH 4YacTHi
v L.



258 H3JIYUEHHE 3JIEKTPOMATHHUTHBIX BOJH [TJ. X1V

Flle U,,— CKOpoCTb na Geckoucunoctd, [loxcrasus B muTerpane dt=—
= drjv, 3aMCHMM HHTErpHUPOBAHMC NO df HHTEFPHPOBaHHEM 1O dr OT CO

j— 2 .
IO I, =26,8,/pvl, ¥ 0T rp, 1O Ol
o o0
dt dr
S F=2 2e.0q
- ri vaoo I
r wr
min

Briyncous HHTErpan, Nonyyum:

8pivl, fe e \?
A§=Hm<l 2)

45c% e, \ ;i

8. Onpeneants MOJHOE M3NYYCHHE NpH MNpojeTe ONHOFO 3apAala
MHMO JPYrOro, €CIH CKODOCTL HAaCTOIbKO BeaHKa (XO0TS W Mala 1o
CPaBHCUHIO € ¢), YTO OTKJIOHCHHE OT NPAMOJIMHEHHOCTH ABHKEHUs
MOXHO CYHTATh MalbiM,

Pemenue. Yroax OTKIOHEHHUS Mam, €Cad po® > e,ey/p (KHHCTH-
yeckan SHEPrHs pu®/2 BemMka NO CPABHEHMIO ¢ NOTeHHHAAbHON SHEp-
ruefl, MOPANOK BeNMYHMHBI KOTODOH ecThb e,e5/p). [lpn mpamommueiinoM
IBHEHHH CO CKOPOCTbIO vt r =1 p® | 3%, rae p— mpHUenbHOC Pac-
crosnne. Tloacrasus B dopmyay (1) nmpemmayuwiefi 3amaun H BBIYHCAHB

HHTErpa’s, HONYYHM:
A —Tlea0)’ (& &)
3vedp? \my my) "

4. Hafith dopmyny nas cmeKTpalbHOFO pPacHpeieneHHA TOPMO3IOro
H31YYeHHs B Mpejede MadblX 4acTor').
Pemenune, B nnterpaie

o o
d.o= \ d()evfagr=p(lt L2 v elot
d, S d(t)e dt_pu<ml m2> S v etet gt
— 0 - 00

.
yCKOpCHHE V 3aMETHO OTMMYHO OT HYISl TOAbKO B TCYeHHe NPOMEXYT-
ka BpeMenn ~ 7. [ToaToMy n1d yacToT o <€ ljT MOXHO CYHUTATb, YTO
nol unterpanoM of <€ 1 M COOTBCTCTBEHHO 3TOMY NONOXHTbL €@ =z |,

Torxa
/ o0
w e & < (e 8
d S vw_(”’x m2>Ap’

m=“\m1 mz)

1) B cnekIpaAbHOM pacnpeledeHHH TOPMO3HOIO H3AYYeHHS OCHOB-
Has 018 HMHTCHCHBHOCTH NPHXOANTCA Ha YactoThl o ~ l/t, rome ©=—
NOPANOK BEJAHYHHBI NPONOMKHUTENLHOCTH CTOAKHOBEHHA. COOTBETCTBEHIIO
9TOMY NOJ MalbIMH Mbl TIOHHMaeM 3Jech 4acToThl o < ljt.
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ric Ap-—paMcHenHHc TIPH CTOJKHOBEHMH HMIYJbCa OTHOCHTCALHOTO
apnxcerusn p=pv. CornacHo (80,14) sneprus, U3nydyeHHan B UHTepBaIe
qacTor dw:

d& 2 <5‘— —EY (Ap)? do.

@7 3red \my  my

O6patuM BHUMAaHUE HA TO, YTO pacnpeie’leHHC He 3aBUCHT OT 4acro-
T8, T. €. d&,/dw cTpeMUTCA TIpH o — 0 K NOCTOAHHOMY Tipedesy.
5. OnpegenUTb HMHTEHCHBHOCTb H3IYUeHHUs 3aPANOM, IBHYLIHMCS
10 KPYroBoi TPaeXTOPHUH B NMOCTOAHHOM OZHOPOJAHOM MarHUTHOM MOJC.
Pemenue. ITo dpopmyae (80,9) Haxoznm:

]_“22’f1f112
T 3mes

§ 81. HaayueHue GbiCTPO ABMMKYHIErocH 3apspa

PaccMoTpHM Teneph 3apsuKEeHIIyIo uYacTHLY, ABHKYILYIOCH BO
BHEULIHEM TOJIE CO CKODOCTDLIO, HE MAJOH IO CPaBHEHHMIO CO CKO-
poctelo  cseta. [laa  pemienus 3agaum 00  M3UIYUEHMH TaKoH
yactanedd yno0HO BOCNOJBL3OBATHCS JIMEHAP-BUXEPTOBCKHM BHIDA-
aeHueM i noas (78,8 —9). Ha OGoapmux paccrosHusix ot
YacTAUBLE MBI JMOJUKHBI COXPaHHTB B HEM TOJIBKO ‘wLien ¢ Goiee
HU3KOH crenmeHbro 1/R (Bropo#t uieH B ¢dopumyse (78,8)). Bons
e/IMHAYHBIH  DeKTOp n B HampaBaenuu usayuenns (R=nkK),
TOAYHHM QOLMY.IbI

¥
E:,LL——-———“H“ ahd| H = [nE], (81,1)

rae BCE BEJHYHHBLI B npapbiX CTOpPOHAX paBCHCTBA 6GPYTCH B
3anas]pIBAOLIMN MOMEHT BpeMeHn =1t — Rjc.

WIHTEHCHBHOCTD M3JIYUeHHA B TeJecHb yros do nponopuio-
naabHa  E?  Tlonyuaoweecs orciofa  yrioBoe pacnpedeseHue
B ofuUleM caydae T0BOJbHO C104HO. Ho B yabTpapeaatusucTckom
cayyae (v Gmusko K ¢ | —v/c < 1) oo ofnanaer xapaxrep-
HOR 0COGEHHOCTBIO, CBA3aMHOM ¢ HaJuuHeM BBLICOKHX creneneil
pasHoCTH l—vn/c B 3HaMeuaressx. VMenHo, HHTeHCHBHOCTH
BEJIHKa B YSKOM HHTEpBaje YrJ0B, B KOTODOM 3Ta [2a3HOCTb
Mana, OOGosnauus uepe3 O Masbit yroJ MexAy V H M, uMeeM

7 — v 62 1/ v? 2\ ¢
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dra pasHOCTh Maja fpu

—
oNVﬁ_ﬁ

Takum 00pa3oM, YJAbTPApeAATHBUCTCKAs YaCTHUA H3AYYAET B
HanpaBJeHHH CBOCTO [ABUXeHWs B huHTepsad yrios (81,3) poxkpyr
HanpaBJeHHsi CKOPOCTH.

Kosnuectso sHepruu, usnyueHHod B TeueHue BpeMeHn df
B SJIEMEHT TeJecHoro yraa do, paBio

(81,3

({;t E*R*do >dt. (81,4)
OAHaKO nNpH BRYMCJEHWH MHTEHCHBHOCTH H3jyuyeuns HeoOXoRu-
MO Tenepb pasiuyaTh [BA2 BO3MOKHHIX criocofa ee onpeaeleHHs,

B (81,4) dt ects uuTepBan BpeMeHd B TOYKE HabiroJeHHH,
TaKk 4YTO BhIpaxeHHe B CKOOKaX eCTb HHTEHCHBHOCTH, Ofpeie-
JEHHan KaK 3HEPrus HUsJyueHud, BOCHpUHUMaeMoro HabJjwdare-
7€M B TeueHue efuHuus BpemeHu. Ho B cuny sddexra sanasan-
BaHWA MPH PacnpoCTPaHEeHHd BOJHBI OT M3Jy4allueli yacTHIB
K TOuKe HabxroleHus, uHTepBai df HE COBMAfAeT C WHTEPBAJIOM
BpeMeHu di’, B TeyeHue koroporo sHeprus (81,4) Guina usny-
yena ABukyulefics wactuned. CornacHo (78,7) umeem:

ot nv'
=2 gy —=(1 — W\gr 1,5
dt=5d - /\d (81,5)
Ecnu OofpeacinThL MHTCHCUBHOCTH KaK SHEPruo, W3AYYCHHYIO 4Ya-
cTduelk B eAVMHHIY BPEMEHH, TO OHa OyACT paBHa, CJEAOBATENBHO,

¢ nv
di=g £ (1 — T) Rédo, (81,6)

Ipu v<&c (kak 310 npeanonaarasoce B § 80) MHOWHTEND
1 —nav/c Moxer OHTb 3ameHeH eduHuued, u Torda o6a ompe-
Iesieds WHTEHCHBHOCTH COBIAdaioT.

3anava

OnpeacauTs HHTCHCHBHOCTD H3AVYEHHA  YIbTPapeasTHBHCTCKOM
yacrdueli, nsrxyuefica Mo xpyrooli TpaeKTOpHA B MOCTOSHHOM ONHO-
pONHOM MarHUTHOM 1Of1e,

Pemweunne Tlpu B3auMHo nepneux;mynﬂfﬂmx g’cxopeﬂnu H CKO-
pOCTH YacTHUs BHIYHCHAeHHE Mo opmyaam (81,1) u (81,6) maem:
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LA
I 1 (1 —_ EE) sin? 0 cos® P

T Are8 i [}
dme (1-——1:—cose) (1——»% cose)

rae 86— yromr Mexay n MV, a ¢ — a3uMyTaabHuill yroa BekTOpa n C
IJIOCKOCTBIO, TpoxomAwci yepe3 v U w. B yiabTpapedsaTHBHCTCKuM
Cryyae OCHOBHYIO poab urpaer o61acth Maastx 0. B atofi o6nactu

LAY
2e*w* 1 4 (1 - T’) 0 .
=-—7 — s cos® ¢ o,

di

do,

dl

e

a 9MeMEHT TenecHOro yraa do==sin 0 d9 do == 040 do. Bauny Guicrpoil
CXOJIMMOCTH HHTerpana no d9 npu BMYHCICHHM NOJAHOM MHTEHCHBHOC fi
MOXHO paCnpoCTpaHuTh HHTerpuposanue no db or 0 mo co. B pesyan-
TarTe TMOAyYHM:

2e*H?
e
3mec? (1 — 3;>
¢

3,uec1, Y®xe TIOACTABACHO TaKX€ BhIDaWMCHHE IaA yCKOpDCHHA NpH ABH-
Wenud No OKPYHMEOCTH B MAarHHTHOM 10%e H:

evH v? eH T
w == ] —— == 1— —,
me ¢? m c

§ 82. TopmoxeHune u3ayueHuem

[ =

HManyueHne 3/€KTPOMArHUTHEIX BOJH ABMXKYILUMHUCE 3apaia-
MU NPUBOIUT K noTepe uMu 3xHepruw, OOparnoe pausume 3TOH
noTepn Ha IBHXKEHHe B8apANOB MOMer OBTb OMHCaHO NYTCM
BBEJEHUS B YypaBHEHUA ABMKEHUT COOTBETCTBYIOILUX «CHA Tpe-
Hus»  f, ,

PaccMoTpuM cucTeMy 8apsioB, COBEPLIAIOLIMX CTaUHOHAPHGE
IOBUXEHNe ¢ HepesTuBUCTCKUMH ckopocTamn (v< ¢). Cpelnss
noTeps 2HEPIruM cHcTeMOH (OTHeCEHHas K eJuHHIle BpeMenn)
paBHa cpelHelt uHTeHcHBHOCTH uanydeuus (80,10). TMoaGepew
cunl f Takum o6pasom, urofbl 3Ta nOTEPR SHEPIruM Moraa OHTH
npeicras/jieHa Kak cpelddss pabora stux cua. PabGora cuaw f
8a eNuHHLY BPEMEHW paBHa npoussclendro  fv, rie VvV -—
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- CKOpOCTh yacTuupl. Takum o0pazoM, A0JaKHO ObiTh
Zf Vo= 50" (82,1)

(cymMa Oepercs 1o BCEM uHacTUiaM B CHCTEME).
Jlerko BuIeTh, 4TO 3TOMY TPEOOBAHUIO YIOBAETBOPAIOT CHlbl

Qe
f, =§f“ d. (82,2)
JleficTBUTEABHC, HMEEM:

2w Q! oo 2 d PP .:2
EftlvazgdeeavLI:. dd = o - (dd) — dd.
a a

Hpu ycpeaneHuu nepsBeifl 4seH, COAEpKatUi NOJAHYIO NPOW3BO/-
HYI0O 1O BpEMEHH, ofpamaercd B HYJAb (Cp. NMPUMEUaHUE Ha
crp. 213), u mun Bosspamaemcst K (82,1). Cuant (82,2) HasuBator
MOPMONCEHUNEM UIAYHEHIEM WA AOPEHUEBLLMIL CUAAMIT MPEHILSL,

Topmoxenne H3IyueHHEM HMEET MECTO M NMPH ABUKEHHU BO

SHEIIHEeM MoJe Aullb OoJHOH yacTuubl. B sTOM cayuae d=ev u
YPaBHEHHE ABHXEHHA C yqe'rOM cunst (82,2) mmeer BHI

mv = E 4 £ [VH] - 55 V. (82,3)

Hano, oxHako, uMeTs B BHAY, 4TO OnucaHue AeHcTsuAa 3a-
psda «camMoro Ha celsi» C TOMOIUBIO CHUJAB TOPMOKEHHA He
BNOJHE YIOBJAETBOPUTEABHO KM COZEPKUT B cebe mpoTHBOpEUHd.
JleHCTBUTEABHO, B OTCYTCTBUE BHEIIHEro mnojs ypasHehue (82,3)
CBOAUTCH K

. Op? o
myv =-3? \'A

AT0 ypaBHEHHE HMEET KPOME TPUBUAABLHOTO pelleHns v = const

eule pelueHne, B KOTOPOM YCKODEHHE V  [POMNOPIUOHAALHO
exp(3mc/2e%), 1. €. HEOrPaHUYEHHO BO3PACTaET CO BPEMEHEM.
D10 3HAUMT, HANDUMEP, UTO 3apsad, NpoLWEALINH uepes Kaxoe-
HuOyAb 1MOJIE, 10 BHXOAE W3 NMOJAA HOMKeH Obla Osl HeorpaHu-
YCHHO — «CAMOYCKODATbCA».  AGCYDAHOCTH  3TOTO  peayJbTaTa
CBUIETEIBCTBYET 00  OrDaHMYCHHOH NDUMEHHMOCTH YyDaBHe-
nus (82,3).

Moxer BOSHHKHYTH BONDOC O TOM, KakuM 0Opa3oM 3.€KTpoO-
JvHAMYKa, YIOBJETBODPSIOULAs 3aKOHY COXPaHEHHS YHEPTUH, MOKET
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npusectd K aOCypAHOMY pe3yJbTary, B KOTOpPoM c¢Bobomiias
MaCcTHila HEQrPaHMUEHHO YBEAMUMBaeT CBOIO 9Hepruio. Kopuu artoi
TPYAHOCTH HAaXOAATCd B AEHCTBUTENbHOCTH B YNOMHHaBIHEHCH
panee (§ 60) OeckoHeuHOH 5/EKTPOMAarHUTHOR «cOOCTBEHHOI
Macce» 3JeMeHTapHbiXx uactuil. Koraa bl nuiieM B ypaBHeHusx
JBHMECHUA KOHEUHYI0 Maccy 3apsfa, TO Mbl 3THM [0 CYLIECTBY
IpUNHCHBaeM eMy opManbHO OECKOHEUHYIO e OTPHUUATEbHYIO
«COBCTBEHHYI0O MacCy» He 3JEKTPOMAarHUTHOrO MNPOHCXOXAEHRA,
KOTOpasi BMECTE€ C 3/JEKTPOMarHUTHOH Maccof npuBoAnaa Oul
K KOHEUHOH Macce uacTuubl Beluutange olHOH n3 Ipyrofl Asyx
OeckoHeyHoCTEH HE ABJSETCS, OAHAKO, BIOJHE KODPEKTHOH martc-
MaTuyecKoM onepanuett; 3TO W NPHBOAMUT K PaAy Aajabliefnux
TpyJAuccTedl, B TOM ukC/aI€ U K YyKasaHHOH 3A€Ch.

[Mockoabky TakuMm 00pasoM cuia TOPMOXEHHA caMma 1o cefe
NPHBOANT K TIPOTHBOPEUMBLIM [e3y./bTataM, TO BelpaxceHHe (82,2)
NPUMEHHUMO JINILb, €CJAH 3Ta CHJAd QKa3hIBAETCS MaJoH no cpas-
HEHHIO ¢ CHJIOH, He#cTmylomeidl nHa 3apaldl CO CTOPOHB BHEIIHEro
1o.is.

§ 83. Pacceanue croGoaubiMu 3apsramu

Ecan na cucTemMy 3apsfioB NajJaeT 3JEKTPOMArHUTHAs BOJHA
TO MOJA €€ BJAUFHHEM 3apsAbl TNPUXOAAT B ABM¥eHHe, IT0 JIBu-
KelHe B CBOIO OuYepelb COMPOBOMKIAETCA H3AYUEHHEM BO BCE CTO-
POlIK; NPOUCXOMNUT paccesiHile NEPBOHAUAILHOR BOJIHBL

Paccesine yno6Ho XapakTepu3oBaTh OTHOILEHHEM KOAHUECCTBA
3HEPruu, UCNycKkaeMol pacceupawled cucreMod B JaHHOM Ha-
NpaB/eHHd B eJWHUILY BPEMEHH, K IJIOTHOCTH IIOTOKAa 3Hep-
rid NafalolEero Ha CUCTEMY H3JyueHus. JTO OTHOILEHHE HMe-
€T Pa3MePHOCTb IIOWIAJM M HAa3bIBACTCA CedeHlleM paccesaHis
(cp. § 15).

Iycts dl ects sHeprus, M3JayvaeMas CHCTEMOH B Te/ecHblif
yroa do (B 1 cek.) Tpd TajeldH Ha HEE BOJHBI € BEKTOPOM
Houuruura S. Torna cewenne paccesuns (B TeNecHbH yroa do)
pasilo
dl
S

do — (83,1)
(uepra Han OykBOM oO3HMauaeT VvcpeldueHue 10 BpemeHd). Mure-
rpan s OT ds 110 BCEM HallPaBJEHUSIM €CThb NOJHOE CeueHne pac-
cestns,
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PaccMotpuM paccesinie, NPOM3BOAMMOE OJHHM HENOABHUAHBIM
csoboanbM 3apaaoM. HycTb Ha 3TOT 3apsa najaaeT MAGCKAs MOHO-
XpoMaTHuecKaf . auHeHHO 10J9pu3OBaHHas BoaHa. Ee anexTpuue-
CKOE MO0JIe MOXKHO HamuCaTh B Buie

E =E, cos (o — kr -} 2).

Mu OyaemM npeanonararb, UTO CKOPOCTb, NpHoBpeTaeMas
3apsaaoM nNoA JelcTBHEM NOJAf NaJaolwel BOJHLL, Maja No cpa-
BHEHKIO €O CKOPOCTBHIO CBET3, UTO MPAKTUUYECKH BCEraa BhIMOJI-
Hrercd, TOrAa MOHO CUMTAaTh, UTO CHJa, AeHcTBYlollas Ha 3apal,

e
pasHa eE, a cunoft 7[VHJ CO CTOPOHBI MarHUTHOIO NMOJS MOXHO

npeilebpeus. B 370M caydyae MOKHO Takike npeHeOpeub BAUTHHEM
CMeleHua 3apsafia Npu ero KoaebaHusx nod BausiueMm noad. Ecau
3apsd cosepuaer KouebGaHuA OKOJI0 Hauajda KOOPAHHAT, TO MOXHO
TOMa CYMTaTh, YTO HA HEro Bce Bpems JAelicTByeT TO NMoJe, KOTO-
poe uMeeTcd B Hauale KOODAMHAT, T. €.

E=E, cos (of +a)
MMockoabKy ypaBHenus ABHxcelHs 3apaia IaacAT
mf = ¢eE,
a ero JunoJbHHH MomeHT d=ce¢r, 10

i ="E (83,2)

Jins BBHIUKHCIEHHS PacCesHHOrO M3JAYUEHHs BOCNOJb3yeMcsa Pop-
mynoi (80,7) ans AMNOABLHOrO HM3JAYUEHHS; Mbl HUMEEM MPaBo cle-
AaTb 3TO, NOCKOJbKY mnpuoOperaemas 3apsfioM CKOPOCTb Mped-
noaarderca ManoH. 3aMeTMM TaKwe, UTO 4acToTa H3aydaeMoH
3apaaoM (T. €. pacCesHHOH HM) BOJHB PaBHa, OUEBHUAHO, 4aCTOTE
nagawoied BOJIHBI

Moncrasass (83,2) 8 (80,7), naxoaum:

et 2
dl—-—- Am [El’l] dO.
C apyro#t cropoun, sektop IloHiuTuHra nagawoumel BoJHB paseH
= E? 3,3
S =i E: (83,3)

Otclolla HaXO[AMM CCUEHHE paccesHUus B TeAeCHHH yroa do:
e!

ds = (_-)“"sin*edo, (83,4)

me?
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rae 0 -—yros MemAay HanpaBACHHEM pacceaHus (BeKTopom )
W HanpasaeHueMm 3JekTpuueckoro noas E nanawowel soans. Mpt
BUAMM, YTO CEUEHHE DacCesHUs CBOOOAHBIM 3aPAAOM 1i€ 3aBHCHT
OT YacTOTH.

Onpenenun 11o1Hoe cevedue o. Jlag s1oro Budepem HanpasJe-
une E B kauecTBe mnoaapHo# ocu; Torfa do=—=sinl0dids n,
uterpupys no d9 or 0 no = u no dp or 0 mo 2w, HaxomRMM!

8r [ e® \?
c.—.—:—3—<W> (83,5)

(tax nasmizaemas gopuyra Tomcoxa).

3apaun

1. Hatitu ceyeHue paccesanus da 148 pacceaHHs HCIOJI1PH30BaH-
Hoft BoaHH (ecTectBeHHBIH CBeT).

Pemenue Mu gomxkun ycpeanuts (83,4) no Bcem HanpaBacHuaM
BekTopa E B NIOCKOCTH, MepHeHAMKYAAPHON K HANpaBieHHIO Pacnpo-
CTpaHeHHA Majawieil BOAHM (HANpPaBICHHIO BoaIHoBoro BekTopa K).
Bui6epem KoopauHaTH € 0CbI0 2 BIOJb HampaBaeHua K 1 ocblo x Bloab E.
Torpa wocunyc yraa 8 Mexny HampaBiaeHHAMH n 1 E, 1. ¢, npoekuus
€IHHUYHOTO BEKTOPa B Ha OCb X, paBeH cosb=sin §cos¢, rue & u ¢ —
NOIAPHLIA YroJ M a3UMYT HampaBieHUA n. YcpelHeHHe MO BCCM Ha-
‘1nipaBaeHdaM E B NAOCKOCTH, NepHeHAHKYIApHO# K K, 3KBHBAJNEHTHO
yCpeaHenuio Ao a3HMYTY p. Vmeem:

1

— 1
n2f — n? § — 2
sin?§ =1 5 $in 8_2(1+cos 1)

H, noxcrasus B (83,4), noayuuam:

L2V a %) do.
d0=“2—<%?>( +COS')(10.

2. Onpeneantb 4YacToTy (') CBETa, PACCEAHHOIO IBHMYIUMCA 3a-
paioM.

PewmeHnue. B cucreme otcyera, rie yacTHua NOKOHUTCA (cHCTeMa
FIOKOA YacCTHUM), YacToTa CBeTa APH PACCCAHHHM He MEHAETCA: o' = w,
IT0 COOTHOUIEHHE MOMHO 3amicaTb B HHBAPHAHTHOM BHJle

T,

kuu%’L = ku"' X
rie k> U k' — BOJHOBHeEe 4-BeKTOPH HAJAI0ILECr0o U PacCesHHOro CBeTa,
a u* — 4-CKOpOCTb 4acTHUH (B CHCTeMe [10KOS OTAHYHA OT HYJA JHIIL
KoMmonenta 4°=—1)., Packpuisas Temepb STO PIBCHCTBO B NpPOU3BO.Ib-
HOil cucTeMe oTcyeTa (B KOTOPOHM 4acCTHUA ABHKETCA CO CKOPOCTBIO V),
101y UHM:

3
\

m’(l——gcosﬁ’)zm(l—iv« cosl;,
[ ¢ /
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rae 9 uw 6 — yrab, cocraBaseMble HanpaBleHMAMH Najawolied H pac-
CeAHHON BOJH C HalpaBleHHEM V.

3. Onpeleanutb ceveHHe paccesHHA AMHeHHO NMOIAPU30BaHIION BOAHLI
NPOCTPAHCTBEHHBIM  OCLUJAIATOPOM — 3apAIOM, COBepLIAIOLHUM (NoA
BJIHAHHUEM HEKOTOPOH ynpyrofl cHab) Maibie KOAeGaHHA ¢ YyacTOTON w,.
Yyectb NpH 3TOM CHIY TOPMOXEHHA H3AYYEHHeM.

PemeHue VYpapHeHHe IBMKCHHA OCUMAIATOPA B mazamoliell ua
HCIO BOJHe MNHLIEeM B BHIE

T r__—E‘e lof
+ of ) + mcd

B cuie TOPMOMECHHA (BTOPOM YiICH CNIPaBa) MOXHO NOIOWUTb NpuoII-

XEHHO T —— (l)gl'; Torga noayyum:
w“ . e . 2e?
r 4 r 4 oir = — Ejem i, 4= — ol
+‘Y + ) m 0 1 { 3mC" U
OTC]OI[& HaxomuM I14 BbIHYXAEHHBIX KoI1e6aHuil:
. p-iot
r=—E, o,
m° of — 0¥ — foy

HdaipHeflmee BbIYKCIERHC TPOH3BOJMTCA Kax B TeKcre maparpada (npu-
YeM TNpPH BHYHCIGHHH CPeIHHX 3HAYeHWIl KBaAPATOB BeIMYMH, NpCi-
CTaBJEHHBIX B KOMIIIEKCHOM BHIe, Hago yyecTb CKa3aHHOE B NpHMeYa-
HUM Ha crp. 225). B pes\':maTe No1YuAM CeYeHAe paccesHHA

\2 w?

== —

7 () o

§ 84. Paccesnne cucremoit 3apanos

PaccesaHue 34eKTPOMarHUTHBIX BOJAH CHCTEMOI 3apHi103 OTJi-
YyaeTcs OT paccesHds OOHUM (HeMOABUHBLIM) 3apALOM TNpemae
BCero TeM, uro Oiarofaps HaauMuuio COOCTBEHHOrO MBIMEHHSA
3apsIOB B CHCTEME YaCTOTa PacCeAsHHOro W3JyueHus MOxeT ObTh
OTMUHOA OT 4YacCTOTH majawiuel BoJHb, HMeHHo, B cnekrTpas-
HO€ DagJIoKEHHe DacCeIHHOrO W3JAyUeHUs BXOASAT HapAdy C 4a-
CTOTOW ® Majamlue# BOJHBI TaKXKe U 4aCTOTH (1)’, OTANYZIOILHECH
0T w Ha M6y u3 coOCTBEHHBIX YacTOT ABWXKEHHUA pacceusaio-
uelt cucrempl. Pacceauue ¢ uaMEHEHHEM UACTOTHL HA3MBaiOT
Herwoz2epeHmusl M (W KOMOUKAYUOHHKbLM) B IPOTUBONOJOKHOCTD
KOoZepenHmHuoity paccesauuio 663 uaMeHelnd 4aCToThl,

Hpenanoaaras mnose mnadawoulel BOJHB Jla6hl\l MBI MOXKCM
nmpedCTaBruTh MJIAOTHOCTH TOKAa B BuIE _]——-_]0 _], riae jo——ﬂJIOI‘-
HOCTb TOKa B OTCYTCTBME BHEIIHETO MO0Jd, @ j — H3MeHelne Toxa
nojJ BiAHAHMEM nafaomeit Bo/Hbl. COOTBETCTBEHHO 3TOMY BEKTOD-
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HHH MOTEeHUMaJ (M APyrHe BeJMYHMHBI) MOJA CHCTEMH TOxe Oyier
umeT, Bul A=Ay A’, rae A; u A’ co34a0TCA TOKaMH jj,
u j. [loreHunas A’ onucuBaeT paccEsHHYI0 BOJHY M ONpeAeaseTcs
no Toky j dopmymaon (79,2):
N=E%SL,&+EdM (84,1)
[ [

Paccmorpum asa mpedenbHBIX Ciyuas, KOrAa 4acroTa o pacs
CCUBaeMbIX BOJIH MaJja HJMA BEJHKA MO CPABHEHHIO C OCHOBHBIMH
coOcTBeHHBIMI YacToTaMu cucTeMb. [locaefHue uMeT MopsioK
BEJIMYUHEI ¢ ~ 0/q, Te ¥ — CKOPOCTb 3apsAOB B CUCTEME, a @ —
ee pasMmepnl. Bymem Takwxe npeamosaraTb, 4TO CKOPOCTH U< C.

HauueM co cayuas

m<%N%, (84,2)

PaccesHne MOWET coAepikaTh KaK KOT€PEeHTHYI0, TaK U Hekore-
PEHTHYIO 4acTH, HO Mbl PacCMOTPuUM ceHyac TOJBKO KOrepeHTioe
paccesiHue,

Ipu ycaosuu (84,2) B dopmyse (84,1) Moryr Oty mpous-
BEEHB Te ke mpexebpewenuns, koropsle Oblan caesaaHsl B § 80.
JlpyruMu ci0oBaMM, paccesiHHO€ usJyuyeHue OyAeT JAMNOJBHBIM.
Ecim TaK, TO HHTEHCHBHOCTb €r0 CIEKTPAJbHOH KOMIOHEHTHI
¢ vacroroft o OyAeT mpomopuuoHaJbHa KBaAPATy KOMIOHEHTHI

dypre |du, l2=wdld;,\2, rie ¢ — u3MeHeHue MAHUNOJBbHOrO MO~
MEHTA NOA BJIMAHHEM nNajawouniedl BOJIHBL

Ecan noJHbIA 3apsf CHCTEMB paBeH Hymo (HeUTpasiLHBIY
aToOM WIM MOJeKyaa), 1o npu ©—0 pesnuuna di, crpemuTcs
K TOCTOSHHOMY mnpefesny (ecau Obl cyMMapHbi#t 3apsaf Owii 0T/14-
YeH OT Hyad, TO Npu w==0, T. €. B MOCTOAHHOM MOJIE, CHUCTEMA
Hayata Obl ABUraThCsl Kak uesoe). ITo3ToMy npu MalsiX © MOKHO
cunrath d, HE 3aBUCAIUM OT YaCTOTH. TOrAa MHTEHCUBHOCTBH
paccesHHOW BOJIHBL, @ ¢ HEW W ceuyeHHe paccesHus OyAyT mnpo-
NOPUUOHAJIBHEL wk:

Oyor == const - wk (84,3)
IMepettnem Kk oOpaTHOMY cayuawo OOJbLIUX YaCTOT:
(4
w>w0N—a_, (84,4)

B cuny sToro yciosus nepuos ABUKEHHA 3aPAAOB B CHUCTeME
BEJHK MO CPaBHEHMIO C MEPHOAOM BOJHbL IlO3TOMY B Teuenue
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NPOMEXYTKOB BpEMEHH MNOPSAKA NMepHoAa BOJAHBI JABHKEHHE 3aps-
OB MOXHO CYHTATb PaBHOMEpPHBLIM. DTO. 8Ha4yuT, 4YTO NPH pac-
CMOTPEHUM pacceannss KOPOTKHX BOJH MOXKHO He YYHTBHIBAaTb
B3auMOJCHCTBHA 3apAloB B CHCTEME APYr € JAPYyroM, T. e. HX
MOZKHO CYHTATh CBOOOMHBIMH,

Takuy ob6pasom, npd BHUUCAEHUH CKOpocTH V', npuobpeTae-
Mot sapaloM B no.Je naaatroule BOJAHBEL, MBI MOXEM paccMaTpu-
BaTb KaXJAbI 3apsi CUCTEMbl B OTAEJBHOCTH ¥ NMUCaTh AJs HEro
YpaBHEHHE JIBUKEHHA B BUAE

m—dg‘;— = cE=cEje— 1 -kn,

rie k=wn/c — BoaHOBOH BeKkTOp namawouled BoaHs. Palnyc-
BEKTOP 3apsaa sBJSeTCH, KOHEeUHo, (yHKuuel spemenu. B noka-
saTesie SKCNOMEHIUAJIBHOI0 MHOXUTeAS C Npasod CTOPOHH 3TOrO
YPaBuEHNS CKOPOCTh HM3MEHEHNs NEPBOr0 WieHa CO BPEMEeHeM
BEJUKA 110 CPaBHEHHIO CO CKOPOCThIO M3MEHeHust Broporo (nmep-
Baf paBHa ®, a BTOpas — nopaaka kv~ ve/c L w). Tlostomy
NpU HHTErPHPOBAHUH YPaBHEHMA JBUKEHUS MOMKHO CUMTATh
B NPasod uX 1acT# r NnoCTOosHHbIM. Toria

vr:___iTe;leoe—i(mt—kr)' (84,5)
s BEKTOPHOrO moTeHIlMana paccesHHOW BOJHE (Ha OGosbiuux
paccTOAHMAX OT cucTembl) uMmeeM, nepexods B (84,1) oT uHTe-
rpajza K CymMme O sapsiaaM:

I g
K=V e)
CRO (ev )t —%—f—r—i:—’

rae n' — eAMHUUYHHA BexTOp B naupaBaeHun paccesHns. [oa-
cTaass cioda (84,5), naxoaum:

: . Ry
1 —fw (f R \id ;
f— ¢/ . e—igr
A Py E, ) e , (84,6)
rie =k —Kk ecTb pasHOCTb MEXAYy BOJHOBHM BEKTOPOM
paccesnnoft k' =on’/c n BoaucBuM pekTopoM K= wn/c nanato-
weil o). 3nauenne cymmul B (84,6) 101xHO GPaThcs B MOMEHT

1y Crporo rosops, BoaHOBOH BekTOp K'==w'n'/e, rie 4acrorTa o'
paccesntof BOIHLI MOXET OTAHYAThCA OT . Pa3HOCTLI o' — &~ o
MOXHO, O0JH3aKo, fpeHe6peyb B pacCMaTpHBaeMoM cay4ae GoabUIHMX
4acToT.
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Bpesenn =1 — Ry/c, Tak KaK H3MeHeHWeM I 3a Bpems rn’/c
MOXHO upeHeOpeyb BBUAY NPEANONaraeMold ManoCTH CKOpoCTeh
yacrui, (nnaexc ', Kak OOHYHO, ANS KPAaTKOCTH OMyCKaeM).
AbcomorHas seanyuHa BeKTOPa g paBHa

g=2 %smi (84,7)

2 »
rae % -—yroa paccesiHus,

Ilpu paccesnun Ha atome (dnu MoaeryJe) B cymme B (84,6)
MOXHO npeHeOpeyb YjaeHaMu, COOTBETCTBYIOULUMH AApaM, BBHLY
Go/bIIO! BEJHYMHBI MX MacC MO CPaBHEHHIO ¢ MacCaMH 3JEKTPO-
HoB. Huxe mbi Gymem uMers B BULY UMEHHO 3TOT Cayyai, COOT-
BeTCTBEHHO YeMy BbLIHECEM MHOMMTENL e¥/m 8a 3HaK CyMMH,
NOHMMAs B HEM NMOA e W i 3apsl U MacCy JeKTPoHa.

Has noas W paccesnHol BoaHnt HaxoZum coraacHo (79,3):

H __[Eci;;o] —io <t-&> fn Z e iar, (84,8)

Tlotox JHEPrie B SJIEMEHT TEACCHOrO YIaia B HAIlpaBJACHHH n
pasen
[ ! H

—Hr do,

1
" Rido= i [En

Paspeans s1o Ha cpennuit nortok swepruu ¢|Ey|*/8x nazaouiei
BOJHBI (Cp, npuMeyanue Ha CTp. 225) u BBOAS yroa § Mexny
nanpasaendeM noias E namaioumed Boausl u HanmpaBieHHeM pac-
CeHHsA, HAXOAMM OKOHYATeNbHO CeYeHHe paccesinds B Bufe

R

Yepra o06o0sHauaeT ycpelneHde 0O BPEMEHH, T. €, YCPelHe-
HHe 1O ABHKEHHIO 3apAafoB 8 CHCTEME; OHO TIPOM3BOMHTCA
BBUAY TOFO, 4IO paccesHHe HalMI0ZaeTCs B TPOMENKYTKH
ppeMetid, 60JbIINE MO CPABHEHUIO C MEPHOAOM ABUNKEHHSA 3aPALOB
B cucreme.

Jlns AadHBL BOMNG Majaioulero uanyuyeHds us ycaosus (84,4)
C/lefyeT HEPABLHCTBO k(ac,v Yro e KacaeTcs OTHOCHTENb-
HOH Beauuuib A M @, TO BO3MOXHB 00a NpemeasHHX CJyuyas
1>a u hLa. B oboux sTux ciayyasx obinas gopmyna (84,9)
811aUHTE/NbHO YNPOLILAETCH.

sin%0 do. (84,9)
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Ipu A>a 8 seipasenun (84,9) qr < I, nockoabky g~ 1/A

r ~ a. 3aMeHsAs COOTBETCTBEHHO 3TOMY eiar emuHuIeH, HMeeM:
o €3

dG fanad Z2 (
me

2>2 sin®6do, (84,10)

T. €. paccesHue TPONOPUUOHAABHO KBAaApaTy uuciaa Z 3JeKTpo-
1IOB B aToMe.

[Tepeitmen K ciayuaw A< a. B xsagpare cymmbl B (84,9)
Hapsay ¢ paBIIBIMH eIMHHILE KBaApaTaMu MOAYJSI KaxLoro u3
Y/ICHOB MMEIOTCH NPOM3BedeHHs BuAa e'dr1—r2), Jlpu ycpeaHeHuH
N0 JBHMEHHIO 3apAN0B, T. € IO MX B3aHMHBIM PacCioAOXeHHsAM
B CHCTEME, PasHOCTH Ty-— Ty NPo0eraioT 3HaueHus B HHTEPBane
nopaaka a. Iockoabky g~ 1/}, A< a, TO sKCNOHEHUHAALHBI
MHOXHTEAb ef4(F—F2) gqpgeTcs B 9TOM HHTepBaje ObICTPO OC-
wwiaupywuleit  Qynsuue, u ero cpefnee sHauenne obpauiaerca
B Hyas. Takny oOpasom, npu A< a ceueHne paccefinus pabHO

I A L
dc__Z(mc,_,> sin? 0 do, (84,11)

T. €, TIPONOPIHOHA/BHO TEPBOH CTenenHn aToOMHOrO HoMepa.
Ceuennsi (84,9—11) BKawouatoT B cebs Kak KOrepeHTHYIO,
Tak H HexorepeHrHylo uactu, Il1A onpemeeHus CEUEHH Kore-
PEHTHOTO PAacCesHus Mbl JOJIXKIIbI BLIAC/JANTDL TY YaCTb TIOJ pac-
cestHHOH  BOJIIBI, KOTOpas uMeeT u4acroTy o. Boipamenune (84,8)
JJI TOJIg 3aBHCUT OT BPeMEHM yepe3 MHOKHTEJb e—1vf u, Kpome
TOro, OT BPEMEHH BaBHCHT TaKike cymMa e /%, DTa nocnrel-
HAAsl 3aBHCUMOCTb U IDUBOJUT K TOMY, u4TO B Il0J€ paccesiHHOH
BOJIHbI COAEP:KATCS Hapsally € 4acToTo# w eule W Apyrue (xoTs
u Gamskue K He) uactoTbl. Ta uacre noas, xotopas ofJagaer
yactoTol ® (T. € 3aBHCHT OT BPEMEHH TOJBKO TNOCPEACTBOM
MHOXHTEAs e~ i%f) noJyuuTcsl, OYeBHANO, €Cad YCDeAHHTb IO
ppeMenn cynMy ) e~ CoOTBETCTBENHO STOMY BbIPAKEHHE
IUJIs CEYEHHS KOTePEHTHOTO paccedHus day,. OTAHUAeTCs OT T0J-
HOTO ceueHuss do TeM, 4TO BMECTO CPellHero 3HaueHus KBaApaTa
MOAYJSI CYMMBl B HEM CTOMT KBaZpaT MOAyJas CPEeIHEro 3Haue-
HUA CYMMBI:
e? \2 e
oo = E?) \F(q) sin? 0 do, (84,12)
A\
rae
F(@)=Y e~ (84,13)
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Gyukuuo F(Q) HaseBaloT amomHum opugarmoponr. 1lo-
J€3HO 3aMEeTuTb, YTO 3ITO €CTb HE YTO MHOE, KAK NPOCTPAancr-
BeHHad KoMIoHeHTa @yppe CpedHEro pacnpeaencHus 3apsita

B atome p(r):
eF (@)= {p(r)e~iardyV. (84,14)

DTO JErKO TOHATb, HANUCAB CHayala HEYCPEAHEHHYIO IJIOTHOCTH
p(r) B Bude cymmbl S-yHkuuf (cm. (34,1)).

[Tpu A>> a Mpl MOXEM CHOBa 3aMeHuTb e ‘9% elumuilefl, TaK
410

__ o €N\ =
dogor =2 ) Sin 6 do. (84,15)

CpaBHuBas 5TO ¢ NOJAHBIM ceuyeHuem (84,10), Mbl BUAMM, uTO
dager =dos, T. €. BCe pacCesiHHe SBJSETCH KOIE€PEHTHBIM.

Ecin we A<La, 10 npu ycpeaenuu B (84,13) pce uiensl
cyMMsl (KaK CpeldHHe 3HaueHusi ObICTPO OCUMIJMPYIOULUX (PYHK-
UM BpPEMEHH) HCYE3aioT, TaK uYro doge, ==0. Taxkum obpasoM,
B S9TOM CJyuae paccefiHHe LEJIUKOM HEKOTePEHTHO.



