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I'araea 15

CIENTAJIBIAS
TEOPH OTHOCHTEJILHOCTI

§ 1. IIpunuun omHoOCUMEeAbHOCTRU

Cebune jsyxcor Jer cumTajdochk, ITO ypas-
HeHusl ABIKeHNA, npoBosrdamienssie HuioTomoM,
HpaBHIBHO onuchBaoT npupony. Hortom B Hux
Obiia obBapyskena ommGra. OGHapymeHna M TYT
me wenpapaena. W samerna omubry, u umcnpasma
ee B 1905 r. ogmH W TOT Ke uUENOBEK — OHH-
HITeiH.

Bropoii sakonm HrioroHa, BhpaskaeMsiii ypas-
HeHueM

+ d(mv
F=2n
dt
6e3MOIBHO nmpeanoJgarajg, 4ro m — BCJIUYHHA

noctognHasgs. Ho Temeps MBI 3HaCM, 4TO 9TO HE
TaK, 9TO Macca Teja BO3pacTaeT €O CKOPOCTHIO.
B dopmyae, uncnpasaennoil JitnnrreiiHoMm, m mod-
BIJIACh B TAKOM BHJE:
L W— (15.1)
V1=
3paech  «Macca MOKOSA» My— HTO Macca HEHOomBUiK-
HOTO Tela, a ¢ — CROPOCTh cBeTa (IpuMepHo
3-10% km/cer).

Ilmsa woro rteopmsa HYKHA UL IS pemle-
HHA 3ajad", ToMy atoli dopMmyns Oyaer Bmoane
J0CTaTOUHO. DoJjbiie HEYEro ot TeOpHH OTHOCH-
TeABHOCTH €My He IOHAJOOHuTCA; OH IPOCTO BBE-
mer B 3aXoHsl HpOTOHA DOUPABKY HA H3MEHAC-
MocTh Maccel. M3 camoil dopMyant oueBHmHO, uTO
POCT Macchl B OOBIYHBIX YCJAOBHAX HEe3HAYHTEEH.

Hasxe ecam v — CKOpPoOCTH coyTHEKAa (OKOJ0
8 km/cer), To W 1pH BTUX yeaosuaAx v/c =3/10°%; moz-
CTAHOBKA DTOH BeJnmYMHEI B OPMYJIy IOKa3HIBAET,
YTO HompaBKa K Macce COCTABUT He 0ojiee OAHOIl
JBYXMHJLIAAPAHON JacTH CaMOH MacChl, YTC, HOMAKA-

§ 1. Mpummun
OTHOCATE TLHOC TII

§ 2. IIpeoGpasosanne
Jloperna

§ 3. Onnir
MaiikedbcoHa =~
Mopm

§ 4. IlpeoGpasosanne
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corpalienne
§ 6. Opuospenen-
HoetTh

P

wp»
~

YeTnIpexBeRTOpPHI

8. PeraruBuercras
ARHAMHEKA
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§ 9. Cass macen
i DHEPIUH
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nyit,3aMeTnTh HeBo3MokHo. Ha caMoM jiene, TpaBuabHOCTH GOPMY I
nojTBepiKIeHa HaOMOfleHneM J[BIKEHHS PasHOOOpASHEIX vaCTHI,
CKOPOCTh KOTOPHX TPAKTHISCKH BINIOTHYIO NOAXONHIA K CHOPOCTH
ceeta. B oO0MI9HEIX YCHOBUAX pPocT Macchl HesaMeTeH; TeM 3zaMe-
4aTeJbpHEN, 9TO OH cllepBa ORI obHApYy;KeH TeopeTHHECKH, a YiK
HOCIe OTKPHIT HA onbrTe. X 0TS AJAA A0CTATOYHO GONBHIMX CKOPOCTEH
poct Moker OBITh KaK YTOJHO BeJHMK, OTKPHT OH OB He TaKuM
TyTeM. 3aKOH 5TOT B MOMEHT CBOETO OTKPBITHS 03HAYAJl JIMIb eJBa
3aMeTHOe M3MeHeHMe B HeROTOPHX mMudpax. Tem mHTepectee pasol-
parbed, KaK coderaHue (U3UIECKOTO pa3MBIOLIeHUA u ¢u3Hye-
CKOTO JKCOEPUMEHTa BHI3BAJO ero K ;usHAn. Briag B 510 meno
BHECIIO. HeMaJlloe YHCJI0 JIogell, HO KOHEeYHKM HTOTOM UX JIesATellb-
HOCTHE SIBHJIOCH OTKpHITHE JiHIITelHa.

Y Jinmreina, cobcTBeHHO TOBOpS, €CTh JIBeé TEOPUH OTHOCH-
tenbroct. Msr OygeM 3jieck TOBOpIUTH TOIBKG O CREYUAIbHOLL
meopuu omuocumeavrocmi, sexymei ceoe nauaio ¢ 1905r. B1915r.
JHHMTOAH BHABUHYI eme OJHY TeopHo, HasHBaeMyw obwell
meopuett omuocumenvrocmu. OHa 00600maeT cleruaJIbHYI0 TeopHIo
Ha cJayyail TAToTeHHA; MH He OyaeM ee 3mech o0CY/K/ATh.

Ilpaanvn orHocwTedbHOCTH BOepBeie BHcKaszax HeioTom B
OTHOM u3 ciaegcTBuil w3 3arouos [Bmwrennsa: «OTHocHTEILHBIE
ABMMKEHHUS JAPYT TO OTHOIIGHHIO K JIPYLY Ted, 3aKIIUeHHHIX B
KaroM-1nbo DpocTpaHCcTBe, OXUHAKOBLL, IOKOWTCA JH 9HTO IIpo-
CTPAHCTBO MJIII JIBHGKCTCH paBHOMEPHO U UpAMOoJMHelimo 6e3 Bpa-
menus». JTO OsHayaer, K IpuMepy, 4ro TpH cBOOOTHOM IOJeTe
MEKIIIAHeTHOTO0 KopafJiiA ¢ TOCTOSHHOW CKOPOCTHIO BCE OIBITHL,
OCTaBJICHHBEe HAa 3TOM Kopafie, Bce sApieHns, HaOnomaeMsre Ha
HeM, GyAyT TaKOBH, KaK OYATO OH moKouTcsa (KOHEYHO, IpPH yC-
TMOBMM, YTO HAPYKY H3 Kopabas eumxoputs He 6ynyr). B arom
CMBLCJI MPUHIANA OTHOCHTEIBHOCTH. MBICIL 9Ta — {OBOJBHO ILIPO-
¢Ta; BOOPOC TOJBKO B TOM, 62pHO AU, 9TO BO BCeX ONEITaX, IPON3-
BOJUMEIX BHYTPU ABIKYHICHCS CHCTEMBL, 3AKOHB (PU3UWKH BHITJIANAT
TAKAMHK jKe, KaKMMK oHO OBLAM OB, echm Obl cmereMa crTofjga Ha
oxHoM Mecte. [asaiiTe ke cHagyalla DOCMOTPHM, TAK JH BHTJARAT
sakousl HeioTona B gsmmymeiica cucreme. lus sroro mam cHosa
moHagoONTCA HOMOIMb HAmIMX MOJoaux Jmojeit — Mmra m [Iixo.

Ilyckait Mug ornpaBmics BROJBb TO OCH Z ¢ NOCTOAHHOW CKO-
POCTHIO U W W3MepsAeT cB3oe IMOJoKeHne B KaKoi-To Touke, mOKasad-
noit ma ¢ur. 15.1. O ofosmadaer «xr-paccrossHme» TOYKH B CBoeil
cucTeMe Koopammat Kak z’. o cromr Ha MecTe W H3MepsAeT HO-
JIoKeHWe TOH ke ToYKM, o0o3Hadad ee I-KOOpAHHATY B CBoeil
cucreMe 4epes z. CpsAsbh MeRAYy KOOopAuHATaMu B JBYX cucreMax
ACHA U3 PHCYHKA. 3a BpeMs f HAYAJNO CHCTeMH MHKa CABHHYIOCD
Ha uf, u ec’rdm ofe cucTeMbl BHAaYalle COBHAJAJH, TO

‘=r—ut, Y=y,
- g =z, t'=t, (15.2)
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Ecin nogcrasuth aTr mpeoGpa3oBaHUs KOOPIMHAT B 3aKoHH I blo-
TOHA, TO 3AKOMBI DTH HPEBPANIAIOTCS B TAKHE K¢ 3aKOHE, HO B
HITPHXOBAHHOM cHcTeMe; 9T0 3HAYHT, u4To 3axomnl Heiotona mmeror
OfMHAKOBHIA BUJ B ABIKYIeicCA H B HENOABMKHOH CHCTEMax;
TOTOMY-TO, TIpojeNaB JoGhe ONMBITHL 10 MeXaHHKe, H HeIb3A CKa-
3aTh, /[BWKETCA cCHCTEMa HIAM HeT.

Hpuamun oTHOCHTEABHOCTH TPHUMEHSAICH B MeXaHHKe YiKe
na3gasaa. Muorme, B yacrHoctu [iofirenc, moib3oBaimch HM A
BEIBOJIA 3AKOHOB CTOJKHOBeHUS ORAMHAPNHBIX MIAPOB WOYTH TaK
ke, Kak Mel B ra. 10* gorassiBaiu coXpaHeHue MMIIYJIbea.

B mpommoM croserun B pesyiabTate HMCCAeAOBAHUA ABIEHHIN
AIeKTPUTCCTBA, MaCHETH3MA M CBETA MHTePEC K HPUHIUIY OTHO-
CHTOIBHOCTH BO3poc. MaKCcBedI MONKTOMMI B CBOUX YpaBHEHUAX
DJACKTPOMATHHTHOIO II0JS MHOTHE THIATeJBHEE HccAeROBAHMS
orax sapiaenuit. Ero ypaBHeHUA CBOJAT BOEAHHO DICKTPUUECTBO,
MmargerusM, cser. Oguako ypasmenms Makcseasna, Io-BHAHMOMY,
He noduunsjomes TPHHOUEY OTHOCHTEJNBHOCTH: eciu Ipeofpasc-
BaTh UX moActanoskoii (15.2), 10 ux 6ud ne ocmanemcs npexcHum.
dHauuT, B ABIRYMEMCH MERIIAHETHOM Kopalje oNTHISCKHE U
DIICKTPHICCKHC ABJCHIA HE TAKHE, KAK B HOHONBIKHOM; MX MOM(HO
UCIOAb30BATh A OUPEAEHCHHUA er'o CKOPOCTH, B YACTHOCTU OIpe-
Jeauth u abCOJMIOTHYI CHKOPOCTB Kopalist, clefaB DOAXOAANIHE
DAGKTPHYECKNe WM onTwyeckue usmepenus. ONHO M3 CIeACTBHIL
ypasHermii Makcseiia 3aKii04aerTcss B TOM, UTO €cJIH BO3MYMIGHNE
HOJNA TMOPOoKAAeT CBET, TO T DICKTPOMATHHUTHAIE BONHH DPACIpPO-
CTPAHAITCH BO BCe CTOPOHEL OJUHAKOBO M ¢ OAMHAKOBOW CRO-
pocteio ¢=300 000 ra/cex. pyroe caemcrBume ypaBHeHMIt: ecin
HCTOUYHHK BO3MYIIEHHA JIBUMKETCH, TO HCIYCKAaeMbll cBeT Bce
pPaBHO MUMTCHA CKBO3L TPOCTPAHCTBO CO CHKOpPOCTHIO ¢. Tak xe
OBHBaeT W CO 3BYKOM: CKOPOCTH 3BYKOBHIX BOJH TOJKE HE 3aBUCHT
0T IBUKEHUS HMCTOYHUKA.

JTa He3aBHCHMOCTb OT [BIDKCHHS HCTOYHHKA CBeTa CTABHT
nurepecuniit Bonpoc. llomosxmM, d9T0 MBI efleM B aBTOMammHEe CO
CKOPOCTHIO U, a cBeT OT 3ajHaux ¢ap pacmpocTpaHAETCS CO CKO-
pocteo ¢. Jlupdepennnpya mepsyio crpouxy B (15.2), momydaem

de’ dz

'd—t- :d—t—u.

* Bunyck 1.
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Jdro o3HaYaer, UTO, B CcorjacHm ¢ mpeoGpasoBammsMu lammies,
BAAMAs CKOPOCTH CBeTa II0 M3MEpeHHWsM, IPOBeJeHHHM H3 aBTO-
Mammrb, 6yjer He ¢, a ¢ — u. Hampumep, CKOPOCTh aBTOMAIIMHEL
100 000 wm/cer, a cropocth cBetra 300 000 Em/ces, Torma
cseT or dap Oymer ymanarses ¢ Omerporoit 200 000 km/cex. Bo
BCAKOM cJIydYae, U3MEPUB CKOPOCTH CBeTa, MCHycKaeMoro dapamm
(ecnm ToapKO cmpaBeIMBE HpeobpasoBanns ammies pas csera),
MOJKHO Y3HAaTh cKOpocThb aBToMammmus. Ha 3Toii mpee ocHOBHIBa-
JI0Ch MHOKECTBO OHBITOB IO OIpeeeHHI0 CKOPOCTH 3eMill, HO
HI OuH N3 HAX He YRaJCH: HUKAKOU ckopocmu o0HApY/KeHO He
Opto. Bei ckopo mosmakoMuTech oYeHb WOAPOGHO ¢ ONHEM W3
TakuX omeIToB. Bl pasGeperech, 4To B HeM CIyIHIOCH W B YeM
610 fe0. Uto-To HeaHOE TBOPIWIOCH B TY MOPY ¢ YpaBHEHHAMI
¢msuru. Ho aro mMenno?

§ 2. IIpeobpasosanue Jopenya

Horma cramo Acuo, 4to ¢ ypaBreansaMu $usuku #e Bee JaguTCH,
IICPBEIM 0JITOM LO/[03PEHNe NaJ0 Ba YPAaBHEHUS DICKTPOAMHAMEIK
Maxcpenna. OHr ToNBKO-TONBKO OHIM BAaIMCAHE, EM OHIIO BCEI'O
20 ner or pofy; KasaMoch NOYTH eCTECTBEHHHIM, YTO OHM HEBEPHHL.
Ux wupunanmce unepenmucsBaTh, BEJOH3MEHATh W HOATOHATH K
TOMY, 4TOOB OKaszalcs BEUTONHEHHHM HPHHIAI OTHOCHTEIHHOCTH
B rammieesoil dgopme (15.2). Ilpm sroM B ypaBHeHHAX sieKTpo-
AMBAMAKY HOSIBUJWCH HOBEIE YIEHEl; OHA NPeJCKA3HBAJHN HOBEHE
BIEKTPHICCKHUE ABICHHA, HO SKCIePUMEHT HUKAKNX TAKUK ABICHMIT
He O0HADY;KHJ, M IPUILTOCH OTKABATHCSA OT HONBITOK H3MEHHTD
ypaBaenust Maxcsenna. Ilocremenno BceM cTaHOBHIOCH sicHO, UTO
MaKCBE/IOBH BaKOHBL DJICKTPOAUHAMHUKE a0COMIOTHO TpaBHILHL
a 3arBO3JKA B 9eM-TO [APYroM. :

Mexuy tem Jlopenm saMeTwa 0/JHO 3aMe4aTeNIbHO JIOGOIBIT-
HOoe sABIeHHE: Korja OH flelal B ypaBHeHHAX MakcBelIa HOa-
CTaHOBKY

0 x—ut
z =V (15.3a)
y'=y, (15.36)
2 =z, (15.38)
,__ t—ux/c?
t = Vi (15.3r)

To dopMa ypasHemWil mocle mojcTAaHOBKM He Memsmach! Vpas-
Hehns (15.3) remeps HasmBAWT npeobpasosanuen Jdopenya. A Jin-
HITEH, CHeXys MBICIH, BOePBHE “BHICKA3AHHOM Ilyankape, mpep-
MOJMOMKUI, UTO 6ce Puauueckue 3aKOHbL He OOANCHB MEHAMLCL om
npeobpasosanuti Jlopenya. VIHEIME caoBaMu, HAZO MEHATH He
SaKOHH JJeKTPOAMHAMUKH, a 3aKoHH MeXaHuku. Ho Kak ke ma-



mennTh 3axonn Hpiorona, wro6w owu mpm mupeoGpascBaHEAX
Jlopenana ne Mersanuch? Horma Takad meus mocTaBieHa, TO OCTAETCA
TONBKO IepenucaTh ypasHeEnsa HrloTona Tak, 9To0H BRIOOJIBAIHCH
nocTaBjIeHHHEE ycaoBud. Kak 0Ka3ajloch, eIHHCTBEHAOE, YTO HYHKHO
oT HAX morpeGoBars,— 9T10, 4T06 Macca m B ypasuermsax Hrworona
upuobpena Bug (15.1). Crout BHecTH BTO M3MEHEHHE, N HACTYIAET
NOMHAA TapMOHHA Meay ypaBHermamu Hrplotoma m Maxcsexana.
Ecanm BH Temeps, jeias CoracoBaTh W3MepeHHs, NPOBEACHHBIE
MuxoM u J3xo, mcmomnsyere mpeoGpazoBanns Jlopenna, To BH HA
32 4TO He y3HaeTe, KTO M3 HUX [BH:KercA, nbo dopMa Bcex ypas-
HeHHIl B o0emx cucreMax KOOpAMHAT OyAeT OAHOH M TOi e!
Harepecso monsATH, Y10 03HAUaeT 3Ta 3aMeHA CTapHIX mpeolipa-
30BaHMIl KoopAmHaT u BpeMeHnH Ha HoBie. Crapnie (raamieeBs)
KajKyTCA OYEBUIHBIME, HOBHIE (JOpPEHIEBH) BHTIALAT HEOGHTHO.
Kax sxe 210 Mosxer OBITH, ¢ JOTHUECKOH M ¢ BKCIePHMEHTATIbHOM
TOYeK 3PEHHA, GTO CHOpaBeJJIWBLI HE cTaphie HpeobdpasoBaHusa, a
HoBhe? UToOH pasobparbest B DTOM, Mall0 H3YIATh 3aKOHBI MeXa-
HnKE, Hago (Kak 210 W cledad Jiimmrefin) mpoaHaAMsHpOBaTh H
HANIM TpeNCTaBICHUA O RPOCMPAHCMEe U 6PeMeHU, UHAYe STHX
npeobpasoBanuii ‘He moiiMempb. B Tedenme HexoToporo BpeMeHw:
MBI Oy/eM H3ydaTh »TH TpPeJcTaBIeHHs M clefcTBHA M3 Bux. Ilo-
KaMecCT ke CTOMT OTMETHTE, YTO TaKoW AHAJNN3 OKA3HBAETCA BIOJHE
ONpPaBIAHHLIM — €TI0 Pe3yJIbTaTHl COrJacyIOTCA ¢ JAaHHLIMU OfbITa.

§ 3. Onwm Maieavcona — Mopau

Mur ysxe roBopmad, 970 B cBOE BpeMA ObUIM CHeJAHH IOIBITKR
onmpefieTnTh a0COMIOTHYI CKOPOCTh [IBIMKOHHWA J3eMIH CKBO3H
BOOOpaskaeMblil «dup», KOTOPHI, KaK AyMajdu TOTJa, MPOIUTH-
BaeT coboii Bce mpocrpanctBo. CaMbrii M3BECTHHIT U3 TAKAX OMBITOB
upofieiann B 1887 r. Maiikeascon m Mopam. Ho toabko uepes
18 net oTpEmaTenbHbIC PE3YABTATH HX OOHTA 00BACHEI OfHIITEIH.
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Jlna ommrra Maijikenbcora — Mopau mcmonssosanca mpubop,
cxeMa KOTOporo IokasaHa Ha ¢mr. 15.2. TI'maBEme dactm mpu-
Gopa: WMCTOYHHK cBeTa A, mocepeGpeHHAs MOAYDPO3pAYHAA CTeK-
nannan maactuaka B, gsa sepraaa C u E. Bee ato skxecTko YKpen-
Asetca Ha Taxedol maure. depkana C u E pasMemens Oslam ma
oauHakoBoM paccrosamm L or mnacruakn B. Ilnacrumka B pac-
meIliAeT NANAMHAR IYJIOK ©Bera Ha [ABa, HEPHeHIHKYIAPHEIX
OfMH K ApYroMYy; OHH HAIPaBIAIICH HA 3epKAda M OTPAKAITCH
obparso na mmacruuky B. Ilpoiina crosa ckBosp mmacrunky B,
o0a myuka HarJagbiBawTcA ApYyr Ha Apyra (D m F). Ecam spems
npoxoienna csera or B mo E m o6paTHo paBHO BpeMeHH Hpo-
xogenns or B go C m obGpatno, To Bosaurawmue nyisn D u F
ORaKYTeA B fase M yCHIATCA B3AUMHO; CHIH K€ HTH BpeMeHa XOTh
HEMHOTO OTIHYAIOTCA, TO B IYUKAX BO3HUKaeT cABHT 1o dase W, Kak
crefcrene,— mAaTepdepenuusa. Ecam npubop B sdupe «moKouTesy,
To BpeMeHa B TOUHOCTH pPaBHBI, a eCJH OH JBIMKETCA HAHOpaBo CO
CKOPOCTHI0 U, TO TOABHTICA pasHuma Bo BpeMeHu. [asaiite mo-
CMOTPHM, IOYCMY.

Crnayana mopcdmraeM BpeMA Hpoxoxpenmsa cseta of B x FE
u obparno. ITycts BpemMa «ryia» paBHO f;, a BpeMs «oGpaTHO»
pasHo f,. Ho moka cBer gpmkercs or B o sepkamna, caM mpuGop
yiijer Ha paccTofgHHe WUfy, TAK YTO CBETYy NpPHICTCA HPONTH UYyTh
L--ut; co cxopoctsio ¢. ITOT HYTh MOMKHO I1105TOMY 0003HAYUTH
u KaK cly; caefoBatTellbHO,

L

c—Uu

cty=L +uty, nau ty=

(9TOT peayabTaT CTAHOBHTCH OYEBHUHBIM, €CIH YYeCTh, 9TO CKO-
poCTh CBeTa II0 OTHONICHMIO K IHpuOOpy ecTh ¢ — u; TOrJa Kak
pas BpeMsa paBuo aaude L, jneidenHoit ma ¢ — u). TodHO TaK ke
MOKHO PACCUHTATh W fy. 3a 9T0 BpeMs miractunka B mpubamsutes
Ha paccrosinme uly, TaK YTo CBeTy HA o0paTHOM HYyTH HPHIETCS
upoitrm tonsko L — ut,. Torpa

cto=L—ut,, mmu t,=— ciu .
OOmiee ke BpeMsa paBHO
bty
yaobHee 3TO 3amECaTh B BHJE
£, - t2=—1;‘2]‘7/f/?— . (15.4)

A Temepr mopcYmMTaeM, CKOJBKO BpeMeHM f; cBeT OymeT maTH
oT maactuakE B go seprama C. Hark m mpesxpge, sa BpeMa (3
sepkalo C cOBHHETCA HaUpaBo HA paccrogHUe utg (70 MOTOKeHUs
C"), a cBer upoiiner mo runorenyse BC’ paccrosmme ct3. Uz
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NpPAMOYTOTBHOTO TPEYTONBHUKA CIeIYeT
(cts)*=L* + (uts)?,

nin
LP=c™2—ut2=(c’—u’)t2,
OTKy/ia
fo L
Ve

ITpu obpartHoil mporyake ot Toukm C’ cBeTYy mpUXOUTCH NMPOHTA
TO Ke pAacCCTOAHHEe; 3TO BUNAHO W3 CHMMETpPHH pHCYHKA., SHAYAT,
W BpeMs BO3BpameHus 1o ke (f3), a obmee BpeMsi paBuo 2f3. Mu
BamMIIEM €ro B BHJe

oL 2Lje

Ve—ur  Viewje

Tenepp Mol MokeM cpaBHETH 00a BpeMern. Yucnmrean B (15.4)
u (15.5) ouHAROBH — BTO BpeMsl PacHpOCTPAHEHMA CBETa B I0-
rosmeMcst npubope. B sHamenareasx wien u?/c? Mad, eciau TOIBKG U
MHOI'0 ME@HBIIe ¢. JHAMEHATEIH DTU IIOKA3EIBAIOT, HACKOIbLKO HM3Me-
HseTcsA BPeMs M3-3a JBIGKeHus Ipmopa. 3aMerbre, 410 DTH H3-
MeHeHUSl HeoOuHaKosh, — BpeMsa npoxosmpenna ceera mo C m
o0paTHO UyTh MeHBINe BpeMeHH NpOXO:meHusa A0 £ m obparHo.
Onn He cOBHAjAl0T, AA)Ke €CIHM PACCTOAHUSL OT 3epKad g0 B omm-
HakoBbl. OcTraercs TOJABLKO TOUHO H3MEPUTH DTY PABHUILY.

dleck BOZHHKAET OfHa TeXHHIeCKas TOHKOCTH: a YTO eCIH
gauasl L He TOYHO paBHH Meskay coboii? Bengp Toumoro paseHcTBa
BCe paBHO HEKoOI'a He gobbembcda. B oroM ciayyae Hajgo mpocto
uoBepHyTh npuGop Ha H0°, pacwonoxus BC no gsmwrennio, a BE —
noneper. Pasznmume B JjHHAX TOIJa IepecTaeT UTpaTh poib, I
ocTactcsa TOJABKO wHalmomars sa  cdeucom wmHTEpPGHEPEHIHOHHLIX
uojoc upu mosopore upmbopa.

Bo Bpemsa omsrra Maiikeascon n Mopan pacnonomuan npuadop
TaK, 970 0Tpesck BE oKasaicd WapaaielbHEIM ABIDKEHUIO 3eMiu
HO opOumre (B ompefenennsit 9ac ZHA M Howm). Opburanbnasd cko-
pocth papua upmMepuo 30 Km/cek, u «cHoc >PHpar B oIpeeICHHEIS
9acH [AHA MM HOYH W B OIpeleleHHOe BpeMsa rofa JoJkeH J0-
CTHTaTh 9T0H Beiamuuubl. [Ipubop OGHI JOCTATOYHO IYBCTBHTENCH,
9T00K 3aMeTHTH TaKoe sBjedwe. Ho HUKaKoro pasimymsa Bo Bpe-
MeHax o0HapykeHO He OBIT0 — CKOPOCTH ABWKEHUA 3eMIH CKBOZB
adup oKasaNOCh HEBO3MOKHC oO0mapysmrb. Pesynprat omnsrra
ObLt HYIeBOIk.

Jro OwIo sarajowno. Jro Hacropakmsano. Ilepsyno maomo-
TBOPHYIO H/CH, KAK BHIHTH W3 Tymmea, BeABmHYa Jlopenm. O
JAOLMYCTHI, YTO BCe MaTePHAILHBIE TEJa IIPH JBIKEHHN CRUMATOTCH,
HO TONBKO B HaOpapienmm Bwikenms. TaxkmM ofpasoM, ecau
AMWHA TOKOAIMErocs Tela ecTh Ly, TO JJIHHA Tela, ABIMEYIMErocsd

i1

5= (15.5)



€0 CROpoeThio ¥ (HazoBem ee L, The 3HAYOK || moxkaseBaer, 410
ABUKeHHEe TIPOMCXOJMT BJOJAb JJIMHLL Tena), faerca ¢opMmydoit

Li=L}y 1-%. (15.6)

Ecan oty (Qopmyny upnMeHnTs kK wuurepdepomerpy Maiirens-
cona — Mopanm, To paccroaudme o1 B go C ocTanercsa HPemHuUM,

a paccrosirue or B po E yxopoTuTea mo LV T=u¥¢, Taxum 06-
pasom, ypasaesue (15.5) ne mamennutcs, Ho L B ypassenun (15.4)
usMenntca B coorsercreum ¢ (15. 6) B pesyneraTe Mbl modydnM
(2Lje) V1i—ut e 2Lje -

ty +t2 {— uz‘c- V‘—"l_“zloz (1-)-/)

Cpasrnsas sto ¢ (15.5), MBI BuauM, 4t Teneps ! --t,=2¢;. Crano
OuTn, ecau npubop AeficTBUTENBHO COKpPAMAeTCA TAaK, KAaK MBI
TTPENONOKIAN, TO CTAHOBUTCA IOHATHBIM, IIodeMy omeiT Maii-
KeabcoHa — Mopau Hukakoro »sdpderTa He Jal.

Xor1a rHnoTe3a COKpameHnsa ycmemrso o0bAcHAIA OTpHOa-
TeNbHBIII MTOT ONBITa, OHA caMma oOKaszanach 0essammTHON mepeq
o0BHHEHEEM, YTO ee eJMHCTBEeHHAs IeJL — H30aBUTHCA OT TPYHA-
RocTeil B o0bscHennu onkTa. Oma 6BTa Yepecdyp HCKYCCTBEHHOM.
Omnano cXofuile TPYAHOCTH BOSHHKAIM H B APYIHX OIBKTaX II0
obnapy:xeHmo dHpHOT0 BeTpa. B KoHNe KOHOOB CTAaJ0 KasaThes,
uTO MPHUPOJA BCTYHHJIA B ¢3aroBOop» IPOTHB JellOBEKa, 9TO OHA
npufersa K KOHCHHpANMHE ¥ TO W AEI0 BBOJHT KAaK{de-TO HOBBIE
ABJIeHnd, UTo0Ll cBecTH K HYNI0 Kaygoe fABJIeHHE, ¢ HOMOIbIO
KOTOPOTO HYeJOBEK MNBITAETCA N3MEePHTHL U.

W maxromen;, 6s10 mpmsnano (Ha ato ykasan Ilyaumwape), wro
ROAHAS KOHCRUDAYUS — 3M0 U ecmb 3akon npupodsi! HyaHI{ape
APeNIOAOKII, YT0 B NPHPONE €cmb 3aKOH, B3aRJIIOYAIIUICA B
TOM, 9T0 HeJb3fA o0HaPYKuTH dPUPHHIT BeTep HUKAKUM cmocoboM,
T. e. alCoONOTHYIO CKOpPOCTH OGHAPYKUTH HEBO3MOIKHO.

§ 4. Ipeobpazosanue epemert

Ilpm mposepke, coraacyercs Jau ujes 0 COKpAIeHAH pPaccTos-
Huii ¢ gaKTaMu, oOHaPYIKEHHBIMI B IPYTHX OIRITaX, OKA3HIBAETCH,
9T0 BCe MEHCTBHTENIBHO COIIACYeTCS, ©CJaM TOJIBKO CYHTATh, UTO
epems. moxce npeo6pa3yemcx U HPUTOM TaK, KAK 3TO BBICKABAHO B
ypasmennu (15.3). Ilo sToii-ro mpmunne Bpema f3, Kotopoe 3aTpaTaT
cBet Ha nmyremectsue oT B k C 1 opaTHo, OKa3KBaeTCA HeOAUHA-
KOBHIM, €CJ¥ ero BEMHCISICT YeJIOBER, MAeJAlONiii 9TOT OIBT B
ABIDKYMEMCA MERIJIaHeTHOM Kopalide, HIH e HEIOJBUKHBLI
HaOJIOaTeNs, KOTOPHIT CIeIWT CO CTOPOHLI 3a 9TUM Kopabiem.
JLast mepBoro BpeMsa ¢; paBro upocto 2L/c, a JJ5 BTOPOTO OHO PaBHO

2L/c YV 1—u?¥/c® [|ypasmenme (15.5)]. UmpiMu cioBaMm, ecim BH
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¢6 cTOpoHH Ha(mIofaeTe, KaK KOCMOHABT 3aKypHBaeT HaIlupocy,
BaM Kajkercs, UTO OH JieJlaeT »T0 MeJJeHHee, HEMKelIm OOBITHO,
X0TA CaM OH cUHTaeT, 4TO Bce IPOHCXOLUT B HOPMAJBHOM TEMIIe,
Crano OplTh, HE TOJALKO JUTHHEL JOJIKHEL COKpamaTsCsd, HO H Npu-
GopH OISl M3MepeHHsA BpeMeHH («IachDy) JOJGKHL 3aMEIIHTL CBOM
xon. WUHave roBOpPsA, KOrJa 9ackl HA KOCMHYecKoM Kopabae oTcam-
THIBAIOT, 110 MHEHHIO KOCMOHABTa, 1 cek, 10, Mo MHEHHUIO CTOPOHHETO

nabmogarens, mpoiiter 1/ 1—u?/c? cer.

3aMejenne Xofla 9acoB B [ABIDKYINElCA cHCTeMe — sBJACHHE
BecbMa cBoeoGpasHoe, W ero CTOHT HOACHUTH. YToOH IOHATH ero,
fJaBaiite IpoCHeIIM, 4TO OHBaeT C YACOBHIM MEXaHU3MOM, KoT[a
YacH ABM/KYTCA. TaK KaK 9TO JOBOJBHO CJHOMKHO, TO JYVYIIe TacH
BpiOpats mompome. IlycTs 310 Gyner creprens (MeTpoBOH JIHHLI)
¢ zeprazaMm Ha ofoux Rommax. Eeam mycrtutp cBerOBON cHUTHAJ
Me;RAY 3epKajgaMm, To oH Oymer 6e3 koHma Gerath Tyga-cofia, a
qachl OYAYT THKATH KaKIHIL pas, KakR TOJBKO CBET JOCTUTHET
HpKHero KoHma. HOHCTpYRuuA oBOJBHO IIymas, HO B IIPHHIIMIIE
TaKHe Yack BO3MORHEL. Y BOT MEI M3roTOBEM HBOE TAKUX YACOB
CO CTepyKHAME pPaBHON AIHHBI M CUHXPOHH3YeM HX XOX, WUYCTHB
AX OAHOBpEMEHHO; fCHO, 470 OHU Bcerga OYAyT MATU OXMHAKOBO:
BeJb NAJHHA cTepsKHell OJlHAa M Ta JKe, a CKOPOCTH ¢BeTa ¢ — TOMKe.
HamnM onnm vack KOCMOHABTY; NyCTh OH BO3bMET HX ¢ co0oil Ha
MEeRIUTaHeTHHIT Kopabip W HOCTABUT HMX MONEepeR HATpPABICHHS
IBWHEHUs, TOIJa [IHHa crepkHs He usMenmrcesa. [a, mo orkyga
MBI 3HaeM, 4To pomepeuhasl aamHa He Memsercsa? Halmopgarens
MOJKeT JOTOBOPHTHCSA ¢ KOCMOHABTOM, UTO HA BEICOTE Y B TOT MO-
MeHT, KOrJa CTep:KHH IOPaBHATCA, KajkAbl cpemaeT Fpyromy
Ha ero crep:kHe MeTHRy. U3 cuMmMeTpum ciaefyer, IT0 OTMETKHU
HpUAYTCA Ha T 3Ke CAMEIe KOOPAMHATH J ¥ ', B IPOTUBHOM CIydae
OJHA MeTKa OKRasKeTcs HIGKe WAW BHlle APYTod u, CpaBHUB KX,
MokHO Oyler ckasath, KTO M3 HUX JBHTAJCA Ha CAMOM jeJe.

Tag 4To ke MpomMcXonmMT B ABIMKYNNXCA 9acax? Bxoasa Ha Gopr
Kopabils, KocMoHaBT yOeuicsa, 94TO HTC BIOJHE NPHINYHBIE CTaH-
JapTHHe dack W HAYEro 0co0eHHOrO0 B WX INOBefeHmH Ha Kopabie
oH He 3saMetui. Ecam 66 oH 9T0-TO 3aMeTus, To C€pasdy HOHAN
OB, 9T0 OH ABWKETCA; €CIM XOTh YTO-TO MEHSeTCA B pesylbrare
JBUJKEHHS, To SICHO, 9T0 oH pABmwKercsa. IlpmHumnn ke oTHOCH-
TeJbHOCTH YTBeP:KR7AeT, YT0 B PABHOMCPHO MBIKYDICHCH cCHCTEMe
9T0 HEBO3MOJKHO, CTajdo OBThH, B 4YacaX HHKAKAX H3MEHEHHN
He mnponsonuto. G Apyroit cropoHsl, Korjla BHemmBuit Habmioda-
TeJIb BITUIHET HA HpoJeTalom[He MHMO dYackl, OH YBUAHET, YTO
cBeT, HepeGeras oT 3epraja K 3epKaTy, Ha CaMOM Jelie ABIDKETCSH
BUr3araMu, NIOTOMY 4YTO CIEp:KeHb BCEe BpeMa IepeMemaercs
OoxoM. Mu yxe aHadmsmpoBaiu TaKoe 3uraaroo0pasHoe IBH-
AeHme B cBA3m ¢ ombitoM Maiikeascona — Mopau. Horma 3a
sajlagHOe BpeMA CTepykeHh CHABHHEICA HAa paccrofgHme, Upolop-
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nnogaasHoe u (Pur. 15.3), To paccrosnme, mpofifennoe sa TO ke
BpeMs1 CBETOM, GYHBT OpONMOPHUOHAJIBHO €, U TOITOMY paccros-

HHC D0 BePTHKAJIM TPOUOPIHOHAIBHO |} ¢2—ul.

3uaunt, cBery uUoHamolumrcA Gosvlie 8pemenu, YTOGH mpoitrm
ABMKYIIMICS crepsKeHb u3 KOHI[a B Komel,— 0oJpme, 4eM Korma
cTepskeEb memojsmkeH. lloaromMy kamymumiica HIpoMeKyToK Bpe-
Menn MeAY THKAHBAMH [BIDRYIIUXCS dacoB YIJMHHUTCA B Toil
K€ TPOIOPIUM, BO CKOJBKO THIOTEHY3a TPEYrOJbHUKA [IHHHEE
rareta (u3-3a ®TOr0 B GopMyie m noasiasercd kopens). U3 pucynra
TaK e BUJHO, YT0 9eM i 0oJbIlie, TeM CHIbHee BHIMMOE 3aMeIICHIe
xoza YacoB. M He ToJNbKO TaKme 4achl HAYHYT OTCTaBaTh, HO (€CJaH
TOJIBKO Teopus OTHOCHTeNBHOCTH IpaBudbaal) mdrodble dach, oc-
HOBaHHBIe Ha MIO00M NPHHIHUIE, TaKe JOLKHEL OTCTAaTh, IIPHUTEM
B TOM K€ OTHOMIECHHH. 3a 9TO MOKHO IOPYIHTBCA, HE WPOJEIbIBAS
manpmeiimero amaamsa. [louemy?

Yro06l 0TBeTHTh H HA BTOT BOIPOC, MOJOMKHM, Y10 y HAcC ecTh
emie 7BOe YacoB, NEJHKOM CXOOHLIX MeKAY coboll, crameM, ¢
3y0uaTKaMy W KaMHAMH, HJIM OCHOBAHHHX HAa paJHOaKTHBHOM
pacmage, Ham emle KakmxX-HHOyAs. OnmaTh cormacyeM HX XOm ¢
HaimmmMu mepBeiMu vacamu. Ilyerh, moka cBer mporyaserca o
KoHNa u o0paTHO, M3BECTHB O CBOeM nNpHOBTAN THKAHBEM,
3a 5T0 BpeMsl HoBas MOJEIb 3aBePUIAT CBOM HUKI M TOME BO3-
BecTHT 00 DTOM KAKON-HHOVAH BCIBINIKON, 3BOHKOM MIH JIOGHIM
HHBIM CHTHAJoM. 3axBatuM ¢ colofl Ha KocMuiecKHi Kopabip
HOBYIO Mogenb vacoB. Mosker ObTHL, DTH Hachl yKe He OTCTadyT,
a OygyT HOTH TaK ke, KAK UX HONOJBIURHHI ABOHHMK. AX, Her!
Eciau oHm pasofifyrcs ¢ mepBoit Mopedslo (KoTopas ToMe HAXO-
gurca HA Kopable), TO 4YeJoBeK CMOKeT UCHOJB30OBATH DTOT pas-
noboit Meswgy UOKazaHWAMH o0ouX dacoB, 4TOOH oOUpefeInth
CKOpoCTh Kopabuas. A Beps cuUmraercsi, 4TO CKOPOCTH Y3HATH He-
mercanmo. CMmotpute, Kak a0BKo! Ham He HysicHO nUuezo 3Hamb o
Mmexanusme pabombl, HOBHIX 9aCOB, He HYMKHO B3HATH, 4T0 MMEHHO
8 HUZ 3aMeiisieTcsA, MBL HPOCTO 3HAEM, 9To, KakoBa Op Hu Obila
HpHYMHA, XOX YacoB OyHer BBIIVIAAETH 3aMENJCHHLIM, W IPHTOM
B JOOHX dacaXx OJNHAKOBO.

Uro me suxomut? Ecaum ece gpmympecs dYachl 3aMeIAIOT
cBOit X0f, ecanm M000il cmoco0 m3Mepenus BpeMeHH IpHBOJUT K
3aMe[JICHHOMY TeMOy TeUeHWS BpeMeHH, HaM OCTAeICA TOJDBKO
CKasaTh, 4TO CAMO Gpems, B OIPEIEICHHOM CMBICTE, KAKeTCA Ha
aBmymeMcs Kopabiae samenmenmeiM. Ha wropalile Bce: m myasc
KOCMOHaBTa, M OBICTpoTa ero coolpaykenus, u BpeMsa, morpeGHoe
IS 3KATaHASA NAlAPOCH, U Iepuo BOSMYKadusd 0 HOCTapeHust —
BCE HTO JOJUKHO B3aMERIHTHCA B OJUHAKOBON credeHm, mGo WHade
Moxuo Oyfer y3HATh, 9T0 Kopaldin ABwxerTcd. BHONOTH W Mefukn
HHOTJA TOBOPAT, YTO ¥ HUX HET YBepPeHHOCTH B TOM, YTO paKoBag
omyxonb Oymer B KocMumYeCKoM Kopabie pa3BHBATbCA JAOJbIIe.
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OpHako € TOYKH 3peHHs COBPeMEHHOTO (H3NKA 5T0 CIYyINTCHA
NOYTH HaBepHAKA; B UPOTUBHOM CJIYyIae MOKHO OBLIO ObI mo Obi-
CTPOTC PA3BUTHA OMYXOJH CYRUTH O CKOPocTH Kopadbual

Ouenb uHTEPEeCHHIM LOPUMEPOM 3aMeIJIeHHA BpeMeHU IpPH JBH-
JKeHNH cHAGRATOT HAac MIO-Me30HH (MIOOHELI) — HacTHIBI, KOTODHIe
B cpexmeM uepe3 2,2-107% cek caMompom3BOJIBHO pacHmajdloTCsE.
OHn NpuUXONAT Ha JeMIK ¢ KOCMHYECKHMH IydYaMi, HO MOTYT
GHITH COBNAHEL M HCKYCCTBEHHO B nafoparopuu. YacTh KOCMIYECKUX
MIOOHOB pacuajaercs eme Ha 0o0dpMONl BHCOTE, & OCTAJbLHBIE —
TONBLKO IIOCIE TOro, KAK OCTAHOBATCSH B BemecTse. flcio, 4To
NpU TAKOM KPaTKOM BpeMeHH JKH3HIT MIOOH He MOKeT Ipoiitu Gompriie
600 #, payke ecam OH Oymer MBUTATHCSA CO CROpocThio csera. Ho
XOTA MIOOHBH BO3HHKAIOT Ha BePXHUX T'panmuax arMocdepsl, mpu-
MepHO Ha Beicote 10 km m Bule, HX Bce-Tfakm oO0HapyKHBaIT
B 3eMHBIX JabopaTopuaAX cpeji KocMumdecknx xaydeit. Har sro
Momker ObTE? (OTBET COCTOMT B TOM, UTO Pa3HBIE MIOOHBEI JITAT €
PaBIIMIHEIMA CKOPOCTAMNA, HHOTNA AOBOJBHO HAMZKHME K CKOPOCTH
csera. C ux cOGCTBEHHOMN TOYKH 3peHNsA OHH KHBYT BCEI'O JIUIIb OKO-
30 2 MKcek, ¢ Hallell ke — UX ;KUSHEHHHIN IIyTh HecpaBHEHHO Goies
JIOJIOT, OCTATOYHO J0J0F, 4To05! HOCTHTHYTH HOBEPXHOCTH JeMIH.

Wx sumsnp yymmasercs 8 1/) 1 —u?/c? pas. Cpesnee Bpems musnm
MWOHOB PasHHIX CKOpOcTeil OBLIO TOYHO H3MEpeHo, WPHYeM MOy~
YeHHOe 3Ha4YeHHe XOPOIIo cordacyercs ¢ GopMyTIoil.

Msur me 3maeMm, modeMy Me30H pacHafiaeTcsi M KAKOB €ro BHYT-
peHHUII MeXaHM3M, HO 3aT0 MH 3HAEM, 9T0 eI'0 NOBCACHAE YROB-
JeTBQpsAeT INPUHOANY OTHOCHTEJIRHOCTH. 1eM u mojdeseH 3Tor
OPUHOKD — OH I03BOJISIET [eJaTh NpeJcKasaHmsa [aKe o0 Tex
Bel(aX, 0 KOTOPHIX APYIHM IyTeM ME Majo 4eTo ysHaeM. H mpn-
Mepy, eme He MMes HHKAKOTO IIpe;cTaBIeHUA o IPHINHAX pacnaja
MEe30HA, MBI BCe JKe MOJKeM NpeJicKasath, YTO eclik ero CKOPOCTh CO-
CTaBUT %/ ;9 CKOPOCTH CBETA, TO KAYKYMIAACH HPORONKUTEIBHEOCTD OT-
BeJICHHOTO eMy CpoKa }ku3Hu Gyner pasra 2,2-1078/)/ 1—92/102 cex.
U sro mpexckasanme oupasppisaercs. Ilpaspa, mewnoxo?

§ 3. Jdopenyeso corpaujenite

Temeps M BepHeMca K mnpeoGpazosanmio Jlopenma (15.3) m
IonsITaeMesl Jydllle HOHATH CBA3H MEKJAY CHCTeMaMy KOopHuHaT
(z,y,2, )u(z’,y’, z’, t'). Bygem nasuBath ux cmcremamu S u S,
uln coorsercrseHHO cucteMamu ko u Mura. Mer ymke ot™meruin,
YTO IepBOe ypaBHEHWE OCHOBGLIBAeTCA Ha upeamonokennn Jlopenma
0 TOM, 4TO IO HAIpaBIeHWIO X Bce TeJa CKuMawrtea. Hak ke
MO;KHO JloKa3aTh, 470 TAKOE COKPAINCHME ACHCTBHTENbHO OniBaer?
Mu yme monmMmaem, uto B omeite Maiikeascona — Mopau mo
UPHHLUULY OTHOCHUTEJNBHOCTH nonepednoe unedo BC He Momer
COKpATUTBCA; B TO ;Ke BpeMs HyJeBoil pesyanrar oHLTa Tpefyer,
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9106 8pemena 6o paBHA. UToOH moXyumics Takoil pesyisTar,
OpUXOJUTCA MOMYCTHTH, YTO IpoRoabHoe uiedo BE kamerca
cskaThiM B oTHomennm J 1—u?/c2. Uto o3mHadaer aTo COKpAMCHUE
na assike ko m Muka? Honomum, uro Muk, gsurascek ¢ cucreMoit
S’ B HampasieHnn r’, u3MepAeT METPOBON JHHEKoH KOOpAHHATY
z’ B Heroropoil Touke. OH npuKIajgmBaer JAuHEHKYy z' pas m Hy-
Maet, 9T0 paccTosinne paBuHo z’ MeTpaM. C rourn ke 3penns [Ixo,
(B cucteme S) muneiika y Muka B pyrax ykopodeHa, a «Ha caMoOM
Jlede» OTMepeHHoe uM paccTosimme pasHo 2’} 1—u%c® merpos.
IToatomy ecau cucrema S’ yaaamiach 0T CHCTEMEI S HA PaccTOSHME
ut, To pabuaogaTenb B cucTeMe S JIOMH{GH CKAa3aTh, 9TO 5Ta TOYKA

(B ero KoopAMHATAX) YAAJICHA 0T Hadada Ha z=x '}/ 1—u?/c*+-ut, nan
z—ul

Vicwe

Jro ¥ ecTs mepsoe ypasHenme u3 npeobpasoBanuil Jlopenna.

(1,":-_~

§ 6. Odnoepenennocmes

HooGubM e 00pa3soM M3-3a PasInwuA B MacHITafax BPeMeHM
nosABAsgercA W 3HaMeHaTeAb B ypasHeHun (15.3r) B npeoGpaszo-
Baumsix Jloperma. Camoe mHTepecHoe B 3TOM ypaBHEHHH — 3TO
HOBHI ¥ HEOMMJAHHEI WiIeH B yncamrede, wieH ux/c2. B gem ero
cMpica? DHUMaTelbHO BIYMABIIMCH B HOJIOMKEHHE BeIeil, MOKHO
TMOHATH, 4T0 cOORITHA, NpomcXofamue, mo MueHnw Mura (ma-
fmoparensa B cucreMe S’'), B pasHbHX MecTaX OJHOBPOMEHHO, C
roukn 3penmsa ko (B cumereme S), BoBce K¢ OJHOBPEMEHHSL.
Korga ofH0 coObitue CIyIusioch B TOUYKE X3 B MOMEHT £, a ipyroe —
B TOYKE Zy B TOT e MOMEHT %y, TO COOTBETCTBYIOHIHE MOMEHTHI £y
U fy OTIMYAIOTCS HA
u(z, —x,) c*

P L i N
7S 7

2

910 sABIEHWE MOKHO HA3BaTh (HAPYIICHHEM OXHOBPEMEHHOCTH
yraxeHHbIX coOwTuiy. YrolH MOACHHTH ero, pPacCMOTpUM cle-
EyOOHil ONHT,

Hycrs vemoBex, ABIRYiica B KOCMIIecKoM Kopabae (cucrema
S’), yeraHoBuma B ABYX KoHHax kopabuasg wacki. OH xoder 3HATH,
OQWHAKOBO Ium OoHH #HAyT. Hak CcMHEXpoHHm30BaTH Xox dacoB? 310
MOJKHO cHejato Ho-pastoMy. Bor ofmu ms cmoco6oB, oH modrm He
TpeOyer Buduciaenuil. PacmomokuMcsi Kak pas Ie-To IOCPefuHe
Mexay ugacamu. M3 »Toil touxu momaeMm B o0e CTOPOHEI CBETOBHIE
caruaasl. OHu Oyayr Asaratbea B o0ouX HampaBJieHHSX ¢ OgU-
HAKOBOM CKOPOCTBLIO M JOCTHFHYT 060MX 4YacoB B OIHO M TO JKe
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BpeMsi. BoT »TOT-TO OAHOBpPeMeHHHII HPHXOJ CHTHAJOB U MOMKHO
OpPUMEHHTh [Jisi cordacoBaHusa xofa. HoxomkmMm, 910 4yenoBex B S’
TakuM cmoco0oM coriacyer Xof dacos. [locMorpmM, cormacmres
au HaGmopgarenxb B cmeTeMe S, YTO 9TH YacK HAYT OHHAKOBO.
Hocvonasr B cmereMe S’ mMeeT NIpaBO Beputh, 4TO MX XOfA 0/H-
HAKOB, Beb OH He 3HaeT, 410 oH aBwrerca. Ho mabaiomarens B
cucreMe S cpasy pacCyA®T, 4TO pas KopalJb ABIKETCH, TO HACHI
Ha HOCY Kopabis yJaAMAHCh OT CBETOBOTO CHTHAJA U CBETY IIpH-
Hurock mpoitt G0JbiIe MOJOBHMHBI JUIMHEL KopalJas, mpespge 4YeM
OH JOCTHI 9acOB; YaCkl HA KOopMe, HaoOOpOT, JBHUTAIHCH K CBe-
TOBOMY CHI'HAIYy — 3HA4YMT, €ro mnyTs cokpatmica. llostomy
cHrHaJ cmepsa JoHIea A0 4Yacos Ha KopMme, XOTs KOCMOHABTY B
cucreme S’ [OKAsaNoch, UYTO CHTHAJH JOCTHLIH 00OHX HacoB
oauospemenno. Mrak, BBIXogwT, YTO KOTJ|a KOCMOHABT CUMTAeT,
910 coOBITHA B ABYX MeCTax KopabisA OpoH30IIIN OHOBPEMEHHO
(mpu omEOM ¥ TOM Ke 3HAYeHHM {' B ero cmeTeMe KOoOpamHaT),
To B Apyroii cucTeMe KOODAHHAT 00uHaxrosws t' oTBEJAOT pasHble
3HaveHus ¢!

§ 7. Yemutpexeermopvt

Uro eme Mo;kHO 00HADYKHUTH B InpeoGpasoBaHusix Jlopenma?
JlioGonerTio, 9ro B HuX npeoGpasoBanme z u ¢ mo QopMe HOXOKe
Ha OpeobpasoBaHuwe X W y, WaydeHHoe HamMm B Ta. 11, worga Ml
ToBOpUJIE ¢ BpameHHn Koopamuat. Torga Ml modyduiu

2’ =z cosh--ysinf, 15.8)
y' =y cosfi—zsini, (1o

T. ©. HOBoe z’ IepeMelINBAeT CTaphe T U ¥, & ¥  TOoKe IIX mepeMe-
mnBaer. Ilogo6ueiM xe ofpasom B mnpeoGpasoBanum Jlopernma
HOBOe z' ecth cMeCh CTapHX = K f, a HoBoe !’ — cMech ¢ u x. 3Ha-
4ynt, upeoGpasosadme JlopeHma ImoXoske Ha BpameHHE, HO «Bpa-
HIeHHEY B RPOCMPAHcmee U épemeHu. JTO BecbMa CTPAHHOE YOHSA-
tie. IlpoBeputp aHANOTHIO ¢ BpameHHeM MOKHO, BHYHCIHB Be-
JAHYAHY

iyttt =t Lyt 2t (15.9)

B oroM ypaBHEHHM TpH HmepBHX WIeHA B KaskHol cropoHe upen-
cTaBasioT coGoit B TpexXMepHOIl TeoMeTpHH KBAajfpaT pPACCTOSHHA
Mesk[y To4Koli m HadanoM Koopamuar (chepy). O He Mensercs
(ocTaercsas uUHBADHAHTHBIM), HecMOTpA HA BpalieBRue oceit Koop-
gndgat. Asnagoruduo, ypasHenme (15.9) cBmmereabctsyer 0 7ToM,
q9T0 CYIIeCTBYeT oupefejeHHas KoMOmHamuA KoopAWHAT H Bpe-
MeHH, KoTopasd OCTaeTcs HHBapHAHTHON npm upeobpasoBanum
Jlopenna. 3madur, nMeeTca MONHAA aHAJNOIHA C BpameHHeM;
aHaNorus 5Ta TAKOTO POJa, 9TO BEKTOPH, T. €. BEJHYMHEL, COCTAB-
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JeHHHBe H3 (KOMIOHEHT», mpeobpa3yeMEX Tar jKe, KaK W KOODAW-
HATH, OKA3HBAITCA INOJE3HHIME M B TEODHW OTHOCHTEJILHOCTH.

WUtar, Mu pacmupum moHATue BekTopa. Iloka om y mac mor
AMeTh TOJBKO IPOCTPAHCTBeHHHIC KOMIOHEHTHL. Temeph BKIIOYUM
B 970 UOHATHe M BPEMEHHYI0 KOMIOHEHTY, T. €. MBI OKHjaeM,
YTO CYHIGCTBYHOT BEKTOPH ¢ YeTHIPhMA KOMOOHEHTaMH: TP M3 HHX
TOX0KH Ha KOMOOHEHTH OOGHYHOIO BEKTOpa, a K HuHM IpHBSA3aHA
qerBepTad — AaHAJOI BpPEMEHH.

B caexyomux raaBax MH HpoaHaIusmpyeM sTo moHATHe. Mir
YBUAUM, UTO ecJHM HieH 3Tor'o Haparpada OpIIOHKHTE K UMIYJIbCY,
To mpeoOpa3zoBanme JacT TpH IPOCTPAHCTBEHHHE COCTABIAIMIME,
moobunie oOKYHEIM KOMIOHEHTAM .JMMITYyIbCa, W 9eTBEPTYI0 KOM-
HOHEHTY — BPEeMEHHYI0 dYacTh (koTopasd ecThb He 4TO HHOE, KaK
oHepaus).

§ 8. Peasamusucmeras dunanura

Temeps MbL TOTOBH K ToMY, 4T00HI ¢ GoJiee o6miei ToUKN 3peHNs
HcCIeoBaTh, Kak InpeolOpasoBanua JlopeHna H3MEeHAKT 3aKOHEL
MexaHuku. [Jlo cHx mop MBI TOIBKO 00BACHANN, KAK H3MEHAIOTCH
ATHHHL M BpeMeHa, Ho He o0BACHUAN, KAK TONYIATH H3MEHEHHYIO
dopmyay pas m, ypasuenue (15.1). 1o Oymer cmemaHo B caefgy-
jomeft ruaase.] Vsyuenme cruefctsuit gopMyanl OiinmirefiHa AasA
Macch m B Mexanmke Hplotoma mpr nadueM ¢ zakoHa cmisl. Cmaa
ecTb OBICTPOTA MBMEHEeHHA HMMIYJbCa, T. €.

__d(mv)
F= dt
Wmnyaske no-npe:kneMy paBeH mv, HO Teleps
myv
=mVe=—— . 15.10
p Vs ( )

Jro saroHn Heioroma B sammcu Iditmmreiina. Ilpu srom sugouns-
MeHeHNH, eciu JeficTBie W UPOTHBOAENCTBHE HO-IpPEeKHeMY paBHEL
{Morer, He B RaK[IHI MOMEHT, HO IO Kpalineil Mepe mocae ycpepm-
HeHUA 16 BpeMeHW), TO, KaK W paHbIIe, HUMOYJAbC O/KEH CO-
XpaHATHCA, HO COXpaHAIOmIeHCsl Beaudmpoil sBJIAeTCs He crapoe
mv IpH HOCTOSIHHOM m, a Beipakenue (15.10) ¢ mepemensoit Mac-
coit. G rakuM msMenenmeM B QopMyiie JIA UMIOyIbca COXpaHCHHE
AMIOYIbca HO-IpeskHeMy 0y/ieT CymecTBOBATD.

ocmoTpuM Teneps, KaK MMUYIBC 3aBHCHT OT CKopocTd. B HbO-
TOHOBOH MexaHmKe oH eil mpomopmmonameH. B pexsruBmcrckoil
MexaHnke B 0ojibOIoM mHTepBale CRopoctefi (MHOrO MEHBIIMX c)
OHM TaK/Ke IpuMepHo uponopnmonadpHnl [cM. (15.10)], moromy
9T0 KOpeHb Majo oTamuaeTcs oT eamamnel. Ho Korma v modrH
paBHO ¢, TO KOpPEeHb MOYTU PaBeH HYII0 W UMIYJbC mO3TOMy Oec-
npejiebH0 pacteT.
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Uro GsiBaer, KOTAA HA TeIX0 [0JTOE BpeMs BO3NEHCTBYET mIO-
crosinnan cuna? B mexannke Huiorona cxopocts Teia GecnpepsBro
Oymer BO3pacTaTh W MOMKeT IPEBHICHTH Jake CKOPOCTH CBeTa.
B penartuBucTCcKOW Ke MexaHuWKe sTo HesosMokHO. B Teopum
OTHOCHTEIBHOCTH OeCIpPepHBHO pacTeT HE CHOPOCTh Tejda, a ero
HMITYJIBC, W POCT ITOT CKABHIBACTCH He HA CKOPOCTH, a HA Macce
tena. Co BpeMeHeM yCKOpeHUe, T. €. I3MEHEHMA B CKOPOCTH, HpaK-
THYECKH HCYe3aeT, HO HMIYJIBC HPOAGIIKAET pacTH. lIOCKOJBKY
CIIAa NMPUBOJUT K OUYeHBb MAJIBIM N3MEHEHHAM B CKOPOCTH Teja, M,
eCTeCTBOHHO, CIITAeM, UTO ¥ Tejda PpoMajsasg uHeprnus. Ho kar
pas 910 caMoe H YTBep:KjaeT peasruBucrcKasd gopmyra (15.10)
IJs MaccHl TeJla, OHa ToBOpUT, 9YTo uHepHuA KpaliHe Benuka,
Rorjla v modtH paBHO c¢. Pasbepem mpumep. UYrobm oTKIO-
HUTHh OBICTPHI® DAERTPOHE B cHHXpoTpoHe HamuopHuiickoro
TexHOMOrHYecKOro IHCTHTYTA, HeoOXO[uMO MaTHATHOE HoJe, B
2000 pas Oosiee cmabHOE, 9YeM cJegyeT U3 3aKoHoB HwioToma.
WnpiMui cmoBaMm, Macca 3iexTporos B cunxporpore B 2000 pas
Ooxbile UX HOPMAJABHON Macchl, fgocTuras Macch nporosal Ecan m
B 2000 pas Gomsure m,, 10 1—v?/c? pasuo 1/4 000 000, nau » or-
naugaerca ot ¢ Ha 1/8 000 000, 1. e. cKOpoCTS BICKTPOHOB BATOTHYIO
HOAXOMNT K CcKopocTH cBeta. Ecim siaexTpoHE M cBeT OgHOBpe-
MeHHO OTHPABATCA B COCeHION JafopaTopuio (HaXOoAAIMYIOCH,
craskeM, B 200 M), T0o KTO ABUTCA mepBHM? flcmoe aemo, CBeT:
oH Beerga asmmercs OpicTpee *. Ho mackoasro 6nicrpee? Tpymso
CKa3aTh, HACKOJBKO pAHBIIC BO BpPEMEHHN, HO 3aTC MOKHO CKAa-
3aTh, Ha KaKO€ pACCTOSHHEE OTCTAHYT DICKTPOHBE: Ha g Ma,
T. e. Ha 1/; ToamuHBl droro. jgucika OyMaru! Macca >IeKTpoHOB
B DTHX COCTA3AHUAX YYAOBHIIHA, a CKOPOCTH HE BEHIMIe CKOPOCTH
cBeta.

Ha 4em eme CKasKkeTCA peIATUBHCTCKHI pocT Macch? Pac«
CMOTDPHM J(BH;KeHIle MoJeKys raza B Oangone. Ecam ras marpers,
CKOpOCTH MOJIGKYJ BO3pacreT, a BMecTe ¢ Helo M MX Macca. l'as
cramer Tmkenee. Hackomsgro?

Pasnaras m0/1f1-v2’cz~mo(1 v?/c?)~"s B pag uo Qopmyme
ounoMa HeworToHa, MOHO Halitm NPUOIHKEHHO POCT MacCCH - 1pn
Maaux cropocrax. Ilomyuaercs

e\ 122, 3 0t
N R

Uz Qopmysasr scwo, 4TOo UpH MajibX v pajg GHCTPO CXOAUTCA M
HePBHX [NBYX-TpeX HUIEHOB 31ech BIOJHE NOCTATOUHO. JHAUMT,
MOYKHO HANHCATH
1 1
m A my -+ m,(,zf(-— , (15.11)

2 e

* [IpaBga, éudumsii CBET IpOUTpaeT TOHKY W3-3a HPEJQMJIeHHS B BO3-
Ayxe. A y-u3aydenue ee, HECOMHEHHO, BHULpaeT.
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rjie BTOpPOil 9WiIeH M BHPa)KaeT POCT MACCHL 3a cdYeT TOBHIIEHHA
ckopoct. Horga pacter temmeparypa, v® pacTeT B paBHOH Mepe,
3HARYNT, yBeJUYEHHEe MACCHL IIPOIOPIIIOHAIBHO IOBHIIEHIIO TeM-
nepatrypst. Ho Yemgw® — 910 KuHeTndecKas sHeprHs B CTapOMOX-
HOM, HBIOTOHOBOM CMbICJe 9TOrO cJjoBa. JHAYNT, MOKHO CKa3aTh,
9T0 MPUPOCT MACCH 'a3a paBeH NIPHPOCTY KIHETHYECKOll dHeprum,
Jgenensoit ma ¢, 1. e. Am=A(K.9.)/c2.

§ 9. Ceaszv maccot v snepeun

910 mabalofenne Haseno JfiHmTeliHa Ha MECJAL, 4TO Maccy
TeJa MOMKHO BBIpA3UTh Ipomie, weM 1o dopmyme (15.1), ecan
€KazaTh, YTO Macca paBHA HOTHOMY COJEPIKAHUIO DHEPIUU B Tele,
neientoMy Ha ¢2. Ecan (15.41) moumomurs Ha ¢?, monydaercs

1
met=moe® + mor® ... . (15.12)

3iech neBasg 9acCTh faeT MOJHYIO 3HEPTHIO Tela, a B HOCJETHEeM
YjeHe CIpaBa ME ysAaeM oOBIIHYI KUHETHIECKYI0 HHEPruio.
JIHIUTeH OCMBICANA WEPBHIl WIeH cupaBa (0UeHB OOJBIIOE MO-
CTOAHHOE TICI0 MyC%) KaK 9acTh NOTHOIT YHEPTHH Teld, a MMEeHHO
KdK ero BHYTPEHHION JHEPIHMI0, HJIH «3HEPTUI0 IOKOAN.

K karmM ciefcTBUAM MBI IpHUAEM, eciau BeJdeg 3a JiHUITeHHOM
NpeIONOKIM, UTO SHepeus meaa 6cezda pasua mc?? Torma Mt
cMosxeM BoiBecTH dopmyay (15.1) saBucumMocTi MAcCH OT CROPOCTH,
TY caMyi0, KOTOPYM A0 cHX mOp Mbl npuHuMaim fa sepy. Ilyers
TeNo cuepsa morourtesa, obaamad smeprmeil ¢, 3aTeM MBI LpH-
KIagblBaeM K Tely Cily, KOTopas CABHTAeT ero ¢ Mecra 1 IOCTaB-
AsieT eMy KHHEeTHYECKYI0 DHepTHi0; pas dHeprisl IpuMeTcs BO3-
pacTaTh, TO HAadHET PacTH KM Macca {3To BCe 3al0o:KeHO B IEepPBOHA-
gansHOM Hpepnogoxkennu). [loxa cuda peiictByer, oHeprusa n
Macca NpoRommarot pacTd. Msr ymxe Bugeam (cM. ra. 43), gro
ObICcTpOTa pocTa DHEPTUH CO BpeMeHeM paBHa IIPOH3BEEHHIO CUJILI
Ha CKOPOCTH
E_F-v. (15.13)
Kpome toro, F=d(mv)/dt [em. ra. 9, ypasuenne (9.1)]. Csaszas
Bce 970 ¢ onpesenenneM £ u mogcrasus B (15.13), moaydum

dme®) o d(mv) (15.14)

dt dt

Mur xoTHM pelIWTH HTO ypaBHEHME OTHOCHTENABHO m. Jas 2ToTro
HOMHOKIM ofe dactu Ha 2m. YpaBHeHume o0paTHTCA B

) { (m
¢* (2m) & = 2my L0 (15.15)

Teneps HaM HYRHO H30aBUTHCHA OT IPOH3BOAHHIX, T. €. ITPOMH-
TerpapoBate ofe 4acTu paBeHcTBa. B Besuumne (2m) dm/dt momno
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y3HATH NPOM3BOAHYIO N0 Bpemenu oT m*, a B (2mv)-d (mv) [dt —
DPOH3BOIHYI0 N0 BpeMend ot (mv)*. 3Haunt, (15.15) coBnagaer ¢

d(m?  d(m*?)
B ke 15.16

C—ar dt ( )
Korma mpomspopmiie nAsyX BeAWYAH PABHEI, TO CAMHA BEIHYHHEH
MOTYT OTAHYaThCA He GoJbIe 4WeM Ha KoHcTanty C. 9TO WO3BO-

JAseT HANMCATH
mic*=m*v*+4C. (15.17)

Oupegnenum Tenepp koHcrauty C siBro. Tak kak ypasaenue (15.17)
NOKBO BHOOIHATHCSI OPH JIOOHX CKOPOCTAX, TO MOMKHO B3ATH
v==0 u 0003HAYUTE B HTOM Ciyuae Maccy gdepes my. [logcramosra
eTax uncena B (15.17) maer

mict=0-+-C.

910 snavenme C Temepb MOMRHO IojcTaBuTh B ypasHenme (15.17).

Ono upuumMaer BHJ ,
mPc*=m*v® -+ mec*. (15.18)

Pa:mem?m Ha C2 u 1epeHeceM 4YJCHBI ¢ M B JICBYHO qacTh
/ v?
mt(1—2) =me ,
02/ 0
OTKY/a
m
]/—1-—02/02

A 910 ®m ecth QopMyaa (15.1), T. e. Kak paz To, 4T0 HeoGXoHMMO,
arobbr B ypasuenmm (15.12) Obto cooTBeTCTBHE MERAY Maccoli
M 3HepTHen. :

B 06branpix yeaoBHAX M3MEHEHHS B DHePTUH IPHBOIAT K OYEHD
MaJBM M3MEHEHHUSIM B Macce: IOYTH HUKOIFA He YAaercAd W3 [JaH-
HOT'C KOJIMYeCTBA BelecTBa M3BIeYb MHOTO DHEPTHMH; HO B aTOMHOM
fombe ¢ oHeprueit B3phiBa, susBuBagentHoir 20 000 ToEE TpuHH-
TPOTONyoJa, Bech merel, oCeBHIWil mocae BaphBa, Ha 1 2 merde
IepBOHAYAABHOTO KOJIWYECTBA PaCHISILIAIONEerocA MaTepHala. 9To
MOTOMY, 9T0 BEJIeJIMIAch SHEPrusi, KorTopad uMena Maccy 1 e,
B coriacun ¢ gopmyaoit AE=A(mc?). Busox o6 oKBHBaleHT-
HOCTH MacCHl ¥ DHepPIHM HPEKpaCHO HOATBePMILICA B OIBITaX II0
AHHAMTUAANMAN MaTepuu — NPEBpAeHnI0 BemecTBa B DHEPTHUIO,
JMEKTPOH ¢ NOBHTPOHOM MOTYT B3aUMOJAEICTBOBATHE B IOKOe,
nMeR KamAuil Maccy noKos my,. llpm cOnukennn oM HcdesaworT,
a BMECTO HHX M3JYYalorcs IBa Yy-ITyYa, KaKALIH OOATH ¢ dHeplHei
moc?. OTOT OMBIT WPsIMO coofmiaeT HAM O BeJIWIHe DHEPIHH, CBA-
3aHHOM ¢ CYm[eCTBOBAHMEM MAacChl IOKOA Yy YaCTHUILBL.



I'aasa 16

PEJATUBUCTCKAA 9HEPTUA
U PEJATHBUCTCKUMA HMMIIYJILC

§ 1. Omnocumesvnocmis u «PUAGCOPol»

B oroii raase Mul mpomosKUM oOCYIeHUE .

OpHUHIUNA OTHOCHTEIbHOCTH JiHmreitHa — Ilyan-
Kape, eTo BIMAHHA Ha Hamu ¢QuandecKune BO3-
3peHHs u Ha Bech XapaKTep 9e0BeYeCKOro MEII-
JNeHns.

Ilyamrape caegywomuM o0pasoM chopMymnnpo-
BaJi ApUANMI oTHOCHTedbHoCTH: «CornacHo mpumu-
UMY OTHOCHTEJIbHOCTH, 3aKOHE QU3NISCKHX ABIIE-
uuil 06s13aHBl OBITH OJHHAKOBEIMH [JA HeNol-
BIsKHOTO HalOmiofgareld W s HabJaoogarenas, Ko-
TOPHE OTHOCHTENbHO HEro HepeHOCHTCA paBHO-
MepHBIM JBHKeHNEM, TaK 4YTO y HaCc HeT Hu He
MozKer OBITH HMKAKMX COOCOGOB OTIMYUTH, YHO-
CUT MM HAC TaKoe [BWKeHHe Wi He YHOCHUT).

Horpa sta Mupicab ofpymiuiach Ha deoBeyYecT-
Bo, cpeau ¢maocodoB Havadach cymatoxa. Oco-
Genno cpenu «punaocodoB 3a YAINKOH Yas», KOTO-
poie ToBOPAT: «0, BTO OYEHD MPOCTO: Teopus JiH-
HITeHHa YTBepKJaeT, 4YT0 BCe OTHOCHUTEIBHO!»
ITopasuTeabHOE MHOMKECTBO TAKNX «PHI0COPOBY —
W He TOIbKO pAaCCYKIAINUX 3a YamKo# dvas
(BEpoyeM, He kejaas HX o0mWKATh, 51 6yLy TOBOPHUTD
TOIBKO 0 «Punocodax 3a JamKOH 4asy)—TBepAAT:
«}3 orxpriTHIl JNHIOTelHA CleAyeT, YTo Bce OTHO-
CHTENLHO; 3TO OKa3aJI0 TIIy0OKoe BIMAHNE Ha HALLY
mbicaiby. U eme morom gobasisior: «B dusure
0bi70 JOKA3aHO, 49TO SIBIEHUA 3aBHCAT OT CHCTEMEI
orcyera». MosHO yCaBIIaTh HeMallo HOJOGHBIX Be-
niei, HO Tpy#HO HOHATH uX cMuica. [lo-Bugumomy,
CUCTEMBI OTCYeTa, O KOTOPHX HIeT pedb, — 3TO0 Te
cHCTeMBl KOOp/iuHAT, KOTOPHIMI MBI HOJB30BAIHCH
B aHalude Teopuu OTHocuTelsHocTH. Urak, ToT
daxT, 9TO «BCe 3aBHCHT OT CHCTeMbl OTCYETay,
OKa3plBaeT Morydee BIUAHWE HA COBPEMEHHYIO

our

Orrocurenns
HOCTH H «PuI0=
codp»

Hapagore
drmznenon

Hipeatpasosamre
CHOPOCTel

Poersrannerenasa
waeea

Peasrusnerexan
sEeprus
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mpiciib. OcrtaeTess TONBKO yJuBAATBCA, nodeMy? Begn mpemme
BCETO caMa njes: «Bce B3aBHCAT OT TOYKH 3PEeHUA» — HACTOJIbLKO
mpocTa, 4YTo, HECOMHEHHO, HE OBUIO HYMAL OOpeMeHATL celd
aHANM30M TpyHAHOCTell $u3MYecKOH Teopuu OTHOCUTEIBHOCTH,
9100Bl OTKPHTH ee. Beskmii, KTo mger mo TpoTyapy, 3Haer, 4To
BCe, YTO OH BHAHT, 3aBHCHT OT ero cmcreMel orcuera. Cmepsa ou
BHJHT JINIAa MPOXOKHUX, a V;k NMOTOM — @X 3aTelkm. M moutn BO
BceX PuIOCOPCKUX 3aKIOUEHHAX, O KOTOPHIX [OBOPAT, UYTO OHHU
IPOUCTEKJAN U3 TEOPUH OTHOCHTEJBbHOCTH, HeT Hmyero Golee Tay-
foxoro, uem yreepykienus tuna: «[lemexon BHIIARHT ciepe;ii
HHaue, Hesrenn c3aguy. VasecTHod paccKas 0 HECKONBKUX CIEIbIX,
CHOPUBIINX, HA ITO HOXOJK CJIOH, TOKEe BechMa HATIOMIHAET TeOpuio
OTHOCHTEJIBHOCTH ¢ TOYKH 3PEHMsA TaKuX OuIocodos.

Ho B 7Teopun OTHOCUTENHHOCTH, NOMANYH, €CTh K0e-9T0 H
noriay0ske, weM HaOJIOfleHIle, YTO YeJOBEK COEpedH BHITJAAUT
HHade, dYeM c¢sagu. llpuHmunm oTHOCHTENBHOCTH KyAa rayoswe
DTOTO, BEMb C €20 ROMOWYLI0 Mbi Modcem Oeaamb onpededennbie nped-
ceasanus. Ho 65110 6B Goee 9eM cTpanHO, eciim Obl TOIBKO 3TO
gabiogenne MO3BOJAMIO HAM TpelCcKa3hBaTh IOBEHEHME MPHUPOLHI.

Ecre m ppyras mmxona «duaocodosy. It YyBCTBYWOT cebs
0UYeHb HEYIOTHO H3-3a TEOPHU OTHOCHTEJILHOCTH, KOTOPas 3afBIAET,
9T0 HeJb3sl OHpeJeNATh CBOI abCOMIOTHYIO CKOPOCTH, HE TMsIiA
HU Ha 470 cHapyxu Kopabmasi. OHu BocraunaworT: «Bnoane nonsgTHO,
9T0 HUKTO He MOKeT M3MepHThb CBOSH CKOpOCTH, HE BHIISABIBAA
Hapymy. Camo coboii oueBHmHO, 4YTO GecCMbICACHHO TOBOPUTH O
YBEH-TO CKOPOCTH, eCliM He IIAfeTh Ho cTopoHaM. Imynmer Obian
Te Qu3MKM, KOTOphle mymanm uHawe. JIX Bapyr oceHmio, BOT OHI
Il pagsl; HO ecay 6Bt MEI, Quiaocodsl, HpegcTaBsaIN, KaKkue apobiie-
MBI CTOANK Depes GH3HKaMu, Mbl X JABHO pemuin Ob YHCTO Mo3-
TOBRIM YCHJIMEM W €pasy ke NOHAam OH, 9T0 HEBO3MOKHO Ofpe-
OEeJIHTH CKOPOCTh, He BBINIHYB Hapy:Ky. W Mer ciedanu 6w Tpo-
MafHHil BRIAZ B 3Ty BHX QU3HKY». ITH Quaocodsl BCerja TOMUYTCA
OROJIO HAC, OHU MeabTemar Ha obouMHAX HayRU, TO M AEJ0 WOPL-
Basich cooOmMUTH HaM 4To-ro. Ho HEKOTZa Ha caMoOM jeJjie OHH He
NOHUMAaJIH BCeH TOHKOCTH H TAyOmHK HamuX HpobieM.

Hama Hecnoco0HOCTL 3acedh abCOMOTHOE [ABUKEHHE — DTO
pesyabTaT ORBMO8, a He HTOL ILIOCKOTO (uiocoecrBoBaHHA. JTO
serko mosicanTs. HavaTs ¢ Toro, uro eure HporoH cymrad, uto Aeii-
CTBUTENHHO HEBO3MOKHO Y3HATH CBOK CKOPOCTD, €CJIU IBIMEMIBCH
npsAMOJEHEHO N paBHOMepHo. Beas mHepBHM-TO HpPOBO3TIACHI
UPHHIUI OTHOCHTEJBHOCTH mMeHHO HpoToH (MH IHTHpOBAlH ero
ciopa B mpeavigymeill raase). llogemy e B Te, HBIOTOHOBHI
BpeMeHa ¢miocodsl He HOHUMAaJu TAKOro HyMa O TOM, 4TO «BcCe
OTHOCHUTEJIbHO» W Tak Jajiee W ToMy nomgoOHoe? A mOTOMY, 4TO
noka MaxcBeqsm He pasBHJI CBOIO DJIEKTPORMHAMHUKY, CYIECTBO-
Ballz (U3MYECKHE 3aKOHBI, II03BOJIABINNE YTBEP/HAATH, UTO MONCHO
H3MEePUTB CBOIO CKOPOCTD, Jajike H He BHTIAHYB Hapy#Yy; HO BCKOpe
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pocre MaxcBemna skcnepumenmaavro OHIO ycTaHOBIEHO, 9TO 5TO
HEBO3MOMCHO.

A Temeph craykuTe, JelicneumenbHo NU Tak YK abCONOTHO u
onpefieleHHO HEOOXoquMo ¢ (QUI0COPCKOI TOUKE 3peHns, 4To0u
HEBO3MOKHO OBLIO 3HATH CBOI CKOPOCTH, HE HOCMOTPEB MO CTO-
poHaM? OpgHHUM U3 CIEACTBUIl TeOpHH OTHOCHTEJBHOCTH SBUIOCH
pasButiie durocoduu, Koropasd yrBep:Raata: «ODpeAesiTh MOKHO
TOJBKO TO, 4TO Hopgaercs maMepenmio! Tar Kak sicHO, 9TO Henbss
H3MepUTH CKOPOCTH, He BYUIA, IO OTHOIIEHHIO K YeMy oOHa H3Me-
pseTcs, TO ecTeCTBEHHO, YT0 NOHATIE abcoMOTHOM CROPOCTYH CMbICAA
ne umeem. Dusurn 06a3aHH TOHATH, YTO MO¥KHO I'OBOPHTE TOJIBKO
0 ToM, urto mojpaercA maMmepenuio». Ho e omom-mo u sece onpoc:
CKa3aThb, MojceMm AU Mbl Onpedeaums abCOMOTHYK CHOPOCTh,-—
8TO BCE pABHO, UTO PeNIHThb, MOKHO WM HEJIb3s 6HACHUMb U3
PKCRepUMEHMA, ABU;KETCH U KopalJib, He BMIVIANBIBAg B UJLIO-
mMuHatop. HMHBIME cioBaMm, HeJNB3H anpuUopy YTBEPKAATH, dTO
4T0-T0 H3MEPHMO, a YTO-TO HeT; 3T0 pemaeT He paccyxdIeHme, a
srcepuMeHT. Hemmboro maiimercst duiocodop, KoropHe XJIagHO-
KPOBHO OOBABAT OYEBHJHBIM, 9TO €CJIHM CROpPOCTh CBeTA BHYTDH
asromobuas papHa 300 000 km/cer, a CKOpPOCTH €aMOTO aBTOMO-
Oumst mocruraer 100 000 ra/cer, To cBeT mponocuTes MuMo Hal -
JaTess Ha jopore Toxe co ckopoctbio 300 000 rm/cer. Qua Hux sTo
norpsAcamuil QaKT; Aaske Te U3 HUX, /JIH KOTO OTHOCHTEIBHOCTH
pasyMeeTcs caMa coboif, 06HapyKHBAIOT, KOTHA BHL IIPEABABISETE
AM KOHKPeTHBEIH (aKT, YTO0 3TO COBCEM He TakK VK OYeBHIHO.

N naroHen, ecTb gaske «duiocodr», yrBepHIA0IKe, 9TO BooGITe
MH He B COCTOAHWH OOHAPY:KHBATD HEKAKOTO JBIIKEHWs, HE BEI-
rasAgLBas HapysKy. A yK 9To mpocTo Hesepro. HeiicTeuTesnbHO,
HeJb3A 3aMEeTHTDh DAGHOMEPH020 [BWKEHHSI N0 Rpimoli JUHAH,
HO ecau OBl BCsT KOMHATa eepmetdcb, MBL OBl ompefenenuno o6 aroMm
3HAJNH, HOTOMY 4TO BCe B Heil pasieraimoch OH K CcTeHKaM — Ha-
Gmopganuch OB BesuecKoro poja «meHtrpobesxubiey addertsr. Tot
¢darT, 4To JeMia Hallla Bpamaercs BOKPYT CBOSH OCH, MOMKHO
o0Hapy/®uTs, HE THAOA HA 3BE3NH, CKa)KeM, ¢ IOMOmBI0 TaK
HaseiBaeMoro MasitauiRa Dywo. Cramo OwTH, HEBepHO, YTO «BCE
OTHOCUTENIBHOY; Helb3sl 06HAPY/KUTH TOJBKO DasHOMEpHoe Jaudice-
HUe, He BHIJIABBAsg Hapy)Ky. PaBHomepHoe epaujerue BOKPYT
PurcupoBaHHOI ocu 00HAPYKUTD MOXCHO. A KOTZA BE 9TO CKAKETE
¢uirocody, OH oUeHb OTOPUHUTCH, YTO MPEHKe DTOT0 He HOHMMA;
eMy, BUgUTe Jd, Ka3alloch, 4TO NPOCTO HEBO3MOKHO YCTAHOBHUTH
ppameHne BOKPYT ocu, He HalOmomas sHemnuit mup. Ilpaspma, eciau
OH J[0CTaTO4HO coo0pasuTelleH, TO depes HEKOTOpOe BpeMA OH
MO)Ketr BepHYTheA u 3aABuTh: «llomsan! Ha caMoM fese HEKaROro
abCONIOTHOr0 BpameHuss He cymecTByer. BujguTe nw,— craxer
OH,— Ha caMOM /leJie MEl BpamiaeMcsi omHocumenvio 36e3d. U semen-
CTBHE KAKOTO-TO HEBHISICHEHHOTO BIHMSIHHMA, OKa3biBaeMOT'0 Ha Tela
3Be3[laMH, BQ3HHKaeT HeHTpobe:kHas CHIAY.
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Hy uro ! Cyms po BceMy, 3T0O BepHO; B HACTOAMEEe BpeMs
y Hac HeT cmocofa y3HATHL, CYI[ECTBOBazia OBl IEHTPOGe;KHAA
cmia, ecnu 061 He Ob12I0 3Be3m um TyMaHHocteli. He B Hammx cuiax
cesaTh TAKOH SKcHepuMeHT — yb6paTh Bce TYMaHHOCTH, a 3aTeM
U3MepUTH Hallle BpalleHue; 3HAYAT, TYT ME HHYero CKasaTh He
MOsKeM. MBI JOMMKHBL JOOYCTHTH, 4T0 QHIOCOP MO:KeT oKasaTheA
opae. OH Torga pacmBeTaer OT yAOBOJbCTBUA u usperaer: «M BooG-
e COBEpIIeHHO HeoOXomuMo, YTOOH BCE B MApe B KOHEYHOM CUETe
OOAYMHAIOCh TOMY K€ HPUHOHUNY: abcol0muoe BpalieHne — 3TO
0eCCMBICIICHHO, MOKHO TOBOPHTH TOJBKO O BPAINEHHH MO OMHO-
wenulo K TymMaHHOCTAM», M Tyr-To MBI eMy oTBeTEM: «A Terza
CKayKd, APYr Mol, caMo co0oil mim He caMo co0oll pasymeercs,
49TO pPABHOMEPHOE [BIKEHHE 0O NpAMOH IHHUN OMHOCUMEALHO
mymannocmeli He JOJGKHO HEKAaK dYYBCTBOBATHCH BHYTPH ABTO-
Mobuna?» U teneps, Korja gBmmeHue yixe Gosablie He abcosoTHOE,
KOTJ[a OHO CTAJI0 ABHKCHHEM OMMHOCUMEAbHO MYMAHHOCTREN, BOLIPOC
OKA3HIBACTCS TeMHBIM U Ha Hero MOMKHO OTBETHTh, JHINL HOCTABRB
SKCHEePHMEHT.

Ho B uem e B TaxoM caydae Bripazuinch GuiIocofcKme BIAAHUA
Teopuu oTHOocuTedbHOCTH? Hakue nosue udenw u npedaoxcenus
BHYIIN;I Qu3uKaM NpEHOUO oTHocuTeabHOCTH? Ecau orpanmuuThes
TOJBKO 3TOTO POfia BIMSHHAME, TO HX MOJKHO OOMCATH CIEYIOIIEM
obpasom. llepBoe oTKpEITHE, HO CYmECTBY, COCTOAJIO B TOM, 9TO
Jame Te WAeH, KOTOPHIe YiKe 0YeHB JOJITO AEP/aTCA H 0YeHb TOYHO
mpoBepeHH, MoryT ObTh omubounniMu. HKaxkuM aro Obiio Goabimum
HOTPSCeHNEM — OTKPHITh, 4T0 3aKoHK HbOToHa HeBepHH, U 9TO
mociie TOro, Kak Bce Tofbl oHM Kasaiuch Tounbimu! Temeps, xo-
HEYHO, $ICHO, 4YTO HE€ OHBITH ObUIM HEeHPaBWILHEIMM, & IPOCTO BCe
OHU TPOJEAHBAJNCH B CIUIGKOM OTPaHHYEHHOM HHTEpPBAJe CKO-
pocTeil — TaKOM Y3KOM, 9TO PeAATHBACTCKUE 9PPHEKTH HEBO3ZMOMKHO
OpuI0 3aMernTh. W Bce e Temeph MH B3WpaeM HA HALIM 3aKOHEL
¢usuxa Kyga Oojee CMHEpPEHHO — BeAb M00OH W3 HEUX MoXcem
OKa3zaThCA OMUOOYHLIM!

Bo-BTophiX, ecim BO3HHKAOT HeKuWe «CTpaHHEIE)» WJeH, Bpoje
TOTO, YTO KOTfA MJEIHb, TO BpeMs TAHETCH MeHJeHHee W T. A.,
TO HeyMeCTeH BONPOC: Kpdsumces au 910 HaM? EJuHCTBEHHO yMecTeH
3/1eCh APYTOH BOIPOC: COTJMIACYIOTCA JH 9TH HAEH ¢ TeM, 9TO IO-
Kazaa onur? UWmaue roBops, «CTpaHHBE HAEHY NOJUKHE OHTH
COTJIACHHL TOJIBKO ¢ 9Kcnepumenmonm. EIUHCTBEHHEIH Pe3oH, modeMy
MBI JIOIKEH 00CyAIaTh IMOBEIeHRe 4acoB U T. II., COCTOMT B Cjeny-
FOIEeM: Ml JOJKHK JOKa3aTh, UTO, XOTSA OHpe[esIeHne PACTAKeHNA
BPeMEHH KW O4YeHb CTPAHHO, ¢ HAIEM CIIOCOOOM M3MepsTh BpeMdA
OHO BROAHE COZAACYEMCSL.

" HaxkoHen, Teopusa OTHOCHTEIBHOCTH NoficKasalia HaM eme
KOe-4To; MOKeT OBITh, 9TO OBLI YHCTO TEXHUYCCKHI COBET, HO OH
OKa3aJiCs YPe3BHYAHHO HOJEe3HEIM HpPH H3YIeHMH APYTUX (msu-
gecknx 3axoHoB. CoBeT COCTOAN B TOM, UTO HAmo obpawyams ewnli-
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MAHUE HA CUMMEMPUI0 3aKOH08, WaH, Oollee ONpefeideHHO, MCKATH
cIoco0Bl, ¢ HOMOMBIO KOTODHIX BSaKOHBL MOKHO Ipeofpa3oBaTh,
coxpaHas Ipu sroM uX ¢opmy. Horma Mm obcympanm Teopuio
BEeKTOPOB, MBI 0TMeYAJH, YTO OCHOBHEI€ SaKOHH JiBIKEHHS He
MeHAI0TCs, KOT/a ME 0COOHIM 00pa3oM u3MeHsIeM HpoCcTpaHCTBeHHbe
n BpeMeHHEIe HepeMeHHHe (Hoab3yeMca mnpeobpasosaHmeM Jlo-
perna). Wnea m3ydath omepamuu, OpY KOTOPHX OCHOBHBEE 3aKOHDI
He MeHSIOTCA, OKazalach W BOPAMb O4YeHB HOJIE3HOM.

§ 2. ITapadoxrc 6.au3Hel06

Yrobs: mpogomKuTh Hamie uaydenue npeobpasosaruit Jlopenia
A penATHBUCTCKEX 5PPeKToB, pPAcCMOTPHM U3BeCcTHHII «Dapa-
JAOKC» — Tapajgoxc OmauszHemoB, cKaykem, llerepa n Ilayma. Ilog-
pocmin, Ilayns yneraer na KocMugecKoM Kopabie ¢ O4eHD BHICOKOM
ckopoctbio. Iletrep ocraercs ma 3Jemie. Ou Bupur, uro llayas
VHOCHUTCS ¢ OTPOMHOM CKOPOCTBIO, M €My KasKeTcs, uTo JacH [layas
3aMeJIAI0T cBoH xof, cepime llayas Gberca peme, MBICHH TEKYT
anenusee. G 1oukm spenus Ilerepa, Bce sammpaer. Cam swe Ilayus,
KOHeYHo, HUYeTo »TOoTO0 He aamedaer. Ho Korga mocide moarux
CTPAHCTBMII OH BO3BPATHTCA HA J36MJII0, OH ORaMeTCH MOJIOMKe
Ilerepa! Bepro sm aro? [la, »10 offHO m3 Tex ciegcTBHil Teopum
OTHOCHTEJLHOCTH, KOTODPLIE JIEFKO IpPOJeMOHCTpupoBaTh. Mio-
Me30HH JKHBYT AOJbIIe, eciay OHH JABIKYTCs, Tak u Ilayns mpo-
JRUBET oIbIne, ecim Oymer mBuraThed. «llapagokcom» 1o siBleHne
Ha3BIBAIOT JHIHL Te, KTO CUATaer, 4T0 HPHUHIHWI OTHOCHTEIbHOCTH
YTBepsKRiaeT OTHOCHTeIABHOCTE 6cakoen Jsuncerus. OHE BOCKIUIAIOT:
«Xe-xe-xe! A He MOKeM JIM MBI CKa3aTh, 470 ¢ TOUKHA apenus llayms
asurasncsa Ilemep u wro umenno Ilerep pommen Omu1 MejieHHee
crapers? U3 cummerpuu Torpa cieayeT e WHCTBEHHBIH BO3MOMHEIN
BBIBOJI: NIPH BCTpede Boapacr o0oux OpaTheB MOJKEH OKa3aThCs
OJJHHAKOBBIMY.

Ho Bexp uTo0H BeTpeTuThes uW IioMepuThesi ropmamu, llayms
AoMKeH JHOO OCTAHOBHTHCA B KOHIE HyTelIeCTBHA W CpaBHUTDH
Yacel, 5xnbo0, eme Hpome, BepHYTHCA. A BO3BPATHTHCH MOKeT
JOJBKO TOT, KTo fBurajics. V1 oH 3Haer o ToM, 4To ABHTAJCH,
TIOTOMY 4YTO eMy HpUNLIOCH HOBePHYTh, a NpH MOBOPOTe HA Kopalie
OPOM3OIIA0 MHOTO HEOORYHEIX Bemeid: 3apaboTaadm paxeTsl, Open-
MeTH CHATHWIHCHh K ofHO¥M creHxe m T. #. A Ilerep mmwero sroro
He HCHBITAJ. )

ITosroMy MoOKHO BBICKa3aTh TaKoe IPaBWIO: TOT, KMo ROYYs-
cmeosan Yyckoperue, KTO yBHUIET, KaK Bellll CKATHBaJMCh K CTOHKE,
u T. A.,— TOT H OKaeTcH MoJiose. Pasmuma Mexay Oparbamm
nMeer «abCOMIOTHHINY CMBICI, W BCe DTO BIOJHEe HpaBmabHO. Horma
MH oOCY)ROANH JOATYI0 KW3HDb ABIGKYMErocsi MIO-Me3oHa, B Ka-
4ecTBe HpUMepa MHI 0Ib30BAJIACH €I'0 IPAMONHHEHHAIM IBIKeHHEM
ckBo3b aTMocepy. Ho MosxHO mopomuTh MiO-MesoHH H B Jabo-
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paropuy ¥ 3acTaBUTH C HOMOMBIO MarHWTA UX ABHTaThCA KO KPYTy.
W pame npr TaKOM YCKOPEHHOM ABMKEHNM OHH IIPOKUBYT J0JBIIE,
IpuYeM CTOJBKO K€, CKOJBKO H MpH NpAMOJNHEHHOM JBHKeHHI
¢ oroit cKopocTeo. MoskHO OBLTO 6Bl HOUMTATHCHA paspemInTh
DapafioKC OUHTHHM IyTeM: CpaBHHTh HOKOAMMACH MIO-ME30H ¢
3aKpyYeHHHIM ©o Kpyry. HecomMaeHHO, oKasercs, 9T0 3aKpy-
YEeHHBI MIO-Me30H HpPOKHBET Joibime. TaKoro ompiTa eme HEKTO
He CTaBWJ, HO OH U He HYKeH, HOTOMY 4T0 ¥ TaK BCE NpEKpacHO
corylacyerca. HoHeduHo, Te, KTo HacTamBaeT Ha TOM, 4TO KayRblil
OTHeABHBI GAaKT HOJGKeH OHTH HemoCpencTBEeHHO TPOBEpCH, STHM
HC YJOBJETBOpATCHA. A MBI Bce jKe yBepeHHO (epeMcs IpeficKasaTh
pesyisTaTr omuTa, B KoTopoM llaynp Kpyssmics HO 3aMKHYTOMY

HKpyry.

§ 3. Hpeobpazosanue cropocmeis

naeroe orTiipume OpPUHNUTA OTHOCHTENBHOCTH JiiHINTEHA OT
OpuHIEMIDA oTHocuTedbHOCTH HploTOHA 3awKmoyaercd B ToM, 91O
3aKOHH HpeofpazoBaHUil, CBABHBANINUX KOOPAMHATEL W BpEMeHa
B cucTeMaX, [ABIKYIIHXCS OTHOCUTEABHO APYT ApPYyTa, pas3iiHyHLL.
ITpaBunsusit 3aron mpeoOpasosannii (Jlopenua) rakos:

x,:_—x—ut
V—i—uz/cz’
i (16.1)
z =2z,
b t—ux,c? .
V1w

JTH ypaBHEHHS OTBEYAlOT CPABHUTEJNBHO HPOCTOMY CIydYalo, KOTja
HabxoaTeNu ABIDKYTCA OTHOCHTEIBHO [PYT Apyra BHolb o0meii
ocu z. KomedHo, MBICIUMEI M Jpyrie HalpaBlieHHA IBH/KEHHS, HO
camoe ofmee umpeobpasopamue JlopeHHa BHTIAAUT JOBOJBHO
CIO;KHO: B HEeM HepeMeIaHsl Bee YeTsIpe ducsaa. Met o Bupens 6ymgem
[0JB30BaThCcA 9TOH mpocTol Qopmyioil, Tak KaK OHA COAEPKUT
B cebe Bce CYI[eCTBOHHBIe YCPTH TEOPHM OTHOCUTEIBHOCTH.
Pacemorpum Teweph JajbHeHuIme CiefcTBIIA 3TOTo mpeobpa-
sopaumusa. Ilpemge Bcero HHTepecHO Dpas3peIiuTh 3TU ypaBHEHHA
OTHOCHUTENbHO &, Y, Z, {. JTo cucreMa deTHpeX JMHEHHHX ypas-
HEHNH fAJA dYeThlpeX HeMm3BecTHHX, H HX MOMKHO pemunTh — Bbi-
pasark x, Y, 2, t uepes x’, y’, z’, t’. Pesyaerar 8TOT MOTOMY HH-
TepeceH, 4To OH TOBOPHUT HAM, KaK (HOKOAMASCA) CHCTeMa KOOD-
AUHAT BEITJLSAJMT ¢ TOYKM 3peRrus «IBwrymeiicay. flero, aro us-sa
OTHOCHTeJIBHOCTH [JBWHKEHHS U TNOCTOAHCTBA CKOPOCTH TOT, KTO
«ABYKOTCS», MOJKET, €CIH IoyKeJaer, c4ecTh ce6f HEIOTBIKHEIM,
JPYTOro — ABIKYMEUMCA. A IOCKOJIbKY OH JBIGKETCA B 00paTHYIO
CTOpOHY, TO HOJYYuT To #e mpeobpasoBaHue, HO ¢ HPOTHBOIO-
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JIOSKHKEM 3HAKOM ¥ CROPOCTH. JTO B TOYHOCTH TO, UTO JlaeT i MIPAMO8
pelieAre CHCTEeMBI, Tak YTO Bee cXOauTca. BoT ecim 6k He CONLIOCH,
6o OH OT Yero BCTPEBOIKUTHCH!

x::—x’;t——i )
V 1_u2{cz
y=y',
Z=Z,, (162)
t’ 4ux'je?
= __,**__ViTE/CZ .

Temeps safiMeMcss HHTepeCHBIM BOIPOCOM O CJI0;KEHNH CKOpocTeii
B TEOpPUN OTHOCHUTEIHROCTH. HauoMHUM, dTo UEpBOHAYANLHO
3arajika cocToaga B ToM, 4T0 cmer mpoxopur 300 000 km/cer Bo
BCeX cHcTeMaX, [ajke eciH OHH /[ABIGKYTCSA APYT OTHOCHTEJIBHO
apyra. 9vo — uwacTHBI caydail Gosee ofmieit samadu. pusejgeM
ppuMep. Ilyers upeaper BHYTpH KoCMAYeCKOTO KOpabis gBHAKeTCA
Brepeq co cropoctrbio 200 000 km/cer; cropocTh camMoro Kopalnsa
Toske 200 000 a/cer. C Kakoii CROPOCTBIO MEpeMeH[aeTcs IpeMeT
¢ Toukm 3peHms BHeinmero Habmopgarens? Xouercsi CKazaTh:
400 000 ®a/cer, HO nra TuUdpa yik GONBHO WOJO3PHTENBLHA: TIONY-
qaeTcsi CKOPocTh OOmbmrasg, UeM cKopocTh cbera! Pazse moxmo
cebe 3T0 mpeacTaBUTH?

O0masn moctaHoBKa 3agadvil TakoBa. [ yCTh CKOPOCTH Tella BHYTPH
KopaGms pamHa v {c ToukyM 3speHus nalmwopmarens Ha Kopabue),
a caM KopaOmb HMMeeT CKOpPOCTH U WO OTHOLIeHHI0 K JeMie. Mul
/ReTaeM 3HATh, ¢ KAKOH CKOPOCTBIO ¥, 9TO TEJO [BHIKEICA ¢ TOUKH
3peHHs 3eMHOTO Habmomaresis. Bipouem, sTo TOMe He caMbIl
o0muit ciydail, DOTOMY YTO [BUWMKEHWE NPOWCXOLUT B HANPAB-
aenun z. MoryT Geirh QopMyant jis npeobpasoBaHHA CROpPOCTEH
B HAUPABJCHUM J WA B J0GOM ApyroM; eciu oHu OyOyT HYKHH,
X Beerja MOKHO BHIBeCTH. BHyTpH Kopalisa cKopocTh Tejla paBHA
Vpr. JTO 3HAYMT, YTO HEpEMeIneHie £’ paBHO CKOPOCTH, YMHOKeHHOH
Ha BpeMs:

2 =uwvpt’. (16.3)

Ocraercss TONBKO MOMCYNTATh, KaKHe Yy Tela 3HAUYCHuA T W [ ¢
TOYKM 3PEHHsI BHEIUHero Halmogatens, ecim ' M i CBA3AHLI
coorHomenueM (16.3). Tlogcrasum (16.3) B (16.2) mw moayumm

vt ut’

X ===
Vl*uzjcz

(16.4)

Ho agecs z BripaskeHo depes . A CKOPOCTb ¢ TOYKH 3peHHSsI BHell-
HeTo Habmogartesns — 3T0 «e20n pdaccmosHue, NENCHHOE HA (e20»
spems, a ne na épema Opyeoeo nabaodameas! 3HAUAT, HANO U 8pPEMA
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HoACcYATATh € €ero TNo3uuui
t'4-u(v,.t') |
_e———
Vi— u?/c?

A Temepw pasgenum r Ha f{. HBagpaTHEHe KopHH COKparATCd,
OCTaHETCA Ke

(16.5)

u+tv,.

z
vV, —m———
ot 1+uv, [

(16.6)

JTO 7 eCTh VCKOMBIH 3aKOH: CyMMapHasi CKOPOCTDL He paBHa cyMMe
cKopocrell (sTo mpmBeso OH KO BCAKUM HecooOpasHOCTAM), HO
«riognpaBieHay sHaMeHateseM 1 -uw/c.

Y10 e Teneppb Oyger moaydatbesa? IlycTs Bama cKOopocTh BHYT-
pu KopalJsi paBHa MOJOBUHE CKOPOCTHA cBeTa, a CKOPOCTh Kopabas
TO;Ke paBHA MOJOBHHE CKOPOCTH cBeTa. SHAYMT, M U PABHO Yac,
U v paBHO Y2¢, HO B 3HaMeHaTele UV PaBHO /,, Tak 4TO

. v_‘/zc+1/2c_4c
A+l 5

Brixogut no reopun oTHOCHTENBHOCTH, U4TO Yy M 1, matoT He 1, a Y5,
Heborsmue ckopocTH, KOHEUHO, MOMKHO CKJIAIBBATH, KAK OOLIYHO,
IOTOMY 4TO, FIOKA CKOPOCTH MO CPABHEHHI0 CO CKOPOCTBIO CBeTAa
Magbl, o 3Hamenarelie (1-+ww/c?) moxkHo 3abbiTh, HO Ha 6GOMBLINX
CROPOCTAX MHOJOKeHHE MeHAEeTSH.

BospmeM mnpepensHBI cayuaii. IlososkuMm, duTo dHeloBeK Ha
fopry wopabas mabiogaer, Kak pacmpoctpaHserca ceem. Torga
v=c¢. Uro oBuapymur semuoit Habmomareab? OrBer Gymer Taxoii:

ut-c u—}—c_c

v= 1+ uc/c? _cu+c_

SHawyuT, €CAM 4TO-TO [IBHKETCH €O CKOPOCTHIO cBeTa BHYTDH KO-
pabasa, To, ¢ TOYKH 3peHHsA CTOPOHHEro HabI0gaTels, CKOPOCTH
He W3MEeHHTCHA, OHa HO-Ipe;RHeMy Oyjaer paBHa CKopecTH cBeral
910 UMEHHO TO, pajil 4ero B HEPBYIO odepejb HpejHasHadan JiH-
mTefiH CBOI0 TEOPHIO OTHOCHTEIBHOCTH.

Koneuno, Obipaer, 4To nBWKeHHe Tejla He cOBHajaeT TO Ha-
OpaBieHA0 C paBHOMEpPHHM JABwKeHmeM Kopabas. Hampumep,
TeJO [BUJKETCA «BBEPX» CO CHKOPOCTHIO v, IO OTHOHNICHMIO K KO-
paGmo, a Kopabap ABWKeTca «ropusouTaibHo». llposgentiBas
TaKue yKe MAHNNYJANAA (TOJBKO T HAfo 3aMeHHTHh HA V), IoJiydaeM

y=y' =vyt’,

Yy
vy=7=vy' ]/-1—

TaK 4T0 MpH Uy ==0

2

5 (16.7)
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Urax, GoxoBaf CKOpOCTH TeJa Yie He vy, a v,V i—u?/ce.
ITOT pesyabTaT MH HOJIYYHWIH, HOIL3YACh dopMyiamu Ipeodpa-
soBaHuil. o OH BHITEKAeT ¥ HPAMO U3 NPUHNKNA OTHOCHTEIHHOCTH
wo cnegyiomeit upmuuwse (Bcerga OnIBaeT [OJEBHO [HOKOHDATHCH
710 TepBoHaYaJbHOIN upmdnHer). MEl y)xe paHbmie paccy:xmamm (cM.
¢ur. 15.3) o ToM, Kak MOTYT paboTaTh ABMKYIUECH Yack; CBeT Ka-
JKETCA PACHPOCTPAHAIOMAMCS HAHCKOCH €O CKOPOCTHI0 ¢ B HEIo-
JABUKHOH CHCTEMe, B TO BpeMs KaK B ABIKyIIeiicd cucTeMe OH IPOCTO
JABWYKETCH BEPTUKAILHO ¢ TOM 3Ke CKOpocThio. MEl Hamiu, 9T0 6epmu-
KEQibHas KOMROHEHMA CKODOCTH B HEHONBIMKHON cHCTeMe MeHbIne

cKopocTH cBeTa Ha MHoEHTeab ) 1—u?/c® [eM. ypapmenme (15.3)].
Ilycrs Temeps MaTepmalpHas YacTHUA HBIDKETCHA B TeX jKe «dacax»
B3a/-BTIEPEfi, CO CKOPOCTHIO, parHoit 1/n ckopoctu ceera (pur. 16.1).
Ilora wacTuma mpoitper Tyma n obpaTHO, CBET TpoHAET BTOT HYTH
POBHO 1 pas (» — mesoe 4HCI0). SHATHT, KaK[[0e THKAHLE (JaCOB
¢ dacTuleil» coBHafeT ¢ N-M THKAHBEM (CBETOBHX 4acoB». IJmom
darm dosxcen ocmambea eepupa U mozda, Ko2da meao Osudcemcs,
TMOTOMY dYTo QusnYecKoe JBJICHHE COBUAfEGHAA OCTaeTCs COBHA-
neHneM B Jdi060fi cucreme. Hy a mockoabKy CKOpocTh ¢, MeHbBLIe
CKOPOCTH ¢BeTa, TO CKOPOCTb ¥, YACTHLH [OKHA OHTH MeHbIe
COOTBETCTBYIONell CKOPOCTH B TOM jKe OTHomieHMH (C KBajpaTHBEIM
kopaeM)! Bor mouemy B moGoit BepTHKaABHONW CKOPOCTH TOAB-
JIASTCS KOPEHb.

§ 4. Peasmusucemeran macca

W3 mpeppixymieii r1aBif Mbl YCBOWJIM, 4TO Macca Tela PAcTeT ¢
yBelmieHHeM ero cxopocTu. Ho HUKaKumX [OKa3aTeILCTB 3TOrO,
TIOXOKHX HA Te PACCYIRIEHHA ¢ YaCaMM, KOTOPHIME ML 000CHOBAIK
3aMejlTeHue BpeMeHu, MEL He mpusesn. Ceiidac, ogHaKo, Mbl MOKeM
HOoKa3aTh, 49TO (KaK CJeACTBHE UPHHIHIA OTHOCHTENHBHOCTH U
OpOYHX Pa3yMHEIX coo0paskeHHH) Macca MOJGKHA HBMEHATHCH
AMeHHO TakmM o00pasoM. (MsI HOJGKHBEI TOBOPHTHL O (IPOYHX COOG~
paKeHHAX» Mo To} MPHUYINHE, 9TO HeNb3d HHIETO JOKA3aTh, HENb3HA
HaJeAThCA Ha OCMBICICHHEI® BHBOAL, He OHHpasCh HA KaK@e-TO
BAKOHBI, KOTOPHIe HpPefiojaraloTcs BepHbME.) UToOH He u3ydYarh
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D ue. 16.2. ¥Ynpyeoe cmosknosenue

8 odunakosux mea, Osurywyurcs ¢
2 PasHBMU CKOPOCMAMU 6 RPOMUGO~
NOJONCHBIZ HANDPASACHUAL, Npu paa-

~_4 AunHow guilope cucmem Koopdunam.

3aKOHEI TpeoOpasoBaHusA CuJb, O0PATHMCA K CIMOAKHOGEHUAM
JacTun. Sfeck HaM He MOHAJ00UTCs 3aKOH ACHCTBUS CUL, a XBATHT
TOJIBKO MpeNoOKeHHuA O COXpaHeHAU DHEPrHA W WMIYJIbCA.
Kpome Toro, MsI upejmomosuM, uTo UMIy:IbC ABIGKYIIeiica da-
CTHIEL — DTO BEKTOD, Bcerja HAUpABIEHHHH HO €€ JBHIKEHHIO.
Ho M He GymeM cuuraTh MMIYJIBC RPOROPYUOHALLHBLM CKOPOCTH,
ak sro genan Heloron. Huns mac om Gymer mpocro HekoTopoil
Pynryueti cropocrn. Mbl GymeM nucaTh BEKTOp UMIYILCA B B/
BEeKTOpa CKOPOCTH, YMHO:KEHHOTO Ha HEKOTOPHH KosdgumuenT

p==m,V. (16.8)

Magere v y wospdumuenra Oyjer HamoMHHATH HaM, 4TO 3TO
¢yHEIUA cRopocTd v. ByjgeM HaswiBaTh 5T0T KOdPPHImERT «Mac-
coity. ficHo, 4To mpu HeGoABIUNK CKOPOCIAX 3TO KaK pas Ta caMmas
Macca, KOTOPYI0 MH TPHUBHIRIAN uaMepsarh. Temweps, mCXOXA u3
TOr0 NpUHNMIA, YTo 3aKOHH QUSHKI BO BeeX CHCTeMaX KOOpAUHHAT
OIMHAKOBBI, HOOPoOyeM IOKa3ath, 4ro QopMyrna A M, HOIKHA
nmers Buj mo/) 1—v2/ce.

Ilycrs y Hac ecTs gBe uacTuupt (K IpPHMepy, ABa HpPOTOHA),
KOTOpHIe MeKAY coboif cOBepHIeHHO ONMHAKOBLI M JBWJKYTCA Ha-
BCTpedy HApYT /APYry ¢ OJUHAKOBRIMH cKopoctami. Wx obmuil
uMOyasc paBed #Hyawo. Uro ¢ aumn cayguresa? [locsue crosknoBenus
WX HallpaBJIeHUS ABIKEHHA [OJKHEL BCE PaBHO OCTATHCA HPOTHBO-
MONOKHKMHA, TOTOMY YTo ecin 3To He TaK, TO MX CyMMapHBIH
BEKTOp mMIyJisca Oyger oTamyeH OT HYIs, T. €. He COXPaHHTCA.
Pa3s wacTunsi OJMHAKOBH, TO B CKOPOCTH HX J0KHE OHTH 0ofu-
HAKOBLL, Gojiee TOTO, OHU TPOCTO HOJRHBI OCTATHCA IperKHMMU,
HHAYE OSHEprusl NpH CTOAKHOBEHHMH H3MEHUTCA. OSHAUHT, cXeMa
TaKOT0 YHPYroro o6paTHMOTO CTOJKHOBeHIA Oyjer BLITJIALETH,
Kak Ha ¢ur. 16.2,a: Bce cTpeAKU OFMHAKOBEL, BCe CROPOCTH paBHEL
IlpegnonoxumM, 4ro Takue CTOJAKHOBEHHA BCErJA MORHO HOZATO-
TOBUTH, 9T0 B HUX JONYCTEME JoOOLie yrael O W 49To HadalbHbIE
CKOpoCTH uwacTan MoTyT Obirh Jobmmu. Jamee, HaMOMHHM, 4TO
OHHO W TO jKeé CTOJIKHOBEHHE BBITJIAIUT TO-PA3HOMY, CMOTPA Mo
TOMY, KaK HOBepHYTH ocH. ma yjgoOcrBa MLl TaK NOBEpHeM OCH,
uTo0bE TOPH30HTAMD TSI [IOI0JIAM YroJ MerKJTy HalpaBJIeHHAMA
9acTHIL {0 M Hocie cToiKHoBeRus (Pur. 16.2,6). 1o To xe cTOAK-
HoBeHme, 4ro ¥ Ha ¢ur. 16.2,a, Ho ¢ THOBePHYTHIMH OCAMH.
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Temeps HauuHAETCA caMoe IJIaBHOe: B3TJIAHEM Ha 3TO CTOJKHO-
BeHne ¢ Mosunuil HabaogaTelsisd, [BIMKYIIErocd Ha aBTOMAIImHE CO
CKOPOCTBIO, COBIAJAONICHl ¢ TOPH3OHTAJILHOH KOMIIOHEHTOH cKo-
poctn ofuoi us wactnn. Kak ono 6yaer Burasaners? Habmogarenio
DOKaKeTcs, 9T0 4acTuua I HojHHMaeTcss HPAMO BBepX (FOpPH30H-
TaJbHaA KOMIIOHEHTa y Hee HpolaJa), a mocle CTOJKHOBeHH Hafaer
OpAMO BAH3 Ho Toil e npwunue ($pur. 16.3, a). 3aro yvacruma 2
JIBIGKETCA cOBCEeM HHAaYe, OHA HPOHOCHUTCH MHMO ¢ KOJIOCCAJIBHOIL
CKOPOCTHIO W HoJ MAJbIM yIioM (HO TOT YIOJX U [0 W IOCHe CTOJK-
Hoperus odunaros). (Go3HAYMM TOPUBOHTAIBHYK KOMIOHEHTY
CKOPOCTH YacTHHBL £ vepes &, a BePTHKAJIBHYI CKOPOCTh YacTu-
osl I — "epes w.

Yemy e paBHa BepTHKAIBHAA CKOPOCTh utge dacTuisl 27
3Had 3To, MO;KHO HOAYIUTH IPABUILHOE BEPAKEHIE T HMIYJIbCa,
NOIb3YSACh COXpaHEHNEM HMIYIbCA B BEPTHKAJIBHOM HANPABIICHHM.
(CoxpaHeHne TopuU30HTAJBHOH KOMIOHEHTH MMIYJhCa W TaK
obecnedeHo: y ob0eumX gacTi g0 U IMocJe CTOJXKHOBEHUS 3Ta KOM-
MOHEeHTa OfHHAKOBa, a y dJacTuiisi / oHAa BooOme paBHA HYJIIO.
Tak uto caegyer TpefoBaTh TONBKO COXpPaHeHUA BepTHKAILHOI
ckopocrd utga.) Ho BepTHRANBLHYIO CKOPOCTH MOVCHO TIOMYUUTEH,
TpPOCTO B3TJAAHYB Wa DTO CTOJXKHOBEHHE ¢ APYToil TOYKH 3peHus!
Hocmorpute ma croakHoBenwe, Maolpaskensoe Ha ¢ur. 16.3, a
13 aBTOMATIIHEL, KOTOPAs JBHIKETCA Teleph HaJeBO CO CKOPOCTLIO i,
Bot yBuiTe TO e CTOJIKHOBEHUE, HO MePEBEPHYTOE «BBEPX HOTAMUY
(¢pur. 16.3, 6). Teuepp y:e dacTura 2 ymajer W HOACKOYUT CO
CKOPOCTBIO W, a TOPUIOHTAABHYIO CKOPOCTD U Npuobperer wactuna 7.
Bur yie, Komeumo, morafgpiBaeTech, 4eMy paBHa TOpPH30HTaJIbHASM
ckopocTh utga; oma pasma w) 1—u?/c? [em. ypasmenne (16.7)].
Kpome T0TO, HaM W3BECTHO, YTO W3MEHEHIE BePTHRAJBLHOIO NM-
nyidbca BePTHKAJDHO IBIIRYIelicA 9acTHILI paBHO

Ap=2m w

(nBofiKa 3mech MOTOMY, UTo ABH/KeHUe BBEPX I[Iepelllio B JBWHKCHEC
BHUB). Y vacTHIH, IBIKYIEHCH KOCO, CKOpPOCTH paBHA U, €@

KOMIIOHEHTLI paBHbl U u w) 1—u?/c?, a macca ee m,. Masmeunemnuo

tzl!
2Nz
w
w
u vz
J
D u 2. 16.3. Ewe dse xapmunn mozo \Q\’
] v

ae cmoaknosenun (6udumbie us 06u-
HYWUTCL ABMOMAUUH).
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6epmMUKALbHO20 MMIYJIhCa STOH YaCTHIL Ap'=2m,,wV1—u2/c2,
TaK Kaxk B COOTBETCTBUHM C HamuM npepunojoeHueM (16.8) mwobas
KOMIOHEHTA UMIYJIbCA paBHA HPOM3BEJEHHI0 OJHOWMEHHOH KOM-
HOHEHTH CKOPOCTH Ha Maccy, OTBedanwmyw »To#t ckopocru. Ho
CyMMapHEH MMUYJIbC paBeH HYJI0. JHAYMT, M BepTHUKAJLHHE
HMILyJIbCH JO/KHBL B3aUMHO COKDATHTBCH, OTHOLIEHHWE K€ MacCHI,
IBISKYIEHCA cO CKOPOCTHIO W, K Macce, JBIKYIIENCcsa Co CROPOCTHIO
v, JO/DKHO OKA3aThCH PABHBIM

R (16.9)

my

Iepeiimem & npepeabHOMY CJy9a, KOL/@ W CTPEMATCA K HYIO.
Ilpu odenp Madplx w BeauduHHl v ¥ U IIPAKTHIECKH COBHARYT,
My,~>Mgy, a My—m,. OKOHIaTeJBHHIH pe3yabTaT TaKOB:

my

Vi—u?

: (16.10)

mu:

IIpopenaiite Temeps TaKoe HHTEpecHOe YUPAKHEHWE: IPOBEPHTe,
Oyger nu BoiHoJHEHO yciosue (16.9) mpu mpom3BOJABHEX W, Korja
macca poguumsercs ¢opmyne (16.10). Ilpm srom cropocts v,
cTosimyo B ypasHeHun (16.9), MoskHO HAHTH U3 OPAMOYrOJBHOTO
TpeyroJbHHKA

vi=u’tw’ (1—;—?) .

Bor yBupure, uro (16.9) BrimoaHAeTca TOMAECTBEHHO, XOTA BLIIIE
HaM TIOHago0HMICS TOJBKO Hpemes sToro paBeHcrBa Opu w—0.

Temeps TepefifileM ¥ fajdpHeHITHM CHEICTBUAM, CIUTAf YiKe,
gro, coraacHo (16.10), Macca sammcur or cxopoctu. PaccmorpuMm
TaK HaBHIBAEMOE Heynpyeoe cmoaxnosenue. Il IIPOCTOTH mpen-
HOJIOKUM, 9TO ¥M3 JABYX OMMHAKOBHIX Tel, CTAaJKABAIOIUXCA C
PaBHBKIME CKOPOCTAMH W, ofpasyercs HOBOe Tejlo, KoTopoe Goaplne
He pacnagaercst (dur. 16.4,a). Macew Tem o crojKHOBemHA
paBHH, Kak Mer sHaeM, mg/)/1—w?c2. Ilpemmono:xus coxpans-
eMOCTh HMIYJbCa U HPHHAB NPUHNUI OTHOCHTEIHHOCTH, MOMKHO
OpPOJEMOHCTPHPOBATH MHTEPECHOE CBOHCTBO MAacCH BHOBB 00paso-
BagHOIO Tesla. IlpepcraBum cefe GecKOHEYHO MaJIyl0 CKOPOCTH U,
TONEpPEeUHyd K CKOPOCTAM w (MoykHO 6Bno 0B padoTaTh I ¢ Ko-
HETHOH CKOPOCTBIO U, HO ¢ GECKOHEYHO MAJIBIM 3HadYeHHeM U Jierde
BO BceM pasofpaThecs), M MOCMOTPHM HA 3TO CTOJKHOBEHHE, IBH-
rasch B ingre co cKopocThio —u. Ilepex HaMm oxaseTcss KapTuHa,
uzobpaskeHHas Ha ¢ur. 16.4, a. CocraBHoe Tedo 06IamgaeT Hems-
BecTHOM Maccoir M. ¥ rema I, Kak u y Tema 2, ecTb KOMIOHEHTA
CKOPOCTH U, HalpaBJleHHAas BBEPX, H FOPU3OHTANbHAA KOMIIOHEHTA,
npaxrtudecky pasHad w. Ilocae cromkmopenus ocraerca Macca M,
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neynpyeoso coydapenus mea o iu
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pasro cc a Iy M 5

ABIKYMARCA BBEPX CO CKOPOCTHIO U, MHOTO MeHbinell H CKopocTH
¢cBeTa M CKOpOCTH w. MMuynec joJskeH ocTaTheA NPEKHHEM; 10-
CMOTPHM TI03TOMY, KaKHM OH GBI /10 CTONKHOBEHHA M KaKAM CTall
noroM. Ifo crToaKHEOBeHus OH BT paBeH pAy2m W, a HOTOM cTal
p'=M,u. Ho M, us-3a maznocts u, no cymecrsy, copnagaer ¢ M.
Drnaromapss coxXpaHeHmi0 HMIyJIbca

Mo=2m,, (16.11)

Wrar, macca mena, obpasyemozo npu cmoaknoeenuy Osyxr oduna-
Ko8Wx mes, pasna ux yosoewnol macce. Bpl, mpaBra, MoKeTe
ckasarb: «Hy u uro 3%, »T0 mpocto coxpamenue Maccey. Ho ne
ToponHuTech Bockamiarh: «Hy u 4ro kl», moromy d9ro camu-mo
maccoer mea 6van Goaviue, yem xo2da meag Henodeuncust. OHE BHOCAT
B cymMapHylo mMaccy M He maccy woros, a Goabwe. He mpasna
au, mopasurenbHo! OKaswkiBaercsd, coXpaHeHHe HMHAYJILCA B CTOJK-
HOBeHMH [BYX TeJ Tpefyer, uro0n oOpasyeMas uMu Macca Oblila
fodpile WX MacC IOKOS, XOTA [OCde CTOJKHOBeHUA BSTH Tela
caMd OpHAYT B COCTOAHHE MOKOsA!

§ 5. Peasamusucmernan snepeus

HemHOro Brime M TOoKazaJdu, 4YTO 3aBHCHMOCTH MacCh OT
CKOpOCTH U 3aKOHBI Hpriorona NpUBOAAT K TOMY, 4YTO H3MCHEHHUA
B KuHETHYECKOH SHepruu Teja, NOABIAKIMMECH] B pe3yuabTaTre
paGOTH HpHAJOKEHHBIX K HeMy CHJ, OKa3biBalOTCA BCer'la PaBHBIMH

me?

o
Vi —u?/c

IToToM MBI TIPOABHHYJNCH JaAbUlec W OOHAPYHHIH, 4TO NOJHAS
DHEPrHsA Tela paBHA IOJHON ero Macce, ymMaokeHHOH Ha c2. Ilpo-
JOMKUM 3TH paccyKAeHUs.

IlpepnomnosxuM, 9To HAIiW JBa Tejla ¢ PaBHRIMH MaccaMu (Te,
KOTOpBe CTOJKHYJIHCH) MOMKHO (BHJeTb» Hajke TOIJA, KOTJa OHHU
okasmBawrcsa BHyTpu Tteiaa M. Cxaxem, HpoTOH ¢ HeHTPOHOM
CTOJIKHYJIWCH, HO BCe eme TPOROIKAIOT MBHrarThcs sEyTpm M.
Macca Tema M, xaxk Mer o0Hapy:Kuid, paBHA He 2m,, a 2My.
ITolt Maccoi 2mw cHAOOUIM TEJO ero cCOCTaBHEIE YacTH, Yhd MACCa
noKosA OBlIa 2m,; BHAYAT, U36HMOK MACCH COCTABHOIO Teja PaBeH
HpPUBHECeHHON KMHETAYECKOH DHeprmu, IJTO 03HAYAET, KOHEUYHO,

AT = (m,—mg)c*= —moc?, (16.12)
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uto Y 9Hepeuu ecmb unepyus. Pamee MH TOBODHIM 0 HATpeBe
rasa M HOKA3aldd, YTO IOCKONBKY MOJERYIH rasa ABIKYTCA, a
ABIKYIIMECSA TeJla CTaHOBATCH MacCHBHee, TO NpPH HarpeBaHHHN
Ta3a W YCWIGHNHU [IBUGKEHHA MOJEKyJN Ta3 CTaHOBHTCS TAMKelee.
Ho ma caMoM gese TaKoe pacCysKjeHHe SBIseTCSI COBEpPUISHHO
o0muM; Haime 00CYKJeHNE CBONCTB HEYIPYIOro COyAapeHHS TOMHe
moKas3kBaeT, 4To Ho0aBoYHas Macca TOABIAETCA Beerjga, jame
TOrja, KOTJa oHa He sABIseTcA Kumemuueckol sueprued. Wupvu
CJIOBAMH, €CJN JBE YacTHIHl cOMIDKAIOTCH W IpH 3ToM o0pasyercs
[OTeHIHAJbHAS WIH Apyras GopMa dHEPrHM, €CJH YacTH COCTaB-
HOrO Tella B3aMe[JIAITCA NOTeHHHANBHBIM 6apbepoM, HPOH3BOJA
paboTy HpOTHB BHYTPEHHUX CHI, U T. [.,-—— BO BCeX 3THX CIAydafx
Macca Tejia TO-IPeKHEMY paBHA NOJHOH OPHBHeCeHHOIl sHepTHH.
Hragr, Bo BUAHTe, 9T0 BHBeJe¢HHOE BHING COXpaHEeHHe MacChl paB-
HO3HAYHO COXPAHEHMIO SHEPrHd, HOATOMY B TEOPHH OTHOCHTEIb-
HOCTH HEJIb35A TOBOPHUTH 0 HEYNPYTHX COYIAPEHMSIX, KaK 3T0 ObINo
B Mexanuxe Hpworona. CorgacHo Mexamumke Hploroma, Bmuero
CTPAIMHOTrO He NpOM30II0e Ob, ecium OHl IBA Tena, CTONKHYBMCH,
o0pasoBajiu Tell0 ¢ Maccoit 2my, He OTAWYAIONmeecs OT TOTO, KaKoe
poJyquioch 6B, eciau uX MeJJIeHHO IPWIOKHUTH APYT K Jpyry.
Koneuno, n3 3aKoHA COXPAHEHUA dHepTHM MBI 3HAEM, YTO BHYTPH
Tella uMeercsi N00aBOYHAS KHHETHYCCKASA DHEPTHA, HO HO 3aKOHY
HeioroHa Ha Maccy 9To HUKAaK He BiausAeT. A Tenepb BHIACHAETCH,
YTO 9TO HEBO3MOJKHO: HOCKOJNDBKY Q0 CTOJKHOBEHHWA y Ten Oplia
KHHOTHYECKAsd OSHEPrUA, TO COCTABHOE Tell0 OKaKeTCH maxceace;
3HAYAT, 3T0 Oymer yaxe Opyzoe Teio. Ecan oCTOpOKHO NPHIIOKHUTH
JBa TeJa ApYT K JpYyTy, To BOSHHUKAeT TeJo ¢ Maccoii 2myg; Korma
e BB X ¢ CWJIOH CTONKHEeTe, To NOABUTCA TeNIo ¢ 00Jbiliell MacCoi.
A ecilm Macca OTJIHYAeTCsS, TO MBI MOKeM 3To aamemumb. Urax,
cOXpaHeHHE MMIYJIbCA B TEOPUH OTHOCHTENBHOCTH € HEoGXoam-
MOCTBIO COIIPOBO;KIAETCSH COXpaHEeHHeM DHEepPTuu.

Orcioga BHITEKAOT MHTEpEecHBe caegcTBus. Ilycts uMeercs
TEJNo ¢ M3MEpeHHOH Maccoil M, u OpefnooKUM, 4TO 9TO-TO CTpsAC-
JI0CH W OHO paclajioch Ha JABe paBHHIE YaCTH, MMEIOIe CKOPOCTH
w w MaccH m,,. IlpeamolosKmM Temeph, YTO ITH HYACTH, NABHUTAACDH
Yepes BemECTBO, HOCTENEHHO 3aMe[JIHINCh H  OCTAHOBHIKCH.
Teneps ux Macca mg. CKOJIPKO SHEpPTUH OHHU OTJATH BEINECTBY?
TJo Teopeme, foKa3aHHOHN paHbIle, KasRAbII KYCOK OTHACT BHEPTHID
(m,—mp)c?. Ona nepeiizer B pasHble GopMuI, HaOpuMep B TeHIOTY,
B NOTeHIHAJbHYI0 sHepruio u 7. A. Tak Kar 2m,=M, 10 BEHCBO-
Goympmiasics sHeprua FE==(M—2m.)c2. 310 ypapHeHHe OBLIO HC-
MOJB30BAHO [JIA ONEHKHN KOJHYECTBA DYHEPTHH, KOTOPOe MOTJI0 6H
BEIIeIUTHCST TPy AJePHOM pacmelVIeHUH B aToMmoit Gombe (xora
gacTu GoMOM He TOYHO paBHBI, HO IpHMepHO oHu paBHH). Macca
aToMa ypaHa Obijla M3BeCTHa (ee W3Mepuiu 3apaHee), ObLia H3BeCTHa
U Macca aTOMOB, Ha KOTopEe OHA pacmeIlisaiach,— Mofa, KCeHoHa
U T. 0. (UMeoTCH B BHAY HEe MACCH JBUMKYIUXCH ATOMOB, & MacCH
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nokos). Uasimu caosaMu, u M wu my Oslau u3secTHH. Brrutg oano
3HaYeHNe MAcCCLl I3 APYTOro, MO;KHO HPHKHHYTH, CKOJIBKO YHEPTHLL
poicBoOopuTes, ecau M pacmagercs «momosaM». ITo sroii mpmunue
Bce Ta3eTsl cyuralm OJIiiHIOTellHa «0THOM» aToMHONI OoMOm. Ha
caMoM ke Jiede 1o/ 9THM NoApa3yMeBaIoCh TOJBKO, YTO OH MOT 0L
3apaHee HOACYMTATH BHIJENNBIIYIOCA DHEPLHUIO, eCaH Obl eMy yKa-
3anM, KaKoil Ipoilecc Tpousoiifer. JHEPIUIO, KoTopas [A0JKHA
BHICBOOOIATRCA, KOTHA aTOM ypaHa IHOJABEpPLHETCS pachafy, Toj-
CYUTAJN NHMb 3a WNOATONA A0 MHePBOTO HPAMOTO WCHHITAHMII.
H xax TonpRO 9HeprusA AeiICTBHTENHHO BBLUIIHJIACH, € Hemocpe/-
cTBeHHO uaMepuiam (He Oyap gopmyas JiiHmrelina, sHEpruaw ui-
MepHJAE OB ApyruM cmocoGoM), a ¢ MOMEHTa, KOTJla €€ H3MEepHJIl,
dopuya yie Obia He HyKHA. ITO OTHIOIb HE TMPUHUMKEHHIE 3aCIyT
JdiiHmTeliHa, a CcKopee KpPUTHKA TaseTHHX BHICKABBIBAHNA W 1O-
OyAAPHHX omucanwWil pas3suTua ¢usuxum u  TexHuku. lIpobue-
Ma, Kak mo0uTbcsd TOTO, 4YTOGHL HPOIECC BHIAGJNCHUSI sHEPIHH
npomesa sdderTaBHO U ObcTpo, HHIEro obmero ¢ popMynoi
HE HUMeer.

Qopmyna umeer spadeHue m B xuMun. CraeM, ecam Obl Mbl
B3BEeCHJIH MOJIEKYJY [BYOKUCH YTJIepOga II CPABHUIU ee Maccy ¢
Maccofl yriepoja m RUCIOPOJA, MK Obl MOTJIHN ONPEJeNMTE, CKOTBKO
BHeprHh BHICBOOO)KAAETCHA, KOTAA YIJEPOJ W Kuciopoj obpasyor
yraekveaory. Ilmoxo TombKo To, YTo 9Ta pasHHUIA Mace Tak Maja,
4TO TeXHHYECKH ONHT OYeHb TPYRHO HPOJeIaTh.

Tenepp ofparuMcs K TaKOMY BOTpPOCY: HYIKHO JH OTHHHE
J00aBIATH K KUHETH9ECKOH dHepPruu moc® u TOBOPUTH ¢ DTUX HOD,
4TO MOJHAsA YHeprusg obObexrta paBHa mc?? Bo-mepBhix, eciaum Ob
HaM Oblilm 8UOHB, COCTaBHBIE YaCTH ¢ Maccoil MOKoA my BHYTpH
odpexra M, to MomHO OBLTIO OBl FOBOPUTH, YTO YacTh Maccel M
ecTh MeXanwdecKas Macca JIOKOS COCTAaBHMX dacTedl, a ppyras
YACTh — MX KUHeTWIeCKas DHeprus, Tperhsi — NOTeHHHaJIbHAA.
Xora B HPHPOJE M HA CAMOM JieJie OTKPHLITHL Pa3JIM4HLIe YaCTHUIH,
¢ KOTOPBIMHE HPOHCXO/AT KaK Pas TaKde Peakunuyu (PeaKmuH cHAAANUA
B OfiHy), ONHAKO HHKAKAMH CHOCODAMU HEg0aMONCHO TIPH ITOM
paseasdemsv enympu M Rakme-To cocmagnvie wacmu. Hanmpmmep,
pacuay K-Mesoma Ha gBa NmoHA DpoucXofgut mo zaxomy (16.11),
HO OeCMLICIIEHHO CYHTATH, 9T0 OH COCTOMT u3 23, MOTOMY UYTO OH
pacnajaercd mopoil m Ha Jm!

A D03TOMY BOSHIKaeT nosas udes: HeT HY;KAB 3HATh, KaK Telda
YCTPOeHH M3HYTpH; HeAb3fA U He HY:KHO pasduparbcd B TOM, KaKyI0
94CTH DHEPTUH BHYTpH 4acTUIBI MOYKHO CYUTATH DHEPTHeld HOKOMA
TeX uacTell, Ha KoTopbie OHa pacrnajgercsi. HeymoGno, a Dopoi
7 HeBO3MOKHO pasbuBarTh TONHYIO DHEepIruio mc? Tela Ha BHEPTHIO
DOKOsA BHYTPEHHHX dHacTell, X KHHETHYECKY H IOTeHNHAIbLHYI0
9Heprum; BMeCTO 3TOT0 MEI IPOCTO TOBOPHM O NO4HOU 9HEpeUl
gacrumel. MEL «cBATaeM Hadajo oTcveTa» sHepruii, HobaBiAs Ko
BCeMy KOHCTAHTY moc?, ¥ TOBOPUM, 4TO IOJHasf DHEPIHA YACTHLLI
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paBHA ee Macce IBIKEHHs, YMHOMEHHOH Ha ¢2, a Kolja Telo 0C-
TAHOBHTCA, €r0 SHEPTHA eCTh ero Macca B IIOK0E, YMHOKeHHAH
Ha 2.
M maxomen, xerxo o0Hapy:kuTH, 9TO CKOPOCTH v, MMHOyJbLc P
u nonHas sHeprus E MoBOXBHO HPOCTO cBA3aHHM MeKmy coboii.
Hax 310 Hum crpamHo, Qopmyia m=my}) 1—v%c? odeHbp pearo
yHoTpeGaseTcs Ha HpaKTHKe. BMecTo 3TOro HesaMeHEMHIME OKa-
BHBAIOTCS JIBAa COOTHOIIEHMS, KOTOPHie JEerKo NOKas3aTh:
E*—Pec*=M?2c* (16.13)
n
PC = — e (16.14)



l‘./o,‘a,ea, 17

IMPOCTPAHCTBO - BPEMA

§ 1. Teomempus npocmpancmea -
epemenu

Teopusi OTHOCHTEJILHOCTH INOKa3eBaeT, UTO
CBAZh MEKIY MeCTOHOJIOMKeHNEeM COOBITHS W MO-
MEHTOM, B KaKO# OHO HpOMCXOAUT, TpPH H3Mepe-
HISAX B JBYX pasHHIX cHCTEMaX OTCYeTa COBCEM
He TaKas, KaK MOKHO OBUIO OKHJATh Ha OCHOBE
HaIUX WHTYUTHBHHX HpefcTaBieRnil. OYens Bask-
HO fCHO TpPEACTaBHTh cebe cBA3H IPOCTpAHCTBA
U BpeMeHH, BOBHHKAIOMYI0 H3 IpeobpasoBaHmit
Jlopernna. IlostoMy Msi rayGse paccMOTpEM STOT
BOTIPOC.

Koopmumatsl u BpeMa (z, Y, z, ), uaMepeHHHE
(IOKOAMUMCST» HabmogaTenaeM, npeofpasyloTcs B
KoopauHATH u Bpemsa (z’, y', z’, t'), umsMepeH-
Hple BHYTPH «OBIDKYIETOCHA» €O CKODOCTBHIO U
KOCMHYECKOI'0 Kopabmusa:

2= r—ut
—V1~u2/02’
¥=y
2 —z, (17.1)
b t—uzx/c® .
V1—ujc?

Hazsaiite cpaBHEM 3TH ypaBHeHHA C ypaBHEHHEM
(11.5), xoropoe Toke CcBA3BIBAET U3MepeHUSA B
ABYX CHCTeMaX, TOJbKO OJHa U3 HHX Telleph
spauaemcs OTHOCHTEJNBHO HPyroi

x' ==z cosb+ysinl,
y' =ycosh—zsinb, (17.2)
3’ =z.
B sroM vacrHOM caywae y Mura u ko ocu z’ nz
noBepHyTH Ha yrox 0. Ho u B ToM u B ipyroMm

cliydae MBI 3aMeYaeM, YTO «IOTPUXOBAHHBEIE» BeJIH-
YUHE — 9T0 «HepeMellaHHEe» MemIy Cco0oi «He-

§ 1. Feomerpus
NpocTpaHeTBA"
BpeMEeHH

§ 2. IIpocrpancrBen-
HO-BpeMeHHbIe
HHTEPBAaIIBI

§ 3. Hpomenmee,
HacrTosiee,
Oynyuee

§ 4. Eme o
4eTHIPEXBEKTOPAX

§ 5. Aaredpa
4eTHIPEXBEKTOPOB
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IMITPUXOBAHHEIEY: HOBOE £’ €CTH CMech X U Y, a HOBOe y' — Jpyras
cMech £ | Y.

IIposeneM ciemylomylo aHAJOTHIO: KOTga Ml IJIARAM Ha Tpej-
MeT, MBI pa3jindaeM ero «BUANMYIO MUPHHYY If ¢BUAHEMYI0 TOJIHH Y.
Ho oru gBa noHATHS — «IMpHHAY W (TOJINUHA» — OTHIOAb He
ocHO6Hble cBoiicTBa mpeaMera. Orofigute B CTOpPOHY, BBTIAHATE
Ha OpefMeT ©oj ApYyTHM YIJIOM — BHAUMAs INHpPMHA W BHIEMAs
TOJNIIUHA HpefiMeTa CTaHyT mpyrmMu. MomkHO HammcaTh (GopMyJIEHL,
TI03BOJIAIOMKE Y3HATH HOBHE IMHPUHY H TOMMUHY IO H3BECTHHIM
CTaphM M IO yIroy NoBopora. ¥YpasHermst (17.2) — wax pas stu
dopMyasi. Momxuo cKasaTh, YTo JaHHAA TOJIIHHA €CTh CBOErO
poJa «CMech» BCeX IMPWH M BeeX Toimud. Ecam 6 Ml He Moran
COBHHYTBCH ¢ MecTa, eciim O MH Ha [JaHHBIH HpejMer Bcerga IJis-
Jielly 13 OJHOTO M TOTO K€ MOJIOMKEeHHs, TO HaM BCe BTH PaCCYIK-
IEHIA HOKA3aMACH OBl HEYMECTHHME; ML Be/[b W TAK BCEr[A BHIEIH
Op1 mpe[ co0oii «HACTOAIYIO» MUPHHY H (HACTOAMYIO» TOJIIMUHY
W 3HaJW OB, 9T0 9TO COBEPIIEHHO pasHEe KadecTBa HpefMeTa:
O/JIMH CBA3aH C yIrioM, HOJ KaKHM BHJIEH HpeaMer, Apyroi tpebyer
doKycHpoBaHMA TI'iaza W Jaske maTynuumu. OHEH Kasaiauch OB ab-
COMIOTHO Pa3IMYHBIME, MX HeszauyeM Obuio 65 cMemuBaTh. TOJBKO
HOTOMY, 9TO MBI 8 cocmofnulu 060HTH BOKpYT IpefMeTa, MHL XO-
HpMaeM, 4TO INMPUHA W TOJMUHA — 3TO pasHbEe CTOPOHB ORHOTO
M TOTO jKe mpeaMerTa.

Heavas au eseasnyms Ha npeobpasosanue Jlopenya marum xe
cnocobom? Bemp m 3mech mepej HaMH CMech — CMeCh MeCTOLOJO-
JKeHUA U MOMeHTa BpeMeHu. 13 3HaueHHIl KOOPAHMHATH W BpeMeHH
mosydaercst HoBasi KooppuHara. VHade ToBopd, B H3MepeHHAX
HPOCTPAHCTBA, CACHAHNHHX ONHHM UEJIOBOKOM, €CTh C TOYKH 3PeHusd
Apyroro Mallag HpuMech BpeMeHu. Hamia aHaJOTHS NO3BOJIAET
BEICKA3aTh CIEYIOMYIO MBICIb: «PEabHOCTBY MpejMera, Ha KOTO-
PHI MBI CMOTDHM, BKJO4YaeT HeuTo Ooubliee (roBops rpybo u
0of6pasHO), UeM ero «IMpPHHY» W €ro «TOJIMHHY», IOTOMY 4To 00e
OHU 3asucsm OT TOTO, KGK MH cMOTpuM Ha mpexamer. OKasaBInuch
Ha HOBOM MeCTe, HAlll MO3T HeMe[JieHHO MepecuUnTHBaeT N MUPHHY,
i tonmmuHy. Ho korpa Mni GyjeM gBHETaThCA ¢ GONBIION CKOpPO-
CTBIO, HANI MO3T HE CMOKET HeMeJJIeHHO NepecduTaTh KOOPHHHATHL
¥ BpeMsA: y HAc HeT OILITA [ABIGKEHHIl CO CKOPOCTAMH, OausKuMm
K CBETOBOI, MH He ONyll[aeM BpeMs ¥ IIPOCTPAHCTBO KaK fABJe-
HuA omHON mwpuponul. Bee paBHo Kak ecam OB HAacC ycaJuiu Ha
KaKoe-TO MecTo, 3acTaBwiu Obl pPasTJIAABIBATL MIHPHHY KaKOro-TO
HpefMeTa M Opi TOM He paspelnagu OHl JasKe HOBOpAaYMBATH
rojoBy. MsI Temeps mommMaem, wWro, O6yak ¥ Hac TaKas BO3MOIK-
HOCTB, MBI MOTJM OH YBHJETH HEMHOMKKO OT BPEMEHH /pyroro
4eJJ0BeKa, KaR OBl «3arisSHYTHY c3agu HeTo.

WTtak, MB [OJGKHB HONBTATBCS NPEACTABHTH cebe HpeaMers
B Mype HOBOTO THIa, B KOTOPOM BpeMs ¢ HPOCTPAHCTBOM CMeINaHO
B TOM jKe CMBbICIIe, B KaKOM IpejMeTsl Hallelo WPHBLIYHOIO HpO-
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ct
Mednerro

b we. 17.1. Dymu mpexr uwacmuy

& npocmpaHcmee-gpeMeHu. a b
7 — YACTUYA NOKOUMCA 6 To4uKe X=X, 4
b — yacmuya omnpasuaace U3 MoyKU c
X = x, ¢ nocmoaHhHoll ckopocmoul; € —
yacmuya  nauaaa  Owao  Osueamoecq, HO
HMopIoIUaa; d — pacnpocmpaHeHue Bsicmpo
CeCmMma.
Xy X

CTPAHCTBEHHOT0 MHpAa MOKHO paslVIA/BBATh C PAa3HHX HalpaB-
getnil, MBI JOUKHBL c9dTaTh, 9TO MpeAMETH, 3aHAMAKIIAe HeKo-
TOpoe MecTO H CYIECIBYIOMHe HEKOTOPHIl Nepuof BpeMednm,
3aHAMAI0T HEKYH «I0JABKY» MUPa HOBOTO THIIA M 9TO MBI CMOTPHM
Ha 3Ty «ZOJBKY» C PAa3HEHX TOYEeK 3PEHHA, KOT1a JABIKEMCH ¢ pa3Hol
CKOPOCTHIO. IJTOT HOBHIN MHp, 9Ta TeOMeTpHYECKas pealbHOCTh,
B KOTOPOHl HMEIOTCA (TOJILKH», BaHUMAlomne HEeKOTOpoe MNpo-
CTPAHCTBO ¥ CYINECTBYIOINME HEKOTOpPoe BpeMsa, Ha3hBaercs
npocmpancmeom-épemenen. Janmaa touka (z, y, z, !) B WpocTpau-
cTBe-BpeMeHH HOCHT HasBauwe cobwmus. Ilpencraspre, mampu-
Mep, YTO OChb & MBI NOMECTHIH TOPU3OHTANGHO, OCH Y H 2 — B
ABYX JApYyraX HanmpaBleHHAX, B3aUMHO NePHeHAUKYASADHHX M
NnepueHAKYIADHEX K crpaHmne (!), a ocp { HanmpaBmiam BepTH-
KanpHo. Hak Ha Tako#l muarpaMme m300pasmTCs, CKaskeM, QBI/KY-
mascs sacruna? Horga wacruia HeuofBWikHA, y Hee eCTh KaKas-To
KOoOpAHWHATA Z; BpeMA TedeT, a X OCTAGTCH BCE TeM Ke, H TeM Ke, I
TeM jKe. JHAYHT, ee «HyThy» — 3TO HpsAMasA, OApPAJIeIbHAd CCH
(a ma gur. 17.1). C gpyroii cTOPOHHI, €CiiH OHA paBHOMEDHO yHajid-
eTcs, TO ¢ TedeHueM BpeMmernm pacrer u 2 (b #a ¢ur. 17.1). Taxum
o0pasoM, 4YacTuIa, KOTopas CIepBa jBUrajiach, a HOTOM CTaja
3aMeJUIATH CBofi X0, M300Pa3HTCA 4eM-TO HOXOMKHM Ha KPHUBYIO ¢
wa ¢ur. 17.4. Hpyrmmu cioBaMmi, BCAKas ycTOHYMBas, Hepacha-
jaon@afdcs YacTHMIA m300pakaercs IuHWeH B HpoCTpaHCTBe-
BpeMeHH. A pacmajaomascA dacTauma wusobpasurcsi BRIKOWH,
HOTOMYy dYTO OHA TpeBpamaercAd B ABe YacTHIH, BHIXOAAIIHE W3
OHOH TOYKH.

A ®ar oGerour gemo co cseroM? CKOpocTh cBeTa Bcerjya ojua
¥ Ta e, BHAYAT, CBET MOKHO M300pajkaTh HUPAMHMHA JTHHEAME
oquHaKoBoro HakKIona (d ma ¢ur. 17.1).

Hrak, cOrJacHO BHICKABAHHOH HaMu mjee, €CJIH MPOUCXOIMT
HeKoe cobwiTie, HANpUMEp YacTHI@ BHE3ANHO pacHajiaeTcd B Ka-
KO{i-To HpocTpaHCTBeHHO-BpeMeHHON Towke (x, ) Ha jBe, ToO,
eCJH BTO Jid 4ero-Hubyab HYRHO, MOBOPOTOM OCeH MOKHO IIOJIY-
4uTh 3Ha4YeHUA T B { B HOBOH cucTeMe (¢pur. 17.2, a). Ho arto ue
Tak: Bexnb ypaBHeHue (17.1) ue cosnadaem ¢ mnpeoGpasoBaHuem
(17.2), B HEux HO-pPa3HOMY pacCTABIEHH 3HAKH, B OIHOM BCTpe-
gajorca sind u cosd, a B npyroM — Herorophe anrebpamiecKue
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Ct' ct
D e 17.2. Jea usobpasenun
pacnada wacmuybl.

a — HegepHoe; 6 — eepnoe,

a

penuguabl. (BoobGme-ro mHorma aarefpaddecKue BeJHYUHEL BBI-
pasKaTCA Yepe3 KOCHHYC W CHHYC, HO B JaHHOM clydae 3TO
HEBOBMOKHO.) A Bce-TaKu 3TH BBIpayKEHHA ouenb nozosxcu. Haw
ME ¢ BaMH YBHAUM, HeJb3sl TpelcTaBIATH cebe IPOCTpaHCTBO-
BpeMs B BHfe pealibHOU 0oOHYHO# FeoMeTpHM, W BCe m3-3a 9Toil
pasHEHIB B 3HaKax. Ha caMoM meme, X0Ts1 MEL 9TOTO HOKa He HOJ-
9epKABAIM, OKA3BIBAGTCA, YTO JBWHYMANCA HaOMOgaTels HOJIKeH
[DOJB30BaThCA OCSAMHU, paBHOHAKJIOHEHHHMH K JHHHH CBETOBOTO
ayda, ¥ MPOSKTHPOBATh TOUKY HA DTH OCH IIPH HOMOI{H OTPE3KOB,
UM TapauTeNIbEBIX. JT0 moKasaHo Ha ¢ur. 17.2, 6. Mt He Gyngem
3aHNMATBCA bTON reoMmerpuell, oHa He 0cOGeHHO IIOMoraer; Jjerge
paGoTaTh HPAMO ¢ ypaBHEHHAMH.

§ 2. IIpocmpancimneenno-epemennsie UHIMePeavl

Xota reoMerp#si WpocTpaHCTBa-BpeMeHHM He oObdHas (ue
eBKIHMOBA), TeM He MeHee¢ 9Ta TFeOMEeTPUA OYeHb MOXO0Ka
Ha eBKJUJOBRY, HO B HEKOTODHX OTHOIIEHHSAX BecbMa CBOEOO-
pasrasg. Ecam 10 mnpepcTaBieHme O TeOMeTPHH TPaBUJILHO, TO
JAOMKHE CYI[ECTBOBATH Takue (YHKIWH KOODAUHAT M BpEMeHH,
KOTOpEIE HE BaBHCAT 0T CHCTeMBl KoopimHat. K mpumepy, npm
OGBIYHBIX BpamEHWSIX, eCAu B3ATH B TOYKH, OJHY A HPOCTOTH
B Hadaje KoopauHAT o0edx CHCTeM, a JAPYIyI0 B JTI06OM APYyroM
MmecTe, To B ofeux cucTeMax KOOPHHHAT PACCTOAHHC MEMKAY TO4-
Kamu Oyzer oJlMHAKOBO. JTO HepBOe CBOHCTBO TOYEK, KOTOpoe He
3aBUCHT OT 9acTHOTO cHocoDa W3MepeHUs: KBajpaT paccTOSHAA,
win x?-4y%--z%, He MeHsAeICA NPH HOBOPOTax. A Kak ¢ HpocTpaH-
ctBoM-BpeMeHeM? He TpynHo DoxasaTh, YTO W 3JeCh eCTh HeuToO,
He B3aBHCcHIee OT cHocoba w3MepeHusA, a HMMEHHO KoMOmHauus
c22—g%—y2—z? ouMHAKOBA 4O M HocJde IipeobpasoBaHus

cgtlg_sz_ylz’_ZI2=c2t2___x2____y2_Zz_ (17-3)

IlosTomy sr1a BeswugHa, NOMO00HO pPacCCTOAHMIO, «peajibHAY B TOM
CMBIC/Ie, KOTOPHH OLII IpPUIAH STOMY CJIOBY BEINE; ¢e HA3HBAIOT
UKHMepealoM MEKIYy [BYMA HPOCTPAHCTBEHHO-BPEMEHHEIMH TO4-
KaMH, OfHa U3 KOTOPHIX B 9TOM CJIydae COBHAJaeT ¢ HAa4alIoM Koop-
nunart. (Toumee roBops, sTo He HHTepBall, a KBagpaT HMHTepBaJa,
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TOYHO TAK Ke Kak m 22-ty?--22 — KBajgpaT paccTOAHMA.) ITO
HA3BaHHEe MOAYepKHBAET pasjidide B reoMerpuax; obpartute BHH-
MaHme, 9To B QOpPMylle HPHCYTCTBYeT ¢, a HEKOTOphe 3HAKH 00-
parmmeHHI.

HlaBaiite wsbaBuMcA 0T ¢, 0HO HAM He HY;KHO, €CJH MBI XOTHM
¥MeThr ymoGHOe MPOCTPAHCTBO, B KOTOPOM T U ! MOKHO HepecTas-
nAare. [lpeacraBhre, K Kakoil TYTAHALE IHPHBEAET H3MEPEHHO
HIMPAHE] O YNy, TOJ KOTOPHIM BHEH TPEeIMeT, a TOJMUHBl —
10 COKpAmEeHHI0 MHIND npu (GUKCHpPOBAHUK riasa Ha OpeaMer
M BHpa)KeHWe TONMMHEL B Mempar, a UIMPUHB B paduanar.
Ilpu upeobpasosannax ypasmenmit tuna (17.2) rorpma momywuresa
CTpaliHad Hepasbepwxa M HH 3a UTO He YAACTCH PasrisAferTh BCIO
MPOCTOTY ¥ SCHOCTh IpeaMeTa Mo TOH TeXHHYECKOH IpHIuHe,
9TO OJHO W TO ke OyaeT U3MepsThcsd MBYMA pasIMIHBIMA eIHHA-
namu. C momompio ypasmennit (17.1) m (17.3) upupopa rosopur
HAM, 9YTO BpeMs pPABHOBHAYHO NpPOCTPAHCTBY; BpeMs CTAHOBHTCH
OpOCTpaHCTBOM; UX Hado u3mepamb 6 O00UHAKOSWY eOUHUUAX.
Haxoe paccrosrwe wm3amepder cekyHmga® Iz ypasmenma (17.3)
BTO JIerKo MOHATH: ceKyHaa — 310 3-108 M, paccmoanue, Komopoe
ceem npoxodum sa 1 cex. Waave ropops, ecanm Obl paccToaHus o
BpeMA Mbl M3MEpSIH B OJMHAKOBHIX efMHHNAX (CeKyHmax), TO
emuEMIeR pamael Gutmo 66t 3-10% # w ypaBHeHus ynpocTuiamch GBI
A ppyroit cmoco6 YpaBHATH €JMHUIE — 9TO H3MEPATH BpeMd B
merpax. Uemy pasen Merp BpeveHu? MeTp BpeMeH:m — 3TO Bpems,
32 KaKoe cBeT mpoxoauT paccrosiHme B 1 m, 1. e. (1/3)-107¢ cex,
uaan 3,3 MumiaauapmHsix moinu cexyuabl! Wummu cinoBaMm, HaM
HY/KHO 3alHCaTh BCEe YpaBHEHHMs B cucTeMe emmuui, rae c=1.
Horga BpeMa m HpOCTPAaHCTBO CTAHYT M3MEPATHCH B ONHHAKOBHIX
e[MHANAX, YpPAaBHEHHsd, €CTECTBEHHO, YIPOCTATCA:

x,_ r—ut
T Yice !
y =y, (17.4)
3z’ =3z,
’ t—ux A
P=—ya—e
tr gty =yt 2, (17.5)

Mosxer GbITH, BH cOMHeBaeTech B 3aKOHHOCTH 3TOTO WIN BAC «Iy-
raeT», 4to, MOJNOMKHB ¢ =1, BE He CMORETe BeDHYTHCA K TPaBUIb-
uoiM ypasHeRmaAM? Hamporus, 6e3 ¢ ux ropasgo Jerde 3alOMEHTH,
a ¢ Ierko MOCTABHTH HAa HY:KHEIE MecTa, eClH HPUCMOTPeTHCH K
pasmeprocTAM. CxameM, B V' 1—u? Mu BoguM, 410 U3 HeHMEHO-
BaHHOrO gmcia 1 OpuxomuTca BHYATATH WMMeHOBaHHOE (KBampaT
CKOpOCTH U2); €CTeCTBEHHO, 93TOT KBajJIpaT HYXKHO pa3[eluTh
Ha ¢2, 9To0B cHeNaTh BolYnTa eMoe OespasMepHbiM. TaxuMm myTeMm
MOKHO PACCTABATH ¢, I/Je MOJaraerci.
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OueHp MHTEPECHO pA3MH4He MERAY 1IPOCTPAHCTBOM-BpPEMEHEM
n 00LIKHOBEHHBIM IPDOCTPAHCTBOM, Pa3/ndile MeKAY HHTEPBAJIOM I
paccrosirueM. IlocMorpure Ha gopmyny (17.5). Ecnu nasa coGurns
LUPOH30ILIY B KAKOH-TO clHCTeMe KOOPAMHAT B OJHO H TO K€ BpeMsd,
BO B Pa3HHX TOYKAX HpOCTPAHCTBA, TO, MOMECTHB HAYALO KOODHM-
AT B TOUKY, H300pasKaoMy0 OHO U3 COOBITHIl, ML TMOIyIUM, YTO
t=0, a, mampumep, z5=0. 3HauuT, KBAJpaT WHTEPBAdA NOILYTUTCH
OTPUIATEILHEM, A CAM HHTEPBAT — MHOMHM (KOPEHb KBajpaTHLIII
u3 orTpuumatenpHOro 4mciaa). Wurepsanbi B 9Toil Teopmm ORIBAIOT
W feficTBUTENbHBE, M MHMMble, IIOTOMY 9TO WX KBAJApATH MOTYT
OMTh H TOJ0MUTEINBLHEIMU, W OTPUUATENBHLIMI (B OTJIUYHE OT
PACCTOAHIA, KBAJAPAT KOTOPOTO OBIBAGT TONBKO IONOKHUTENbHBIM).
Horya mHTepBad MHUMLIH, TOBOPAT, YTO UHMEPEAL MEMKAY TBYMS
cOBBITHAMY (TOUKAMU) RPOCTRPAHCTNEEHHO-RO000KT (2 He MHEMBIIL),
DOTOMY UTO TAKOW UHTepBad mogydajicsa Obl Bcerga, eciaum OB Bech
MHD 3acTHI Ha omgHoM BpeMenu. C mpyroit cropoHbr, eciau pgBa
npefiMeTa B JAHHON cHCTEMe KOOP/ANHAT TWOTAKAKT B OJHO I TO jKe
MeCTO B pasHBI® MOMEHTHI BpemeHu, rorja I=0, a z=y=z==0
H KBAJpAT WHTEPBANA NOJOMUTENEH; JTO HABLIBAETCA 6peMerli-
nodobuvm unmepseason. Jlamee, ecau IpoBecTHM HA [AUATPAMME
HPOCTPAHCTBA-BPeMEHH jBe MpsAMble Mmox yrioMm 45° (B gersipex
n3MepeHuAX OHH OOpATATCA B «KOHYC», HABBIBAEMENT CBETOBGIM),
TO TOYKHM HA 3THX TPAMBIX OYAyT OTHEJEHLI OT HAaYada KOOPJHHAT
HYJIEBHM HHTepBaloM. Hyma On u3 HavajJa KoopAuHAT HM pac-
TPOCTPAHANCA CBeT, Bce paBHO 22-|y2-42z2=c2f2, 1. e. mHTepBal
Me/Ty cOOBITHEeM MPUX0ja CBeTa B M0YI0 TOUKY M HATAJIOM BCerma
paBer Hyuxwo [kKak nerxo suaers us (17.9)]. Herarwm, mur ceifac
JI0Kasaam, 9rTo CKOpPOCTh CBeTa B JIOGBIX CHCTEMaX KOOPAHHAT
OJMHAKOBA: BeOb ecli HHTepBal B 00CHX CHCTEMaX OJMHAKOB,
T, OYMyuu paBeH HYI B OMHON M3 HUX, OH paBeH HYIK K B Jpy-
TOM#, ¥ KBAJpaT CKOPOCTH ¢BeTa — OTHOINeHHWe x'2-4+y 2422 k t'2—
onsATH pameH c2.

CrasaTh, 9T0 CKOPOCTH PACTIPOCTPAHEHUS CBETA — WHBAPHAHT,—
9TO BCE PABHO, UTO CKa3aTh, 9T0 IHTEPBAJ paBeH HYIIO.

§ 3. IIpowedwee, nHacmosnuiee, 6ydyiyee

pocTpancTBeERO-BpeMeHAYI0 06IaCTh, OKPY)RAIOIYIO TAHHYIO
TOUKY MOPOCTPAHCTBA-BPEMEHI, MOJKHO pasfejurb HA TPH 00-
7macTH, KaK moKasaHo Ha ¢ur. 17.3. B oyxHOll w3 HUX HHTePBAJLL
IPOCTPAHCTBEHHO-TTONOOHEI, B OCTANBHHX JBYX — BpPeMeHU-IIO-
noGHRE. JTH Tpm 06JacTu, HA ‘KOTOpPHE pacHafaeTcA OKpy»Kalomee
TOYKY TPOCTPAHCTBO-BpeMdA, B (Pu3WIecKOM OTHOINEHMM CBA3AHLI
¢ caMoil TOUKO#l OuYeHb HWHTEPECHO.

W3 obGnactu 2 Pusmueckuil o0bexT uam curHAJX, ABHrasch
€0 CKOPOCTBIC, MeHbIIeHl CKOPOCTH CBeTa, MOMKeT HpPHATH B TOu-
Ky O. Ilooromy coGrrua B 3Toll 006IacTé MOTYT BO3JielicTBOBATH
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D ue 17.3. Obaacmv npocmparn-
cmea-epemenu, oEPYH AW aAl HA4aio
kKoopdunam,

Ha cobeiTHe B TOoUKe (), MOTYT BIUATH HA HEr0 U3 ITPOIIIO-
ro (t<<0). HeiictBureasno, mpeaMer B Touke P Ha ocm oTpmia-
TEJNBHEIX [ OKA3MBAETCA TOYHO B (OPOLNIIOMY» WO OTHOUIEHIIO
K Touke O; P — 9ro Ta jKE mNPOCTPAHCTBEHHO-BPEMEHHAA TOY-
ka O, HO B boxee pamuumit MoMeHT BpeMeHu. Urto B HeH Korma-To
cAyIuNoch, Temeph ckaseiBaeTcA Ha Touke O. (K comanewmuio,
HMEHHO TaKoBa Hama xusHb.) Ipyroir mpemmer ms ( momamer
B O, IBHrasfch € ONpeAeNeHHONW CKOPOCTHIO, MEHbIIeH, YeM c;
3HAYUT, echau OBl BTOT TpemMeT ABHrAJCA B KOCMHYECKOM Kopal-
me, OH MOT OBl TOMe OKA3aThCs NPOULIEIM TO# ke Touku O
OPOCTPAHCTBA-BPEMEHH. JTO O3HAYaeT, 9T0 B KakKoil-1o0 mpyroi
cmcTeMe KOOPAMHAT 0Ch BpeMeHH Morna G mpoita gepes O m (.
Taxkmm 06paszoM, Bce ToakH 00nactu 2 OKA3HBAITCA MO0 OTHOUIEHHIO
K O B «OpOMITOM»; BCE, YTO B 2TOH 00JacTH TIPOUCXOMUT, MONCEm
crkasatbest Ha O. Ilosromy oGmacts 2 Mommo HasBaTh o3deii-
cmeyuuM NPOULAbIM, BTO I'eOMeTpUIecKoe MecTo Bcex cobnTwii,
KOTOpHIEe XOTh KAKUM-TO 00pasoM MOryT NOBIMATH HAa COOHITHE B
Toaxe O.

A sato ofnacte 3 — 910 Ta 007aCTh, HA KomoOpyld B CBOIO
odepenb MOTYT HOBIUATH coObiTust B O; B Tela, PacHolO:KeHHEIe
BHyTpU 001acTH &, MOMHO «HONAcTh NyJNeid», CKOPOCTH KOTOpOM
MeHBIIE CKOpOCTH CBETA. JTO TOT MHpD, Ube OyAymee B HAIIMX
pykax (ecam Mul camu HaxommMcsi B Touke O); obnacTs 8 MOMKHO
Ha3Bath eo3deiicmeyemuim Oydywun. OcralibHOE IPOCTPAHCTBO-
BpeMs (oGnacTs /) nHTEpECHO TeM, YTO Ha COOBITHSA B HeM U3 mouku O
BIWATH HeIb3A H, 06paTHO, HWITO, NPOUCXOAMmee B 310l obnacTu,
HUKAK He MomeTr HOBIMATh HA Tolomkenwe ¢ mouke O, moroMy
4T0 HAYTO He Moer oforHaTh cBeT. oHeYHO, ecam 9TO-TO NPO-
n3oiimer B Touke R, aTo Modcem CKasaThCA R030Hee; eclud, HATIPU-
mep, CojiHOe «CHI0 MAUHYTYY B30pBeTCA, TO MH y3HaeM o0 sTOM
muws 4epes 8 MuHyT, W paHbIIE ITOr0 BpeMeHH B3DPHB HHKAK
OTpasuThcd Ha HAC HE MOjKeT.

To, 9T0 MPOMCXOANUT «ceFuacy, «CHI0 MHHYTY» — DTO HA CAMOM
felie HeYTO TAMHCTBEHHOE; OHO He MOJaercs ONpee e, He ok~
. AaeTCA M BO3/eicTBUI0, OfHAKO HECKOIBKO TO3/Ke OHO MOsKeT Bo3[el-
CTBOBATH Ha HAC (MJIH MBl HA HETO, €C/IM KaK0e-T0 BpeMd TOMY Hasaj
Mbl mosabotunuck 06 arom). Horga Mb eMoTpuM Ha sBesny Aunbda
IlentaBpa, MH BEUM ee Taxoil, KaKol ona 6nia 4 roga ToMy Hasaj;
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HAM MOKeT 3aX0oTeThcs y3HATH, HA YTO OHA MOXOKa «ceitdacy. «Ceil-
gacy — HTO 3HAYUT B DTOT 7Ke MOMeHT B Halllell cucTeMe KOOpAUHAT.
Ansdy LenraBpa MEL MOKREM BUETH TONBHKO OPH MOMOMIM CBETOBHIX
myuell, ABUBHIMXCA K HAM H3 Hallero MPOUIIOro, MOPOULIOro de-
TolpeXJeTHel TABHOCTH, HO 9T0 Ha HeH UPOMCXOJAHT «celuacy,
MBL He sHaeM. IlpomcXogsduiee Ha Heit «celidac» cMosmeT Bo3eii-
CTBOBATHh HA HAC TONBKO depe3 derhipe roma. «Annda LentaBpa
ceitgacy — 970 Myesd, WIH MOHATHE, CYMICCTBYOMIee B HAIIEM MO3Ie;
HUKAKOTO (H3UTIECKOTO ONpEIeNeHNA JIA TAKOro IOHATHA B HTOT
MOMEHT HeT, HOTOMY 49T0 HAZ0 MOIOMKIATH, NPEeKOe deM «ceiiuacy
yaacted yeHaerh; jaaA Anbede llenTaBpa maske mpaBuibHOE MHo-
HATHe «celigacr HE NOJNALTCH OIpeJeIeHHI0 CHIO MUHYTY. Benn
«ceifuacy saBHCHUT OT cHcTeMsl KooppwHat. Ecnmm 6B, K nmpumepy,
Anspa UenraBpa mpuranack, To HabmlogaTexp Ha Heil He coria-
cuicst 6B ¢ HAINMM IIOHUMaHIEM ero «ceiidacy, IOTOMY 4YTO €ro OcH
KoopguHAT ObLau OB HOBEPHYTHL HA KAKOH-TO YroX, a ero «ceifgacy
Getmo GeI coBceM Opyeun BpemeneM. Mul y:e rosopmim, 9To 0j-
HOBPEMEHHOCTH He OHpefetserca OMHO3HATHO.

Berpeuaores mopoii mpejcrasatenn ¢yab0pl, Tapajk, JIORW,
YTBeP/RAANIHE, 1TO OHK MOTI'YT y3HaBaTh Oy/yiiee; HeMalo Iylec-
HBIX HCTOPHI pACCKA3BBaeTcad M O JUOJAX, KoTopbie BHE3aNHO
BUIAT Hepen coboit cBoe BozmelictByeMoe Oymymee. Ot aToro Bos-
HHKaeT MHO;KEeCTBO MapajoKCcOB: Bedb €CJIH Mbl 3HaeM, 910 9TO-TO
CAYIUTCSA, TO HABEPHSIKA CMOKeM M30e;kaTh TOro, eClIH 3aXOoThM.
Ha camoMm ke gexe Hu ommu mposumen Oyaymero He cmocoben
y3HATH fa:xe Hacroamee! HaMm murTOo He cKaer, 416 CHIO MUHYTY
MPONCXOMUT MOCTATOYHO MAATEeKO OT Hac, HOTOMY 9TO 9TO HeHa-
OaomaeMo.

Hamocnemox # 3amaM Bompoc, OTBETMTH HA KOTOPHIL TpeRo-
CTaBIA0 BaM caMuM. Ecam Op BHe3amHO MOABHIACH BO3MORHOCTD
3BaTh, UTO OpomcXoauwr B obxactm I mpocTpaHcTBa-BpeMeHM,—
BO3HHK OH OT 3TOT0 NAPATOKC MIH Her?

§ 4. Ewe o uemuvipexsermopax

BepueMmcss onsate K amamorum mesmzy mnpeoOpasosanmem Jlo-
peBIa ¥ BpamieHmeM OpPOCTPAHCTBEHHBIX oceil. Mu yire ybGenmmucs,
9T0 T0JIe3HO coOUpaTh BOCAMHO OTIHIHEIC 0T KOOPAUHAT BeTHIHHEI,
KOTOpEIe Npeofpasyiorcsd Tak ke, KaK H KOOPAUHATEHI; BTU COeIH-
HeHHBle BeJINIUHK HABHEBAIOT 66KMOpAMU, WIH HaNpaBsIeHHHMH
orpeskamu. Ilpu oGBIYHEIX BpameHmAX HeMalo BeIWdIdH Hpeodpa-
3yeTcA B TOYHOCTH TaK e, Kak Z, Y, 2 (Hampumep, CKOPOCTH C
TPEeMA KOMIIOHEHTaMH I, Y, 2z); IPH HepeXone M3 OJHON CHCTeMEl
KOOpAUHAT B APYI'YI0O HU OfHA M3 KOMIOOHEHT He 0CTaeTCs DperkHed,
BCe OHH TNPHOOPETAT HOBHe 3HadenusA. Ho «caMa» CKOPOCTB, BO |
BCAKOM clydae, Gojee peaidnHa, 9eM Jwbad u3 ee KOMOOHEHT, H
n306paaeM MEL ee HANpPABICHHEIM OTPe3KOM. :
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Teneps MBI CIpoCHM: CYmMecTBYIOT JU BeJIHTHHE, KOTOpHE Ipe-
of0pasyTcd mpU mepexofe OT HEHWOABIKHON CHCTeMBl K JBIKY-
melcA TaK e, Kak u z, ¥, 2, {? Ham onsit o6 pameHns ¢ BeKTOpaMu
MOJCKA3KBACT, YTO TPH W3 STUX BelIWInH, HOTOOHO Z, Y, Z, MOTJIH
O upencTaBAATH cofofl TPH KOMIOOHEHTH OOHTHOTO IPOCTPAH-
CTBEHHOr0 BEKTOPAa, a derBepras Morna OH OKasaTbed MOXO:Kell
HA OOBYHKIA CKAJAD OTHOCUTEIBHO MPOCTPAHCTBEHHEIX BpaImeHHIl:
oHa OB He W3MeHAJach, MOKa MH He IepeiieM B [BILRYMYIOCH
cucreMy KoopgnHat. Bo3MoikHO JH, OJHAKO, CBABATH € OJHUM
U3 W3BECTHHX (TPUBEKTOPOB» HEKOTOPHH HeTBEPTHH 00BeKT (Ko-
TOPHIA MOYKHO HA3BATDL «BPEMEHHOIl KOMIOHEHTOI) TakmM 00pasoM,
9T00bI BCSL 4eTBEPKA (Bpam[allachy TOYHO TAK Ke, KAK H3MEHATCH
OPOCTPAHCTBO W BpeMA B IpocTpaHcrBe-BpeMenm? Mol ceituac
TMoKa;KeM, HUTO [eNCcTBHTEIBHO CYImECTByeT Mo KpaliHell Mepe
OJHA TaKafdg veTBepKa (Ha caMoM jele JaleKo He OfHA): mpl KoM~
ROHEHMbL UMRYALCA U IHEP2UL 8 KAYecmee 8PeMeHHOl, KoMNOHEHMbL
npeobpasyromes eémecme u 00pas3ylT TaK HA3KIBAEMHEIH «JeThpex-
BerTopy. [oraswsiBasg 9ro, Mn m36aBUMCA OT € TeM Ke NPUEMOM,
Kaxkoit ymorpebuamca B ypasmenmm (17.4). Hampumep, sHeprud
M Macca OTAMYAIOTCA TONBKO MHORHTeNeM ¢2 W NMpH HaJJIe)RameM
BrI0Ope eMHUL U3MEepeHus DHePrus COBIAZeT ¢ Maccoi. BMecto
Toro 4ToOH mmcats F=mc?, MBI nodomxuMm E=m. Ecin nonago-
OHTC, B OKOHYATENHHHIX YPABHEHUAX MOMKHO OHATH PACCTABATH €
B HY/KHHX CTeHeHAX.

WNrak, ypaBHeHus [ 9HePTUW M NMIYIbCA HMEIT BUJ

E=m=— —T0_ ,
V‘;ﬁj’ (17.6)
p=my= e
3HAuUnT, MPH TaKoM BHOOpe efUHUI IOJYyIUTCH
E*—p* =m?. (17.7)

CxasreM, ecid DHeprds BHIpaykeHa B JTeKTPOHBOIbTaxXx (36), TO
gemy paBHa Macca B 1 267 Oma paBHA Macce ¢ dHeprmeidl moKosA
1 98, T. €. Mec?=1 26. ¥ nsnexrpona, HanmpuMep, Macca IOKOS paBHA
0,511-108 s6.

Kak :xe GynyT BHIIAMETh HMIYJIbC U DHEPrHSA B HOBOH CHCTeMe
roopmuuaar? YroOH ysHaTh 310, Hago mpeobpasoBaTh ypaBHEHHS
(17.6). Iro mpeobpazoBaHH® IETKO NONYYNTH, 3HAfA, KAK mpe-
obpasyercsa ckopocrb. llycTs HeKoTOpOE Teso MMelo CKOpOCTH v,
a MH HaONM0JaeM 3a HUM M3 KOCMUYECKOTO Kopabist, KOTOPHIl caM
HMeeT CKOPOCTh U, M 0003Ha4aeM COOTBETCTBYIOINME BeJWIMHE
mrpuxaMu. JIA mpocToTEl cepBa Mbl PaccMOTpUM caydail, Korja
CKOpocTh v HampaBleHa 1o ckopocTm u. (Bonee obmumit caywait
MBIl paccMOTpUM mo3xke.) HeMy paBHA CKOpOCTH Tela v’ OO M3Me-
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pEHHAM M3 KOCMIYeCKOro Kopalaa? OJra CKOpOCTh paBHA «pas-
HocTwy Mexay v u u. Ilo mperxae moidydemHOMy HaMm 3aroHY

(17.8)

., v—u
T l—uv

v

Tenepn mojcuntaeM, Kaxoil okaykeTcs sHeprus E’ mo usMepeHmaMm
rocMoHaBTa. OH, KOHEYHO, BOCHOJAB3YeTCH TOI ke Macco# IOKosA,
[0 3aTO cKOopocTh craHer v’. UH Bo3BefieT v’ B KBAJIpaT, BHYTET
U3 CUMHULLI, H3BJeYeT KBAagpPAaTHHIH KopeHL H Haliger obpartuyio
BeJUIHHY

N v2—2up - u?
T 1—2uv +utet ?
1 L2 1—2uv 4+ u?v? —v? 20 —u?
—v = 1—2uv -+ us? -
2uv +
1=t —=ut et (=) (1—u?)
oA —=2uwuter (t—uv)? :
Ilostomy
1 1—uv

ppyp————— pre— S ——— 17.9
Vi—o" Vi yi1—a& ( )

dmeprua E’ npocto paBHa Macce m,, YMHO;KEHHO{I Ha nTo
Butpaseeune. o HaM XogeTcs BBHIPazuTh HHEPrHI0 Yepes HeIITpli-
XOBAHHEE DHEPIHI0O U UMOydanc. Mpl 3aMegaeM, uTO

B Mo—mgur (el VI oY) —(myp [V T—v®)u
Vi—vz ]fl—uz Vl—-u2 ’
nan
E = Ezups 17.10
=Vice (17.10)
MLI yBHaeM B 3TOM Bmpamemm 3HAKOMOEe HaAM npe06p330133}1ue
t’ :_t:i’L .
Vl——u?

Teneps MBI JOIKRHBL HAHTH HOBBLA UMOynsc prx. OH paBeH smeprum
E’, yMHOMEHHOI Ha ¥,  TaK ke HpocTo BHpamaercda depes £ u p:

' By == my (1—uv) v—u myv —myu
Pr= - Vi=02 YT—uf 1—uv Vi—=s: Y i—ut '

Mraxk,

©_ Px—uE y

Px—Vi;:——u—-,z ) (17.11)
B MLl ONATH pacHosHaeM B 3Toil gopmylle 3HaKOMOe HaM

z = Xx—ut

yi=e’
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©® ue2 17.4. Yemupersermop
UMNYALCA HACTRUYHL.

Urak, npeobpaszoBaHHe ¢TAPHIX HHEPTHH I HMIYILCA B HOBHIE
BHEPTUI0 M WMIYIbC B TOYHOCTH COBIIANO ¢ Mpeolpa3oBaHICM
tmxBt mwzruilBz': eclan Ml B ypasHenuax (17.4) GygeyM nucarsb
E xaspapiil pas, Korjga yBHAMM #, a BMECTO x BCAKHIL pas 6yaeM nog-
CTaBAATH D,, To ypasuenna (17.4) upeBparaTcs B ypaBHEHESI
(17.10) u (17.11). Ecau Bce BepHO, TO 2TO OpaBuiIo IPE;HOJATAET
[00aBOYHEIE PABEHCTBA Dy = p, M p, = p,. UToOH UX LOKA3ATH,
HAaZO HOCMOTpPeTh, KaK Npeobpasyercd ABM;KeHUe BBepX HJH BHUS.
Ho xak pas B mpegsiymeii rnaBe MBI paceMoTpelll TaKoe ABILKEHIe.
Mbi amamusupoBalu CIOKHOE CTOIKHOBCHWE M 33aMCTUIH, 4TO [0-
HepevHHIH HMIIyJAbC HAEHCTBUTENBHO HE MeHSeTcsd unpu Hepexone
B IBIDRYMYIOCH CUCTMY KOOpJMHAT. Crano Ovith, Mul yae yoe-

JMIACH, 9T0 py =p, B p, =p,. Wrax, mommoe mpeofpasoBazue
PABHO

" py—ul
px Vﬂm k]
'Z%if;’f’ (17.12)
F A 2]
, E—up
E = 22
Vi——u2

Taxum o6pasoM, oTu mnpeoOpaszoBaHUs BHABHIM YeThIpe Be-
JMUIIHEL, KOoTopble mpeobpasyworea mojgobuo z, y, z, t. HasoseMm
UX yembvipergekmop umnysbca. Tak Kak UMIOYABC — BTO HeTHIpEX-
BEKTOD, €ro MOKHO H300pasuTh HA JUATpaMMe IPOCTPAaHCTBa-
BPEMCHO JBIGRYIEHcA 9acTHIE B BIJC CTPEJIKH», KacaTelbHOH R
nyra (pur. 17.4). YV orofi cTpearu BpeMeHHAs KOMIIOHeHTa Jaer
PHEPrUI0, & NPOCTPAHCTBEHHEE — TPHBEKTOP WMIYIbCa; caMa
CTpeJIKAa «peajibHee», 9eM OUH TOJBKO HMIYIRC HJW OZHA JHINH

DHEPruA: Befb N HMIYILC, W SHEPTHA 3aBUCAT OT Halleil ToOYKH
3peHud.

§ 5. Aaeebpa uemuvtpexeexmopos

YeruipexBeKTopH 06o3HauawTCA WHAUE, YeM TpuBeKTophi. Ha-
mpuMep, TPUBEKTOp UMIynbpca o6osHadaioT p. Keam XoTAT HaTh
~Gojiee JeTAAbHYI0 3aINCh, TO TOBODAT O TPeX KOMIOHEHTAX P,
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Dy» Pz; MOKHO HHCATH M KOpode p;, OrOBapuBafd, 9T0 i NpUHEMAeT
TpU 3HAYeHuA ¥, ¥ ® 2. JuA 9eTEHIpeXBeKTOpoB Mol Oyiem Hpn-
MEHATH II0XO:Kee oD0osHAadYeHme: OyfeM mHmCaThb p,, a W UYCTh
3aMeHseT coGoil uemblpe nanpaBiesud t, z, ¥, 2.

HKoneuHo, MOKHO 1O0Jb30BaThcA HIOOmMME ofosHadennamu. He
yanbaiiTech, 9YTO0 MH TaK MHOrO ropopuM o6 0003Ha9eHUAX; ydn-
Tech mzobperarb UX: B HUX BCA cuida. Bepgp um caMa MareMaTHKA B
3HAYUTENBHON CTeNeHH COCTOMT B H308peTeHHHd JNy4mnx o0o3Ha-
geHmit. Mges dersipexBeKTOpa — 9TO TOMKE YCOBEPIIEHCTBOBAHHE
0003HAYeHUH ¢ TaKMM pacderoM, 4YTo0Hl mpeoGpasoBadma OLLIO
Jerde B3amOMHUTH.

Nrax, AH — 9T0 00U YeTHPEXBEKTOD, P, — YeTHPeXUMIIYJIbC,
P — DHePrHA, p,— UMIOYJNbC B HANpPaBICHUH ¥, p,— B HALpaB-
neHuW Y, p,— B HampaBieHun z. CKiagsiBasg veTHIPeXBEKTOpHI,
CKIAfBBAIOT HX COOTBETCTBYIOIVE KOMIIOHEHTHL.

Ecnm d4erbipeXBeKTOpPH CBABAHHL KAKAM-TO ypaBHEHHEM, TO
3TO 3HAYWT, YTO ypaBHEHUE BEIMOJIHAETCH MIA 410000 KOMROHEHMbL.
Hanpumep, ecim 3aKoH cOXpaHeHHSA TPHBEKTOPA HMOYIbCA CO-
fuoaercs B CTOJMKHOBEHNA YACTHL, T. €, CyMMa UMOYJIbCOB MHOKE-
CTBA B3aHMOZEHCTBYIOIMIMX HIH CTAIKMBAIOMUXCH 4YACTUI[ IIO-
CTOSTHHA, TO BTO 03HATAeT, 9T0 CyMMa BceX KOMINOHEHT MMOYIbCOB
OOCTOSIHAA M B HATPABJIEHWH £, U B HANPABICHUH J, M B HAIPaB-
aeann z. Cam mo ceGe TaKo# B3aKOH B TeOPHH OTHOCATENBHOCTH
HEBO3MOMKEH: OH HEno40H; 3TO BCe PABHO, YTO TFOBOPUTH TONBKO O
ABYX KOMOOHEHTaX TpHBeKrTopa. HemodoH oH mOTOMY, 9T0 mpd
MOBOpOTEe oCeil pas3Hble KOMOOHEHTH CMEIIHMBAIOTCS, 3HAYHT, B
3aKOH COXpaHeHWA MO/KHBI BOHTH BCce TPH KOMOOHeHTH. Taxum
o6pasoM, B TEOpHH OTHOCHTEIBHOCTH HYHHO JOHOJHHTH 3aKOH
COXPaHeHHA HMOYJILCa, BKIIOYUB B Hero COXpaHeHHe BpeMeHHO I
KOMITOHEHTH. A6coatomruo HeobxoOumo, 9To0E coX paHeHUe HepBHIX
TpeX KOMIOHEHT CONPOBOKIANOCH COXPAHCHHEM YeTBepTOll, mHA4e
He TMOJYIHTCS peiATHBHCTCKOH WHBapmauTHocTu. YerBeproe ypas-
HeHne — 370 KaK pas corpanerue Hepaull, OHO HOILKHO COMPOBOIK-
JaTh COXpaHeHue HMMOyJbCa MJAA TOTO, 9TOOH YeTHPEeXBEKTOPHbIe
COOTHOHIEHHA B reoMeTpHH NPOCTpaHCTBa-BpeMeH® OHIIU cmpa-
pejiuBe, Mrak, 3aKOH coXpaHeHus SHEPIUM U UMIOYJILCA B 4Ye-
ThIpeXMepHoM ©0003HaYeHUN TaKOB:

Y p= X, (17.13)
HaneraiLue PaaJjietaroii.
TACTHLBL 9aCTUILbL

iy B 4YyTh M3MEHEHHLIX 0003HaYeHUAX
2 pi= 2P (17.14)
£ 1

rae i=1, 2, ... oTHOCHTCA K cTaJAKHMBAOMUMCA dacTuiiaM, j=1, 2, ..
— K d9acTHHAM, BOBHHKAKIUM OpH CTOJKHOBEHHH, & W=LI, Y, 2
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nna ¢. Be cnpocute: «A 410 1O 0CAM KoOpAMHAT?Y JTO HEBAMNKHO.
3axoH BepeH Aid JNOOKHX KOMIIOHEHT, IPH 4I006T OCAX.

B BexTopHoM aHajmM3e HAM BCTPETHIOCH OFHO MOHATHE — CKa-
AApHOEe MPOH3BEJEHHe ABYX BeKTOpoB. UTO cOOTBETCTBYET €My B
npocTpaHcTBe-BpeMennu? Ilpu OOGHYHBIX BpameHWAX HeH3MeHHON
ocraerca BenmiumHa 224y2+42z2. B dermpexmepHoM Mumpe TaKuM
CBOICTBOM mpu peodpasoBaHuAX o0NafaeT Reludnna 2—r2—y2—z2
[ypasaenue (17.3)]. Kar mosmuo sro samucars? Mosxuo Gsuro 6ut,
HAaTIpIMep, TONb30BATHCA B3HATKOM HamomoOue AHOBH, HO
O0HYKE0 NHUTYT

DA A =AF - AL —Aj— AL (17.15)
u

Mrpux npu Z HanoMpHAeT, YTO NEePBHI, «BPeMEHHOI» WieH o=
JAOYKUTENEH, a OCTAJbHBIE TPU OTPHIATEJLHB. JTd BeJaWInHA
0JHA U Ta Ke B MOGOH cicreMe KOOPIMHAT, M MOKHO Ha3BaTh ee
KBaJIpaTOM [JIMHBL deThipexXBeKTopa. UeMmy paBeH, HaipuMep,
KB3ApaT AMHLL 9eTHIPeXBEKTOPA UMIIYIbCA OTHeNHHOH acTHimbi?
Omeem: pi—p—p,—ps, uny, naage, E2—p2, moTomy uTo p; 5TO
u ects E. UYemy paBro E? — p?? JlommHo MO yCIOBHIO MOTYYHTHCA
4T0-T0, YTO OJMHAKOBO B H060il cucTeMe KOOpOHHAT, B UaCTHOCTH
¥ B cUCTeMe KOODAMHAT, KOTOpasd [BIKETCA BMecTe ¢ dacTulledd,
TAK 9T0 YACTHIA B 9TOH cHucTeMe moKouTcsa. Ho ecam dgacTuma
HEeNOJBH;KHA, 3HAYUT, Y Hee HET UMNOYIbCA. JHAYAT, ¥ HEE OCTAETCH
TOIBKO BHEPIUfA, COBOARANIAA B 3TOM ciaydae ¢ ee Maccoi. Urax,
E2—p?=m{, T. e. KBaIpaT AIMHH 4YeTHPeXBEKTOpAa MMIIYJIhCa
paBen mg.

Hoawrsysach BHpaskeHmeM [JIA KBaJpaTa BeKTOpa, Jerko mu300-
pecTd CKaJIApPHOEe NPOM3BEJEHHE /[BYX UYeTHIPEXBEKTOPOB: ecin
ONWH W3 HUX @, a APYroil b,, TO CKalfpHOe HpOW3BeleHHe OIpe-
mendeTcA TaK: ’

Xab, =arb, —ai by —a,b, —a; b, (17.16)

IT0 BHIpaKEHHe He MEHAETCH IpH IpeofpasoBaHUH CHCTEMH KOOp-
JUHAT.

Crenyer eme yIOMAHYTH O YacTAIAX ¢ HyJeBOR Maccoil moKosd,
HanpuMep o $oToHe — dacrume csera. (DOTOH MOXOK HA TACTHIY
TeM, 4TO0 OH HEPEeHOCHUT JHEePIHId ¥ UMOyJabc, JHeprus QoroHa
paBHA MPOW3Be eHNUI0 HeKoToPOIt mocToguHoil (moctoAaunas Ilnanka)
Ha Jacrory cBera: E=hv. Takoit doron mecer ¢ coboil m IMNyIbC,
KOTOPHH (KaK y BCAKOH 9acTHI(H) paBeH MOCTOAHHON A, HeleHHOI
Ha AauHY BoJHM cmera: p=h/A. Ho y $otona cesizp Memay da-
CTOTOR W AIMHOI BOJHH BHOIHe onpefeneHHa: v=c/A. (Honmiectso
BOJH, TpoXoAamuXx 3a 1 cer, HOMHOMEHHOe HAa HX IJIHHY, AAcT
paccToAnue, mpoxoauMoe cBetoM B 1 ces, T. e. ¢.) Mu cxomy mo-
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JaydaeM, 910 dHeprus GoToHA paBHA €T0 UMOYILCY, YMHOKEHHOMY
Ha ¢, u, jganee, momarag c¢==1, 4ro snepeus pasma umnyavcy. Ho
5TO W BHAYMT, U4TO Macca NMOKosA pasHa mynw. [laBaiite BryMaemcs
B 910 J0bombTHOe o6cTosTenscTBO. Hemm (oroH — "acruma ¢
HYJTeBON Maccoll moKos, ToO 4TO0 ¢ HuM OniBaerT, Korjga OH OCTAHAB-
muBaerca? Ho on umukoeda ne ocmanasaueaemcs! OH Bcerma IBU-
AeTcA o cKopocThio ¢. OOnuHag dopMyna JuIH dHepruH — 3TO
me/V 1—v2. Mosmo im yreepigars, aro opu my=0 1 v =1 sueprus
¢orora paBHa HyJo? Her, Hennsa; Ha camMoM JHene PoTOH MoskeT
o6aagars (n o0nagaer) sHeprueii, XoTh W HE WMEET MACCHI TMOKOA,
3a CYeT TOTO, UTO BCEITa ABIKETCH CO CKOPOCTHIO cBeral

Msr 3HaeM Tamke, 9TO HMIyIAbC T000i1 9aCTHIHL paBeH IIpo-
113Be/[EHNI0 IONHOH SHEepPTuHM Ha CKOpocTh: p=vE upu c=1, nan,
B 0OBIHKX eguannaX, p=vE/c2. Jlna moboii 9acTuisl, IBMRyIeica
cO CKOpOCTBIO cBeta, p—£F, ecan c=1. Qopmyns Ana sHeprum
$OoTOHA B IBIKYIENCA cHCTEMe MAI0TCS Mo-MpeKHeMY ypaBHeHHeM
(17.12), HO BMecTO mMHOydbca TyAa HY;KHO HOACTABHUTH DHEPTHIO,
yMHOMKeHHYI0 Ha ¢ (ma 1). Vsmenenme sHeprum mpu mpeo0paso-
BAHUYM O3HAYAeT W3MeHEHWe JacTOTH cBera. JT0 fIBJeHWe HAa3H-
saerca sddexrom ommiepa; Gopmyny nag Hero Jerko OOJYIUTh
u3 ypasuenusa (17.12), monoskus E=p u E=hv.

Kax ckazan Munxosckmit: «IIpocrpancrBo camo mo cebe m
BpeMs caMo mo cebe TOrpyssarcA B peky 3a0BeHBA, a oOCTaHeTCHA
JRUTh JHIOb CBOEOOPA3HBIA WX COM3).



I'ivasa 18

JBYMEPHBIE BPAUIEHUA

§ 1. Heump mace

B mpeabrgymux raasax Mol 13y9adn MexaHuRy
TOYeK, WA MAaJeHLKHX YacTil, BHYTPeHHAN
CTPYKTypa KOTOpPHIX HAC COBEpPHIGAHO We MHTC-
pecoBana. B mocaeuyonpiX mHeckoJBKUX raaBax
MBI H3y9UM IIpUMeHeHme B3aKoHoB HploToHa K
Goxee caosxEbiM BemaMm. Ho Begn 4weMm ciiosikHEe
00'beKT, TeM OH HHTepecHee, W BB CAMM YBHJHTE,
970 ABJEHUSA, CBA3AHHEE ¢ TAKAMH (0716e CJIoKHbI-
M 00BbEKTaMH, TIOMCTHHe MOpPasuTedbHHI. Pasy-
MeeTca BCe OTH SBJIEHHA He COAep/KaT HHIEro
Gonpiiero, 4YeM KoMOuHamum sakoHoB IHpioToHa,
OJHAKO BpeMEeHaMH NpOoCTo TPYAHO MHOBEPHTH, ITO
Bce ato npoumzomno uz F=ma!

Yro p10 3a GoJee cAoMkHLIE 00BEKTHI, ¢ KOTO-
phiMiz Mbl OyleM HMeTb 4elo B majbHeiineM? ITo
MoykeT OBITH TeUeHHE BOJH, BpAMeHHe FaJlaKTuK
u 1. j. Ho caavana pmasaiire pasGepeMcs ¢ Hau-
0osiee NpPOCTHIM 13 CAOIKHLIX 0OBEKTOB —1meepouli
mesom. ITHM TepMUHOM ME Gy[eM HasbIBATH MO-
HOJNTHBIE 00BEKT, KOTOPHI OXHOBPEMEHHO C H3-
MEHEHHEeM MOJOKEeHUA MOMKeT elre U Bpamarhbest
Kak mesoe. BrpoueM, pgajke TaKoil mpocTod 06b-
eKT MOsKeT NBUTATHCHA [IOCTATOYHO CJIOKHO, IODTO-
My jaBafiTe cHavaJjla paccMoTpuM Hambolee mpoc-
Toil caygail ABMtEHNA, KOrJa TeJNo KPYTHUTCH BO-
KpYT Henodsuncnoll ocu, NMpuaeM Kamkgasg TOUKA
DTOr0 Tella JABUKCTCA B TJIOCKOCTH, TMePIIeHIHKY-
naproil K srtoit ocu. Tawkoe BpameHume Tena Bo-
KpYyr HENOJBH/KHOI O0CH HA3HBAETCH NAOCKUM,
unm dsymeprum. llosmmee, Korga Mol 06oGmumm
Hall pe3yabTaT HAa cjaydYail Tpex musaMepeHmii, BbI
yBuguTe, 9T0 Bpamesme ropasgo 0ollee XHTpast
IITyKa, WeM MeXaHuKa dYacTuupl, u 6e3 mocra-
TOYHOrO ONBITA B JBYX W3MEpPeHUAX NOHATH Tpex-
MepHEEe BpameHHAA OYeHb TPYAHO.

§ 1.
§ 2.

§ 3.

Herntp mace

Bpamenue
TBEPHOrO Tela

Mouenrt
KO.1TMYeCTBA
ABHECHITA

3arou
coxpanenis1
MOMeHnTa
KOHYecTBa
BUKCRIA



K pepBoil mHTepecHOHl TeopeMe O [ABMWKEHMH CIOKHOTO TeJa
MOKHO NIpHIATH cliefylomuM oGpazoM: moupobyiite HpocHTE KaKoii-
HuOyAb TpeaMeT, COCTOSAMME W3 MHOMKeCTBa CKpPeIleHHBX MeKIy
coboii kyOukoB u crepxaeli. Bor sHaeTe, KOHEIHO, YTO OH HONETHT
no mapaboJe; »T0 MB OGHAPYKUIN eme, KOIJA W3ydald JBHIKEeHHAE
rouxn. Ograko Temeps Ham 0fbeKT He Touka. OH moBopavHmBaeTcH,
HOKAYHBAETCA M BCe jKe JeTuT mo napaboine; Bl MojkeTe B 3TOM
ybenureesa. Hawas xwe mouka tena omuceiBaer mnapaboxy? Iy
pasymeercs, He yroia KyOuKa, HOTOMY 9YTo OH TOBOpAYHBAETCH,
He KOHeI CTePsRHA, He ero cepejuna u He HeHTp Ky6mxa. Ho Bee-
TAKHN 4mo-mo ABIMKeTcA no mapaboae, cymecTByer HeKmil addex-
TUBHLIHA «HEHTPY», KOTO PHI JBmKeTeA no napaborxe. Tarum oOpasom,
nepBasg TeopeMa ©O CJOMKHBX OOBEKTAX TOBOPHUT, UTO Ccyuwjecm-
eyem KAKafg-TO «CPejHAs» TOYKA, BIOJHE ONpeieeHHas MareMaTH-
YecKM, Koropad ABmkeTca mo napaGome. Touwxa »ra mHe o00A3a-
TENBHO HAXOAUTCA B CcAMOM Tele, OHa MOKeT JemaTh W rae-To
BHE €ro.

JTo TAK HA3HBAGMAS TEOPeMa O HEHTPEe MAce, W JOKa3bIBAeTCs
OHA CJHeRYHUM 06pasoM.

Jl1060# 00bEKT MOKHO paccMaTpHBAThH KAK MHOKECTBO MaJeHb-
KUX YacTHYeK, aTOMOB, CBA3aHHbIX pasiaumyHbiMu cuinamu. llyers §
o6o3Havaer HOMep OTHON M3 TAKHX YaCTHI (HX CTPAUIHO MHOTO, TO-
aTomy i Mosxer ObiTh paBHO, HampuMep, 10%3). Cuna, meficTByromasn
Ha i-10 9acTHIy, paBHA Macce, YMHOMKEHHOl Ha ycKopeHme aToif
gacTupL:

F,.zm,.(%). (18.1)

B nocrmemymomux riaBax Hamu IBIAYyIHecs OOBEKTHL M Bee
X uacTu OYAYT JBHratThcs CO CKOPOCTAMH, MHOTO MEHBUIHMH, deM
CKOPOCTh CBETAa, W TMOITOMY IS BceX BelwynH MH Gymem pac-
CMaTpUBATH TONBKO HepeldTHBHCICKOe npubimmennme. Macca npum
9THX yedoBUAX OygeT MOCTOSHHA, TAK 4TO

omgr;
AL (18.2)
Ecau Tenepb CIOKUTH Bce CuJbl, HedcTBYOmUe HA JaCTHIH, T. €.
caoskutp Bee F; co BceMn 3HavyeHMAMY MHjeKca, TO B Pe3YJIbTAaTe
MBI JTOJGKHEL Toayuuth moanyio cuay F. CruapsiBast se mpasore
vactu ypapHeHums (18.2) mua Bcex gacTHI[ ¥ BCHOMEHAA, 9T0 MPO-
H3BOHASA 0T CYMMBI DaBHA CyMMe TIPOM3BOMHBIX, IOJydaeM

(3]
IlosroMy mnoanad cmina paBHAa BTOPOH NpPOH3BOJZHON +0T CyMME

Tipoi3BeCHNA MAacC YaCTHI[ Ha HX INOJIOKeHHe.
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‘Ho nosnasa cmna, melicTByOmAA HA BCE YaCTHI[H,— 9TO TO e
camoe, aro u BHemmHsA cuna. llouemy? Jla moroMmy 49To, Kakue OBl
CHJIBI HY FeficTBOBAM MERIY JacTHIAMM, OYCTH 3TO GyHer HpUTs-
JKeHMe WM OTTAJKHBAHWE, WIH aTOMHBI® CHIBI, BCE PaBHO, KOLJA
MBI CKJajbiBaeM mX BMecre u npuMensieM Tperuit zakon Hoorona,
00 KOTOPOMY CHIH AeHCTBHA M OPOTHBOACHCTBHA MERAY MobuMu
IBYMA 4YaCTUIAMU pAaBHBL APYT JAPYry, TO OTH B3AHMHbBIE CHJIBI
COKpamawTca JApyr ¢ IPYyroM W B pe3yibTaTe OCTAHYTCA TOJBLKO
CHIsl, ACHCTBYIONEE CO CTOPOHBI ATOMOB, HAXOJAMUXCHA BHE TeIa.
Tax 4to, ecau ypasuenue (18.3) mpejcrasasger coGoit cymmy 1o
HEKOTOPOMY dHMCIy dacTHil, o0pasyromuX Halli 00BeKT, To eHeluHAL
cmia, meilcTRyIOmAs Ha HEro, paBHA ITPOCTO CYMMe BCeX CHUI,
JefICTBYIOIMMAX HA 6C€ YaCTUIEl, o0pas3yIomue sToT o0BeKT. Y pas-
venue (18.3) menmmoxo fiio GHl 3ammCATH B BUAE NOJIHON Macch
TeJla, YMHOMKEHHOH Ha Karoe-To ycropenme. ChenarTh 5T0 MOMKHO.
IMycre M Gymer cyMMoii Macec BceX YacTAN, T. €. IOJHOH Maccoil
texa. Ecau tenepnb onpedeaumd perrop R wax

Zmil‘[

R="T . (18.4)

10, WOcKOIBbRY M mocroanHa, ypasHeHme (18.3) mepeiiger B

& (MR) _ o &R

b= dit -

(18.5)

TakuMm 06pasoM, BHOIIHAA CHJIA paBHA TONHOH Macce, yMHO-
JReHHOU Ha yCKOpeHHe HeKoTopoi#l Touku R; 31a TOYKa m Ha3zbiBa-
eTcsi yenmpon macc Tena. OHa paclionosReHa IJe-TO B «CepejrHe»
Tesla — HeKoe CpefHee Y, B KOTOPOM Da3iH4Hbe T; YIHTHIBAIOTCH
B 3aBHCHUMOCTH OT WX BA;KHOCTH, T. €. B 3aBHCHMOCTH OT TOFO,
KaKkyio g0JI0 BHOCAT OHH B NMOJHYI Maccy.

Mu moffipo6HO o6CymIMM BTy BAKHYI0 TEOpeMY HECKOIbLKO IO3[-
nee, a cefizac ocramoBuMcA Ha AByX npuMepaXx. Ilycers ma Teno ne
JeHCTBYIOT HUKAKHe BHEIIHHe CHJILI, CKajieM, OHO ILIaBaeT IAe-TO
B TycToM mpoctpancTBe. OHO MOKeT HeNaTh Bee, 9TO eMy yrojAHO:
KPYTHTHCH, HOKAYHBATHCSA, M3TUGATHCH, HO IPH BTOM €ro yewmp
Macc, dTa UCKYCCTBEHHO BH/EJMEHHAA HaMU MATeMATHYeCKad ToUKa,
doancen deuzambes ¢ ROCMOAHKOL ckopocmwbio. B gacTHOCTH, ecad
BHAYaJIe BTOT HEHTp MOKOUICH, TO OH TAK M GYyHeT IMOKOUTHCH BCe
spema. Iloaromy eciiu MBI BO3BMeM KaKo#-TO KocMuuecKuit kopabib
€O BCEMH €ro NacCAKUPAMHU, BHIYHCIUM ero HmeHTp Macc u olHa-
PY/KHEM, 9TO OH CTOHT HAa MecCTe, TO MOKHO OBITh yBepeHHBIM, UTC
IeHTp MacC TaK M OCTAHETCH HA MecTe, e€cJu TOJNbKO Ha Kopaldnb
He GyRyT Bo3feiicTBOBaTH Karue-To BHenrHme cuiasl. Cam KopaGib,
KOHEYHO, MOjeT HeMHOTO IepeMemaTrhcd, HO HTo TOTOMy, 4YTO
maccaykuMpsl BHYTpu Kopabua xomgar Bzag u soepex. Tak, eciu
BCE MACCJKHPH OJHOBPEMEeHHO mepelifyT B HOCOBYI dYacTb, TO
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KopababL HEMHOTO WoJacTcA Haszal, 9ro0Bl cpefHee NoIosKeHHe
BCEX Mace OCTAloCch B TOUHOCTII Ha TOM e caMOM MecTe.

Osnagaer am 5To, 4TO B pPE3yJdbTaTe HENOABHXKHOCTH IeHTPA
MacC paKera He MoOjKeT [BHTaThbcst Buepen? Homewno, Her, HO,
yToGhl IIPOJBHHYTH BIEpPeN HHTEPECYILYVI0 HAC YaCTh PAKETH,
MBI YTO-TO OJKHBI BHOpocHTH Haza[d. VHeME croBaMm, ecJil BHa-
uaje pakera HOKOMJAach, a 3areM Bhbpocuia m3 comia HEKOTOpPoOe
KOJIHYeCTBO Ta3a, TO Ta3 BTOT MOJETHT HA3Al, a caMa paKera To-
JAeTHT IpH 9TOM BIepe], OJHAKO HEHTP MacC OCTAHeTCsA TOYHO Ha
TOM ke MecTe, T/ile oH Obl1 u pambine. Tak aT0 B pakere muTepe-
CYIOmAA HAC 9acTh IPOJABHUHETCA BIEPe[ 34 CUeT APYroil, Koropas
VIeTHT HA3am.

Bropoe zaMedaHWe OTHOCHTEJNHHO [BIGKEHHS ILEHTpPA Macce.
Ero MosHO paccMaTpuBaTh OTIAENBHO OT BCEX «BHYTPEHHHX» MBI~
JKeHAW Tella W, CJHeJOBaTeJIbHO, ero MO/KHO He YUHTHBATL TpHU
n3ysennn ppameHusa. CoOcTBeHHO MOZTOMY MBI HA9alH M3YYaTh
BpAIMEHUsA ¢ [EeHTpa Macc.

§ 2. Bpaugenue meepdozo meaa

IloroBopum Temepb o Bpamenun. HKak mn3BecTHO, OOWIYHbIE
mpenMeTH He Bpam@aioTcsA OPoCcTO Tak: OHH KojdeOmoTeA, Bubpu-
pywoT, usrmbatorcsa. IlosToMy, d9robH yHpocTHTH paccy:RueHus,
paccMOTpuM JBIDKEHWE HEeCYIEecTBYIOINEeTro mngealbHOT0 o0BeKTa,
KOTOPHIH MBI HA3BAIH meepdum mesorm. B TakoM 00BeKTe cBA3H
MKy aTOMaM# ¢ToJb CHIBHEI, 9T0 Te HeGOJBHINE CHIBI, KOTOpHEe
HeoOXomuMbl, 9T00 MpHBECTH €ro B [BIGKeHHe, He MOTYT medopMu-
posath Temo. Mopma ero Bce BpeMs ocraercd ONHOH W TOH ke,
Ecau ™Mbl X0TMM HM3Y9HTH JBIKEHHEe TAaKOTO Teja M yCIOBUMCH
HE NPUHEMATL BO BHHMaHWE IBIJKEHHWE €ro HeHTpa Macc, To eMy
ocTaeTcA JUIIb epawjambces. Bor 8To BpameHme MBI M JOJKHBL
omucath. Kaxum o6pasom? IlpeanmonoykmM, 9T0 B Texe CymecTByer
KaKafg-To BooOpaskaeMas HemoiBmKHAA NwHHA (OHA MOMKeTr mpo-
XOUTD 4epe3 MEeHTp Mace, a MOMKeT W He MPOXOXUTH); BOKPYT 9T0i
NUHAA, KaK BOKpYT ocu, Bpamaerca Hame Teido. Ho Kak Bce-Takm
onpefenuth, uro TaKoe Bpamenue? CperaTs 8TO cOBCEM HpPOCTO.
OTMeTUB KaKYIO-TO TOYKY HA Teide, rge yTrOJHO, TONBKO He Ha OCH,
Il 3HAsA, Ky/Ja OHA IIepelnia 4epes HeKOTO PIil IIPOMesKyTOK BpeMeHH,
MOl TOUHO MOMKEM CKa3aTh, B KAKOM IOI0KEHHH HAXONHUTCH Telo,
EnunacreerHoe,9TO HYKHO 3HATD AJIsI ONNCAHAA MO JI0KRe A TOIKH, —
o10 Yeoa. Takum o6paszoM, HM3yJYeHHe BpamicHMA 3aKA0UaeTCA B
H3VIOHHM H3MEHEHHA YyIIa cO BpeMeHeM.

Urobbr onmcaTs BpamcHie, M3MepPUM Yrol, Ha KOTOPHIH IOBO-
paunBaerca Tejo. PazyMeercs, pedysb uieT He 00 yrile Me;RIYy AByMs
TOYKAMH GHYMpPU €aMOTo Teja WIH Ha Tene, a of yauoeom usme-
HEHUU ROA0NCeHUS BCEXO Telld KaK IeJ0ro OoT 0JHOT0 MOMEHTa Bpe-
MEHH [0 ApPYToro. )
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Cragana pamaiite pasGepeMcd ¢ KUHEMATHKOH BpameRus.
WameHenne yria co BpeMeHeM O4eHb TOXO0x€ HA HW3MEHeHHe Io-
JIO}KeHUA [pPH OJHOMEDHOM /IBYKEHHH; [JIA IIOCKOTO BpAINEHHs
MbI MOKEM FOBOPHTH 00 YIJIOBOM HOJIOKEHUH H YIJIOBOH CKOPOCTH.
Mexgy »5TuMH [ByMS JABIKEHHAMH — IUIOCKAM BpameHueM I
OHOMEPHBIM IIepeMeIeHneM — CYIMEeCTBYeT OYeHb WHTepecHasd
CBA3b: MOYTH KayKAAsd BelmIuHA B OJHOM CIydae HMeeT CBOI aHAXOT
B napyrom. [lpemme Bcero yrom 0, yKaswBammui, HACKOIbKO
ROBEPHYA0CH TEXO, COOTBETCTBYET MpOIifleHHoMy TOUIKOH paceTos-
HHIO §. ¥TI0oBaA cKopocTh =d0/dt, KoTopas MOKAa3KBAET, ¢ KAKOH
OucTpoTOll W3MeHAETCA yTOJd, COOTBETCTBYeT OORYHOH CKopocTH
v=ds/dt, onucrBawmenl OHCTPOTY W3MeHeHHMA NoNoeHHA. Eciam
yroJq m3MepseTcs B pammaHaX, TO YIJAOBasg CKOPOCTH ® paBHA
KaxkoMy-TO YHMCAy pajauad B ceKynny. Yem Goabime yrioBaa cKo-
pocTh, TeM OhIcTpee Bpamaercs: OGBEKT W TeM OhCTpee M3MEHAETCH
yrox. Ecnum npopuddepeniupoBars yILIAOBYI0 CKOPOCTH IO Bpe-
MeHH, TO HONYYnM BenwduHy o=dw/dtf, KoTopylo MH OygeM Ha-
3BIBATH YIJOBHM yckKopenmeM. OHO MoOsKeT CIYKHTB aHAIOTOM
06BIHOTO0 YCKODEeHHA.

Temepr HaM cilemyer cBA3aTh AHHAMHKY BpAIEHHAA ¢ [IHHA-
MUKOH# vacTUi, W3 KOTOPHIX CIeJaHO Telo, T. €. BBIACHHTH, KAK
ABIRETCH Ka)Kmad JaHHAd 9acTHLA, eCHH YIIOBaA CKOPOCTH CO-
CTaBisAeT CTOJNBKO-TO pajgmad B cekyHmy. Jaa srToro pmasaiire
BO3bMEM KaKyIO-TO 9aCTHI(Y, PACHOIOMKEHHYI HA pPACCTOAHWH I
or ocu, m GymeMm, Kak OOHYHO, TOBOPHTH, UTO B [JAHHEIH MOMEHT
BpeMeHU OHAa HAXOMUTCA B olpefelleHHOM mnonokenmun Pz, y)
(¢pur. 18.1). Uepes mpome:xyTox BpeMemu Af Telo LEIHKOM Iio-
BepHeTcsa Ha yroa Af, a BMecTe ¢ HUM TIOBEPHETCH W HAIA JaCTHIA.
Xord paccTofgHHE OT Hee 0 ocH BpameHns O ocraeTcs TeM ke
caMBIM, OHA ysRe HepeMecTuTcd B Xpyryio Touky, Q. Ilepmoe, uro
X0Tenoch GLI 3HATH, 9T0 HACKOJBKO H3MEHATCH PACCTOAHHA £ W Y.
Ecam o6Gosuauurs uepes r anauay OP, vo pauna PQ Gymer panua
rA8 (upocro no ompepenenuio yria). Torga namenenue paccToAnms
z Oymer paBro mpoexnuu rA9 Ha ock x

Az= —PQsin@=—rA0<L = —yA0. (18.6)
ARaaoravHo,
Ay = zA6. (18.7)
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Eciu Teno BpamaeTca ¢ yrioBoil CKOPOCTbIO ®, TO, gedst ofe
gactn paseHcrBa (18.6) w (18.7) ma At, mHalizeM KOMIOHEHTSHI
CKOPOCTH YaCTHIH

Vg = —0T © vy =Y. (18.8)

Ecnn sxe Bam tpebyerca abcomoTHas BeAHIHHA CKOPOCTH, TG MEI
TWPOCTO MHIIEM

v:]/vfc—{— vy =Vorr Loy =0V +y=o0r. (18.9)

He ynusuresnpHo, uro abcomorHas BeAWYMHA CKOPOCTH IOJY9HM-
Jach paBHOH ©7; BTO jKe 0UeBHIHO; Bejh IOJIHOE MPOgeHHOe pac-
crosiame paBHo rAf, a mosrtoMy paccrosiHme, npoiigenHoe 3a 1 cex,
oyuer rAB/At, unn ro.

Ilepeiimem Temeps K paccMOTpeHHI0 JuUHAMUKL Bpam[eHUsd.
3/ech creyer BBeCTH HOBoe moHATHe — cuay. JlaBajite HocMOTpuM,
HeNb3d Ny M300pecTH HEUYTO, Hrpalmee Ty ke pPOJib, 9T0 U CHIa B
JMMHeHHOM MBIKCHHH. JTO HEYTO MBL OygeM Ha3HiBaTh MOMEHIMOM
cuasl, WIH Upocto Momermonm. OObIYHO MO} cHIOH MBI TMOHHIMAaeM
HEYTO, 3ACTABIAIONIEe IOKOAMeEecd Telo MBUTAThCA, a TO, dTO
3acTaBseT TeIO BpallfaThCsl, €CTh «BPAAOIAY, MM «KPYTAIAA»,
CHa; ee Mel Ha3EBaeM momenmom. TaruM o6GpasoMm, KaYeCTBEHHO
MOMEHT CHIEI — JTO KPYJeHHe; HO 9TO TAKO0e MOMEHT CHJH KoJu-
gecTBeHHO? HOIMIeCTBEHHYIO TEOPHI0 MOMEHTAa MOKHO ITOJYYHTH,
A3yvas pabomy, 3aTpadeHAYI0 HAa TOBOPOT TeJa. ITOT IOAXO[
OYeHb XOpPOUl H [Jisi OHPEJEeNCHHs CHIG: eCld MBI 3HaeM, KaKas
tpeyerca pafora, 9YroOH coBepwIUTh AaHHOE NepeMemeHue, TO
3HaeM d cHily. YToOH HpOROJKUTH COOTBETCTBHE MEKIY YTIOBHIME
H JMHeHHWMHM BEeJMYMHAME, Mbl JO/DKHH IpUpPAaBHATHL pabory,
KOTOpasg HPOU3BOMUTCA NPH MOBOPOTE Tela HA KAKOH-TO yroa, K
MPOU3BEeHNI0 MoMeHma Ha 3ToT Yeos. pyrmMm ciaosamMu, mpu
TAKOM OTIpefelleHny MOMEHTa TeopeMa o pabore mMeer abconoTHHI
apajor: pabora ecTh Cujia Ha HepeMelieHNe, WA MOMEHT Ha Yroi.
910 cpasy TOBOPHT HaM, 4TO TaKoe MOMEHT KoIM4ecTBeHHo. Pac-
CMOTpHM, HalpuMep, TBepHoe Telo, Bpamamiieeci BOKPYT ocH,
Ha KOTOPOe JeilcTByoT pasnmansie culsl. CKOHIEHTPHPYeM CHadana
Hallle BHUMaHUe Ha OJHOMI cuJe, IPHUJIO:KeHHOH K HeKOTOpOoH Touke
(z, y). Haxywo pabory MBI 3aTpaymBaeM, MoBOpadmBas Ted0 Ha
HexoTophlid Maamii yroi AO? Herpyguo moHATH, 9T0 OHA paBHA

AW =F Az +F, Ay. (18.10)

Teneps HY#MHO TONBKO TOACTaBuTh BHpaskenud (18.6) m (18.7)
ana Az m Ay @ moayduTh
AW == (z2Fy —yF) A9, (18.11)

r. o. pabora, KoTopylo MBI Opofesialy, paBHA YLay, Ha KOTOPHIH
6LII0 TOBEPHYTO TeJ0, YMHO;KEHHOMY HA KaKyo-TO CTPaHHYIO
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KOMOMHAIMIO CHJI M pAacCTOSH@U. ITa «CTpaHHAH KOMOMHALHA»
n ectb MoMeHT. TakuMm ofpasoMm, omnpenensa usMeHeHEW® padoOTHI
KaK MOMEHT, YMHO)KEHHBI Ha YroJ HoBOPOTa, MBI TMojydaem $op-
MYy, BHPAKAOIMYID MOMEHT uepes cuinl. (Ito momartHo. Ilo-
CKOJIbKY MOMEHT He ABIAeTCA MOJHOCTHIO HOBHIM MOHATHEM, He
saBHCAMEM 0T Mexaumed HploToHA, TO OH JOJKEH OoNpe/eleHHbIM
o0pasom BHpa)RaThecd depes CHIY.)

Ilycte Temepnr Ha Tedo fAeiicrByer HecKoJXbKo cul. Torma pa-
GoTa, MpoM3BoAMMAsd STUMHN CHJIAMM, paBHA cyMme paGoT oT Kajk-
Joif caist, Tak 9o AW Gymer uMers BHJ ¢yMME MHOKECTBA 1JIeHOB:
o OMHOMY AJNA KayRmoIl I3 CHUI, ofHAKO kancdvlil u3 HUT RPorRop-
yuornasen AO. 91y menumumay AO MoHO BbIHECTH 3a CKOOKY u
moayunTh, 4rTo paboTa paBHA CyMMe MOMEHTOB OT BCeX MelcTBY-
OUIX CHJ, yMHO;ReHHOH Ha AB. 91y CyMMy MOMKHO HA3BaTh IOJI-
HBIM MOMeHToM cHi U o6o3naunts 1. Hak BugmMTe, MOMEHTH CKJa-
ABIBAIOTCA 1O OOLIYHEIM 3aKOHAM airebph, OMHAKO, KAK BH y3HaeTe
mociie, 3T0 TPOHCXOMMT W3-3a TOrO, YTO MLl OT PAHHINBAEMCS TOJIHKO
MIOCKHMH BPamEHUAMHO. IJTa CUTyanus HANOMHHAET OJHOMEpHOE
IBUKEHME, B KOTOPOM CHJIHL IPOCTO CKIARIBAITCA alre0pandecKku;
BeIb BCE OHM B DTOM clyd¥ae MeHCTBYIOT BAOJIb OTHOU M TOH iKe
opamoii. B TtpexmepHOM mnpocrpaHcTBe BCe Gosee ciuo:xHO. Taxmm
o6pasoM, nas [OBYyMepHOTO BpameHnsd

rizxiFyr—yini (1812)

=1, (18.13)

HyxH0 ToXBKO TOMHHTH, 9TO 3TO CHpaBeNIWBO IHIIh [IA Bpa-
nfeHuA BOKpPYT ogmoil ocu. Ecnu Gpars pasnmmdnsie ocu, T0 BCe Z;
M J; NI3MeHATCH, COOTBETCTBEHHO M3MeHAWTCA (OGKTHO) M BeTHIMHE
MOMEHTOB.

OtrpieueMcs Termepb HA MUHYTY W 3aMeTHM, 9TO IIPeILITyITui
cHocol BBeEHHA MOMEHTA [aeT OYeHDL BAKHKIE pesyiabraT jid
Teja, Baxomgsmierocd B paBHOBecHH: eclH cGalaHCHpPOBAHH BCe
CHIEL, fefdcTBYnmue Ha 00BEeKT, W IlepeMemaninue ¥ Bpamanmae,
TO HYMKHO, ITOOH He TOJBKO NoAKAL cuaqd Oblia paBHA HYJN, HO H
noanvll MOMeHm, TaK KaK OPH MALOM Rnepemewenul, oGsexkma,
Haxodawesocs 6 pasHosecuu, HUKAKoil pabombt He Rpoudsodumcs.
CaenopareiabHo, n3 toro, uto AW =1A0=0, MoKHO 3aKIIYHATSH,
9T0 CyMMa BCeX MOMEHTOB [OMKHA OBTH paBHAa HyJl. Takum
o0pasoM, 1A paBHOBECHH HeoOXONMMO BHIONTHEHNE ABYX YCAOBHIA:
a) cyMMa BCeX CHJ paBHA HYX0 W 6) cyMMa BceX MOMEHTOB TOKe
parHa Hyno. Ilompobyiite gokaszaTh caMm, 9YT0 B [BYMepHOM
clIydae FOCTATOYHO PaBEHCTBA HYIIO CYMMBI MOMEHTOB CHJI OTHO-
CHUTeNbHO KaKoi-mubo odrnotd ocH.

BepHeMca Temepb K CIyZalo OJHOW CHIE, HeHCTBYOImMER HA
Tejio, W HOMBITAEMCA BEIACHATH, 9T0 JKe FeoMeTpuuecKd O3HAgaeT
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@D u e, 18.2. Bpawawwui momenm,
cozdasaemulti cuaoll.

crpaHHOe BHpaskenne xF,—yf .. Ha ¢ur. 18.2 Bu sugure cmuy F,
npniokenayio B rouke P. Horpa teno mopopadmBaercs Ha Maddblii
yron A8, To ecrecrBeHHO, UTO Nmpom3BeJeHHAs npu sToM pabora
paBHA COCTABAAIMEH B HAIPABICHHWU NEpeMeIleHus, YMHOMEHHOH
Ha BeauduHy IepeMemenusi. uave rosops, paGoraer TOJBKO
TAHTeHIHAJBHAS COCTABJIAIOMAA CIJIBI, KOTOpasd YMHOMAETCA Ha
paccrosaue rA0. ITosToMy MOMEHT paBeH TaHTeHIHAJNBHON cCo-
CTABNAINEH cuinl (HepUeHIUKYIAPHOH K pagaycy), yMHOREHHOIT
HA pagmyc. JTO XOPONIO COrTACYeTcd ¢ HAINUM MePBOHATAIBHEIM
TMOHATHEM MOMEHTa, TMOTOMY 9TO MOJHOCTBIO PajuajbHAA CHJA He
MOMKeT KpYTHTH Tedo. HKpyTsamee melicTBHE CHJIB, OYOBU/IHO,
TMPOUCXOIAT TOJALKO OT TOH ee dacTu, KOTopasg He TAHET Telo Of
neaTpa. OHa ¥ Ha3wRIBAETCA TAaHTeHIUWANBHON CcocTaBIAlomeil.
fAcwao, KpoMe TOTO, UTO JaHHAA CHIAa 3AKPYIHBAET TeJIo TeM cuIbHee,
TeM Jalbllle OT IeHTpa OHA mpuioskena. IlompoOyiite packpyrurs
TEJO JIABICHNEM OpsaAMo Ha ero ocb! Tarum obpasoM, ToT dakt, aTo
MOMEHT CHJIH UpOHNOpOUOHATEH KAK pagHalbBOMY paccTOAHHIO,
TAK M TaHCeHIHMAJBHOII cocTaBAAKmEe!l CHILI, MMEeT CBOW CMLICIT.

CymecTByer eme Tperbe, O9eHb HMHTEPECHOE BBIpAKeHHE A
MoMeHTa cmin. Hak Bl TONBKO 4TO y3HAJM, MOMEHT CHJL PaBeH
culle, yMHOKEHHOI Ha paguyc u Ha cuHyc yria o (cm. ¢ur. 18.2).
Ecam temeph NpogoiKHTH JIUHUI JeHCTBAA CHJIBI W NPOBECTH
MPAMY0, TepNeHJAKYJIAPHYI0 K Hel, TO HeTPyJHO BHIETb, YTO
gmuaa OS (0HA 9acTo HA3HBAGTCA MAEHOM CUb) BO CTOMBKO pas
KOpoue paamyca, BO CKOJBKO TAaHFeHIUAJNBHAA COCTAaBIAIOIIAA
CHJIBI MeHBIme IOJHOI ee Beamaumbl. 1lo9TOMYy MOKHO 3amHCaTh,
9T0 MOMEHT PaBeH NPOHM3BEJEHWI0 BEAMYHWHBL CHJL Ha JIMHY e
mieva.

Mgt He 3HaeM TouHO, OTKyAa NPOH30Me] TEPMHH «MOMEHT
CHJIBI» — NO-BUAWMMOMY, OT IaTHHCKOTO movimentum, 4YTO O3Ha-
qaeT cIOoCOOHOCTH CHJbI JABULATH 00beKT (HMCOOMBb3ysa Karo-nmbo
poaar), TeM Gollee 3aMETHYIO, YeM JJAuHHHelH miego cuis. Heraru,
B MaTeMaTHKe CJIOBO «MOMEHT» 03HavaeT ycpelHeHHe ¢ BecoM, B Ka-
YecTBe KOTOPOTO B3ATO PACCTOAHHWE [0 OCH.

§ 3. Momenm woaunecmea 0suiceHUsR

XoTs J0 cHX NoP MBI PACCMATPUBAIYN TOIBKO CIEIUANbHLIE Cay-
9aii TBEPAOTO Tena, CBOMCTBA MOMEHTA H ero MaTeMaTH4YeCKOe BhIpa-
AeHIle MHTePecHH ase TOrAa, Korja Teso He TBepioe. MosxHo goka-
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Due 18.3. [Jeuxenue uacmuysn
omuocumeavo ocu epauyyenus 0. 0

3aTh 09eHb HHTEPeCHYIO TeopeMy: IoJo0H0 TOMY KaK BHENIHAA CUIA
paBHA CKOPOCTH M3MeHEHN BEIMIUHbI p, KOTOPAS HASKBACTCA IO~
HBEIM UMIyJbCOM CHCTeMBI 9acTHI[, TAK 1 MOMEHT CHJH PaBeH CKO-
POCTH W3MeHeHuA HEKOTOPOIl BeMmYuHK [, Ha3LIBAeMOil MoMeHMOM
KoAuYeCmea O8UNCEHUL, HIN Y2A06bL0 MOMEHMOM TPYIOR YACTHUI,
Yr00b1 TOKA3ATH 9TO, PACCMOTPHM CHCTEMY 9aCTIII, Ha KOTOPYIO
JeHCTBYIOT CHIB, W HOCMOTPHM, 4YTO TPOM30MHIeT ¢ CHCTeMO# B
pesynibrate fellcTBHA BPAMAINUX MOMEHTOB, CO3JAHHHEX DTHMH
cmuamn. Jlna Hawama pjaBaiite BO3BMEM TOJBKO 00Ky 4acTHILY.
Taxas wacruua ¢ Maccoit m u ochio O usobpaskena Ha ¢ur. 18.3.
Ona He 0o6A3aTelIbHO OJ/KHA BPAMATHCA IO OKPYMKHOCTH BOKpPYT
ocu O, a MoKeT IBUTATLCA M IO BILIMICY, MOA00HO IIaHeTe BOKPYT
Conuma, nnm no Kakod-umbyap Apyroit Kpusoii. I'masHOE TO, uTO
OHA J(BW/KETCHA, 9TO HA Hee JIfCTBYyeT cmia, KOTOpad yCKopser ee
B COOTBETCTBHU ¢ OOHYHHIMEM 3aKOHAMM: Z-KOMHOHEHTA CHJIH paBHA
Macce, YMHOKeHHO# Ha Z-KOMIOHEHTY ycKopenud, m 7. A. Ho mo-
CMOTPHM TeleDPb, Kak JeiicTByeT Mmomenm cuabvt. OH, KaK BH 3Haere,
pasen zF,—yF ., a z- W y-KOMIOHEHTH CHJH B CBOI 0TepeOb PaB-
HHEL MacCe, YMHOK@HHOI COOTBETCTBEHHO HA Z- H Y-KOMIOHEHTY yC-
KOpeHHsd, TaK 4qTo
vT=aF, —ylFy =am (LT[‘"_> ym (dtz) . (18.14)
XoraA ¢cpazy W He BHAHO, 9TO 9TO BHIPA;KeHHE ABJIACTCH NPOH3BOI-
HOH 0T KaKoii-To MPOCTOii BEJINMYKMHBI, HO HA CaMOM jeje OHO pPaBHO
apousBogHOE oOT xm(dy/dt)—ym(dx/dt). HeiicTRTeNbHO,

d dy dx dx dt/
— =zxm
a <xmd —ym g > dt2+dt
dz  dy d dy d% -

—ym EI*Z—ET nla‘; _xmw——ymﬁ . (181d)
OxassBaercsa, TaKuM 00pa3om, 9TO MOMEHT CHIBL PaBeH CKOPOCTH
H3MeHeHAsA CO BpeMeHeM HeKoropoii BemwduHs! [laBaiite oGpatmm
BHEMaHHe HA DTy BEJINIHHY N NOpe;ae Bcero ganmm eif mMsa. Oma
OyIeT HASHBATHCA MOMEHTOM KOJNHYECTBA [BMIKEHHs, VN YIJIOBHM
MoMeHTOM, H o6osHauaThcd OykBoit L

dy d
L=zm - —ymzf—:xpy —YPx. (18.16)

Xord BO BCeX HAIMAX PACCMOTPEHMAX MH He MPUHMMAIH B pac-
9eT TeOPHI0 OTHOCHTEeJNBHOCTH, TeM He MeHee¢ BTOpOe BHIPAIKEHHE
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aaa L sepHo u mpu yuere ee. Mrak, MH Hamid, 4To y OGKYHOTO
AMIyJlbca TaKKe CYMEeCTBYeT BpamaTelbHBUi aHalor — yrJiO0BOM
MOMEHT, KOTOPHH CBfA3aH ¢ KOMOOHEHTAMH WMIYyJbca TOYHO TaK
JKe, KaK M MOMEHT CHJIH cBA3aH ¢ KommoHeHTaMu cmusl! Tak uaro
eciu MH XOTHM BHYHCJIHTH MOMEHT KOJHYecTBAa JBIKEHNA OTHO-
CHTeTBbHO KaKO#-TO OCH, TO JO/UKHBI B3ATH TaHTeHIHAJBHYIO COC-
TABJAOITYI0 UMOYJIbca H YMHORUTH ee Ha pamuyc. I pyrmmum cio-
BaMu, YIJ0BoH MOMEHT IOKAa3sIBaeT, HACKOJBKO OBICTPO JIBHKETCA
gacTHIA 60KpY2 KAKOT0-TO LEHTPa, Bejb OH YINTHBAET TOIBKO
TAHTEHIWAIBHYI0 9acTh UMOyiabca. Dolee Toro, deM jaibiue OT
NeHTpa ymadeHa JTHHHUA, 1O KOTOPOI HAaNpaBleH MMNYIBC, TeM
Gonwime OymeT yrioroil MoMmeHT. TOUYHO Tak ke, MOCKOJIBKY Teo-
MeTpUA B HTOM cjlydae Ta i€, UTo H B CIyJae MOMEHTA CHIHL, CY-
HIeCTBYeT mJedo HWMOYyJIhca (0HO, pasyMeercsi, He coénadaem ¢©
ILIEYOM CHIEHL, AeficTBYomelf Ha JacTHIy), KOTopoe paBHO PaccTosi-
HUI0 JUHUM BMOyJdbca o1 ocu. TakmM obpasoM, yrioBoil MoOMEHT
paBeH IPOCTO BeJWYIWHE HMMIYIBCA, YMHOKEHHOIO HA €ro IIedo.
Touro Tak ke, KAK M [JIA MOMEHTA CHJHI, [JIS YIJOBOr0 MOMEHTa
MBI MOYKeM HaIKCcaTh CIeIVIOmue TpH GopMyInL:

L=zp, —ypx =
= IPDrapr =

= p-Tneuo mMmryanea. (18.17)

MoOMeHT KonudecTBa [BIKeHHs, KAK M MOMEHT CHJBI, 3aBHCHT OT
HOJIOMKEHHUST OCH, OTHOCHTEJIBHO KOTOPOIl OH BEITHCIAETCH.
Mpesxpe geM nepeittn K paccMoTpeHuo Golee yeM OJIHON gacTh-
OB, OPUMEHNM HOJYYeHHbIe BHIIE Pe3ylbTaThl K ABMAKEHHIO IIa-
perst Bokpyr Commma. B xakoM mampaBieHmm JeiicTByer cmiua?
Honeuno, mo Hampasienmo kK Comnmy. A kawxoil mpm sToM Gyjer
MoMeHT cuini? PasyMeercs, Bce 3aBHCAT OT TOTO, B KAKOM MecTe
Mbl BeIGepeM 0Ch, OJHAKO pPe3yNbTaT MONYIATCH COBCEM MPOCTHIM,
€CJIH B KadecTBe TOYKY Bpamenus BuOpars camo Comume. Hockons-
Ky MOMEHT CHJIH paBeH CHJe, YMHO/ReHHOI Ha ee Ie90, WIH KoM-
HOHEHTe CHIH, NePHeHAUKYIAPHON K pajmycy r, yMHOMKEHHOH Ha
r, TO B 3TOM Cllydae HeT HHKAKOil TAHIeHNHANLHOI cocTaBisAIonelt
CHJIEI, 8 TOJTOMY MOMEHT CILIE OTHOCHTEILHO OCH, NpOXofdmeil
uepes Counme, paBeH mymio. CiegoBaTenbHO, MOMEHT KOJHYeCTBA
IBMHEHNA MOJDHEH OCTaBAaThCH mMOCTOAHHHEM. [laBaiite-ka mocmor-
puM, 9To 3T0 03HauaeT. IIponmaBemenye TaHTeHIMAIBHOM KOMIIOHEH-
TEl CKOpPOCTH Ha MAaccy ¥ pagusyc, OyAyYd MOMEHTOM KOJIHYecTBa
UBYSREHHA, OIHKEO 0CTaBaThCA MOCTOIHHBIM, IIOTOMY 9TO CKOPOCTD
€T0 I3MeHEHHs eCTh MOMEHT CHJ/IBI, KOTODHIl B HalleM cliydae paBeH
HyJ0. JTO O03HAYAeT, 9TO0 OCTAeTCA NOCTOSHHHM MpOU3BeIeHHe
TAHTCHNHANbHOY KOMIOHEHTEl CKOPOCTH HA pAfHyC, DOCKOJBKY
Macca-To yi, KOHEUHO, He m3MensieTcsi. Ho rakaAa BeldmduHa, xa-
PaKTepHU3YIMaa ABMKEHUe IUIAHeTH, Y/Keé BHYNCHLIACH HaMH
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pambime. IIpexmomosxmm, 9T0 MBI B3AIH MaJIeHbKHH HPOMEKYTOK
ppeMern At. Haroe paccrogHme mpoflifieT miaHeTa IIPH CBOeM [BH-
sepnd u3 Toukd P B rouky Q (pur. 18.3)? Kak senmra naowads
Toit 0GgactTd, KoTOPYI «3aMeTaeTy NpsAMasA, COCIHHAIIMAA ILIa-
mery ¢ Coxmmem? Ilpemefperas maomanpio QQ’P, Koropasa OYeHb
Masa mo cpasEeHAl0 ¢ OP Q, saXomuM, 9T0 IIOMAXb 3TOH 06aacTm
paBHa mojoBuHe ocHopaHumA P (Q, ymmomensoro Ha BhcoTy OR.
IpyruMur ciaosamu, «3aMeTeHHas» NJomajb paBHA TOJOBHHE NpPO-
U3BeeHUsA CKOPOCTH Ha €e IIedo. TaK 9To CKOpOCTh W3MEHeHus
3TOM IIOmAaaud MPOoNOpIMOHaJibHEA MOMEHRTY KOJIWIecTBa JBUIKOHMAA,
KOTOPHIIT ocTaeTcA NHOCTOSHHLIM. MTax, MBI moayumM, 4ro 3aKOH
Kennepa o paBHpX WIOmMAjsiXx 3a paBHHE TPOMERYTKH BpPEMEHN
ABNSAETCA IIPOCTO CJOBECHHIM OTHMCAHWEM 3aKOHA COXDAHeHHA MO-
MEHTA KoJudecTBa ABM/KCHMS, KOTJA MOMEHTH BHENTHUX CUJI OT-
CYTCTBYIOT.

§ 4. Barxon coxpanenus momenma roauvwecmsa
deumncernus

MocMmorpum Teneps, 9To MoJiyaaeTcA B Caydae 5ONBITOr0 KOJIH-
gecTBA JacTHUI, T. €. KOTJA TeJd0 COCTOMT K3 MHOKEecTBa YacTHICK
CO MHOKECTBOM CHJI, ICHCTBYIOIMUX MeKAY HAMY W m3BHe. Pasyme-
eTcsI, MBI yiKe 3HaeM, 4TO MOMEHT CHJEHI, JelicTBylmuii Ha J100yI0
i-10 gacTuny (T. e. IpoW3BefeHHe CHIBI, AECTBYOmMeN Ha i-10 Wac-
TANy, Ha ee IJieJ0), paBeH CKOPOCTH H3MEHeHWs MOMEHTA KOJide-
CTBA JABWKEHAS HTOH YaCTUIH, a MOMEHT KoJHNYecTBa [BHYKEHUA
i-il JacTUNOBL B CBOXO OYepe[b pPaBeH IIPOU3BEJSHMUI0 UMIYJhca dac-
THIH Ha ero maeqo. JlomycTuM Temepb, UTO MBI CHORAIN MOMEHTHI
CHJ T, BCeX 9aCTHI W Ha3BaJK 9TO IOJHHIM MOMEHTOM CHJI T. JTa
BeJIYNHA [OJHA OBITH paBHA CKOPOCTH M3MEeHEHWs CYMMEBI MOMEH-
TOB KOJWIecTBA [BWIKEHHA BCeX dacTHy L;. JTY cyMMy MOKHO
TpUHATH 3a ONpejedeAre HOBOW BeJWIdHEI, KOTOPYI0O MHB Ha30BeM
MOJHEIM MOMEHTOM KosmdecTBa jBwxenms L. Toumo Tak ke, Kak
EMIYIbC Teda paBeH CYMMé HMIIYJIbCOB COCTaBJIANMEX ero 4acTam,
MOMEHT KOJUYecTBA [BYKEHHWA TeJa TOKe paBeH CyMMe MOMEHTOB
COCTABIANIGKX ero gacTul. TakaM o0pa3oM, CKOPOCTH W3MEHEHMWS
TMOJTHOT0 MOMEHTA KOJWJecTBa ABWKeHUA L paBHa NOJIHOMY MO-

MEHTY CHJ
dL; dL

T=d =, Tl=0r (18.18)
C HETPHUBHIIKY MOJKET IIOKA3ATHCS, YT0 HOJHBIH MOMEHT CHJI — Y:Kac~
HO CIOKHAA MTyKa. Begb HY;KHO yunTHIBATH BCe BHYTpPeHHEE I
u BHemHMe CHAH. OIHAKO eCAH MEI BCIOMHEM, 49TO IO B3aKOHY
Hb0TOHA CHIH IEACTBYA W HPOTHBONEHCTBUA HE TOIBKO paBHHBI, HO
r (ato ocobenHo akHO!) Oeilemeyiom no odnoti u moil sce npamoii
6 RPOMUBONOAONCHUEL HANPasiewUAz (HeBayKEO, TOBODHI IH 00 9TOM

63



cam HeioToH wim Her, Hes1BHO OH IOJpa3yMeBal 3To), TO ABa MO-
MeHma BHYTPEHHHX CHJ MERIY ABYMSA B3auUMOJSHCTBYIONIUMYE dac-
THIAME TO/KHE OBITH PABHEL APYT APYTY M HAPaBIEHH MPOTHBO-
L0JI0KHO, TIOCKOABKY AJiA m100oil ocn muedn uX OyayT ofnHAKOBH.
IlosroMy Bce BHYTpeHHHE MOMEHTH CHJI B3aUMHO COKpamawrci H
noJydaeTcd 3aMedaresibHASA TEOPEMA: CKOPOCMb USMEHEHUL MOMERMA
KoAuMeCmEa O8UNCEHUA OMHOCUMEAbHO 10008 0cll pasHa MOMEHmYy
SHEWHUL CUL OmHocumenbho amow e ocul

T= T = T, = (18.19)
Mtak, M HOXy4uan B pyKH MOIMHYI TeOpeMy O JBMWKEHUH 6OIb-
010TO KOJJIeKTHBA 9acTUI], KOTOpas M03BOJsAeT HAM M3Y9aTh o6mmue
cBoificTBa TBI:ReHusd, He 3HASM JeTaliell ero BHYTPeHHEr 0 MeXaHu3Ma.
Jdra TeopeMa BepHa i Joforo HaGopa YaCTHI[, HE3ABUCHMO OT
TOTO, 00pasyior nm OHM TBEpIOoe TeJ0 WM HeT.

OcobenHo BaKHBIM YACTHEIM CJydaeM DTOH TeopeMbl ABIAeTrcs
30KOH COTPAHEHUA MOMEHMA Koauvecmed 0suiCenus, KOTOPHI TIia-
CHT. ecly HA CHCTeMY YacTUI[ He JeHCTBYIOT HUKAKHe BHEIIHHE
MOMEHTH CUJ, TO €€ MOMEHT KOJHUecTBa JBIKEHUA 0CTaeTcs moc-
TOAHHBIM. *

PaceMoTpuM ogmH oOuYeHb BaKHBIA WacTHBI caydail HaGopa
9acTHIl, KOTjJa OHu 00pasylT TBEpAoe Telio, T. 6. 06beKT, KOTOphil
Bcerja uMeeT ompejedeHHYI GopMy U TeoMerpuvecKHil pasMep u
MOKET TOJBKO KPYTUTHCS BOKPYI Kakoii-Tro ocu. Jlofaa dactb
TAKOr0 00beKTa B MO0 MOMEHT BPeMEHW paclol0yKeHA OJHHAKO-
BLIM 00pa3oM OTHOCHTeJibHO APYruX ero gacreil. llombiraeMcs Te-
nepb HalTH MOJTHEIH MOMEHT KOJTMYeCTBA JABM/KEHHS TBepiAOro Tena.
Ecau Macca i-ii gactumsl ero paBHa m;, a HojoxeHue ee (z;, ¥,),
TO 3a/1a9a CBOAUTCA K OIPeIeIeHHI0 MOMEHTA KOINTIecTBa JBHyKEHUA
9TOIi 9ACTHIB, TOCKOJBKY TOJHEIT MOMEHT KOJIWYeCTBa ABUKEHUA
paBeH cyMMe MOMEHTOB KOJiM9ecTBA JBIGKEHHUS BceX TaKKX 9acTuil,
oOpasylomux rtexo. A aBwaymeiics M0 OKPY/KHOCTH TOUKH MO-
MeHT KOJIWIeCTBa ABW:KEHNA paBeH, KOHETHO, IPON3BeJeHHI0 ee Mac-
CHl HA CKOPOCTh WM Ha pacCcTofAHue JO OCH BpPAmIeHHA, & CKOPOCTHh
B CBOI0 OvUepejb paBHA YIIOBOI CKOPOCTH, YMHOMKEHHOH Ha pac-
CTOSHUE [0 OCH:

L;=mwr; =miio. (18.20)
Cymmupys L; pis Bcex uwacTuif, IOJydaem
L=To, (18.21)
rie
I=2mr;. (18.22)

JTo BLIpa)KeHHME OYeHDb LOXOKe HA QopMyay [AJA HMIyJbca,
KOTODHI paBeH NHPOM3BEJEHHMI0 MaccH Ha ckopocTh. CKopocTh
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D u 2, 18.4. Basucumocme «unepyuu
8DAWEHURY Om NaeLa MAcC.

OpH 9TOM 3aMeHseTcs Ha yIOBYIO CKOPOCTh, a Macca, KaK BAATE,
3aMeHsAeTCHd HA HEKOTOPYI0 HOBYIO BeJIMYAHY, Ha3blBAeMYIO MO-
uewmonm unepyuu I, Bor 910 mrpaer poab Macch mpu Bpamenum!
Vpasnenus (18.21) i (18.22) rosopaTt HaM, 9To HHEPHUSA BpamIEHU
TeJla 3aBUCHT He TOJBKO OT MacC COCTABJAION{AX ero YacTwdek,
HO W OT TOTO, HACKOIbKO Jaieke pacroaoxcenst okl om oct. Tak uTo
CCIIM MELI BMeeM [Ba Teja paBHOH MacCCHl, HO B OHOM H3 HIX Macesl
PacuoJIoKeHbl Jajbllie 0T OCH, TO ero uHepmu#A BpameHus Oyner
Goapme. JTO JerKo MPOAEMOHCTPUPOBATH Ha ycTpoiicTe, W300pa-
xenroM Ha ¢ur. 18.4. Macca M B sroM ycTpoiicTe He MoKeT ma-
JATh CJANHIKOM OHICTPO, OTOMY 9TO OHA JOJGKHA KPYTHTH TAMETBLl
crep;keHb. PaclolioKuM cHAYaJa Macechl m OKOMO OCH BPAMEHMUS,
apudeM rpy3uk M Gymetr wax-To ycKopartsed. OpHako iocle TOro,
KaK MBI H3MEHUM MOMEHT HHEDIAH, PACIHOJIOMKHB MacChl m ropasyio
Zanblle OT OCH, MB YBHIMM, 4T0 rpysuk M yckopsercst Topasjo
MepsleHHee, YeM mpesxie. Ilporexoanr aro BeaencTBme Bo3pacTaHHA
MHEPTHOCTH BpAaIleHAs, KOTOpasg COCTABIsET (U3NIECKUIl CMBICH
MOMEHTA MHEPIUH — CYMMbI IIPOH3Be/IeHHI BCeX Mace Ha KBaJpaThl
AX DacCTOAHMII OT OCH BpamICHHAA.

Me:xgy Mmaccoii # MOMEHTOM WMHEpPIHH HMeeTcsl CYMECTBEeHHAA
pasBEuHa, KoTopas HmpoABASeTCA yAWBUTENBHHM oGpasom. [edo B
TOM, 4T0 Macca o0beKTa OOLIYHO He H3MeHsAeTcd, TOTA KAaK MOMEHT
HHAePIAN Aee£0 U3MeHuTh. [Ipefcrarnre cele, 4To BH BCTANN HA CTOMN,
KOTOPHIA MOKeT Bpamarbcsa 0e3 TpeHHsd, M [ep:KuTe B BHITAHYTHIX
pyKax TaHTeJM, a CaMH MeJJIeHHO Bpalgaerech. MoKHO IeTKo ma-
MeHATH MOMEHT HHepIHuM, COTHYB PYKH; Ipu 5TOM Hailla Macca
ocraHercs Toii :xe camoil. Horga Mel mpopiesiaeM Bce 9To, TO 3aKOH
COXpPaHeHMA MOMEHTA KOJApdecTBa ABHIKeHUs GyHeT TBOPUTH Hyje-
ca, Mpom30iieT Hedro YyAuBuTeIbHOE. ECHHM MOMEHTH BHEIIHHX
CHJI PaBHSHI HYIIO, TO MOMEHT KOJMIeCTBA ABWKEHUA PABEH MOMEHTY
unHepuuu /;, YMHOKeHHOMY HA YIJIOBYI0 CKOPOCTB ®;, T. €. B
MOMEHT KoJmdecTBa jBim:xeHusa pased [ 0,. Coruys saTeM pyky,
Bbl TEM CAMEM YMEHBIIMIM MOMEHT HHepUuu 10 BeJuyuHsl [o.
Ho mockoapKy m3-3a 3aKoHA COXpaHeHWS MOMEHTA KOJIWYecTBa
IBIKEHUA NpouaBereEre /O JO/IKHO OCTATHCA TEM K€ CaMbIM, TO
I oy nomxsO OpITh paBHO J50,. Tak 4T0 ecau BH YMEHDULUIL MOMERT
AHepIHA, TO Ballla YIJI0Baf CKOPOCTH B pedylbIaTe 9TOT0 JOJLKHA
eo3pacmu.

3 Bamas N2 2199 Bwa 2



FTnasa 19

IEHTP MACC; MOMEHT MHEPIUH

§ 1. Ceoilicmea yenmpa mace

B mpemmaymefi roaBe Mnl ycraHoBwiIum (axt
CYIIeCTBOBAaHNA HEKOTOPOI 3aMedaTeJbHON TOUKH,
HaseiBaeMod yewmponm macc. OHa 3aMedaresnbHa
TeM, 9TO eCJM Ha YacTHIE, ofpasyompe Telo
(reBakBO, GyderT Ju OHO TBEPIHM HJIH RUIKHAM,
8BE3[HEIM CKOITGHVWEM WU 9eM-TO ApyruM), Aeii-
CTBYET BeJUKOe MHOKeCTBO cuil (KOHEYHO, HMEKT-
€4 B BUAY TONLKO BHENIHHME CHJIEI, IOCKOJBKY BCe
BHYTPEHHHUE CHIIH KOMIOEHCUPYIOT IpyT Apyra), To
pesyapTHpylomas cuia UPABOAWT K TAKOMY YCKO-
peHmio ®Toil Touku, Kak Gyaro B Helt cocpejo-
ToYeHa BcA Macca Tena M. Ilasaifire Temeps oGcy-
M CBOMCTRO HEeHTPA MacC HeCKOIbKO moapobHes.

Hono:xenne meATpa Mace (COKpamieHEO I. M.)
OIipeJelifeTcaA ypaBHEHHEM

T
Ru.»1.=22:—7. (19.1)

dro, pasyMmeercsd, BeKTODHOe ypaBHeHHe, T. .
daxTHUeCKH TpEW ypaBHEHMA — [0 ONHOMY JUIA
Kayxaoro us Tpex Hanpasiaexmit. Ho Mur Gypem
paccMaTpHBaTh TOJABKO Z-HAIDABJIGHWE; €CIH BEL
noiiMere, 9T NMpOMCXOMUT B Z-HALPABIEHHH, TO
moiiMere m JBa oCTaJAbHEX. UTo 03HagaeT paBeH-
ctBo X, . = dmx/dm;? Ilpegmonoxum Ha Mm-
HyTy, 9TO Tel0 pas3jeleHo Ha MajeHbKHe KyCOUKH
C O/[EHAKOBOII Maccoii m, IpudeM MoJHAsA Macca
OyfieT paBHA YHCIY TaKuX KycoukoB N, yMHOMKeH-
HOMY Ha Maccy OfHOTO KycouKa, ckaxkeM 1 2, nin
KaKyl-To apyryw epuuuny. Torja Hame ypasHe-
Hye HPOCTO 03HAJaeT, 4TO HY)KHO B3ATH Koopad-
HaTHL & BCeX KYCOYKOB, CIOMKHUTH UX H pe3yib-
TaT pasgeNuTh HA UHCAO0  KYCOUKOB, T. 6.
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@ ue 19.1. Ilenmp macc CA0HHO20

meaa seMum HA AUHUU, COeduU~ A
nawupeli yenmpusl mace feyxr cocmas~ .-
AROWYUT €20 HaACmel, ~
~
~am
i ~

X, .=mOx,/mN=x,/N. UnsMn crosaMu, eciu MacCH KyCcOYKOB
paBHH, To-Xu.M_ OymeT HpocTo cpegHNM apuPMeTHICCKUM Z-KOOpAK-
HaT BceX KycoukoB. Ho mpeamono:RuM, 970 OAMH H3 KYCOYKOB BIBO®
TARedee, YoM KaskjHII M3 ocTaJbHEX. Torxa B mamy Qgopmyny ero
KoOpjMHaTa OyJeT BXOMUTh ¢ KOPPUIUEHTOM 2, T. €. B CyMMax ee
HY}KHO yImTHBaTh ABazas. HerpyaHo HOHATH, MOYeMYy 9TO Npo-
ncxonut. Bexb TsReMbII KYCOYeK MOKHO IpejcTaBuTh cebe Kak Oh
COCTOAmMMM W3 ABYX JerKnNX, TaKHX e, KaK U BCe oCTaJbHEIe,
TakK 970, KOTHA MH BEMUCIsIEM cpejHee, ero KOODAWHATY % HYKHO
VUNTHBATH fBaYKbl: Beh KYCOTKOB-TO B 2TOM MecTe ziBa. Tamm:
o6pasoM, Xy, y, PaBHO IIPOCTO CPeHEMY apHPMETHIECKOMY Z-KOOp-
JUHAT BCeX Macc, IpuieM KakJad KOOpPAMHATA CIUTACTCA HEKOTOpoe
WHCJIO pas, MpOMOpHEOHAIbHOE Macce, Kak Oyaro oHa pasjefeHa
Ha MaJeHbKHe KycouKn equHmuHoii Maccsl. Mcxons us atoro, Jierko
[OKa3aTh, 9T0 Xy 4. MOGRAA HAXOUTHCH IA€-T0 MERY camoil 6aus-
KON m caMoil najeKoil uacTmukoi. BooOme meHTp Mace AOJIKEH
JeKATH TJ[e-T0 BHYTPH MHOTOTpaHHNKA, IPOBEIeHHOTO Yepes Kpaii-
HEe Touky Teda. OpHAKO BoBce He 003aTeNbHO, ITOGH MEHTP Macc
HAXOJHICH B CAMOM TeJie; Bef[b MOTYT OBITH TeJia, MoJo6Hbe 0Ky~
HecTH, HampmMep o0pyd, MEHTpP MacC KOTOPOro HaXoAurcsd B reo-
MeTpHIeCKOM IleHTpe, a He Ha caMoM oGpyde.

Komneuno, eciu o0beKT cuMMeTpHUeH, HaupuMep NpsMOYTONb-
HEK, 00najaomuil JuHHel cuMMeTpuH, TO er0 LeHTDP Mace JolKeH
JTe’KaTh Tje-To Ha »Toi auHmu. HeraTnm, OPAMOYTOXBHUR HMeeT
eme OHY JHHUI0 CHMMETDUH M BTO OJHO3HAYHO OTpeJendeT I0J0-
JeHMe ero meaTpa Macc. sl MpOCTO CHMMeTPHIHOTO O00BeKTa
HEeHTP MacC JOJGKeH JeMKaTh Ie-T0 Ha OCH CHMMeTpuH! Belb OTpH-
[aTeIBLHLIX £ B 9TOM CJydae POBHO CTOJBKO Ke, CKOJLKO H IOJO-
HUTeJTBHBIX.

CymectByer eme ofmH oYenb 3abaBHEI cmoco8 HaXomzeHusA
meaTpa Macc. BooGpasmre cefe Texo, cocrosmiee M3 JBYX KYCKOB
A n B (pur. 19.1). Hentp Macc B aToM clyJae MOKHO Hailtu cire-
ayomum o6pasom. Haxoxum cHadgala OTJeqbHO IEHTPE! MAace cCOC-
taBHKX "acreit A 1 B 1 ux moxasie Maccel M, u M. Hocae aToro
HaXOJWM HEeHTD MaccC ABYX TOYeUHLIX Ted, OJHO M3 KOTOPHIX mMeeT
Maccy M, M pacmoloieHo B IeHTpe Macc wactd A, a gpyroe —
Maccy Mp m pacmonexeno B mertpe Macc dactu B. Ilomyuennas
TOYKa W 6yHeT MeHTPOM Macc Bcero Tesa. dpyraMm ciopamu, ecinm
HaM HBBECTHHL [EHTPH MACC BCeX UacTeil CJIOMRHOTO Tela, To, ITO0HI
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HallTH ero meHTp Macc, He HY;KHO NOBTOPATH BCe CHadalla, a HOC-
TATOYHO NMPOCTO HANTH MEHTP MacC CUCTeMH TOYCUHHIX TeJ ¢ Mac-
caMu, paBHEIME MaccaM Ka:KJol u3 dacreil w pacloJoeHHEMI B AX
nenTpax Macc. IlocMorpuM, Kak sto moaygaercs.

Ilycte MBI XOTHM OIPefIeTUTH LEHTP Mace CJIOKHOIO Teja, OJHI
13 9acTHI, KOTOPOTo IpHHAAMeKAT 4acTH 4, a gpyrae — dacre 5.
Ilpn srom MEI MOjKeM pasGuTh MOMHYI CYMMy Sn.Z; HA CyMMY IO
wactn A, T. e. X m&;, A CYMMY To dactd B, 1. e. X pmz,. Ecui
6% MBI HAXOLWIH LEHTP Mace Toxbko dacTH 4, 10 HaM motpeoBa-
Jack Oul mepBas M3 3THX CYMM, Koropasd, Kak BH 3HaerTe, paBHA
M,X,, 1. e. monHOIH Macce HacTH A Ha Z-KOOPAHMHATY ee ILeHTpa
Macc: 8TO IPOCTO CJGACTBHe TEOpPeMHl O IEeHTpe Mace, NpHMeHeH-
Hoit ¥ gactu A. To xe camoe MomkHO cKazaTe u o gactu B. CyMMa
pmx; nomxna Grirh paBHa M X 5. Cious oTi ABa pesyabrata,
MEI, KOHE9HO, AOKRHEL nonydnts M X, T. e.

MXyn = 2ma;+ 2ma; =MuX o+ MpXp, (19.2)
A B

Tonnas e macca M, oueBunno, pasra M ,+-M g, Tak 9T0 BHpakenue
(19.2) mpepcraBager coGoll He uTo HHOE, KaK ONMpedeJeHme IeHTpa
Macc IBYX TOUeK, OZHA M3 KOTOPHX mMeeT Maccy M , m KoopjgwHaty
XA’r a jgpyrag — Maccy Mpu woopmmuary Xp.

TeopeMa o JABM:ReHME IIEHTpA MacC WHTepecHa He TOIBKO caMa
mo cefe, oHA edmle wrpaeT OYeHb BAKHYI0 POJh B PA3BHTHE HAIIero
noauManus ¢usukn. Ecln M nmpeamono;xuM, 910 3akounl Heorora
BepHEI TOJBKO I MaJIeHBKUX 4acTeil, COCTABAAIMUX GOabIIoe Te-
70, TO 9TA TeopeMa MOKA3HBAeT, YTO OHYU BePHEI TAKKe W JiA 6Olb-
roro rexa. Mel MoskeM He 3HATH ero AETAJNBHOTO CTPOSHHS W HAM
W3BECTHH JHINL O0HIas Macca u IoJHAsA chila, HelficrBylomas Ha
HeTo. Ilpyrumu caoamu, 3akousl HploToHA AMEIOT TY 0COGEHHOCTD,
9T0 eCJH OHM CIIPaBeJIMBH B MaJoM Macmrtabe, To COpaBeAIHBEL i B
OompimoM. Her murakofl Hy:Rupt paccMaTpuBath QyTOOMBHEI MT
KaR Y;KacHO CJHOMKHYK Bedlb, COCTOSMIVI0O W3 MHUpHA A B3auMojeii-
CTBYIOIIMX YacTHI, a HOCTATOYHO HM3YYATH TOJABKO IBIKEHUE ero
IeHTpa Macc moj, peidictBmeM Bremued cuail F, 9T06p moaydurs

=ma, TAe a — YCKOpeHme HEHTpa Macc, a M — HOoJHAA Macca
msada. Wrak, sakom F=ma BocmpousBoguT caM cebs B GoXLIIOM
macmrabe. (HaBeproe, gomxno Omth Kakoe-EHGYAbL Xopomiee Ipe-
9ecHOe CJI0BO, KOTOPHLIM MOKHO GOm0 OH HassaTh Nojo0HEE BOC-
upousBogamue cefa B GoapnioM Macuitabe 3aKOHHL.)

Herpynao, kKoHedno, moragaThes, 4T0 HePBHIH OTKPHITHII 9eJ0-
BEKOM 3aKOH HOJKEH OHTh WMEHHO TaKuM 3aKOHOM, BOCIPOM3BO-
aAmuM caMoro cebsa B GoapmoM macmrabe. Ilowemy? Ha mpocto
IOTOMY, 9TO HMCTHHHBIN pasMep QyHAAMEHTAJLHEIX (BHHTHKOB M
KoJIecuKoB» BcesleHHO# €cTh aTOMHBI pasMep, KOTOPHI HACTOMBKO
MeHBHIe pa3dMepoB OKDYIKAIIGHX HAC BelleHd, 4T0 TOJBKO ceiluac
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HaugHAeT BXoguTh B oOpumyo xu3eb. Wrar, mepsas oTkpeTam
9eJ0BeKOM 3aKOHOMEDPHOCTh He MorjJa HMMETh OTHOHICHWs K pasMe-
paM aTOMHOTro MacmraGa. Feam 6B 3aKOHBI i MalEX dacTui He
BOCIpOM3BoIMIK cebs B GonbmoM Macmrale, To OTKPHTH AX OBIIO
65l He TaK-To Jerko. A 94To MOKHO CKasaThb 00 o0paTHoil mpo&aeme?
JloMKHEBL u 3aKOHK MHKpoMupa OHITH TEMH e caMBIMH, 49T0 I
pas 6oapmux ten? Huxaxoit Heo6xoquMocT B 9T0M, KOHEYHO, HeT.

JlaBaiiTe, 0HAKO, IPEAIONOKAM, UTO HCTHHHOE TBIREHNE ATOMOB
ONKCHIBA€TCA HOKHM CTPAHHEIM YpaBHEHHEM, KOTOpoe He 80CRpouU3-
gcdum cebs upm mepexofe Kk GoabmeMy Macuita6y. Bumecro aToro ono
obnazaer TeM CBOMCTBOM, 4TO HOPH TaKOM Tlepexofe €ro MOKHO
RPUOAUNCEHHO 3AMEHUMb KAKUM-MO 86LDAYNCEHUEM, KOTOPOE IIpH BCe
foapmieM m GosbHieM yBeawdeHUH Maciirafa BOCHPOU3BOJMT CaMo
cefs. ITo BIIOJIHE MOKET CIYINTHCS, W B JIeACTBATONILHOCTH TAK OHO
u npoucxopur. 3akons HploToHa ABIAIOTCH KaK OH «KOHYHKOM
XBOCTA» ATOMHKX B34KOHOB, NPOMOJIKEHHHIX [0 OYCHb GOJBIIIX
pasMepoB. VcTuHENe 3aKOHE JBIKEHAA YACTHN, O4eHDL MAJLIX pas-
MepoB BechbMa CHeMU(UIHEI, HO eCIH MEI BOSbMeM (0JblIoe YHCI0
4aCTAL M CKOMOWHIpPYeM 3aKOHH HX ABMKEHHUA, TO NPHOIMKEHHO,
© moabko npubauscerro, monydnm sakogsl Herorona. Ilocme sroro
sakomsl HpOTOHA 1I03BOJIAIOT HAM ABHTATHCH KO Bce 0OJLIIMM Pas-
MepaM, 0CTaBasich IIPH 3TOM TeMH jKe CaMHMu 3akoHaMm. B cymr-
HOCTH, TIPH Hepexoje Ko Bce 00JbMUM M 00JBIIUM pazMepaM OHHI
BCE TOUHEE M TOYHEEe OMICHBAOT Ipupoay. Tak uro darr camosoc-
upousBoguMocTi 3aK0oHOB HblOTOHA — OTHIOIE He JyHTAMEHTAIb-
fHoe CBOMCTBO IPUPOJH, & BaKHAA HCTOpPWIeCKas OCOOEHHOCTD.

OcHOBHIBAsICH Ha CBOMX MEPBHX HAOMIOAEHUAX, MBI HIEoXM o6 pa-
30M He CMoriam Okl OTRPHTH QYHZaMeHTAIbHLIE aTOMHEIE 3aKOHBI,
HOCKOJAbKY Habmonenmsi 5TH OwH caumikoM rpyGemu. [elicteu-
TeabHO, PyHAAMEHTAIbHEE ATOMHLIC 3aKOHEI, KOTOpPHE MEl Ha3bi-
BaeM KBAHTOBOM MeXaHMKON, TaK CHJIBHO OTJIMYAIOTCA OT BAKOHOB
HroTona, uTo NOHATH KX He HpocTo. Begs ¥ Hac ecTh TONBKO OMEIT
ofpamenns ¢ TedaMy OOJbIINX pasMepoB, a KPOXOTHEE AaTOMEI
BelyT cels coBepeRHO HeBWAAHHEIM IJS TaKuX Tex o6pasoM. Mu
He MOMKEM cKasaTh: «JIeKTPOHEI B aTOMaX HAOMMHAIOT INIAHETH!,
wpyramueca Bokpyr Comama», wiam 4ro-To B aroM pope. OHu He
HOXOIRH KU A Ym0 WBBEeCTHOe HaM, W60 MBI He BHIHM HUYE20 NOXO-
sceeo na Huzx. Bcan Ml mpuMensieM KBaHTOBYI0 MeXaHuMKy Ko Bce
foapmuM 1 60abMKEM 06BEKTAM, TO 3aKOHEI IIOBEIEHUA TAKOI0 KO-
JeKTHBA ATOMOB He 60CNPoU3600am TMOBeIEHNA 0JHOT0 aToOMa, a JaloT
noewii 3akon — 3akoH HploToHA, KOTOPHIH yiKe BOCIHPOM3BOAUT caM
cebs1, HaumHasA ¢ 00bEKTOB BecoM B 1 Muniuonnyw MERporpaMma,
coflepKaMX enfe MWIIBAPAEL M MIJLINADIE aTOMOB, H BINIOTH O
TeJl BeIWYKHOIN ¢ 3eMII0 1 Jaske emie GoIbpMIKX.

Bepuemcs, opmako, K meRTpy Mace. JacTo ero HasmBalOT
yeHmpom maxcecml, Tak KaK BO MHOTUX CAydYadAX [JaA CHJIHL TATO-
TeHHH MO;KHO NPOBECTH TOYHO TAKHMe K€ PACCYKIEHHUA, Kak ¥ AId

69



Macc. Ecau pasMepEl ZOCTAaTOUHO MaJlbl, TO CHIY TAMKECTHA MOKHO
CYMTaTh He TOJBKO ITPONOPOHMOHANBHON Macce, HO M HallpaBJeHHON
BCIOAIY TapaililebHO HEKOTOPOH (HKCHPOBAHHON JMHHH.

BospMeM Teno, B KOTOPOM cmiia TAKeCTH JieICTBYeT Ha Kam/IyIo
N3 COCTABIAIMEX ero uacteil, a m; — Macca ogHOI H3 9THX HacTeil.
Heiicrsylomas Ha Hee cuJIa TA:KecTH Oymer TOrga paBHA IPOU3BeIe-
HEIo m; Ha g. BosAmKaeT Bompoc: B KaKoil ToUKe HY:KHO MPHIOKHUTH
OJHY-eUHCTBEHHYI0 cmiy, 4UYroOn clalaHCHAPOBATH NPHATIERE-
HHe Bcero Teja TaK, UTOOM OHO (ecau »TO TBepHoe Texo) He Bpa-
maynocs? Omeem: cula [OJKHA UPOXORUTH Yepea meATp Mace. Jlo-
KaseiBaeTcsa 910 caexylomuM oGpaszoM. UTo6H Temo He Bpamjanoch,
CyMMa MOMEHTOB BCEX CHJI J{OJBKHA OWTH paBHA HyM0, ubo ecau
HeT MOMeHTA CHJ, TO HeT W II3MeHEHHA MOMeHTa KOJAMYecTBAa [[BH-
JHEHHA, a 0ITOMY HeT M BpammeHumsa. TakuM o6pa3oM, MEL JTOJIKHBL
A0JCYNTATH CYMMY BCEX MOMEHTOB, /IefICTBYVIOIMNX HA BC® UaCTHILBL,
M 1I0CMOTpeTh, KaKoil MOoJIy4uTcs UOIHHI MOMEHT OTHOCUTEJbHO
mo6oil JaHHOK ocH: OH [OMKeH OHTH paBeH HYII, €CIH 0Ch IIPO-
XojuT depes HeHTp Macc. HampaBus och & TOPU30HTAIBHO, & OCh Y
BEepPTHKAJIBHO, MEl HalifleM, 4to MOMEHTH CWJI PABHEI CHJaM, Ha-
NPaBJIeHHKEM BHHE3, YMHOKeHHKM HA Tedo = (T. €. CuIa HA ILJIeY0
OTHOCHUTEJBHO TOH OCH, HJA KOTOPOHl U3MepsaeTcs MOMEHT CUJIEL).
Houmumiit ;xe MoMeHT paBeH cyMMe

T = 2m g, = g 2mz;. (19.3)

YToOHB TOTHEL MOMEHT OTCYTCTBOBAN, CyMMa Xynx; ZOJKHA OBITH
paBua myaio. Ho sra cymma pasua MX — molHoil Macce, YMEHO-
JKCHHOM Ha pacCcTOSHEE 0T OCu & A0 IeHTpa Macc. Mrtax, nto pac-
CTOAHWE JAOJGKHO OBITH PABHO HYIO.

PasyMeercst, Mbl TpPOBEIH NPOBEPKY TOABKO MJA Z-HAIpaBie-
HHASI, OJ{HAKO eCJd Mbl HelCTBUTENHHO B3AMM NEHTP Macc, TO Telo
AGJRHO OBITH ypaBHOBeIIeHO B JMI0G0M HOJOKEHHW, IOITOMY, IO-
BepHyB ero Ha 90°, MBI BMeCTO ocH Z IOJyIEM och y. JpyruMu cio-
BaMm, ecIy Aep;KaTh TEJ0 3a HEHTP Mace, TO MapajielbHoe T'paBu-
TAIMOHHOE TIOJe He JlaeT HHKakoro MoMenta cmi. Ecau me oObexr
HACTOJNBKO BEJIMK, 9YTO CTAHOBHUTCHA CYI[ECTBEHHOII Hellapailiednb-
HOCTH CHJI IIPHTSKEHWst, TO TOURY, B KOTOPOH Jo/iKHA OHITH Hpu-
J0jKeHA YpPaBHOBEIIWBAIOMAs cmjia, ONUCATH He IIPOCTO: OHA
HEeCKOJIBKO OTKIOHAETCA OT MeHTpa Macc. Bor moueMy HymHO moM-
HUTH, 4T0 LEHTP MACC U HeHTP TAMKeCTH — pasnnie Bemu. Tot daxT,
49T0 Telo, Wo[iepKABaeMoe TOUHO 3a KEHTP Macc, ypaBHOBEMEHO B
AI060M MOJOMKEHHE, MMeeT eme OLHO mHTepecHoe clemcTBme. Ecmau
BMECTO IDAaBHUTAIAOHHEIX CHJ B3fATh WHEDPIWOHHEE IICEBIOCHUIEL,
BOSBHUKAWINUe BCJGACTBUE YCKOPOHUA, To, 4YroOb HAMTH TOUKY,
YOen@BIIACH 3a KOTOPYI0 ME ypaBHOBeCHM BCe MOMEHTHI 3THX CuT,
MO}KHO HCIOJH30BATH TY jKe CAMYI0 MaTeMaTWIeCKYyKl Ipomeaypy.
HpeauomomuM, uTo MBI 3aKIOYKIE TEI0 BHYTPb AMAKA, KOTOPHIH
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YCROpSETCA BMOCTE CO BCeM ero conepskEMEIM. Torpma, ¢ Touku spe-
HAA HAOMIOmaTeNs, CHANAMEL0 B DTOM AIMHKEe, Ha TEJIO BCJISICTBHE
mHepua Oyner meficTBOBATH HeKas sdertuBHas cmia. Unave ro-
BODPA, 4T06El 3acTaBUTH TEJIO ABHIATHCA BMecTe C ANMMEOM, HYKHO
HOATAJKIBATE B YCKOPATH €ro. JTa CWJa «ypaBHOBEIIHBACTCH CHIIOIT
HHepnum», KoTopasi paBHA Macce Tela, YMHOMKEHHON Ha YCKOpeHHe
amuka. HabGmogateno s smuke OyneT KasaTbed, GyaTo Texo Ha-
XOAUTCA B OJHOPOJHOM TPaBUTAIlHOHHOM IoJie, BeIwdmHA g KOTO-
poro paBHa ycKopeHRHNI sAmuKa a. TarmM o6pasoMm, mHEPIUOHHEE
CHJIEI, BOBHUKAIOMWE BCJIEACTBHE YCKODEHHA Telda, He UMEKT Mo-
MeHTa OTHOCHTENILHO MEeHTpa Mace.

IT0T JaKT BMEET OUGHD BMHTepecHOe CJIefCTBHEe., B mHepHHOHHOIT
cucreMe, aBmrymefica Ge3 ycKopeHns, MOMEHT CHJI BceTha paBeH
CKOpPOCTH WH3MEHEeHMS MOMEHTa KOJAWIecTBa ABmKeHus. OmHAKO
PaBeHCTBO MOMEHTA CHJIBI M CKOPOCTH H3MEHeHusl MOMEHTA KOIH-
decTBa BIGKEHHUS OCIMACTNCA CRpasediusuiy HasKe AIA YCKOPSIO-
mieTocs Teja, €CAK B3AThL oCh, HPOXONAMYIO depe3 IEHTP Macce.
Taxmm o06pasoM, TeopeMa 0 paBeHCTBE MOMeHTa CHJI CKOPOCTH
M3MeHeHusI MOMeHTa KoJaudecTBa ABIKEHHS BEPHA B [BYX CIydadAx:
1) ocp urcuposasa — B mHEPUHANBHON cHCTEMe; 2) 0ch IPOXOAUT
4epes WEeHTDP MAacC — J[ayke KOrja Tello yCKopsercs.

§ 2. IHonoxcerue yewmpa mace

Maremarnieckas TeXHUKA BHYIUCIOHVS MEHTPA MacG OTHOCUTCA
K ofJacTH KYpCOB MaTeMaTHKW; TaM MOZ00HBIE 3ajadl CIYRAT
XOpoUmMH MpuMepaMu [0 HHTerpalbHoMY mcumcienuw. Ho, mame
yMesi HETET PAPOBaTh, NOMIE3HO 3HATH HEKOTOPEIE TPIOKH A BEITHC-
JeHusi MOJIO:KeHusa meaTpa Mace. OjuH w3 TakuX TPIOKOB OCHOBAH
Ha MCIONB30BAaHWM TaK HaskBaeMoil TeopeMsl Ilamma, Kotopasa pa-
Goraer ciaenywomuM obpasoM. Eciu MH Bo3bMeM KaKy-TO 3aMK-
ByTyI0 ¢urypy u obpasdyeM TBepjoe Teslo, Bpamas 5Ty PuUrypy B
OpoCTpPaHCTBe Tak, YTOOH Kaskgasd TOUKA JBUTAJACh HepHeHAnKY-
JAAPHO K IIOCKOCTH Purypsl, T0 00beM 06pas3yromerocsa mpH 5TOM
Tejia paBeH MpOu3BefeHWIO IIOmMARY GUIYPHL HAa paccTosHNe, MPOii-
JOeHHoe ee IMeHTPoM Tsrectn! PasyMeercs, aTa TeopeMa BepHa M B
TOM ¢lydae, KoTJa MIoCKas ¢urypa EBIKETCS IO MpAMON INHWKH,
nepHeHAKYIAPHON K ee INIOMANY, OTHAKO eCIK MHl JBILKEM ee IO
OKPYKHOCTH WIN KaKoii-To Apyro# KpHuBoii, TO IpW 9TOM IOJyda-
eTca ropasjo 6oiee maTEpecHoe Testo. Ilpu ABMKeHHN IO KpuBOMY
OyTH BAYTPEHHAA 9acTh uUryps IpoABHTaeTCA MeHBIIe, 9eM BHeMI-
HAA, 1 9TH 3PQPEKTH KOMIeHECHPYIOT ApYyT Apyra. Tak uTo ecou MHI
XOTHM OTpPefeNdTs MeHTpP MacC MIOcKoil GUIypH ¢ oxHOpomHOI
MIOTHOCTHI0, TO HY/KHO IHOMEATH, 94T0 00beM, 00pasyeMslii Bparmie-
HueM ero OTHOCATENbHO 0CK, paBeH PacCTOSHMIO, KOTOPOe IIPOXOJUT
OeHTP MacC, YMHOKEHHOMY Ha IUIOmafb Puryps.
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D uz 19.2. Hpamoyzoavhuii mpe-

- Yy204bHUE U npamoil KpY2060ii Konyc,
= 06Da306AHKNL  8DAUEHUEM 8MO20
7 mpeyzoabRUKd.
{
S
~— —

T ————— —

Hanpumep, eciim naM Hy:KHO HAUTH IIEHTD Macc TPAMOYIOJIb-
HOTO TpeYyroJbLHHKA ¢ ocHoBammeM D) m Bmicotoit H (fur. 19.2),
TO 9TO AeflaeTca caegyomuM oGpasoM. BooGpasure cebe och, npo-
xopamyw Broab H, m mopepmuWTe TpeyroasEMK Ha 360° Borpyr
9TOH ocu. IJT0 HaeT HaM KOHYC. PaccTosgHme, KOTOPO€ HPOXOJHT
Z-KOOpLMHATA NEHTpa Macc, paBHO 277, a MIOIIAAb 0GIACTH, KOTO-
pasg JBurajach, T. €. ILIOmAAb TPeYrodbEWKA, paBHa Y,HD.
IIponssenenne paccrosmws, MpolIeHHOTO MEHTPOM Mace, Ha ILTO-
majab TpeyrojibEEKa paBHO 006beMy KoHyca, T.e. YsuD?H. Takum
obpasom, (2nz)(YoHD)=YsmD?H, nmu z=D/3. Cosepmenno
AHAJOTHYHO BpAN[eHHEM BOKpPYT BTOpOro KaTeTa WIW IPOCTO IO
COOOpasKeHUAM CHMMETPHEA HaXommm, 9To y=/F/3. Boobme nearp
Macc J000T0 OHOPOTHOTO TPeyroJdbHIKA HaX0JUICA B TOUKe uepe-
cedeHHsA Tpex ero MefuaH (IuHAMHE, COeJUHAIOIMUX BepIIHY Tpe-
YTOABHWKA C CepefuHON NPOTHBOIOIOMKHEONR CTOPORE), KOTOpasA OT-
CTOMT OT OCHOBAHMs HA PACCTOSAHHM, PaBHOM Y3 JIIHHBEI Kammoin
MeIHAHEL.

Hawr aro yBuners? PaccekuTe TpeyrodbHEUK JIUHUAMH, Iiapall-
JIeNbHKIME OCHOBAHMIO, Ha MHOMECTBO IOJIOCOK. 3aMeThTe Temeps,
970 Me[uaHa IeJIAT KayRAYI II0J0CKY IIOI0JaM, clIef0BaTelbHO,
HEeHTDP MacC MOJKeH JesKaTh HAa MeJHaHe.

Bossmem Teneps Goaee caoxmyo ¢urypy. Ilpeamonosxum, uto
rpebGyerca HaiiTh MOJ0MeHNE EHTPA MACC OJ(HOPOJHOT0 HOTYKpYTa,
T. e. Kpyra, paspesaHsoro momoaam. I'’me 6yner BaXomHTHCA LMEHTP
Macc B 3ToM ciaydae? HJIA HOJMHOTO KPYra IeHTP MAcC PACIOIOMKeH
B TeOMOTPUIECKOM IGHTpE, HO s MOJYKpyra HalTH ero IoJIo:Ke-
Hue Tpyamee. [lycrs r — pagmyc Kpyra, a £ — paccTOSHAe TEeHTpa
Macc oT HpsAMOJHHEHHO# IpaHnb HOJAYKPYra. Bpamas ero BOKpyr
9TOr0 Kpas KaK BOKpYT OcH, MH moaydaem map. Ilpu aToMm memTp
Macc HPOXOmUT pacCTOAHWe 27r, a NI0MAAb IOJYKPyra paBHA
Yomr? (monosmme mimomapw Kpyra). Tak Kak o0beM mapa paBes,
EKoHeuHO, 4m7%/3, TO oTCHOfla HaXOLHM

3
(2nzx) (% ar ) = 47;’ ;
1161374
_ 4r
= e

CymectByer eme apyrasa Teopema llamma, rotopas darxrmueckn
ABJIAETCA YACTHEIM CcIydaeM cPOpMYIHpOBaHHOI BEHIIEe TeOpeMsl,
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a noToMy Toke chmpasejiamBa. IIpeamomoskuM, uTo BMECTO TBepOro
MOAYKpYra MH B3#JK INOJNYOKDPY:KHOCTH, HampAMep KYcOK IPOBO-
JTOKH B BHJe UOJYOKPY:RHOCTH C OJHOPONHOR IIOTHOCTHIO, W XOTHM
HaiiTh ee meHTp Mace. OKaspiBaeTcs, 9TO naoupads, ROTOpas «3aMe-
Taerca» INIOCKOH KpuBOi IpW ee JBUKEHHYW, aHANOTHWIHOM BEIIIe-
ONUCAHHOMY, paBHA DACCTOAHMI0, HPOWIEHHOMY ILEHTpPOM Macc,
YMHOKeHHOMY Ha Jauny atoit Kpusoil. (HpuBywo Mommo paccmart-
pPuBaTh Kak 04eHD Y3KYIO IOJOCKY 1 IPUMEHATH K Hell Ipeapym Vio
TEOpeMy.)

§ 3. Butuucaenue momenma unmepuuu

PaceMorpuMm Tenepb mpoOreMy onmpefeleHUst MoMEHMA UHEPYLUU
pa3anaEEX Teld. O6mad gopMyna And HaXOKACHNA MOMEHTa mHep-
ouE o0beKTa OTHOCHTEIIBHO OCH Z HMeeT BHJ

I1=3m, (x;-+y1),
niaIn

1= g (2* +y*) dm == S (z* +y*) odv. (19.4)

Wnpmvp ciopaMu, HY/KHO CIOKUTD BCe MAaCCH, YMHOMNB KOKIYIO U3

HEX Ha KBajpaT ee pacCTosmma g0 ocH (z-+yi). 3aMersTe, 4ro
9TO BEPHO Ja:Ke JJA TPeXMepHOTO Tejda, HeCMOTps Ha TO, UTO pac-
CTOAHTE MMeeT TaKol «IByMepHHi Buj». Brpouem, B GoasmuncTee
caydaes Mel OyfeM OrpaBwINBATHCA [BYMEPHHMH TeJaMH.

B xauecrBe IpoCcTOTO mpuMepa pacCMOTPUM CTep:KeHb, Bpa-
MAKMANCA OTHOCUTEJLHO OCH, HPOXOAAmIell depes ero KoHeN
AepueHIuKyAsaproit & HeMy (pur. 19.3). Ham myxuo mpocymMMmupo-
BATH TeNeph BCEe MACCH, YMHOKEHHBe HA KBAaJpaThl PACCTOAHUA T
(B aTOM cayuae Bce y — myaeBiie). Ilox cymmoit, pasymeercs, s
pMeI0 B BUAY HHTETPAN 0T 72, YMHOKEHHEHIH Ha «9JIeMEHTHKM» Mac-
col. Ecam Mul paspelmM cTepykeHb HA KYCOYKH JJIHHOM dx, To COOT-
BeTCTBYIOMMUI 5eMeHT Macch OyieT HpONOpHUOHAJNEH dz, a ecam
GH dz coCTaBIAN0 [JIHHY BCEr0 CTEpHKHA, TO ero Macca Oniia OHt

paBua M. Ilostomy
Mdx
dm= 7

L L
A, 2
1=S p Mz M SxdezM—sL. (19.5)
[ 0

PasmepHOCTH MOMeHTa MHEPUIMH BeeT[a pPaBHA Macce, YMHOKEHHOM
Ha KBafpaT AJIWHE, TAK UTO ¢UHCTBeHHAA CyIecTBeHHAs BelNInHa,
KOTOPYI0 MBI BHMYHCIWIH, 3TO MHOMKHTEIb ¥3.

A uemy OynmeT paBed MOMeHT umHepuud [, eclHm oCh BpameHHA
HOPOXOAAT uepes cepenuay crep:xusa? UTobh HANTH ero, HaM CHOBA
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D ue 19.3. Hpamoii cmepoiens,
- - épawanuica 60kpye ocu, nporo-
"——w——>l '*-d-'n dawell uepes 00un ua e20 KOHYos.

HY;KHO B3ATH HHTETpaJ, HO yKe B Hpefenax or —YoL mo Y, L.
3ametuM, ofHAaKo, offHY ocofGeHHOCTH 3TOTO caydas. Taroi crep-
JKEHD C TIPOXOJiAMmel Tepe3 MEHTP OCBIO MOKHO IIPeACTaBIATH cebe
Kak ABa CTep:KHA ¢ OCBIO, IPOXoAsAILeil Tepes KOHEI, HpHIeM Macca
Kajkj0ro u3 HEX pasHa M/2, a pnuma passa L/2. MomenTsr nmep-
U4 JBYX TAKUX CTep:KHeHd paBHB APYT APYr'Yy 4 BHITUCIAAITCA IO
dopmyne (19.5). ITosroMy MOMeHT MHEPIHH BCEI'0 CTEP:KHSA paBeH

oM (LR ML
I= — 35 =3 (19.6)

Tarum oGpasoM, crepskeHb ropasfo Jerde KpyTHTH 32 CepelaHy,
YeM 3a KOHeIl.

MoxHO, KOHEUHO, MPOMOKATH BHIUNCJCHHE MOMEHTOB WHep-
OUE JPYTEX wHTepecyrmux gac tex. Ho mockoasky Takme pacderTst
TpebyrT GOJBITOr0 OmETA B BHYHCICHHM MHTETPAJOB (Y4TO OUeHB
BayKHO caMo To cefe), oHu Kak TaKOBHEE He HPeICcTaBIAIT I Hac
Gonpimoro murtepeca. BmpoweM, sjpech MMeIOTCA HEKOTOPHE O9YeHD
KHTepecHBe U TOJNe3HEle TeopeMbl. llycTh mMeeTcd KaKoe-TO Teso
U MH XOTHM Y3HATh €I0 MOMEHT MHEPIHH OTHOCHTEJHHO KAaKOH-TO
ocu. JT0 0O3HAYAET, YTO MEl XOTHM HAWTH 6re WHePTHOCTH IpU Bpa-
OICHHE BOKPYT 37100 ocu. Ecam Mu GyjeM ABUTath TelJo 3a CTep-
JKeHb, YOJNMPAI Uil ero IMeHTp Macc TaK, 4ro0b 0OHO He NOBOpa-
9UBAJOCh TpH BpPAINEHHH BOKPYT OCH (B 3TOM ciydae Ha HeTO He
AeHCTBYIOT HWKAKHE MOMEHTHI CHJI HHEPIHH, MOITOMY TelIo He
Gymer MOoBOpadMBAThLCSA, KOTHAa MEI HAYHEM NBHTATh €ro), TO A
TOT0, UTOOH TOBEePHYTH ero, MOHAAOOWTCA TOYHO TaKad ke CHIa,
Kax ecam O BcA Macca OBIla COCPeIOTOUeHA B LEHTpe Mace M

MoMeHT uHuepnuu Omt 6rt mpocto pased I,=MR} ,, tne R, , —
paccrofgHHMe OT IeHTpa Macc jo ocu Bpamenns. Ognako gopMyma
aTa, pasyMeercd, HesepHa. OHa He laeT IPABUIHLHOT0 MOMEHTA HHEP-
Ipy Teqa. Bexs B aeficTBuTeInHOCTH IIPHU IIOBOPOTE TeJI0 BpamlaeTcs.
Hpyrurest me toabko memrp Macc {4ro jgaBano Gel Bedwdaury I,),
caMo TeJO TOe [O/KHO MOBOPAYMBATHCA OTHOCHTENBHO LEHTpA
Mmacc. Tawum oGpasom, K MoMmenry wdepmum [, HyMRHO J06aBUTH
I, — MOMEHT WHepUWH OTHOCHTeJBbHO meHTpa Macc. llpaBuibHm
OTBET COCTOMT B TOM, 9T0 MOMOHT WHEPIHN OTHOCHTeIBHO JTIOGOI
ocH paBeH

I=I,+MR},. (19.7)

Jra TeopeMa Ha3KBAETCA MEOPEMOl 0 napaiiedbHOM NEPEHOCcE
ocu. [{okasmBaercd oHa o4YeHb JerKo. MoMeHT wHepUWH OTHOCH-
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TeJbHO M060M OCH paBeH cyMMe Macc, YMHOKeHHbIX HA CYMMY KBal-
patoB z u y, 1. e. = dm(«;+y;). Mu ceiidac cocpegorounm name
BHEMAHHE Ha &, OHAKO BCe B TOUHOCTH MOMCHO HOBTOPUTH I JIS Y.
ITycts moopmmmata & ecth paccTosSHWE JAHHON IACTHOH TOYKH OT
HavaJla KOOpAMHAT; MOCMOTPUM, OTHAKO, KaK BCe M3MEHNMTCHA, €Can
MBI 6ymeM W3MepATH PACCTOSHHE &' OT IEHTpa MacC BMeCTO I OT
Hadaga RoopamHAT. UT00Bl 9TO BLIACHIITH, MH JOJKHH HalllicaThb

L= '{—Xu.m.'
BO3BOJIH 3TO0 BBIpa’KeHHe B KBajJpaT, HaXxOoIuM
2 '3 ¢ ’ 2
x[:x[ —i—qu_M_xi‘{—Xu‘M..

Yro IoXYy4YHTCHA, €eCM YMHOXHTBb €0 Ha m; U IUPpOCYMMUPOBATh
o BeeM i? BeIHOCA HOCTOSHHEIC BEMINHEL 3a 3HAK CYMMHADPOBaHUA,
HaxoguM

I=3ma+2X, . Smaz; -+ X5 . m;

Tpersio cyMMy TOACIATATS JeI'KO; 9T0 HpocTo M X}, . Bropoi aien

COCTOMT W3 MBYX COMHOKMTeNeil, OfMH W3 KOTOPHX Yyn,Z;; OH
paBeH & -roopxumaTe meHTpa Macc. Ho ato pomxmo ObiTh paBHO
HYyII0, BeIb &' omcyumueaemcs OT MEHTpa Macc, a B dToil chcTeMe
KOODAMEAT Cpe/{Hee IOJIOKeHue BCeX JaCTUIl, B3BEIIEHHOE UX Mac-
camMu, paBHO HYyaw. llepBHii Ke WiIeH, 0UeBHIHO, IpejCTaBIAET
coGoit qacre z or I,. Tarkmum oGpasom, MH nm mpuxoiuM K ¢op-
myae (19.7).

Iasaiite mposepuM popmyay (19.7) ma ogzom mpumepe. Ilpoc-
To mpoBepuM, Gyjer Iu OHa HpHMEHMMA Nias cTep:kis. Mu yixe
HAIIJ{, 9TO MOMEHT WHEPLMH CTep:KHS OTHOCHTEILHO ero KOHIA
nomxer GHTH pasen ML2%/3. A nearp Macc crep:RHsA, pasyMeercsd,
naxoamred Ha paccroarnu L/2. TakuM 06pas3oM, MBI I0IKHEL HOTY-
quth, wro MLY3=ML¥12-+M(L/2)?. Tar Kax opgHa uerBepTas
- ofHa EBeHAJAUATAA = OJHOIl TPeThei, TO MH He CHedaId HUKa-
Koit rpyGoii omuGKm. .

Ketatu, 910660 Haiitu MoMedT mmepium (19.5), BoBce He 001-
3aTedbHO BHIUNCIATE MHTErpad. MosKHO TPOCTO IMPEI0I0KATE, 9T0
oH papeH BeanduHe ML?, yMHOMEHHOM HAa HEKOTO DBl HEM3BECTHEII
Koapduoument y. Ilocae 3TOro MoKHO HCHONB30BATH PACCYRACHUA
0 IBYX MONOBUHKAX U 17 MoMmeHTa mHepruk (19.6) moaydurs road-
dunment Y/,y. Ucnonssys Tenephb TeopeMy o mapasjieTbHOM HepeHoce
ocH, JOKaxeM, wro y==Y,y-+Y4, oTkyma y=»/3;. DBcerma MosxHO
HaWTH KaKOH-HUOY/b OKOJBHHII UYTH!

ITpr npuMeHeHUN TeOpeMH O IHapajlIedbHHX OCAX Ba:KHO IOM-
HATH, UT0 och Iy Ooaxcna 6umb napaiiesbHd OCH, OTHOCHTEILHO
KOTOPOH MHl XOTHM BHUHCAATH MOMEHT WHepIHH.
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Crout, noyKamnyi, yEOMARYTH eme 0 0JJHOM CBOHCTBe, KOTOpoe
gacTo OhIBaeT 04YeHb II0JIE3HO NP HAXOKICHHN MOMEHTa WHepPOAN
HEKOTOPHX TumoB Tel. OHO COCTOMT B CIeAyIOmeM: ecim y HAc
€CTh niockas guzypa 1 Tpoiika KoopAHHATHHX ocell ¢ HagaoM Koop-
[MHAT, pacloIOKeHHEM B 3TOM IJI0CKOCTH, W OCHI0 z, HallpaBJeH-
HOIl HepHeHAWKYJAAPHO K Heil, To MOMEHT wHepliuu 9TOH Puryps
OTHOCHTeIBHO OCH Z PaBeH CyMMe MOMEHTOB HHePUWH OTHOCHTEIbHO
oceit z u y. JlokaseIBaeTcs 310 COBCEM HpPOCTO. 3aMeTHM, UTO

I.=Xm; (y? +22)= D my?
(mockoxnsry Bce z;=0). Amazormuno,
Iy=2m; (3 + 2)= X mz?,

IIo

I,=Xm, (xt?+y§)=2mix§ +Xmg p=J 41,

Mowment uHepOuy OHOPONHON NMPAMOYTOJLHON IJTaCTHHKM, Ha-
npuMep ¢ Maccoit M, mupuHod w W puuHoi L OTHOCHTENIBHO OCH,
nepUeHguKYIAPHOH K Hell W NIpoxojdAmled depe3 ee IEHTP, paBeH
IpocTo

[ M (w4 1?)
12 !

MOCKOJILKY MOMEHT MHEPIHE OTHOCHTEIBbHO OCH, Jealieil B IIoc-
KOCTH IJIACTHHKH H NapaJliiedbHOi ee qanHe, pased Mw?/12, 1. e.
TOYHO TaKOH jKe, Kak M [AJIsA CTEP:KHA JIHHON w, a MOMEHT WHePIUuH
OTHOCHWTEJHHO APYTOH OCH B TOH ke IIocKocTh pasern ML2/12,
TaKoOIl 3Ke, KaK H s CTep:KHA jauuoi L.

Wrax, mepeuscanM CBORCTBA MOMEHTA WHEPIHH OTHOCHTEIBHO
LAHHOM OCH, KOTOPYIO MBI Ha30BeM OCBIO z:

1. MomenT umepumm paBed

L=3%m(z+yH={ (*+y’) dm.

2. Eciim mpegMeT coCTOMT W3 HECKOJBKHX dgacTedl, Mpuuem
MOMEHT MHe pIUH KayK[0# U3 HuX H3BECTEH, TO IOJIHEBIIH MOMEHT
HHEePIUH PABEeH CyMMe MOMEHTOB WMHEDIMH BTUX dJacTeli.

3. MoMedT mEEpIUE OTHOCHUTENLHO M000H MAaHHON OCH paBeH
MOMEHTY HHEepIWH OTHOCHTEJIBHO TapajlielbHOH OCH, NpO-
XopdAmel depe3 IeHTp Macc, IIKC MPOW3BeNeHNe NOJHOMR
MacCH Ha KBaJpaT pacCTOAHUA JaHHOH OCH OT OeHTpa Macc.

4. MoMmeHT mHepIam IIIOCKON QUTYPH OTHOCHTEILHO OCH, Iep-
UEH[UKYIADHOH K ee ILIOCKOCTH, paBeH CyMMe MOMEHTOB
HHepIUil 0THOCATENbHO JIO0HX JBYX APYTHX B3auMHO Iiep-
DeHIHKYJIAPHBIX Ooceil, deKaIquX B MIOCKOCTH QUTYPHl H Le-
PeceKalomuXcA ¢ IePHeHXUKYIAPHOHR O0CHIO.

76



Tabauya 19.1 - o NPOCTHIE NMPIMEPH MOMEHTOB NHEPIINU

Hpemmver Ochb 2 1,

Torkuit crepsend jonmoi L Yipoxomur dwepes meHrp mep-  ML2/12
HNeHUKYIAPHO K CTeDKHIO

Tonkoe KOUNEBETPIYECKOS Hpoxoxur gepes NEHTP Kodb- M (r} - ri)/2
KOTBIO ¢ pafiycaMu ry ur, Ia HepHeHAHKYJIADHO K
IUIOCKOCTH KOJbHA
Cdepa paguyca r IIpoxogut wepes 1meHTP 2Mr25

B Tatm. 19.1 npusemeHHM MoMeHTH HHEPIHH HEKOTODHIX dIe-
MeHTAPHHX (UIyp, WMEMUX OJHOPOJHYI0 IJIOTHOCTH Macc, a B
taba. 19.2 — MoMeHTH HHepPIOUM HeKOTOpHX (uryp, KOTOpHe
MOTYT OHTH mojyueds! u3 Tabsa. 19.1 ¢ umcmoanzoBaumeM mepe-
YUCAeHHHX BHIIe CBOICTB. ‘

Tabauya 19.2 PY MOMEHTHI MHEPIINN, DOJIVUEHHLBIE 13 TABJ. 19.1
Mpegmer Oc¢h 2 I,

TIpAMOYTOZBHIK €O CTOPO- IIpoxogur uepez menrp Ma?[12
Hamu o u b napaljienbso b

IIpsAMOYTOJABHUK CO CTOPO- Ilpoxogur uepez menrp M (a? + b%)/12
HaMH q H b nepresINKyJIaAPHO

K IIOCKOCTH

ToHKOe  KOHNENTPHICCKOS Jo6oit amamerp M4
KOJILIO ¢ PajHycaMu r,
oy,

Tipamoyroneasii mapainie- Tipoxoput wepes menrp M (a® + 0%)/12
Jenunesl ¢o CTOpPOmaMu TIapa/lIeIbHO ¢
a, buc

IpaMoyroapamil Kpyrosoil IIpoxoaur depes menrp Mr32
NHINHP pajgdyca r, Aau- vapasiensro L
goi L

[TpAMOYTOALHBIA KPYTOBOWK Ilpoxopur wepes mem1p M (r}/4 + L*/12)
MUInAAP Paguyea r, 1Iu- TepHeRfUKYAApPE0 K L
Hoit L

§ 4. Bunemuuecran snepeun spavienus

ITpomomxum maydenne muBaMuKy Bpamenusa. Ipn o6cymuennn
aHAJNOTHH MY JuUHeNMHHM ¥ YrIAOBEIM ABWKeumeM B ra. 18 mu
WCHOAB30BANE TeopeMy 0 paboTe, HO HWYETO He TOBOPHIA 0 KEHETH-
qeckoil sReprmm. Haxosa Oyner KuHeTmdecKasi sHEPTHA TBEPHOTO
Tela, BPAIAomerocs BOKPYr HEKOTOPO# OCH ¢ YII0BOH CKOPOCTHIO
®? Mcmonapsya Haoly aHAJOTHIO, MOKHO HEMeIeHHO YraJaTh

77



IpaBRILHENI oTBeT. MOMEHT MHEpPIHYU COOTBETCTBYeT Macce, YIJO-
Bas CKOPOCTh COOTBETCTBYET OOKYHOI CHROpPOCTH, TAK UTO KHMHE-
THdecKas BHeprus JokHA OBITh paBHa Y, /w2 Tawr omo m ecTh
Ha CaMOM Jiede, u ceifgac MEH MoKaKeM 510. Ilpepnonoxum, 910 TeI0
BpamaeTcsd BOKPYT HEKOTOPOil 0CH, TAK 4T0 KajKJad TOUKA ABUIKeT-
¢Sl CO CROPOCTBIO ©F;, TAe F; — PACCTOAHWE OoT MAHHOW TOUKH IO
ocu. Eciu Macca 910ii TOUKE paBHA m;, To NMOJHAA KAHETHIECKAS
BHEPIWA BCEro TeNa paBHA MPOCTO CYMMe KMHETHUecKHX SHeprumi

BCEX YACTHI
1 1 \
—_— 92— 2
F=3% mpt=s Y my(rie),
& HOCKOJIBKY ® — IMOCTOSHHAA, OJHA M Ta jKe JJs BCEX TOUYEK, TO

T=10* Y mrr=gIot. (19.8)

B wkonne ra. 18 Mu orMeuany, 9T0 CYMECTBYIOT OYGHDL HHTEpeC-
Hile ABJIEHWA, CBA3AHHBIE C BpameHUeM He abCOMIOTHO TBepHOTO
Tema, CHOCOOHOTO W3MeHATH CBOH MoMeHT uHepuuu. Vmenso, B
upuMepe ¢ BpamaomuMcs cTOIOM Y Hac OBLT MoMeHT mEepuuy J, u
VyIaoBasg CKOPOCTh 4 IpH BHITAHYTHX pykax. CorryB pykw, MHI
V3MEHUIY MOMEHT mHepuuu 70 [y, a yIIOBYI0 CKOPOCTH — [0 s,
Tak Kak Vv HaC HeT HUKAKAX MOMEHTOB CUJ OTHOCHTEIBHO OCH Bpa-
OIeHWs CTOJNA, TO MOMEHT KOJNHMIECTBA ABIGKEHHWA NOJEREH OCTaThCS
IOCTOSTHHBIM. J10 o3HadaeT, uto J,0,=I,05. A 9T0o MOKHO CHa-
3aTh 00 sHeprun? IT0 OUeHb HATEPeCHHH Bonipoc. COTHYB pYyKM, MBI
Ha9UHAeM BpamaThesa GECTpee, HO MOMEHT WHEPIUY IIPK 9TOM YMeHb-
HMIaeTCsA W MOKeT IOKAa3aThCsd, 4TO KHHETHIecKas 3HEprus MoJrKHA
0CTaThCA TOH 3Ke caMoii. JTo, oHAKO, HEBEPHO, OTOMY UTO B Jeii-
CTBUTEABHOCTY coxpansemes Iw, a He [®?. CpaBrum Temeph KHHE-
THdecKue DHEPTHH B Havaje ¥ B HOHIe. B Havale KUHETHYECKAs
sHeprusi paBHA Yol w2 ='Y,Lw,, rne L=I,0,=I,0,— MoMeHnT
KonwgecTBa JBIKeHusaA. Toumo takmM ke o6pasoM KuHeTWdecKas
sHepruss B KoHme paBHa I'=1,Lw,;, a TOCKOABKY @y>>W4, TO
KpHeTnIecKas bHeprud B KOHIE oKasuiBaeTcs Gomablmeli, ueM B Ha-
gane. Urak, BHa"ade, KOrga pyKu GBIIU BETAHYTH, MBI BpAIHAINCH
¢ KaKoll-ro KmHeTHIecKoli sHeprueli, 3aTeM, COTHYB pYKHU, MBI CTAId
Bpamarbes ObIcTpee W Hama KHHETWYECKAs DHEPIUA BO3POCIA.
A rak 6BITH ¢ 3aKOHOM cOX paEeHuA saeprun? Bes fomxen e KT0-10
Opou3BeCTH PaGoTy, 9T00H YBEAWINTH BHEPruio? ITo CHeTalIl MBI
camu! Ho rorya, B kakoii MoMent? Horpa ME gep:&uM ragredd TOpu-
30HTAJBHO, TO HUKaKoil paGorsl He pousBoguM. Brimpamaas pyru
B CTOpOHH I cTufas WX, MBI TO}e He MOKeM NMpOou3BecTH HHKAKOK
paborel. JT0, OJHAKO, BEPHO TOJILKO, IOKA HET HHKaKOT0 BpameHs!
Ilpn spawenuu e Ha ramteam HeiicTeyer memtpolemHas cumia.
Onpy cTpeMATCA BEIPBATHCA M3 HAIIEX PYK, TaK 4r0, crubasd Bo BpeMs
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BpameEusA PyKu, ME [peofolleBaeM IPOTHBOJEHCTBHE HEeHTPoGes-
Hoi cwinl. Pafora, Koropas Ha 3To 3aTpaddBaeTcsi, W COCTABISET
pasHUIIY B KHHeTHYCCKUX DHePIHAX BpameHus. Bor orkyma Ge-
perca 3ToT HoOaBOK.

Cymecreyer eme opHO OUeHL WHTEepeCHOe SBJICHWE, KOTODOE
MBl PaceMOTPUM TONBKO OMUCATEIBHO, YTOOE IPOCTO UMETL 0 HeM
upenpcrapiesue. XoTA H3y9eHIe 3T0r0 ABJeHusA TpeGyeT HeCKOIbKO
GoapInero omeTa, HO YHOMAHYTH 0 HeM CTOHT, u60 OHO OYeHb M6 o-
OEITHO M [aeT MHOTO HHTCpPECHHX 3(derToB.

BosbsMeM cHOBa 9KcliepuHMeHT ¢ BpamalommMes crolnkoM. Pac-
CMOTPHAM OTJEILHO Temo I PYyKH, C TOYKH 3DeHHd 4eloBeKa, Bpa-
matoomerocs Ha croianke. COTHYB PYKHM ¢ TaHTeNAMH, MBI CTaldn
BpamaThCcs OBCTpee, HO 3aMeTbTe, UTO TEI0 LU ITOM HE USMEHUALO
C60€20 MOMEHMQ UhepyuUu; TeM He MeHee OHO CTali0 BpalaThCs
GricTpee, ueM mpeskze. Eciu OB MBI IpoBedu BOKDPYT Telda OKPYIK-
HOCTh M PAcCMOTPeIH TONBKO IPeAMETH! BHYTPU BTOH OKpPYIKHOCTH,
TO UZ MOMEHT KOJIHYecTBA IBIKEHUA U3MeHUacA OB, OHU 3aKpyTH-
nuch 6w OnicTpee. CaegoBarelbHo, KOTIA MBI cTHOaeM pyKu, Ha TeJIO
JOJGKEH JlelicTBoBaTh MoMeHT cmiabl, OjHaKo IeHTpobe:kHAs cuia
He MOKeT JaTh HHKaKoTO MOMeHTa, TAK KaK oHA HaIipaBlleHa II0
paguycy. 9To TOBOPHT O TOM, UTO CPeAK CHJ, BO3HHKAMUX BO
Bpalfalomencs cucTeMe, NMeHTpobe;KHas cuia He OLUHOKA: €Cinb
elye u dpyeaa cuaa. ITa APYras cHIa HOCHT HA3BAHHE KOPUOALCO80L
cuawt, mau cuar, Kopuoauca. OHa obiamaeT oueHb CTPAHHEIM CBOii-
CTBOM: OKa3LIBAaeTCH, UTO eclid MBI BO Bpamialomeiics CACTeMe [Bu-
raeM KakKoi-To IpegMeT, TO OHA ToJKaeT ero BGoK. Hawk m meHATpo-
GemmHas cmia, 9ra cuia kakymascda. Ho ecam Mu skuseM Bo Bpa-
malomeica cueTeMe B XOTHM 4YTO-To ABUTATh N[0 paguycy, To AJIA
2TOr0 MBI JOJGKHE TAHYTH €ro HEeCKOoAbKo BOoK. VMemmo sTta «6o-
KOBaf» CHANA Co37[aeT MOMOHT, KOTOPHIH pacKpydmBaeT Hallle Telo.

IepeiineM Temeph K QopMysaM M IOKasKeM, KaK KOPHOJUCOBA
cuna paboraer ma mpakTuke. Ilyers Muk cmamr Ha Kapyceam, Ko-
Topaf Kaxercsa emy Hemogsukuoit. C Toukwu sperus o, Kotopsii
CTOWT Ha 3eMJe W 3HaeT WCTUHHLIe SaKOHK MeXaHHKH, Kapyceab
wpyrurca. IlpegmosomumM, 9T0 MBI mpoBeJH paHalAbHYI0 DPAMYIO
Ha Kapycean um mycth Muk gsuraer npsaMo Io 3To# IUHHM KaKyIo-
T0 Maccy. Sl Xody moKasaTh, 4To AJNA TOTO, 9T00u BCe ORIAO TaK,
KaK Mbl ommcaJim, HeoGxXoquma Gorosas cuia. JTO MOKHO YBUETH,
oGpaTnB BEMAHNE HQ MOMEHT KOJIMYeCTBA [BIKeHNsA Bpamaomencs
Macchl. OHa KPYTHTCA BCe BPEMs ¢ OJHON M TOI jKe YIJIOBOil CKO-
POCTBI0 ®, HMOITOMY €€ MOMEHT KOoJHYecTBA [BHKEHHsA pPaBeH

L=mv_,, r=mor.-r=mor
Ecau mMacca pacmosioskeHa GaAmsko K UEHTPY, TO OH CpPaBHUTEIBHO
MaJ, HO eCJH MH LepeJBATaeM €8 B HOBO€ IIOJOMKCHWE M eCJIH MBI
yBeqtmumBaeM r, To Macca m npumobperaer Gonpmmit MOMEHT KoJu-
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D u e 19.4. Tpu nocaedosamesbix
noaoxcenus dsudxcywelica no paduycy
MOYKU 8pau,anu,esocs CImoiuka.

9ecTBa JBMKEHHA, T. €. BO BPeMsA ABIKEHUS [0 pagnycy Ha Hee
dosdicen Oeticmeosamb Hekomoputi Momenm cuavt. (Urobsl HA Kapy-
ceny ABUTATHCA IO pajguycy, HY)KHO HAKJIOHMTBCA M TOJIKATHCH
BGok. Ilompo6yiite kak-mmbyap caMm mpopeaath 5To.) Ilockoanky
MOMEHT CHJB paBeH CKOpOCTH M3MeHeHumA L BO BpeMs ABIKeHUA
MacCel m [0 Paguycy, To

rge depes Fx oGosmauena cmia Kopuoanca. B pgeiicrsurensrocTH
MBI XOTeJIH y3HATh, KaKy0 GOKOBYIO CHIY MOJKeH mpuaarats Muk,
uTo0OR IBUTaTh MACCy m €O CKOpocThio v, =dr/dt. Kak sugnre, oHa
paBEa Fg=t/r=2mov,.

Teneps, uMes gopMyay masa KoproaucoBoil cuibl, maBaiiTe pac-
CMOTpPUM HECKOJBKO Goisee MoApobHO BCO KapTwHy B ueiaoM. Kaxr
MOJKHO NOHATH UPHINHY BOZHHKHOBEHWS 9TON CHJILI M3 BIEMeHTap-
HEIX COo0Opaskenuii? 3aMeThTe, 4TO KOPHOJHCOBA CHIIA HE B3aBHCHT
0T PACCTOAHRAS JO OCH B II09TOMY HeicTByer naske Ha ocu! OxrasniBaer-
¢s1, UTO Jier4e BCET0 MOHATH WMEHHO CHAY, AefiCTBYWIIY Ha OCH
ppamenusi. [ 9Toro Hy/HO TPOCTO IOCMOTPETh Ha BCE MPOWCXO-
Jiinee U3 UHEPHHUANBHONE cucTeMB [0, KOTOpHI CTOMT Ha 3eMie.
Ha ¢nr. 19.4 noxasassl Tpu MOCIeL0BATEIBHEIX MOJLOKEHHT MACCLI
m, Roropaa upm ¢=0 npoxogur uepes och. M3z-3a Bpamesna
Kapycedn Macca, KaK MEl BUIHEM, JBIGKETCH He 10 MpAMOM JIUHAH, &
110 HEeKOTOPOMY KPUGOMY nymu, KAcCAIOI[EMYcA IHaMerpa B TOUKe
r=0. Ho s toro 4To6H oHa IBHIaNach II0 KPHBOMY LIYyTH, HOJDK-
Ha fleficTBOBATE YCKOPSIOMAA CHIa, JTO K eCTh KOPUOJAUCOBA CHIIA,

OnHako ¢ KOpDUOJNHCOBOII CHAOH MEI BCTpedaeMcsi He TOIBKO
B OJOOHHX cUTyamuax. MosHEO MOKa3aTh, 9T0 ecJdm OpeaMeT ABU-
FRETCHA ¢ MOCTOSHHON CKOpOCTHI0 0 KpPaio AUCKA, TO HA HEI'O TOMe
AeiicTBYeT KopHoXmcosa cuia. llodemy? Muxk Bupmur mpegMer IBu-
SHYIIEMCSL €O CKOPOCTBLIO Uy, a J[:ko BuauT ero ABWRYMUMCA IO
ORPYRHOCTH €O CKOPOCTBIO Uy =y + @7, NOCKOJIBKY HpeiMeT BJO-
0aBOK HepeHocHTCs Kapyceabio. Hak MEl yike 3naeM, HeHcTBYIOMAnA
B DTOM cly4ae cuia GymeT, B CyMHOCTH, DOIHOCTHI0 MeHTpPoOe:RHOd
custoit ckopocrn vy, pasuoit muf/r. Ho, ¢ Touku spenns Muka, ona
ZOJKHA COCTOATH U3 TpeX gdacTeil. Bce 9T0 MOsKHO sammcaTh B cle-
JyIOIeM BHJE:
mvy mvg

Fo=— = — —2mopmmn —mo’r.

r
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Urax, F, — aro cnma, xoropylo usmepser Mux. Ilonmmraemes mo-
HATDb, OTKY/a 910 Geperca. Moxer tm MUK UpnsuaTh HepBhHiil ilen?
«Homeuno,— crasaa Gbl 0H,— Jaske ecitu O 51 He Bpamalicsa, TO Ta-
Kasd MeHTpo6e:kHad cuiia JO/UKHA BO3ZHHKHYTH, €ClH TO6OEe:KATH IO
KPYTy cO CKOpOCTRIO Uy». WNTak, 3T0 mpocTo menTpobe;xHas cuia,
noABJeHNsA Koropoii Muk osKmpgaer m KoTopas He HMeeT HHUYeTO
o0mero ¢ BpameHueM Kapycenn. BmoGaBok Mux mymaer, aro goimx-
Ha GBITH eme ojHa IeHTpobeKHAS cmiua, AeficTBYIOmMAas faKke Ha
HEeYOABIKHEe IIPeMeTH Ha €ro Kapyceau. JTO HAeT TPeTHil wieH.
OnHaKo B TOTOJHEHNE K HUM CYMecTBYeT el(e OJHH WieH — BTOPOI,
KOTOpHHA omATh paBeH 2 mwvy. Pamsme, mpm paamaianHoil CHo-
pocTH, KopmoiucoBa cuia Fx Obima rtaHremmuaabHa. Temepb ke,
Ipu TAaETeHNUAaNBHOH CKOpOCTH, OHa pajuaibHa. B camom nere,
0/THO BHPa;KEeHNE 0TIARYIaeTCsH OT JPYTOT0 TOAbKo sHaKkoM. Cuna Beer-
Ja WMeeT OFHO W TO ;K¢ HAIPaBJIeHWE IO OTHOWIEHWIO K CKOPOCTH
He3aBACHMO OT TOTO, KyJa HampaBieHa cKopocTs. OHa jeiicTByer
Hof HpAMHIM YIJIOM K CKOpOCTH ¥ paBHA 10 BeJnInHE 2mov.



I'nasa 20

BPAIIEHUE B ITPOCTPAHCTBE

§ 1. Momnenwmut cua 6 mpexmnepron
npocmpancmee

B orofi rmaBe MBI paccMOTPUM OHO U3 Hal-
fonee zaMevyaTeJbLHBIX M 3abaBHEIX clemxcTBmil 3a-
KOHOB MeXaHWKW -—— NOBeIeHWe KPyTAMmMEerocs
Koxeca. [uis 9roro HaM IpeskIe BCEero HYIKHO
paciiupurh MaTeMaTudeckoe OIIMCAHVEe BPAIeHMUS,
IOHATAEe MOMEHTA KOJIHNYecTBa [ABH:KeHNs, MOMeHTa
CHALI ®W T. . HA TpeXMepHoe IpocrpaHcrBo. Of-
HaXo Mul He OyAeM Ucroab3o8amb ITH ypaBHEHHA
BO BCeil WX OOMHOCTH W H3YyYaTh BCE CJIEJCTBHSA,
nbo 910 3afiMer MHOTHe T'OJHI, a HAC KIAYT APYyrHue
pasgedsi, K KOTOPHM MH BCKODe JOJKHE epelitu.
B BBojHOM Kypce MOMKHO 0CTAHOBHATECS TOMLKO Ha
OCHOBHBIX 3aKOHAX K UX UPAJNOMKEHHAX K BechMa
O paHWUEHHOMY YHCIAY 0COGEHHO HMHTEPEeCHBIX CIy-
Y4aeB.

Ilpexme Bcero xo4y oTMETHTH, UTO AJs1 Bpame-
HEA B TPeX msMepeHEHAX TBOPJOTO TeJa MIH KaKo-
T0-T0 MHOTO 06BEKTA 0CTAaeTCSA BePHEIM BCe, 9YTO MK
moxyuuanm Onus JByX msMepeHwmit. Hmave rosops,
zF,—yF_ Tak # ocraeTcA MOMEHTOM CUJIH ¢B IJIO-
CKOCTH ZY», HJIW MOMEHTOM CHJB ¢OTHOCHTEIBHO
oca z». OcraeTcs CcIpaBe[JMBHM TaKKe, ITO JTOT
MOMEHT CHJIEl PaBeH CKODOCTH H3MEHEHHSI Beln-
9UHH ID,—Yp,; €CAN BBl BCIIOMHUTE BBIBOJ ypaB-
memyst (18.15) us sarornos HeloToHa, To yBmamTe,
970 PaKTUYeCKH MB He MSIMOAb30BaId TOTO 06CTO-
ATeJBCTBA, 4TO IBUKEHIE HIOCKOe, H IIPOCcTo Img-
depennupoBann BeIWIUEY ZP,—Yyp, W HOIyIann
aF ,—yF, Tax 4T0 9Ta TeopeMa ocCraeTcs BEePHOL.
Bemuunny zp,—yp, MH HasbBall MOMEHTOM KO-
JINYecTBa OBHHKGHNA B INIOCKOCTH XY, WIA MOMEOH-
TOM KOJHYECTBA [BMKEHNA OTHOCHTEILHO OCH Z.
Kpome mnockocTn zy, MOKHEO HCIIOJB30BATH JPY-
rue mapsl Ocell w MONydIuTh ApyTHe ypaBHEHHA.
BossmewM,RampuEMep, TIOCKOCTH /2. Y K6 B3 CHMMET-
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pHH ACHO, YTO €CJiM MH IPOCTO MOACTaBUM J BMECTO Z, a z BMecTo ¥/,
TO JJA MOMEHTA CHJH TOAYYHM BeIpaykeHuwe yF ,—zF, m yp,—zp,
O0ymeT yriaoBEM MOMEHTOM B 5Toli mJocKocTH. PasymeeTcs, MOKHO
elfe B3ATH M IUNIOCKOCTH Z& W WOJAYUNTh AAA Hee

d
2F,—aF =— (zpx—2p ).

CosepiieHHO fCHO, YTO [JI ABMYKEHMS O/HOR WACTHIEI MEI
mosiydaeM W TpH YypasHeHnA HJIA TpexX milockocrell. Bolsee
TOTO, eCIIM MBI CKJajbIBaJi TAKHE BeJHMIHHE, KAK IDy—YPy, AIA
MHOTHX YaCTHI[ ¥ HABHBAJH 9TO IOJHBIM YTIJIOBHIM MOMEHTOM, TO
Teleph y HaC €CTh TPH COpPTa MOJO0HEIX BH PAKeHU A TPeX II0C-
KocTell: zy, Yz W zZ, a ClellaB TO jKe caMoe ¢ MOMEHTAMH CHJI, MEI
MOJKeM TaKyKe TOBOPHUTH K O MOJHHIX MOMEHTAaX CWJI B DTUX ILIOC-
koctax. TakuM o0pasoM, OABAAIOTCA 3aKOHEL O TOM, UTO BHEHTHMIT
MOMEHT CHJ B HEKOTOpOil INIOCKOCTH PaBeH CKOPOCTH U3MeHeHHS
YrIoBOr0o MOMEHTa B TOH ke INIOCKOCTH. JT0 Ipocro obobmenme
TOTO, UTO THCAJOCH AJAA IABYX usMepeHHmii.

Onnraxo Temeps MOHO ckaszarh: «Ho Beaw ects eie u jpyrue
mIockocTu. PasBe Helb3si B KOHIE KOHIOB B3fATH IJIOCKOCTH NOX
KaKUM-TO YIJIOM H BHYHCIATH AefiCTByIOIIEe B HeHl MOMEHTH CHI.
Jas Kakgoro TAaKoro Caydas HYMRHO IHCATH JPYTHE CHCTEMEE
ypaBHeHuil, Tak 410 B pesyibrate mx Haleperca Maccaly 3geck
cleayer OTMETHTH O0YeHb uHTepecHOoe oOcroarenncrBo. (OxaanlBa-
eTcsi, 4ro ecaw MHE B KoMOuHanuum z'F, —y’'F, pag «xocoily mmoc-
KOCTH BBHIPA3WM BeXwduHbl z’, Fyr u 7. [A. 4epe3 UX KOMIIOHEHTH,
TO Pe3yApTAaT MOKHO 3alucarb B Buje HEKOTopoil kKomOuHayuu
TpexX MOMEHTOB B ILUIOCKOCTAX XY, Yz U zx. B »ToM Her Huvero Ho-
Boro. J{pyruMmu cioBaMm, eciiy HaM M3BeCTHH TpH MOMeHTa CHI B
IOCKOCTAX XY, YZ ¥ 2T, TO MOMEHT cuil B A10601 Apyroii miockocry,
KaK W yTIOBOH MOMeHT, MO;keT OBITH 3ammcaH B BHAE UX KoMOu-
Hamuu: ckaskeM, 6%, ogaoro, 92%, gpyroro u 1. g. ITHM CBOHCTBOM
MBI ceifuac W 3aiiMeMcd.

ITyers o qas cBomx KOOPAMHATHHIX OCeH Z, ¥, 2 ONMpeAeaal
BCe MOMEHTH CHJ W BCe YTJIOBHE MOMEHTH BO BCEX TLJIOCKOCTAX.
Onnaxo Muk HanpaBua cBouw ocu ', y’', 2z’ mo-mpyromy. UroOnt
HeMHOTO o0Jerdurs 3afady, OPeAION0/KUM, 9TO MOBEPHYTH TOJBKO
oc z 1 y. Mur BrSpaa gpyrue ocu £’ w y’, a ero och z 0CTalach
TOM jKe caMoii. 10 03HaYaeT, ITO MIOCKOCTH YZ U zZ ¥ Her'0 HOBHE,
a I03TOMY MOMEHTHI CHJI M Y PIIOBHIE MOMEHTH Y HEI'0 TOAE OKaKyTCA
HoBeMu. Hampmmep, ero MoMenT cual B miockocta 'y’ OKRaykercs
paBEeM z'F,—y'F,y u 1. n. Cnemyromasa sajaua — Halitu CBA3B
Me;K/y HOBHIMH ¥ CTaphiMu MoMeHTaMu cuii. Ee BrosHe MoKHO pe-
INATH, YCTAHOBHUB CBSISh OJHOTO Habopa oceil ¢ gpyraM. «Mla aro e
HaIOMHUHA®T TO, YTO MEl HeJaly ¢ BEKTOpaMm»,— CHKajKeTe BHI.
HelicTBurenpHO, A co0upaioch AelaTh B TOUYHOCTH TO Ke caMoe.
«A He BeKTOp JIH OH, BTOT MOMEHT CWJi?» — cupocuTe BH. JJeticmeu-

83



MeAbHO, OH — BEKTOP, OXHAKO HTOTO HeJb3A CKasaTh MPOCTO TaK, Ges
BCAKOI'0 MaTeMaTWYecKoro aHanmsa. TaK 4TO CAERYIOIUM ITALOM
nomaeH Ouith amain3. Ognako Mu He OymeM mompobHO o0CyKIATH
KayK[BIl mar, a TONbKO MOKakeM, KakK 910 Bce paboraer. MomenTH
cud, BeMUCIeHHHE [[K0, paBHHI

Tyy=2F ,—yF
Ty =yl ,—zF,, (20.1)
T, =2F,—aF,.

B s1oM Mecre MBI cgenaeM OTCTYIUIEHITE U 3AMETHM, 9T0 B H0J00-
HHX CIyYafX, €Ciim OCH KOODPAWHAT BHOpPAHH HENPABUIABHO, A
HEKOTOPHIX BeAWYHH HOoJydYaercs HeBepHHI smak. llogemy Om He
Hamucath T,,=2zF,—yF,? Oror BompoCc CBA3aH ¢ TeM obcroATeND-
CTBOM, 9T0 cmeTeMa KoopamHAaT MoskeT OwiTh aubo «IeBasg», Aubo
«<paBas». OgHaxo BHIOpaB (NPOM3BOJNBHO) 3HAK, CKAKEM, ¥ Ty,
MOKHO BCerfa OIPefesuTh IPABUALHOE BEIPAKEHU® IS 0CTaJBHEIX
OBYX BeJMYMH ILyTeM 3aMeHH [0 KAaKOH-1m00o u3 HBYX CXeM:

x z
N\ AN AN
2+ Yy z <y

® ® ®

Teneps Mur momcYuTHIBAET MOMEHTH cmil B CBoell cucreMe

Ty =20 Fp—y'Fy,
Yy Fp—2z'Fy, (20.2)
Typyp=2"Fo—z'F,.

Ty ==

L4

Mycre ofsa cucTeMa KOOpAHMHAT TIOBEPHYTA Ha yrox 0 mo ormoure-
HOI0 K JOpyroif, Tak 4To OCh Z ocra’xach Toil ;xe camoii. (Yrom 0
HIYET0 He mMeeT OOINETo ¢ BpammeHmeM o0BEeKTa WK ¢ IeM-TO IPo-
HCXOAANIMM BHYTPH CHCTEMH KOOPAHHAT. JTO HPOCTO CBABEL Mejk-
IV OCSAMH, MCHOJB3YeMBHIME OJHUM YONOBEKOM, M OCAMH, HCIOJNL-
3yeMBIME ApyruM. Mul mpefmonaraeM, 9T0 OH OCTAe€TCA HOCTOIH-
HBIM.) IIpu 5T0M KoOpJHHATH B KBYX CHCTEMAX CBA3AHH TAK:

2'=zxcos0-+ysin0,
Yy =y cos0—zxsin 6, (20.3)

z'=1z.

Touno TaxmM e 06pa3oM, MOCKOABKY CHIa ABJIAETCA BOKTOPOM,
oHa npeo6pasyercd B HOBOH cCHCTeMe KOODAMHAT TAK ke, Kak
z, y u 2. lIpocro, mo ompeneneHuo, 00bEKT HABKHBACTCA BEKTOPOM
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TOTJIa M TOJTBKO TOrHa, KOIAA pasfudYHbBe er0 KOMIOHEeHTH mpeofpa-
3yWTCA KaR Z, J U 2

Fy=F, cos0-F,sin9,
Fyp=F,cos0—F, sin8, (20.4)
Fpo=F,

Temeps MOMHO OIpeAeiIuTh, KaK Ipeolpasyercsi MOMeHT CHJIBL.
Has s1oro B ypaBHemme (20.2) HyHO HpocTO MOACTABATH BMECTO
z', y' mz’ Bupamenue (20.3), a gaa Fy, Fy u F, — Brpaskenue
(20.4). B pesyuprare masi T, NOAyYaeTcA NIMHHBEI pAJ 9IEHOB,
HO OKa3kBaercs (M HA TEPBHIl B3IJSAL TO Y/IMBUTENLHO), UTO BCE
CBOXUTCSA MPOCTO K BRIpaskemnuio 2F,—yF ., KoTopoe, KAK H3BECTHO,
SIBJISIETCA MOMEHTOM CHJIH B INIOCKOCTH IY:

Tyry = (x cos O0+4ysin0) (F, cosO—F, sin0)—
—(ycos0—zsin8) (F,cos 0+ F,sin 0) =
=zF, (cos® 0+ sin®0) —yF , (sin® 0 4 cos®0) -
+aF, (—sin8cosB+sinbcosB) -
+yF, (sin0 cos0—sinOcosB) =
=gF, —yF ,=1,. (20.5)

PesynbTaT COBepuIeHHO SCeH: Begb MH TOJNBKO TOBEPHYIAH OCH,
nemammue 8 NA0CKoCmU ZY, TIPH 5TOM MOMEHT OTHOCHTENBHO OCH
Z B 9TOH IJIOCKOCTH He OTIARIAETCA OT IPEKHEr0: Belb INIOCKOCTH-
TO ocTajlach TOH ke camoit! bollee mHTepecHO BEHIpayKeHNe A Ty, .
3mech y/e MH mMeeM Jel0 ¢ HOBoH mmockoctoio. Ecam temeps
MOBTOPUTH TO jKe caMoe ¢ IIOCKOCTHIO Y¥'z’, TO MOILyImM

=(ycos0—zsin0) F,—z (F,cos0—F,sinb)=
= (yF,—zF,)cos 0 (z2F ,—xF,)sin 0=
=1,,c08047,,sin0. (20.6)

Tyar

1 maromen, ana miaockoctu z'x’
Tow=2(F,co80-+F,sin0)—(zcos 0+ ysinb) F,=
= (2F ,—zF ) cos 0—(yF ,—zF ) sin 0=
=1,, 05 0—1,,sin 0. (20.7)

Mu xoTedn HaliTH MpaBUIO NI ONpededeHIA MOMEHTA CUI B HOBON
CHCTEMe Yepe3 MOMEHT CHJ B cTapoii u Hamiu ero. Hak Momuo 3a-
TOMHHUTh 5T0 TpaBuao? Ecim BHEMaTelpHO TMOCMOTpeTH HAa ypaB-
wennsa (20.5)—(20.7), To HeTpYHHO YBHAETH, UTO Me/KAy HEMH K
ypaBHeHUAMH A T, Y U Z CYIHECTBYeT TecHAsd CBA3h. Keau KakuM-
10 o0pasoM MH OH MOTAH HasBaTh T,, 2Z-KOMIOHEHTOH Yero-To,
CHA;KeM Z-KOMIOHEHTON BeKTopa T, 10 Bce OHLIO GHl B mOopsmke:
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ypasHerue (20.5) MbI OHl mOHEManu Kak mpeoGpasoBaHme BEKTOPa
T, ubo z-KOMIOHEHTa ero, KakK 9T0 M I0/UKHO GHTBH, ocTaBamach OLI
HeM3MeHHOM. AHAJOTWYHO, €CJ CBA3aTh IJIOCKOCTH YZ ¢ Z-KOM-
NOHEeHTOH HOBOMCIEYEHHOIO BEKTOpPA, & ILIOCKOCTH ZZ € Y-KOMIIO-
HeHTOM, To 3aKoH HpeobpasoBaHus OYJeT BHIJIALETH TaK:

TszTZ,
Ty=17,c080-1,sin0, (20.8)
Ty=1,c080—7,sin0,

9TO0 B TOUHOCTH COOTBETCTBYET 3aKOHY mpeofpasOBaHUA BEKTOPOB.

Mg, cremoBaTeTBHO, HOKasasdn, 4rTo KomOumanmio zf,—yfF,.
MOKHO OTORAECTBUTH ¢ TeM, YTO OOHYHO HA3HIBAETCH Z-KOMIOHEH-
T0il HEKOTOPOr0 MCKYCCTBEeHHO BBOAEHHOIO BeKTOpa. XOTHA MOMEHT
CUJI ABIAETCS CBOEI0 POJia (KPYIEHUEM» B IIIOCKOCTH 1, Ka3aJI0Ch O,
He UMeeT BEKTOPHOI'0 XapaKTepa, MaTeMaTHIeCKN OH BCe-TaKu BeJeT
ce0s KaKk BEKTOp. JTOT BEKTOD HANPABIEH MO NPSMBIM YIIOM K
ILTOCKOCTH KpydeHus, a ero JJIuMHA IPOHOPIUOHANIBHA CHIe Kpyde-
HiuA. Tpu KOMIIOHERTH TaAKOU BeaAuduHH §yAYT MpeobpasdoBRBATHCA
OpH BpamleHHH KaK CaMHBil HacTOAmUI BEKTOP.

Hrax, Mpr mmpejicTaBiisioM MOMEHT cuIH B Bane Bextopa. Corjac-
HO IpaBuly, ¢ Kak7goU IIOCKOCTBIO, B KOTOPOii OH meliCTByeT, ME
cBA3HBAEM NPAMYI, NePHEeHANKYJIAPHYO K 9T0H miaockocru. On-
HaKO NMepHeHAuKYIAPHOCTE K IUIOCKOCTA OCTaBJisdeT HeolpeneleH-
HBI 3HaK BeKTopa. UToOH ompeseldnTs ero, HeobGX0oquMo eie 0xHO
DOTIONHATENLHOE IPaBUI0, KOTOpPOe TOBOPWIO GH HAM, YTO eCJ]H
MOMEHT CHJABI HAEHCTBYeT ompefeleHHHM o00pa3oM B ILIOCKOCTH
ZY, TO COOTBETCTBYIOIA €My BEKTOD HAaTpaBJIeH ¢BBEpX» II0 OCH Z.
J10 03HAYaeT, 4TO TMPeABApPUTENIbHO KTO-TO MOJ3KeH CKa3aTh HaM,
I7ie «1IpaBoy, a rje «ieso». IIpegmomosxuM, 9T0 cucTemMa KOOpAMHAT
Zyz TpaBOCTOPOHHS; TOTJA IPABHIO JOJUKHO OBITH TAKHM: €CIH
npeacTaBuTh cefe KpydyeHwe KaK BBepTHBaHue §0ATA ¢ HpPABOBHH-
10B0Oi1 pesnrboil, TO HAIIpaBIeHNE BEKTOPA, CBABAHHOIO ¢ 9THM KpYy-
9eHNEeM, OTpefeAeTcs MOoCTYNATeNbHEIM ABIyKeHmeM Goara.

Ilowemy me MOMOHT MOMKHO OTOIECTBHTH ¢ BekTOpoM? A 3T0
CUaCTIMBaA CIAYYaHHOCTH: ¢ Kammgo! OIAOCKOCTHI0 MOYKHO CBA3ATh
TOJBKO OJHY OChb U, CI€HOBATENHHO, ¢ MOMEHTOM MOKHO CBA3AaTh
TOJIBKO OJHH BeKTOpP. JTC CBOHCTBO — OCOGEHHOCTh TPEXMEPHOro
mpoctpancTBa. B ByMepHOM mpocTpaHcTBE, HapuEMep, MOMEHT —
CaMBIil OGBIYHPIH CKAJAD, He HYKIAIOMuUica B HanipaBaeHnu. B rpex-
MepHOM IIpOCTpaHcTBe OH — BeKTop. Heam O y Hac ObLIO 4eTsIpe
w3MepeHnsd, TO BO3HUKIO OH Oombiloe sarpygmeHume, ubo (ecam,
HaIpuMep, B KadeCTBe YeTBEPTOTO H3MepeHUsA B3ATH BpeMs) JOUO0Jd-
HHUTEIHHO K TPeM IIOCKOCTAM Ty, 2 ¥ 2T HOABATCA TAKKE IIOCKOCTH
tz, ty u tz. Beero, caegoBaTenbHo, MOMyYaeTcsa wecmb IIOCKOCTeIl,
a Ipe/icTaBUTh INIeCTh BOJMINHE B BHLE OFHOTO YeTHPeXMEPHOI0 BEeK-
TOpa HEBO3MOKHO,
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OpHaKo HaM eIle IONTO NPEACTOUT OCTABATHCA B TPEXMEPHOM
IpocTpaHCTBe, TOSTOMY CTOMT OTMETUTD, IT0 B MPEABAYINUX Mare-
MaTHYecKHX PaccMOTPeHHAX COBepIIeHHO He CYMmIeCTBeHHO TO, 4TO
T — KooppmHara, a F — cmma, a CYIMECTBEH TOJNBKO 3aKOH Mpe-
obpasosamms BexTopoB. IlostoMy He OyjerT HuKakoit pasHHIH,
ecllu MHL BMOCTO KOOPAMHATH £ TOACTABHM Z-KOMIOHEHTY Ni000r0
apyroro BekTopa. MHade roBops, ecim MH XOTWM BEIYHCJIHTD Be-
magRy a.b,—a,b,, rge anb — BeKTOpH, M Ha3BaTh e¢ Z-KOMIIO-
HenToil HEeKOTOpOH HOBOII BeJIWYUHE C,, TO 3Ta BeJMUHHA Gymer
BEKTOpOM ¢. DEIo 6 Xopoilo fif Takoil CBA3H TpeX KOMIIOHEHT
HOBOI'0 BEKTOpa ¢ ¢ BeKTopaMu a U b mpuayMaTs KaKoe-1o MaTeMa-~
THaeckoe oboszHadeHue. [[na Takoil ¢BA3W MOAB3YIOTCA 0003HATE-
wueMm: ¢=a Xb. Takum ob6paszoM, B fomoJHeHume K OOBYHOMY CKa-
JIAPHOMY TPOU3BEEHWIO B BEKTOPHOM aHAJIN3e MBIl TOJYIHIUd IPO-
n3BefieHEEe HOBOI'O COPTA, TAK HABLIBAEMOE 6eKMOpHOe npoussedenue.
WNrax, samuck e=aXb 310 TO e camoe, u4TO

¢c,=a,b,—ab,
cy=ab,—ayb,, (20.9)
c,=ab,—ayb,.

Eciau mepeMeHUTH MOpPAMOK BeKTOpPOB a u b, T. e. BMect0o a X b
B3ATh bXa, To 3HAK BeKTOpAa ¢ ITPH 9TOM H3MeHWTCH, b0 ¢, paBHO
b.a,—b,a,. BexropHoe mpon3peeEye MOdTOMY He TIOX0yKe Ha 00HII-
HO® YMHOKeHHe, IA Kortoporo ab=ba. [lna BekropHOro mpous-
Bepenusa b Xa=-—aXxXb. Orcioga HeMemJIeHHO CJeAYeT, 4TO ecad
a=Db, To BeKkTOpHOe IpouW3BefieHWe paBHO Hyaw, T. e. aXa=0.

Bekroprnoe mpoumsBejenue 0YeHbL XOPOMO fepefaer CBOHCTBO
BpAIleHNsA, IMMO3TOMY BaKHO NOHHMATH TeOMeTpHYECKYI0 CBA3H
BekTopoB a, b m ¢. CBAsp Me:mgy KOMIOOHeHTAMu OTpefeIdeTcs
ypasuenuama (20.9), mcxoga U3 KOTOPHIX MOKHO IOJIYIUTH Cie~
AYIOIue reOMeTpudecKue coOTHOUeHud. Bo-mepBrix, BEKTOp ¢ 1ep-
OeHIOKYJAApeH Kak K BeKTOpY a, Tak m K Bexropy b. (IlompoGyiite
BEIYUCINTE ¢ X & U BH YBHUTE, YTO B Pe3yIAbTaTe HOIYIUTCA HYIb.)
Bo-BTopEIX, BellmnHEA BEKTOpA ¢ OKAa3hIBAeTCSA DPABHOIN IpouaBeje-
HEi0 a0CONMOTHRIX BeIHYMH BEKTOPOB b u a, yMHOKeHHOMY Ha CHHYC
yria Meay HuMi. A Kypa HampaBiieH Bektop ¢! Boo6pasure, uro
MB HOBOpAaYMBAaeM BeKTOp & 70 BekTopa b B HampaBieHum yria,
Mmennirero 180°; ecam Kpyturs B Ty ke CTOpoHY 6oaT ¢ mpaBo-
BHHTOBOI Pe3nfoii, TO OH MOMMEH ABATATHCA B HANPABJICHUH BEK-
topa ¢. To, uto Me GepeM npagoBUHTOBOH 60T, a He 4E60BAHTO-
BOIi,— TpocTas JOTOBOPEHHOCTH, KOTopasg HOCTOSHHO HAaOMHHAET
HaM, 970 B OTJmYme OT HACTOAINHX, (IECTHEIX» BEKTOPOB a u b
BEKTOp HOBOTro TaHa a X b 1mo ¢cBoeMy XapakTepy clerkKa oTImIaeTcH
0T HEX, ub0 CTPOMTCA OH HMCKYCCTBEHHO, 0 ©CO0OMY peIenTy.
Y 06rr9EHX BeKTOPOB a 1 b, KpoMe Toro, ecTh coeruaJbHOe HagBaHue:
MHl HA3HIBAOM HX nOAspHuMU éekmopamu. llpmMepamu TaKkuxX Bek-
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TOPOB cJyKaT KoopauHaTa r, cmia F, umuyiasc p, cKopocts v,
snerrpuueckoe moxe E m 1. 1. Bee 970 0GBMHBIE MOAAPHEE BEK-
TOpsl. BexrTophl ke, comepsKalime OJHO BEKTOPHOE IPOM3BEICHUe
OOHYHEIX BEKTOPOB, HA3BIBAIOTCA QKCUAALHBLMU 6eKMOPAMU, WIH
nceedosekmopanu. IlpumepaMu ICeBAOBEKTOPOB, HECOMHEHHO, MO-
TYT CAYAUTH MOMEHT CHJIBL T M MOMEHT mmiryiasca L. Hpome toro,
OKasHBaeTcA, UTO YrIoBasd CKOPOCTh @, KaK u MarHATHoe moxe B,
TOJKEe TCEeBJOBEKTOP.

Uro6pl paclimpuTh HAUIM CBeJeHHA O MaTeMaTHIeCKHX CBOIi-
CTBaX BEKTOPOB, HY)KHO BHaTh BCe IpaBHIAa MX YMHO)KeHHS, KaK
BEKTOPHOTO, TaK ¥ CKaXApHOT0. B HacroAmuil MOMEHT HaM HYMKHBI
JIUNIb O4eHb HEMHOTHE U3 HUX, OHAKO B IeJIAX MOJHOTEI MBI BHIIH-
TMeM BCe mpaBuia ¢ ydacTueM BeKTOPHOTO npousBefeHud. Buocaen-
CTBHH MH OymeM ¥MH NOAb30BaThCA. JTH TPABUIA TAKOBEHL:

a) ax(b+c)=axb+taxe,
0) (ca) X b=ua (axb),

B) a-(bxe)=(axb)-¢, (20.10)
r) ax(bxc)=b(a-¢)—c(a-b),
a) axa=0,

e) a-(axhb)=0.

§ 2. YVpasnenus spautenus 6 6exmopHom eude

Bosaukaer BoOpoc: MOKHO JH ¢ TMOMOINGI0 BEKTOPHOTO MpPOM3-
BejeHHA 3ammcath Kaxoe-HuOynb ypaBHeHue ¢usuru? [la, roHeu-
HO, ¢ €T'0 MOMOIIBI0 3aMACHBAIOTCA 0UeHb MHOrHe ypaBHenusa. Cpa-
3y e BUAHO, HAIPHMep, YTO MOMEHT CHJB PABeH BEKTOPHOMY
TMPOM3BEMIEHNI0 PAXMYC-BEKTOpa HA CUIy

=rxF. (20.11)

910 TpOCTO KpaTKafd 3amuMch TpexX YpaBHeHW: T,=yF,—zF, n
7. g. C momMompIo T0T0 jKe CHMBOJA MOYKHO ITIPEICTaABHTH MOMEHT
KOAMIECTBA ABIKEHHUS ONHON UaCTHI[H B BHIE BEKTOPHOT0 IpOW3-
BeOeHNs BEKTOpa pACCTOAHMA OT Hadaja KOOpXHEHAT (pagmyc-
BEeKTOpa) Ha BEKTOp HMIyJbca

L=rxp. (20.12)

Bexrtopras ¢opMa gmHEaMudecKOro 3aKOHA BpAleHAA B TPeXMep-
HOM IIPOCTpAHCTBe HamoMmHaer ypasHenme IHpotoma F=dp/d¢;
HMEHHO BEKTOD MOMEHTAa CHJIH paBeH CKOPOCTH M3MEHEHHUA CO Bpe-
MeHeM BEKTOPA MOMEHTa KOJIHYEecTBA IBIMKeHHA
dL

Tzdt.

(20.13)
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Ecnu Mt caosmum (20.13) A1 MHOTHX 9YaCTHI[, TO MOXYYNM, UTO
BHEINHWI MOMEHT CmJl, AeHCTBYIOmmIT HA CHCTEMY, PaBeH CKOpOCTH
U3MEHEHNA MONHOTO MOMEHTA KOJHYecTBA IBU/KEHIUS

dL
Ty = Lhnomn. (20.14)

Eme ogsa TeopeMa: eciam HOJAHEIH MOMeHT BHEINHUX CHJI paBeH
HYJ, TO BEKTOD HOJHOr0 MOMEHTA KOJIUIECTBA JBIHEHUA CHCTEMbI
ocTaeTcsA MOCTOAHHBIM. JTa TeopeMa Ha3bIBACTCHA 3AKOHOM COIpare-
HUS momenma koauvecmea Osuxcenus. Ecnu Ha JaHHYIO cHCTEMY HE
AelicTByI0T HUKaKHe MOMEHTH CHJI, TO eée MOMEHT KOJIHYecTBa IBU-
KeHuA He H3MeHseTrcs.

A 910 MOHO cKasath 00 yrioBoil ckopoctu? Bexrop mam oma?
Mu yme paccmMaTpmBanm BpalleHume TBEpHOTO TeJa BOKPYD HEKO-
Topofl PuECHpOBAaHHOR OCH, a TeHeph HaBaliTe Ha MHHYTY IpexIo-
JOKEM, 470 OHO OZHOBPEeMeHHO Bpamaercd BOKpPYT deyx oceit.
Teno Moxer HaXoauThesd, HAIPUMEp, B KOPOOKe M BpaIMATHCA TaM
BOKPYT HEKOTOpoi ocu, a caMa KopoOka B CBOI 0Yepe[b BpamaeTcs
BOKPYI KaKoii-To Apyroil ocu. Pe3syabTaToM jKe TaAKOTO CIOMHOTO
OBmKeHnA OyfeT BpameHme TeJa BOKPYT HEKOTOPOil HOBOM OCH.
CaMoe yIuBHUTENBHOE 3HeCh TO, 9T0 9Ta HOBAA 0Ch MOJKET OBITh Hall-
neHa cxexywoiquM ofpasoM. Ecam Bpamenne B MIOCKOCTH ZY mpej-
CTaBUTH KaK BEKTOpP, HAPABJCHHHH BAOAL OCH Z, AJHHA KOTOPOTO
paBHA CKOpPOCTH BpaIieHHus, a B Bupe APYroro BeKTOpa, HAalpas-
JEeHHOTO BXOJb OCH Y, W300Pa3UTh CKOPOCTH BpamleHHus B IIOCKO-
CTH, T0, CJOKHB HX IO IPABUIY Hapajjie]orpaMma, HONYyIuM pe-
3yABTAT, BeTHINHA KOTOPOTO FOBOPHUT O CKOPOCTH BPAmIeHUs TeJa,
a HampaBJieHWEe OIpefessAerT IJIOCKocTh BpameHudA. llompocty ro-
BOD#A, YIJOBaA CKOPOCTH 8 CaMOM Dene eCTh BEeKIOP, HAA KOTOPOTO
CKOPOCTH BpamieHNA B TPeX NIOCKOCTAX NPefCTABIACT UPAMOYTOAb-
Hble TpOEKIWY Ha 9TH IIOCKOoCTH *.

B ragecTBe MpocToro mpmMepa ¢ HcIOIb30BaHHEM BOKTOpa YIio-
BOHl CKOpOCTH TMOACIUTAEM MOITHOCTH, 3aTPATABAEMYI0 MOMEHTOM
cui, meficTBYIOIIuM Ha TBepAoe TelXo. Tak KaK MOIGHOCTH — 3TO
CKOPOCTH M3MeHeHUA paboTH CO BpeMeHeM, TO B TpeXMepHOM Ipo-
CTPAHCTBE OHA OKa3hBaeTcsA paBHON P=T-0.

Bce ¢opMyns, koTOphie MBI numcand A IIIOCKOTO BpAINeHHA,
MOTYT O5ITH 0000meHs Ha Tpu H3MepeHusd. Ecan B3ATh, HAIpUMeD,
TBep/ioe Texo, Bpalnaloleecd BOKPYr HEKOTOPOH OCH € YTJAOBOM
CKOPOCTHIO @, TO MOKHO CIPOCHTH: «'eMy paBHA CKOPOCTH TOUKH C
paguyc-BeKTopoM r?» B KauecTBe yOpakKHeHHA MONBTAHTECH
JI0Ka3aTh, 9T0 CKOPOCTH YACTHIH TBEPROTO Teda 3aJaeTcH BEIpaKe-

* UTo 310 MefiCTBHTEILHO TaK, AOKASHBAETCA ¢ MOMOINBIO PAaCCMOTDPEHHSA
mepeMelieHnA JacTHI TBEPJOro Tela 3a 6eCKOHeYHO MalHlil IPOMEKYTOK Bpe-
MeHN At¢. ITO He caMOOYEBHAHO, M s NMPENOCTABIAIO TEM, KTO HHTePeCyercs,
JIOKa3aTh 9TO.
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HEEM V=@ XT, Tl6 @ — yIIoBad CKOpPOCTh, 4 I — I0JO/KEHHO
dactunsl. JpyruM OpEMepoM BeKTOPHOTO TMPOM3BEJGHHA CIIYIKAT
dopMyIa Mg KOPHOMHMCOBOI CHIBI, KOTOPYIO MO3KHO 8amuCath KaK
Fyx=2mv X ®. lgage roBops, ecau B cucreMe KOOPHHUHAT, BpaIma-

' melicsA CO CKOPOCTBIO M, YACTHIA ABHKETICHA CO CKOPOCTBIO V H Ml
BCe XOTHM OIIHCATH Yepe3 BeJHWTHHBI 3TOH Bpalalomeidca CHCTEeME,
0 HeobXogmMo xo0aBiAATH eme mcesmocuny Fx.

§ 3. T'upocron

BepreMca Temeph CHOBA K 3aKOHY COXpaHeHHA MOMeHTa KOJH-
4ecTBa ABWKEeHNA. ET0 MOIKHO IPOAEMOHCTPHPOBATE ¢ HOMOLIBI0 Obi-
CTPO Bpamamomeroca Koaeca, miam rapockona (¢ur. 20.1). Ecau
cTaTh Ha KPYTAIMWICA CTYJ ¥ Iep/KaTh Bpam@alomieeca Kojeco B ro-
PUBOHTANBLHOM NOJOKeHHH, TO ero MOMEHT KOJIWYeCTBA HBUKEHUA
Oymer HampaB/eH ropu30HTAIbHO. MOMEHT KOJW4ecTBa ABHIKEHNA
OTHOCHTEJHHO 6epMUKALbHOL OCH HeJb3d UBMEHUTHh M3-3a QUKCH-
POBAHHOTO HANpPABJIeHHSA OCH CTyla (TpeHmeM upeHe(peraeM).
Eciau vemeps mOBEPHYTH OCH ¢ KOJECOM BepTHUKAJIBHO, TO KOJECO
npuo{peTeT MOMEHT KOJHYeCTBA JBHKEHHMA OTHOCHTEJIBHO BepTH-
RalbHOI ocu. OgHAKO cucmema B 1eJoM (KoJeco, BEI caM® ¥ CTYJI)
He Moxcem umemb BePTUKAJIBHO KOMIOHEHTH, IOSTOMY BEL BMeCTe
CO CTYIOM JIOJKHBI KPYTHTHCA B HampaBleHwH, 00paTHOM Bpamie-
HYU0 KoJleca, YTO0B CKOMIIGHCHPOBATH €ro.

Ipessae Bcero maBaiite GoJiee moapo0HO NPOAHATHBNPYEM SABJe-
Hue, KOTOpoe MHl TOJBKO 4to omucanm. CamMoe yIuBUTeIbHOE, B 1eM
HaM ciegyer pazob6patscs, 310 OTKYy/a 0epyTcsA CHMJEI, PacKpyYmBa-
IoIiKe HAC BMeCTe CO CTYJIOM, KOTZla MBI IOBOPAUMBAEM OChb I'HpPO-
cxoma BeprurajapHo. Ha ¢dur. 20.2 mokasano Komeco, HHCTpO Bpa-
miaomeecss BOKPYT OCH Y, T. €. er'0 YIJA0Basg CKOPOCTEH HalipaBJeHa
o 910l ocu. B 1y ke cTopoHy HampaBieH B MOMEHT KOJHIECTBA
asmxenusd. [IpegmoaomxuM Teneps, 970 MBI XOTHM BpamaTh KOJdeco

@ u e 20.1. Bucmpo epawaww utica
2UPOCEON.

@ — 0Cb HANPAEAEHA 20PUSOHMAALHO, MO-
MeHm KOAUNECTNBA DGUICEHUA OMHOCUNEN b~
HO 8EPMUKALLHOTL OCU Pader HYyaw; 6 —
0Cb  HONPABAEHE 6EPTNUKAALHO, MOMenm
KoAUYECTNEA DBUNCEHUS OMHOCUMEAEHO gep=~
MUKLAbHOU OCU Doaden ocmamves pog-
HUM  HYAI0; yeaosek U CMYL KPYMAMCK
8 HANPAgAEHUU, NPOMUBONOLOHHOM 6pa=
WeHUIO KogeCq,

GCrayona flomom
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@D ue 202. Iupockon.

OTHOCHTEJBHO OCH X ¢ Maloil yriaoBoil ckopocTsio Q; Kakasg cuaa
aast aroro rtpebyerca? Yepes Maublii mpoMexRyTOK BpeMeHm At
0Ch 3aliMeT HOBO® II0JIOKEHMEe, OTKIOHUBIINCH 0T TOPU3OHTANBHOIO
noJosrennst Ha yroa A0. llockonbpKy 0CHOBHASM wacTh MOMeHTa KO-
Au9ecTBA ABUFKEHMA MPOUCXOJUT OT BpalleHmsa Koxeca (MeIJeHHOE
BpameHne BOKPYT OCH & aeT 0UeHDb MaJjblil BKIaj), MBI BHIHM, ITO
BEeKTOP MOMEHTa KOJWYecTBa JABIKeHNsA mnaMenserca. HaxoBo sxe
n3MeHeHHe 3Toro BekTopa? OH 0CTaeTCa TeM Ke CaMbIM no éeaudline,
OIHAKO Hanpaeétenue ero MeHsercs Ha yrox Af. Beamumma Bektopa
AL mosromy paBua AL=[,A9; B pesyabraTe BO3HHKAET MOMEHT
CHLJIBI, PaBHBI CKODOCTH U3MEHEHHA MOMEHTA KOJMYECTBA [(BHKC-
A T=AL/At=Ly(A0/At)=L,Q. VuurriBas HampaBieHme pas-
JWYHKX BeNWYHWH, MM BHAEM, 4TO

r=Qx1L,. (20.15)

TaxuM obpasoM, ecan @ wu L, HanpaBJIeHH TOPH3OHTAILHO, KAK
9T0 TMOKAa3aHO Ha Qurype, TO T HATpPABICH Gepmukaibio. UrobH
ypaBHOBECUTH TaKOii MOMEHT, K KOHI@M OCH B TOPH30HTAIBHOM
HaNpaBieHun MOJIKHH OHTH mpuiokeHsl cuiau F u —F. Orryna
fepyTcsi »TH CHIH, KTO uUX NpuKiIagpBaer? [la M camm, cobcr-
BeHHEIMZ PYKaMHU, KOI'JIA CTApaeMCs II0OBepPHYTh OCh KOJeca B BOp-
ruxadbEoe mojosrenue. Ho Tperuit sakon Heiorona tpebyer, uro-
{1 paBHbE M MPOTUBOIO/IOKHO HallpaBJACHHALIE CUJIL (X PAaBHBIH, HO
NPOTHBOMOM0KEO HATIPABICHHHIH MoMmenm) pmelicTBOBaIm Ha HAc.
OHm U 3acTaBJAKT HAC KPYTUTHCA BOKPYT BepTHKAJBHOU ocu
Z B IPOTHBOIOJOKHOM HAIpPaBJIeHUM.

I10T peayiabTar MO;KHO 0600muTH Ha OHCTPO BpalmaoIHiicA
BOJTYOK. B 00bTHOM BpamalomeMcsa BOJUKe CHIa TsaKecTH, AeilcT-
BYIOImas Ha ero meHTp Macc (I{. M.), CO3/aeT MOMEHT OTHOCHTeNBHO
TOUKH COIIPMKOCHOBEHHA BoA4Ka ¢ mosoM (fur. 20.3). Itor MoMeHT
ACHCTBYeT B TOPH30HTANbHOM HAIIpaBIeHWH W 3aCTABJAET BONIOK
npeneccupoBarh, T. e. OCh ero Oy/eT ONUUCHBATL KPyroBsoll KOHYG
BOKpYT BepTHKAAbHOH ocu. Ecim @ — yriosas ckopocrs Dpenec-
cun (HalpaBieHHAA BepPTHKAJIBHO), TO MK CHOBA HAXOJHUM

dL
T:—E—QXLO.
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@ u 2 20.3. Buempo spawyanwyuiics
60A4OK,

Bamembme, MO HaAnpPAsLeHUe 6eKMOPQ
MoMeHMa cuan cognadaem ¢ Hanpaede=
NueM mnpeyeccuu,

TaruM o0pasoM, eclu K OLICTPO BpaimalonmieMycd BOMYKY TpHIO-
JKUTD MOMEHT CHJI, TO BOBHMKHET WpeIeccus B HAIIPABJIGHHH HTOr0
MOMEHTA, T. €. IOA OPAMBIM YIJIOM K CHJIAM, CO3/JRI0L{UM MOMEHT.

Wrax, Tenmepb Mbl MOYKOM YTBePIKAATH, YTO MOHAIA TPEMECCHIO
THPOCKOIIA, H MaTeMaTHIeCKH MBI JeficTBUTEJBHO HOHANH ee.
OnHEaKo BCA DT MarTeMaTHKAa MOjkeT HOKAa3aThesA HaM B KAKOM-TO
cMBicje «KoIioBeTBOMY. Memay upoumm, mo Mepe yrayOneHUs BO
Bce 0ojee CAMKHY0 $UINKY MHOTHE NPOCTHE BEIH Jerde BHBECTH
MaTeMATHIECKH, YeM AeliCcTBHTeNbHO HNOHATH UX QyHpaMeHTadbHEIA
nam mpocroil eMsica. Ilo Mepe Toro kak BH Oyjere mepexomuThL KO
Bce Gomee m Oojiee coBpeMeHHHIM palotaM mo ¢usmKe, To o0HApPY-
JKUTe OJHO CTPaHHOe 0fCTOATENLCTBO: MATeMATHKAa Jaer pPes3yib-
TaThl, KOTOPBIe HUKMO He MOMKeT MOHATh HemocpemcTBeHHOo. B Ka-
yecTBe NpHEMepa MOJKHO B3ATH ypasHeHwme [lupaka, KoTopoe Hoxy-
yaeTcA OYeHb IPOCTO M KPacwWBO, HO TOHATH €r0 CAeACTBUA TPYA-
HoBato. DB HalleM 9acTHOM ciyuae mperieccus BOJYKA KaKeTCHA
9y[g0M, KaKEM-TO TaiflHOfeficTBHEM ¢ NIPAMHEMHE yrjaMm, OKpyK-
HOCTAMH, KpPYTAIMUMHCA CcuJaMy ® OpaBOBHHTOBHIME GonTa-
vi. Ho JaBafiTe Bce-taKd mommTaeMcA TOHATH e PUBUICCKYIO
CYINHOCTD.

Har MOKHO 00BACHUTEH 5TOT MOMEHT cHI ¢ IOMOINBIO peanbHO
[eHCTBYOIQHX CHI M YCKOpeHWH? 3aMeThre, 9To, KOrma KoJeco
Hpeneccupyer, YacTHE KOJeca B HeHCTBATENLHOCTH He ABIFKYTCA
y:ke B OfHOH miockoctu (¢ur. 20.4). Mer morasaxm pamee (cM.
tdur. 19.4, c1p. 80), 910 9acTUmA, KOTOpAaA MEpeceKaeT OCh Iperec-
cuy, ABWKETCA o Kpusony nymu. Ho gas sroro Tpebyercsa Kaxas-
10 GoKOBaA cuilla, KOTOpas BO3HEKaeT 0Jarofapsa HpOH3BOJAMOMY
HAMH [JABJIEHHIO Ha OCh KoJleca. JT0 JaBieHMe IO CUMIAM Iepeja-
eTca dactunaM obona. «Ilocroiite,— cKaskere BHI,~ a KaK OTHOCH-
TEJIBHO YACTUI[ Ha KPYTOI CTOPOHE Kojeca, KOTOphle ABWKYTCH B 00-
pataoM HampaBleHuu?» HeTpymHo pgorajarscs, 4To JeHCTBYHINHE
HA HAX CIJIBL JOJNKHBL OHTb HANDPAGACHbL 8 NPOMUBONOAOHCHYI CIMO-
pony, WMOITOMY HOAHAA cuda AoMKHA OHThL paBHA Hyao. Taxmm
00pa3oM, CHAH ypaBHOBEIIMBAKOTCH, HO OJHA M3 HUX IPHIIOKEHA
Ha OHOM CTOPOHE KoJeca, a Apyrasd — Ha APYroil. ITH CHIBI MOK-
B0 OEIO 6Bl MPHAOKATH HEMOCPEICTBEHHO K KOJECY, OfMHAKO M3-32
TOro, 4TO KOJeco TBepjoe, MX MOKHO IPHJIOKETH K OCH, & Uepes
ciume OHE IepefalnTcs Ha Kojleco.
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D use. 20.4. Teuxenue uacmuys N Ll _ flomom
epayanu ezt Koaeca, NOKA3AHH020 AR Ve
\\ ’d

~
Ha gue. 20.2, S
ITpu nogopome ocu smu vacmuyst dgudxcym- P 5 Cetiuae
¢ no Kpusolt AUMUU. -7 /< NN
-7 g k/ DURES
~ . ~Crasana

Mo cux mop Ml joKasanu, 9T0, €CIU KOJeCo MpeneccupyeT, OHO
MO;KeT CKOMICHCHPOBATH MOMEHTH CHJI, BH3BAHHEIE CHJION HPHUTI-
’ReHuA WY KaKoli-To ApYyroit mpuumuoii, OZHaAKO MB TOJBKO MOKAa-
3a#, YTO IPENeCCHA eCTh OJHO U3 BOBMOJKHEIX PEINeHHH ypaBHe-
Hus1. [IpyraMu cioBaMu, TOABKO IIPH TOM YCJOBHH, uTO AeHCTByeT
MOMEHT M KO0.4eco 3anyujeHo RPOSUAbHO, MBI MONYIAM UHCTYK TIPe-
neccuto. Ho MII He gokasanam (1 970 BooOmme HeBepHO), YTO YUCTas
npeneccua — Haubosee ofujee KBUKEHWE BPAINAINETOCA TejIa MOJ
mefictBueM MoMeHTa cuil. Ofimee pBHKeHUe BKIOYAET, KPOME TOYO,
Kakme-TO KoJeGaHNA ¥ OTKIOHEHHA OT I'ITaBHOQ mpemeccuu. ITu
KoneGaHUA Ha3BBaIOTCA HYymayuer.

Koe-KT0 m00HT TOBOPHTH, 4TO KOTKA HA THPOCKON XEACTBYET
MOMEHT, TO OH NOBOPAYHBAETCA M HPENEeCcCHpPyeT, YTO MOMEHT CHJI
npusodum x mpeneccun. Hajkercd o4eHB CTpaHHHIM, 9T0, Oyxydn
3aIYIHeHHHM, F'HPOCKON He nadaem MOox TeHCTBUEM CHJHL TAMKECTH,
a gBmwxeTcA BOok! Kak 910 MoseT caydnthes, 94T0 HaTpaBJeHHAS
6HU3 CHIA TAKECTH, ROTOPYH MH XOpPOLIO 3HAEM M YYyBCTBYeM,
sacTaBiAeT ero xsuratbcA ¢6ox? Hu omna us $opMya B mmpe, mo-
nobuas (20.15), He ckaskeT HaM »T0T0, HOTOMY 4T0 dopmyna (20.15)—
5T0 0coO®IT caydail, BepHHI TOIBKO TOrAA, KOTHAA Tpeneccus THPo-
cKoma Yyyke ycraHoBmIachk. Ecam ke roBoputh 0 geraiAx, T0 B
JeiicTBUTeABHOCTH IPOUCXOAMT ciaexyomee. Horga Ml ep/uM Iu-
POCKOT 33 OCh, TaK UTO OH HUKAK He MOKeT WpeneccupoBath (HO
COXpaHAeT ¢BOEe BpailleHue), TO Ha HeTo He AeHCTBYIOT HHKAKHE MO-
MEHTHI CHJ, JasKe MOMEHT CHJIBI TS)RECTH, MOCKONLKY CBONMH TAdb-
maM¥ MHE KoMIeHcupyeM ero. Ho crouT TOJBKO 0¢BOGOZMTH OCH,
KaX B TOT jKe MOMEHT Ha Hee HOAEHCTBYeT MOMEHT CHJILI THAMKECTH.
I[lo mpocroTe mymeBHOH Ka)KABIA pPeINIHT, 9TO KOHEI[ OCH HOJIKEeH
npu 3TOM HaJaTh, ¥ OH AefiCTBATEIHbHO HAYNHACT MAKATH. JTO MOMK-
HO IPOCTO BHJIETH, €CJIHM THPOCKOI BpalHaercsA He CAUIIKOM GHCTPO.

Hrak, Kak 7 o/KugaeTcsA, KOHEN OCH THPOCKOUA JeHCTBHTOABHO
MaYMHAeT MafaTh. HO TMOCKONbKY OH HafaeT, To, ¢Tajo OHTH, OH
BpalfaeTcA M TeM CaMBM CO3JaeT MOMEHT cui. JTO c0ofIaer ocu
THPOCKOTA JIBIKeHHEe BOKDPYT BepTHKANLHON OCH TaKoe ke, RAK A
TpH TOCTOAHHOH mpemeccunm. OXHAKO BCKOpPE CKOPOCTh HAYHHAET
OpeBHMAaTh CKOPOCTh IPH IOCTOAHHON NpellecCHH, HOTOMY OCh
HAYMHAET IOJHAMATHLCA BBepX IO HpPeKHETO ypoBHsA. B pesyasrarte
KOoHeI[ OCH OIMCHBAGT HUKIOHRY (KPHBYIO, KOTOPYI ONHCHIBAET
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@ uea 205, Hemunnoe Odewnenue
KoHya OCu eupockona nod deiicm~

/ 6UeM CUAbl MANCECMU mMOmUdAc e
nocae e2o 0cg06oicdenus.,

KaMeHb, 3aCTPABUINI B iinHe aBToMoOmsn). OOBMHO 570 0YeHE BHICT-
Doe, HezaMeTHOe /LA 1143 ABIKEHIe, K TOMY e 0HO CKOPO 3aTyXaeT
frarogapA TPeHW0 B MOAIMMMIHMKAX, & BEUKUBACT TONBKO (IUCTAAY
npetecens (¢ur. 20.5). Ograro ueM MegieHHee KPpYTHTCSH KOIECO,
TeM HyTanmusa 0oJiee 3aMeTHA.

ITocste Toro rak paBuMeHHe yCTaHABIWBAETCA, OCh THPOCKOIA
OKasbIBAeTCA HeCKOABKO HUsKe, 4eM ona Omaa smadaie, ITowxemy?
(I10 Gosee ciaoykHass Keralb, I MH YOOMHHA®M 0 Hell TOJNBLKO AAA
TOT0, 9T00H He OCTABJATH y YMTATeNs BIOeUaT/eHud, UTO THPO-
crOMm — 970 uygo. OH AeficTBUTENHHO YXMBHUTENLHAS INTYKa, HO
Bce yKe He 9yno0.) Eeiau Mbr gepsxaiu ock abcoM0OTHO TOPH30HTANBHO,
a 3aTeM BHE3ANHO OTHYCTHIN €€, TO ¢ MOMOMBIO YpaBHEHHS IpeIec-
CHH MBI MOJKEM YCTAHOBHTH, 9TO0 OCh HAYMHAET WPENecCHpoOBaTh,
T. e. ABUTAThCA IO KPYry B FOPUSOHTaNBHOI miockoctu. Ho aro
HeBo3Mo;xHO! Xo01A MBI u He ofpaimaiu Ha 570 BHEMAHUA DaHbIIe,
KoJeco 00MagaeT KaxuM-mo MOMEHTOM MHEPIUHE OTHOCHUTEJIBHO Ipe-
HecCUPYIOIed OcH, M eCiim OHO Jayke MEHJEHHO BpalllaeTcs BOKPYT
9TO#l ocH, TO OHO HMeeT cJabHil MOMEHT KOJIMYEeCTBA MBUIKOHUA.
Otuero sro mpomcxomur? Benn ecau omopa mpaeaanHas (T. e. ecam
HeT HHKAKOI0 TPEHHA), TO OTHOCHTENBHO BEPTHKAJBHON OcCH
HAKAKOT0 MOMEHTa CHJI He MOKeT BO3HHKHYTE. Torga KakuM e 00-
Pa3oM TIpeneccHs BCe >Ke BOSHHKAET, ecay HeT HUKAKAX MOMEHTOB?
Omeem: pBWKeHYe 1O IMKJIOHAE KOHIA OCH CTPEMHUICH K CPegHEMY
CTAIMOHADHOMY [BWJKEHNI0, KOTOPOe BSKBHBAJIEHTHO [IBIKEHHIO
HeHTpa KarAmerocs Koleca, T. ©. OH yCTAHABJINBAETCA HOCKOJIBKO
miRe ropmaonTanu. [lo sT0f mprnunHe cOOCTBEHHHIA YyTAOBOH MO-
MeHT THPOCKOIA mMeeT He(GOMBINYI0 BEPTUKAIBHYI0 KOMIIOHEHTY,
KOTOpas B TOYHOCTH KOMIEHCHPYeT MOMEHT KOJWIeCTBa [BIDKe-
HuA Tpemeccnn. Hak Bujgnre, 0ch JOKHA HEMHOTO OIYCTHTHCA,
HEeMHOTO HOAJAThCA CHie TAkecTd, 4T00H WMeTh BO3MOKHOCTH
KPYTATHCSA BOKPYT BepTwKaXbHON ocu. Tar paboraer rupockom.

§ 4. Momenm roaunecmen d6uUsCCHUS
Mmeepdozo meaa

[Ipesje ueM pacecTaThes ¢ BOIPOCOM O BPAIHEHUHN B TPOXMEPHOM
OpocTpaHcTBe, 00CYRUM eIme, X0TA O Ka1ecTBeHHO, HOKOTODHE He-
OueBHM/HEE fABJICHUA, BOHMKAIOINE TP TpPeXMepHHIX BpaleHmAX.
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@& uea 20.86. Momenm EKoauvecmsa
Osudcenus e6pawawuezocs meaa He
06a3amesbH0  nNapasseser  Yeao60u
cropocmu,

I'naBHOe W3 HHX: MOMEHT KOJHMYecTBa J[BIIKEHUA TBEP/OTO
Tena He 0043amesbH0 HAUPaBIACH B Ty ke CTOPOHY, 4T0 W yI-
aoBan ckopocrs. PaceMorpuM Koieco, HPHKpPeIIeHHOE HAKJIOHHO
R OCH, 0JHAKO 0CH MO-TIPEeKHEMY IPOXOIHT Yepe3 eTo MeHTp THMKCeCTH
(dmr. 20.6). Ecau Bpamats Kodeco BOKPYT OCH, TO BCEM HM3BECTHO,
9T0 W3-3a HAKJAOHHON MOCAZKM OHO OyHeT TPACTH MMOMIUUNHHKH.
HauectBeHHO MBI 3HAaeM, 970 MpH BpamleHHNl HA KOJECO HOJRHA
jeiicrBoBatTh HenTpole;xHas cmia, KOTOpas cTapaerca oOTTAHYTH
ero Maccy mogansmie or ocu. OHa crapaeTcsA BBIIPAMATE ILTOCKOCTD
KoJleca TaK, 9ToOH 0HO OHLI0 NEpPHEHTWKYAAPHO K ocu. Yrtobu
YPaBHOBECHTH BTO CTpeMJeHue, B HOAMMIHUKAX AOMKeH BO3HAK-
HyTh MoMeHT cril. Ho eciin B mogIIMTHUKAX BO3HAKAET MOMEHT CItll,
TO HOJKHA OHITH KaKasi-TO CKOPOCTh M3MeHeHUS MOMeHTa ROJIH1e-
cTBa ABIKeHMA. HaK MosKeT M3MEHATHCSI MOMEHT KOJIMYecTBa ABU-
AN, €CHHM KOJeco mpocio Bpamaercs Bopyr ocu? Ilpemmoso-
AKAM, 9YTO MB Pas30HIK yrAOBYI CKOPOCTh @ HA KOMOOHEHTH )y B
©y; — TMePHEeHAUKYIAPHYI0 U TAPaLIeNbHYH ILIOCKOCTH KoJeca.
Yemy mpu stoM Oyaer paBeH MOMeHT KOJmvecTBa ABmxeHHA? Takr
KaK MOMEHTHl WHEepPINH OTHOCUTGABHO BTUX ABYX ocell pasauvHLI,
TO OTHOMIEHHE KOMIIOHeHT MOMEHTA KOJIMYECTBA JBWIKEHHS, KOTO-
pie (upum TaKoM HactHoM BbiGope oceil) pPaBHH IPOU3BEXEHUAM
MOMEHTOB HHEpPHUH Ha COOTBETCTBYIOI{UME KOMIIOHEHTH YIJIOBLIX
cKopocTeil, OTIMYAeTCA OT OTHOMEHHA KOMIOHEHT YIAoBoil CKO-
poctu. [losTOMY BeKTOp MOMeHTa KOJIIYecTBa ABIKeHNA He HANIpaB-
ned Broab ocu. Iosopadmsag Bas, MH KOMKHH WOBOPAIMBATL 0
BEKTOD MOMEHTa KOJW4YecTBa IBIDKeHHA, 9T0 HPUBOIAT K BOSHIK-
HOBEHHMI0O MOMEHTA CHJIH, AefiCTByWOI{ero Ha OCh.

MoMeHT mHepIunm HMeeT elie OJHO OYeHb BajKHOe H MHTepecHoe
cBoiicTBO (A He OVIy HMOKA3HBATh €r0 3[4eCh, TAK KAaK 3TO OYECHD
CHOKHO), KOTOPOe JerKo olucaTh U HCHoAb30BaTh. Hamte nupempny-
Imee paccMOTpeHHe OCHOBAaHO WMEHHO Ha ToM cBolficrBe. OHO co-
cToNT B CcleXywoImeM: mi6oe TBepHoe Tello, AasKe HeIpaBHIBHOH
¢opMH, Kak, HalpuMep, Kapromika, WMeeT TaKwe TPH B3aHMHRO
TNepUeEANKYAAPHEE NpoXoxAliue Yepes3 WeHTDP Macc OCH, 970 Mo-
MeHT WHePIUH OTHOCHTeJAbHO OFHONH M3 HEX HMeeT HamOOIpIIyIO
BO3MOKHYI0 BeJIMYMHY W3 BceX ocell, NMpOXoAAINUX depe3 ILEHTD
Macc, a MOMEHT HHEPIUU OTHOCHTENBHO APYToil ocu nMeeT HauMeHb-
myio BeawinHy. MoMeHT wWHepUWH OTHOCUTEIBHO TpeTheil mmeeT
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@ u 2. 20.7, Yzno0sas ckopocme u xno-~
Menm EKoiuuecmea O8uienus meep-
8020 meaa (A>B>C).

KaKy10-TO IPOMEKYTOUHYI0 BOINIUHY MEKIY KBYMA HEePBHIMH RN
PaBHYIO OJHOI U3 HUX. ITH OCH, HA3LIBAEMEIE 2AAGHLMU OCAMU TeJa,
o0nafaloT TeM BayKHBIM CBOWCTBOM, 4UTG, €CJH TEJIO BPAIAETCS
BOKDYT OXHON M3 HHX, er0 MOMEHT KOJIMYecTBa ABIJKCHHUA MMeeT TO
jKe HallpaBlieHHWe, YTO M YIJA0BaA CKOpocTh. Ecim Telmo umeer oca
CHMMeTpPHH, TO HaIpaBieHUe TJAaBHBIX Oocell cOBHAajaeT ¢ OcAMA
CHMMETPHH.

Ecan B KagecTBe oceil z, ¥ u z BullpaTp IIaBHHE OCH Teja #
Ha3BaTh COOTBETCTBYIOU[ME MOMEHTH wuHepiuu depes 4, B u C,
TO HETPYHHO NMOJCYUTATH MOMEHT KOIWIeCTBa ABIW/KEHHA U KMHETH-
YeCKYI 9HEPruio BpAIIeHUA TeNa Ipu JA000H yriaoBod cKopocTH
@ (¢ur. 20.7). Paziarag © Ha KOMIOHEHTH ©,, ®, I ©; 00 0CAM
Z, Y 1 Z U UCTIONL3YA HATIPABJEHHEE BJOJE BTHX OCeH eXMHATIHBHIO
BEKTOpH i, j, k, MO;KHO 3ammcaTs MOMEHT KOJWIECTBA [BIKEHHA B
BUIE

L= Ao+ Bo,j-+Cok, (20.16)

mpunYyeM KuHeTHYECKas dHeprusa OyjeT paBHA

1
k0. =3 (402 + Bt +Co2) =5 Lo, (20.17)




rnasa 21

TAPMOHUYECKHA OCHHUIJIATOP

§ 1. Junetinve dougghepeniiraavnste
YPABHEHUS

O6sraHO Qu3MKY Kak HayKy [eldAT Ha He-
CKOJBKO Pa3fesfoB: MeXaHWKY, JJAEKTPUYECTBO If
F. 1., I MBI ¢TIPOXOJMMY 3TH pasfeisl OFUH 3a APy-
ruM. Ceiidac, HampuMep, MBIl «IIPOXOMM» B OCHOB-
HoM MexaHuKy. Ho To u meno mpomcxogar crpau-
HEle BeOoii: Tepexojad K HOBHM pasgesnaM Qusuku
H I20Ke K JpYraM HayKaM, MB CTaJKMBAEMCH C
YpaBHEHHAMH, MOYTH HE OTJIHIAIIMUMECH OT YiKe
n3ydeHHHX HaMu paHee. TakuM o0paszoM, MHOIue
SABJIOHUA NMEIOT aHAJOTHIO B COBCEM [pyrux 06-
macTaAX Hayku. llpocrefimumiti mpuMep: pacrpo-
CTpaHeHNe 3BYKOBHX BOJH BO MHOTOM IIOXO0:@
Ha pacIpocTpaHeHHe CBETOBHIX BOJH. Kcim Mbl
MOCTATOYHO MOAPOOHO M3yYIuM aKYCTHKY, To 00Ha-
PYKUM TOTOM, YTO «IIPOLLTIY JOBOJBHO GOJBNIYIO
qacTs onruk#. Takum o0pasoM, maydeHHe ABIe-
HUN B OgHON ofjacTd QU3UKHA MOMKET OKAaszaThCs
MOJe3HHM TpU M3ydeHHH APYIUX €€ pasfiedoB.
Xopomio ¢ caMoro Hadala IpenBUAETH TAKOe BO3-
MOJKRHOE «pacIinpeHme PaMoK pasjesay, mHa4Ye Mo-
YT BOSHAKHYTH HELOYMEHHH, HOYEMY MBI TPATHM
CTOJIbKO BPEMeHH W CuJj Ha M3ydenwe HeGOIBIION
3ajaun MeXaHOKH.

lTapMoEmYecKuil OCHUIATATOP, K H3YISHUIO KO-
TOPOTO MH ceifuac mepexomuM, OyHeT BCTpedaThes
HaM HOYTH BCIOAY; XOTA MH HadHEM C YUCTO MeXa-
HHYECKUX TPUMEpPOB I'pys3uKa Ha MPY/KHMHKE, Ma-
JIHX OTKJIOHEHWH MaATHHKA HIH KaKHX-TO Apyrux
MeXaHHYeCKHX yCTPOWCTB, HA CAMOM fesie Mbl Oy-
neM m3y4aTh Hekroe OJugepenyuarvroe ypashe-
rHue. 910 ypaBHEHHe HEIpPECTAaHHO BCTPEYAaeTcH B
dusuke u B pYyTruxX HayKax u PaKTHISCKH OIHCHI-
BaeT ¢TOJb MHOTHE ABIEHUA, YTO, IIPABO 7Ke, CTOUT
TOTO0, 9TO0H H3YINTH ero noxyuine. Takoe ypaBHe-
Hpe ONMCHBAaeT KoMeOaHAA I'PysuKa HA MPY/KHHKe,
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KoJeGaHuUA 3apAga, TEKYIHEro B3aj W Brepe/ 10 dAEKTPHIECKON
nenu, KodebaHumA KaMepToHA, MOPOMKIAAKIIMe 3BYKOBLIE BOJHH,
aHAJOrMYHbIe KoJe0aHuA 3IEeKTPOHOB B aTOMe, WOPOKIAIIAE
cBerToBHe BoaHH. [[o0aBhTe clofa ypaBHEHHA, OIMCHBAKINE Aeii-
CTBHS pEryasropoB, HAaUpUMep NOAAEPKMBAOMNX B3afaHHYIO
TEeMIepaTypy TepMocTaTa, CIOKHBIe B3amMOJEHCTBHA B XHMude-
CKHX peakmuax # (y)Ke COBceM HEOKHEAHHO) ypaBHEHus, OT-
HOCAMUeCS K pocTy KoJoHWu OakTepuif, KOTOPHIX O/HOBpPEMEHHO
U KOpPMAT W TpaBAT AXOM, WINH K pPA3MHOKEHUIO JHC, NMATAI0-
mnxcsA KpoJdmKaMmil, KOTOpHEe B CBOIO ouepenb edAT TpaBy, # T. f.
MEr mpuBeaw oueHb HeTIOMHHI CANCOK SBJIEHHI, KOTOPHIe OINICLI-
BAIOTCA MOYTH TeMH JKe YPaBHEHUAMH, 9TO M MeXaHWUECKHUIl OCIIMII-
JATop. ITH ypaBHEHUS HABKBAITCA AUHeUHBMU Ouddepenyuars-
HWMU Y PASHECHUAMU ¢ ROCMOSHHMIMU Kodguyuenmamu. 9TO ypas-
HeHUA, COCTOANHEe M3 CYMMEI HECKOJLKHX UICHOB, KaKABIH 13
KOTOPHX IpefcTasisgeT coboil MpousBOLHYIO 3aBHCHMOI BeJTHYHHLI
0 He3aBHCHMON, YMHOKEHHYI HA TIOCTOSHHBI KoodQuoueHT.
TarkmM ofpasom,
Tty ot dz
Ouor F @ s b e, Eraa= () QLD
HA3LIBAeTCA JUHEHHHNM JuPPepeHIUaIbHNM ypaBHEHHEM R-TO
mopAAKAa ¢ NOCTOAHHBIMU KosfdunmumeHTaMm (BCe a, — IOCTO-
AHHBIC).

§ 2. Tapronuuecruit ocyaaamop

Homxanyit, mpocreiillefi MeXaHHYeCKON CHCTOMOU, BH:ReHUe
ROTOpPOH omuchIBaeTcAa JuHeHHBIM AuddepeEnualbubM ypaBHEHIEM
¢ IMOCTOAHHbLIMY Ko3QQImueHTaMu, siBAAETCA Macca HA TPYKIHKE.
Ilocae Toro ®ak k NPy/KUHKE MOLBECHT I'PY3UK, OHA HEMHOTO pac-
THHETCH, YT00K ypaBHOBECHTH CHIY TsRecTu. llpociaexmM temepsn
33 BEPTHKAJIBHLIMA OTKJIOHEHUAMH MacChl 0T IOJIO}KEHUA pPaBHOBe-
cua (Qur. 21.1). OrrIoHeHHA BBEpPX OT IOJOKEHUSA PaBHOBECHA
MHE 0003HAYHM 9epe3 I # TMPeIioIoKUM, Y10 mMeeM felo ¢ abco-
AIOTHO yupyroil npysmuoit. B stoM cayuae mporusofeiictByomue
PacCTAMEHN CHIBl NPAMO TPONOPHMOHANBHH pacTI;ReHWI0. JTO
0o3HAYaeT, uTO cijia paBHA —kr (3HAK MUHYC HAIOMHUHACT HaM,
9TO CHJIA NPOTUBOJAEHCTBYeT cMemeHnsM). Takum o6pasoM, yMHO-
AeHHOe Ha Maccy YCKOpeHHe AOMKHO OHTh paBHO —kAx

dz
Jlns TPOCTOTH TMPenNOJNOKUM, YTO BHIILIO TaK (MJM ME HYAKHBIM
00pa3oM MBMEHHIN CHCTeMY efmHuI),* ; k/m=1. HaM mpegmcront
peNinTh ypaBHEHUE

d%x
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@ ue. 21.1. I'pysur, nodseuennu
Ha npyxcumke.

IIpocmoll. npuMmep 2aPMOHUNECKO20 OC-
Yuasamopa,

ITocne aroro Mel BepHeMes K ypaBHeHmO (21.2), B KoTOpOM &k 1 m
COjepsKaTCA HBHO.

Met ysxe crankuBanucs ¢ ypaBHenneM (21.3), korga ToIbK0 HaYm-
HaJdu M3y4aTh MeXaHuKy. Mpl permuiu ero ducieHHo [cM. Boir. 1,
ypasHerue (9.12)], aroGst Haitter nBmwkeHme. UncJeHHbM HHTET PH-
poBaHMeM MBI HAILIN KpuBywo (cM. dur. 9.4, sou. 1), KoTopas moxa-
3hBaeT, UTO ecliy IaCTHUIA /M B HAYaAbHBII MOMEHT BHIBe[[CHA U3 pPaB-
HoBecHs, HO HOKOHUTCA, TO OHA BO3BPAMIAETCH K IOJOMKEHHIO PaB-
Hosecusn. Mu He caepuan 3a gactuiel mociae Toro, KAk oHa KOCTII-
lia MOJIO;KeHNA pPaBHOBECHSA, HO ACHO, 9TO OHA HA 95TOM HE OCTaHO-
ButTcA, a Oyaer xosebamucs (ocyuaauposams). Ilpu ameieHHOM HH-
TeTPHPOBAHNN MH HAULIA BpeMsd BO3BpaTa B TOUKY PaBHOBECH:
t=1,570. IIpogossKuTeIbHOCTS HOTHOTO UKJA B YeTHpe pasa 601 b-
me: £,==6,28 «cery. Bce 810 MBI HamMIHM YMCAOHHBIM WHTEIPHPOBA-
HueM, IOTOMY 4T0 Jydile pemars He yMeiaun. Ho MareMaTHK® [laH
B Halllé paclopsiskeHume HEKyH0 (QYHKIMIO, KOTOpas, eciy ee mpo-
AnddepeHnuIpoBaTh [BAMKELI, HOPEX0OAUT B ce0s, YMUOKUBIIUCH HA
—1. (MoskHO, KOHeYHO, 3aHATHCA TPSIMBIM BHYHCIEHHEM TAKIX
$YHENI{, HO 3TO MHOrO TpPY/AHeE, 9eM IIPOCTO Y3HATH OTEET.)

Jra QyHKmuUA ecyp: x=cost. I poguddepeHnmupyem ee:
dx/dt=—sint, a d2z/df2=—cost=—z. B HavanpEHit MomeHT £=0,
z=1, a BauaJbHasi CKOPOCTH paBHA HYJ/IC; HTO KaK pas Te Hpejl-
TIOJIO/KEHMA, KOTOpHe MBl [eadi OpH YUCJIeHHOM HHTEIPHpOBa-
Huu. Temeps, smas, uro x=cost, maliieM mouwoe 3HaYeHUe Bpe-
MeHH, Ipn KoTopoM x=0. Omeem: t=m/2, uau 1,57108. Mu omus-
JAMCH PaHbIie B MOCHEAHEM 3HAaKe, IOTOMY YTO YUCIEHHOE mMHTeTl-
pupoBanme Obri0 TpHOIMKEHHBIM, HO OmmOKA O4YeHp MaJjal

YtoOr HpoABUHYTHCSA Haibille, BepHEMCHA K CHCTeMe egMHWI,
T/le BpeMsi mamepsieTcsA B HacroamuX cekyuzax. Uro Gymer peme-
HueM B 3TOM caydae? Moser OHTH, MB yITeM NIOCTOSHHEE &k # m,
VMHOKHB HA COOTBETCTBylomHuit MHO;RuTenb cost? IlompoGyem.
ITycte x=Acost, Torga dx/dt=—Asint u d?t/dt?=—Acost=—x.
H mamemy oropuenuw, MBI He IpeycHeJd B pelIeHHN ypaBHEHHA
(21.2), a cmoBa Bepuyamer - (21.3). 3ato MBI OTKpHLIH BaskHeiilnee
CBOMCTBO auHeilHHX RuPQepeHIuaNbHKX ypaBHeHHH: ecou YMmHO-
UMb Pewerue YPasHerUL %A ROCTROIHHYI, MO Ml CHOBA NOAYHUM
pewerue. MareMaTHdeCcKH scHO — modeMy. Ecam x ects pemenne
ypaBHEHMsI, TO TOCHAe YyMHOMkeHUA obemX gyacreill ypapHeHus Ha A
HPOUBBOLHLIE TOKE YMHOKATCA Ha A | Ho3TOMY AZ Tax e X0polio
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VI0BAeTBOPHUT ypaBHeHuI0, Kak u z. [locaymaeM, 4ro craseT mo
sroMy moBofy ¢usur. Ecnu rpysur pacTsHET HpYRUHKY BJBOE
foble TPEeHET0, TO B/IBOE BO3PACTET CHIA, BIBOE BO3pACTeT Y-
Kopenwe, B iBa pas3a Gonpiie mpe:xueit OymeT npuobpeTeHHAA CRO-
POCTB W 34 TO e CaMOe BpeMdA I'pysuK NpoiiieT BaBoe Goaninee pac-
crosame. Ho a1o BABoe GoJsbllee paccTosHme — KaK pas TO caMoe
paccrosfrue, KOTopoe #ado MpoiiTd I'PY3HKY A0 HOJOKEHUA paBHO-
Becus. Taxum obpasom, 4T00H J0CTHYB paBHOBecus, Tpebyercs
CMOAbEO Jite épemeHl T 0OHO He 3aBHCHT OT HAYAJBHOTO CMemeHHA.
WNuagwe rosops, ecam jBuiKeHne OMUCHBAETCA JHHEIHHIM ypaBHe-
HUEeM, TO He3aBHCUMO OT «CHJIB» OHO Oyfer pasBHBATBCA BO Bpe-
MeHU OJ{HHAKOBHIM 00PazoM.

OmubKa mouINa HaM Ha TMONB3Y — MHl y3HAJM, 910, YMHOKUB
pelileHye Ha HOCTOAHHYH, MBI TOAYIAM pellieHle Ipe;KHero ypaBHe-
Hnd. [Tocme HeckoAbKuX mpob 7 omuboK MOMKHO NPUHTH K MBICIH,
970 BMECTO MAHUNYAADWI ¢ Z HafO H3MEHHUTH IMKANY 6pemMeHu.
Wnage roBops, ypasmenme (21.2) mo/DKHO HMeTh pelleHHe BHAR

= 0S ©,yl. (21.4)

(3necs ®, — BOBCce He YIiIoBasfA CKOPOCTH BPAAKMeErocs Tela, HO
HAM He XBAaTHT BCeX aj(aBHTOB, ecaH KaKAyi0 BeaudwHy o603Ha-
9aTh 0¢000i 6ykBoi.) Mu cHa6aman 3peck o ugercoM 0, motomy
49TO0 HaM IPEe/CTOUT BCTPETUTH elle MHOIO BCAKHX OMeT: 3alOMHYNM,
970 ®, COOTBETCTBYET eCTeCTBEHHOMY HBKEHWIO OCHHIIATODA.
ITompitra memop308ath (21.4) B kawecTBe pemierns 6odee ycHenIna,
HoToMy uto dz/dt=—w,Sinw,t u d2x/dt?=—wycos0, t=—auyz. Ha-
KOHEI-TO MHl peInAf TO ypaBHeHHe, KOTOpOe H XOTeJdH PeMuTh.
Jdro ypasHenme cosmamaetr ¢ (21.2), ecim w)=k/m.

Tetieps HYKHO NOHATH QU3NYECKUIT CMBICA ®y. MBI 3HaeM, uro
KOCHHYC «IOBTOPSAETCA» IMOCHIe TOr'0, KAaK yroJ M3MeHHTCA Ha 2.
TlosToMy z=cosw,¢ OymeT NepHOIUIECKHM MIBIKEHNEM; IOIHBII
HAKJI 3TOr0 JBIDKEHHSA COOTBETCTBYET M3MEHEHHIO «yria» Ha 2m.
Benmauny oyt 9acto HazsBalT PBasoll Apwkenns. YToOH H3MEHNUTH
©of Ha 2 7, HYKHO U3MeHUTH £ Ha f, (Repuod TONHOTO Kolebanus);
KOHEeYHO, [y HaXOQUTCA U3 ypaBHeHuUsd Wolyg=27. 910 3HAYHT, UTO
Woly HY)KHO BEYUCIATEH IS OAHOTO IMKJA, ¥ Bce OyAer IOBTO-
PATHCA, €CIH YBeJHYIHTH ¢ HA fy; B HTOM ciydae MBI yBeauuum dasy
Ha 2. Tawrum o6pasom,

t0=023—‘:=2n ]/%. (21.5)

3HaunT, YeM TRedee IPy3HK, TeM MejieHHee IpYKAEKA 6ymer Ko-
aebarbes Baay o Bueped. Huepmus B atoM cnydae 6ymer Goabute, n
eCAM CUJAA He M3MEHUTCH, TO ei moHagoburcs Ooabinee BpeMs [AA
pasroHa u TOpMosKeHus rpysa. Ecau jxe B3sATH NPYRKUHKY HOMKeCT-
9e, T0 JBIKeHWEe HOKHO MPOUCXOANTH GHICTDPEEe; W B CAMOM felne,
mepmoj yMeHBINAETCA ¢ YBeIMYSHHMEM KeCTKOCTH IIPYHKIHEL.
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3amernM Temepb, 4TO mepiuo; KodefaHmil Maceh Ha IIPYRHHKE
HE 3aBUCHT OT TOTO, K@k KojnefaHNA HaunHawtea. I8 npymuakm
Kak Oygro Ge3pasimdHo, BACKOJBKO MBI €e pacTAHEM. ¥ paBHEHMC
asmkenns (21.2) ompegdenser rnepuod ronebannii, Ko HIUEro HE TO-
BOpuT 06 amMmiamTyAe KoldebaHuA. AMOIUTYRY KoaebaHmsi, KoHeu-
HO, OIpeJeIATH MOIKHO, H MHL ceiiyac aaifiMeMcs 5TEM, HO I8 5TOTO
HAJ0 3aHaTh HAYAADHBIE YCAO06US.

Heno B ToM, YTO MBI eme He HAIIIH CAMOIO ofimero pemieHus
ypasgerus (21.2). llmeerca necKOoIbKO Bumo perreunii. Pemre-
HEe Z=acos®,f COOTBETCTBYOT CJYYal, KOrja B HAYaJbHBIL MO-
MEHT HPY/RIEKA PacTAHyTa, a CHOPOCTH €e paBia HY:I0. MomHO
uHAaYe 33CTABUTH HPYIKHHKY ABHIATHCH, HANIPHME]D YIVYITH MOMCHT,
KOrJa ypaBHOBeIIeHHAad NpY:RUHKA Tokontes (x=0), um pesxo
VIapUTh MO TIPYSHKY; 3T0 Oyxer 03Ha4aTh, YTO B MOMeHT f[=0
HPY/RUHRE co00meHa KaKafg-T0 CROPOCTh. TakoMy aBi:keHuto Oymer
COOTBETCTBOBaTH aApyroe pemenne (21.2) — Kocurye HyRHO 3aMe-
IIHTh Ha CUHYC. DpocuM B KOCHHYC eMe OJiH KaMeHb: 6cii
£==C0sWyf— pelienne, To, BOlijd B KOMHATY, I'Jle Ka4aeTcs MPYHKHH-
K, B TOT MOMeHT (nazoseM ero «f=0»), KOrja IpysmK HPOXOHUT
Yepes morxoxkenne paBaosecud (z=0), Mbr 6yer BLHY/KICHH 3aMe-
HUTh 370 pemenne gpyruM. Co1e;J0BATEIBHO, Z:=C0Sw ¢ HE MOKET
ObiTh 00LIUM pelnerreM; obmee pelleHue TOMMKHO J0NYCKAaTh, TaK
cKasaTh, LepeMenieHHe HAYAaja OTCUeTa BpeMeui. TaxkmMm csoiict-
BoM o0JapaeT, HampuMep, pelleHue T=—=acoswy(t—t,), rie f; —
Karaa-to woctosHHasg. Hanee, MOMRHO pasiouTh

cos(wyt - A)=00smyt cos A—sinw, fsin A
U 3anucarth
z=Acosw,t--Bsinw,t,
rie A=acosA 1 B=—asinA. Ramayio u3 s1ix QopM MOKHO HC-

D)

MOJAB30BATEH JJA samucu obutero peirerus (21.2): aofoe us cv-
mECTBYMUX B Mupe pemeduil mupdepeHnua pHOr0 ypaBHEHus

d2x/dt?=—o.r MOKHO B3aimlicaTh B Buje

r=acosw, (t—1), (21.6a)
il

z=acos(m,t-+A), (21.606)
nian

r=Acosw,t--Bsinwe,t. (21.68)

Hexoroprie na Berpedalomuxes B (21.6) BeamumH uMe0T Had-
BAHHA: M) HA3KBAIT Y21060l 4acmomoll; 3T0 YHCI0 pajHaHOB, Ba
KoTopoe (asa mamenserca sa 1 cex. OHa onpepenserca nuddepen-
HualNbHEIM ypaBHeHneM. I[pyrie BeiwdmHB ypaBHEeHHEM He olpe-
JJITCA, a 3aBACAT 0T HAYaJIbLHHKX ycdosuii. IlocTosHHAA a coay-
JKHT Mepoil MAKCUMaJIBHOTO OTKJIOHEHHH IPysa W HA3HIBAETCA aM-
naumydoti xonebanus. Ilocrosanyo A wHorma nHasmBawT (Hasoll
KoJe0aHHA, HO 3/eCh BO3MOKHBI HEJOpasyMCHESA, IMOTOMY dTO
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npyrue HasnBaoT daszolt @y--A m rosopar, urto daza saBmCUT OT
pnemeiin. Mo)kHO ckasaTh, 4o A — 510 cdeue ase HO cpaBHEHMIO
¢ HeKOTOpoii, mpuHIMaeMoii 3a Hyas. He 6ymem cnoputs o cnosax.
PasupiM A coOTBETCTBYIOT ABILKeHHsA ¢ pasHHME ¢azayu. Bor arto
BepHO, a HA3HBaTh Ju A $as3ol umm Her — ymKe Jpyroii Bompoc.

§ 3. 'apmonurnecroe deudcenue w dsuncenUue
NO OKPYNCHOCTIU

Hocunyc B permrenun ypasuernsa (21.2) HaBoguT Ha MBICHB, TTO
rapMOHAYECKOE IBH/KEHUE HMEET KAKO0e-T0 OTHOIIEHHUE K ABIGKEHMUIO
10 OKPYIKHOCTH. JTO cpaBHeHHEe, KOHEIHO, HCKYCCTBEHHOE, IOTOMY
YTo B AUHENHOM ABUKEHNN HEOTKYIAa B3ATHCA OKPYKHOCTH: I'PY3HK
JIBHKETCS CTPOTO BBepx u BHM3. MOKHO olpaBiaThCA TeM, ITO MH
yixe pelmuiy ypaBHeHUe FapMOHMYECKOT O JBHKEHUA, KOTa H3yda-
Ny MeXaHUKY ABIKEHUA M0 OKPYAHOCTH. ECiIu dacTuma ABUKETC
0 OKPY/KHOCTH ¢ IOCTOAHHON CKOPOCTHIO ¥, TO paguyCc-BEeKTOp 13
IeHTpa OKPY/RHOCTH K YaCTHIE HOBOpavuBaercs Ha Yrol, BeaudH-
Ha KOTOPOTO NpONOpIuOHANbHA BpeMeHu. OG0o3HATHM BTOT YIoOI
0=vt/R (pur. 21.2). Torpma db/dt=w,=v/R. UsBecTHO, 910 yCKROPpE-
une a=v%R=w0iR u nanpaslieHo K HEHTPY. NOOpAUHATH JBIGKY-~
IgeiicsA TOYKM B 3aJaHHBII MOMEHT paBHH

r=DRcos9, y=™HRsin0.

Yro MoKHO cKa3aTh 00 yckopenmm? Ueumy paBHA Z-COCTaBISIO-
masa ycropenus, dr/df?? Hailitu Ty BeANYHEY MOMKHO UHCTO T€0-
MeTpHUeCKH: OHA PaBHA BeIHUYHHE YCKODSHMSA, YMHOMKOHHON HA KO-
CHHYC yria IpPOeRInil; Hepey MoJYIeHALM BHpaKeHHeM HAI0 Hoc-
TaBUThH 3HAK MAHYC, HOTOMY UTO YCKOPEHIIe HAMPABICHO K HEHTPY:

ay=—ac080= —w2Rcos = —ow?z. (21.7)

Wpwivu caoBamm, Korga dacTuma JABHKETCA [0 OKPY;KHOCTH, I'OPH-
SOHTAJNBHAA COCTABAAIOMIAA ABIKEHHUA WMeeT yCKOpPeHHe, Mpomop-
HHOHANBbHOE T¢PH3OHTAAbHOMY cMenieHUIo oT meHTpa. Homeano, Mir
SHAEM PelTeHNs A cayTasi IBIKeHNA IO ORPYRHOCTH: £=Rcosw,t.
VYpasuerue (21.7) He cofep:uT pajgmyca OKDPYKHOCTH; OHO OTH-
HaKOBO IPH IBIREHNU H0 M1000H OKPYIRHOCTH TIpH OHAKOBOI M.

g

sl

T due 21.2. Yacmuya, Adeuxcy-
wascs RO Kpyey € nNOCMOAHHOU
CEOPOCMbIO.
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Quez. 21.3. JNemoncmpayusn oKsu-
BAACHMHOCMU  NPOCMO20 2d PMOHU~
4eCK020 dsuicenus U PASHOMEPHOZ0

dauacernu EDYACHOCMU . >
R N0 OEpYICH Caem méz 1 1o
> ——i> &
om
namnet Wy Tenu
- A

;;k

Taxnm 00pasoM, UMeeTCS HECKOABKO MPUUIH, 10 KOTOPHIM CJeyeT
OFRUJIATD, 9T0 OTKJIOHEHHE TPY3MKa 1A M) YHHUiKe OKAMKeTCs Iponop-
LUIOHAJBHBIM COSWof H ABIGKCHUE GYileT BEITIALETH TAK, KAK eCIIi Okl
MBI CJI/IUIIN 38 Z-KOOPAUHATOH YaCTHIB, ABIKYINEHCA 110 0K YKHO-
CTH € YTI0BOI cKopocThio 0. HpoBeputs 510 MOMKEO, MOCTABUE OIILIT,
7TOOLI IOKa3aTh, 9TO ABIIKEHIe IPy3uKa BBEPX-BHH3 Ha IDYKHHKC
B TOYHOCTII COOTBETCTBYeT ABIKEHMIO TOUKH 10 OKpymHoctd, Ha
dur. 21.3 cBer gyroBoii JaMIEl ODPOEKTUPYET HA IKpAH TEHH JBU-
FRYIHXCA PAIOM BOTKHYTOI! BO BPAINAKIIIIC K HIOJKH U Bep-
THKANBHO KoJXedmomerocsd rpysa. Eejin BoBpeMa 1 ¢ Hy»KHOTO MecTa
3aCTaBUTh TIPY3HR KO0IeDaThesd, a4 IMOTOM OCTOPOKHO Tomobpars
CKOPOCTH BHKEHHUS AICKA TaK, YTOOH YaeTOTH NX JBIKEHHI CoB-
mananm, TeEH Ha 3Kpame OyAyT TOUHO CIOeoBATh OjJHa 3a JApPYroi.
Bor eme cmocod yGegurhes B TOM, 9TO, Hax07s1 YHCIEHHOS DeNIc-
Hue, MBl TOYTH BIUIOTHYIO IOJOLULIH K KOCHHYCY.

3Iech MOKHO IIOICPKEYTDH, 9TO MOCKO.IbKY MaTeMaTiika paBHO-
MEPHOTO IBHMEHHA N0 OKPYMKHOCTH 0YCHDL CXOAHA € MaTeMATUKOIL
K0Ne0aTeIbHOI0 [IBIMKEHHA BBEDPX-BHU3, TO AHATN3Z KoIe(aTelb-
HHIX ABHKEHHI OYEHbH yIPOCTUTCH, €CJH TIpeiCIABHTL 3TO JIBIIKe-
Hue KaK IpOeKIUI0 JBHKeHNA M0 oKpymuoctir. Huaye roBops, Mo
MO;REeM JIONMOJHHTH ypaBHeHue (21.2), Kasagoch 6bl, COBEDPIICHHO
JUIIHHM ypaBHEHWEM I Y W paccMaTpusarth oba ypaBHEHMH
coBMecTHo. llpopesnaB a1o, MBI cBefleM OJHOMepHbe KoJlefaHUA K
IBUKEHHIO RO 0KPYACHOCIU, 9TO H30aBAT HAC OT pelileEns Jupdepen-
NUANLHOTO ypaBHeHua. MomRHO cuenaTs eme OXHH TPIOK —— BBECTII
KOMILIGKCHEI UHCIa, HO 00 3ToM B caegymoueil riase.

§ 4. Hauaarvnote ycaosus

Hapaiite BeisgcHnM, Kawoll cmptes mmetlor A u B nin @ u A.
KoreuHo, OHU IIOKABHBAIOT, KAK Hadaloch ABmkerne. Ecun gpmxe-
HHUe HATHETCA ¢ MAJIOTO OTKJIOHEHHSA, MHI IIOJYYUM OFWH THI KoJje-
Oapmit; ecin cierKa pacTAHYTH NPYKHHKY, a MOTOM yIAapHTh IO
rpysuky — japyroi. llocrosurane A uw B mim a u A, nau Kaxue-
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rubyne ABe IpyIue MOCTOAHHEIE OIPENeNIAIOTCA 00CTOATeNBCTBAMI,
npu KOTOPEIX HAYaJ0Ch NBHJKEHIE, HJIH, KaK OOHTHO roBOpAT,
HayaabHny Jeaosuamu. Hysmuo HayIuTsesa ONpPemesiaTh IOCTOSH-
HBIe, MCXOfA M3 HAYANBHHIX YC/JA0BHil. XOTA JAJA 3TOTO MOIKHO
NCIIONB30BATE M1060e u3 cootromennit (21.6), xyumie Bcero mmMers
zedto ¢ (21.68). Ilycrs B Havaapubiii MoMerT {=0 Ipy3uR CMewmeH OT
LOJNO/KeHNA pPABHCBECHS Ha BEIHYHHY &, H IMeeT CHXOPOCTh ¥,.
Jro caMas O0mAf CHTYANIld, KAKYI TOJXBKO MOKHO LpPHIyMaTb.
(Heapss saiaThb HauaIbHOTO YckOpeHUs, TMOTOMY YTO GHO 3aBHCHT
OT CBOHCTB IIPYIMRHHLI, MEI MOREM PACHOPAIATLCA TOJILKO BEIHIH-
noit x,.) Boiamciagm Temeps 4 w B. HauseMm ¢ ypaBHeHHuA 1A

x=Acosw,t-+Bsinwm,t;

TOCKOJBKY HaM TOHA[00NTCA I cRopocTs, HpogupdepentupyeM
U HOTYHINM
ve=—m, A sin 0yt -+ 0,5 cos w,i.

JTH BHIDAKEHIA CHPaBeJNBH 11 BCeX f, HO Y HAC €CTh JONOJ-
HUTeXBHES CBejlelus o Beanuunax x u v npu t=0. Taxum obpasom,
€CIIH TONOMKUTH [==(), MBI JOJRHBI HOJYYUTE CJEBA Ty U ¥y, UGO DTO
TO, BO 4TO ImpeBpamawtes z u v npu {=0. KpoMme toro, st snaem,
9T0 KOCHHYC HY/IA paBeH eJMHUIC, a CHHYC HYId PABEH HYJIIO.
CaegopaTenbHO,
ry=4.1--B.0=A4
n
vy=m—myA 0 --0,B - 1=0,B.

Tamum 06p330M, B 3TOM YaCTHOM CJgydac

A:]‘ == .
0’ @,

Suag A u B, Mpl MOReM, eciil IoKedaeM, Haiithm a u A.

Wrar, 3ajaga 0 ABW/KEHAN OCINULIATOPA pelieHa, HO ecTh OfHA
HHTepecHad Bemb, KOTOPYI Hamo nposeputsh. Hamo BHIACHHTS,
coxpaHseTcA nu sHeprus. Eciu Her cui TpeHns, To SHePIuA J0JLK-
Ha coxpauarbes. Ceityac HAM yHOOHO HMCHOADL30BaTh (OPMYIHI

’ rz=acos (0t + A)
. v=—0,asin (0.t + A).

Hasaiite maiileM KHBeTHUeCKYIO saepruio I ¥ IOTEHIHAJIBHEYIV
sueprmo . lloremnumajipHas sHepruA B IIPOM3BOJABHHIN MOMEHT
BpeMeHM paBHa Yekx%, rge x — cMemeEmHe, a £ — IOCToAHHAA
yupyroctu Hpysuniu. IloacraBiisigd BMeCTO T HalWCaHHOe BHIMIe
BEIpaykeHne, Haligem

U =% kxz_:% ka®cos® (w,t + A).

Pazymeercs, MOTeHImAaxsHasd dHepTUA BABHCAT OT BPEMEHM; OHa
BCerjla NOJOKUTEeJIbHA, 9TO TOMe MOHATHO: BeJb HOTEHUHAJIbHAA
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SHeprus — 9TO DHEPruA HPYKUHH, 4 OHA M3MEHAeTCH BMeCTe ¢ .
Hunermueckas sHeprus paBHa Y2 mv®; NCHONB3YA BHpaMCHIe I
v, TOJydaeMm
T:% mvzzé maoja®sin®(w,t -+ A).

Kumersyeckas sHeprus paBHa HYJIK IpH MAKCHMalAbHOM &, nbo
B DTOM CiIydae TPY3HK OCTAHABIWBAETCH; KOTHA e UPY3HK IIPOXO-
7T 10J0xKeHe paBEoBecus (x=0), To KUBeTHYECKAS DHEPrus K-
CTHTaeT MaKCHMyMa, HOTOMY 9TO HMEHHO TOT/A TPY3UK JBIKETCS
Opictpee Bcero. lsmenenwe kuHeTHYECKOW sHeprum, TakuM obpa-
30M, TIPOTHBOIIOJIOKHO H3MEHEHHI0 MOTeHNHAABHOI sHeprum. Iloa-
Bas sHeprusA MOUKHA OvTH HocToABHON. MHeiicTButensuo, eciam

BCHOMHATD, 9T0 k=mw,, 10

i 2 2 2 .2 1 2 2
T U=? moya® [cos® (wyt + A)+sin’® (ot 4 A)] =5 M.
JHeprUa 3aBUCUT OT KBaJpaTa AMILIATYNE €CJU YBEJHIHTL aMil-
IUTYAY KoneGaHIA BIBOE, TO YHEPTHUA BO3PACTET BUeTBepO. Cpeduss
NOTeHMMANbHAA DHEePIWA paBHA NOJOBHHEE MaKCHMAAbHOH W, cle-
MO0BATEJIBHO, IOJOBHHE IOJHON; CpeNHAA KUHETHICCKAs sHEPTHA

TaK;Ke paBHA TOJOBHHE NOJXHOI DHEpruwm.

§ 5. Koaebanua nod deticmeuen sneurneit cuavt

Ham ocraerca paceMOTperh KoaeOanUL 2aPMOHUMECKO20 OCYUA~
agmopa nop HeficTBneM BHemmHeli cmiani. I BwykeHme B sToM ciaydae
OIIMCHIBACTCA YpaBHEHHEM

d*z
JlaBaiite mogyMaeMm, kak GymeT Bectnm ceGi IPY3uK HpH 5THX 00-
CTOATENBCTBAX. DHemHAA ABIWKYMAA CHJIA MOMKeT 3aBUCETH OT
BpeMeHn KakuM yroguo oOpasoMm. Haunem ¢ mpocTeifmmeii 3apucmmo-
ctu. IlpeanonosumM, 410 cmia OCHEJLIApYeT

F(t)=F,cosot. (21.9)

O6patuTe BHMUMAHME, 9TO0 O — 3TO He o00sA3aTelbHO @, Oynem
CYNTATh, UTO MOKHO HM3MeHATH ), 3aCTaBJAA CHIY JeiicTBOBATH
¢ pasHoii gacrotoil. lrar, namo pewnrs ypapaenme (21.8) B cxyuae
cnenmaiapao momoGpamuoit cmast (21.9). Haxum Oymer pemrenme
(21.8)? Oxmo w3 YacTHHIX pemeHmi (o0IuM pelleHHeM MEL elle 3aii-

MeMCs) BBIDIATAT TAK:
z=C cos of, (21.10)

rae nocroAannyo C elie Hamo onpegeaunTs. Mpade roBops, UHTAACH
HaliTh pelieHue B TAKOM BHJie, MBI IIpeJIoiaraeM, IT0, eclu TAHYTH
rpys3uK B3aj M BIEpe], OH B KOHIe KOHIIOB HAa9HeT KAYaTHLCA B3aJ
B Boepep ¢ wacroroli jeiicrsyiomeii cumis. IIposepmM, Mosker aH
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a10 6HTh. Ilogctasup (21.10) 8 (21.9), moayaum
—mo®*C cos ot = —ma;C cos wt - F cos wt, (21.11)

Msl y:xe sameEman k Ha mo,, IOTOMY uTo yAoOHee CpaBHIBATE
aBe qactoThl. ¥ pasuenne (21.11) MoixHO HomeHTH HA COEPIKamMITCs
B RayKIOM YjleHe KOCHHYC i yOeAMTHCA, 4TO NPH IMPABMIBHO 1006-
panrom sHaverum C Beipasxenme (21.10) 6ymer pemenmem. 9ra Be-
apymaa € goipkHa OBITH TaKOM:
e Fo
c (ol " (21.12)
TakuM 05pazoM, TPpY3HK M KoJIeSIeTcA ¢ 4acToToil melicTBynmel
Ha Hero CWJIL[, HO aMILIATYAA KoIeGaHus 3aBUCHT OT COOTHOINCHUA
MeXIY YacTOTOH CHIB H 9aCTOTOH CBOGOJHOIO HBIMKGHNA OCHUJI-
aaropa. Ecin o o9eHL Maja [0 CPABHEHMIO ¢ My, TO IPY3HK JABH-
merca Beaed 3a cwiroil. Ecnu sie gepecayp 6HCTpo MeHATH BRanpaB-
JICHUE TOTUKOB, TO I'DYBMK HAUHHAET ABHTATHCS B MPOTHBOIOJIOH-
HOM 110 OTHONICHHIO K CIJIe HalpaBJeHHU. JTO CIEIyeT K3 paBeHCTBA
(21.12), ®otopoe TOBOPHT HaM, 49TO BeIHImHA (' OTpHUATEDLHA,
ecidm o GONBITe COGCMEEHHOI YACTOTHL Pa pMOHHIECKOTO OCIHIIA-
ropa ;. (Msl OyzeM HaswBaTh ©, cOGCTBEeHHOI WAaCTOTOl TapMo-
HU9eCKOro OCIILIIATOPA, & ® —- MpuiIo:KeHBoIl wacToToid.) Ilpm
O4YCHD BEICOKOIl UacTOTe 3HAMEHATENh CTAHOBHTCA OYCHH GOJEBIINM
I TPYSHE UPAKTHYECKH HE JBUHAKETCH.

Haiijiernoe HaMu penieHEe CHpaBegJIfBO TOJIBKO B TOM ciydae,
KOTAA Vike YCTAHOBWIOCH PABHOBECHE MEMY OCUMIATOPOM U jeli-
CTBYIOIEll CHIIOH; 3TO HPOMEXOJUT IOCJIe TOI'0, KAK BEIMPYT [py-
rue ARMAeHnsA. JTH BRIMIpaomue ABWMKeHWS HasHBalOT hepernd-
WM OTKINKOM Ha ciily F(f), a mBmmenue, omicoiaemoe (21.10)
n (21.12),— pasrosecubly OTKIMKOM.

Mpurasgesmuce & dopmyne (21.12), Mel 3aMeTuM JTIOGONHTHY
BeIb: €CIHM YaCTOTa ® MOYTH paBHA 0y, T0 C npubirmxaerca & Gec-
rkoHeunocTH. TaxkmM o0pasoM, ecii HACTPOUTH CHIY «B JAI» ¢ cO0-
CTBEHHOH H9acTOTOI, OTKJIOHEHHA I'PY3UKa AOCTHTHYT I'HTaHTCKHX
pasmepoB. OG aToM 3HaeT BCAKMIl, KOMY KoIJa-imbo NpUXoAMIoch
packaumBarh pefeHKa HA KagedsX. JT0 JOBOJBHO TPYAHO CHEIATD,
CCJH 3AKPHITh IJIa3a M 0ecHopsAg0YHO TONKaTh Kaueau. Ho ecanm
HARTH HpaBHJILHET PHTM, TO pacKadaTh Ka4elddm JIeTKO, OJHAKO,
KaK TONBKO MBI OIATH coBbemMcs ¢ pumiMa, TOTYKM HAYHYT TOPMO-
3UTH Kaveau M oT Takoil paGorst Gymer Majio TPOKY.

Ecam vacrora o OyHeT B TOYHOCTH pAaBHA @), TO AMILIATYAA
NOJIFKHA CTaTh OeckoHeuHOU, 49TO, PazyMeercd, HepBoaMokHO. Mm
omubINCh, MOTOMY YTO PpeHIajM He COBCeM BepHOE YypaBHeHHe.
Cocrapuas ypaprenue (21.8), Mur 3a6bIn 0 culie TPeHHA W O MHO-
rux ppyrux cwiax. [losTroMy ammimTysa HEKOrja He JOCTHTHET
0eCKOHEYHOCTH; MOKAJIYH, IPYKAHKA IIopBeTcA Iopas3fo pausbliel



I'naea 22

AJITEBPA

§ 1. Caoxcenue u ymnoocernue

Nsywasn ocumanarop, HaM NpHAETCA BOCIIOND-
30BaThCA OHON W3 Hamboiee 3aMedaTedbHEIX, TO-
ANy caMoif nopasuTeabHEOR M3 QopMyd, Kakue
MO;KHO HaiiTm B MareMaTure. Ousmk o0eIHO pac-
npaBidgerca ¢ »ToH GopMyJoll IMpuMepHo 3a [Be
MUHYTH, Jaske He obGpaTms Ha Eee BEmMarusa. Ho
Hayka BeJb He TOJLKO IPHHOCHT NPAKTHYECKYIO
N0JIb3Y, a CIAYKUT HCTOYHHKOM YIOBONBCTBHA,
IIOJTOMY JiaBaiiTe He 6y/eM TOPOUMTLCA HPOXOJITE
MHUMO DTOHl JparomeEHOCTH, a IIOCMOTDHM, Kak
OHA BBRITIAJUT B BEJUKOJIEIHOM OKDPYMMEeHHU, KO-
TOpoe 00LITHO HA3HBAIOT BJIEMEHTAPHOH aaredpoil.

Bur momxere clipocurs: «3ateM HYKHA MaTeMa-
THKa B KHEAre Io ¢usnke?» Bor EecKoabKO yBa-
FKUTEJIDHBIX NPHYMH: TpERIe BceTo MaTeMaTHKA—
0UCHB BayKHELIA paboauii MECTPYMEHT, HO 3THM MOJK-
HO OUpaBZaTh 3aTpaTy BCero JHIIL IBYX MHHYT
Ha BEIBOA 9TOfl Qopmyas. OgEaKo Tpu w3ydemHii
TeopeTHuecKoll ¢uauku ME OOHApy;KUBAEM, UTO
Bce (UB3WYecKHe 3aKOHLI MOJKHO 3aIIHCATH B BHJE
MareMaTHIecKHX (OpMyJa, HMEHHO dTO IpuUgaer
3aKOHAM MpPOCTOTY u Kpacory. Taxum obpaszson,
ray6okoe MOHMMAHAEG MaTeMaTHYECKHX COOTHOILE-
HI B KOHIE KOHIOB HEOOX0IMMO [JIs1 HOHUMAHIA
npupoasl. Ho raasHas mpudmma — 3TO KpacoTa
TOMBI: BeJIb XOTA JIOAH paspesatn IpHPOAY Ia
MHOT0 KYCKOB M IPOZOJLRAIOT KPOMCATh ee, H3ydas
0YeHH MHOTO IIPEJMETOB Ha PasduIHHX QaKyIbLTe-
TaX, TaKoe pasJefeHne HCKYCCTBEHHO, H MbI
Beerga OymeM moaydarhs HacuaKieHUe, coOHpast
BMeCTe OT/ielIbHble KYCKH.

Eme ogHa npuumeEa, [0 KOTOpoil clegyer sa-
HATHCH NorayOme anredpoii: XorTsd MHOTHE H3
Bac yse BSHAKOMHIuCh ¢ auarebpoit B cpexHei
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mKode, HO 9T0 OBIIO TONLKO TEPBEIM 3HAKOMCTBOM U MHOIHC
GopMyasl eige HOHPLBLIYHB!, TOITOMY CTOHT €Ime pa3 BCIOMHHTH
anrebpy, 4To0H He TPaTUTHh HA OPMYJIEI CTOJNBKO e CHJ, CKOJBKO
ux yiiger Ha usyuenpme camoil QusmKi.

To, gaeMm Mu 3afiMeMcs, ¢ TOUKH 3PEHHA MaTeMaTHKu, He OGymer
Hacrosimeil anrebpoii. MaremaTunr riaBEEM 00pasoM HHTEpecyerca
TeM, KaK WU3JI0MRHTDL TO AN HHOe MaTeMatTHiecKoe YTBepsKIcHHe Il
KaKite HPeAoNosReHIA 00s13aTeIbHEL TPH BEIBOAE TCOPEMEE, a KaKie
uet, Jlns Hac BaxiHee pe3yapTaT JoKaszaTedascrTsa. Hampnmep, Teo-
pema Ilmdaropa nirepecra A Hac TOTOMY, 9TO B Hell coobmaeres,
4T0 CyMMa HBAIDATOB KATETOB HPAMOYILOJBHOTO TpEeyYIOJIbLHUKA
paBHa KBagpaTy THIOTEHY356l; 9TO O0YeHb WHTEPECHEI (aKT, M MEI
OymeM MCHOIB30BaTh ero, He 3a00TACHE 0 TOM, AEHCTBHTENLHO MU
aro gokaszanuasa Ilndaropom Teopema mam mpocro axcmoma. B Tom
He caMOM JIyXe Mbl M3JIOKUM 9JIEeMeHTADHYIO anrefpy, 10 BO3MOIK-
HOCTH 4MCTO KadecTBeHHO. Mpl roopmm saemenmapras anrebpa
IIOTOMY, 4TO CYIIECTBYeT BETBh MAaTEMAaTHKH, HasuBaemas esicusell
anrebpoil, Tje MO:eT OKAa3aTbCH HEBePHEBIM, UTo ab==ba, HO Tarnx
Bemell MH Kacatrbcd He OyxeM.

Uzyaenne anrebpn maumeMm c¢ cepepmuel. IipeamomossmM, uTo
HAM YiKe W3BeCTHO, WTO CYIMECTBYIOT HeJhe YHCJIa, YTO eCTh HYIb
H 9T BHAYUT YBOANYATH Tnesio Ha eqununy. He rosopirre, mosxanyii-
cra: «Bot 1ak cepejgunaly, moToMy uTO s MaTeMaTHKa 310 cepe-
OUHA, Belb OH 3HaeT TEOPHIO MHOKECTB H MOMET 6bl6eciils BCE DTH
cBoifctBa meanx umcex. Ho Mer me GynmeM BropraThcsi B 06/1acTh
fnirocoduu MaTeMaTHKH If MaTeMAaTHYECKOH JOTHKH, a OLPAHH-
4YIMCA TPeAIoI0KeHneM, 9T0 HaM HB3BECTHH Ienble WHCJIA M MBI
yMeeM CUHTATb. Eciau B3ATH Leldoe nciao ¢ u NpubaBHTL K HeMy b
pa3 Ho efuHNIe, MEL HOJYIHM 9HCIO0 a--b; aTuM onpegesaercs
CAOMCCHUE TeJIBIX YiceJ.

OnpenesuB ciomeiine, IpojenaeM BOT 4T0: HAYHEM € HYJIA H
npufaBEM K HeMy b pas 9ducjo @; TaKuM o6paszoM MBI OIpeje;IuM
YMHOJNCEHUe HMeNHX THCeJ W OymeM HA3HBATL pesyJIBTAT RpOU3se-
Jdenuem a Ha b.

Tenepnr MOKHO IpOAENaTh PAJ ROCAEIOBAMEALHBLE YMHONCEHULL
eCJI YMEOKUTH eHHANLY b pa3 Ha UACIO @, TO MHl 8038edex a 6 cme-
neww b v 3ammmieM pea3yianTaT B Buie a’.

Hcxongn ws atux ompemenesuii, JETKO JOKa3aTb TaKue cOOT-
HOIMCHHUA:

a) al-b=>b+4a w) abac = alv+o

6) at+(b+c)=(at+0)-+¢ 3) (2 )¢ = a®

B) ab=ba u) a+0=a }(22'1)
r) a(b-tec)y=ab-+ac K) a-l=a

) (ab) c=a (bc) 1) a'=a

e) (ab)e = ac be
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It pe3yabTaTH XOPOIIO MABECTHHI, MLI He XOTHM J0OATO HA HUX
OCTAHABJIMBATHCA, & BHIIMCAHBL OHM $0JbIIe AJA Hopsaska. Horedno,
1 n 0 obaagawt ocodnivu cBolicTBamu, Hanpumep a-+-0=a, a-1=a
H @ B [epBoil cTeneHn PaBHo a.

Cocrapaas Tadauary gopmys (22.1), M DOABL30BANKHCD TAKIMH
cBojicTBaMH, Kax HENDEepPHBHOCTL M COOTHOINeHHE IOPAJKA; AATh
HM OoOpejleicHIe OUYeHDL TPYMHO: [JIs HTOIO CO3[aHA Ieljiasd HayK4.
KpoMe TOTO0, MLl BBIIACAIH, KOHEdHO, CJHIIKOM MHOIO «IpaBHIL»;
HEKOTOPHI® H3 3THX [pABIJ MOKHO BBIBECTH H3 APYTUX, HO I8
OygeM Ha 9TOM OCTAHABIIBATHCSH.

§ 2. Odpaminvie oneparyuu

HpOMO OPAMBIX onepauni’l CJHOKeHIIA, YMHOMKEHUA 1 BO3Bele-
HIfl B CTeIeHL, CYIECTBYIOT o6pammusie omnepamuu. Mx Momnuo
onmpefenurs Tar. llpeanonoknM. 9o HAM 3aiaHB @ B ¢; KAK HaiTa
b, yooeigersopAmmee ypaBHewuaMm a-+b=c, ab=c, b*=c¢? Ecuu
a-+b=c, 10 b onpeneiaAercas TPH TMOMOIOH EWHUMAHUL: b=c—-a.
Croap me mpocta onepanusa deaenus: ecam ab==¢, To b==c/a; aT0
peleHIe ypaBHeHIA ab=c «3a10M Hanepea», Ecau BaM BCTpeTHTCA
creneHs: b%=c¢, TO HAJO 3aNOMEUTH, 9TO b Ha3biBAETCHA KOPHEM
a-it creuenn us ¢. Hanpumep, Ha Boupoc: «Kakoe gucio, Oynynu
BO3BENICHHKIM B Ky0, faeT 8?» — cienyer oTBeuaTh: «y0udeckull ko-
penv u3 8, . e. 2». O0paTtnTe BHMMaHME, YTO, KOTHA 18I0 TOXOHKT
7O cTelieHw, HOABIATCA Jge obpaTHbie onepanuu. JleficTButeasHo,
Besib pas @’ u b'— pasiumuAbe WHCTA, TO MOKHO 3ajaTh H TAKOIL
Bonpoc: «B Kakyio crenens Hano BossecTH 2, 4T06H MOAYyIUTH 8P»
B ntoM cayuae mpuxopntesi 6pars soeapugm. Ecam a’=c, 1o
b="log, c. He mayio myrarocs rpoMo3KOIl 3aIIlCH THCHA D B 9TOM CJIy -
Tac; HAXOJUTD €0 TaK jKe MpocTO, KAK K pe3yJbTaThi ApyTHX 0b6part-
HEIX ollepanywii. XoTda Jorapu@M «IpoXoasaT» ropasmo 1MossKe KOpHS,
DTO TaKasd ke IpocTad Belllb: MPOCTO-HAIPOCTO BTO PasHOTO COpTa
peitieHus ajrefpapdecKux ypaBHeHuil. Duimunem BMecte mpsambie
u obpaTHHIE OUepaIuH:

a) cIomeHHe a') BrIYMTaHHe
a-t+b=c b=c—a
0) ymuOMKeHUE 6') memenue
c
ab=c b=—
) b (22.2)
B) BO3BeJleHHe B CTeNeHb B') HM3BJICYCHHE KOPH:
o, —
0¥ =c b=]/ c
I) BO3BeJeHUC B CTeIleHb ') B3aATHe Iorapudma
b

a’=c b==log,c
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B gem sxe nnen? BunumcanHse cOOTHOMEHUA BEPHHI HIA HEJEHX
qucel, TOTOMY YTO OHI BHBONATCA W3 OMpEeNeJeHEAHR CI0MOHHUA, yM-
HOKeHHs u Bo3BemeEusa B cremeHb. [logymaeMm, reavss au pacwu-
pumb Eaacc 00seKmos, komopsle no-npexcreny 6ydym obosravamuvcs
6ykeamu a, b u ¢ u Gas Komopwxr no-npexcuemy 6ydym sepuwvl ece
chopmMyauposanrble HAMU RPABUALL, XOTA CIOKEHNE YiKe Helb3s
fvmer MOHMMATH KAK IOCJHe0BATENBHOEC YBeJdHUEHHE THCIa HA
SMUHHIYy, & BO3BeJleHME B CTeNeHb — KaR TocjegoBaTesnbHOe Ie-
PEMHOKEHHe HeJHX YHCeN.

§ 3. Hlae ¢ emopony w otoduenue

Ecnm wro-umbypb, yCBOUB HAUIM OHpemeiieHusd, HPUCTYIRT
K pemieHnio ajrefpandecKux ypaBHeHUIl, oH OpICTPO HATOJKHETCH
HA HepaapellumMble 3ajadn. Peninrte, naupamep, ypapaenue b=3—27.
DaMm npmjiercsi B COOTBETCTBHE ¢ OIIPeJeJieHHeM BHIYUTAHMA HaHTH
4YNCI0, KOTOpoe maeT 3, ecam K Hemy dobasursh o. IHepebGpas Bce
Hejsle MOJOKATeNBHEIE ducia (2 Beflh B NHPaBUiIaX TOBOPHUTCH
TOJBKO 0 TAKHX YHCJIAX), BH CKa)KeTe, ITO 3aja¥a HE penraercs.
OpHaKko MOKHO cfejiaTh To, 9TO HOTOM CTaHET CHCTEMoIl, BeIHKOMH
nieeii: HATKHYBIINCH HA HOPA3PEUIMMYIO sajlady, Haj0 CHadaja
omotimu 8 cmopory, a 3amenm obo6uwumse. Hora anrebpa cocront
JJif HAC U3 MPaBHJ W feJHX umcel. 3afyieM 0 mepBOHAYATILHBIX
OTIPEICNICHUAX CIOMEHHA M YMHOMEHHs, HO COXpaHHM IpaBHiIa
(22.1) u (22.2) 1 UpegmONOKAM, UTO OHH BEPHBI 60061e HE TOILKO
[JA TENBIX IMOJOMKMTEJBHEX quces (51 HEX 3TH HpaBuia OBLIM
BLIBEIGHBI), a M GoJjiee MIMPOKOro Kiacca ducerx. Panpuie Mel 3a-
IHICHBAJA Heldble TONO/KUTEIbHBIE TACAA B BUJS CHMBOJOB, YTOGH
BoiBeCTY IpaBuid; Temephb NpaBmila OyAYT OUpeAeNaTh CHMBOJEL,
Q cUMBOJEL OyAYT TIPEACTABUTEIAME KaKuX-T0 Hosee obmux guced.
Maunnynupya mpaBuiaMy, MOMKHO HOKasarh, 970 J—5=0-—2.
HRasaiite oupemeanm Hopoie wmeaa: 0—1, 0—2, 0—3, 0—4 u T. 1.
M Ha30BeM HX Yeawnml ompuyamesvnuinu wucaanu. lociae sroro
Mol CMOKEM pelINTh 6ce 3ajadu Ha BrrumraHme. Temeph BcunoMEMM
¥ 0 ApYyrux npaBuniaax, HanpmMmep a(b--c)=ab-ac; 3To gacT HaMm
TpaBIJI0 YMHOKCHHS OoTpHmareipEsrx gmcen. IlepeGpas Bce mpa-
BUJIA, MEl YBHIHM, 9T0 OHHM BepHH KaK [JIA IOJOKHTEALHLIX, TaK
U #JaA OTPUOATENHHBIX THCOJI.

MsI sHAMUTENHHO PACHIHPIIM O0JACTH MeHCTBHA HaIIUX Ipa-
BWII, HO JOCTUIJIM HTOTO IMEHON MBMeHEeHH: CMAHICIa CHMBOJIOB.

Yike HeIb3A, HANpHMep, CKA3aTh, 9TO YMHOMKATL D HA —2
3HAYAT CJHORHTH O MHHYC JiBa pasa. Ita ¢pasa OeccMBICIEHHA.
Tem He MeHee, HOJB3YsACH HPaBUJIAMH, BH Beerjia IOJYYUTE Bep-
HHII pesyubTar.

BosBegenme B CTeNeHb IpPHHOCHT HOBHE Xa0moThl. HTO-HEOYAHL
ofs3aTeIbHO 3aX09eT Y3HATD, 9T0 O3HaUaeT cuMpoa a'®~®. Mur sna-
eM, uto 3—5 370 pemmenne ypasuerud (3—5)+5=3. CaegoBarensHo,
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MH  3HaeM, u9to a® Yad=a?. Temeps MomHEO pasgeantsr Ha ab,
Torga a®”®=a3%0*. Kine ogHO ycmime, M BOT OKOHYATENBHBI pe-
syaprar: a'®”9=1/0% TaxuM 006pa3oM, MBI YCTAHOBHJIH, YTO BO3-
BeJeHHe umcida B OTPUIATEIBHYI) CTCICHb CBOJHUTCA K JEJeHUIO
eIUHUIE Ha YWCJIO, BO3BEACHHOE B MONOKHUTENLHYIO crTelieHs. Bce
6110 651 X0poIno, eciin 6w 1/a2 He Go110 GeCCMBICTOHHEIM CHMBOJIOM.
Benp a — o10 1es0e MONOMHTENBHOE WM OTPHIATEILHOE THCJIO,
3HauuT, a? GOJplle eMHNIB, 4 MBl He yMeeM NeJUTh eAMHHIY Ha
qpesa, Ooxpiime deM egmHunal

Cucrema Tak cucreMa. HaTonKHyBIINCH HA HepaspeliuMyld 3a-
flady, Hajo pacllmpuTh HapceTBo gmced. Ha stor pas maMm TpyaHo
JeNuTh: HeJb3A HAWTH TMEeHOor0 IHCHA HU MOJOMKHTENBHOTO, HE OT-
pHIATEeNBHOTO, KOTOpOE IIOABIJIOCHL OB B pesyibrare aedeHus 3
Ha 5. Tak HasoBeM »T0 U ApyTHe MOAOOHEIE MY UKCJA PAIHOHAJb-
HEIMuE Apo0aMu u npeAlod0sKuM, 9T0 Apo0u NOAUMHAIOTCA TEM e
mpaBmiaM, 9T0 N Hmedbie wueia. Torga MB CMOsKEM ONepHpoBaTh
Apo0saMu Tar Ke XOPOIIo, KaK M LeJHIMA THC/Ia M.

Eme oxnme mpmvep Ha cremeHb: 4To Takoe a’/s? Ml 3HaeM T0.1b-
Ko, uto (3/5) 5=3, ubo »ro oupegedenme UHcaa /5, U eme, UTO
(@:)5=qaC 3 nbo s10 o07HO M3 mpaBuN. BCHOMHUEB olpemeieHwo

KopHsa, ME nonyamM a"Y=}/a3. Omupegesss rakuM 06pasoM jJpo-
01, MBI Be BBOJuUM HHKaworo mpomspoia. Camu mpaBmia CIemsar
3a TeM, IT005! MOACTaHOBKA Apobeil BMecTo HANMCAHHEIX HAMU CHM-
BOJOB He Oblna OeccMBICICHHOM mpomeaypoil. 3aMedarejibHO, YTo
9TH IpaBUia CUPaBIAITCA € ApobAMH TaK jKe XOpoOIlo, KaK u
¢ HEJIBIME qucjaMu (M0JI0KUTeNLHBIMA B OTPHIATe I FHEME)!
Hoiimem paanme o nytn 0606menns. CymecTsyIoT jiu eme ypas-
HeHMA, KOTOPBIX Mbl He Hayumiauch peinars? Koweuno. Hanmpumep,
HaM He II0]] CHJIY ypaBHeHme b= a==}/2. HeBo3MoskHO HaHTH
payuoHaisHy podbnh, KBagpaT KOTOPOi paBen 2. B mame Bpemsn
9T0 BLIACHUTH JOBOJBHO IIpocTo. Mui 3HaeM JeCATHIHYIO CUCTEMY
H He nyraeMmcs GecKOHEIHOI AecATHIHOH ApobH, KOTOPYI MOMKIIO
HCI0JIB30BATD AJIA Npubimxedunda KopHA m3 Asyx. XorTa uaes ta-
KOrO UpHOIMKEHHA MOABHIACH €I Y JAPeBHUX TPEKoOB, ONHAKO
ycpamBaJach ona ¢ GompmmM tpygoM. HTobsl TouHO cdopMyliu-
POBATH CYTh TAKOr0 HMPHOIMKEHHA, HAJO HMOCTHYH TAKHE BHICOKHE
MaTepmyu, KaK HeIPepPHBHOCTH W COOTHONIEHHS MOPSALKA, a 9T
O"9eHp TPYAHHIN mar. Jto caeaan eaexuEa oueHnb TOUHO W OeHb
dopmansno. OfHAKO, ecian He 3a00THTHCA 0 MaTEMaTHIECKON cTpO-
rocTH, JerKo IOHATH, 4TO Umeida THMA V2 MOKHO IpeLCTaBHTH
B BEAC LEJNOH Iocie 0BaTelbHOCTH HECATHIHHX Apobeit (moToMy
970 ecJH O0CTAHOBHUTHCH Ha KaKOU-HHOYOL AecATHIHON apodu, TO
HOJAyYUTCH PAMMOEAJIbHOE UHCIO), KOTOpasd Bee OMmke m Giamske
TMOAXOIAT K MKEJAHHOMY peayibraTy. JTHX 3HAHWIH HAM BIOJHE JO-
CTaTOYHO; OHH II03BOJAT €B0GOJHO 00pamaThes € MppanHOHAIb-

HBLIMY 9HCIAaME M BRYHCIATH 9ncda THNA )/ 2 ¢ HY/KHON TOTHOCTRIO,
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§ 4. IIpubauscennoe sstuucaenue UPpPAUUOHANLHHLX
Hucen

Teneps TaKOI BONMPOC: KAK BO3BECTH UMCJI0 B HPpPalMOHANBHYIO
cremens? HampmMep, HaM Xodercs ysHath, 4ro Takoe 102 -

OtBer B IpUHIEIE 0UcHB mpocT. Boasmem Bmecto V2 ero mpubin-
MKeHHE B BUIe KOHEYHOI JTecATHHHOH Apodn — 3T0 PANHOHANBHO
umeao. Bo3BoguTh B palHOHAJNLHYIO CTEIeHE MBI yMeeM; JIelio cBO-
IUTCA K BO3BELEHMIO B IEJYI0 CTGTEHL U1 H3BJIeUeHnio KopHA. M

HoNyunM npubauscentoe snavenue wncia 10V2. Momuo BasaTn fe-
CATHIHYIO Apo0DL WO InHHEEe (9TO CHOBA pPAIHOHAIBHOC UHCTO).
Torpma mpujerca H3BIeTb KOpPeHH G0blieil cTeeHH; BeIh 3HAMEHA-
Tedb PAIUIOHANBHOH Npofd YBEIMYHTCA, HO 3aTO MBI HOTYyIuM Go-
nee Tounoe npuOnmikeniie. KomeuHo, ecam B3AThL UpHOAMKEHHOE

sHavenne }/2 B Buje 0O4eHDb ANHEHON Xpo0H, TO BO3BE/[PHUE B CTe-
neHDb Oyzer HeqoM odeHb TpyaueiM. Hak copaBurhes ¢ 31oli 3agageir?

Burancoienne xsajpartHsix KopHell, KyOMIHEX RopHell o Jpyrux
KOpHel HeBHICOKOII cTelleHu ~— BIHOJHE HOCTYUHBI HaM apmdmern-
YeCKMil TPOIece; BHMUCIAA, MBI TOCTe 0BATeIBHO, OJHH 33 APY-
THM, ImeM sHaKu JecATndHoil gpodu. Ho gas toro, urobnt Bo3-
BECTH B HPDANHOHAIHYI0 CTEIEHB WK B3fATh AorapudM (pemurs
obpaTHYyIo 3a4a9y), HY:KeH TaKOH TPy, ITO NPHMEHNTH HPE;KHIOKW
HpONEAypy y:Ke He mpocto. Ha momoins mpuxogar rabdamust. Ux
HassBalOT TabamiaMm Jd0rapudMOB MM TADJUIAMHE cTemeHei,
CMOTPA IO TOMY, AJs 4ero oHI mpelHasHadeHEl. OHE JKOHOMAT
BpeMA: YTOOM BO3BECTH UHCI0 B HPPALNOHATBHYIO CTEIleHD, M
He BEMUC/IAEM, & TOJIBKO JIEPEeJUCTHBACM CTPAHHIE.

Xota Breruncienue cofpamHBiX B TaGiaunsl sHa9eHHiT — mpone-
Aypa 9HcTO TeXHHYeCKAsd, a BCe rKe JIern0 8TO HHTepPEecHOe M WMeeT
Goanbmryo mcropmio. ITosroMy mocMOTpmM, Kak 8T0 Jesaercs. Mu

o

1
BBHITHCIMM He Toabko =10 *, Ho pemuM u JApyryo 3ajady:

10" =2, umu r=log,,2. llpn pemennn sTEX 3aHay ML He OTKpOeM
HOBBIX 4HCeNT; 3TO IIPOCTO BHYUNCINTEAbHEE 3amaun. PemermeM
OyAyT HppanuHoOHAJBHBE Yucia, GECKOHeUHHIE NecATHYHBIE Hpolu,
a BX Kak-TO HEeymo0HO 0OBABIATL HOBLIM BUAOM Yicel.
Moxymaem, rkak pemurs Hamn ypasaerusa. Obmana maes o4eHD
apoera. Feanm serguesturs 101 u 10%0, u 107, w 10", . A.,
a 3aTeM TepeMHOMKUTD Pe3yIbTaThl, TO MH moayamm 10V414 - pon

Ve g
10" * . Hlocrynas tak, Mbt pemam Jgio0yio sagady takoro poma. Of-
gako BMecto 10%v 11 1. g, Met Gygem Buigmeaars 1072, 10 1 1. a.
Ilpesxme gem Ha9u@aTL BEYUEICHHA, 0OBSACHEM ellle, T0YeMy ME 06-
pamnaemca K ducay 10 yame, weMm K gpyruM umcaaM. Mel 3HaeM, 9To
3HaYeHme Tab.Iui ;10ra pudMOB BEIXOINT JAJEKO 32 paMKHM MaTeMaTi-
YecKo# 3aja9u BEYHCIEHHs KOpHeH, IOTOMY d9To

log, (ac)==log, a - log,c. (22.3)
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JT0 XOPOMLIO M3BECTHO BCeM, KTO M0JL30Badca Tabummeil dorapud-
MOB, 9100l nepeMHOMUTH wWicid. 1lo Kakomy ke ocmoBamuo b
Opatrh sorapudmur? Ito Ge3pasiinTHo; Beih B OCHOBY TAKHX BHIYHC-
JeHII HOTOREeH TOADRO IIPHHIUI, 0OINee CBOIICTBO JorapHdmirde-
ckojt dyHKuu. DBbrumeans gorapudMsl OHH pas3 M0 KAKOMY-HIf-
Oyabp HPOH3BOIBHOMY GCIOBAHUIO, MO/RHO HepeilTH K Jorapudyan
10 JPYTOMY OCHOBAHINKD UpH HoMoni yMHEOkeHus, Eenw ymuomnto
ypasuernc (22.3) xa 01, T0 0HO OCTaHeTCA BepHBIM, MOATOMY €CIIi
Mepeso;RITEH Bee YHeIa B TaGImie JOoTapuMOB II0 OCHOBAHIIO O
Ha 61, 1o moxmuo GyqeT moap3oBaThes T Tanol tabanmeii. Hpeymo-
JIOMKIIM, TO HaM H3BeCTHH JorapudMel BceX Hiicel 10 OCHOBAHIIG b.
Muave roBops, MOmHO peumnTh ypaBsuenme *=c¢ pas moldoro c;
LJA DTOTO CYINecTBYyeT Tadamia. 3ajaya coCTOUT B TOM, KaK HaliTi
sorapadM HTOVC JKe HCAA ¢ MO APYIOMY OCHOBAHHIO, HAUIpUMEp Z.
Ham mymzo pemnTs ypaBHeHHe % =¢. IJTO JEIKO CHeIATH, MOTo-
MY UTO & BCEIAA MOYKHO IpejCTaBEThH Tak: r=b'. Haiitu ¢, sman
z m b, npocro: t=log,z. Nogcrasum reneps x=b' B ypaBHEHUC
z% = ¢; oo mepeiizer B Takoe ypapmemme: (b') =bi¢ =c. Uunivu
cj0BaMH, TpoH3BeleHHe fa’ ecTh JorapudM ¢ IO OCHOBAHEIO b.
Suazur, a'=a/t. Tarum o6paszoMm, JoTapudMsl IO OCHOBAHHIO Z
DaBHE TIpOU3ZBEACHIAM JOrapmgaMoB IO OCHOBAaEHK b Ha Ho-
crosgaroe uucio 1/¢. CamegoBaresnpHo, Bee TaGmumbl JoTapudMos
SKBHBAJIEHTHR € TOYHOCTHIO A0 yMHO:eHKs ma dmedo 1/log,z.
JTo HosBoafeT HaM BubpaTh HIA cocraBaeRnsa Talumn Joboe ocHo-
BaHMe, HO MpI peiiniu, 9To yzobiee Bcero B3ATH 34 OCHOBRHIE
quciao 10. (Mosker BOSHHKHYTL BONPOC: HE CYIECTBYeT Ju Bee-
TaKU KaKOTO-HHOYAH €CTECTBEHHOI'0 OCHOBAHMIA, NIPH KOTOPOM BCe
BHIJIAAHT Kax-10 umpome? Msl mombiTaeMcA OTBeTHThL HA DTOT
Bonpoc moagHee. Hloka Bee morapudmer GYAYT BRIYACHATECH O OC-
mosaHuio 10.)

Tewepp mocMOTPHM, KaK COCTABIAAT Ttalbaugy Jsorapudnob.
PaGora madupaercs ¢ NOCIEJ0BATeNBHBIX W3BJIeUeHUH KBajgpar-
Horo kKopua us 10. Pesyaprar momeo yBugers B Taba. 22.1.
Ilokasarenn cremeneil 3amnmcaHsl B ee IepBoM croilliie, a ducia
10— B Tpersem. flemo, uro 10'=10. Bosgectn 10 B moxoBHERYIO
CTeNCHB JEeTKO - DTO KBajpaTHHl KopeHb us 10, a Kak n3BieKaThb
KBa/[DATHEI KopeHb m3 Ji0Boro ¥mciaa, sHaeT Kampgwil *. Mrak,
Mbl HAIDJIH TIePBHIi KBa[paTHEIH KOpPeHD; oX paBex 3,16228. Uro aTo
naer? Koe-uro maer. Mu yae Mosxem ckasarh, deMy pasHo 1093,
U 3¥aeM 10 Kpaitaeit Mepe odun morapudM. Jlorapudm ancaa 3,16228

* KpajpaTHHA KODEHb Jydiie BCEIO MBBIEKATh HE TEM CIOCOGOM, KOTO-
poMy O0HYHO ydaT B mKoJde, a HeMHOTO mHave. UToOH H3BJ€Yb KBajparHBIH
KOopeHh u3 uUHcjaa N, BHGepeM ZocTaTouHO GIHM3KOE K OTBETY YHCIO a, BH-
ancauM Nja 4 cpegHee a’=1/,[ a--(N/a)]; o710 cpeanee Gyner HOBHIM WHCIOM a,
HOBHIM HpHOIIKEHHeM KOPHA H3 N. ITOT HpOLecc 0YeHb OHICTPO IPHBOJUT
K NeId: upcio 3Hadawux Hu@p yaBauBaeTcA IOCHe KakJoTo IIara.
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Tabauya 22.1 . TMOCIAETOBATEILHBE W3BIEYEHTIT
KBAIPATHOTO KOPHSI H3 10

Iforasarenno

crenen s 1024 s 10¢ (105 —1);s

1 1024 10, 00000 9,00

1)2 512 3,16228 4,32

1/4 256 1,77828 3,113

1,8 128 1,33352 2,668
1/16 64 1,15478 2,476
1)32 32 1,074607 2,3874
1)64 16 1,036633 2, 3445
1/128 8 1,018152 2,3234° 1}
1)256 4 1,0090350 2,3130""*
1/512 2 1,0045073 2,3077°°
1/1024 t 1,0022511 2,305128
A[1024 A 1+0,0022486AA \ +2,§025
A0 .y 9

(A0 <-_1+2,30w 1024)

ouwens Oaumsor K 0,50000. Oanako Ey:KHO eme MPUIOKUTH HEOOIE-
e yeadmA: HaM Hy)kHA 6Goyee mojpobHas Tabinna. Vspieden
eme OJHE KBaJpATHLII Kopenb ® mHaiigem 10's, wro pasmo 1,77828.
Temeps Mpr 3HaeMm eme opmu Jjorapudm: 1,250— osro morapmdn
gucna 17,78; Kpome Toro, MBI MOKeM CKasaTh, deMy pasuo 1007:
Befb aTo 10103792 1 e mpomspeJeHHe BTOPOTO U TPETLETO YMCE.JI
#3 Tpernero croiadma Taba. 22.1. Ecan cnenars mepssrit croabery
TaOIAIEL JOCTATOYHO JIMHHBIM, TO Tabjauna OyaeT Ccolep:KaTh moi-
TH BCE UMCJIA; MMEePeMHOKAA IMCJIa W3 TPeThero ¢roiabua, Mol HOolIy-
gaeM 10 mourm B mio6oit cremenu. TaxoBa ocHOBHAS ujesd TabJuII.
B manteii Tabaume cogepKUTCS AeCATH MOCASIOBATONBHLIX KOpHE(T
113 10; ocHOBHON TPy WO COCTaBAEHHIO TalIMIH BIOKEH B BHITHC-
jenuA 3THX KOpHEI.

Houemy ke MBI He MpOJOJIZKAEM TOBHINIATH TOYHOCTL TAGImIL
maasme? IloroMy uTo MEL Koe-9To yiKe mogmermiir. Bossema 10 B
09eHL MANyI0 CTEINeHB, Mb HOJTydYaeM equanny ¢ Mauxoil mobaBKoii.
310, KOHETHO, IIPOUCXOTUT MOTOMY, TTO €U BO3BECTM, HAIIpHMeED,
10"w0 B 1000-10 cremenn, To Moi cHoBa mmoiyamM 10; scHo, UTo
10 /1000 e MoOKET OBHITH GOABIINM UYHCIOM: OHO 0UEHE OJH3KO K eu-
guie. Boiee Toro, Maxse JofaBKu K efuHMNe BEAYT cedsl Tak, Gyn-
TO MX KaAblii pas AT Ha 2; HOIJAgnNTe-KA HA TaONMIy IOBHN-
mareasree: 1815 mepexogur 8 903, morom B 450, 225 u . f. Tarmm
0o0pasoM, eciu BHYKCIHMTL €IIe OJMH, OTUHHALIATHN, KBaJPAaTHLIII
KOpeHs, oH ¢ Goapimoit TounocTsio Gymer pasen 1,00142, m sror
pesynbraT Mul yeadasi eme Ao BHUMCIeHuA. MosRHO Im cKasaTs,
KakoBa OyfeT JofaBka K efumHmIe, ecaum BozsecTn 10 B cremens
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A/1024, worma A crpemmtea kK Hymo? Momuo. [loGasra Gyier
npubausnrensno pasma 0,0022511A. HKomeuno, He B ToYHOCTU
0,0022511A; 4roGel BHIHCIANTH BTY 0GABKY IOTOYHEE, HEJIA0T Ta-
Koit TpioK: BhrauTaoT n3 107 equHNTY U HeasAT pasHOCTH HAa HOKAa3a-
TeNb cremeHn s. OTKIOHOHNA MONYIeHHOI® TAKUM 00pasoM dacT-
HOT0 OT €T0 TOYHOTO 3HAYCHUS OJNHHAKOBHL s JI000I CTEHeHH S.
Bupmro, 9ro oty orHOmeHus (cM. 4eTBeprTHl croxber taGm. 22.1)
npuMepHo paBupl. CHagajna OHHM BCe-TAKH CHWJIBHO OTIHYIAKTCH
JPYT OT Apyra, HO HOTOM Bee OimsKe MOAXOAT APYT K APYry, ABHO
CTpeMACh K KaKoMy-To ancly. Uro aro 3a gmeno? IHpocaenuM, kak
MeHSIOTCA THCJIa JYeTBEpPTOro CToN0ma, eCid ONyCKaThCsl BHH3 MO
cronbny. Cragana pasdocTs ABYX cocenHumx umces papha 0,0211,
notom 0,0104, morom 0,0053 u, makomemn, 0,0026. PasHocTs Kam b
pas yOmiBaer Hamosgosuny. CaegaB eme OJuH WAL, ME JTOBEJeM ee
70 0,0013, morom mo 0,0007, 0,0003, 0,0002 u, rakomer, IpEMepPHO
o 0,0001; mango mocaegosaTenpHo neanth 26 Ha 2. Taxkum obpa-
30M, MBI coycrumceA eme Ha 26 egmAEMn u HalileM 7oA mpejeia
2,3025. (Hlosgmee mMbr yBuguM, 9TO0 mpaBuibHee OBIIO0 OB B3ATH
2,3026, Ho maBaiiTe BO3pMEM TO, UTO Y Hac Moayumaocs.) lloassysach
970l Tabammeit, Momuo BospecT 10 B d06YVI0O cTemeHb, eciam ee
NOKAa3aTeldb KAKuM YrogHo cuiocofom BhIpakaercs gdepes 1/1024.

Temeps serxo cocraBurs Tabamuy JorapudmMoB, TOTOMY YTO BCe
Heo0XoMMMoe JIJIA 3Toro Mel yike mpunacyu. Ilpomeaypa atoro mso-
Opaskena B Tabn. 22.2, a HyKHHe 9Yncia OepyTcsl m3 BTOPOTO N
Tpersero cronbmor taba. 22.1.

Tabauya 22.2 ° BLIYHCIEHTSA log,,2

2:1,77828 =1,124682

1,124682 : 1,074607 =1,046598 u 1.1,

2=(1,77828) (1,074607) (1,036633) (1,090350) (1,000573)

1 308,254

=10 [m (256-4-32 -+ 16-4-1-0,254) ] =10 [TE/T]
0,00573-1024 _ 573

" 2,3025 2249

Caenosarennno, log,,2=0,30103

- 100,30103

0,254)

TIpeamono:xum, 9To MB XOTHM 3HATH Jorapudm 2. JTo 3HAUHT,
qTO MH XOTHM 3HATh, B KAKYK cremeHb Hajo Boasectu 10, urobur
noayunrs 2. Momxer 6urh, BosBectu 10 B crenens %? Her, moxy-
YHUTCA CAHIKOM 60JbII0e Yncao. 1aaga ga taba. 22.1, MoKHo cKa-
3aTh, YTO HY/KHOE HAM YHCIO JemRuT Memay Y/, u ¥%. Ilomew ero
HaugeM ¢ Y/;; pasgexum 2 ma 1,788..., moayumrces 1,124...; upu fe-
NeHEW MH OTHAAM 0T dorapudma meyx 0,250000, m Temeph HAC
uarepecyer Jorapudm 1,124.... OrsickaB ero, Mbl upubaBuM K
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pesyapraty Y/, =256/1024. Haiizem B Ta6x. 22.1 uncao, xoropoe 6
OpH ABIMKEHHN 10 TPETHeMY CTOJOIY cBepXy BHH3 CTOMJO cpasy
sa 1,124... . Iro 1,074607. Orwomenne 1,124... x 1,074607 pasmo
1,046598. B konile KOHIOB M5l Hpe/ICTABHM 2 B BHJe IPON3Be/eHHA
gucea una Tadn. 22.1:

2=(1,77828)-(1,074607)- (1,036633) - (1,0080330} - (1,000573).

Iasa mocaeanero muposrntens (1,000573) b manieit radaume Mecta
He HANLIOCh; YToOLl HaflTH ero JgorapuM, HAO MPEICTABUTDL TO
wqiicsio B Bume 108710241 -2 3025A/1024. Otcioga mderxo HaiiTH,
aro A = 0,254. Tawum oGpasoM, BRaure mIPOUBBEICHHC MOIK-
HO TIPEACTABHTH B BHIE JeCATKH, BO3BENEHHOII B CTeleHb
1,/1024 (256 4+32-+16-+-4-1+0,254). CruagsiBag u fexasi, Mpl IOTY-
gaeMm HyskHBT morapudm: log,, 2==0,30103; s1oT pesynbraT BepeH
J¢ TIATOTO JecATAYHOro 3Haral

Muer Brrqucnaan Jorapud Mot TOYHO TaK jKe, KAK 8T0 J[eJad MucTep
Bpurre us Tanudarxca B 1620 r. 3akomuuB paGory, OH cKasal:
«fI BHUMCAWI IIOCTENOBATENHHO 04 KBajgparTHuX Kopusa usz 10».
Ha camon fiesie 0H BEIIHCII TOJBKO 27 TEPBHIX KOpHEl, a mOTOM
creaan gorye ¢ A. Briumcaurs 27 pas  KBaJpaTHHIH KOpeHD
13 10, BooBme-T10 ToBOps, HeMHOro ciaoxuee, geM 10 pas, Kak sTO
crenamn mul. Opmaro Mmerep Bpurre cpmesan ropasgo Goabimec:
OH BHIYMCISAI KOPHH € TOYHOCTBIO 0 HMIECTHAIIATOrO NeCATUIHOTO
3HaKa, a Korjga ONy0IuMKOBAJX CBOM TaOJHIL, TO OCTABHMI B HHUX
aump 14 pecartmaHbix sHAKOB, 4TOOH oKpyranTs ommGku. Cocra-
BIITL TAGJAWIH TOrapudMOB ¢ TOTHOCTHIO J0 YCTHIPHANHATOrO AecH-
THYHOTO 3HaKa TAKHM MeTOJ0M —— [eJd0 OWeHb TPYHHOE. 3aTo Ie-
arx 300 ner coycTa cocTaBuTesy Tabann JorapudMOB 3aHIMANNCH
TeM, YTO YMCHBIIAME Tabanup Mucrepa bBpmrrca, BHKHAHBAA U3
HMX KOKIHM pas pasHoe 4YHCJIO ACCATHIHHEX 3HAKOB. TOJNBKO B
1ociefHee BpeMsA P MOMOINY DIACKTPOHHBIX BHYNCANTEIBHSIX Ma-
HUIH 0KA32J0Ch BO3SMOMKHBIM COCTaBUTE Tabumist JorapudMos He-
saBHcnMO ot mucrepa Dpwmrrca. Ilpm stoM memoawsosaicsa 6Gomee
pOPeKTUBHBI MeTOJ] BHLIYHCICHUII, OCHOBAHHBIN HA pPa3JIOMKEHHH
morapudMa B pA.

CocraBasas taliauis, MBI HATOJNKHYJINCH HA NHTEpecHHIN Paxt:
eCJH MO0Ka3aTeNns CTENeHN € 09eHDb MaJ, TO OYCHSH JEeTKO BLYUCIUTD
10%; aro upocro 1-4-2,3025¢. 9T0 smaumr, gro 10%2.3025 ={ lp
A1 oueHDb MaJux n. KpoMe T0oTo, MBI FOBOPMIH ¢ caMOT0 HayaJa,
970 BRIYHCIsEM JorapudMel mo ocHosauuo 10 Toasko moToMy, 4To
y Hac #a pykax 10 nansmes u 1o gecaTKaM HaM cYuTaTh yHoOHee.
Jlorapudmu no moboMy [pyroMy OCHOBAHHIO NOAYYAIOTCA U3 JIO-
rapupmoB no ocHoBarmio 10 npocremv ymuomenuwem. Temeps mHa-
CTajio BpeMs BHACHHMTH, HE CYIMECTBYET JU MATEMATHUECKH BEHIZe-
JICHHOTO OCHOBAHHA JOrapuMOB, BHACICHHOrO II0 NPUIMHAM, He
MMEIMKM Hidero obuero ¢ YiCIOM Haabnes Ba pyke. B oToil ecre-
CTBEHHO# Wwkase GOpMynH ¢ JorapudMaMm JOJDKHBL BEITJIARETDH
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npowe. CoctaBnM HoByw Tabauny JorapudMoB, YMHOKUB BCe
norapudmer mo ocgosanmio 10 ra 2,3025... . 910 cooTBETCTBYET TIEpE-
XOMy K HOBOMY OCHOBAHHIO — HAMYPAAbHOMY, WIH OCHOBAHUIO €,
3amernM, uro log,(l+4nr)~n nuu ¢'~1-+n, rorza n—0.

Jlerko matitu camo ymcso e; ono pasHo 101/2:3025 yypyy 1005434294+
Jro 10 B mppamuoHaNBHON cremedu. s BHYHCIOHHA e MOMKHO
BOCIIOJIb30BaTheH Tabiauneii Kopreit us 10, Hpepcrapum 0,434294. ..
cHayana B Bupe 444,73/1024, a yncaunrens 370l gpodn B BHIE CYMMBI
444,73=256 4128 +324164+240,73. UYUmczio e moosroMy paBHO
MPOU3BENCHUIC YHCEN

(1,77828)- (1,33352) - (1,074607) - (1,036633) - (1,018152) x
x (1,005035)(1,001643) =2,7184.

(Mucaa 0,73 mer B mammeir tabumie, HO COOTBETCTBYIOmHIL My pe-
3yapTaT MOMKHO mpeactaBuTh B Buae 142,3025A u puuncaurs,
qemy pasHa A.) IlepemuomkuBs Bce 7 COMHOKUTENEH, MBI HOIYIUM
2,7184 (ma camom mede gosmxuo 6eiTh 2,7183, mo m »roT pesyusTar
xopomnr). Hcmombsya rakme TaGammbl, MOKHO BO3BOJETDL UHCIO
B HPPANUOHANBHYIO CTEHeHh M BHYHCIATH JOrapuMsl Mppaluo-
Ha TpHHEX Tuces. BoT Kak Hago 00 pamaTsesa ¢ Hp pauuoHaILHOCTAM.

§ 5. Komnaerciivie vucaa

XoTs MBI XO0DPOMIO IOopadoTaIl, BCe-TAKI ecmo fuje VPABHEHHA,
KoTophie HaM He 1oj cuny! HampuMmep,ueMy paBen KBajipaTHHIH Ko-
pess uz —1? Ilpepnoaoxnm, vro sro z, Torga z%=—1. Her Hu pa-
[MOHAJBHOIO, HI HPPANHOHAILHOrO 9HCIA, KBAAPAT KOTOPOTO ORI
Ont pasen —1. Hpuneres cHoBa NMOMOMHAUTE 3anac Tucea. Ipeamosno-
JKIIM, 9TO ypaBHeHue x2=—1 Bce ;Ke UMeeT pelileHHe, U 0003HATAM
9T0 peureHne GYKBOI {; 9UCAO i IMEET MOKA TOJHKO OJHO CBOMCTBO:
Gyayen BoO3BeJeHHEIM B KBajpaT, oHO jaer —1. Bor moxa u sce,
4TO MOJKHO O HEM cKasaTh. OHAKO ypaBHeHue z2==-—1 ummeer nsa
gopHsa. Bykso#t | Met 0603raInIN OJIMH U3 KOpHEH, HO KTO-HUOYADL
MOMKET CKAas3aTh: «A A HpeJmouuTal0 MMETh Aei0 ¢ KOpHeM —i;
Mos1 GyKBa i WPOCTO MUHYC Bama i». Bospasurp emy Hewero, moro-
MY 9TO 9HCJIO i OMpPeesAeTcss COOTHOMeHHeM i2—=—1; aro cooTHo-
HICHHC OCTAHETCS BEPHEIM, €CJH M3MeHHUTh 3HaK {. SHATHT, J06oe
ypaBHEHME, COHep:RAmee KaKoe-TO KOJIWYeCTBO [, OCTAHETCA Bep-
HEIM, ecJii CMEHHTH 3HAKH y BceX {. Takas omepammsa HasuBaeTcsa
KOMNACKECHbLM conpsdceruen. Jlajiee, HHITO He MemmaeT HaMm MHoJy-
4aTh HOBHIE YHCJIA BOT TAK: CIORUTH [ HECKOJILKO pas, YMHOKUTSH i
Ha Kaxoe-HuOy/b HAIIE CTapoe UuCJ0, MpubaBHTh pe3yasbTaT yMHO-
JKeHEA K CTapoMy YHCAY W T. A. Bee 570 MoKHO cuellaTs, HE Ha-
pylmas paHee YCTAHOBIEHHHX HpaBmil. Takum o6pasoM ME Tpu-
XOJMM K YHCJAM, KOTODHIe MOKHO 34fHCATH B BUAE p--ig, THe p |
g — YMCHA, ¢ KOTODHIMEH MBI MMeJM JeJO paHee, WX HA3BIBAIOT
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delicmeumenvrimu aucaaMa. Unclo { HABKIBAIOT MHEUMOL eOURLYECT
a NpomaBe/ieHNe JAEHCTBHTEJNBHOI0 UHCIA HA MHUMYIO eIUHULY —
uuemo mrumnsn 2uciaom. CaMoe ofmee yicio ¢ mMeer Bug a=p -+iq,
I ero HasHBalOT KomhaekcHuM uucion. OOpamaTbesa ¢ KOMILIeKe-
HEIMH THCIAME HEeCJO)KHO; HallpuMep, HAM Haj0 BHUHCIUTH HpPOH3-
Besienne (r-+is)(p+ig). BenoMuue o mpaBmiax, MB HOJYIHM

(r4is)(p+iq) =rp +-r(ig) - (is) p + (is) (ig)=
=r1p+i(rg)+1(sp) + (it) (sq)= (22.4)
=(rp—sq)+i(rq-+sp),

motoMy uto {i=i?=—1. Temneps MH Doayunu o0Iiee BEIpasKeHNE
A YKCes, YAOBJIeTBOpAOmMuUX npasmaaM (22.1).

YMynpeRHbe ONBITOM, MOJIYIeHHLIM B IpeAHAYIIHX pasfgedax,
BHL cKaskeTe: «PaBo roBopHTh 00 ofLieM BHpaKeHNH, HAJO0 elle OI-
peiesIiTh, HAPAMe, BO3Be/IeHNe B MEUMYIO CTelleHb, & HOTOM MOK-~
HO IpHIyMaTh MHOrO anredpawiecKuX ypaBHeHWH, HY XOTdA O
a8 +32%2=—2, nug pemeHua KOTOPHIX M0Tpe0yoTCcsA HOBHE THCIAS.
B toM-T0 uw meno, 9ro, KpoMe ACHCTBUTEABHEIX duCed, Jocmamoyro
usofpecmu Mmoavko 00HO YUCA0 — KBaJpaTHHIT KopeHs m3 —I1,
TMOCIE ITOTO MONCHO peusumdb aioboe arzebpaudeckoe ypasnenue! Iy
VAHBHTEJILHYIO BeMb JOJKHEL JOKA3KBATE yiKe MaTeMaTukH. Jloka-
3a7€IHCTBO 09EHL KPACHBO, OYeHH MHTEPECHO, HO JAJeKO HE caMo-
oueBnnuo. [leficrBurenpno, Kazaioch OB, ecTeCTBEHHEE BCETO OKII-
HaTh, 4TOTIO Mepe IIPOBIKE A B e6pu aarebpandecKuXx ypaBHEHH I
npufgeTca usobperars cHOBa, cHOBA M cHoBa. Ho camoe wypecHoe,
yTo GoJipiie HHYEro He Hamo maobperarh. JTo mociegHee m3odpe-
renne. MzobperTs KOMILUIEKCHEE 9HCIA, MBEl YCTAHOBHM IIpaBmia,
110 KOTOPHIM C ATHME gUCIaMu HAA0 o0pamarses, M 60iplie HHIeTo
m300perars He OyaeM. Mol Ha yanMes BO3BOJNTH KOMIIJIOKCHBIE THCIA
B KOMIUIEKCHYIO CTEIIHDb M BHPaKaTh pemieHme J000ro aaredpan-
9eCKOTO YpaBHEHHSA B BUje KOHEYHON KOMOMHATIMH YK€ M3BECTHHIX
HaM cuMBoJIOB. I HOBEIM umcnaM 310 He mpubeseT. HampuMep,
KBajIpaTHHI KOPeHb U3 i, H/iu i'— OHATH Te e KOMIJIEKCHBIe YhCJIa.
Cetigac Msr paccMOTpEM 3T0 HOApoOHee.

M= yixe 3raeM, Kak HaJ0 CKJIAABIBATH U YMHOKATHh KOMILIEKC-
HEIe 9UCJa; CyMMa JABYX KOMILIEKCHBIX wmcea (p-igq)-+(r+is)
— 370 guciuo (p-+r) +i (g+s). Ho BoT 6036edenue komnaercrux wucea
8 KOMRACKCHYIO CMeneHb — Yike 3ajgada HoTpyAree. OgHAKO OHA
OKa3LIBaeTCs HE TPY/AHEE 33739 O BO3BOJCHHI B KOMILIEKCHYIO CTe-
MeHDb AeHCTBUTENBHEIX uuced. IlocMoTpuM moaToMy, KaK BO3BOJNT-
¢ B KOMIUIEKCHYIO crelieHnb 49mcio 10, He B mppanmoEaipHYIO, a
KOMIUIEKCHYI0; HAM Hago 3HaTh wumcao 10V, Ilpasmaa (22.1)
7 (22.2) HecKOALKO yHOpOMAIOT 33729y

10749 =10107S, (22.5)
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Mur snaem, kax Borameduts 107, mepeMHOKHMTH 9mcTA MHL TOMKe
yMeeM, He yMeeM TOJNbKO BEYHCIHTEH 107, Hpe;monompm Y10 3TO
KOMIJIeKCHOe 4meso £--iy. 3 a & a 9 a: gaHo s, Hajitu z u y. Ecau

10 =241y,
TO JIOJGKHO OBITH BEPHBIM II KOMILUIEKCHO COIPSKEHHOe ypaBHeHHe
10~ =z —iy.

(Hexoropole Bemu MOKHO 1MOoIyIuTh M Ge3 BHYHCIEHMIT, HAJ0 IIpO-
CTO HCHOJK30BATH mpaBmia.) llepeMuosmas »TH paBeHCTBA, MOMKHO
MOJIYYUTD elle OfUH HHTepeCHHIH pes3yanrar

10740~ =10 =1 = (z - iy) (r—iy) = 2> -y~ (22.6)

Ecuaun M KakuM-To 00pa3oM HalieM z, TO ONpeNeInTs y Oymer
OYeHD JIETKO.

Onsako kax Bce-raku Bespectu 10 B MamMyI0 cremern? I'me
ncKaTh noMontu? Il paBria Ham yixe He HOMOTYT, HO yTeniaer BOT 4T0:
ecan yracrea Bospeern 10 B Kakyo-uudyanp 0fiHy MHIMYIO CTeleHb,
TO EHYero He cTouT Bo3pecTi 10 yyre B mrobyio creneHn. Ecau us-
BectHo 10'Y nna ommoro smadeHms s, To BHUNCICHHe B CJIydas
BABoe GOJBINEro § cBOAWTEA K BO3BEJEHHIO B KBajpar H T. 1. o
kak e Bospectn 10 B XoTa OBl oiHy MuuMyio crenens? [{asa aToro
c/lesiaeM JONOMHNTEIHHOC IPEAINOJOMKeHNe; ero, KOHeYHO, HeJp3f
CTaBITh B OJTHH pAjJ ¢ npasuiamu (22.1) u (22.2), 5o oHO ImpuBeHeET
K PasyMHBIM pE3yJbTaTaM M MO3BOJMT HAM IIATHYTH JafeKo Bie-
pex. Ilpegmomosxum, uro «sakomy 10°=1-+2,3025¢ (rorga & odeHB
Malo) BepeH He TOJIbKO LI JeHCTBUTENBHBIX, HO U 04fl KOMNAEKC-
nuz €. Ecan ato tak, 1o 107°=142,3025 . is mpu s— 0. [Ipexnonaras,
9T0 § 09eHB MaJIo (CRamQM, pasuo 1/1024), Mu mosry9aeM Xopoilee
npubamwxkenne qucaa 1077,

Temepb MOyKHO COCTABHTHL TAOIMIY, KOTOpAs HO3BOJHT BRIYHC-
anth éce MEnMbIe cTenenn 10, 1. e. Hafitn uneaa r u y. Hago moery-
nuth Tak. Haurmem ¢ mokasartens 1/1024, woTopsrit Mul cunmTaem
pasuapim mpumepro 12,3025 i/1024. Torga

10i/1024 —1,00000 - 0,00224864. 22.7)

VYMHO;KAA 3TO UKMCI0 camMo Ha ce6a MHOro pas, MEL JOMfeM Jo cTC-
ueneil Gonee BrcoKmx. Mul mpocTo-mampocTo IepeBepHYIH IIpo-
HeAYPY COCTaBICHHA TaGAKIE JOTAaPU(MOB M, BEYUCIAUB KBajpar,
4-10 ¢cTenens, 3-10 creneHs U T. ;. ancia (22.7), cocraBuin radi. 22.3.
Nurepecno, 910 cHavajga Bce ducia & OBLIN HOJOMKUTCNDHEIMU, a
MOTOM BAPYr HOABHIAOCH OTPHOATENBHOE UYHCNO0. JTO 3HAIAT, UTO
CYHeCTBYeT 9HCJIO §, NJIA KOTOporo jelicTBUTEILHAA YACTh 10°¢
paBHa mywo. 3HAWeHHey B ITOM cJaydae paBHO i, T. e. 107°=i,
nnn is=log,,i. B ®awecTBe mpumepa (cM. TaGa. 22.3) BHAECINM
¢ ee nomomplo log,i. IIponenypa nomcka log, i B T04HOCTH HOBTO-
pAeT TO, YTO MH FeJaH, BHINCAAA log,,2.
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Tabauya 22.3 ® TTOCABIOBATEILHOE BHIUYNCIEHUE
KBAIIPATOB

1081024 _11.0,0022486 i

Crenetb is 1024s 10ts

i, 1024 1 1,00000-0,00225% ¢
(512 2 1,00000-0,00430 ¢
i:236 4 0,99996 -1-0,00900 ¢

;128 8 0,99984 4-0,01800 ¢

i 64 16 0,999364-0,03599 {

i 32 32 0,997424-0,07193 {

i 16 64 0,989674-0,14349 {

1 8 128 0,958854-0,28402 {

4 256 0,838724-0,54467 ¢

12 512 0,%0679-+0,91365 i

il 1024 —0,669284-0,74332 i

* JoiRHo ORb 0,00224861.

IlposisBegenne kagux yucea us Taba. 22.3 paBHO YUCTO MHAMOMY
ancay? Iocae seckoapKnx 1MpoG 1 omnBOOK Ml HAlieM, 4TO JIy4Lie
Becero yMuomuis «012» ma «128». Hx upowmasBegenue paBmo
0,13056 4-0,99144:. llpurnagermucs K MpaBily YMHOMKEHHA KOM-
MJIGKCHEIX TICe.I, MOMKHO IOHATDH, IT0 KajeK/y Ha YCHeX CyIuT yM-
HOMEHNE DTOTO YHC/Ia Ha 9Mcio, MAMMAs YacTh KOTOPOTo npubin-
BUTEJBHO paBHA JelicTBHTENBHON 4acTH Hamtero wuciaa. Maumasn
qacrtp «64» pasma  0,14349, wro moBonpHO ORUBKO K 0,13056.
Ipounspeserme o>tux uncea pasao —0,01350-+0,99993i. Mu 1e-
PeCKOTILIN Tepe3 fy.lb, MOITOMY Pe3ylpTat HY/KHO pasdeaumd Ha
0,99996 -0,00900 i. Kax sto cuenars? lsMeRum 3HaK i M yMHG-
anM Ha 0,99996—0,00900 i (Bemp z*-+y?=1). B komue KommoB
oGmEapymus, aro ecan Bossectd 10 B cremens i(1/1024) (512128 +
4+64—4—210,20) wam  698,20i/1024, T0 TomydmTCA MHHMas
ennamna. Tawnm o6pasom, log;, i=0,063226i.

§ 6. Muusnste IKCNOHCHINBL

Yrobst Ayumle MOHATH, 9Té TaKkoe UYHCAO B MHIMOH CTeIeHH,
BEIMHCIIM nocaedosamensHule cmeneny mecatd. Mer me GymeMm kasx-
Iblit pas y/BAUBATH CTENeHb, 4T00K He moBTopaTh Tabi. 22.3, m mo-
CMOTpHM, UTH CJIYIHTCSA € JeHCTBUTENHHON 4YacThi0 [OCIe TOro,
KaK OHA CTAHET oTpUmaTexbHofl. PesyiasTaT MOKHO YBHHETH B
tabia. 22.4.

B sroit TaGaume cobpaHH ocaefoBaTeNbHbIe NPOUSBEAOHUA YHC-
na 10¥8. BunHo, 4T0 & YMEHLIIAETCA, TIPOXOJUT 4epes HYJb, [0CTH-
raer noutn —1 (B mpomexxyrre Mempy p=10 m p=11 Bermumua
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To9HO paBHa —1) ¥ BosBpamaercsa mazan. TosHO Tak ke BeanumHA
Y XOJHT B3aJ-BIEpe.

Toukn wa ¢rr. 22.1 cOOTBETCTBYIOT 9HCAAM, UpPUBEXEHHBIM
B 1aba. 22.4,a coeuH#AIONMe WX JTHHHE TOMOTAIOT CIEIUTH 33 M3-
MeHeHEHeM £ ¥ y. Bmpgme, wro umema z um y ocumirampyior; 107
nogmopaem ceba. Jierko oO0BACHMTH, NOYeMY TaK HpONCXOJAT.

Tabauya 22,4 ® JIOCIAELDOBATEJILHBIE INPCOU3BREIALNNA YIICTA 10

p=Crenens. 8i {pin/s p=Cregedn-8i toip's
0 1,00000 -+ 0,00000 ¢ 10 —0,96596 - 0.258801
1 (,95882 - 0,28402 ¢ 11 —0,99969— 0,02620
2 ,83867 - 0,54465: 12 ~—0,95104—0,30905 ¢
3 (,64944 -+ 0,76042 14 —0,62928 —0,777471
4 0,40672 -+ 0,91356 ¢ 16 —0,10447—0,994531
0,13050 -+ 0,99146¢ 18 -+ 0,45454—0,89098
6 —0,15647 + 0,98770i 20 4 0,86648 —0,49967 i
7 —0,43055 -+ 0,90260: 22 -+ 0,99884 +4- 0,052871
8 —0,66417 -+ 0,74315i 24 +0,80890 +- 0,53836¢
9 —0,85268 -+ 0,52249

Bes i B uersepToil cremenn — oto % ¢ keadpame. ITO YUCIO PABHO
efuHNIe; clegoBateapHo, ecanm 109 paBHO i, To, BOsBeAA aTO
YUCT0 B YETBEPTYIO CTEHEHb, T. e. Beraucaus 1027, M momyaum
--1. Ecam Hy;xHO noxyunts, Banpmmep, 10%°% 1o nymmuo ymmo-
muth 1027 ma 1092, Wnave rosops, dyrxuua 10° nosropsercs,
nmeer mepmox. Ml yike 3HaeM, Kak BBITJAJAT TAKHe KpHUBHLE!
OHY TOX0:KH HA TPAaQHK CHHYCA MJIM KOCHHYCA, W Mbl Ha30BeM HX
Ha BpeMA airefpaddecKUM CHHYCOM M a/relpandecKEM KOCHHYCOM.
Teneps mepeiimeM or ocHoBammsa 10 HATypaJbHOMY OCHOBAHMIO.
JTO TONIBKO M3MEHHT MacliTal TOpH30HTANBHON och; Mbl 0603HATUM
2,3025s uepes t m Halamen 10i=¢", tpe t — peiicTBuTEIBHOE
9HCI0. I/IvsBe(:THO uTo €' =z-}-iy, U MBI BanMITeM BTO HUCIO B BIIE

el=cost-}i sint. {22.8)
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D ue 22.2. Homnaexchoe uucio
KQK MONEQ Ha nAOCKOCmU.

Hawxosst cBoficrBa ajreGpamyecKoro Kocmmuyca cost m anarebpan-
geckoro cmHyca sin t? Ilpesme Beero 22+yt=1; 510 MH yme 10-
Ka3aju, 1 3T0 Bgﬁﬁo Aas moboro ocroBauna, 6ynk 1o 10 wmmwm e.
CuepoBaTensno, cos?t+4-sin2t=1. Mu smaem, uro &'=1-it qaa
MauisIX f; BHAYAT, 6CIM { — OJIM3KO0e K HYIIO 9HCI0, TO COS [ BIH30K

K efuHute, a sint 6ansok k ¢. llpogoimras masdpiie, Mul mpaEgeM K

BEIBOJTY, 9TO 6C€ CE0UCMEA IMUL 3aMeHAMEAbHUT PYHEYLIL, TLOTyIaio-
MUXCA B pesyabTate BO3BEICHLA B MHHMYIO CTEIICHD, 6 MOUYHOCMU
cosnadaiom co ceolicmeamis mpuUsoHOMeMPUHECK020 CURYCA W mpu2o-
HOMEMPUMECK020 KOCUNYCA.

A wax ofcrout geno ¢ mepuojgom? Jasaiite matimem ero. B ka-
KYI0 cTeNeHb Hal0 BO3BECTH ¢, 9T00nl HoyunTh i? apMu caoBam,
4eMy paBeH JorapudM i 1o ocHoBaHUIO ¢? Mel Beduciuau yime Jo-
rapudm { wo ocuosammuio 10; om pamen 0,68226i; 4Tobm mepelitu
K OCHOBAHHIO €, MK YMHOMUM 3To ducao Ha 2,3025 m momydum
1,5709. 910 ymcso MOKHEO HasBaTh «anrebpaudeckum /2y, Ho mo-
LAALUTE-Ka, OHO OTAMIaeTCA 0T HACTOSIETO /2 BCeTo JIKUID MOCHe T~
HUM [DEeCATHYHBIM 3HAKOM, I BTO TMPOCTO-HANPOCTO CJIOHCTBHE Ha-
nrX npubamKennit npyu Bereucnenunax! TakuMm obpasoM, dmero as-
refpanueckl BOSHMKIM ABe HOBHIE QYHKIUM — CHHYC M KOCHHYC;
OHU TmpuHAIeKaT airebpe u Toiabko asnredpe. Ml HONIN 0 UX ciie-
JaM 1 O0HaPY:KUIH, ITO 9TO Te Ke caMble QYHKONU, KOTODHE TaK
€CTECTBEHHO BOBHUKAIOT B eoMeTpHE. MBI OTBICKAAH MOCT MeIy
aurebpoit m reoMeTpue.

Hogsoxa mTor HammM HOMCKAM, Mbl HAIHINEM OJHY U3 CAMBIX
3aMedaTeAbHLIX QOPMYI MaTeMaTHRA

e—=cos04isin. (22.9)

Bor oma, mama yremuyskuHA,

Ceasp Memay anrebpoil u reoMeTpHel MOKHO HCIIOIB30BATE A
u300paKenus KOMIUICKCHBIX 9MCE] HA IUIOCKOCTH; TOYKA Ha TLIOC-
KOCTH oupejeasercsa roopaunatamu z u y (pur. 22.2). Hpencrasmm
KajKI0e KOMILICKCHO® 9HCio B Buje z-+iy. Ecam paccrosame Toukn
0T HaYaJa KOOPAHHAT 0603HAYNTH Yepes r, 4 YroJ pajgmyca-BeKTopa
TOYKH ¢ 0CBI0 X — depes 0, To BhparKeHue Z --iy MOKEO IIPe/[CTABUTE
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B Buge red. DTo ciejryeT W3 TeOMETPHUYCCKUX COOTHOUICHIH MEKITY
z, y, r u0. Takum o6paszon, Ml 0GBeTUMHAAR aNTe0py U [eOMETPHIO.

Haunpas sty raagy, Mbl SHAIE TOJBKO MEJIBO0 YMCAa 1 YMEIN UX
cunTarh. 3aT0 y Hac ORJga HeboabIIas HWIEA O MOTYOIecTBe miara
B cropony m obobmenua. Hemoapsys amrebpamdeckue «3aKoHED),
WM cBoifcTBa YuceT, cBegennue B ypasHenns (22.1), u onpegeseHns
obparaux omepannii (22.2), MBI ¢MOTJIH €O3/aTh He TOJLKO HOBHE
qpcaa, HO W TaKWe HOJTe3HHE Benpd, Kak Ta0IuHIE JorapudMoB,
cremeHell u TPpHroHOMeTpHYecKHe QYHKUWE (OHH BOSHHRIN TP
BO3BECHUHN AeilCTBATEIBHBIX 9HCeT B MHUMELIe CTeIleHl), I Bce 3TO0
yialoch cjaelaTh, HW3BAeKasd MHOTO pa3 KBaJpaTHHI KopeHb H3
necaTu!



23
Narasa ~=

PESOHAHC

§ 1. Boxh.aerxcHbe wieaa
U PMHOHUYECHOE OsudteHUe

Msr cuopa OymeM IoBOPUTH B 9TOIl I7ase o
PAPMOHITIECKOM OCHMIAATOPE, 0cobeHuo 00 0c-
HHIJIATODE, HA KOTOpHil [JeilCTBYeT BHeIIHAA CH-
aa. Jlas amazumsa oTuX 3a7a4 HY)KHO DA3BHTH
HOBYIO TeXHUKY. D mpensiiyineil ri1aBe MBl BBeIMn
TOHATHE ROMOJAGKCHOIO Micia, KOTOPOe COCTONT
H3 JeicTsuTeJbHOI If MMDMON vacredi H KOTOpOe
MORHO w300pasnTs HA rpadure. HelicrBurenbran
YacTs uieda Hymer unaodpamarthes abemmecoil, a
MHHMaA — OpAuHaToil. HoMHIIIeKCcHoe YD &
MOJKHO 3aluCaTh B BUIE €=d,--iq;; OPpH Taroil
3AUWCH WHIEKC ' OTMEYasT JeliCTBATEIBHYI0 9aCTh
@, a nHAeK: { — MHNMyo. Baraaaysna dur. 23.1,
JCFKO  €o00pa3uTh, WIO KOMILIEXCHOe JHCJIO
a=x-}iy MosHO 3a1mcaTL 1 TakK: & +iy=rexp{i0d),
re =2 +yt=(zx+4iy) (r—iy)=aa * (a* — oTO
KOMIVIEKCHO CONMSLKEHHEOC K ¢ YHCI0; 0HO HOIY-
gaeTcA M3 a uaMeHeHweM sHaka (). Urak, xKoMmm-
JEKCHOE YHCIO0 MOMKHO MpeiCTaBHTh JBYMA cHO-
cobaMn: SBHO BEJIEAWTE €ro AeficTBUTENBHYIO H
MHUMYIO 9aCTH WJIH 3a/aTh eT0 MojayieM r u daso-
BoIM yrioMm 0. Ecau sagaust 7 u 0, Tox uy paBHBI
rcosd m rsinb, m, maoGopoT, wmexoam us dmcAA

z+iy, mouo Haiitu 7=V 22+y2 u yrox 0; tgd
paseH y/x (T. e. OTHOUIEHIIO MHUMOI m geficTBu-
TedbHOH dacTeii).

Yrobel mpuMeHuTh KOMILIGKCHBIE UHC/A K pe-
LTEHHWI0  QH3HYeCKHX 337aY, OpojedaeM TaKoi
TpoK. KHorga MH msyvadu oCHUIIATOP, TO HMENIH
deJo ¢ BHelmgedl cmA0oH, TPOMOPHHOHANBHOMN
coswt. Taryw cuny F=F,cosnt MoxHO pac-
CMaTPHBATh KaK [efCcTBUTENBHYI0 d9acTh KOMII-
GeKcHoro 4mesia F = Fexp(iof), uoToMy 4TO
exp(iwt)=coswt-+isinwt. Taroi nepexon yaober:
Bellb WMMeTh [ell0 ¢ OSKCIIOHEHTOH Jerde, 4eM
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D we, 23,1, Komnaercroe uucao,
U300 Pa X eHHOE MOUKOL HA (KOMRAEK-
CHOUL NADCKOCIMUNY.,

& Jedcmeumeans-
HaA acb

¢ KocmaycoM. VTay, TPIOK COCTOMT B TOM, 4TO BCE OTHOCAUIMOCSH
E OCHUAIATOPY GYHKUUI paccMaTpPUBAIOTCH KAK JleHcTBUTeIbHER
9acTN KaKHX-TO KoMILTexcHEX ¢ymrrnuil. Haiinemnoe mamMm Kom-
ndeKcHOe duciao F, pasyMeercd, He HacToAmasn cmia, ubo dusuxa
HE 3HAEeT KOMITEKCHBIX CHJI: BCE CHIIBI IIMEIOT TOJLKO J{eilCcTBUTe 5~
HYI0 9acTh, 8 MHUMOI 4YACTH B3ATLCA WPOCTO HEOTHYjMa. leMm He
MeHee MBL OyzeM ToBopyTh «cinay Fexp(iont), XoTA HaA0 NOMHHTS,
4TO pedb UAET JHINL 0 OJelicmsumenbHoil ee wacmlu,

Pacemotpny eme ojuE upuMep. Hak mpegeraBuTh KOCHHYCOII-
IaJdbpHY® BOJHY, asa Kotopoil caBuBEysacs wHa A? HoHedHO, Kaxr
AeficTuTepRYIO wacTh FeXp [i{wf—A,)]; oKenoHeHTy B 9TOM CIy-
1ae MOJKHO 3anmcaTh B euje exp [i(wi—A)]=exp(io?)exp (TiA).
Anre6Gpa pKCIOHEHT ropaso xerie ajreGpsl CHHYCOB W KOCHHYCOB;
EOT mouYeMy y100HO HCI0Ib30BATH KOMILIGKCHLIC Yicaa. JacTo Mbl
6ymeM HHCATH TaK:

F=F e '8¢t —=Felt, (23.1)

Ulnanxa mag Oyksofi 6ygeT yRa3sIBaTh, 9TO MBI HMEEM ;1610 ¢ KOMil-
JOKCELM YHCIOM, T. €.

PP emia |
0

CnHAKO TOpa HAYATH PeriaTh yPABHCHUS, UCHONAb3YSA KOMILICKCHBIO
ureNa, TOrja MBI YBUIHM, KaK HAJ0 MPUMEHATH KOMINIEKCHHIE YH-
¢Jia B peabHEIX ofcToATeNbeTBaX. LA Havata MOIBITAGMCSA POIINTh
ypaBHEHUE

2 n

% —}—%:%z%’cos wt, (23.2)
rae £ — peifcTBywmad Ha OCHUANATOP cuia, a & — ero cMenjeHue.
Xors 310 u abeypaHo, TPEAToNoKAM, 9T0 & U F — KOMILTeKCHBIO
yncdaa. Torga x cocrout uz meficTBATENBHOM 9acTH M YMHOKEHHOH
na { MENMo{l 9acTu; To iRe caMoe Kacaercd u F. ¥Ypasuenue (23.2)
B 5TOM CJyuYae 03Hadaer

d* {z,+ixg) | k{x.+izp) __F.+iF;
dt? + m - m

I
dz, kx, . (dPx; | ke F, iF;
W+W+NW'R»
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HoMmuieKkcHbIe Ynucia paBHH, KOTa PABHH UX JeHCTBUTENbHLIC W
MHNIMEE 9acTH; cJeoBaTeIhHO, felicmeumenbHas wacmo £ ydosaem-
6opsem YpasHenwio, 6 NPAel Hacmu Komopoeo cmoum dedcmeument-
ras yacmy cuavt. OTOBOPHM ¢ CAMOro Hadaja, 9T0 TaKoe pasmelcHue
/eiiCTBHTeILUBIX M MHIMEIX 9acTell BO3MOIKHO He écez2da, a TOIBRO
B COy4ae qUHClRbE YyPaBHEHII, T. e. ypaBHeHuil, comep;Ralux I
JUIIL B HyJdeBoll i1 mepBoit cremenax. Hanpumep, ecan 651 ypaBhe-
HIIE COePRAI0 Y1eH Ax>, T0, CAedaB IMOACTAHOBRY £, --iz;, MBI IIOIY-
Tuau 651 Mz, +iz;)%, u BHgeneHHe AelicTBUTeAbHOI M MHUMOM dac-
Teit mpuBeno 6n Hac kK AMai—z}) m 2iAx,z;. Wtax, ME BguM, 910
deflcTBUTeNbHAN YACTh YPABHEHUS COJEP/KUT B HTOM CIyYac 4ieH
—Azi. Mu moydmiIm coBceM He TO ypaBHeHINe, KaKoe co0upaimcsh
peniaTh.

[TousraeMess IpUMeHHTH HAall MeTOJ K yiKe pellleHHoii 3amade
0 BLINYKIeHHHX Kodebauusx oCHIILIATOpa, T. €. 00 OCHumid-
TOpe, Ha KOTODLIM meiicTByeT BHemIHsAs cuia. Hak m paHblie, MBI
XOTHM peltuTh ypapuenme (23.2), Ho maBaiite HavYHeM ¢ ypaBHeHUSA

d?x kx 5 ot a
'a—z‘ + v = Fe s (23.0)
rie Fef®' — xommiekcHoe umedo. HKOHEYHO, Z — Tome KOMIl-

JAeKCHOE WHCJA0, HO 3AIIOMHHM HPaBIio: uyToOLl Halityw MHTEpecym-
HIie HAC BeJHSMHL, HAJO B3ATH JelcTBuTe’bHYy0 TacTs x. HaligeM
pemmenne (23.3), omuchiBaiouiee BHHYKleHHEC Kojdebamua. O gpy-
FIX PENMICHHAX MOTOBOPHM TOTOM. ITO pelleHHe HMeeT TY ;Ke dac-
TOTY, 910 1 BHeUHAM (OpMIO;KeHHAas) cuia. Hodebadue, Kpome
TOr0, Xapakrepusyercs aMmaaryxoii m dasoil, MOBTOMY ecaH mpea-
CTABUTH CMEIICHIE HCIOM £, TO MOJYJb ero cKajKeT HaM 0 pasMaxe
roa1efaHuil, a Gasa KOMIJIEKCHOrO 4ncia — O BpeMeHHOI 3ajepsxke
KoseSanus. BocnoassyeMes Teneps saMeuaTeIbHLM CBOHCTBOM 3JKC-
nouentol: (d/dt){zexp(in?)] =ionzexp(int). Juddepenmupys sxemo-
HEHIMAJTBHYIO QYHKI[NIO, MEL ONYCKACM BHI3 DKCHOHEHTY, Helasd ec
HpoCTeIM MHOMuTeNleM. iunddepennupysd elle pas, MBL CHOBA NpH-
LIHCHIBAEM TAKOIl ;K¢ MHOFKITENb, HOITOMY OYeHb OpOCTO HANMCATH
ypaBHeHIte 1148 z: Kajkjoe AuddepeEnuposanue 110 BpeMeHH HAfo
BaMeHuTh yMuoxeHueM Ha (. ([uddepennmupoBaHme CTAHOBUTCH
TeHephb CTONE JKe HPOCTEIM, Kak M ymuokeHue! Vesa memoanzoBaTh
S9KCHOHEHIMANLHLE (QYHKUEH B JuHelunx guddepeRnuaipHEx
YPaBHEHHUAX IOYTH CTOND jKe I'PaHAMO3HA, KaK naobpeTenue Jora-
puMOB, KOTOpDHE 3aMEHWJIM YMHOKEHHEe CJoyKeHHeM. J3lech
nudpdepennquposanne saMenserca ymHoskeHueM.) Taxum obpasom,
M5l 10JygaeM ypaBHeHue .

. N2l kx __F

(lo)'z 4 —=—-, (23.4)
[Mer omyctmim obmuii MHomuTeds ¢'“!.] CMorpuTe, Kak Bece
npocro! [luddepennuaibHoe ypaBHeHHe HeMe[JeHHO CBOZUTCH
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K 911CTO anre6paﬂqecKOMy; cpasy ;xe MOJKIO HalllicaTh €ro peuienue

— ﬁ/m

 (kjm) —w?’
NOCKONBRY (i®)?=—02 PemeBue Mo{HO HECKOIBKO YIPOCTHTb,
mopctaBuB k/m=amj;, TOria

~ F

T=— (23.9)

- m(mg—wz) !

JT0, KOHEUHO, TO JKe CaMoe pelleHne, KOTopoe yie GblIo HaMH 110~
xyueno paHnee. Ilockonbky m(wp— ©%) — jeiicTBHTeNbHOE YHCIO,
10 dasosre yrust F um z coBmagaior (uam oriudaiorea Ha 180°,
ecau ©2>n5). 06 210M TosKe ye roBopmiock. Moxynis z, KOTO PHIiA
ompeelAeT pasMax KoJdebaHmil, cBA3AH ¢ MOLyTeM F MHOKHTeIeM

1/m(wg—®2); 3TOT MHORHTENHh CTAHOBUTCHA O9eHBb GOJBIINM, €CJU
o npubmmxaeTca K ©, TakuMm o6pa3oM, MOKHO J0CTHYH OYEHB
CHIBHOTO OTKJINKA, €CIH HPIWIOKUTh K OCHHUIJIOrpady HYKHYIO da-
CTOTY ® (ecaM ¢ HY;RHOM 9acTOTOH TOMKAaTh HMOJBEIICHHBIA Ha Be-
PeBOUKe MASTHHK, TO OH IMOJHWUMAETCH 0UYCHb BHICOKO).

§ 2. Bunyocoennvie voaebanus ¢ mopmoiceruemn

Wrax, Mbr MoKeM pemmuThb 3329y 0 KolebaTeIbH0M JBUKEHHH,
HOAB3YACH H3AMHOI MareMaTuroil. OgHaKo M3AMECTBO HEMHOTOTO
CTOUT, KOTJA 34aJada M Tak pelaeTcd TPOCTO; MATEMATHKY Iia-
A0 MCIOJIB30BATHL TOTJA, KOTAa pemaloTes Gojee CIOKHEIE 3aja-
an. llepeiineM nosToMy K ogHO#l w3 TAaKMX 3a4a4, KoTopas, KpoMe
Toro, OJMKe K JHelicTBuTedbHOCTH, 4eM mpegsaynias. Us ypasme-
Hua (23.5) caegyer, 970, €CAu ® B TOTHOCTH PaBHA 0y, AMINIATYIA
KonebaHud cTaHOBUTCA GECKOHOUHON. ITOro, KOHEYHO, HE MOMKeT
OLTh, TOTOMY 4TO MHOTHE BeHIM, HAaIlpuMep TpeHWe, OrpaHUYIH-
BAIOT aMILUIETYAy, @ MBI UX He YyYuThBajnm. V3MeHHIM Tenepb
(23.2) rak, 4ro6GBL yd4ecTh Tpexue.

Cremats 370 00LIYHO JOBOJBHO TPYAHO, HOTOMY 4TO CHIEI Tpe-
HUA O4eHb c¢AOKHE. OJHAKO BO MHOTHX CJIYIasiX MOYKHO CUMTATH,
9TQ cUJa TPEHUS RPONOPYUOHAAbHA CKOPOCMU NBIKEHUA ofbeKTa.
MmenHO Takoe TpeHHe HpeHATCTBYeT MeNJIeHHOMY [IBILKEHMIO
Tehaa B Macle uan gpyroil BASKoH sumakoctn. Rorga npexMert
cToMT Ha MecTe, Ha Hero He JeliCTBYIOT HWKaKue CHJIB, HO YeM
cKopee OH JBWReTCA M dYeM ObIcTpee Macio HJOKHO 00TeKaTh
9TOT HpejgMer, TeM (0dbIie comporuBIexme. TaxuM o0pasoM, M
TpeImoNIoKuM, 4To B (23.2), KpoMe y)Ke HAIIMCAHHEIX WIEHOB, CY-
IIeCTBYeT emie OAWH — CHJIa COUPOTUBJIEHNA, HPOLOpPHNHOHANBHAHA
CKOPOCTH: Ff=—c(dx/dt). Yno6H0 3anncaTh ¢ KaK pousBeeHye m
Ha Jpyryl DOCTOMHHYW Y; 3T0 HEeMHOIO YUPOCTHT ypaBHeHUe,
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M yike upogensiBaiu Tarou oKyc, Korjila samensau k Ha mo,,
uTOGB YHPOCTHTH BHUHCICHIIA. I/ITaK, Halle ypaBHEHNE HMeeT BHJ

dz

-5 t+¢ = L hx=F (23.6)
dt dt
WJIH, eC)I HOJICKATh C=my n k=mm§ U I0JednTh 00e 9YacTu Ha m,

d*z F
P TERRE dt T L ely= -, (23.6a)

dro camas ypobmas gopma ypasuenus. Ecau y ouens mMaxo, To
Mato # TpeHte, i, Hao6opoT, Goxpuine 3HATEHHS Y COOTBETCTBYIOT
rpoMasdoMy Tperuio. Hak pewaTs 570 HoBoe imHeliHOe ypaBHeHHE?
Hpennonomum, 970 BHeMHAA cuma pasHa Fycos(wt-4-A); MomRo
6rrmo 66 mojcTaBUTH 3TO Bhpazkenme B (23.6a) m mommITaTHCA pe-
HINTD LOJyYeHHOe ypaBHeHIe, HO Mpl HIPUMeNUM HAIl HOBHI MeTOI.
Ipencrasnm F raw pmeificTeuTenpmyio uyacTh Fexp(iot), a & — Kak
NeHCTBATENBHYI0 YacTh rexp(iwf) W MOACTABEM 9TH KOMILIEKCHBIE
ugeaa B (23.6a). CobGerBenHo roBopsi, W LOJCTABIATH-TO HEYero;
BHUMATEIbHO TocMoTpeB Ha (23.6a), BBf TYT Ke CKajkeTe, 4TO OEO
HpeBpaTuTCsHd B

et [(10)*Z 4y (o) T4+ 0iT]= eiwt. (23.7)

[Ecou 651 M1 monmmitasmes pentars (£3.6a) cTaphiM DpAMoHHe-
HBEIM c110co0oM, TO OMEeHNIX OBl MO0 TOCTOMHCTBY MaradecKuil «kKoMi-
aexcubiiiy meron.] IMomeaue ofe wactu ypapmenns Ha exp(iot),

uaﬂ,aem OTHJIMK OCONANATOpA X Ha CILTY F.

f— . (23.8)
" ( Wy —©? +iyw)

Urax, otriagx 2 paBeH cuie &, yMHO;ReHHON HA BeKOTOPHI MEOKH-
Tedb., JTOT MHOKHETENh HE MMeeT HH HA3BAHUA, HM KAKOW-TO cBoeil
coGerBennoii OyxBu, u M GymeM ofosHagats ero GykBoit R:

1

2 25 Sare !
m (@ —o®+iye)

R—=

Toraa
z=FR. . (23.9)

JrTor MHOHTeNb MOHo sanmcarb gaubo wKax p-ig, aubo
kak pexp(i0). Bamumem ero B Bmge pexp(id) m DocMOTpHUM, K
"geMy 2T0 TpuBeneT. BHemHAA cuia — 9T0 JelcTBnTedbHAA 9acTh
amena Fiexp(iA)exp(iw?), oma pasnra Fcos(w?+-A). ¥YpasHe-
gue (23.9) roropur HaM, YTo OTHIMK X pakeH FI{; MBI ycloBHIKCH
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D ue 23.2. I'pagur sasucurocmit
p? om w.

nucath R B Buge R=pexp(i0); c:1c1oBartensHo,
x____—Rl{w:pel')]]ociA: pF031(6+A)~

Benomuiy {06 970oM yike TOBOPHTIOCEH), YTo DM3MIECKoR 3HAYCHEE X,
paBHoe AefiCTBUTENDLHOH YacTi KOMIIEKCHOTO YHCIA :E, paBHO JTeii-
creurenbHoil uactu pFpexpli(0+A)lexpiot). Ho p u F, —
IefCcTBUTEABHBI, a pAelicTBuTedbHad vacTh eXp[i(0 +A+4-owi)] — 10
upocro cos(wi-+A-+40). Taxum obpasom,

z=pl cos (®f - A -}-0). (23.10)

ST0 3HAUMT, YT0 AaMILUIMTY/A OTKIAHKA paBHA aMiianTydae cuer £,
YMHOKEHAOH Ha Roo(PQHUHenT ycuiIeHUs p; ML HAULIH ¢PasdMax»
rxoJse6annii. Ho oTo eine He Bce: BUAHO, 4T0 £ KoJe6GmeTcsa He B TaKT
¢ cuioii; dasa cuasl paBHa A, a y Z OHA CIOBHHYTA HA [JOIONHH-
resipEy0 Beauuuny 0. CiemoBateidsto, p w 0 — 9ro BeruunHa o
$aszoBEIIl CABHUI OTKINKA. :

Haiigem wemepn smauenue p. HBagpar Momynsa no0oro KoMH-
J@KCHOI'O TICJIA PABCH NPOMZBEIOHMI0 3TOT0 UHCJA Ha KOMILTEKCHO
COMpSIFKEHHOE, T. 6.

p*= : =
m? (0 —0*—iyn) (0 —o*—iyw)
1 .
. 23.11
m? L(u)z—(u;“;)z -+ y%)z] ( )
Momxno maiite u ¢asoBeiii yrox 0
1 1 1 i 2 2
—=—— = — e V=m (0; — 0® +iyo);
R pe‘g 0 ( 9 T UY )
BHAYHUT,
10— — YO 23.12
g (0] —w»?) ( )
3HAK MUHYC BOBHMK OTTOIO, 4T0 tg(—0)=—1tg0. Yrox 0 orpuumare-

JeH mpu BceX SHAYEHHAX ®, T. €. CMemeHHe I OTcTaeT mo ase
oT cuian F.
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@ ue, 23.3, I'padur sasucumocmu
6 om w.

Ha ¢ur. 23.2 mokasaHo, KAK U3MeHASTCA p? NpH N3MEHCHWUH Yac-
TOTH (0% 1A PU3UKA HHTEepPecHee, TeM , MOTOMY 9T0 O° HPOHO prHuo-
HAJIBHO KBAJPAaTy aMILIUTYIE, & 3HAYHT, H TOI 9Hepeul, KOTOpPYIK
nepefaeT OCHILIATOPY BHeUIHAA cuia), QUeBIIHO, 970 €CJIH yMalo,
10 0CHOBHOI wiieH B (23.11) — 310 1/(0) —©2)2, I OTKIMK CTPEMATCH
K GeCKOHEUHOCTH, ecjam o mpulammaeTcd K w,. Ho sta «Geckoneu-
HOCTBY — He HacToAnas GecKoHeYHOCTH, HOTOMY UTO JaKe eCiH
0=0,, TO Bce eme ocTaerca caaraemoe 1/y2w2. 3aBucHMoOCTb
caBAra ¢ass OT YACTOTH M3odpaskena ua Qur. 23.3.

Huorga npuxognTca uMerh fedo ¢ GopMylol, HEMHOrO OTIH-
garneiica or (23.8); oHa Toske HasHIBaeTCAd «PE3OHAHCHOIY H, He-
CMOTPA HA HEKOTOPOe oTamame ot (23.8), ONUCHBAET TE jKE CaMDLIO
aptennd. [lero B TOM, 9T0 ecayw 3HaveHLe Y OUeHb Ma1o, TO Hail-
Oomee nuTepecHAd 00:acTh PE3OHAHCHON KPHBOH JIe:HUT OROIO
9acTOTH =0y, a 34ech HpH MakuX y Popmyay (23.8) ¢ Ooxpuioii
CTelIeHLI0 TOUHOCTH MO;KHO 3aMeHHTh npubiamkenHoit Qopmyloii.
Iockoapry @i—02=(0,—0)(0,--®), To LIg ©, oYeHb OIUBKNX
K ©), Pa3HOCTh KBAJpaTOB HOYTH paBHA 20(W,—®), & YO MOKHO
BAMEHUTH HA YW, SHAUHT, Wp—02-4+iyoxr20h(0,—o+iy/2) u

T = ! ecl Y<Ky H O = (23.13)
T 2mo, (wy—e+iy2)’ Y ¢ At A

Jlerxo maifitn u p*:
o & !

T ime? [(0,—0) +yY4]”

A Temepn pellinTe caMM TAKYIO 337124y’ ¢ YBEJIISHHEM JacTOTHL 3Ha-
denme p? CHAYAJA PacTer, NOCTHIaeT IPHM ®, MaKCIMyMa, a [0TO.I
cHoBa yoniBaer. Ha KaxkoM paccTofEUM 0T ©, PACLOJOMKEHEL 9acTo-
TH, KOTOPHIM COOTBOTCTBYIOT B3HAYeHUA P2, BIBOE MEHDLIIHE MakK-
cnMaangoro? Iloxaskumre, 4T0 DpH OYeHb MAJOM Y ITH TOYKH OT-
CTOAT JPYr OT Apyra Ha paccrosHue Aw=-y. JT0 3HAIUT, YTO pe-
30HAHC Aenaercs Godee OCTPHIM IO Mepe TOro, KaK BIHAHUE Tpe-
puA cranopurea Bee cuaabee u ciaGee.

Ilpyroii Mepoii WWMPHHEI pe3oHAHCA MOKeT CJIY/KUTh «106poT-
HOCTE» Q= y/y (1eM Yike pesonamc, TeM Goabure Q); ecau Q=1000,
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TO 10 MKaje 4acTOT IMMpUAA pPe3oHAHCHOI KpuBoii pasHA BCero
0,001. Pezonancuoit kpusoii Ha ¢ur. 23.2 coorsercTByer Q=0.

flBnenue pesoHaHca BaKHO HOTOMY, 4TO OHO HPOABISETCA TOBONb-
HO YaCTO; ONHMCAHHIO HCKOTOPHX BUJIOB 9THX IPOABICHUII MBI IOCBA-
THM OCTATOK IJIaBH.

§ 3. Jaermpureckuii pesonanc

Ilpocreiiuiue U caMble MIHPOKYe TeXHAYGCKHE NIPHMeHEHHA Pe3o-~
HaHC Hame’X B 31eRrpudecTBe. VIMeeTcAa m0BOIBHO MHOTO YCTDOMHCTE,
13 KOoTODPHIX cobmpawTes sleKkrpudeckue qenu. VX gacto HA3HBAIOT
RACCUBHWIMU daeMeHmaml yent, W GHBAIT OHU TpPex THIIOB, XOTA B
KaRABIA @JeMeHT OMHOrc THHA BCerna MPUMEIIaHo YyTOTKY djie-
MeHTOB gpyrux tumos. Ilpemge deM mnogpobuo omnmcath 3TH
BIIeMEHTHI, 3aMeTHM, WTO Haille MpelcTaBlcHUe 0 MeXaHMIECKOM
OCOMIIATOpPe KaK O Macce, MOABENIeHHON K KOHIY TIPY:KIHHL,
Bcero ammb mpubiamieHme. B «Macce» cocpenorodeHa BOBce He
BCA Macca CHCTEMBI: IpY/REHA TosKe 00JdajgaeT Kakoifi-To Maccoii,
HpY;KHHA ToyKe WHepIHOHHA. To9HO TaK jKe «IPY/RuUHA» HEe COCTOMT
M3 0HO IPY:KUHE, Macca TOKe HEMHOTO ynpyTra, a He abcoaiomHo
TBep/a, KaK 9T0 MomeT nokasartecs. logupsiruBas BBepx 1 BHN3,
OHa clerKa m3rufaercs Moj TOTIKAMH Upy:RuHH. Tak e 06CTOHT
JeJio ¥ B DJIeKTPUIECTBEe. PACmoNoKUTh BCe TPEIMOTH T0 «dJIeMeH-
TaM Tenw» ¢ YHCTHMH, HIEANbHBIMU XapPAKTePUCTHKAMI MOM{HO
TONBKO HpubImKeHHo. Tak Kak y Hac HeT BpeMeHHU oGCyRAATE Ipe-
JIeJTEL TAKHX NPUOIHACHUN, ME IPOCTO MPEIIOI0KIM, YTO OHA JO-
IYCTIMEL,

Wrak, o Tpex smemenTax wenu. llepsriil HaswiBaeTcst emKocnibio
(dur. 23.4); B KadecTBe MpUMEpa eMKOCTH MOI'YT CAYMKHTD JIBE Me-
TAJINYeCKNe TIACTUHKY, pasjielleHHble TOHKHM CJoeM JHaIeKT-
pura. Ecin NiacTUHKA 3aPAANTH, TO MeKNy HUMA BOSHUKAET pas-
HOoCTh HoTeHTHadoB. Ta e camMasd pasHocTh HOTeHIMANOB Oyaer
Meskay ToukaMu 4 m B, motoMy 4TO0 mpm 70060l momodHATENBHOMR
Pa3HOCTH NOTeHIHAJOB BHOJL COEJHHHUTEIHHBIX IPOBOIOB 3apAIEL
cTeKyT mo mposoxaM. Taxum oGpaszoM, 3agaHHON PasHOCTH MOTEH-
uuanos V Memay DIACTUHKAMHI COOTBETCTBYIOT oTpelesieHHBIe
3apAgEl ¢ M —q Ha KayKIo# miIacTmHKe. Me:gy miIacTHUHKaAMHU
CYIIeCTBYeT HeKOe pJIeKTPpUIeCcKOe II0Jie; MBI Jajke BHIBEJIH COOT-

c E
ey
g======
Due 234 Tpu naccuennz 1
Iy F

oseMeRMa yenu. B
Emrocmy  Conpomusserme  MHByrmusrocmy
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BercTBYIOMYI0 QopMyay Rias Hero {eM. ra. 13 u 14)
y=2_ (23.14)

g, ¢g,d7

ne d — paccTofgHHe MeRAy mIacTuHKamu, 4 — NI0Maxh NJIacTH-
HOK. 3aMeTuM, 4T0 pasHOCTH MOTeNIHANOR JHEHO 3aBHCHUT OT 3a-
paga. Ecan mocTpouTh eMROCTH He H3 HApasiedbHniX DUIACTHH, a
HpuJaTh OTAeJBHEIM »IeKTPoJaM KaKylo-EnOyab npyryio ¢gopmy,
pasHOCTh HOTEHIHAJNOB OyerT HO-IpeKHeMY IpONOPIHOHAIBHA
3apaAny, HO MOCTOAHHYI0 NPOUOPHAOHAJBHOCTIL HE TAK-TO JeTKo
6ygmer paccuntarb. OQHAKO HA0 3HATH TOJABKO OJHO: PA3HOCTH MO-
TEHIHAJOB MEMIY KOHIGMU eMKOCTH RpPORODUUOHAALHA 3apady
V=g C; moomureisr uponopmuonasvaoctn paeen 1,C (C u ecrs
emrocms o0BEKTA).

Bropoit sneMeHT eIl HAa3bIBAETCH CONPOMUGICHUCM; DTOT alie-
MEHT OKa3hiBaeT COTMPOTUBJCHUE TEKYHIGMY depes HeTo dJIeKTpMue-
cKoMy TOKy. OKaseIBaeTcsa, YTO BCe MeTA LINYecKHe IPOBOJA, & TaK-
JKe MHOrme JpyTue MaTepHatbl CONpPOTUBIAKTCA TOKY OJMHAKOBO;
eCIH K KOHHAM KYCKa TaKOTO MATepHAJa NPHIAOMKUTH PA3HOCTH MO~
TOHIIAJOB, TO BIeKTPHUYECKHUI ToK B Kycke | —=dg/dt Gyner mponop-
HEHOHAJeH TPIVIO;KeHHOH pasHOCTH MOTEHIUAJNOB

, d o 4
V=RI=R%. (23.15)

Kos(pumuent mpomopiuroHaIbHOCTH HAZHBAIOT conpomusaeniien R.
CooTHonleHEe MEKIY TOKOM W pasHOCTHI0 TOTEHIMATOB BaM, Ha-
BepHoe, yate H3BeCcTHO. Jro 3axoH Uma.

Ecan npencraBaars ceGe 3apAi, COCPeJOTOYCHHHIT B eMKOCTH,
KaK HEUT0 AadAaJOTHYHOe CMemieH{i0 MeXaHW4YecKoli cucTeMel x,
TO DIGKTPUMECKUIL TOK dq/dt aHAIOTHYEH CKOPOCTH, COIPOTHBICHHE
R anamormino roaddumuenty couporusienus y, a 1/C azasorwano
Hocrofunoil yupyrociu mpyskusbt k. Camoe uHTEpECHOE BO BCEM
9TOM, 4TQ CYIMECTEYET BJIEMEHT IeIH, aHaJormvubii macce! Ivo
chpanb, IMOposKJalomas BuYTpH ce6d MarHuTHoe IoJe, KoTja
yepes Hee MPOXOZUT TOK. H3Mmenerue MATHUTHOTO IOJXA TIOPOFKAACT
Ha KOHNAX CHApAJM PA3HOCTh MOTEHHIHAIOB, NPOIOPIMOHAIBHYIO
dl/dt. (3to emoiieTBO CclHMpAJH HCIONb3yeTesA B TpadcopmaTopax.)
MaranTHoe IoJIe MPOIOPIHAOHANLHO TOKY, 4 HaBeJeHHAA PazHOCTH
DOTeHIHANOB {TaK ee HAZEIBAIOT) IPOMOPIUOHAIBLHA CKOPOCTH M3-
MCHEHUA TOKA , .

d d?q
Koodpduuuent L — s1o rKoobpunuent camoundyryuu; oH sABIgeTcs
BJIEKTPHYECKAM AHAJIOTOM MacChl,

IpennomnosruM, Mbr cobmpaen ilemb M3 TpeX HoclefoBaTelbHO
COeHHEHHHX BJeMeHTOB (jur. 23.5); npnjoxeHHa:dA MORIAY ToY-
kami ] 1 2 pasHOCTH IMOTeHITHAJOB 3ACTABUT 3apAJLI JIBUIAThCA N0
Aend, TOTa HAa KOHIAX KajKJOr0 2JeMeHTa NenH TOKE BO3HHKaer
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Pa3HOCTh MOTEHIAANOB: Ha KoHNAX mERyKTuBHOCTH V,=L(d%q/dt?),
ma conporusienun V,=R(dg/dt), a Ha emroctnm V =¢/C. Cymma
3THX Halps;KeHHMH flaeT HaM NoJHOe HAUpSKeHHe V:

d*q dq
LALRE L L=V (). (23.17)

M#br BugnM, uTo 3TO ypaBHeHUe B TOYHOCTH COBIATAeT ¢ MeXaHHdYe-
ckuM ypasHeHueM (23.6); Gygem pemaTe ero TO9HO TAKHM jKe CTIO-
codom. [IpepnonoskuM, uto V(¢) ocuuanmpyer; QIS sTOro HAj0 co-
e[INHATH [ellh ¢ FeHepaTOpPoM cHHYcouna bHbXx Koxebaumit. Torma
MO;KHO IIpexcTaBiTh V(f{) KaK KOMIIeKcHoe ducIo V, MOMHA, 9T0
AJA onpejieleHus HACTOANEr0 HA P syReHnA V{1) aT0 unciio HAJ0 eHie
YMHOEUTH HAa oXp(i®w!) W B3ATH AeilcTBHTENIBHYIO 4YacTh. AHajo-
TUYHO MOMKHO IOJOHTH M K Bapsaly ¢, & II03TOMY HANHIIEM
ybaBHeHIUe, B TOYHOCTH MOBTOPAIOMEE (23.8): Bropasn mpoussogHAA

g— o710 (im)?q, a nepBas — 9710 (iw)q. ¥ paBBeHue (23.17) nepeiiner B

|L G0y +R () +5] =V, wm = LA
L (i0)*+ R (i0) +
nociaeadee paBeHCTBO sanunieM B BHe
g= Y (23.18)

L (0} —o* +iyo) '

rae wy=1/LC, a y=R/L. M moXy4nim ToT ;Ke BHAMEHATENIH, UTO
H B MeXaHWYecKoil 3ajgade, cO BCeMH ero pe3oHAHCHBIMU CBOHCT-
samu! B ra6n. 23.1 npumeneH mepeveHb aBANOTHIL MEKY 2IEKT-
pHIECKUMA U MeXaHWYeCKUMH BeIMYUHAMIE.

abauya 23.1 ® MEXAHHUYECKHE U DIEKTPUUECKHUE BEJINUNHEI

Benmuuuust
O6mue

XBPARTEPRCTHHH MeXaHNn4eCcKue AJIEKTPUYECKUE
Hesasucumasn Bpema () Bpema (t)

IlepeMeHHAA
3apucnmasn Ilono:xenne (x) 3apan (g)

nepeMeHHasa
Hepepnus Macca (m) Ungyxrusrocts (L)
ConporusieHue Koo¢dunuent tpermsn  Counporuenesue (R =vyL)

(e=ym)

HecTroCTh Mectroern (k) {Emrocrs) ! (1/C)
PesoHancHas w? =k/m wi=1/LC

9acTOoTA
Ilepnon to=2n ¥V mk to=2n VLC
HoGporHocTs Q =wyly Q=w,L/R
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D ue 235 OJasexmpuneckuii ko-

L ¢ aebamenvroy KORMYypP, COCMORWYU
v l U3 CONPOMUSACHUR, UHIYKIMUEHICINU
? 2 U emrocmu.

Enie o180 9ucto TeXHRTeckoe 3aMedasne. B kKHurax mo siaextpu-
9eCTBY HCHONB3YIOT ppyrue oGosHadenus. (JueHh 9acTo B KHUTax
Ha OJHY W Ty K¢ TeMy, HAUMCARHHX JIOALMH Da3HEIX CIeNnaib-
HOcTell, HCHOMB3YIOTCA pasaumdpbie OO0osHavenusa.) Bo-mepsrix,
nas oGosHadenus } —1 uemoassyoT Oykey j, a He i {(depes i
JomxeH obosHavaTLCA TOK') Bo-propuix, HH;KeHePhl NPeIoYnTaloT

COOTHOLIGHHE MERIY Vul,amne MesRILy Vu q. OHI/I TaK OOJBINe
npusbkian. [lockoasry I= dg/dt—zcoq, To BMECTO ¢ MOJKHO TOJI-
craButs I/io, n TOrga

V=(ioL+ R+ 5z ) I=21. (23.19)

MosxHO cherka maMeHnTh Hexomuoe quddepeHnnanbHOE YpaBHEHHE
(23.17), 4ro6er ono Berasgeno Gojee mpussrdHo. B KHmrax wacro
nonajaercd TaKoe COOTHOIIEHHE:

t
LYy RI —}—%‘YIdt:V(t). (23.20)

Bo Bcaxom caydae, MBL HAXOJ\UM, YTO COOTHOINCHH® (23.19) mesrpy

HanpskenneM V u toxom I To ime camoe, uro u (23.18), m or-
AmdaeTcd TOILKO TeM, 4YT0 IocjlegHee Helurcd Ha io. Howm-
anexcroe umeino R-+iol-4-1/ioC uHReHepH-3NEKTPHKHE dYacTo
Ha3HBAT 0cOOHIM HMeHeM: Komnaekchuili umnedanc Z. Bpepenme
HOBOH OYKBH 103BOJfer MpoCTO 3alMCATH COOTHOMEHWe MERAY

TOKOM W collpoTuBienneM B Buge V=Z1. O0wAcHAeICA 3TO npu-
cTpacTHe WH;KEHePOB TeM, YTO B IOHOCTH OHH M3YYall TOJABKO LeNn
DOCTOAHHOTO TOKA M B3HAJM TOJBKO CONPOTHBAEHNA M 3aKoH Oma:
V=RI. Teneps ouu Goitee 0GpazoBaHL I HMEIOT yiKe eI e PeMeH-
HOTO TOKa, HO X0TAT, uToGH ypasHeHus Obuia Te sxe cambie. Bor onn

u omuyrV=ZI, u egumHcTBeHHas pasHuIA B TOM, 4TO Telepb CO-
IpOTHBIIEHNE 3aMeHeHO Goliee CIOMKHOI BeImbI0: KOMILIEKCHBIM dHc-
aom. OBu BacTamBalOT Ha TOM, 4TO OHH He MOTYT MCIOJB30BATH
HpUHATOTO BO BCeM Mmpe 0003HAaYeHHA NIA MHUMOM eJUHHIE I
OAMYT j; NOMCTUHE YAUBHTEJBHO, 9T0 OHH He TpefyloT, 4To6sl BMe-
cto Oyksu Z nucanm G6yxey R! (MHoro BolHeHHH [0OCTAaBJIAIOT HM
pasroBopHl 0 MIOTHOCTH TOKA; ee OHM TosKe 00osHAaUaloT GyKBOi
J. C1lo;RHOCTH HAYKU BO MHOTOM CBA3AHH ¢ TPYAHOCTAMA B 0003HA-
YeHHAX, eHHUNAX U MpoYnX BLIYMKAX 4eIoBeKa, 0 UeM caMa IpH-
poja ¥ He IOHo3peBaeT.)
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§ 4. Pezonanc 8 npupode

XoTa MBI geraJbHO pasofpalin BOMPOC 0 PE3OHAHCE B BIEKTPH-
9eCcKuX MelsiX, MOiKHO IPHBOAUTH HpHMep 32 MPHMepoM M3 JI06HX
HAYK ¥ OTHICKMBATH B HHX pe30HaHcHbIe Kpursle. B mpupoae ogensn
qacro gro-uubyab «Kolediercdy m Tak jKe YACTO HACTYHAET Peso-
HaHc. O6 3TOM y)Ke TOBOPWJIOCH B OJHOW M3 TpeIHEYHNINX TAaB;
OpiBegeM Tellepbh HEKOTOphE IpuMepwl. 3aligute B OGubamorery,
BO3BMIITE ¢ TOJIKY HECKOJIbKO KHHT, HOMUCTalTe NX; BE 00HAPYIRUTE
KpHBEE, ToXoKue Ha Kpuseie dur. 23.2, w ypaBHeHHs, Io-
X0KIe Ha ypaBHeHHHA, UpuBeJenHbe B aToif rmase. Muoro nu Hail-
neTcs rakux Kaur? Jlas ybequTe bH0ocTn BO3BMEM BCETO IMATH-IIECTH
KHOT, W oHu ofecmedaT Bac nOJHHIM Ha0OpoOM IpuMMepoB peso-
HAHCOB.

flepsrie mBa otmocsTes ® Mexammre. Camblil mepsHil I'paHARO-
8eH — peib HieT o Konebaruax arMocdepst. Ecmu 651 armocdepa, Ko-
Topag, 10 HAIIHNM IpejcraBieHuAM, Mapoobpasda u o6BoJaKUBAET
Haury 3eMJji0 paBHOMEPHO CO BCEX CTOPOH, O[] BansgHueM JIVHEHL BB«
TAHYMach GH B OHY CTOPOHY, To aTMocdepa npuxaIa 65 opMy BH-
TAAYTON peim. Ecam mpefgocTaBuTh aTMocgepy, uMeioniylo Gopmy
OHHH, caMoii cefe, To BO3HMKAYT Romebauud. Tak momygaercs ocrui-
ZATOp. ITUMYU KoaebaBuaMu ynpasssem Jlyaa, Koropas Bpamaercs
Bokpyr 3eMmau. YroObl NOHATH, KAK 9TO IPOUCXOMUT, IIPEJCTABHM Ce-
e, 410 JIyHA CTOUT HETOBMKHO HA KAKOM-TO PACCTOAHUH 0T 3eMITH,
a 3demaaA BpamaercA BoKpyr cpoeil ocu. IloaToMy nmpoexnmua cumisr,
CKajKeM, Ha 0Ch & mMeeT IepHOIUUECKYIO cocraBiaaiomyn. OTKINK
arMocdepsl HA UPMIMBHO-OTIUBHEE TonaKu JIyHer Gymer oOGbTHBIM
OTR/JAMKOM OCHUIAATOpPA HA HepHoAWdecKyk cuay. Hpusas b Ha
¢ur. 23.6 usobpasraer omugaeMsili OTHANK aTMocgepsl (Kpusas a
npuBegeHa HA 3aMMCTBOBAHHOM HaMH PHCYHKe u3 kuurm MyHKa
u Max-Houansjga mo gpyroMy noBoxy u Hac He Kacaercs). Mosger
MOKa3aThCH CTPAHHHIM, 9T0 YAAJOCHh HATEePTHTH 3Ty KPUBYIO:
BeAb 3eMJA BPANIAEICA ¢ HOCTOSHHON CKOPOCTHIO, U IMOITOMY MOK-
HO TIOJNYYUTH TOJIBKO OJHY TOYKY HAa KpHBON — TouKy, mpubausm-
TeALHO COOTBeTcTBylomylo mepuwony 12 — 12,7 uac (mpuamest
ObBAIOT OBa:KAH B CYTKHM) WLJIIOC enle HeMHOTO, IOTOMY 4TO
HaJ0 vYecTh IBwXeHue Jiyuwl. Ho, mamepasn eeaununy armocdhep-
HEX IOpPUJIHBOB H BpeMs HX 3ajlep:RKH — ¢fasy, MoXHO Baithn obe
xapakrepuctuku oTkInka p u 0. Ilo HUM MoKHO BEMHCIHTH @,
U Y, a 3aTeM HauepTuTh yike Bcio Kpueyio! Bor npumep umeroi
payku. V3 AByX u#cel MOMYyIaioT [ABa YHCIA, 10 3THM IBYM 4YHC-
JaM 4epTAT OUeHb KPACHBYH KPHBYIO, KOTopas, KOHEYHO, WpOXO-
JMT 9epe3 TY ;Ke TOYKy, o Koropoii nocrpoena Kpusasa! Kpusad a1a,
KoHe4HOo, (ecriofiesHa, NoKa Heab3fs U3MepUmb elye 4ezo-Hubyds,
a B reoduanKe ¢eJaTh 3T0 3a9aCTYI0 oYeHb TPyAHO. B HaieMm ciy-
9ae TeM, 4TO HYMKHO OBUJIO OBl emie H3MepHATh, MOLYT CIYKUTEH
Kose0aHNA aTMOCPEPEH ¢ COGCTBEHHON 4YacToTOH ®,; HeOOXomUMO
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KaKoe-To BoBMyHieHme, KoTopoe Obl sactaBmimo atMocdepy Kole-
Gareed ¢ gacToTodt w,. Takoil caywail opmaskubl NpefcTaBHICH.
B 1883 r. mpouzomne mspepskenne Bynxkaua Hpakxaray, B pesyib-
TaTe KOTOporo B aTMocdepy BaieTeNo Mod-ocTpoBa. Bapwi Gbua
TaKOil, 4T0 yJaIoch M3MepHUTH mepuo] Kojebamuii arMocdepni. On
oxaszaxcs pasuaniM 10% uac. ColcrBeHHasm wacToTa ), HONyYeH-
radg u3 Kpupoit ¢ur. 23.6, 6nma pasua 10 vwac 20 mun; TakuMm o6-
pasoM GslTo HOJTYYeHO IIO KpaiiHell Mepe XOTH OfHO IOJITBe P leHIe
NpaBUIBHOCTY HAIIMX HpefcTaBleHUl o0 arMocepHBX IpuIMBAX.

Bo BropoM mpmMmepe peun moiimer o coBceM MaibIX Kolefauuax.
Mul paccMOTPEM KpHCTAdJ XJAOPHCTOTO HATPHA, KOTOPHI CO-
CTOMT U3 PACTONOREHHBIX IpYT BO3Je Hpyra MOHOB HATPUA U XJI0pa
(mB1 06 nroM roBopuiu pasee). VoHBl 9TH HecyT sIeKTpHYeCKUil
sapAA: HepBHIH — IOJOKUTENBHE, BTOPOH — OTPUIATENBHEIH.
IMocMorputs, Kakge uWHTepecHsle Kone0aHWd MOTYT BOBHMKHYTH
B KpucTaiie. Eean oTONBHHYTH BCe TOJMOMMTENBHEIE 3a PSH BIIpa-
BO, a oTpUNATeIpHbe — BIeBO W IPEIOCTaBUTH X caMuM cebe, 1o
oBM HAYHYT Kone0aThcd B3aj M Bliepe): pemieTKA HOHOB HATPHA
OpPOTHB peleTKH MoHoB XJopa. Ho max pacramurs 311 sapagset?
Od4eHpb IpocTO: ecIM BHECTH KPHUCTAJI B 3ICKTpUYeCKoe TOoJe, 0HO
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YHUT, HMesd BHelllHee 3JIeKTpude- Cmamuvyeckoe mazHumroe noae, apemed
CKoe IoJie, MO}KHO, NOMKaayi,

BHI3BaTh KodebaHmsa xpucraniaa. Ho gna sToro gacrora sJeKTpuye-
CKOTO HOIA JO/WKHA GHTH ¢T0ip G0JMBINOI, 9TO OHA COOTBETCTBYET
ungparpacrony usayuenuio! TakuM 06 pasoM HonkTaeMcs HOCTPOUTH
pPe3oHAHCHYIO KPUBYIO, M3Mepss MOoIJIOMeHre HHPPAKpacHOTO CBeTA
xjopumersiM HatpueMm. Takas xpusas usoOpakena Ha ¢ur. 23.7.
IIo aGeruece OT/IO0KeHA He WaCTOTa, 4 [JIMHA BOJHB, HO BTO TeXHU-
JecKas [eTaab; Me;K/AY 9acToToll ¥ AMMHOI BOJHLI CYHIeCTBYeT CTPO-
T'0 onpeneseHHOe COOTHOIIEHWE, TaK UTO MH BCE-TAKY HMMeeM JeJlo
¢o MKaJof d9acToT, W OJHA H3 5THX 4acTOT— pe3oHAaHCHAd dYa-
cToTa.

Hy, a 4ro MOKHO CKasaTh O IIWpHHEe pe30HAHCHOH KpuBoii?
Yem sra mupuHa onpepensercsa? (OdeHp 9acTO KPUBasA BBIIIALHT
ropasyo Wimpe, YeM eii MpeimACLIBAeTCA TEOPeTHIeCKHM 3HAUCHHEM
y (sra umpuHA HasHBaeTcsd ecTecTBeHHoH mupuHoil). Ecth jBe
HpHYMHH YIIHpeHUA pe3oHaHCHO KpuBoit. Me HaGaonaeM Koieda-
HRA MHOTHX OCHWJLIATOPOB ¢CPasy, a KX 9acTOTRI MOT'YT HEMHOTO OT-
amuathes. K 9TOMY HpHBOIAT, HanpUMep, HATAMKEHHA B OTACJBHDIX
wacTAX Kpumctasiia. [lostomy ME BmauM ¢cpasy MBOTO pe3sOHAHCHBIX
KpUBHX, HpoXopAmux pafoM. OHM ciamBawTCA B OJHY KDHBYIO
¢ Gomsieil mupuHoil. Bropas mpudmHa o9eHb LpOcTa — He BeeTrla
MOKHO TOYHO M3MepHTh 4acToTy. CKONBKO €O CHEKTpPOMETpOM Hu
BO3KCH, OH BCETJIA 3a peTUCTPHPYeT He OTHY YacTOTY, a el CIIeKTp
gacToT Aw®. IloaToMy Mosker oKasaThesd, 9TO paspellalomas Cmia
CHEKTPOMeTpa HeOCTATOYHA [JIA oIpejeseHIA TOTHOH POPMEl Kpu-
poit. Takx unu umHade, Ho, raAndg Ha ¢ur. 23.7, TPYAHO CKasarh,
9T0 TaM B3a IIMPWHA — ecTecTBeHHAs HMIM Ta, YTO COOTBETCTBYET
HCOZHOPOJHOCTAM KpHCTaJLIA WM paspellalomieil Chie CHeKIpo-
MeTpa.
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Due. 23.9. Basucumocmb uHMEHCUBHOCIU  Y-U3AYLEHUS
AUMUA OM IHeP2UU HALEMAVWUT NPOMOHOE.

ITyHEMUPHUAL KPUBAA — MEOPEMUNECKAA, 8ulMUCIeHHAR J48 npomoHos
C MOMEHTMOM Koauwecmea Ogudcenusd =0,

Eme onus npuMep — Gomee xurporii. HocMorpnM, xKak Kawaer-
¢ margar., Ecin noMecTuTh MariuT B HOCTOAHHOE MATHUTHO® 10JI€,
TO CeBePHHIH I0JIOC 3aX09eT MOBEPHYTHCA B OJHY CTOPOHY, a IOIK-
HEH — B APYTYIO, U €ClIu MariuT MOsKeT IIOBOPAYUBATHCH BOKPYT
ocu, oH OymeT KoaebaThCa OKOMO TIOJOKeHHA PABHOBECHS, KaK 5TO
nexaer crpenrka KoMmnaca. OjHAKO MarHWTH, 0 KOTOPHX NoOiijer
peub,— 910 amomsi. OHE 00IaJaI0T MOMEHTOM KOJIHYECTBA I BHHE-
HHA, U BpanleHne HOpoikAaeT He IpocToe ABW;KeHWe B Hamlpasie-
oUW Woas, a npeyeccuro. [locMoTpuM co cTopoHE Ha RaKyo-HEGYIL
COCTABIAMINYIO «MIaTaHUIY, 4 TIOTOM BOSMYTHM KodeGaHWA umad 1o-
npobyeM yupaBasTh HMH, 9T00H 3aTeM H3MEPHTH TOIJOIMEHHe.

Ha ¢ur. 23.8 usobpasreHa KpuBasf IOIJIOMEHWs — THINIHO
pesoHaHcHas Kpusasg. ToapKo HodyueHa 0Ha HeMHOTO He TaK, Kak
npegsnyinas. Yacrora ropusoHTadBHOTO IO, YIPARIAONIET0 KO-
neGaHuAMH, BCe BpeMs 0cTaeTcA IOCTONHHON, XOoTd, Kasadoch O,
BKCUePHMEHTATOD, Y4TOOH mOJYyYynTh KPUBYI, HoJKeH MeHATH da-
ctoTy. MoskHO mOCTYIINTE W TAK, HO TeXHHYECKH Jerde 0cTaBUTH ®
HeM3MEHHOH, a MeHATh HANpPS/KEHHOCTH IOCTOSHHOTO NOIA, 4TO
COOTBETCTBYeT M3MeHeHHI ®, B Hameil gopmyne. Taxum obpaszom
MEI HIMeeM [IeJI0 C pe3oHAHCHO# KpHBOH A1 ®,. Tem He MeHee MLI
HOJIyUaeM PE30HAHC C OHpeJAeNeHHBIME ©) H Y.

Hotinem panpure. Crmepyioniuii Hall TpAMep CBABAH ¢ ATOMHLIM
AnpoM. JIpmxeHue TPOTOHOB U HOHTPOHOB B AIpe — B HEKOTOPOM
cMbIcTe KoneGaTenbHoe [BIKeHne. YOequThCSA B 3TOM MOJKHO IIPH
HOMoIGY TaKOoro dKCIepHUMeHTa: AaBaiiTe ofcTpeanBaTh AAPA JIHTHA
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nporonamu. Met oGua pyssmm, ato B sapax npu 3ToM OyayT Iponcxo-
AUTh RAKWE-TO PEAKUUH, B PE3yNbTaTe KOTOPHIX BOBHEKAET y-H3-
ayqenne. Hpupas, usobpamaoman konmaectro HCOYNEHHOTO w3~
JydeHus, HMeeT o49eHb OCTPHIN, THIMYHO PE30HAHCHEL MAKCHMYM.
I10 u306paskeno Ha dur. 23.9. Omuako mpuraamutecs K DPHCYHRY
HoBHuMaTelpHee: HA FOPU3OHTANBHON HIKAIe 0TI0KERA HE YacToTa,
Kak o0muHO, a snepeus! Heso B TOM, 4To Ta Bedmdmua, KOTOPYIO
B KJIACCUTIeCKOIT pu3uKe Mbl IPUBHIKIN CYUTATH SHEPIHeil, B KBA K-
TOBOIl MeXaHUKe OKa3HBAeTCH ONpeNeNeHHBM 00pa3oM CBABAHHOI
C 1acTroToif Hekoropoii Bomusl. Ecian B npusbIanoii Ham KpyOHOMac-
mrabHoil usnke npu anaMse KAKOTO-HUGY b ARTEHM DpUXOJUTCA
IMCTh 1eJ0 ¢ 9acToToil, T0 B KBAHTOBOMEXAHHYECKNX HABJIeHHAX,
CBASAHHEIX ¢ aTOMHLIM BeIECTBOM, AHAJOTMYHEIE KpPHBEE GYIyT
saBucerh or sHeprum. Kpusas ma ¢ur. 23.9 wmmoctpupyer ary
c8a36. Pasmuimags mam stoit KpUBOIf, MOKHO UPHHTH K MEICIH,
UTO 9aCTOTAa U BREPTHsA HMEIOT ITY0OKYI B3aMMOCBAZH; TAK OHO I
ecTh HAa caMoM Jede.

Bor eme ona pesonancman kpmsas, monydennas B peayabraTte
OTIHITOB ¢ ATOMHBIME AXpaMU; 0HA 09CHB y3Kasd, ViKe BCeX HpeIhy-
mux. Ha ¢ur. 23.10 seamunna ®, cootBeTcTBYer sHeprun 10 000 g,
amupuya y pasHa npubiusurensno 1078 a6; nnawe ropopa, Q=101
Hocrpous Takyw kpusyio, aKcIepuMenTaTop usmepumi @ caMoro
H00POTHOTO W3 HEIHE M3BECTHBIX OCOUIIATOPOB. JTO INIPOgeTas
P. MéccGayap, moayumsumii 3a chom paboter HoGesesckyio mpe-
muio. Ha ropmsonramproii mkate oTiomena CKOPOCTH, HOTOMY 4TO
AJA C/IBUTA YACTOTHI MCMONB30BAACH sPderr lonmmepa, moayuano-
IMUHCA B pesyabTaTe OTHOCHTENBLHOTO ABIGKEHHS HCTOTHHKA ¥ MTO-
raotutens. Hudper gaior Hexoropoe IpencTaBieHne 0 TOHKOCTH
OKCIEPUMEHTA — NPUILIOCH H3MEPATH CKOPOCTH B HECKOJAHKO CaH-
TUMeTpOB B CeryHiy! Ecmi HpomomsuTh ropu3oHTATbHYI0 INKALy
BJEBO, TO HYJEBYHO 4acTOTy MH HaiimeM Ha paccrommmm 100 ca!
Crpanuus gna aroro, mosKaAyi, He xBaTur!

Haxonen, BossMeM kakoi-Eubyns BHIYCK RypHana Physical
Review, crasmem, sa 1 amsapa 1962 r. Haiinercs n B HeM pe3oHaH-
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D ue 23.10. Kpusas nozaouyenus
Y-usayucnus, noayuennas P, Méce- '
6ayapon.
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®ue 23.11. 3Basucunocmv s-
PexmusHbT ceveHuli peakyuli om
BEAUNUHB MOMEHMA KoAudecmea deu-~
JCEHUA.

a—K—-+4+p-oA+nt+n—;

6 ~K~+p->K°+n.
HudMHAR KPUBAR ONUCHIEAELT HEPEIOHAMC~
Holil (POMH; 6ePXHAR KPUBAL NOKA3BIEOEM,

¥mo HQ amom wOH. HAAOAHCEHO PEIOHAHCHOE
ceveHue.

cHaAa Kpusas? PesoHaHCHDIE
KpHUBble HMEIOTCA HEeTPeMeHHO
B KayKIOM BHIYCKE BTOT0 JKY -
Hama, u Ha ¢umr. 23.11 uso6-
paykeHa OfHa U3 TAKWX Kpu-
BHIX. JT0 OYeHb HHTepecHad
KpuBas.OHa COOTBETCTBYeT pe-
30HAHCY B PEAKIUAX CO CTpaH-
gEIME dacTmmami (K ~-Mesoxbl
1 npotossl). Pesonanc GBI 06-
HApY;KEeH IIpH U3MepeHHH Ko-

/

4

AT BTN BT AT S JindecTBAa 4aCTHIl PASHEIX COP-
200 300 400 500 TOB, MOAYYAIOIDUXCA B pe3ylb-
Fe, Mag/e TaTe peaknuu. PasHBIM Hpo-

DYKTAM peaKIMH COOTBETCTBY-
10T pasHBIe KpUBble, HO B KayKAOH U3 HMX TpPM ONHOH M TOMH
ke DHePIMH ecTh NUKU TPHMepHO OJAWHAKOBHIX odepTammit. Ha-
gmT, UpH oupemeleHHol sHeprum K T-Me30Ha CymEcTByeT Peso-
mafc. llpu cTonKHOBeHuu K ~-Me30HOB M TPOTOHOB, HaBepHOe,
CO3IAITCS OJarompuATHEE JIA pE30HAHCA YCAOBUA, a MOFKeT
GoiTh, naske Hosad uactuua. Cerogns MBI elle He MO)KeM CKasaTh,
4To TaKoe BTU BHOPOCH B KPHBHIX — «YaCTHIA» MM LIPOCTO pe-
sonanc. O4eHb Y3KUll PE30HAHC COOTBETCTBYET OUEHD MMOYHO Om-
MepenHOMY Koaudecmay 9mepeuu; 5To OLIBAeT TOTHA, KOTA MBI
mMeeM neo ¢ dactumeil. Horma pesoHaHcHas KpHBas yIIHpseTcs,
TO CTAHOBHUTCA TPYAHO CKA3aTh, C YeM MBI HMeeM JAeJio — C 4acTu-
Heif, KoTopas ;KUBET 04eHb MaJo, MIN IPOCTO C PE30HAHCOM B PeaK-
uu. B ria. 2 MBL oTHeca¥ »Tu pesoHAHCH K dacTHIIAM, HO Korja
Hucajach Ta TiaBa, o6 9ToM pesoHaHce eme He GHIJIO H3BECTHO, 10-
BTOMY HaIly TaGJMIly 9JeMeHTAPHBIX YaCTHL MOJKHO JOHOJHUTSH!
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I'nasa 24

HEPEXOJIHBIE PEMIEHNA

§ 1. uepeua ocuuaaamopa

Xora raoasa maseaHa «lepexopusie pemenusy,
peub 37gech Bce eme B OCHOBHOM mjeT o6 ocrui-
IfgTOpe, HA KOTOpHIA eficTByeT BHeIIHAA CHJA.
Mur enre HEmEYero He ToBopuin 06 srepeuu romeGa-
nuii. [lapaiire saiiMeMcs elo.

Yemy paBHa KHHeTHYeCKas dHePTHA OCHWUJ-
aAaTopa? OHA DpOHOPIIMOHANBHA KBajparTy CKopo-
CTH. 3Jlech MBI 3aTPOHYIM BaKHHIE Bompoc. Ipexn-
OJIOKUM, 4TO MBI M3ydYaeM CBOHCTBA HEKOTOPOIi
BemauHBl A; 3T0 MokeT OEITH CKOpOCTH WJIH
eme uTo-HUGYAL. Mi1 ofpaTuiuces K HOMOIM KoM-
miekcupx dncen: A=Aexp(iwt), Ho B ¢usuKe
npapeJHa M YTHMA TOIbKO Jelicmeumeabras 9acth
KOMILIeKcHOro umena. IlosToMy ecam Bam paa
qero-Hubyap noHagobuTCca HoJdyuuTs kKeadpam A,
TO HE BO3BOJUTE B KBaJpaT KOMIJEKCHOE 4YHCJHO,
4yro6B TOTOM BHIIEGNHTH ero JeHcTBUTEAbHYIO
9acCTh.

HeilereurespHad 4acTh KBajipatTa KOMILIEKCHO-
ro 9meja He paBHA KBajpaty AeHcTBHTEIBHOM Ua-
CTH, OHA COJEPIKHT emle U MHUMYI0 JaCTh HepBOHA-
9anabHOro ylcsia. TakuM 0o6pasoM, eciim MH 3aXo-
THM HaHTH SHEPrui0 W IHOCMOTPeTh Ha ee HpeBpa-
meHNs, HAM TpHieTcA Ha BpeMs 3a6mThH 0 KoMm-
JICKCHBIX YHCIAX.

Nrax, merunao dusndyeckad sexumuanua A — 310
feilicrpurensiag dacrs Agexpli(owt4A)], T. e.
A=Aqcos(@t-+A), a KoMIeKcHOe umncIo A — dT0
Agexp(iA). KeampaT atoil Qusnueckoil BelnYmHbL
pasen Ajcos?(wt+A). On umsmeHsercs o Hymsd
70 MakcUMyMa, KaK 3T0 OpefuucHBaeTcs Kpajapa-
ToM Kocuuyca. MaKcumanbsHOe sHaueHMe KBajipata
rocunyca passo 1, MunuMmaneuoe pasao 0, a ero
cpuiHee 3HAUEHHE — ITO Yz.

§ 1.

§ 2.

§ 3.

dueprna
OCIUIITIATOPR

3aryxaouiue
Koaedain

Tepexonsnie
KoJedanna B
DIERTPUYCCKES
WX

14}



3agacTyio HAC COBCeM He WHTEPECYET DHEpPIHs B KaMmIblA JaH-
HEII MOMEHT Koixe(aHus; BO MHOTMX CAydYasX AOCTATOYHO 3HATH
IMme cpegRi Bexuwuuny A2 (cpednee snawenue KBajpata A B Te-
YeHue BpeMeHM, MHOTO OoJbiuero, weM mepuoj koJjebaumit). 1lpm
5THX YCJHOBHAX MOMKHO YCPeIHUTH KBAaJApaT KOCHHYCA U JoKasaTh
Teopemy: eciu A IpejcTaBisgeTcAs KOMIUIGKCHHM 9HCIOM, TO Cpejl-
Hee 3HadeHue A2 PaBHO %A;. 3mech A — 3T0 KBajpaT MOIyIs
KomiuTexcHoro umeda A. (KBagpar Moxynsa A sanmcHBaoT mMo-pas-
momy: |A]2mmm AA *— B Buge mpomssejeHus qmcaa A Ha KOMILTEK-
CHO ConpssKeHHOe.) JTa TeopeMa IPUTOIUTCA HAM enie MHOTO pas.

Urak, peus mger o0 sHepran oclmIIATOpa, Ha KOTOPBIH JeHcT-
ByeT BHeNIHAH cuia. [|BIrKCHEE TAKOro OCHMILIATOPA OMHCHIBAGTCSH
ypaBHeHHEM

dzz+mY dt—}—mng——F(t) (24.1)

M, xomneuno, mpexnonaraeM, uro F(f) mpomoprmoHaibHA COSWE.
BhisicHuM Temepb, MHOTO IH OPUXOJUTcA 3To# cunte pabortats. Pa-
foTa, mpousBejeHHas cuioi B 1 cex, T. €. MOIGHOCTH, PAaBHA LPOM3-
BeJCHAI0 CHIAE HA cKopocTh. [Mbl 3Haem, uTo paboTa, cosepiiaeMas
3a BpeMs dt, pasHa Fdz, a MomHocTs paBHa F(dx/dt).] Bmaqur,

d dz (d? d d
P=Fg—m|F(F)+eieh] +wm (%), 42

Hax merxo mpoBepuTs npocTHM guddepeHnMpoBaAHUEM, NEpBhHe
JiBa 4ieHa MOKHO Iepenucath B Buje (d/dt)| Yam(dz/dt)2 + Yamosz?).
Boipasiennme B KBajipaTHHX CKOOKAX — HPOU3BOJHAA MO BpeMeHH
CYMMHI ABYX WIEHOB. JT0 NHOHATHO; BEIb HNEPBEIAl YN6H CyMMBI —
KHHeTHYecKas HHeprus [BIGKEHHA, a BTOPOH -— HOTeHHMAJILHAS
sHeprus upyxuHsl. HazoBeM 8Ty BeJWTUHY 3anaceHmoll aHepauell,
T. ©. sHeprueil, HaKomIeHHO# mpu KoneGamuax. [amaiire ycpen-
HUM MOUIHOCTH 110 MHOTHM IIMKJAaM, KOIJla Cuia BKIIOWYCHA ViKe
JaBHO WM OCHMIJIATOD m3paAxHO HakoxeGames. Ecau upoGer mumres
J0JIro, 3alaceHHAN HHeprusd He WsMeHAeTCHd; IPOUBBOJHASA IO Bpe-
menu gaer sdexT, B cpegmeMm paBHHE Hymio. MumMu cioBaMu,
eCiid YCPeAHHTH 3aTPAYeHHYI 32 JOAT0e BPeMs MOMEHOCTH, TO 6C4
dHEDEUA NO2AOMUMCA U3-3Q CORPOMUBACHUSL, ONUCHLEAEMOZ0 HUAEHOM
ym(dxz/dt)2. OnpejefeHHYI0 9acTh HHOPTUH OCHUIAIATOp, KOHETHO,
3aIaceT, HO eclld YCPENHATH 110 MHOTHM NUKJIAM, TO KOIUYECTBO €e
He 6ygeT MeHAThCA co BpeMmeneM. Taxkum o0pasoM, cpegHAs MomI-
Hoets <P) paBHa

dxz\2
<Py= <ym («Tt) > . (24.3)
IlpuMensns MeTol KOMIUIEKCHBIX 9ucCel M HAILY TeOpeMY O TOM,
u10 (A%)=%A;, 1erKko Hairm ary cpegHio Momuocthb. Tax kak
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z=zexp(int), to dr/dt=iwzexp(int). CiegoBaTenbH0, CpegHAsn
MOIIHOCTH paBHA

P> =% yme®z; . (24.4)

Eciu nepeiiTu K pieKTpAdecKUM IenaM, To dx/dt BaJo 3aMeHHTh
Ba ToK [ (I — aro dq/dt, The ¢ cooTBETCTBYET Z), @ MY — HA COIpO-~
Tusiaeaue K. 3HAYAT, CKOpOCTH MOTepH 9HEPIHN (MOIHOCTH CHIIGI)
B DIGKTpPHIECKON Tenm paBHA NPOM3BENEHNIO CONPOTHBIGHUA HA
cpeAHuil KBaJpaT CHJIBL TOKa

(Py=RUI>=R+4I}. (24.5)

JHeprus, ecTeCTBEHHO, MEPeXOAUT B TeIlI0, BBIEIAEMOe COIIPO-
TUBICHHEM; 3TO TaK HasslBaeMble TeIIOBEE MOTepH, WM KOYIEBO
Temio.

Harepecro pazobparsca TaKKe B TOM, MHOTO JH DHEPrHE MOKET
rHaronumb ocuuanArop. He myraiite sToro Bompoca ¢ BompocoM
0 cpepHell MomgHocTH, U60 X0TA BHeasAeMasA CIJIOI MOIHOCTH CHA-
9ajia fefiCTBUTENBHO HAKATANBAGTCA OCIMIIIATOPOM, IOTOM HA €ro
MO0 oCTAaeTCsA NUMIE TO, YTO He TOTI0TU0 Tperne. B rammsiii Mo-
MEHT OCHUIIATOp 00dajgaeT BHOJHe oNpefelteHHON aHeprmell, mo-
3TOMY MOMKHO BBHIMHCJNTEL CPEJHION 3amaceHHyio sHepruio <(E>.
Mut ysxe Boumciaudu cpejiHee 3Hademme (dx/dt)?, Tak drto

1 dz\ 2 1
<E>=5m< (gjf) > + 5 mog &%,
1 i vt o (24.6)
=?m(m + wg) 5 Zo-
Ecau ocnunasarop gocraTodro poGporeH u dacToTa o Giamska K o,
10 |z| — GoJbIIas BeJIHYMHA, 3allaceHHas DHEPrHUA OYeHDb BEJUKA

M MOKHO HAKOHUTE 09€HH MHOT'0 9HEPTUHU 32 CYeT HeOOMbIIoN CUIHL.
Cria mpousBopuT GoapiIyoo padoTy, 3acTaBAAA OCIMILIATOD pac-
Ka4MBATHCH, HO I[IOCJTE TOro, KaK YCTAHOBHIOCH DPaBHOBecHe, BCA
cura yxommr Ha Gopn0y ¢ TpeameM. OcIHualATOp Dpacmojaraer
Goapuroii pHEprueil, ecid TpeHWe OYeHb MAj0, W HOTepH DHEPTUH
HEeBEIMKH JUKe NPH 0YeHb 0oapimoM pasMaxe KoxeGammii. [lo6-
POTHOCTH OCHUAAATOPA MO}KHO H3MEPATH BEJUIUHOH 3alaceHHON
9Hepruu MO cpaBHeHAI ¢ paboToil, coepuleHHOI CHIOHE 32 HEPHOJ
KoxebaHMA.

Yro 5TO 3a BeJIMYHMHA — HAKOIJIGHHAS DHEPTHA IO CPaBHEHHIO
¢ paboroit cunnt 3a nuka? Ee oGosmaumin Gyksoit Q. Beamauma
Q — 510 yMHOKEHHOE HA 27 OTHOUICHKE CpPeIHCH 3alaceHHoil DHEP-
rum K pabore CHIL 3a ONMH OUKA (MOKHO paccMaTpuBarh paboTy
He 33 IOUKI, a 3a paduawn, TOTAA B omnpefetermu ( mcaesmer 2m)

0 vawwﬁxw
=2n

e (24.7)
yme? {x%) _(;)E 2y®



IMoka Q He CHAHMNIKOM BEJHKA — 9TO WIOXaf XapPAKTePHCTHKA
cUCTEeMH, ecnu ke (J [OoBOABHO OOJNBINAS BEJIHIMHA, TO MOMKHO
CKa3arh, 9T0 BTO Mepa HoOpoTHOCTH ocnuangrTopa. MHorue moira-
JMCh [aTh caMoe MpPOCTOoe M MoJe3Hoe ompenenenue (; pasmue ofl-
peseseHnst HeMEOTAM OTAUYIAIOTCA IPYT OT Jpyra, Ho ecan (@ odenn
BeJIHMKA, TO BCe OHH corjacylrcs apyr c gpyroM. Ilpm camom
o0meM onpexeneHun Mo gopMmyae (24.7) Q saBumcur or . Ecau
MBI MMeeM [eJI0 ¢ XOPOUIMM OCHUJIATOPOM BOIU3H PEe30HAHCHOI
49acToTH, TO (24.7) MOKHO YIPOCTHTH, HOJOKUB ®=0,, TOrJa
Q=uwy/y; Takoe onpegeacaue Q GBUIO [aHO B HPENBIAYIIEi TAaBE.

Yro raxoe ( s snekrpmueckoii nemm? YrtoGwr HANTH 2Ty Be-

AuauAy, Hago 3aMeHnTh m Ha L, myHa Ru mo, ma 1/C (cM.
taba. 23.1). Torga QB Touke pesonanca pasma Lw/R, rae ©® — pe-
30HaHCHAA dYacToTa. B memm ¢ Goapmoil () samacemmas ICOBIO
PHEPIHA BeJIMKA 110 CPaBHEHHMIO ¢ PaGoToidl 3a OJMH LMKJI, NIPOMS3-
BOJUMOM TojflepuBalomeil KoXeO0aHWA B Ienm MaulmwHOIL.

§ 2. Samyxaroupue rKoaebanus

BepmeMcsi K ocHOBHO#l TeMe — NepeXonHBIM pemeHuaM. Ile-
DPeroOHuMlUL peweHUAMU HaA3HBAOTCA peilenusa AuddepeHnUaNb-
HOT'O YpaBHEHUHA, COOTBETCTBYIOMHME CHUTYAIMH, KOTLJa BHEIIHAA
cuJja He JeiicTByeT, HO CUCTeMa TeM He MeHee He HaXOOUTCS B HOKoe.
(Koreuno, Tyulle Bcero peilaTs 3ajady, KOrga cuia He melicTByer,
a cuereMa MOKROHTCH, HOKOUTCA — HY M 1ycTh mnokources!) Coorser-
CTBYIOIMKE ePEXOHEM PeIIeHrAM KoJIefaHusa MO/KHO BH3BATDH TaK:
3aCTABUTH CHJIY HOpPaboTaTh, 4 HOTOM BHIKAIOYMTL e€e. UTo TOrma
ciaydurcs ¢ ocruianasropom? CHadaia HojyMaeM, Kak Oymer BecTH
ce0s cucteMa ¢ ouenpb Ooxapmoil Q. Ecam cuma meiictBoBama xoaro,
TO 3amaceHHas pHeprud OslTa NOCTOAHHON u pafoTa TpaTmiach
JHIB I TOPO, 9T006l noagep:karh ce. IlpegmonomuM renepsn, qro
MBI BBIKJIIOUHIHN CHAY, TOTJA TPEHHIO, KOTOPOE PAHBINE IOTIOMAN0
9HEPTHUI0 MOCTABIHKA, IUTATHCA O0JBIIE HEYeM — KOPMULIBIA-TO
nem. U rpeHWe HAUMHAET MOKUPATH 3ANMACEHHYIO OCIHIIATOPOM
srepruo. Ilyers moGpormocts cucremsr Q/2n=1000. d1o0 suauur,
4To paboTa, IpousBeleHHas 3a nuKa, pasHa 1/1000 3anacerHoi sHE -
ruu. Iloxanyit, pasyMHO IPeANONOKHATD, ITO IPH He MO/JePrEIBac-
MHIX BHEOIHEH cruiloil Koje0aHnAX 3a KK GHKI Gymer TepaTsea
OJHA TEICAYHAA 9aCTh MMemeiicsa K Hadaay HaKaa sHeprau. Bymem
CUUTATEH, 9TO NPH GoApmux () W3MeHeHWe DHEPTIH OOUCHIBACTCA
YTaJAHHLIM HAMHU OpUGIMKEHHHM ypaBHeHHEM (ME en(e BepHeMCHA
K 5TOMY YpaBHCHHIO M CJIejaeM ero coBceM BepHEIM!)

.o, (24.8)

¢ Q
VpaBuerue 5T0 HpubAMIKeHHOE, OTOMY 4YTO OHO CHpPABEIINBO
TOABKO jsiA Gonbmmx Q. 3a wapguiit paguan cmcTeMa Tepsier 1/Q
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Due 24.1. Bamyzawwue o2

Koae6anus, ~ -
/\\\_7
v____y_ —
—
—
~
e

YacTh 3alACeHHOH sHepruu E. 3Ha9uT, 32 HPOMEKYTOK BpeMeHH
dt sHeprus yMeubmurca B wdi/ Q pas (d4acroTa MOABIAETCA IpH
BepeBoie paJHaHOB B HACTOANME CEKYHIR). A KaKas »To gacrora?
Ilpenmo;oskuM, 9TO cHCTEMa YCTPOEHA 09EHB JKECTKO, IOITOMY Jarke
Iipya JefiCTBHM CHIIBI OHA CKOJIBKO-HUOYIB 3aMeTHO K0J1e6JIeTcsa Tob-
KO co cBoeil cobcTBerHOl wactoroit. [loaToMy GymeMm cumrars, uTro
® — 9TO PE30HAHCHASA 9aCTOTA Wy, TaruM o6pa3soM, U3 ypaBHOHHA
(24.8) cmemyer, 9T0 3amaceHHAs DHEPTAS MEHACTCHA CJHCLYIONIHM
o6pazom:

coswyt

E=E e~0tQ=F ", (24.9)

Tenepp HaM U3BeCTHO 3HAUeHHUE IHepaul B m0Goi MoMment. Hakoit
Oyier npubiuxerras GopMyna, oUpeAeIdoIgAs aMIIATYNY KoJie-
Ganuit kar Qynrnuio BpeMern? Toii sxe camoii? Her! llorennunann-
Has DHEePrUs HPYMUHBL U3MEHSIeTCS Kak Keadpam cmewenus,
KITHeTHIeCKass SHEPras — KaK keadpam crkopocmu; 9TO TPHBOIUT
K TOMy, 9TO [OJIHAS DHEPrHA HPONOPHHOHAJIbHA KBALpaTy CMe-
nenus. Taxum o6Gpasom, cMenmteHme (aMOauTyga Koxebanwuii)
6yleT yMeHBIIATHCH ¢ IOMOBUHHOM CKOpocThio. MIHade rosops, MbI
OyKUJAEM, UTO peUleHme B cjaydae 3aTyXaiomeTo HepexogHOro IBH-
;xennsa OygeT BHTAALESTH KaK KojlefaHUe ¢ 9acTOTol, OMm3Koii K pe-
30HAHCHOI 9acTOTe Mg; AMIVIMTYAA 9TOro KoNeGadua OyeT YMEHb-
matpesd Kak exp(—yt/2)

rx=A,e " ¥ti2cos wt. (24.10)

dra ¢opMyaa u ¢ur. 24.1 maoT mpepcTaBlieHHE O TOM, Uero
cliejlyeT OKUAATH, 4 TeHeph HIPUCTYMHM K MounoMYy aHANNIY [BHKE-
HUA, T. €. K pelmeHnio auddepeHnuaibHOr0 ypaBHeHUsS IBIKEHU.

Kax sxe pemurp ypasmenue (24.1), ecam BHKMHYTH m3 Hero
prHeHIOW cuny? Bynyau dusmraMm, Msl MHTEPECYEMCA HEe CTOJbKO
MemodoMm, CKOIBKO cammM peuteruerm. [loCKONBKY MH nOauM yixe
OTIBITHBIE, TOTMHTAEMCSA NPEJCTABUTEL pOIIeHHe B BAAe JKCIOHEHIIH-
annHO RpuBoit, z=Aexp(iat). (Ilouemy Mul rak nocrynman? Orroro,
9T0 KCHOHEHTY Aerde Bcero guppepermuponats!) IlomeraBuM sTO
BEIpasKeHue B (24.1), moMuga o ToM, 910 Kamgoe guddepeHanuposanme
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Z 10 BpeMeHHd CBOIUTCA K YMHOKeHUIO Ha o [mamoManM, uto F (1) =0].
Crenath 3T0 0YeHH JIETKO, W HALNIe YPABHEHWE HPHMET BHJ

(—o*+iyataf) Aét=0. (24.11)

JleBass uacrhb paBeHCTBa MoMKHA OHITL paBHA HYJAI0 6Ce 8pems,
HO 9TO BO3MOKHO TOJBKO B JABYX cayuasax: a) A =0, ogHako 910
Jasie W He pelleHHe: BeIh TOIA BCE MOKoATCH, mix 0)

—a? 4 iay + 0;=0. (24.12)

Ecam MBI cMOKEM peNINThH 9TO YpaBHEHUE W HANWTH o, TO MBI HalifeM
# peilleHue, aMIUIUTYAa KoToporo A He o0A3aTeNpHO paBHA HYyJIO!

; T g2
a=Dx Y 01— 2. (24.13)

Uro0s He IyMaTh O TOM, KaK H3BleYb KBaJpaTHHH KopeHbD,
IPEJTIONOKIM, YTO Y MEHBIIE ©g, M HOITOMY Wg-—y%/4 — mON0KH-
TeJAbHAA BelHYUHA. DECTIOKOUT ppyroe: MoUeMy Mbi HOAyIuam dsa
pemernusi! M cooTBercTBYIOT

. —‘72 .
o, =2 ]/033“%:%,‘*‘“’? (24.14)
"
o= ) =T, (24.15)

3ailMeMcs TOKa MePBEIM pelleHueM, HPeJI0oN0KHB, IT0 MBI HHYETO
He 3Ha6M 0 TOM, 49TO KBafpaTHEIX KOpeHb HPUHHMAeT [Ba 3HAUe-
HusA. B orom cayuae cMmernenue x paBHO ry=Aexp(ia ), roe A —
OpON3BOJABHAS HOCTOSAHHAA., YUTOOB COKPATHTH 3AMHCh, BBEIEM
cneluansHoe 0003HAYEHME IS BXOAMEI0 B oty KBAJPATHOIO KOPHA:
Vmﬁ——yz/l_e~wY

Tag, ioy=—y/2+4io, u x*Aexp[ (v/2—iw))f], mumua, eciu
BOCTIONBROBATHCA 3aMEUATEABENM CBOHCTBOM BKCHOHGHTLI,

x,=Ae-vt/2 Y, (24.16)

Arax, cacreMa oCHUAAMPYET C IACTOTON @, KOTODAA 6 MOUHOCILU
He pPaBHA 9acTOTe ©,, HO HPAKTHYeCKHN OAM3KA K Hell, ecian cucreMa
Joerarouro moGporra. KpoMe Toro, aMmiuryma KojebaHUN aKCIO-
HeHnualabHo 3aryxaer! Ecau B3sars peiicrBurensayio dactsb (24.16),
TO MEI HOJYIHM

z,=Ae" Vi cos o t. (24.17)

9JT0 pelmeHue OYeHH HATIOMUHACT yrajaHroe HaMu pemeHue (24.10),
BOT TOJIGKO 4acTOTa HEMHOro fipyras, @.. Ho aro mums HebOoNbImAa 1
HonpaBKa, BHAYMT, I[EepBOHAYAAbHAA m(eﬂ OBllla  MPaBHWIBHOM.
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1 Bce-Taxm He ece Gaaromonydro! A He Giaromosydso To, 4T0 Cy-
wecmayem 6mMopoe PeweHue.

OJTOMY peNIeHNI0 COOTBETCTBYET Oy, M OHO OTNMYAETCH OT Mep-
BOTO JIMIIb 3HAKOM O,

z,==Be—vt.2e~ ™Y, (24.18)

Uro Bce 910 sHagut? CROPO MBI JOKAjKEM, UTO €CJIU &y U Ty— BO3-
Mosxusie peutenus (24.1) opu F(£)=0, 10 z,42,— Tome penenue
aToro ypasueHua! Taxmm oGpasoM, o0inee peileHME HMEeT B[

r=e-¥.2 (46" 4 Be~i*iy, (24.19)

Teueps MOKHO CIPOCHTH: «A, COGCTBEHHO, 3a4eM HaM 6ecloKouTh
ce6s emie OZHMUM peilleHHeM, eCJH HAC BIIOJIHE YCTpamBalo uepsoe?
K yeMy 9TH ZOTOTHUTEIBHEIE PEMTEHUAS, €CJII MB BCE DABHO LOJIKHI
B3ATH TOAHKO JeHCTBUTEABHYIO 9a¢TH?» MBI 3HAEM, 9TO HYIKHO B3ATL
NeificTBUTENBHYIO YACTh, HO OTKY/A MamemamUka 3HACT, YTO MBI XO-
THM B3ATH AeficTBATEASHYIO dacTs? Horpa y mac Gnijla BHEIIHAA CHJIA
F(t), To MBI € HOUONHNIH UCKYCCMEeHHOU CHIOMN, ¥ OHA KaKHM-TO
o0pas3oM yupaBasna xrumol YacTeio ypaBHeHHA. Ho Korga Mu no-
nomwmiu F(¢)=0, To cornamesue o ToM, 9T0, KaKOBO GH HH OHIIO Z,
HYKHO B3ATh TOJBKO €0 ZeHCTBUTEIbHYIO 94CTh, CTAIO0 HAIIAM JIHY-
HBIM J16JI0M, 1 MaTeMaTHdecKoe ypaBHeHne 06 9ToM HIIeTO He 3HAJIO.
B mupe ¢pusuru ecmb TOIBKO [eiicTBUTENbHLI® PEINCHUA, HO peme-
HHe, KOTOPOMY MBI TAK PajJOBATNCE, KOMILACKCHO. Y DABHEHHIO He W3-
BECTHO, 9TO MEI J[6JIaeM COBepIIeRHO HeOKMIAHHEI mar u oTéupacM
TOJBKO JEHCTBUTEJBHYIO 4acCTh, ¥ OHO HpeIliaraeT HaM elle, Tak
CKa3aTh, KOMILIEKCHO CONPSKeHHOE pelleHue, 4TobL, cHoKuB 00a
penieHusi, MB MOIYIAIN HaAcmoauee deticmaumenbioe peulerie; BOT
A 49ero MBI B3AJN eme U Oy, UTo0m z OhI0 HeficTBUTeJBHBIM,
Bexp(—i®,?) om#Ho GHITH KOMIIIOKCHO COLPSKREHHEM K Aexpliw, ¢)
THCIOM, Torna MEUMasA yacTh McueaHeT. TaxuM oOpasoM, BJIOJIH{-
HO OHTh KOMILIEKCHO CONpSKeHO ¢ A, HODTOMY Halle peuleHHne
uMeer BHJ

r=e-Vi2 (Aefrt - A*e—ioT), (24.20)

3HaunT, Haumm wojebaH#ms — 910 Kosebauus ¢ gaszosuim clsuzom
H, KaK Hojaraercs, ¢ 3aTyXaHIeM.

§ 3. Ilepexodnuie £0aeOANUA 6 INEKIPULECEUX UENAX

HocMorpnM, Kak BHIJIATAT nepexojiEbie Koaebanusa. Huasa storo
cobepeM 1ielb, uzobpakeHnyio Ha ¢ur. 24.2. B srolt menu pasrocThb
MOTeHI[HATIOB MY KOHIAMU HHAYKTHBHOCTH L TOCTYIAeT B OCI{HJI-
nockon. Heosmupannoe BrioueHne pyouabauKa S BRIIOYAET OO~
HUTEJIbHOE HANpPSAKEeHNe I BEISHIBAET B OCHUJUIATOPHON Heuu Nepe-
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D ue 24.2. Jaekmpuueckas yeno
das  demoncmpayuii  neperodnulr
L KoAe6anuii.

BG]

L

<
>

<r

pd

&

N

3

XofHBE KoixebaHmA. ITm KouaeOaHHsA AHANOTMYHE KoJaebamuam
MEXaHHIECKOTO OCIIUANATOPA, BH3BAHHLIMEU HEOMANAHHLIM yIapom.
Cama menp mpecTaBiasgeT coGoll sieKTpAYECKHIl aHAJIOr MeXaHu-
YECKOTO OCIHMIJIATOPA ¢ 3aTyXaHHEM, H MBI MOKeM Ha(JlioaTh Koje-
Ganpd Opu NoMoIE ocmmiadocKona. OH HOKayKeT HaM KDHBEIe,
aHANH30M KOTOpHIX MBI U safimeMcsi. Ha ¢ur. 24.3—24.6 npencras-
JeHbl KpPUBHIE 3aTyXalomuXx KojeGaHuil, HOXyYeHHbIC HA DKpPAHe
ocuuanockona. Ha ¢ur. 24.3 moxasausl saTyxamomue Kelebanwus
B uenu ¢ Gonsuroit Q, T. e. ¢ MaAHM 3HaYeHUEM Y. B Taroii nenn xo-
Je0aHNA 3aTyXaloOT HE 0YEHB GRICTPO; MBI BUIUM JOBOABHO JJIHHEHYIO
CHHYCOMIY € MEJIeHHO yOLBAIOIIHM pasMaxoM.

Tenepr paBaiiTe mocMOTpuM, 9TO HIPOUBONEET, eclum ML OyaeM
yMmerbmath Q, Tak d4ro KomeGaHmsa ROJUKHH 3aTyXaTh OkicTpee.
Yrobsr ymeHBmuUTh (J, yBenamumMm comporusieHue muens R. Ilpu
TI0BOPOTEe PYYKU COMPOTHBACHUS KoJeODaHUSA NeHcTBUTeNBHO 3aTy-
xaT ckopee (pur. 24.4). Ecnu eme yBeAXIUTL CONPOTHBAGHNAE, TO
KojebaHuA 3aTyXHYT eme Gsicrpee (Ppur. 24.5). Ho ecnu comporus-
JeHNe YBeJUUUTH CBEPX HEKOTOPOTO fipejena, KoxebaHuil ME B006-
me "He yBHIuM. A MokeT ObITh, HAM IIPOCTO OTKA3KIBAIOT rjasal
YBengunM eme CONpOTUBIEHHe W MOJYIUM TOrJA KPUBYIO, Mpe-
CTABIEHHYI0 Ha ¢ur. 24.6; mo Hefl MOKHO JMIEL ¢ HATMKKOM
CKa3aTh, UTO B [Ed HPOU30ULIN Konebanua, HY pasBe dUro OLHO.
MoskeM I MBI MaTeMaTHYeCKH 00BACHHTH DTO ABJICHHO?

CompoTuBiieHne MeXaHHYECKOTO OCHMAAATOPA, KOHETIHO, HPO-
nopuuoHaAbHO y. B Hamem caygae y — avo R/L. Tenepsn, ecau yne-
JUYABATE Y, TO B CTOXD HPHATHBIX HaM pemreHusx (24.14) u (24.15)
HacrymaeT GecHOPANOK; Korga y/2 cramoBurcs Godblne ©,, peile-
HUA TPAXONHTEA 3aHECEBATH HO-IPYroMy:

Y, :1/¥__ .2 iy -]/Yz 2
2—}—1]/2 W i 5 i 0 .

D ue 24.3. Bamyzaowue kKoae-
6anua,
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D ue. 24.4. HoaeGanus samyxaiom
6uicmpee.

JT0 cHOBa [Ba peMeHMsA, KOTOpPhe HPUBOAAT HAC K pPEIIEHHIM
exp(io,t) u exp(iaqt). llogcTaBuB Teneps oy, HoXyIUM

2
~{ye+ 1/y2,4—m )t
r=2Ade ( 0/

Huxaxux xoneGanuii. Yncro skenomennuanpnoe yousanme. To e
caMoe JaeT ¥ BTOPOE PelleHue

—(v,z—l/y’ﬂu—mz )t
x=Be .

3aMeTuM, 9TO KBaJpaTHBII KOpEHb He MoO;KeT IPEBBHICHTH V/2;
name ecan 0,=0, o6a wiena pasmet. Ecau jke @, oTauuaerca oT
y%/4, To KBaZpATHLIH KOPEHb MEHBINE y/2 W BhIpaKeHMe B KPYTJABX
cKOoOKax Bcerpa MHOJNOMKHTENBHO. JTo ouenp xopomo! [louemy?
Ha moromy uro eciu OB 5TO BHpaskeH#He OHIIO OTPUIATEJILHEM,
TO ¢ IPUULIOCH OB BO3BOAUTH B ROA0NUMEAbHYIO CTEHEHD W MBI HO-
ayumiau Gel BodpacTalimee co BpemereM pemenue. Ho upu ysean-
YeHHU B IEOE CONPOTHBIEHN KoleGaHuA He MOT'yT BO3pPacTaTh, 3Ha-
ant, Mel u3berau upornsopedud. Mrak, MH nonyaniau g8a pelenus;
06a pelIeHHs HKCIOHEHINANBHO 3aTYXAa0T, HO OJHO W3 HUX CTpe-
MHTCSA «yMepeTh» ropasno ckopee. OGmee peliienne, KOHEIHO, HPeJL-
craBnfer coGoit KoMOumauo 000MX peleHwil, a 3HAYCHUA KO-
¢uuentoB A u B 3aBUCAT 0T TOro, KaX HA4MHAIOTCA Kojebanus,
KAKOBH HavaJibHLIE YCjA0BWs. B Hamell menm ciyduioch Tak, 4TO
A — orpunareipHoe 9ucio, a B — HONOKUTENbHOE, HOYTOMY HA
DKpaHEe OCIAIIOCKONA MHL YBUIENH pasHOCTh JBYX DKCHOHEHT.

Ifasaiite o6cymuM, Kak HalTH Koopdunuentsr A u B (nwim 4 u
A*), eciu u3BecTHsI HavanapHBle ycaosua. [Ipegmonomsum, 9T0 B
moMeHT f =0 HaM H3BECTHE CMEIEHNe ¥ =1, U CKOPOCTSs dz/di=v,.
Ecnu B cooTHOUmEHuA

z=e-Vt2 (A - A*e~ 1),

(6{{_‘7;:_— e—Vviz2 K—%—{—Lw > e’ t—{—(———zm )A*e"—‘“rt]

D uz. 24.5. Koaebanusa noumu
ucuessu.
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@ ue2 24.6. Kosebanuii nem.

TONCTABATE  3HAYEHIA t=0, r=uz,, dz/dt=v, n Bocmoanc-
BaThCA TeM, 4To e®=¢®=1, T0 ME HO:TydIM

To=A -+ A*=24,,
Dp=— 1 (A-+ 4%) +io (A —4%)= X2 in (2i4),

rge A=Ap-+i4,, A*=A,—id, 3mauur,
vyt L0
Ap=22 w1 A,=—=. (24.21)

2

TaxuM o6GpasoM, 8HAA HAYaJdbHBE VCIOBUS, MHL HOJHOCTHIO
oupegenuan 4 n A*, a 3HATWUT, U KPUBYI0 TEPEeXOXHOTO DPeINeHHA,
Moo sanmcaTh pemeHne u no-aApyroMy. BemoMumm, g9ro

¢’ +e P =2c0s0 u e’'—e?=2isinh,

Torza
oz
vo’l‘\"—o

T==e-Vi2 [xo cos ot 4 sin (07t] , (24.22)

v
i

THe © —-—H/mo—(yz/é) Mm nonyqnnu QOopMyNy 3aTyXalomux
KoeGanuit. Takas dopMyna HaM He HOHAMOOHUTCH, OMHAKO OTMETHM
ee ocobeHHOCTH, CIPABETUBES U B Oosee 00MUX Ciaydasx.

Ilpesxne BCero mOBeJeHHE CHCTEMHI, Ha KOTOPYIO He nelicTByer
BHENTHAA culla, ONUCHIBAETCA CyMMoil (CymepHosnmueit) BpeMeHHL X
BKCLIOHEHT [MBI 3ammcannm ux B Buge exp(iaf)]. Taxoe pemenne
X0polo IepefaeT MCTHHHOE IoJo:keHUe Bemei. B obmem caygae
O — JTO KOMIJIEKCHOe IHCJI0, W er0 MHHMAas 9acTh COOTBETCTBYeT
saryxammio Kojefammii. Hakomer;, TecHas MaTeMaTHYeCKas CBA3L
CAHYCOUNAIBHHX H DKCIOHGHNHANBHMX (GYHKIOUI, 0 KoTopoll ro-
BOPWAOCH B II. 22, QU3NYECKH YacTO NPOSBIAETCS B UEPEXO[e OT
Konebarnii K YACTO IKCIOHEHIUANABHOMY 3aTyXaHWI0 HPU KPHUTH-
YeCKUX BHAYEHUAX HEKOTODHX [apaMeTpoB cHcTeMHl (B HANIEM
caydae ato GBIO COMPOTHBIEHHME Y).
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raasa @D

JUHEWHLIE CHCTEMBI B OB30P

§ 1. Jdureiinvie dugPPepenyuasvroie
Yypaswenusa

B a1oii raaBe ME ¢HOBA BepHEMcH K HEKOTOPHIM
acmeKTaM HAIMUX KOAeOATEIBHBIX CHCTEM, TOALKO
mocTapaeMcsa Temeph YBHAETh HedTo Goxee ofmee,
cToAmee 3a CHWHOH KaKA0H YacTHOH CHUCTEMHL.
Nsyaenne kampol KoxebaTeNbHON CHCTEMB! CBOIH-
Jioch K pelneHu0 xuddepeHIIaNbHOTO YpaBUEHHS

2
m%—k-ym‘%—}—mwﬁx:F(t). (25.1)
Jra KoMOmMHAmuA «omepandil» HaX HepPeMeHHOH Z
00JajjaeT MHTEPECHHM CBOICTBOM: €CJIH BMOCTO X
MOXCTABATH (2 ~+y), HONYIUTCH CYMMa OJMHAKOBHIX
omepanuit Hal £ W Yy, a yMHO;KEHHE T HA Yucio g
CBOMHUTCS K YMHOMKEHWIO HA DTO HYHCIO TepBOHA-
yanpHONl KoMOMHEATMHU. ITO JIErKO HOKa3aTh. YTo-
6pI He HepeyTOMUTHCH, BAMMCHIBAH BCe OYKBH,
somegine B (25.1), masalire BBefeM «CKopoIC-
uwie» 00o3Hadenun. Q0o3HAYAM BCK IeBYId 9aCTh
ypaBHeHHA (25.1) cumponoM L(x). ¥YBujgeB Taxoit
CHMBOJI, BH JOJUKHBE MLICTEHHO HPeACTaBUTEH cebe
nesyio dacth ypasaerus (25.1). Hosromy, cormac-
"o »Toil cucreme, cumBodl L(x-+y) Oymer osma-

qaTh caegymomee:

L(z+y)=mTi Y

TELD 4 o} (2 +1).

(25.2)

(ITogueprrem 6yKBy L, 9ro0u He cnyTaTh ITOT

cHMBOX ¢ obbramoit Gymkmuesi.) Mrorpa Mer Gymen

yuoTpeOaaATh TePMUH OnepamopHas sanich, HO €O-

BepmeHHO OespasiudH0, KAKHMH CJHOBAMH 3TO

Ha3HBaTh, MPOCTO-HATIPOCTO BTO CKOPOIHCHY.
Hame unepsoe yTBep;rmerue, 4To

L+y)=L=)+Ly),

-+ym

(25.3)

Jluueiinnie
nadpepeHnu-
ajabHbIE
ypaBHeHHSA

Cynepnosunusa
permennii

RoaeGanusa
B JAHEHHBIX
cHcTeMax

Ananoran
B ¢u3nkxe

TlocaegosaTenn
HbIE
mapajieabHble
CONpPOTHBIEHUA
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caexyer wms  cootmomeHuit a(z-ty)=ar—ay, dz-y)/di=
dx/dt--dy/dt u T. 1.
Jlerko moxasaTs, 4TO [ HOCTOSHHOTO @

L (az)=qaL (2). (25.4)

{Coormomernnsa (25.3) u (25.4) TecHO cBABAHBL OJHO € IPYTHM,
noTOMY 9TO, HogcTaBus B (25.3) z 42, M moxyauM (25.4) nasa gacr-
HOTO 3HAYeHHMA a=2 U T. A.]

Pemas Gonee clokHEBIE 3a7a98, MOKHO NOAYIUTH L, B KoTopoM
cofiepsxutcsa 6oxabile 4IeHOB U GoJee BHICOKHE NpousBoxHsle. O6ba-
HO IIePBHIM [€JiOM HHTEPECYIOTCH, CIPABCNUBH JU COOTHOIICHHUSA
(25.3) n (25.4). Ecam oHm BHIMOJIHAITCA, TO 3agady HA3BBAIOT
auneiinot. B oTofl raBe MB U3ydHM HEKOTOPHIC CBOCTBA CICTEM,
caeqyomue TONBKO M3 TOTO (aKTra, 9To cHCTeMa JuHelimag. ITo
TIOMO;KET HAM HOHATH OOIHOCTH HEKOTOPHX CBOHCTB HM3yICHHBIX
paHee JACTHHIX CHCTEM.

JlaBafiTe m3ydmM HeKOTOpHe CBOWCTBA NUHEHHHX auddepen-
NMANBHHX ypaBHEeHAH, HpuIeM MOAe3HO DOMHATH O XOpPOHIO 3HA-
KOMOM HaM YacTHOM ypasHeHmu (25.1). llepBoe uHTepecHOE cBOII-~
CTBO: MPENNOJIOKHEM, 9YTO MBI pemaeM auddepeHNHaIBHOE ypaBHE-
HUe 717 HePEeXOXHHX [BIKEHUI: cBo0oHHX Konebanui Ges pmeiict-
BuaA BHemHEUX cuid. Ham mpepcrour pemurs ypaBHEHHE

L (x)=0. (25.5)

IlpeamomoskuM, 9T0 MBI KaK-TO HCXATPHIANCH ONONETH HTO ypaBHe-
HUE ¥ HAULIM ero 4acTHOe pellieHHe ;. JT0 3HAYUT, 4T0 HAM K3~
BecTHa QyHRIAA X4, BaA KoTtopoit L(x)=0. Hocmae 3T0r0 MOxKHO 3a-
MeTHTH, 9T0 aZy— TOKEe peNIeHHe HAIIero ypaBHEHHA; MOKHO
YMHOKHUTH 9aCTHOE pPelieHue ypaBHeHWA Ha T00YK TOCTOSHHYIO I
HOJYIuTh HOBoe pemteHue. Mmage rosops, ecam Kaxoe-aubo pe-
IeHre HO3BOJAET JACTHHE TPOJBHHYTHCA HA OIpelelieHHOe pac-
CTOHHE, TO OHA MOKET COBEDINUTH W 0ojiee NIAMHHHIN peiic. Jokra-
sameabcmeo: L(axy)=al(z)=a-0=0.

HpennmonosxuM Tenepsh, 9TO HAM YIAJXOCH BCE-TAKHM HANTH He
00r0 9aCTHOE peuleHHe Ty, HO M BTOPOE Z; (HANOMHHM, 4TO KOTja
MH B IOHCKAX NEPEeXOHOTO peIleHHUA HOACTABAANU T =exXp(icrt),
TO MBI Halliu 0éd 3HAYEGHHUA O, T. €, JBa peUIeHHA: Z; U Z,). lloka-
eM Teleph, 4T0 KoMOmmanma z;,-+x, — Towe peuternme. Muemu
CHAOBAMH, ©CJiM IONOHUTh L=Z4+ITy, TO T — 3TO ONATH PEIICHUE
ypasrenns. Houemy? Iloromy urto ecim L(zxy)=0 u L(z,)=0, to
Lz +z,)=L (z,) +L(2,)=04-0=0. Taxmm oOpasoM, M5l BOpaBe
CKAAAHBATH OTHEIbHbIE PEmEeHWA, ONUCHBAIOMINE ABWKEHUA Ji-
HEOWHO! CHCTEMEL.

IIpogomaan B TOM sKe KyXe, MBI MOjKeM CIO/KUTH IMECTh HEPBHIX
¥ ABAa BTOPHIX peNIeHH:; BeIb eCiIi ¥y 6CTh pelieHue, T0 Axy — ToKe
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pemenne. Jpyramu ciosamm, diobas cyMMa JBYX pelleHuii, Ha-
opaMep az;+-Px., ymosaersopser ypaBmenmio. Ecam mam wmocua-
CTAUBUTCA HAHTH TPH pEIICHHA, TO MBI YBEAAM, 4T0 miofas KoMOu-
Hap®sa TpeX pelleHuil CHOBA YJOBAETBOpAET YPABHEHWIO, U T. JI.
IloTok Takmx pelreHHIl MOKHO OTPAHUTATH HE3AGUCUMBLMU peuie-
Huamu *; B ciAy4ae OCOUIAIATOPA MBI MOAYIMIH TONBKO J6a TaKUX
pemteEnd. Uucao He3aBHCHMBEIX PeITeHUI B 00mEM ciaydae 3aBHCHUT
OT TOr0, 4TO HA3HBIBAGTCH UUCIOM cmeneHel ceobodv. Mur He Oymem
celfuac MoapoGHO 0GCy:MAATH HTOT BOIpPOC, HO B cayde amddepen-
[UaAbHOTO ypAaBHEHHA BTOPOro HOPHAJKA MMEIOTCA NHIND JBa Hesa-
BucuUMBIX pemeHus1. Ecnu Mui HafigeM o0a oTH peHIeHWA, TO MOMKHO
MOCTPONUTH 00Inee pelieHue ypaBHEHHSA.

IMocMorpumM, uto Gymer, Korga Ha cucTeMy AEHCTBYET BHEIIHAS
cuaa. IIpenmonoskum, 4T0 HAM BCTPETHIIOCH ypaBHEHHE

L(z)=F (1) (25.6)

W MH HallIx ero dacrHoe pemeHue. Haszosem ero pemenueM ko
zyn, T. e. L(zg)=F(t). Xorenocs 01 HANTH emre 0HO PEILICHHE HTOTO

ypasuerua. JoGaBum k pemenuio [[jo karkoe-HuOyNp pemenne
cBoGomaOro ypaBHeHma (25.5), HampuMep z;. Torza, BCHOMHUB
o (25.3), nomygum

L(zp+z)=L(zn)+L(z)=F@)+0=F (). (25.7)

CaegoBaTenbHo, xob6aBup K pelIeHHI0O ypasHenua (25.6) mwGoe
«cBOGOIHOEY pellleHHe, MBI HOLy9uM HoBoe pemerue. CBoGogHOE pe-
mleHMe HA3HBAIOT elue neperodHbia pelleHHeM.

Ecnx HeOmUjaHHO BKINYUTH BHEMHIOW CHUAY, TO [BUKEHHE
OCIIJUIATOPA He c¢pasy OYHer ommMcHBATHCH PABHOBECHBIM (CHHYCO-
MJaNbHEM) pellleHueM: cHadajda K HeMy OyayT HpHMeIIUBATHCA Ie-
PEXONHLIC PEIICHNs, KOTOPHe, €CAH HOL0KIATH HOJ0IbIIe, B KOHIE
KOHIOB «BHIMPYT». PaBHOBECHOE peilleHHE «BBLKHBETY, TOTOMY 9TO
TOJILKO OHO COOTBETCTBYeT BHeUIHell cune. B kKoHmE KoHmOB 510 OYy-
JeT eIUHCTBEHHHM pelieHreM, HO HavajbHLIC NBU/KEHHS CHCTEMEL
3aBHCAT OT TOLO, KaKue OOCTOATEJHCTBA COIYTCTBYIOT BRIIOYE-
HHIO CHUJH.

§ 2. Cynepnozuyusa peuwenuti

Ilepeiinem Temeps K [pyroii mATepecHON mpobaeme. IIpenmono-
JKUM, 9TO HAM 3a/laHa KaKag-HuOy/nb BEemHAA cuaa F, (HanpuMep,
TepuoORUIecKas CHUia € YACTOTOH ®=@,, HO HALIH BHIBOAH OymyT
BepHE AAA MOGON 3aBUCHMOCTHM CHAL OT BpPEMEHH) M Mbl HAINAH
IBM/KEHHE, COOTBETCTBYIOliee 9To#l Cuae (mepeXoXHHE JIBHKEHH S

* Pemenus, KOTOpHe Hedb3f BHDA3uUTL JHHEHHO OJHO uepe3 Hpyroe,
HA3HBAIOTCA HE3aBUCHMEIMIA pelIeny MM,
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Due 25.1. [pumep npunyuna
cynepnosuyuu 048 AUMEIHBT Cu-
Fa cmnem.

T+ MOKHO YIHUTHIBATH UM HE yIII-

THIBATh, 5T0 HeBawkHo). Ilpen-

HOMOMHUM, 4TO MBI PENIAJIH CIHe

OIHY 3aj{ady — HATLIN ABUKC-

H@e B ciaydae JeHCTBHSA CHJIbI

F,. ociae 5T10ro npeAnonoxum,

Tg 9T0 KT0-TO BOEKAX B KOMHATY I

ckasan: «Ha woHTpOdBHOHE 3a-

z, AQI0T 3amady ¢ cuiaoit F, +F,.

Yrto mam pgenars?» Homewno,

MBI PenfuM BTy 3aJavy — Bels

MH cpa3y o0HAapYHKHUM 0JHO 3aMedaTeNbHOE CBOMCTBO: CYyMMa peime-

Huil T, U I,, nolyIaeMHX B TOM ciAydae, eciu GpaTh CUIBI 1O OT-

IeAbHOCTH, OygeT pelneHreM HOBOH 3ajadn. [{ia TOro HaMO TOABKO
BCIOMHUTH 0 (25.3):

L(z,+z))=L(z,)+ L(z,)=F,(t)+F,(t). (25.8)

JT0 MpUMep TOro, UTO HA3KHBAIOT RPUHYUROM CYNEPROZUYUL [IA
AuHeHHEX CUCTEM, M HTO 0YeHL Ba)kHAs Bemb. Jlemo obcrout rak:
eCJIM MBI CMOKEM HPEICTABUTD CHOMRHYIO CHAY B BHAEC CYMMbi He-
CKOJBKUX 00Jiee MPOCTHIX CHI ¥ CMOKEM DeIIUTh ypaBHEeHHE I
Kot CUTBI B OTAEJNBHOCTH, TO Mbl CMOKEM DPeIUTh B mepBoHa-
9ajbHOE YpaBHEHWE, TIOTOMY 9TO JAJA 9TOTO HALO TPOCTO 00beIn-
HUTH KYCKH peutenits TaK jKe, KaK Mel 00beHHANN O0TJeNBHLIE CHIIbI,
9T00bl HONYIUTE Roanyl cuay (dur. 25.1).

Eme oun npuMep npunnuna cynepuosunmu. B ra. 12 (ssm. 1)
roBOPUIOCH 06 OJHOM M3 BajKHEHMNX (GAaKTOB, BHTEKAIOUUX U3 3a-
KOHOB 3i1eKTpraecTBa. Ecjin HaM 3alaHo pacHpejelieHye 3aPAL0B ¢,,
MOKHO HaliTm niaeKTpuuecKoe noje E,, moposkzaeMoe sTaMu 3aps-
nam# B rTourke P. Jipyroe pacupejeieHrme 3apsAxoB ¢, HODPOMKIAeT
B 9TOI s#te Touke noxe E,. OGa »Tu pacmpeneneHus, NelicTByA BMe-
cTe, noponsaT B Touke P nose E, KoTopoe mpejcTaBageT codoil cyany
moneiit E, u E,. lmage roBops, moje, COOTBETCTBYIOIIEE COBOKYI-
HOCTH MHOTHX 3apA)OB,— 9TO BEKTODHAf CyMMa IONei, COOTBeT-
CTBYIOI{UX OTHEABHEIM 3apsgaM. AHAKOTHA ¢ HPeJHIYIIAM IpuMe-
poM Gpocaerca B Iiia3a: Befb eclu Mbl 3HAeM PE3yILTAT NeHcTBHA
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OTHENABHBIX CHJ, TO OTKIAMK HA CHIY, ABIAOMIYIOCA CYMMOH 5THX
cui, OymeT cyMMoli OTHENBHBIX OTKJIHKOB.

[Iprauna crpaBexAMBOCTH IPUHIHNA CYNEPHO3UIAH B DACKTPH-
4ecTBe COCTOHUT B TOM, 4TO OCHOBHEIC 3aKOHH 3J6KTPHYECTBA, OIPe/C-
naomue sJeKTpudecKoe moJie {ypaBHeHna MaxcBenia),—ato auneii-
Hye nud e peRIUaTBHEE ypaBHEHNA, 00Jaxalomue cBoiicTBoM (25.3).

HjaM B STHX YPABHEHMAX COOTBETCTBYIOT 3apaAdel, M0 POKIAIOIIE
9JEKTPHYECKOC HOJe, & YpaBHEHHUS, OHPeIeIaI0MUe dACKTPHILCKOEe
ToJie WO 3afaHHBIM 3apsjiaM,— JHHEHHE ypaBHEHH.

Yrobur mpuayMars emie OHH NpuMep NPHHIMUNA CYTeplo3uIlni,
cripocure cebd, KaK BaM yjgaeTcs HACTPOUTH CBOIl pafHonpHEMHUK
Ha OMpeleTeHHYI0 PALMOCTAHINIO, XOTA OXHOBDeMeHHO padoraeT
09eHb MHOTO cramimil. CurHaasr pagHocTaHEUI — 9T0 Kojediaio-
Imuecsa dNEeKTpudecKue IO0JA OYeHb BBICOKOIl YaCTOTHI, JeHCTBYO-
mue HA aHTeHHY pafuonpHeMHuKA. AMILTUTYAA 5TuX KoaeGamuii,
npaBia, MEHAETCH, WX MOJYJIHpPYeT FoJo¢ JUKTOpa, HO CKOPOCTH
9THX M3MEHEHHIT 09eHb MaJjia B 00 dTOM MOj;kHO MoKa 3a6wrh. Korna
Bt capnnpre: «Crammusa paGoraer Ha dactore 780 KuIiorepmp, 9To
3HAYAT, 9TO YACTOTA M3JIydaeMOTo AHTEHHOH PAJMOCTAHIWH DIEKT-
poMarauTHOTo mods pasma 780 000 ronebGammit B CeRyHIY U 970
Hoke ¢ TOYHO TaKOil jKe “acToTOi pacKaumwBaeT 3JeKTPOHH B au-
TCHHe Bamtero npueMumka. Ho Begb B To :xe caMoe BpeMs mobamso-
cra Mosxer pabotath ®w gpyrad paJmOCTAHIMA HAa Jpyroii wacrore,
craskeM Ha dacrore 550 xey. ITa CTaHNHA TOKe pacKaguBacr
BICKTPOHEL Bameil aHTeHHH. Kak jKe 0TJedAiTea CHIHAIE, HOCTY-
Haomue B HpueManK ¢ dacroroii 780 xey, oT cUrHANOB, HMEIO-
mux vactory 950 xey? Bexs BH ke He capmmanm rojoca o0oux
JUKTOPOB OZHOBPEMEHHO.

Ileppas wacTp oMeKTPUYECKOH WENH pAAHOTIPHEMHAKA — DTO
nuneitasa mens. [To npuHMuOy cynepnosunum ee OTKIHK HA 9IEKT-
prnyeckoe mnone F,--F, pasern z,-+z,. Ilo BceMy BHIXouT, 9TO HaM
npujieTca caAymars o0ouXx JuKTOpoB cpasy. Ho BcmomEEmM, 4T
B PE30HAHCHOU TEeTH KPHUBAS OTKJINKA £ HA eNWHHIAYIO cuay F 3a-
BHUCHT OT 9aCTOTH HPAMEPHO TaK, KAK dTO HaobpaskeHo Ha ¢ur. 25.3.
B nenn ¢ ogens GoapmuM 3HageHeM () OTRIUK HMEET 0UeHD OCTPE i
maxkcumyM. IlpegmomomuM, d9ro o0e CTaHDUE HMEOT NPUMEPHO
0JiNHAKOBYI0O MOIGHOCTH, HODTOMY 0fe cllabl MUMEIOT TIpAMEPHO O~
HAKOBYIO aMILIuTyRy. Omkauk paBeH cyMMe OTKIMKOB X, U X, HO
Ha ¢ur. 25.3 z, rpomasien, a z, ouers Maa. Takum oGpasom, Xors 06a
CHTHAJAa ONMHAKOBH IO CUMIe, B IPUEeMHHOKEe OHM IPOXOJAT depes
0CTPO DPEe30HAHCHYI0 Ielh, HACTPOGHHYIO HA dacToTy ®, (JacTOTy

f~<. Ep @ ue. 252. Ipunyun cynepno-
| E suyuu 6 saeKkmpocmamuke.
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Dy 2 2538, Pesonanchas kpusas
¢ ocmpbuiym  MAKCUMYMOM.

T
Wy 0, Wy

niepefiad o HOM M3 CTAHNUH), U OTKJIMK Ha 3Ty 9acroTy (CTaHIHIO)
3HAYMTENHHO 00JbIIe OTKIMKA HA Bee ocraiapHbe. IlosToMmy, He-
CMOTpPA Ha TO UTO HA AHTeHHY RefCTBYWT o0a cuUrHANA, TOJHBI
OTRTUK HOYTH [[EIUKOM COCTABJIEH U3 JACTOTH ®,, B MEl MOKeM BEIG-
paTh TY CTAHIUI0, KaKYI0 I0KedaeM.

Hecronrpko cioB o MexaruaMe HacTpolikm. Hax MBI HacTpanBaeM
pafmonpueMHUK? ME u3MeHAIN 9aCTOTY 0y, MeHsaa L uan C menu,
HOTOMY YTO ¥aCTOTa Lenm 3aBucHT oT KoMmbummamum L m C. Boas-
MIMHCTBO PaguoIpiIeMHHKOB YCTPOEHO TaK, 9TO B HUX MEHACTCA 3HA-
gerue C. [loBopaduBad pyuIry HACTPOHKH PHEMHHKA , MBL H3MEHAECM
codcTBeHRYI0 dactoTy menu. IlycTh KAKOMY-TO TMONOMEHU PYIKL
COOTBETCTBYET YaCTOTa ©,; 6CJAHM HET pajnocTaHmuil, paGoTammux
Ha 3TOil WacToTe, MPUEMHAK MomIuT. BB Ipofoixaere M3MEHATH
eMrocTh C Tenw, MOKAa He MOCTPOHTe KPUBYIO OTKIUKA C pPe3oHaH-
COM TIPH YaCTOTE ),, TOTHA BHl YCHBIIMTE JPYLylo cTaHNuO. BoT
TAK ¥ HACTPAMBAETCA PATHONPUEMHEK; BCE 46J0 B IPHHIUIE cyIep-
MO3UIUA, B COYCTAHUY C PE30HAHCHHM OTKIUKOM *,

Yro6 3aKoHI4TH OGCY:KIeHUE, naBaliTe mogyMaeM, KaK MHOCTY-
ONTH NPH aHAJNA3e JAHEHHHX 3a1a9 ¢ 3aJaHHOH cHIo#, Korja cmia
09EHD CA0JCHO 3agucum om epemerntt. MoKHO mOCTYHIATh HO-Pa3HOMY,
HO ecTh JBa 0C00EHHO YT0OHHX 00IuUX MeTojga peileHnas TAKUX 3a-
nad. Ilepsblil MeTox: HpefmoIOMUM, 9T0 MB MOKeM DeIIUTh 3ajia-
Ty B HEKOTOPHIX 4aCTHHIX cAydasX, HaOpuMep B ciydae CHHYCOH-
DalBHHX CWUJ pasHBIX dYacror., Pemars NuHeilHbe ypaBHEHHA
B TaKUX ¢aydasx — jercran szabasa. Ilycrs HaM & BeTpermacsa sToT
«ercruiy cayuail. Temeps BcTaer Boupoc, HEAH3SA NH IPEICTABUTD
a00yio CHIY B BIge CYMMBL BYX WK GoJiee «IeTCKux» cui? ME yixe
HoKasalu Ha ¢ur. 25.1 HOBOJIBHO XHTPYI0 3aBHCHMOCTH CHALL OT
BpeMeHH; ecinm Tyjfa g00aBUTH eme HEeCKOJABKO CUHYCOUHA, TO pe-
3YIbTHPYIOIGAs KpuBasa Oymer BHIJAALETh eme ciaoskHee. TaruMm
o0pas3oM, HPOCTEHHKME (IETCKHEe» CHJIEL MOLyT HOPOAUTH OYeHb
cIoKHEYI0 cuiry. BepHo u oGpatHoe: UpaKTHIECKH KaKjas KpHUBasd

* B HOBEMNIHX CYIEPTeTepOfIHHEIX IPHeMHHKAax Jello, Koleuno, o06-
CTONT CJOMHee. YCUWIATeNd [pHeMHHKA HACTPOeHH HAa ONpefeleHHYIO
IPOMEKYTOUHYI0 H9acTOTY; OCHUJLIATOP ¢ IepPEeMeHHOd HaCTpanBalOmIeHcs
TaCTOTOH CBA3aH C BXOLHEIM CUTHAJIOM HeauHelinol CBA3LIO, NOPOas HOBYIO
9acToTy (PaBHYIO PAa3HOCTH YaCTOT CUIHAIA M OCHMILIATOPA) — ONPOMEKYTOUHYIO
qacTOTy, KOTOpadA M yCuinpaerTcH. O6 9TOM MH IOTOBOPUM B Ii. 50 (Bh. 4).

156



Dy e 25.4. Caoxcnyro cusy momcno
npedcmasums Kak nocaedosamenn-
HoCmb Kopomkux uMnyabcos.

MosieT OBITH IpeJICTaBIeHa B BUJle 6eCKOHEUHOU Y MMbL CARYCOMIATb-
HBIX BOJH Pa3HOMH JMMHE! BOAH (1yn YacTotht). Taxum oGpasom, Ml
3HaeM, KaK IPe/ICTaBUTH 3a[AHAYI0 CUNY F B BH/le CHHYCOMTAIPHEX
BOJIH, HOYTOMY PeLIEHHEe T MO;KHO HPEeJCTaBUTH B BUge CyMMe F
CUHYCOM/IANIBHBIX BOJH, KKIas U3 KOTOPHIX yMHOKaeTCA Ha ofh-
dexTuBHOe oTHOMEHME T K F. Taroil MeToy pemenns masuBaior me-
TofoM npeobpasosanus Dypve, WM aHAAU30M (pasiodceHUem)
@ypee. Mt B GyzieM ceifgac fesnaTh TAKOTO Pa3ioKeHMs; HOKA O~
CTATOYHO TOABKO HIEH.

Ouenp uHTepeceH APYroil cmocof peleHus CIOKHHIX 3ajgad.
IpepmonoxuM, 4T0 KTO-TO HOCAe GONBIIMX YMCTBEHHEIX Ycuimil
peurnya 3aJaHHYI0 HAM 3a7ady B cAydae ONHOW 4acTHONl CHJEL —
umnyabcroti. Cana BHe3amHO u OBICTPO GHCTBYET Ha CHCTEMY,
3aTeM BHIKAIOYAETCA H BCe OIATH cCHOKolHo. HaM reneps focraTouno
peuruTs TAKYW 3aJady NUIIb B CAy9ae eIUHMIHON CHILI, HOTOM
YMHOKeHHeM Ha MOAXOAsAInee YMCI0 MBI CMOYKeM HOJYYUTH Aolble
cuasl. Mu 3HaeM, 9TO OCHUAAATOP OTKIAMKAETCHA HA MMIYJIBCHYIO
cuiy BaryXalomuMmu KojneGaHusaMu. A kak GHTb B caydae Apyroi
CHIBI, HAIpUMep cuie, m3obparkeHHoil ma ¢ur. 25.42

Taryio culTy MOKHO TNpeJCTaBUTH B BUJE IMMOCIEHOBATEABHBIX
ynapos MoxoTkoM. CHadajia BCIOQY CTOMT THIIMHA, HOTOM KTO-TO
Geper B pYRA MOJOTOK @ BHE3aNHO pa3faloTCH paBHOMEDHBIC yja-
pBl — yAap, ymap, yaap, yaap, ... ¥ ouaTh Bce Tuxo. WHage rosops,
HelpepHBHO JeHCTBYIOIEYI0 CHIY MOKHO HpEJCTABATH B BUJE PANA
HOCJIE0BaTeJbHEX AMIYABCOB, OLICTPO CiaelyiOlGuX OJUH 3a JApY-
ruM. MBI 3HaeM HOCAe[CTBHA OIHOTO MMIYJihCA, a IOCISACTBUEM
cepu: AMOYALCOB OyaeT pAj saTyxaomux KonxebaHuil; Hapucylire
KpuByI0 KonebaHuil /A HEePBOr0 MMOYJAbCA, 3aTeM, HEMHOTO OT-
CTyIsA, TaKue yKe KPUBHE A BTOPOTO MMIYJIhca, TPETHEro M T. M.
IToroM caommnTe Bee Kpuske, TakuM 06pasoM MaTeMaTHISCKH MOFKHO
HpeJCTABUThL TOJHOe peUleHHe B cJaydae POM3BOJNBHOM CHIbI,
eCAM MOKHO DeMHTh 3a4a9y s ummyabsca. Orser IaA n1060i
CHIH  MOMKHO HONYINTH IyTeM WHTerpupoBaHUA. ITO memod
dynryuu I'puna. ODysrama Tpuwa — sro OTKIMK CHCTEMEl Ha
OT/IeJABHEN HMIYAbC, a MeTox ¢yHKmuu I'puHa — DTO METOA aHa-
nu3a AeHCTBHA CHJB CYMMHPOBAHHEM OTKAHKOB Ha MMIYJIhCEL.

Qduspdueckye IPUHIUIE, JeiKampe B 0CHOBE oGoux METONoB,
OYeHb MPOCTHI;.OHH IIPOCTO HANDANIHBAIOTCS, eClM MOHATH CMEICT
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JIMHEHHOTO yPaBHEHUSA, HO MAMEMAMULECKIE MCTOIE CONEPIKAT JO-
BOJIBHO CHIO;KHLIE HHTETPHPOBABMA H T. I.; ME MaJ0 HOATOTOBIEHNI,
9To0H OpAMO aTaKoOBaTh 3TH MeToxh. I sToMy BHI eme BepHerecs,
rorma nojgHabbere pyry B MareMmarure. Ho cama udes Mmeropmos,
OpaBo, 09eHb NIPOCTA.

Haxonern, cKaseM enie, NOYeMY AUHECLHBIE CUCTEMBl TAK BamHLI.
OTBeT IPOCT: OTOMY YTO MBI yMeeM pellaTh JuHeiiHsle ypaBHeHns!
ITosromy GONBIIYI0 4acTh BpeMeHHm Mol OygeM peliaTh JAUHeHHDbIe
sagaun. Bropaa (um riaaBaasg) mpuYMHA 3aKI0YAETCA B TOM, 9TO
ocHosHble 3akombl Pusuru uacmo aumnerint. Hanpumep, ypaBmenus
Maxcsenaa jas 3aKoHOB 3JIEKTPOMaCHeTH3MAa — JmHEIHHIE ypas-
HeHus. BeiauKme 3aKOHB KBAHTOBOI MeXaHUKH, HACKOJIBKO HAM OHE
H3BECTHBI, TOKE CBOHATCA K JIMHEHHBIM ypaBHeHHAM. Bor mouemy
Mpl TAK MHOTO BPEMEHH yieJseM JInHeilHHM ypaBHOHHAM: €CJIH Mbf
TIOHANN JIUHEHHHE ypaBHeHIA, MH TOTOBH B HpUHIHUNE HOHEMATh
OuYeHL MHOTHE Bellu.

YuoMsineM eme gpyrue CATyalllu, KOrjla BOSHUKAKOT JumHeHHbIE
ypaphenus. Horga OTKIOHeHHsA MAalb, MHOrAe (YHKONH MOKHO
npubauscenno 3aMeHurs JuueinsMu. Hampumep, Todsoe ypaBHe-
HUe JIBWKEHAS MafATHHKA TJIaCHT

2

o —Lsine. (25.9)
9T0 ypaBHeHHe peillaeTcd IpPH MOMOINH HIIHUTHISCKUX QYHKIWI,
HO JIerde ero peiruTth YHCJIEHHO, KAK MBI 9TO genalu B I, 9 (Bum. §)
fipu M3yYeHHMM HBHIOTOHOBEIX 3aKOHOB [BIyKeHHA. DBoapmmucreo
HeNMHEHHHX YPaBHEHUN B0OOHmEe MOKHO PEUIMTH JIHMIL HUCACHHO.
Jias mamux yroaos sin 0 upaxrudecku paseH 0, W B dTOM caydvae
MOKHO UepeliTy K JuHefiHoMY ypaBHeHnm0. Ha sTroM mpuMepe mMosk-
HO €000pasuTh, 9T0 eCTh MHOT'O 00CTOATENHCTB, MPH KOTOPHIX Ma-
abie a¢@eKTl TUHeHHH (3eCh 9T0 OTKIOHeHNA MaATHUKA HA MaJible
yrabr). Jlpyroit upuMep: ecad Ha Upy:RuHE KadaeTcs HeGOILIION
TPYsHK, Cuja UPONOPIMOHAJNGHA pACTAMEHHI0 HPY:RHHH. Ecau
CHJIbHO HOTAHYTH 3a HPY/KUHY, OHA MOMKeT M IOPBATHCA, 3HAYWT,
B 9TOM CJydae CUJIa COBCEM MHAYe 3aBUCHT OT paccrosHma! Jlmmei-
Hble YpaBHEeHNWs 0Y6HDb BaskHL. OHE HACMOAbKEO BaJKHBL, 9T0 QH3UKE
W MHKeHEpH, NOKaNyil, H0JOBHHY CBOEF0 BpEeMOHH TPATAT HA pe-
IIeHNe JWHEUHBIX ypaBHEHA.

§ 3. Hoaebanua 6 AuneUnHsx cucmenaxr

HapaiiTe BCIOMHHM, 0 96M MBI TOBODPUIA B HECKOJABKHX HOCHKEN-
gux raaBax. Qusury KosdebarTesbHHX ABM/KOHMI 04YeHH JieTKO 3a-
TeMEHTEH MaTeMaTuroii. Ha camoMm-to mese 3mech Pusuxa o4eHb Hpo-
cTa, U ecim Ha MEUHYTY 3a0HTbh MaTeMATHKY, TO MH YBHIUM, 4TO
TMOHUMaeM IOYTH BCe, 970 HPOECXOJUT B KojebaTebHOH CHCTEME.
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Bo-uepBnIX, eciit ME AMeeM €0 TOXBKO ¢ HPYMKHHKOH M rpysu-
KOM, To JeTK0 HOHATH, HOUeMy CHCTeMa KoJeblerca — 9To caeficT-
Bue muepuuy. Mu oTTAHyIM Maccy BHW3, a cujla TAHET €€ Hasaj;
HacTymaeT MOMEHT, KOTJia CHJIa PaBHA HYJII0, HO TPY3HK HE MOKCT
OCTAHOBHTHCA MPHOBEHHO! Y HEr0 ecTh MMIYJIbC, KOTOPHI 3acTaB-
AAET ero OBUraThcA. Temeps DPY;RMHKA TAHET TPY3HK B JIPYIYIO
CTOPOHY, TPY3UK HAYMHAET ABUTATHCA B3ax u Boepen. Mrax, ecan
Ont He OBIIO TpeHHWsA, TO, HECOMHEHHO, MOJIYYHIOCH OB KomeGaresn-
HOe JBU;KeHHe, W TAK OHO M ecTh Ha camoM jeixe. Ho jpoctatoumo
HE3HAYATeFHOTO TpeHus, 4TOOH pasMax cAefyOmux Kojebanmil
CTajJ MeHBIIe, YeM paHbIIe.

Yro cayuures noToM, mocae MHOTHX MUKIOB? JTO 3aBHCHT OT Xa-
paxTepa M BeAHYMHE TpeHms. [Ipefmono:xuM, 9T0 MBI HpHAYMANN
TaKOe YCTPOHCTBO, UTO Hpd H3MEHEHHMH AMIVIHTYAH CHJA TPEeHUA
OKA3LIBAGTCS TMPOMOPIHUOHANBHON APYTAM CHJAM — HHEPIHH W
HaTsskennio. Mmrade roBops, npu Mananx KodeGaHHAX TpeHHWe Cia-
Gee, ueM mpu KoneGaHUAX ¢ Goapmoit ammautygoil. OGHYHO cuiTa
TPEHHA TAKUM CBOICTBOM He 0GJafaer, Tak 9TO MOKHO HpPEIOJIO-
JRUTH, 9TO B HAIIEM cjLydYae JefiCTBYIOT ¢kl TPeHMs1 0¢000ro poga —
CUJIB, TPONOPUHUOHANBHLNE CKOPOCTH; Torga Aias OoJpmmX Koiaeba-
Huii 5T ¢cAAH 6yxyT OONbMIe, A JA MalnsXx — MeRbile. Ecau y Hac
HMEHHO TAKO# BH[ TPEHHA, TO B KOHIE KayKI0r0 IHKIA CHCTeMa
Oymer HAXOJUTHCH B TeX jKe YCAOBHAX, YTO W B Hadale IHKJIA,
TONBKO Bcero Gypmer MeHbmie. Bce cuist 6yIAyT MeHBIIe B TeX ke
HpOTOPIMAX: cHJa NPY:RUHEKH HEMHOTO 0CJIa0HET, MHEPIHANBHBIE
apderTsr 6yayr Mersbie. Bejp Teneps u yCKopeHHA rpysuKa OyqyT
MeHbille, ® cuia TpeHnus ocjalbeer (00 »ToM MBI H03aGOTHIMCH, CO3-
maBas Hallle ycrpoiicTBo). Ecau O MBI MMeJAH JeJ0 ¢ TAKHME CH-
JaMu TpeHWHA, TO YyBHjeAwW OB, 4TO0 Kamkjgoe KonebaHHME B TOYHOCTH
MOBTOPsIeT IepBOe, TOJHKO AMILIUTYHA €ro craja MeHbire. Ecin
IoCJIe HepBOTO MMKJIA aMIIUTY/A COCTaBsAna, HanpuMep, 90% nep-
BOHAYAJIBHON, TO HOCIE BTOPOTO Iukia oHa Gymer pasaa 90% ot
90% wu 1. 8., T. e. pasmax KoaebaARUL nocie Kancd020 YUKAQ YMeHb-
waemcs ¢ o00unakosoe uucto pas. Kpupas, Bemymasa ce0sa TaKuM
o6pasoM,— aT0 OSKCcHOHeHNWANbHAA (yEKnua. OmHa uU3MEHAESTCS
B 0JMHAKOBOE THUCJIO Pa3 Ha MOGHIX AHTEPBAaX ONHAKOBOM JIIHHKI.
Wnadve ropops, ecau oTHOUICHHE AMIUTYHE OXHOTO IHKJIA K aMI-
ANTYAE MPegbAYInero pPasHO @, TO TAKOE sKe OTHOIIeHHe [JiA BTO-
poro muKaa paBHO a2, 3aTeM a® u T. 7. Taxum oGpazoM, aMmInTy A2
KoJiebaHuil Hoclde n IMUKJOB paBHA

A=A ," (25.10)
Ho, xoHedno, n~t, H03ToMy o0mee pemienne GyzeT mpon3pegeRmeM
Kakoi-HUOYIb mepuo/mdeckoil QyHKmuM sinw? uwmm coswt Ha am-
nanTyRy, Kotopad Befer cedsa mpuMepHo Kak b'. Ecau b momoskn-
TeJbHO U MeHBLIe eJIHHHIAI, TO er0 MOKHO 3ammcaTh B BUIC e °.
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Bor moueMy peuienue 3afadu 0 KonebaHUAX Tpu ydeTe Tpenmsa Oy-
JeT BRICAAASTH HPUMepPHO KaK exp(—ct)coswt. 9T0 09eHH MPOCTO.

Yro cayuures, eciau TpeHue He OymeT TaKMM HCKYCCTBEHHEBIM;
HampuMep oOBIYHOE TpEHHe O CTOJ, KOTAa cuiAa TpeHHA I10-
CTOAHHA II0 BeJIMYMHE, He 3aBUCAT 0T pasMaxa KoJeGaHMi U MeHAET
cBOE HaIlpaBieHne KasKupre nosinepuona? Torga ypaBHeHHS TBUIKE-
HHS CTAHYT HeJUHeHHBIMHE; PEHIMTH WX TPYAHO, MOITOMY HpHAETCHA
npuberayTs K ONMCAHHOMY B I, 2 YUCTCHHOMY pelIeHUI0 NIH pac-
CMaTpHUBATH MO OT/EJIBHOCTH Ka:KAyI HoJXoBUHY mepmoja. CaMbiM
MOIHBIM, KOHETHO, SABASACTCH IHCICHHLIH METOHN; ¢ €ro HOMOIILIO
MOJKHO penmmTs ai000e ypaBHeHme. MaTeMaTHdecKwil aHaams uc-
HONb3YeTCSA UMb s PellleHuA MPOCTHX 3a/ad.

Hapo cxasaTh, 9T0 MaTeMaTu4ecKuil aHaiu3 BooOuie He Taroe
Y Morydee CpejCcTBO HCCAENOBAHHSA; C €ro TOMOILI0 MOJKHO pe-
HHATD JHWB MpocTeiline BO3MoKHEe ypaBHeHRA. Hak Toapko ypas-
HEHHE UYYTh YCAOKHSAETCS, ero ysike HeJIb3A pellnTh aHaIHTHIECKH.
YucxerHpfl e MeTOA, ¢ KOTOPHM MH HO3HAKOMHANCH B HAadaje
Kypca, TI03BOJSET pemuTh Ji0boe ypasHeHHe, MIpeqcTaBILAIONIee
¢usmIecKuil uHTEpeC.

ITofimem manbme. YTo MosHO CKa3aTh 0 Pe30HAHCHOI KpUBOii?
Kar ofsacauth pesomanc? IIpencraBuMm cHadama, 9To TpeHHs HeT
U MHL UMeeM [lelio ¢ 9eM-TO, 4T0 Mo;xeT KojebaTrca caMo mo cebe.
Ecxn mogramKnBaTh MaATHUK KaK/RIH pas, KOTZA OH OPOIifeT MAMO
HAac, TO 09€Hb CKOPO MAaATHUK HAYHET pacKaumBaThCA, KaK cyMac-
eIy, A 9To CAYIUTCH, ecay ME 3aKpoeM rjasa U, He cjefd 3a
MAATHWKOM, Ha9HEM TOJKATH ero ¢ IPOH3BOJNBHON 9acTOTOH, ¢ Ka-
xolt saxorum? Mporpga Hamu ToNYKM, HOMajzasd He B PHUTM, OygyT
samMesiTh MaATnuk. Ho Korpga HaM HOCYaCTANBHATCA HAWTH Bep-
HETH TeMil, KamIuil Tondok OyJgeT moCTuraTh MaATHHKA B HYKHBIH
MOMEHT M OH OyHeT HoXHUMAThCSA BCe BHImIe, BhiNIe u Bohiure., Tarkumm
obpasoM, ecaum He Gyger TPeHUA, To NJIA 3aBACHMOCTH AMILTHTYXH
OT 4aCTOTH BHEITHEH CHJIBL MBI HOAYIUM KPHBYIO, KOTOPAA BHITAA-
IuT, Kak ciulomAas anamsa Ha ¢ur. 25.5. KadecTBeHHO Mm mmo-
HAIN PE30HAHCHYI0O KpPUBYIO; 9T00L HAWTH €€ TOYHEE 0uepTAHHSA,
nomadayii, npugerca upuberayTh K HoMom¥u MaTeMaTmku. Hpmpas
CTpeMuTes K GeCKOHEUHOCTH, €CIH O— 0, The ©,— coGCTBeHHAA
YacTOTa OCHMIIIATOPA.

[peguonoxure, 9ro cymecTsyer caaboe Tperue. Torpa npu He-
3HAYUTEIbHBIX OTKAOHGHUAX OCHMINATOPA BIUAHHE TPEHUS CHAZHL-
Baerca caabo u pe3oHAHCHas KPWBAA BHAIH OT MAKCAMyMa HE H3-
mexsierca. OgHARO OKOMO pe3oHaHca KPUBAfA YiKe He yXojiuT B Gec-
KOHEYHOCTH, 4 I[POCTO TOJHUMAETCA BHIIE, 96M B OCTAJLHBIX Me-
crax. Korga aMoantyza Konebamuii Jocturaer MakcuMmyMma, pabora,
COBOpPMSHHASI HAMM B MOMEHT TOJUKA, TMOJAHOCTHI0O KOMIEHCHpYeET
THOTepHM PHEPruW Ha TpeHWe 3a mepuox. TakmMm o6pasoM, BepuImEA
KPUBOI 3aKpyrJeHA, H OHA yke He yXoguT B OecKOHeuHOCTh. Uem
Goupure TpeHme, TeM 0ojblie cluajkeHa BepmmHa KpuBoi. Hro-
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nudyas MOMKeT cKasaTh: «f mymald, 9T0 MUPHHBL PE30HAHCHEBIX
KPHUBHX 3dBUCAT OT TpeHusA». Tak M0KHO HOJyMaTh, HOTOMY UTO pe-
30HAHCHBIE KpuBBIe PHCYIOT, IpUHUMAA 3a eJUHHIY MacmTaba Bep-
UIHHY KpuBoii. OfHAKO ecliy HAPUCOBATH BCE KPUBHIEC B OJHOM Mac-
mwTabe (9T0 WPOSICHUT Hesto 0OJIBINe, 9eM U3yYeHHe MATeMATHISCKUX
BEIDQ/KEHHIT), TO ORAKETCA, 9TO TPEHHE Cpe3aeT BepIIAHY KpuBoiil
Ecau Tpenue Majo, ME MOKeM HOJHATHCA BEICOKO IO PE30HAHCHOI
KPUBOil; KOTja TpeHMe CIJIAJUT KPUBYI, MEH HA TOM Ke MHTepBaNe
YACTOT HOJHAMAEMCA Ha MEHDBIIYI0 BLICOTY, M DTO CO3[AeT OILy-
menue nmpuHsl. TakuM o0pa3oM, 9eM BHIHe HOUK KDPHBOi, TeM
O0JmKe K MaKCHUMyMY TOYKH, Ijle BRICOTA KPHBOM paBHA TMOJOBUHE
MaKCEMyMa.

Haxomen, nogyMaeM, 9T0 npousoiieT Hpu 09eHH GOXBIIOM Tpe-
Huu. fcHO, uTo, eciaM TpeHHe OYeHb BENUKO, chcTeMa BooOIme He
OCUMILTUDPYET. JHEPTMH UPYKHUHKH ejBa-efBa XBaTuT Ha GOpBOY
€ CUJIAMU TPEHMS, ¥ TPY3UK OyxeT MeJIeHHO MON3TH K HOJO0KEHHIO
PaBHOBECHSI.

§ 4. Anaaoeuu 6 Pusure

ITpogomxan 0630p, 3aMETAM, 9TO MACCH U NPY;KUHKH — OTO HE
¢/[MACTBeHHLIC JHHEHHBIEC CHCTEME; €CTh WM Apyrme. B dacTHoCTH,
CYMECTBYIOT 2JeKTPHYECKHE CHCTeMBI (MX HA3HBAIOT JUHGHHBIMMA
HEeNAMHA), HOJHOCTHI0 AHANOTHYHEEC MeXaHWIecKHM cucrTeMaMm. Mbr
He cTApaiuch SO KOHIA BHACHUTH, nodenmy Kaykasd 9acTh DIACKTPHU-
YecKoil Ienmu pafoTaeT TaK, a He WHAYe; HTO HaM elme TPYAHO 1O-
uATs. MOKHO HPOCTO HOBEPHUTH, 4TO TO WM HHOS HOBEJSHHNE KajK-
JOro sJeMeHTa HeHNW MO;KHO HOATBEPIUTH DKCHePUMEHTAALHO.

BossMeM pns mpuMepa mpocTeiimee ycTpOHCTBO. Ilpamosxum
K KyCKY IPOBOJOKH (CONPOTHBIEHHIO) Pa3HOCTH HOTCHIHANOB V.
ITO 3HAYAT, 9TO €CAM OT ONHOTO KOHIA I[POBOJIOKA [0 APYTOro
IPOXOTHUT 3aPAX ¢, TO MpH HTOM coBepmaercs pabora gv. Hewm BEI-
HIe PasHOCTh IOTeRNHAN0B, TeM Gonpmas padora coBepmIaeTCsa Ipu
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«IIafeHNI» 3apAfa ¢ BHICOKOHMOTeHIHANHHOTO KOHIA TPOBONOKH Ha
HU3KOIOTeHIUANbHEIH, SapAgsl, OpoXoAfA ¢ OXHOTO KOHIA TPOBO-
TOKH HA Apyroif, Bmipenarnr amHeprumio. Ho zapamaM He Tax-to
IPOCTO IUIKITH BJOAD IPOBOMOKN: AaTOME HPOBOJOKH OKA3HBAIOT
COPOTHUBJIEHKE IOTOKY, A 3TO CONPOTHBACHNE HONIAHACTCH 3aKOHY,
cIpaBefIuBOMY IOYTH JJA BceX o0wuHaz MaTepuaios: Tok [ mpo-
NOPIMOHAJIEeH HNPRIOKEHHON K HIPOBOJOKe PASHOCTH HOTOHIMAJOB.
WNmawe rosops, YHCIO 3apAxoB, HPOXONAMUX Yepe3 IPOBOJOKY
3a 1 cer, mponopIuoHAABHO CHIE, ¢ KOTOPOH UX TONKAIOT:

d
V=IR=R%, (25.11)

Kosgppunnerr R Ha3HBAIOT cOnpoOmMuUsieHUer, & CAMO yPAaBHEHHE —
sakonon Oma. EMEWIE COUPOTHBICHAA — 0M; OH PABEH OTHOIIE-
HUI0 ojiHOro BoisTa (1 6) kK omroMy ammepy (1 ). B mMexanuwecknx
ycTpoficTBaX 04eHh TPYHHO OTHICKATH CUNY TPEHHA, TPOHOPIHUO-
HAJBHYIO CKOPOCTH, a B BIOKTPUIECKRX [ENAX — HTO HeJ0 00BYHOe
n s3axon OMa cnpaBefyuB nJs OOJBITHHCTBA METAIJIOB C OYEHD
BBICOKOII TOYHOCTLIO.

Hac uaTepecyer, MHOro sy cosepmaercsa paboTel 3a 1 cex npum
HPOXOKACHUH 3aPALOB IO NPOBOJOKE (ITY K€ BeIUYHHY MOFKHO
HA3BaThH NOTepeil MOMHOCTH HAM BHAEAAEMOIl 3apafaMu sHeprueii)?
Yro6ur 1ipoTHATE 3apAl ¢ 9epe3 pasHoCTH HoTeHnuaxos V, Hano co-
Bepumuth pabory gV; takuM o6 pasonm, pabora 3a 1 cex pasra V(dg/dt),
wnu VI. 910 Bepamenme Mo:kHO sanmcars uHage: IR-I=I2R.
ITYy BeNMUMHY HASHIBAIOT mMENA0GHIMU ROMEPAMU; BCAGHCTBUE
3aKOHA COXpaHEHMA DHEPTWH, TaKoe KOJIUIeCcTBO TEILUIOTHL Hpo-
u3BoxutT B 1 cex conmpoTuBiIeHNE IPOBOJIOKA. JTa TOIA0Ta HAKANAET
HPOBOJIOKY 3JIEKTPHIECKOIl JaMIIBL.

Y MeXaHWIeCKAX YCTPOHCTB €CTh, KOHEYHO, U JPYTHe NHTCPECHbIe
cBoiicTBA, HaOpuMep, TaKue, KakK Macca (nmepuus). B snexrpuue-
CKUX TENsX, OKa3blBAeTCH, TOME CYIMECTBYIOT aHAJOTH HHEPIHH.
Mosxao moctpouth npubop, HAZEBaeMEIH uHIYKmMoOpOM, & CBOIICTBO,
KOTOPHIM OH 061ajiaeT, HocUT HasBaHNe Uxdykmuernocms. Tox, moma-
maroumuil B Takoil npubop, He rouem ocmanasiusambses. UTobs1 naMe-
HOTEL TOK, K DTOMY Hpubopy HYKHO OPHIOMKATH Pa3HOCTH MOTEHIH-
asnos. Ecan no mpubopy Teder NMOCTOAHHHIN TOK, To MAJeHHUA IO-
TeHnuasioB HeT. llenu ¢ HOCTOSTHHEIM TOKOM HHUET0 «He 3HAT» 00
HHIYKTHBHOCTH; >QPEKTH MHLYKTABHOCTH 00HADY/RUBAIOTCA TOND-
KO UpH usmenenuax toka, OmuuceiBaomee 91 9QHeKTH ypaBueHue
PAACHUT:

_ydl_,dq
V=L—5=L

o, (25.12)

a MHAYKTHBHOCTb A3MepseTcAd B eIHHHIAX, KOTODHEe Ha3HIBAIOTCS
eenpu (en). punomenrass k¥ mpubopy ¢ REAYKTEBHOCTEIO B 1 2n
pasHOCTH MOTeHNHANoB B 1 ¢ usMeHAer Tok Ha 1 a/cex. YpaBHeHUO
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(29.12), ecu xorure,— dAeKTpUYecKMii aHAXOr 3aKoHA HpoTOHA:
V cootsercrsyer F, L coorsercrByer m, a I — cKopocru!

Bce mocnenyiomue ypabmeHus, onmcmBalomme 0Ge CHCTEMEI,
BLIBOJSITCSI OJMHAKOBO, MOTOMY H9TO MBI LPOCTO MOKeM 3aMEHHTH
OyKBEL B ypaBHEHHM JJs ONHOH CHCTeMBI U HOJYIUTE ypaBHEHUS
IJIA ApyTOil CMCTeMBE; JI000# BHBOJ, CAeNAHHMIA IpH H3y4eHdH O]~
HOIl cucreMbi, OymeT BepeH M A APyroil cHcTeME.

Kaxoe aneKTpudecKoe YCTPONCTBO COOTBETCTByeT HpY:KuHKe,
B KOTOpOIl cmia MPOHOPUMOHAIbHA pPACTHKeHHio? EcjUM HadvaTh ¢
F=kxusamenurs FuaV,a r ua g, 7o nonyuum V=cq. MH y:e 3HaeM,
4TO TaKOe YcTpoilcTBO cymecTByeT; 0ojiee TOTO, 5To efHHCTBEHHEII
73 TpeX DJIEMEeHTOB Iend, paboTy KOTOPOro M moxmmaeM. MBI yxe
3HAKOMHJIKCEH ¢ Mapoil napajielbHHX IACTHHOK H ofHapy»Kuiu,
9T0 €M 3apAJUTH IIJACTHHKHM DPABHLIMYU, HO IPOTHUBOHOJIOKHEIME
00 3HAKy 3apsAgamu, To 10Jde MeKAY IIacTHHKaMH OyfgeT Hpo-
MOpIUOHAJIBHO BejudnHe 3apaga. Pafora, cosepmaemas npu He-
peHoce eUHEMIHOTO 3apA/a Yepe3 mMedb 0T OFHOH IJIacTUHKYA K ApY-
TOM, IPAMO NPONOpPHUOHANBHA 3apANY IIACTHHOK. dTa pabora CiIy-
JKUT onpedeseniiesm PazHOCTH MOTeHIMAJIOB U PaBHA JHHEUHOMY MH-
TErpaly 9JeKTPHYeCKOI'o TOJA OT OJHON IVIACTHHKH K JApYIOif.
Ilo meropudvecKu cloKHBIIMMCA TPHYMHAM IOCTOAHHYIO IPOIIOpP-
mHoHaJbHOCTH HasmBamwoT He C, a 1/C, T. e.

v==. / (25.13)

EquHuna eMKocTH HasbiBaercs papadoli (¢f); sapag s 1 kyaon, mo-
MeeHHLH Ha KayKRoH IUIacTHHKe KOHAeHCAaTOpa eMKOCTHIO B 1 ¢f,
co3JaeT pasHOCTh noTeHnuaaoB B 1 6. Bor Bce Hy)KHEIe aHaNOTHy,
Teneppb MOyKHO, 3aMeHMB m Ha L, g Ha x ¥ T. Ji., HAIUCAThL ypaBHe-
HHe s pe3oHAHCHOH meud

d? d
m = +ym = +ke=F, (25.14)
d’q dg | ¢ ,
L7i+RG+ 5 =V. (25.15)

Bee, uto Mbl sHaem o0 ypaBHenmu (25.14), MO)KHO NpPUMEHATH K
x ypasaermio (25.15). IlepeHocmTes kammoe caedcmsue; aHalo-
roB TaK MHOTQ, 9UTO C HX HOMOIBI0 MOJKHO CoeJaTh 3aMevaTelIbHLie
BeIIIL.

{IpennosioskuM, 9TO Mbl HATONKHYJHCHL Ha OYeHb CIOMKHYIO
MexaHHYecKylo CHCTeMY: MMeeTCs He OjHa Macca Ha IPY/KHHKe,
a MHOTO MacC Ha MHOTHUX IPY:RHHKAaX, U Bce aTo nepenyrano. Yro
nau gedatb? Pemats ypasrenus? Moskuo u rax. Ho nonpo0yeM coi-
paTh d4CKMPUUECKYI0 Helb, KoTopas 6yger omuchiBaThcd TeMH ke
ypaBHeHHAMH, YTO B MeXaHHYecKoe ycTpoiictBo! Ecam Mul cobpaducy
aHAJIHMBAPOBATH HBH/KEHHe MacChl Ha Npy:xkmHKe, IodeMy OB Ham
He co0paTb Lelb, B KOTOPO# WHIyKTMBHOCTL HpPOLOPIHOHATbHa
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Macce, CONpOTHBIEHEE IPOUOPIUOHANLHO mY, 1/C nponopnuonas-
HO k? Torja sieKTpudYecKas Lieilh, KOHeUHO, OyJeT TOYHEIM aHAJ0-
roM MeXaHHYeCKOTO YCTPoilcTBA B TOM CMEICIe, 9T0 Jdi000H OTKIMK
g Ha V (V cootBeTCcTByeT AeilCTBYIOMEN CHile) B TOUHOCTH COOTBETCT-
ByeT OTKIMKY * Ha cuay! Ilepemyras B menu BedMKoe MHOMKECTBO
CONPOTHBIEHAN, MAJYKTHBHOCTEH W eMKoctell, MOKHO IOJYYHTL
Henb, UMUMUPYOWYIO CIOMKHERIIYI0O MeXaHudecKyio cucTeMy. UTo
B 3TOM Xopoimero? Kaskjaa sagada, MeXaHWIeCKas WJIN DIGKTPHUC-
CKas, CTOJb K6 TPYAHA (MM JerKa), Kak U Apyras: BeAb OHU B TOY-
HOCTH 9KBUBaJeHTHH. OTKPLITHE 3/ieKTPAIECTBA HE IIOMOTJI0 PelluTh
mamemamuteckie Ypasuenus, HO JeJ0 B ToM, 4To Bcerja Jerue
cobpamdb pIeKTPAUECKy0 Lellb U U3MEHAMb ee IapaMeTphl.

[IpenmonosxuM, 4TO MBI OCTPOUAM ABTOMOOMIE M XOTHM y3HATH,
cHIBHO ¥ ero 6ymer Tpscru Ha yxabax. ColepeM aleKTpuYecKyio
nelb, B KOTOPOH HHIYKTWBHOCTH CKaMyT HaM 006 wHepuu# Kolec,
00 ympyrocts Kolle¢c IpejcTABIEHUE [AAYyT eMKOCTH, CONpPOTUBIIE-
HUA 3aMeHAT aMOPTU3ATOPH ¥ T. . B KOHIme KOHIOB MBI 3aMEHHM
aJIeMEeHTaMH Helu Bee dactu asroMobuinst, Temeps gexo sa yxaGamu.
Xopomo, noJafuM Ha CXeMy HanpsadceHue oT TEHepaTopa — OH CMO-
Aaer m300pasurh 000 yxal; maMepsas 3apAjg Ha COOTBETCTIBYIO-
meM KOHJGHCATOpe, MEI MOJydaeM TIpeJCTaBieHHe O pacKauKe
roneca. Mamepus sapsan (970 caeaaTs JIETKO), Ml peLinM, YTO aBTO-
Mo0HaAB TpAceT cauimkoM cuiabHo. Hago gro-1o cpenars. To mu oc-
nabHTh aMOpPTU3aTOpPH, TO ium ycuauTh ux. Heyswenum npuperca
mepefelnbBaTL aBTOMOOHMIE, CHOBa NpPOBepATH, KaK ero Tpscer,
a moToM cHoBa mepedeasiBaTh? Her! Ilpocto myxHO mOBeprEyTH
PYYRY conpormsieHusi: conporupienue momep 10 — aTo amoprm-
3aTOp HOMep 3J; TAK MOMKHO ycUIHTh aMoprHaamuio. Tpacer eme
CHIBHEe — He CTPAIIHO, MBI ocxabum amoprusartoph. Bece pasno
tpacer. VisMenuM yupyrocts upy:xussl (pyuka Homep 17). Tax Mul
BCIO HallagKy NpPOH3BeieM ¢ NOMOINBIO fieKkmpuyecmsa, MHOTO-
KpaTHHIM IIOBOPOTOM pyUeK.

Bor BaMm anaaozoeas swxucaumesvras mawuna. Tak HaseBaIOT
yCTpoMCTBAa, KOTOpbie WMHUTHDYIOT HHTepecylolmue HAC 3ajadqH,
OTIMCHIBAGMBIE TEMH jKe YPAaBHEHHAMH, HO COBCEM ADPYTOH IPUPOIHL.
OTH yCcTpoiicTBA JIETKO MOCTPOUTH, Ha HEX JeTKo IpoBecTu maMepe-
HOs, OTIaJdTh MX, H... pazodpars!

§ 5. Ilocredosameavroie U NGPAAACAOHBLC
CONPoOMUsIeHUR

O6GcyauM, HaKoHell, enle OJAH BaKHHI BOIPOC, XOTS OH HE COB-
ceM HOAXOJUT 1o TeMe, UTo Aeiarh ¢ DIeKTPUYeCKOll LeIbio, eclu B
Helt Maoro sneMenToB? HaupuMep, Kor'la HHIyKTHBHOCTE, CONPOTHB-
JleHWe A eMKOCTDh COeJMHEeHH, KaK IIoKa3aHo Ha ¢ur. 24.2 {crp. 148),
TO BCe 3apAAbl NPOXOAAT dYepe3 KaKABI U3 TpeX dJIEMEHTOB Tak,
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Due 25.6. Hunedancw, coedu-
HeHHble nociedveamenvro (a) u na-
paaseabHo (6).

II
Z
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9TO CBABBIBAIONIUI DJIEMEHTH TOK BO BCEX TOUKAX LeNd OUHAKOB.
IlockompKy TOK BCIOAY OfUMHAKOB, NajeHHe HANpPAKEHHA HAa COIN-
poruBlennu papHo /R, ma mrgykrusHocta pasHo L(dI/dt) u 1. .
[Monnoe najgenume HanpsKeHHA NOJydYaeTCA CYMMHDPOBaHHIEM dac-
CTHYHHIX MajieHuii, ¥ Mbl NpAXoxuM K ypasHeHmio (25.15). Mcenonn-
3y# KOMIUIEKCHble WHCJA, Ml pEHIHJIH BTO YpaBHeHMe B caydae
PABHOBECHOI'0 OTKJIHMKA Ha CHHYCOWM/ATBHYIO CHIY. Myl Hawm, 9TO
V=2ZI (Z uassBaercs umnedarncom menm). 3Hag uUMneAaHc, JErKo
HAITH TOK B Hemm 1, ecau K menu IpHIOKeHO CHHYCcOMJalbHOe Ham-
paskerne V.

HpeJJ{IIOJIO)RHM 4To Hy:xHO colparb Ooxee _CHOMRHYIO Helb Uz
ABYX KYCKOB, MMIIe[aHCHI KOTOPHIX PaBHEL 7, 9 Zg} COSTUHEM UX RO-
caedosamenvro ($ur. 25.6, a) ¥ NpUIOKUM Hanpmxerne. 4ro cay-
aurca? 3ajada HeMHOLO CIIOMKHee npeum}lyﬂleﬂ HO paso0paTses
B Heil HETPY/IHO: ecJli gepes 7, teder Tok I,, To majeHue HanpAKe-
HAA Ha 7, paBHO V1—I71, a OajleHue HaOpAKeHHA HA 72 oyner
Vz— IZZ. Yepes oba saemenma yenu meuem odurnarosuti mox. llos-
HOe TajeHHe HAUpPsKeHUs BAONHb TAKOH HelUd pPaBHO f/=f/1—l—V2=
=(Z1+Z,) I. Taxum o6pasoM, NafieHHe HAIlpSIKEHUA B TAKOW meun
MOKHO 3aTHCAThH B BHJE szis, a Zs—— UMIIelaHC CHCTEMBI, COCTaB-
JEHHON U3 ABYX TOCJef0BATeJIbHO COBIUHEHHEX DJIEMEHTOB, paBeH
CYyMMe WMIIeAHCOB OTAENBHBIX DJEMEHTOB

Zs:21+7:2' (25.16)

Ho s1o He egumcTBeHHbI ciocod pelredns Borpoca. MoxHO co-
eJUHIITH OT/IeJbHEE DIEMEeHTH hapaaaesvro (fur. 25.6,6). llpu Ta-
KOM COeJUHEHHH, ecIy COEMUHMTEIbHBE NPOBOJA CUMTATL HIealb-
HBIMH OPOBOJHHKAMM, K OOOUM 3JIeMEHTAM IPUIOMKEHO OJMHAKOBO®
BHelIHee HANPSIKEeHHE, a CAJla TOKA B KayKJZ0M dJjleMeHTe He 3aBHCHT
or apyroro axeMenta. Tox uepes Z, paser [,=V/Z,, Tok B Z, paBes
1,=V|Z,. Haups:xenne B o60oux cIydaax odunaxoso. Iloamsiit ToK
Yepes KOHNH IeMy paBeH CyMMe TOKOB B OT/[EJbHBIX YacTAX LeNH:
I1=V|Z,4V]|Z,. 910 MoxHO BamucaTh H Tak:

I - ~

sz*,\—:“':] VA .
Wz,)+(tjz,) ~'1°F
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Taxum ofpasom,
+ZL . (25.17)

Muorue clioiKHEE IIeNH HHOTa CTAHOBATCA 0ojiee MOHATHHIMH,
ecld pacdJeHHTh MX Ha KYCKH, BHIACHUTH, Y€MY PaBHHI HMIIEJAHCLE
OTJEIBHBIX dacTell, a 3aTeM HIaT 3a [IATOM CIEJUTH 32 COeMHEHHeM
vacTell, HOMHA 0 TOJBKO UTO BhIBeJeHHLIX npaBuiaX. Ecau Msr co6-
paid penb u3 OOJNBIIOTO YHCJA NPOM3BOIBHO COEANHEHHBIX 3Je-
MEHTOB H CO3JaeM B 3T0il mell:n pasHOCTH NOTeHIMAJIOB HPH IIOMOIIM
HeGOIBIINX TeHePaTOPOB, HMIIEAAHCOM KOTOPHIX MOKHO IpeHebpedn
(xorsa 3apsay NPOXOJHUT Yepes TeHepaTop, TO NOTEHIIHA BO3PACTaer
ma V), To Opu aHaJIn3e HeNH MOKHO HCUOJIb30BATH TAKHE IPABHJIA:

1) cyMMa TOKOB, HpoOTeKalomuX depes n00oe coefuHeHNE, paBHA
HYT0; BeAb NPUTeKWAN K T060MY COAMHEHHIO TOK TOJDKEH
0053aTe/IpH0 BHITEIL U3 HETO;

2) ecam 3apsj, JBUTafich 110 3aMKHyTofl meTie, BepHYJICA B TO
MecTo, OTKY/A Hawal HyTellecTBie, IOJHAA padoTa HOJmHa
ObTh paBHA HYIO.

OTu mpaBusia HassBalTCA dakonamu Huprzoga. Cmeremarude-
CKoe IpuMeHeHHe ITHX HpaBHI dacTo ofjerdaer aHaims paboTst
crnoxEMX menedl. Mo k HuMm BepHeMmcA, Korga OymeM TOBODHTH
0 3aKOHAX 3JIEKTPHYecTBA.



