IIpunoxenus

3agauu Kk raase 1

1.1. Ynpyeui ydap'. n paBHbIX Macc M pacionoKeHsl 0 IPAHOM JTHHUM
ofiHa Bo3ie Apyroii. CieBa Mo HUM OJTHOBPEMEHHO YAapAIOT ABe Macchl M, Kaus-
Jafg co CKOPOCTHIO v. 3aKOHbI COXpPaHEHUHA dHEPruu U UMITYJIbca, 0YeBUIHO, Oy Iy T
YIOBIETBOPEHBI B TOM Clyuae, eClIH [Be Macchl cileBa IepegaayT CBOIO CKOPOCTh
IBYM INOCIeJHUM MaccaM crnpaBa. [lokasaTh, YTO 5TH 3aKOHbI HE MOTIU GbI BbI-
HNOJTHATHCA, ecay GbI Gbl1a BHIONTA TOJBKO OJHA Macca cIpaBa WM eclH Gbl IBe
Macchl cIpaBa NPUILIYA B JBUEHUE C Pa3TUUYHBIMH CKOPOCTAMU V1, V2.

1.2. Ynpyeuii yoap 6 cayrae nepasnvix macc. JomycTum, 4TO HOCIEIHAA Mac-
ca m MeHbllle ocTalbHbIX Macc. [IycTh cieBa ynapsaeT macca M co CKOPOCTBIO Vg.
IMokasaThb, 4TO, B CUIy 3aKOHOB COXPAHEHUA HEPrUU U UMIIYIbCa, HEe803MONHCHO,
4TOoObI B JBUKEHUE TPUIILIA MOAbKO 00HA macca m. JlomycTuM, Aanee, 4To clipaBa
OPUXOIAT B [BUEHME TOIbKO JIBE MacChl; KAKOBBI Oy Iy T MPU 3TOM UX cKopocTu?

1.3. Ynpyeuit ydap 6 cayuae nepasnvix macc. llocnennas macca cnipasa M’
6oablle ocTaabHbIX Macc. COenaB Te ke JOMyIeHHA, YTO U B 3ajave 2, HY?KHO,
0JHaKo, y4ecTb, UTO IpeANocIeIHAA Macca clipaBa epejaeT CBO UMITYJIbC BIEBO.
KaroBel ckopocTy Macebl M’ 1 niepBoit Macebl M, pacmofioAieHHOI Ha JIeBOM KOHIle
npamoit? Urto npousoiiner, eciu macca M’ ouyenb Bennka?

1.4. Heynpyeoe coydapenue saexmpona ¢ amomom. IeKTPOH, 061anaI0MU
Maccoif m U CKOpOCTbIO v, y/lapAeTcA o NokoAmuiica atom Maccel M. Ilpu atom
aToM Bo30y#JaeTcd, T.e. IepexoduT U3 OCHOBHOI'O COCTOAHMA B folee BhICOKOE
SHEPreTUYecKoe COCTOAHUE (Pa3HOCTb COOTBETCTBYIOMUX SHEPreTHUECKUX YPOB-
Heii paBHa W). KakoBa MUHUManbHasA HavalbHasA CKOPOCTh Uo MEKTPOHA, HEO0G-
XoAuMas [UIfl 5TOT0 BO30Y:#AeHUA aTOMa, €ClIH yaap HeHTpalbHbIA?

Haxogum KBagpaTHble ypaBHEHUS OTJeJNbHO HJIA KOHEUHOU CKOPOCTHU 3JeK-
TpoHa v 1 atoma V. 113 Tpe6oBaHUA BelleCTBEHHOCTH KBaJpaTHOT0 KOPHA, BXOA-
Iero B pelleHUsA 3TUX ypaBHEHUI1, onpeefieM MUHIMAIbHYIO BEIUUUHY Vg. ITa

M
BeINYMHA HECKONbKO Gonblue (BIpoYeM, BBHIY COOTHOLIEHUA Macc o > 2000,

9TO IIpeBblIIEeHHE HeHabJIogaemMo ME‘l.TIO)7 4yeM MO#KHO ObLIO Obl oxugaTb, UCXOOA

lPexomenyeTca M3yuvalolleMy 3Ty KHUTY CaMOMy IPOM3BECTM OMBITHI, OMHMCAHHBIE
B 3agauax I.1.-I.3., ¢ noMombio MOHET Ha riIaJKoi [MOBEPXHOCTH WU yNPYTHX IIapos,
HaHU3aHHBIX HAa HUTb TaKUM 06pa3oM, UTOObI B COCTOAHUM NOKOA OHU CONPUKACAINCD.
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TONBKO U3 3aKOHA COXpPAaHEHUA HHEPTHUU, T.€. TpeGyd, YTo6bl HayadbHaA KUHETU-
yecKaf 9Heprud 3IeKTPoHa Oblia He MeHblne W.

Ecnu e ypapsiomas yacTula uMeeT TaKylo ke (MIN NPUOAM3UTEILHO Ta-
KYIO #e) Maccy, Kak yaapfAemas 4acTHlla, TO BelM4WHa MUHUMAIbHO Heo6XO0au-
MO} SHepruy HoiaydaeTcA BABoe Goabile (MIN HPUGIN3UTENLHO BABOe Goablle),
yeM HY3HO ObLIO 0KHAaTh 10 3aKOHY COXPaHEHUf SHEpPruu.

1.5. Paxema das noaema na Jyny. Pakera ¢ HempepbIBHBIM HCTEYEHHEM
MOPOXOBBIX I'a30B JIETUT BepTHUKAaIbHO BBepX. CKOPOCThH MCTeYeHUA ra30oB OTHO-
CUTEIbHO PaKeThl @ M Macca BbITEKAIOMNX B CEKYHAY IOPOXOBBIX ra3oB p = —1i
npefnojaraloTc NOCTOAHHBIMU BO BpeMeHH. [[BUrieHHe coBepuiaeTca 06e3 Tpe-
HUA [PU HOCTOAHHOM YCKOPEeHHMH cHuibl TAxecTH g. CocTaBUThL ypaBHeHHe JBH-
JKEHUA U NPOMHTErPUPOBaTh €ro, CUMTasA HadalbHYIO CKODOCTh pPaKeThl y IoO-
BepXHOCTH 3eMiIM paBHoil mymaio. Ha kakoit BeicoTe GyneT HaXoAUThCA paKeTa

yepe3 t = 10; 30; 50 cer, ecau p = ﬁ HavaabHOI Macchl mo 4 a = 2000 x/cex?

1.6. Iadenue eodanoit wanau e nacviwennoll ammocgepe. lllapoobpasnan
BOJIfIHAA KalllAd NajaeT 6e3 TPEHUA IOJ BIMAHHEM CHUIbI TAMECTU B aTMocdepe,
HacblIleHHO! BOJAHBIMM mapamu. IlycTb u Hauvaine aBueHus (t = 0) ee panu-
yc =c¢, a ee CKOPOCTb = vg. BeaencTBue KoHOeHcanuy, Kaluld HUCIBITBIBaeT He-
npepbIBHOE NpUpalleHrne Macchl, IPONOPIMOHAILHOE ee IOBEPXHOCTH, U, ClIeJ0Ba-
TelbHO, IpUpalleHne paanyca, IpoHopluroHalbHOoe BpeMeHu. [IpouHTerpupoBaTh
nuddepeHnnanbHOe ypaBHeHHe NBUKEHUA, BBEA I BMECTO ¢ B KauecTBe He3a-
BHCHMOI1 IlepeMeHHOi1, U [I0Ka3aTh, UT0 B ciy4ae ¢ = ( CKOPpOCTH paBHOMEPHO
HapacTaeT cO BpeMeHeM.

1.7. Iadawwas yens. CBepHyTas 1eNb JIeUT HA KPalo CTONA, IPUYEM BHa-
yaje OQHO 3BEHO €N HENOJBHKHO CBEUIMBAETCA CO CTOMA. 3BEHbA IENH MO OJI-
HOMY BOBIE€KalOTCA B JIBUKEHMe; TPeHUe He NPUHNMaeTcd Bo BHUMaHuUe. Teope-
Ma KMBBIX cHi (B ee 06bIUHOI (OpMe) B paccMaTpHUBaeMOM cilydae He ABIAETCA
WHTEerpajioM ypaBHeHUA [BHUKeHUA. 3[echb B GalaHce SHEPIUU HYKHO y4ecTh, CO-
riacHo TeopeMe KapHo, moTepio sHepruu npu yaape.

1.8. MMadawowuii xanam. Kanat niauHoii [ cockanb3blBaeT ¢ HEMOABUKHOII T'o-
PU30HTAILHON MOJCTABKM, C KOTOPOM K Havaly NBUMEHUA CBEIIUBAICA OTPE30K
KaHaTa IJIWHON To; ¥ — AJMHA BepTUKAIbHO BUCAINIEH YacTU KaHaTa B MOMEHT
BpemMenu t. KaHaT He monaeH okasbiBaTh conpoTuBienusa usrudy. [lokasaTh, 4To
3aKOH coxpaHeHUA 3HepruM B popMme T+ V = const ABIAeTCA MHTErpajioM ypas-
HEHUA JBUMEHNA.

1.9. Veropenue Jlynvt nod deiicmeuem semmozo npumsdcenus. Paccroanue
JIyHpI OT 3emiuu cocTaBiafgeT npubau3uTenbHo 60 3eMHbIX paguycoB. Op6ury Jly-
Hbl CUHMTaeM KPYTOBOii; BpeMsA o6pallleHUA IojaraeM paBHbIM 27 cyTKaMm 7 4a-
caMm 43 munyTaM. OTcIoZa MOKHO ONpelelUTh ycKopeHHe JIyHbI [0 Hampasie-
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HHUIO K 3emie (LEHTPOCTPEMUTENbHOE ycKopeHue). CpaBHEHNE 3TOr0 YCKOPEHUA
C YCKOpeHUeM, BbIUMCIEHHBIM U3 3aKOHa BCEMUPHOro TAroreHusa HrloToHa, ABU-
JOCh NEepPBBIM MOATBEPH/IeHUEM MPAaBUILHOCTH 3TOr0 3aKOHA.

1.10. Momenm cuavt rar esexmopuas eeauduna. IlycTh B HTPAMOYTONdb-
HOI cucTeMe KoopauwHAat (x, Yy, z) TOYKa mpuioxeHud cuiabl F nana paguycom-
BekTopoM r. IloraszaTh, uTo MomeHT cuiabl F oTHOCUTelbHO Hayajla KOOpJWHAT
cHUCTeMbl TIpU Tiepexofie K ApyToil cucteme ortcuera (', y', 2'), nomydyenHoit us
[epBOii Iy TeM II0BOPOTAa, IpeobpasyeTca KaKk BEKTOP, T. €. TaK e, Kak r (&, y, 2).
IIpu aToM mpeanonaraemM, 4To paccMaTpUBaeMble CUCTEMbl KOOPAUHAT ABIAIOTCA
o6e 160 npaBbIMHU, 1100 JE€BbIMU.

1.11. TI'odozpad deuscenusn naanemsl. Kar ciexyer us ypasaenuii (6.5), npu
A = 0 rogorpad JBUMEHNUA IIAHETHI ONpeJeNAeTCHA ypPaBHEHUAMU:

. GM .
E=x=— C sin p,
. GM
n=y=+ Ccose + B
(M — wmacca Connua, C — moCTOAHHaA IUIomane, ¢ — WUCTHHHAA aHOMAIWA,
cp. puc. 6). llokasaTsb, 4yTo op6uTa NpeAcTaBIAET CO60M runep6oILy WIK 3ILIKIC,
B 3aBHCHMOCTH OT TOro, HaxogutcA au «momocy € = n = 0 rogorpada BHe

UINW BHYTPHU IIOCI€eJHEero, M oxXxapakTepu3oBaTb IIpedejbHble Cly4dau HapaﬁOJIbI
U OKPYHMHOCTHU TaKe B 3aBUCUMOCTHU OT IIOJIOKEHHUA I3TOro IoJjaroca.

1.12. Tpaexmopuu napaaieavrozo nyika 21eKmMpoHo6 6 nose UOHA U 02uba-
owasn smuxr mpaexmopui. Ha moxkosamuiica nonusuposauusiii atom A (3apsan E,
Macca M) mocienoBaTeabHO (BO BpeMeHM) NMajaeT U3 GeCKOHEYHOCTHU Mapaiielb-
HBII IIyYOK 3T€KTPOHOB (3apfl e, Macca m) cO CKOPOCTBIO Vo. B Kakyio okpecT-
HOCTh aToMa BooGIle He MOTYT IIONAcTh 3JIEKTPOHBI, €ClIU 3HAKH 3apAlnoB e U F
OJMHAKOBbI?

[Ipumem HampaBieHHe MafalOUMX YacTHIl 3a OCh U OyJeM paccMaTpUBaTh
BOIIPOC O JBUKEHUU JIEKTPOHOB Kak IIOCKYIO 3ajady, jJdyulle Bcero, UCXold U3
YpaBHEHHMA TPAeKTOPUM YAaCTUIbl B MOJIAPHBIX KOOpAMHATax ¢ A B KauecTBe MO-
JqI0ca CHCTeMbl KOOpAWHAT M ¢oKyca rumnep6oimnyeckoii Tpaektopuu. ['panuneit
HCKOMOIi o6macTu GyaeT orubaiomas Bcex TpaekTopuii. BBugy toro, uro M > m,
HOoH A MoeT paccMaTpUBAaTbCA Kak HENOABUMKHBIN.

[TorasaTh, yTo ecau 3apAnbl € U F MMelOT NPOTHUBOIOIOKHbIE 3HAKH, TO
XOTH YCIOBHUA OrMOGaHuA U 1aloT (KamymuMcA 06pa3oM) Ty e IpaHully NCKOMOM
o61acTu, HO 3Ta rpaHuIia He UMeeT GU3NUYECKOro CMbIca.

1.13. Sanunmuueckas mpaexmopus e noie ueHmpaavHol CuAbl, NPAMO NPO-
nopyuonaavroll paccmosaruio. IlycTs Macca m HaXoZMTCA HOX NeiCTBUEM CHIBI,
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HalpaBleHHON K HeroBUKHON Touke O (HEHTPalIbHON CHUIIbI)
F = —kr

(r = O_n)z; k=const). IlokazaTh, 4TO A1A ABUMKEHUA Macchl M CIpaBeIUBBI Clle-
Jyloliye TPU 3aKOHa:

1) m omuceIBaeT 3MMHUIC C EHTPOM B Touke O.

2) Pagmyc-BeKTOp I B paBHbIe IPOMEMKYTKHM BPeMEHH OIKCHIBA€T PaBHbIE
IIomamiy.

3) Bpems o6pamenus T He 3aBUCUT OT GOPMbI IIUNTUIECKOH TPaeKTOPUH,
a 3aBUCHUT TOJBKO OT 3aKOHA CHIIBI, T.€. OT k U Macchl m.

1.14. Pacwenaenue adpa amoma aumus (Kupxuep, 1933 r.). Ecau sagpo
aToMa BoJopoja (IIPOTOH, Macca my) CO CKOPOCThIO ¥, HomafaeT B AApo Li” (1u-
THH, aTOMHBIH Bec 7), TO MOCIeJHee pACIIeIIAETCA Ha JBe anbda-yacTuns! (Mac-
ca ma = 4mp), KOTOpBle pasieTaoTcAd MOYTH (HO He TOYHO) B JUAaMeTPalbHO
IPOTHBOIOJIOMHBIX HanpaBieHUAX. 1A ciydas, koraa aabda-dacTULbI pa3ieTa-
IOTCA C paBHBIMU CKOPOCTAMHU CUMMeTPUYHO OTHOCHTEIbHO HallpaBleHUA «yaapay,
BBIUMCIUTDL YTOl 2¢ uX pasiaera. Ilpu 3ToM Hy#HO IPUHATL BO BHUMaHHe, 4To,
KpoMe KHHeTH4YecKoil sHepruu Ej, mpoToHa, B paccMaTpuBaeMoM cilydae Gury-
pupyer eme sHeprua W, ocBofogaiomanca IpH pacilelUleHUN U onpejeifeMasn
nedperToM Maccwl, npuyeM W ropasgo Goabine, yeMm E,. dta sHeprua W Ttak-
e nepejaercA aabda-yactunaMm. B okoHuaTenbHble GOPMYIIBI IA COS ¢ BXOOAT,
KpOMe Macc my, U M., KUHeTHYecKasa sHeprud nporona E, u sHeprua W.

B NpUHATHIX B aTOMHOi huU3MKe eauHUIAX s3Heprun W = 14 - 10%eV (s1ek-
TPOH-BOIbT). Kak BelMMKM OBLIM CKOPOCTH ¥, M YTOX 2¢ B ONBITE, B KOTOPOM
KUHeTH4YecKas 3Heprus nporona E, = 0,2 - 10%eV?

1.15. [enmpaavnoe coydapenue nedimponos ¢ amomuvimu adpamu; deticm-
sue napagunoeozo 6aoxa. HeiiTpoHb! IUIIL BecbMa clabo TOPMO3ATCA CBUHIIOBOM
naacTUHOi TonmuHoi B 50 ¢M, B TO #e BpeMfA OHM IOJHOCTBIO 3aJiepUBalOTCA
croem napaduHa B 20 cM. 9To oObACHAETCA TeM, YTO IPH LEHTPalbHOM yHaape
KMHeTHUYecKas sHepruA HeiTpoHa (Macca m = 1) MOIHOCTBIO NepefaeTcA 0OJHOMY
13 BOJOPOJHBIX Anep napaduna (Macca nporona M = 1), Torja kak Afpy CBUHIA
(macca M2 = 206) He nepenaeTcA CKONbKO-HUOY b 3aMeTHasA aHeprus. llocTpouts
KPHUBYIO 3aBUCHMOCTH KMHETHYeCKOH 3Hepruu, npuoGperaeMoil nepBOHAYalbLHO
MOKOAIMMCH aTOMHBIM AApoM (Macca M) npy LeHTpalbHOM COYAapeHUH C HelT-

M
poHOM (Macca m), OT Be€JMYMHbBI OTHOIIEHUA m:

1.16. Ypasnenue Kenaepa. BpemeHHoOI X0/ npoliecca ABUEHUA IIAHETHI 110
ee opb6uTe omnpepensercd B AuddepeHUaNIbHON hopMe 3akoHOM Iutomanei. [las
TOro YToGbl MONYYNTh 3aKOH JIBUKEHHA B KOHEUYHOI ¢popme, MozkHO, o Kemaepy,
HOCTYHHUTD clefyomuM o6pazoM (puc. 55).
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Ha Gonbmoit ocu KelllepoBa aiiuIca Y
KaK Ha IMaMeTpPe CTPOMTCH OKPYHHOCTD.
IlnaneTe, HaXoJAMENHCA B MOMEHT ¢ B TOY- K
ke F, conocraBinserca Ha 3TON OKpy#HOC-

TH Touka K, MMelomasa B cCHCTeMe KOOp-

IWHAT, COBNAjalollell ¢ rIaBHBIMH OCAMHU /T(
sllIMICca, Ty e abcuuccy, 4To U Touka E. i
Toura E 3ajgaeTcs NOIAPHBIMU KOOPIHMHA-
Tamu 7, ¢ (nomoc S), Torga Kak Touka K,
3afaeTcd MOIAPHBIMU KOOPJUHATaMHU @, U
(momoc M). Takum 06pa3oM, K UCTHHHOI
aHoMaluM ¢ A0GaBiIfeTCH DKCLEHTpHUYec-
Kaf aHomanusA u. (Mpl oTcunTBIBAEM, KaK  Pyc. 55. Kemneposo mocTpoeHHe
B TeKcTe, 00e 5TW aHOMalMM OT adeldf cpegmeii aHOMaluM u U ee CBA3b
B HallpaBIeHWH IBUKEHUA, B OTINYME OT ¢ yCTHHHON aHOMaiHeil ¢
acTPOHOMOB, OTCUMTBHIBAIOMIMX WX OT IIe-

pureius, KOHeuHO, TaKk#e B HallpaBleHUU IBUHEHHA IIaHEThI.)

Koopaunate! 1 y mianeTs! F MO#HO BBIPa3UTh, C OJHOI1 CTOPOHBI, Yepes T,
¢ 4, ¢ OPYTOii CTOPOHBI, U3BECTHBIM 06pa30M, Uepes MOIyoCH 3JIINICA U BKCIEHT-
pUYECKYIO aHOMAJUIO U, TaK YTO 3afaHueM Touku K ompejenfercs Takike U TOY-
ka E. Torpa mponecc aBuskeHHA Toukd K, 10 OKpysHOCTH GygeT MPOUCXOJHUTh
coriacHo 3HaMeHUTOMY ypaBHeHuto Kemuepa:

U o=0 u=0
P\ S M, L A x

nt = (u — esinu).

3}18(3{) € O3HayaeT YHUCIEHHBbINA OKRCUEHTPUCHUTET NAUNTUUYECKON OpﬁI/ITI)I,

_VGM _ C

- a3 - (lb7
uusa, M — macca Coanna, C — mocToAHHaA Mmiomanei.

Jlna BeIBoga ypaBHeHus Kemlepa Hy#HO UCXOOUTb M3 ypaBHEHWA 3JLIMIICA
B IOJAPHBIX KOopAuHaTax, 6epda S 3a momoc u paguyc-Bektop SA (Coanne —

abennit) — 3a MoAApHYIo ock [«napamerpy p = a(l — 2)]:

N
(1—€cosgp)’

rge a, b — IIoJaqyoCcHu dJIIHIICa, (G — mnocToAHHAA TAroTe-

r =

Ecau MbI ¢ noMoIbIo YKa3aHHBIX Bbllle GpopMy Ipeo6pa3oBaHUA BBeeM u BMec-
TO (, TO NOIYYUM YpaBHEHHeE:

r =a(l+ ecosu).

uddepennupyd oba MpUBeAeHHBIX BbIlle yPaBHEHUA, UCKIIOYAA © U , 8 TaKkKe
UCIOIb3YA 3aKOH IUIomaaeil U cooTHomeHusa (6.8), Mbl, B KOHIle KOHILIOB, MyTeM
HHTerprupoBaHuA MOIY4YUM ypaBHeHHe Kemiepa; mpu 3ToM Hajo elle yCIOBUTbCA
OTCYeT BpeMeHU HaYMHATh C adenus.
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3agauu k riaase I1

I1.1. Hezoaonommuwie ceasu npu ravenuu xoseca. Komeco ¢ ocTpbIMU KpaAMu
(papuyca a) KaTuTCA 63 CKOIbMEHUA IO MEPOXOBATOMY IIOCKOMY OCHOBAHUIO
(nanpumep, 06py4 Ha raagkoit MocToBoit). [looxeHNe Kolleca B Ka /bl TaHHBIN
MOMEHT BpeMEHHU ollpefieifieTcA 3alaHUeM ClIeIYyIOIUX BeIUYNH:

1) KoopAMHAT x, Yy TOUKM KacaHWA Koleca ¢ OCHOBAaHMEM B HPAMOYTONbHOMN
cucTeMe KOOpAWHAT T, Y, Z, INIOCKOCTb XY KOTOPOH coBIajaeT ¢ ILNIOCKOCTBLIO
OCHOBaHUA,

2) yraa 9 MemIy OCbIO Koleca M 0ChIO Z,

3) yraa 1), o6pa3oBaHHOr0 KacaTelbHOU (IMHMEH MepeceyeHMA II0CKOCTH
Kolleca C [UNIOCKOCThIO OCHOBAaHHA) U OCBIO I,

4) yraa ¢ MemIy pajnycoM Kojeca, NPOBEIEHHBIM B MIHOBEHHYIO TOUKY
KacaHWA, U IPOU3BOJIbHBIM, HO (PMKCHUPOBAHHBIM paJMyCOM; 3TOT YT0J MOKHO
O0TCYUTBIBaTh, HallpuMep, B HallpaBJIeHUU BpalleHUA.

Tarum o6pa3om, KaTAleecHd Koleco UMeeT AT cTeneHeil cBO60bl B KOHEU-
HOIf 06jacTy. JTa NMOABUKHOCTD Kojleca, 0JHAKO, OTPaHUYNBAeTCA yCIOBUEM UHC-
TOro KayeHus (6e3 CKONbKEHNA), BBI3BAHHOI0 TPEHUEM CLEILIEHUA MemAy Kole-
COM U OCHOBaHMEM; efiCTBUTEIbHO, IPU KaYeHNUU Kojleca B MITHOBEHHOM Halpas-
JIeHUU IyTh, NPOIAEHHBIN BIOJbL KacaTelbHOU, NOMMeH ObITh paBeH 0s = a dyp.
IIpoekTUpyA Ha ocH, HOTYYUM CIeIYIONIME YCIOBUA CBA3K A MepeMelleHnit 0,
dy u do:

dr =acostpdp, dy =asinydp. (1)

CnenoBaTenbHo, B GECKOHEUYHO Manoil 061acTH KaTAlleec KOIECO HUMeeT
TOIbKO TPU CTENEHH CBOGOMBI.

llokasatb, 4yTo yciaoBudA (1) He MOryT ObITh CBeIeHbI K ypaBHEHUAM, CBA3bI-
BAIOIMM KOODAMHATHI. A 5TOro HyHO [JoKa3aTh, UTO CYLIeCTBOBaHHE COOTHO-
wenuit f(z, y, ¢, 1) [Bexp ¥ ne Bxomut B (1)] ogHOBpemenHo ¢ yciaoBuamu (1)
BeJeT K MPOTHBOPEYHIO.

I1.2. Ipubauoxennwdi paciem maxosura odnoyuaundposoil nopuineeol na-
posotl mawunst deotinozo deticmeus (cMm. Tarme §9).

(«IBoitHOE meficTBHE» 03HAYaeT, YTO Map MONEPEMEHHO NofaeTcA 1o 06e CTo-
POHBI NOPLIHA, TaKk YTO pa6oTa NPOU3BOJUTCA KaK IIPU NPAMOM, Tak U IpU 06-
paTHOM Xofe IOPIIHA.)

Ecau MbI 118 IPOCTOTHI IPUMeM, YTO JaBlIeHHe 1apa BO BpeMA Ka#/JI0ro xozaa
IOPIIHA OCTaeTcA HeM3MEeHeHHbIM (MapoBas MalliHa 6e3 paclIMpeHHs), a JIHHY
HIaTyHa [OJ0KUM GeCKOHEYHOI, TO 38 BpeMsdA MOJOBHHBEI 060poTa (OT MepeaHero
710 3aJlHETO MepPTBOro IO0J0eHUA KPUBOIIMIIA, T. €. Me/Jy MOMEHTaMU HaXok/Je-
HMA HOPIIHA y COOTBETCTBEHHbIX OCHOBAHUIl LUIMHApA) KPYTAMUIA MoMeHT M,
NepejJaBaeMblif NMOpIIHEM Ha Bal, MeHAeTCA B 3aBUCHMOCTU OT yIJja IIOBOpPOTa
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KPHUBOIIUIIA ( COTIacHO popmyiie
M = Mysinp

[cp. dopmyny (9.5)]. 3necs Mo — MOCTOAHHASA; YTOT ¢ OTCYUTHIBAETCA OT 3afHe-
ro MepTBOTO TOJOEeHUA B HallpaBleHU! BpameHud. Bo BpeMA BTOPOH MOIOBUHBI
xofia (OT mepeHEero [0 3aJHero MepPTBOrO MOJOMKEeHHA) KPYTAMMUNA MOMEHT IpH
clleaHHBIX BbIIE JONMYIEHUAX (MMeHHO: 1) MamuHa ABOHHOro neicraus, 2) or-
CYTCTBHE pacuIMpeHus, 3) MaTyH 6eCKOHEUHOH JINHbI) U3MEHAETCA 110 TOMY #ie
caMOMy 3aKOHY; IIPH 3TOM YTOJ (p Hy#HO OTCUUTBHIBATL OT IE€peJHero MepTBOro
HO0JI0$€HNUA B HalpaBleHUU BpalleHHA.

[lycTh Harpyska MalUHbI 3aa4a MOCTOAHHBIM MOMeHTOM W, cOOTBeTCTBY-
foIUM MomHocTd N Jom. cui npu n 060poTax B MUHYTY. BeremcTsue Hermo-
CTOAHCTBAa Bpallalollero MoMeHTa M HpM HeM3MEHHOM MOMeHTe Harpysku W
yrioBasg CKOPOCTh BpallleHUdA Bala Kolde6IeTCA MekIy HauGoNbIIUM 3HauyeHHueM
Wmax Y HAUMEHBIIUM 3HAYEHHEM Wmin OKOIO CPEeJHEro 3HaYeHUA Wy, KOTOPOE
NpUBIUAEHHO TONOAUM PaBHBIM
w,, = Ymax T Wmin

2
HasnaueHue MaXoBHKa COCTOUT B TOM, YT0Obl He [JOMyCKaTh POCTa OTHOCHUTENlb-
HOro KoJeGaHMA yucia 060pOTOB, TaK HA3bIBAEMOH (CTENEeHM HePaBHOMEPHOCTH»

§ = Wmax + Wmin
Wm 9
BbIIlé yCTaHOBIEHHOro npefeina. KakoB monseH GbITh MOMEHT HHepLHH TpPeGy-
€MOro MaxoBHKa, €ClIM IpeHeGpeub MHEPLUOHHBIMH BO3EHCTBUAMH OCTaIbHBIX
OBUMKYIUXCA Mace (MOPIIHA ¢ HOPIIHEBBIM IITOKOM M KpeifnkondgoM, maTyHa,
KpuBomuna)?

I1.3. IlenmpoGennan cura npu yseauuernol ckopocmu epaujeHus 3emau.
C Kakoil CKOpOCTBIO HOJ#HA BpamaTbcA 3eMiA [AIA Toro, 4YTob6pl Ha 3KBaTOpe
CUJIa TAMECTHU U LeHTPoGeskHasA cuila B3auMHO yHUUTOanuch? KakoBa Gblina Gbl
IPH 3TOM NPOJONKUTEIBHOCTE CYTOK?

I1.4. Onwm Iozeendopda c secamu. Ha oaHOil cTOpOHE KOpOMBICIA BECOB
yKpenneH (6e3 TpeHUsA) HEBECOMBIH DOIMK; Uepe3 POIHMK IepeKuHyTa HUTh F,
HecyIas Ha OOHOM KoHIe rpy3 P, a apyrom, kak B MamuHe ATByja [JIfA Uccle-
IOBaHUA 3aKOHOB NajeHus, rpys P + p (p — maublii qoBecok). Buavane rpys p
npuKpemed HUTbIO F' kK ocu poauka. Ha apyroii cTopoHe BecoB rpy3bl ypaBHOBe-
muBaioTca. Benen 3a sTum HUTH F nepesmuraerca. Tpe6GyeTca onpefeluTh:

a) C KaKMM YCKOpeHHeM MOJHUMAIOTCA MM OmycKaloTcea rpyssl P u P + p?

6) OTKIOHAETCA ¥ NPU 3TOM KOPOMBICIO BeCoB?

B) Kakoe HaTAmeHue meiicTByeT B HUTH F'?
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I1.5. Yeropenno Odsuscywasca narxaonnas naockocms. Hawriaowsasa mmoc-
KOCTb JIBU?KETCA B BePTUKAIbHOM HallpaBlIeHUH, COTIacHO 3aJJaHHOI 3aBUCHMOCTH
oT BpeMeHH. [lo 3Toii HAKJIOHHOI NIOCKOCTH CKOIL3UT 6€3 TPEHUA Telo Macchl M.
HccnenoBaTh ABUeHMeE 3TOTrO Tella, B YaCTHOCTH, AJIA cIydas JBHMEeHHA HaKJIOH-
HO# TNIOCKOCTH C NOCTOAHHBIM YCKOpeHHeM =+g.

I1.6. IlenmpoGedxcrble momenmb. NPU PAEHOMEPHOM EPAULEHUL HECCUMMETL-
puino20 meaa soxpye ocu. HecuMmeTpuyHoe Tejlo paBHOMEPHO BpaliaeTcA BOKPYT
ocH, KOHI[bI KOTOpoit A u B HaxogAaTcA B mogmunHukax. Rakue peakuuu A u B
BO3HUKAIOT B MOAMUNHUKaX? OnpeaenuTb 3TH peaknuu mo npunnuny /laraméepa
NoKa3aTh, YTO OHU 0GYCIOBIEHbI IPUIO#KEHHON B I[EHTPE TAMECTH PaBHOJEHCTBY-
oleil eHTPOOEeKHOM CHIIbI U Pe3YIbTHPYIONIMM MOMEHTOM LEHTPOOEKHBIX CUI
OTIEeNbHBIX 3JI€MEHTOB Macchl.

Peaxuuu, 0GycioBieHHbIe TONLKO BECOM Tela, U3BECTHBI (CTP. 77) ¥ HO3TOMY
HX MOKHO 3Jlech He paccMaTpHuBaTh.

11.7. Teopus uepywru tio-tio'. Ha quckooGpasHoM Teie (macca M, MoMeHT
unepuuu ©) coenaH roy6oKuii, CUMMETPHUYHBIA OTHOCUTEILHO €ro CpeaHei mioc-
KOCTH, na3 (MMeeTCHd B BULY CPeIHAA IIOCKOCTh, NePIEeHAUKYIAPHAA K OCH IUC-
Ka) Yepe3 »ToT ma3 Ha och AWCKa (paguyca r) HaMOTaHa HUThb, BEPXHUI KOHeIl
KOTOpO) npujepuBaercd. HaTAHYB HUTD, OTHYyCKAIOT Telo. OmycKanAcs, TeI0 B TO
e BpeMA YCKOPEHHO BpalaeTcH 0 TeX 0P, IoKa He pa3MoTaeTcA BCA HUTh. B To
BpeMs, KaKk HUTh BHOBb HaMaThIBaeTCA B 0GPAaTHOM HalpaBlIeHUM, TEIO MOIHU-
MaeTcH, 3aMellAACh B CBOEM BpauleHuu, U T.A. OnpefenuTb HaTAMEHUE HUTU:
a) mpu ollycKaHWe Telxa, 6) MpH MOAbEMe Tela.

Paauyc r cunTaeM CTOIb MalbIM [0 CPABHEHUIO C PACCTOAHMEM OCHU OT BEpX-
Hero KOHIla HUTH, YTO HUTh MOMHO BCE BpeMA paccMaTpPUBaTh Kak BepTHKAalb-
HYIO.

I1.8. Ompuvie mamepuaavrolt mouku om wLapoeoti NOsepTHOCMU, NO KOMO-
poil ona deuxemca. [lo BepxHeMy HOMyMIapUIO IBUMKETCA MaTepHalbHAfA TOUYKA;
ee HavyalbHOe IO0JI0KeHUe 7o U HadalbHafA CKOPOCTDb ¥o MPOU3BOJNbHBI; OTHAKO Ha-
yajbHaA CKOPOCTh Vo HalpaBieHa M0 KacaTelbHON K IOBEPXHOCTHU mapa. [Buze-
HUe NMPOUCXOAUT 6e3 TpeHUA moj AefcTBHeM cuibl TaAmecTu. Ha kakoit BbicoTe
POU30ieT OTPHIB MaTepPUANbHON TOUKHU OT MOBEPXHOCTHU Imapa?

3agauu K raase 111

IT1.1. Cdepuuecruii maamuuk 6 cayiae 6eCKOHEUHO MAALLT OMKAOHEHUL.
B To Bpemsa kak y chepuyeckoro MagTHHUKA BepIIMHbI TpaeKTOpUH, Boobuie Io-
BOpA, IPOABUTAIOTCA BIlepe[l, OHU JOJKHbI GbITh HENOJBUMHBIMU IIPU JOCTATOY-

Tlo cBoeit uzee 3Ta UrpyIIKa He OTIHYAETCA OT XOPOLIO M3BECTHOTO MaATHUKA Makc-
Beaaa. (IIpum. ped.)
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HO MajbIX OTRJIOHEHHUAX, B COOTBETCTBUU C TeM 06CTOHTe.TIbCTBOM, 4YTo 3/1€Chb MbI
numeeM [ejio ¢C rapMOHHUYECKUM JABUMEHHUEM 110 JJIUIICY. OIIEHI/ITb, B KaKOM nopAn-
Ke nuc4desaeT IpoABUKEHHE BEePIINHbI TPACKTOPUU A(p C YMeHbII€eHHueM IlIomanu
JJIIIHUIICA.

IT1.2. [Toaoxenue pesoHancrHozo0 makcumyma npu 6bLHYK*COSHHOM 3amyraio-
wem koaebaruu. IIpu BeIHYy#JeHHOM 3aTyXalollleM Kojle6aHUU MaKCUMYM aMILIH-
TyIbl Kojle6aHUA JNeKUT He IPH w = wp, KAK B clydae He3aTyXxalollero kojle6a-
HUfl, a IPU HECKOJIbKO MeHbIIeM 3HaUeHHH w, 3aBUCAIIEM OT BeJIUYNHBI 3aTyXaHUA
(cp. puc. 33). BriBecTu yrasaHHyI0 Ha puc. 33 MakcumainbHylo Beanuuny |C|. Ilo-
KasaTb, C APYTOi CTOPOHBI, YTO MAaKCUMYM aMILIUTY bl ckopoctH |Clw (u, cooT-
BETCTBEHHO, CPEJHEro [0 BpPEMeH! 3HaYeHUA KHHETUYECKON SHEPI1K) HaXOAUTCH
B TOYHOCTH IIPU W = Wpo.

I11.3. Ipouecc sraiuenusn 2aaveanomempa. 'arbBaHOMETp COEAMHEH yepe3
BBIKJIIOYATEIb C UCTOYHMKOM NOCTOAHHOIO TOKA NOCTOAHHOM 3JIEKTPOABUMKY e
cunbl E. B MomeHT ¢ = () IpoU3BOJUTCA BKIIOUEHME; Yepe3 N0CTATOUHOE BPEMHA
yCTaHaBIMBaeTCA OTKIOHEHUE ralbBaHOMETPA (loo. KAK NMPOMCXOAUT IEPEXO[ OT
HavajJbHOIo I0J0eHNd NOoKoA & = 0, & = 0 K KOHEYHOMY IOJOMEHHIO & = Qoo !

31ech HY#KHO y4ecTh, YTO Ha ralbBaHOMETP C MOMEHTOM HHepuuu O, Kpo-
Me BHEIIHEro Bpallaiolero MOMeHTa, NPONOPIHOHATLHOTO CHIe JIEKTPUUECKOro
ToKa (a, TeM caMbIM, U BeIMYUHe 3.11.C.), OKasblBaeT TOpMo3Allee aeiicTBue: 1) Mo-
MEHT 3aTyXaHWf, IPONOPIUOHAIbHBINA YII0BOH CKOPOCTH, U 2) MOMEHT yIPYTUX
CUI B MOJBece, NPONOPIMOHANLHBINA OTKIOHEHUIO «. BeanumnHa p xapakTepusyer
K03 OUIMEHT MPONOPIHOHATLHOCTH B BRIDa#ieHMH MOMeHTa 3aTyXaHHUfA, a wg —
COOTBETCTBYIOIUil K03} (GUIMEHT B BhIpasKeHHH MOMEHTa YIPYTUX CHIL.

[Ipu 3TOM HYHO pasauyaTh U rpadMUecKy NPeICTaBUTh CILyYau:

a) caaboro 3atyxanud (p < wo),

6) amepuoguYecKuil MpefeldbHbIA ciayydait (p = wo),

B) CHIBHOTO 3aTyXaHuf (p > wo).

I11.4. Maamnur, mouka nodeeca Komopozo deuxcemcs 3a0aAHHbLM 0OPAIOM.

a) MarepuanbHasA TOYKa BUCHUT Ha HePacTAMKUMOM HUTHU U COBEpLIAET He3a-
TyXxarolue Kole6aHuA Hoj AeHCTBUEM CHUIbl TAMecTH. TouKa HoaBeca ABUMKETCH
HPAMOJMHEIHO B FOPH30HTAILHOM HAaIlpaBlIeHUH 110 HEKOTOPOMY NPOU3BOJIbHOMY
3aKoHy [mepememenue & = f(t)].

KakoBbl GyqyT ypaBHeHUA ABUAEHHA CUCTeMbl (HUTh HeBecoMa)? McKoMmble
YPaBHeHHMA BBIBOAATCA W3 mpuHnuna Janambepa miau u3 ypaBHeHuil Jlarpanmxa
epBOro poja.

YpaBHeHHUA NBUMKEHHUA 3HAYUTENbHO YIPOIIAIOTCA, €CIH NEePeHTH K Ciydalo
MaJjbIX KojlebaHuUii, a, clleJoBaTelbHO, COXPaHUTDb TOJIbKO YJIEHbI IEPBOro MOPAKA.

Ecau, kKpome Toro, NpuHATb, YTO NepeMellleHUe TOYKH IoJBeca U3MEHAET-
CA BO BpPeMEHHM [0 rapMOHHMYECKOMY 3aKOHY, TO YpPaBHEHHA [BUKEHHA MOTYT
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O6bITh NPOCTO MPOUHTerpupoBaHsbl. IlokasaTb, YTO IpHU ycTaHOBUBINEMCA [IBHHe-
HuM (T.e. mocxe TOro, Kak Gaarogapsa 0GBIYHO HeMPUHHMaeMOMy BO BHUMaHHe
3aTYXaHUIO, CIIOCOGCTBYIOMEMY Iepexoy K YCTaHOBHUBIIEMYCH IBUKEHHUIO, IIpe-
KpaTUINCh cOOCTBEHHbIe KoleOaHNA MaATHHKA) TOYKa IIoJBeca U Macca m B «I0-
pe30HaHCHOI» 06JacTU 4acTOT ABUKYTCA B OJUHAKOBOM HalpaBleHHUH, a B «3ape-
30HAHCHOI» 06J1aCTH — B NPOTHUBONOJIOKHBIX HallpaBIeHUAX.

6) COOTBETCTBEHHO PacCMOTPETH ClIydail BepTUKAILHOI0, B YaCTHOCTH, PaB-
HOMepHO yCKOpPeHHOIo IlepeMellleHUs 1) TOUKHU NojBeca. Kakos 6yneT B a3ToM ciy-
yae nmepuoj KoneOGaHUA, eclId TOUKa Io/iBeca epeMelaeTca ¢ yckopeHueM g7

IT1.5. Jlezro ewnoanuman modeav cumnamuveckur maamuukros (puc. 56).
Meay OBYMA HemoABUKHBbIMU onopamu A, B (yrioBoe #kelle30) HATAHYTA HeBe-
comas ynpyrad rubkad npoBosnoka. HaTsseHue S NpoBOJOKM BbI3bIBa€TCA I'PY-
30M (7, NpUKpeIUIeHHBIM K CBHcAIOLleMy KOHIIy INpPOBOJOKM. Beanmuuny rpysa
MO3KHO MeHAThb. B Toukax C u D, pasfenfomux oTpe3ok AB Ha TpH NpUMepHO
paBHble YacTH, 6uduaapHo NMOABELIeHb] [Ba MaATHHUKA, TaK YTO OHU MOT'YT KoJje-
6aTbcA MOYTHU CTPOro TpaHCBepcalbHO B IUNIOCKOCTH, NepNeHIUKYJIAPHONA K IIoc-
rKoctu uepresa. (Ha pucyHke GuduispHbie moaBechl, Kam/Jblii B OTAEIbHOCTH,
CXeMaTHU4HO NpeJCTaBIeHbl AINHAMU MaATHUKOB.) YBennuusasd (G, MOMHO cjie-
1aTh CBA3b MemIy 060MMH MafgTHHUKaMu Gonee caaGoil (a He Gomee cuiabHOI!).
B panbHeiimem MbI GyeM CUMTATh CBA3bL clIaboi, T.e. cuily S GOIbIIOH O cpaB-
HEHUIO ¢ BecaMH MafATHHUKOB. YTibl OTKJIOHEHHA MaATHUKOB OT BepTHKaIU @1
U (2 MpejnolaraeM MalbIMHU, TaKk 4To (B OTHOIEHUU 0603HAUeHMil cp. puc. 56; 3’
u 4’ 03HAUAIOT MONOKEHNH, IPOTHBOIONOMHbIE TION0KeHUAM 3 U 4 TOYeK HoaBeca
CuD):

Tr1 — T2
l
Lo — T4

I ’

sinp1 = 1 , cospr =1;

sin g2 = @2 cos 2 = 1;

[Ipene6peras caaramomeii MaabIX Koae6aHUl 0 OCH Yy, UMeeM A M1 U, CO-
OTBETCTBEHHO, IJIA Ma:

mi1g8 = 51 COS p1 = S1, ma8 = Sz COS Y2 = Sz,
mi1E1 = —Sisingp; = Tlg(wg —z1), (1)
mag
la

(x4 — x2), (2)

mzii"z = —Sz Sinlpz =

B toukax C' u D uatamenusa Si M, COOTBETCTBEHHO, S MOIMHbI HAXOAUTHCHA
B PaBHOBECHUM C HATfMeHHEeM S, KOTOpOe, CO CBO€H CTOPOHbI, U3MEHAETCH CH-
aamu S; U Sp IMIIb Ha NpeHeGpeHUMO Malble BeIMYHUHbI. JTO NaeT elfe aBa
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A a C a D a B

Puc. 56. IpoBonoka AC DB HatanyTa c nomomsio rpy3sa G. llog neiictBuem Beca
MafATHUKOB U UX CHI WHePIHY MPOBOJOKa JedopMuUpyeTcA B toManyo A34B uin
NIpY OTKJIOHEHUM MaATHUKOB B IPyTYIO CTOPOHY — B nomaHyto A3’'4’' B. MaaTHuU-
ki 1 u 2 (maunsl [; u l) noxBemeHb! GUGUIAPHO U MOITOMY KadyalOTCA IEpPIEH-
IUKYIAPHO K IIIOCKOCTHU YepTena (GUUIApHbIe IOABECH] Ha PUCYHKe He u3obpa-
#KEHBI); Y1 U 2 — YTIbl Me#AY MagTHUKaMU U BepTUKAILHON ITHHUEH

YCIOBUA, CBA3BIBAIOIINE T1, T2, T3, T4. BbIPA3UB U3 3TUX YCIOBUH T3 U T4 U NOM-
CTaBUB B ypaBHeHHUs (2), MOTy4uM COBMecTHbIe AuddepeHIManbHble ypaBHEHUA
CUMNATHYECKUX MAATHUKOB. Y6eIUThCA B TOM, UTO 3TU ypaBHEHUA COBNAJAIOT
¢ ypaBuenuamu (20.10).

IT1.6. Ycnoroumeav koaebanut. C cuctemoii (Macca M, NoCTOAHHAA YIDY-
roii cuabl K), Morymeii Koae6aTbcs B HalpaBleHUU OCH T, CBA3aHA NPYMUHON
(mocTosHHas KoTOpO# paBHa k) Macca m TakUM 06pa3oM, YTO U OHA MOKET Koie-
6aTbCA B HampaBieHUu ocu x. [Ipu BoanelcTBUM BHemHei cuibl Py = ¢ coswt Ha
Maccy M mocienHsAs He OOIKHA ABUraThcA. KaKuM ycIOBHAM I0IKHA IIPU HTOM
yIOBIEeTBOPATHL cuctema (m, k)?

II1.7. Baasucmuueckutdl maamuux.

a) BamnucTuyecKkuil MaATHIK CIYKUT U N3MEPEHHUA CKOPOCTH [oJleTa CHa-
pana. B cBoeit panneii koHcTpykuun (Pobunc, 1742) 3TOT MaATHUK COCTOAN U3
AIllMKA, HAIOJHEHHOT0 MATKUM MaTepuaioM ([epeBAHHBIMU OMUIKAMM WUIU Tec-
KOM; U IOJBEUIEHHOI'0 K I'OPU30HTAJbHOU OCH; C OJHOU CTOPOHBI 3TOT ANIUK OT-
kpbIT. CHapA 3acTpeBaeT B MATKOM MaTepHaje, TaKk YTO yJap MOMHO CYHUTAaTh
HeynpyruM. lIamepsaeTcA OTKIOHEHUe MaATHUKA (v 10 BETUYHUHE 3TOT0 OTKIOHE-
HUfA, 3HaA MapaMeTpsl MaATHUKA (ero maccy M, MoMeHT WHepuuu O, paccros-
HHe § eHTPa TAMECTH OT OCH BpalleHUA), Maccy cHapfAga m U MecTo IoHajaHusA
cHapfa (XapakTepudyemoe PacCTOAHUEM « OT OCH BpAalleHMA), MOHHO Olpe[e-
JUTh CKOPOCTH ¥, ¢ KOTOPOIl cCHapAJ Nonal B MaATHUK. BHecTH B OKOHYaTeIbHYIO
¢opMyny IiA v nepuoj KolebaHUA T MagTHUKA WM IIUHY | COOTBETCTBYIOIIEro
MaTeMaTHUYeCKOro MasTHHUKA.
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6) Ha KakoM paccTOAHMU OT OCH MaATHHUKA [JOIM{HO HAXOAUTHCH MECTO II0-
najaHuA cHapAfAa A TOro, 4ToObl OCh MaATHHUKA He HCIbITana MpU yaape aobGa-
BOYHOI Harpys3xu?

3agauu K riaaBe IV

IV.1. Momenmuvi unepyuu naockozo pacnpedeaenus macc. [as Kammoro pac-
npejieJleHUs Macc B INIOCKOCTH MOMEHT MHEPIMU OTHOCUTEIbHO «MOJAPHON» OCH
(mepneHANKYIAPHOM K INIOCKOCTH) PaBEH CyMMe MOMEHTOB MHEPIIMY OTHOCUTENb-
HO JBYX B3aMMHO NEepPHEeHIUKYIAPHBIX (3KBATOPUANLHBIX» Ocell (pacloIoeHHbIX
B IUIOCKOCTH JiMCKa). PaccMoOTpeTh Takse YacTHBINA clyuail KpyroBOro JUcKa.

IV.2. Bpawenue soaura eorpyz ceoux 2aaenviz oceti. B ciyuae Hecummer-
puuHOro Boiuka (cM. puc. 46a, 6) BpaleHre BOKPYT TIABHBIX 0Cei, COOTBETCTBY-
IOIYX HauOoablleMy WIM HauMeHbIleMY MOMeHTaM HHepIUU, ABIAETCA YCTOM-
YUBBIM, @ BpallleHue BOKPYT 0CH, COOTBETCTBYIOIIE cpeHEMY I'NIaBHOMY MOMEH-
Ty, — HeyCcTOW4NBBIM. /LIl aHAMUTHUUECKOT0 JOKa3aTelbCTBa 3TOT0 MpeJI0KeHUA
HY#KHO UCXOOUTh U3 YpaBHeHUI Jillepa U NIPUHATH YTII0BYIO CKOPOCTh BpalleHUsA
BOKPYT OCH, paBHOI p = const = po. YTiIOBble CKOPOCTHU BpalleHUA ¢ U T BO-
KpPYT OCTalbHBIX [BYX INIaBHBIX OCeil MHepL UM, KOTOpble BHayajle pPaBHBI HYIIO,
[0/ BIUAHUEM BHENIHETO BO3MYIEHUA MPUHUMAIOT OTINYHbIE OT HYlIA 3HAUEHUA.
Ecau npeamnonouTh, YTo BO3MYIIeHNe Malo, TO U3 MEPBOr0 yYpaBHEHUA Jitaepa
clelyeT, YTO p B IIepBOM NPUOIMMEHUU O0CTaeTCA HeM3MEeHHBIM U paBHBIM p + 0.
N3 ocTanbHbIX OBYX ypaBHEHUi MOIydYaeM I ¢ U T CUCTEMY [ABYX IHUHEHHBIX
AuppepeHnMaTbHBIX YpaBHeHHi nepBoro nopsagka. llonaras g = ae™ u r = be?,
rie a 1 b npou3BoibHbIe KOHCTAHTHI, I0IyYaeM KBaJpaTHOe ypaBHeHUe A A, U3
paccMOTpeHHA KOTOPOTo U BhITEKAaeT BhICKa3aHHOE HaMM BBIIIE yTBep:IeHHeE.

IV.3. Yoapwi «evicoruer u «nuskuer, (¢ HAKAMOM) U (C OMMANCKOUY 6 OUAD-
Aponot uzpe. [opu30OHTaNIbHBIM KHMEM yIapfAlOT OMIbAPAHBIN 1Iap B ero MepUAKO-
HaIbLHOI INIOCKOCTH, T. €. 6e3 «<3d¢der. Ha Karoii BbicoTe h Haxg LeHTpPOM mIapa cile-
OyeT cooGIKUThL yaap, 4To6bl UMelIo MecTO 4ucToe KaueHue (6e3 CKOMbeHud)?
Pa3BuTh TeOpUIO «BBICOKMX» U «HU3KHX» yIAapOB C YUYETOM TPEHUA CKOJbKEHUA
MeKIy IIapoM U CyKHOM cTojla. HackoibKo Bo3pacTaeT CKOPOCTD IIeHTpa TAMKECTH
mapa B TedyeHUe Iepuojia TPEeHUA IPU BHICOKOM YyJape U HAacKOJIbKO OHa yMeHb-
maetcA npu Hu3KkoMm ynape? Ilo ucteueHNu Kakoro BpeMeHU HMeET MeCTO JIHUIlb
yuctoe kauyeHue? C MOMOIIBIO 3TUX e METOAOB MOKHO 00BACHUTb U COOTHOLIE-
HUA NPU yAapax «c HaKaTOM» U «C OTTAMKOIN.

IV.4. [apaboauuecroe deuscernue 6uavapdnozo wapa. Kak Hy»HO yaapuTh
map AJIA Toro, 4ToGbl HalpaBleHHe NMOCTYNATeIbHOr0 JBUMKEHUSA ero LeHTpa THA-
#eCTHU He GbLIO MepIeHIUKYIAPHbIM ocH BpameHuda? [lokaszaTh, 4To HampaBieHUe
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CUIBI TPEHUA OCTaeTcA HEeM3MeHHBIM, II0Ka Iap CKoab3uT. KakoBa TpaekTopus
neHTpa mapa? Uepe3 Kakoe BpeMA HacTynaeT 4HUCTOe KadeHue?

3agauu Kk riaase V

V.1. Omwuocumeavnoe deuscenue na naockocmu. JlomycTUM, YTO IIOCKOCTD
BpalaeTcs ¢ IepeMeHHOI yTI0BOH CKOPOCThIO w BOKPYT HEMOABHMHOM TOUKH O
(och BpameHuda — HOpMalb K MIOCKOCTH B Touke O).

Kakue mo6aBoYHbIE CHIIbI, HOMHUMO IIEeHTPOOEHHON CUIbI, HYKHO NPUI0KUTH
K MaTepHailbHOIl TOUKe, YTOObl YpaBHEHUA [IBUKEeHHA ee BO Bpalaionieiica 1mioc-
KOCTU NPHUHAIN Ty e (GopMy, 4To M B MHepIUANbHOI cHCcTeMe HeloJBHAKHOMI
mrockoctu? Ilerecoo6pa3Ho BBecTH KOMILIEKCHBbIE IlepeMeHHble & + iy B HeIo-
IOBUHOI IIOCKOCTH U § + i7) BO Bpamaromeiica MI0CKOCTH.

V.2. [euscenue spawaioweticA mamepuaivholi moyku no epauiaiouieiicsa
npamoti. MaTtepuanbHad Touka ABueTcA (6e3 TpeHHMA) B BepTHUKAIbHOH ILIOC-
KOCTHU IO NPAMOI, KOTOpasa B CBOIO o4yepelb BpalllaeTcA € MOCTOAHHOIH YTJ0BOIA
CKOPOCTBIO w BOKPYT HENOJBUHOI IOPHU30HTAIbHOI ocH. BblpasuTh nBUHEHUE
MaTepUalbHOM TOYKH 110 Bpalalomeica IpAMoi B pyHKIUYU BpeMeHH [r = r(t) —
paccTosiHMe oT ocu Bpaumenus]. [lokasaTb, 4TO peakuus CBA3M (JaBleHHe Ha Ha-
NpPaBIAINIYI0) U B3ATafA BOOJIb Hee KOMIIOHEHTa 3eMHOr0 NMPUTAMEHUA KaK pas
YPaBHOBENIMBalOTCA KOPUOJNCOBOM CUIOML.

V.3. Canu rar npocmetiwut npumep nezoaonommnoii cucmemst. [llo Kapa-
Teomopu: Z. angew. Math. Mech., 13, 71 (1933).] Canu paccmaTpuBalOTCH Kak
JKeCTKafd IJIOCKafg CHCTeMa C TPEeMA CTeleHAMM CBOGOIbI B KOHEYHOU 061acTu
U C OJIHOH CTeNeHbIo cBOGOabI B 6eCKOHEYHO MaIoi okpecTHOCTH (cp. 3agauy I1.1.:
KaTAlleeca Koleco o6iafalo MATHIO CTeNeHAMH CBOGOAbI B KOHEYHOH 061acTu
U TpeMA B 6ECKOHEYHO Maioii).

TpeHUe CKOIbKEHNA 10 CHET'Yy MOKHO He IPHHUMAaTh BO BHUMaHue (MiIH, Ha-
NpUMep, MOHO IpeACTaBUTh ceGe, UTO OHO IOCTOAHHO yPaBHOBEUIMBAETCH CHION
TAru nomanu). OQHAKO HYKHO ydyecThb TpeHue R, KOTOpoe OKa3bIBA€T CHEKHAfA
Ko/lesl Ha MOJM03bA B NMEPNEHJUKYIAPHOM K HUM HalpaBleHUHU; 3Ta CUla TPEHUA
HPENATCTBYET BCAKOMY GOKOBOMY IBUMEHHIO oi03beB. Cocpenorounm sty (pac-
[peJeleHHYI0) CUIYy TPeHUA B KaKOH-1160 OJHON TOUKe.

HenopBu:HO cBAMEM ¢ caHAMU cucTeMy KoopauHat &, 7). llycTs ock £ npo-
XOIAWT MO CpelJHell IMHUU IMON03beB Yepe3 LEHTDP TAMEeCTU caHell S (ero Koop-
nuHatel € = a, n = 0), @ ocb 1) — Yepe3 TOUKY HPUIOMKEHUA CHIbI TpeHUA R.
IIycTs ropusoHTalbHasA OBEPXHOCTh CHera ABIAETCA INIOCKOCTHIO Z, Y. BBegem
0603HauYeHUA:  — YTOI MeMkAY OCAMH £ U &, w = ¢ — MrHOBeHHas yIioBafg
CKOPOCTH BpallleHHA caHeil BOKPYT BepTukanu; M — macca, © — MOMEHT HHep-
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UM caHeil OTHOCUTENbHO BePTUKAIU, IPOXOAAIleil Yepe3 eHTP TAMKECTH; U, U —
KOMIOHEHTBI ckopocT Toukd O (€ =7 = 0) no ocam & u 7.

a) BbiBecTH 1o MeTOaYy KOMILIEKCHOM nepeMeHHO# (cM. 3agaudy V.1) cuctemy
Tpex nuddepeHIHaIbHBIX YPaBHEHU NI BeIUYUH u, v, w, 6epAa R 3a BHeumHIo0
cuy.

6) YnpocTUB 5TH ypaBHEHHA IIyTeM BBeJeHHA HEroJ0HOMHOM cBA3u v = 0,
onpeneluTsh u3 HUX R.

B) [lpouHTerpupoBaTh 3TN ypaBHEHUsA, BBEe[A BMECTO yIia MOBOPOTA ( MPo-
MOPLIMOHANbHBIM €My BCIIOMOraTelbHbIi yTrod.

r) Y6eauThcH B TOM, YTO KUHETHYECKas YHEPrUfA CaHell 0CTaeTCA IMOCTOAH-
Hoii (cuma R pmeiicTByeT «Ge3BaTTHOY, T.€. He NPOU3BOAUT PaGOThI).

o) IlokasaTh, 4TO mpU HajuexameM BbIGOpe Havajla OTCUeTa BPeMeHH Tpa-
ektopusa Toukn O B miockocTH zy uUMeeT npu ¢t = 0 ocTpue, a npu t — £00
CTPEeMHTCA K acCUMIITOTaM, KaK 3TO I0Ka3aHo Ha puc. 57, 3auMcTBoBaHHOi y RKa-
paTeogopH.
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Puc. 57. TpaexTopus caneit mo KapaTteomopy npu pa3nnyHbIX 3HaYeHUAX Kk

3agauu K riaase VI

VI.1. I[pumep na npumenenue npunyuna I'amusvmona. Beruucantb Benu-
4yuHy uHTerpana ['amunbrona B npenenax t = 0 go t = t1: a) A clyvas IelcTBU-

. 1
TeJIbHOr0 cBOGOJHOrO IajJeHud MaTepHualbHOU TOYKU: 2 = 5g't2; ﬁ) O clly4daeB

IBYX (OUKTHUBHBIX [IBUMEHUH 2 = ¢t U 2 = ats, rje NoCTOAHHbIE ¢ U a, B CO-
OTBETCTBUHU C YCIOBHEM OTHOCHUTEIbHO JONMYCTUMbBIX TPaeKTOPUil, NOI#HbI ObITh
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ompejielieHbl TAKUM 06pa3oM, UTOObI HavyalbHOE U KOHEUHOE IOJN0M#EHNA COBNaa-
U ¢ IeACTBUTEILHBIMU Mod0xeHUAMU. [lokazaTh, UTO BelnUMHa MHTerpana Jif
HCTUHHOTO JBUIKEHHUA a) MeHbIIe, YyeM MIfA GUKTHBHbIX JBUKEHUI 6).

VI.2. Omunocumeavnoe deuscenue 6 naockocmu u Osuxcernue no epawyai-
wetica npamot. 3agaun V.1l.. u V.2.. pemutsb no merony Jlarpausa.

VI1.3. Cso60dnoe nadenue na spawaroweiica 3emae u maamuur Pyro. Yoe-
OUTHCA B TOM, UYTO U 3T 3aJauy MOKHO PelUTh 1o MeTony JlarpaH:ka, He 3Has
3aKOHOB OTHOCHTEILHOIO ABHMKEHHA. JTOT METO] HHTepeceH M 1O CBOel uigee
6oJiee IPOCT, YeM METO]l, U3J0KEHHBIH B Il. V; 0fHaKO OH TpeGyeT TIIaTEeIbHO-
ro yvyeTa MHOTOYHCIEHHBIX MalbIX WIEHOB, IPUYeM NpeHeGpeseHud, CBA3aHHbIe
¢ GOIBIINM 3HAYEHHEM 3€MHOI0 pajinyca U MeIIeHHOCThIO BpallleHud 3eMiIu, Mo-
ryT ObITh JONYINeHbI IUIIb HOCHe TOr0, Kak GyayT BbINOJHEHbI onepanuu audde-
PEeHLUPOBaHUA

4o . 9
dt 0q oq’

HysHO MCXOAUTH U3 OGBIYHBIX HOAAPHBIX KOOpAUHAT 7, 1, ), IPUYEM T OT-
CYHTBIBaeTCA OT LIeHTpa 3eMIH. TU KOOPJUHAThl Hy#HO CPaBHUTb C KOOpJIUHA-
tamu &, 1, ¢ (cM. puc. 49). Eciu R — paauyc 3emian, a Jo, )9 — KOOPAUHATHI
TOYKH, HaJl KOTOPOil HaXOJUTCA HayalbHasA TOUKa CBOGOJHOT0 NaJleHUA WIN TOUYKa
noaBeca MaATHUKaA, TO KOOpAUHATH r, ¥, ¥ u {, , ( nagaiomeil WIM Kavaromeiica
MaTepHalbHON TOYKY M CBA3AHbI COOTHONIEHUAMM:

£=R(W—9o), n=Rsind(¢—1h), (=r—R, (1)
rue
Yo =wt, Yo=35 — ¢, ©)
% — (o — JONOJHUTEJbHBIA yroj reorpad@uyecKoi MUPOTHI.
OTcroaa cienyer:
F— R S D P cos? 3 :
£=Ri, 1=Rsind(—w)+ 00, (=i
u obpaTHo:
- £ .
rY = (1 + R)E,
rsin ¥y = (1 + i)n‘ + wR(l + 5) sing — €089 (1 ¥ ﬁ) Uy
R R sind R/ R
P = (3)

BxogAmuii crofa yroa 9 HysHO, B COOTBETCTBUU ¢ cooTHoumeHueM (1), pacemat-
puUBaTh Kak GyHKUUIO OT &.
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JTHU BeIMUUHbI HAJl0 MOACTABUTh B BhIpaseHUe KUHeTHUYeCKoi Hepruu
T = %(7"2 + 729% + r? sin? 191/'12),
KOTOpOe BCIeJCTBHE 3TOr0 CTaHOBUTCA dyurnueit ot &, 7, ¢, &, 9, (. Orciona

MO?KHO, HallpUMep, BBIYMCIUTL (€ciy He yYHTbIBaeMble B JalbHeiIIeM YIeHbI
0603HauuTh 4yepes (...)):

B—T—m(1+£)2é—mM(1+%)%{...+wR(1+%)sin0+...} (4)

o R sin ¢
40T _ i ;
T 85’ =mf — mwcosdIn + ... (5)
T _ 19T _ .
8£_R30_+mWC080n+"' (6)

B kKauecTBe MOTeHIUAIbHON 3HEPIMM MOH#HO B3ATh BEIMUUHY
V =mg(r — R) = mg(. (7)

Y6equThcA B TOM, UTO TAKUM IIyTeM HoixydaiorcA ypaBHenus (30.5) man
ciy4ad cBOGOJHOro nafeHun U ypaBHenus (31.2) paa cayuas maaTHuka Oyko (u3
KOTOPBIX U BBITEKAIH [OXyYeHHbIe paHee Pe3ylIbTaThl).

VI1.4. «Maamnuroo6pasnoer kauenue yuiundpa no NAOCKOMY OCHOBAHUID.
IIycTh meHTp TAMecTH S HEOJHOPOAHOI0 KPYTOBOro HNUIMHIpa paguyca a Ha-
XOOUTCA Ha paccTOAHUM § OT ero ocu. [[MIMHApP KaTUTCA MOA OeiiCTBUEM CHU-
Il TAMECTHU 10 TOPU30HTANbHOI IIockocTU. Macca nuanHApa paBHa 7, MOMEHT
VHepIUU OTHOCUTEILHO 0CH, IPOXOAllei Uepe3 IeHTP TAMKECTH HapajlielbHO 0CH
nuiInHapa, paBed O. lccienoBaThk nBUeHUe 0 MeTony JlarpaH:ka, BBeJd B Ka-
yecTBe 0600II€HHOI KOOPANHATHI ¢ YIol ¢ NOBOpPOTa IUIMHIpPaA BOKPYT €ro OCH.
[Ipu BeIUMCIEHUM KMHETHYECKOU SHEPTUU IIOMECTUTh TOUKY OTCUeTa

a) B LIEHTpe TAMKECTH,

6) B (reoMeTpUYECKOM) LEHTpe LUINHAPA U yOeAUThCA B TOM, YTO B 06OUX
clIydYasXx Noldyd4aeTcA OJHO U TO ke AU depeHINaIbHOe ypaBHeHHe IIA .

Ilo MeTomy «Manbix KoleGaHMil» MOKa3aTb, YTO MPU HAMHUIIIEM IOJOHEHUN
[eHTpa TAMecTU S HUMeeT MeCTO YCTOIYMBOEe paBHOBecHe, a NpPH HaWBbICIIEM
HonoxeHuu S — HeyCToNYnBOe paBHOBECHE.

VI.5. Jufgepenyuarvnas nepedava asmomobuas. Jasa Toro 4robbl Bemy-
muye Kojeca aBTOMOOMIA He CKOIb3WIM IPU NPOXOuJEHUU aBTOMOGUIA 10 KpH-
BOJIMHEHHOMY ITyTH, OHM JOJKHbI BpallaThCA € Pa3IMYHOIl CKOPOCTEIO. JTO OCy-
IeCTBIAETCA C IOMOIIbIO A hepeHIroHanbHol nepenauun (puc. 58). Mortop Bpa-
maeT Bexyinee Koieco (§1), ¢ KOTOPBIM HENOABHMHO CKpemieHa och A. Bokpyr
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3TOI OCH MOKET BpallaThCA YKpeEIIeHHAA Ha Heil mapa KOHMYECKUX NMeCTePeH w.

CBoumu 3yGbAMM 3Ta Iapa CLeIUIAeTCA ¢ APYroil napoil KOHWYeCKUX IIecTepeH,
110 KOTOPOii OHAa KaTUTCA IpU BpameHuu ocu A
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Puc. 58. TuddepennuanpHasn nepefaya aBToMo6uidA; ona e (no Boabumany) mo-
KeT CIyUTh MOJeblo HHAYKIIMOHHOT0 B3aUMO/IeficTBUA ABY X Lieneif Toka. Cipa-
Ba: BUJ BJOJb OCH 3aHUX Kojlec aBTomMoOuiadA. CieBa: BUJ Ha 3Ty OCh

Ochb 3aiHUX KoJec aBTOMOGUIIA pa3pe3aHa nocepeaune. Ha neBbiit KoHel| mpa-
BOI1 IIOJIOBUHBI 3TOI OCH MocaxeHa KOHNUYecKaf IecTepHA wi, Ha IpaBblil KOHell
JeBoii IIOJOBUHBI OCH — KOHHMYecKasf llecTepHA wz. Takum obpas3oM, o6e M0I0BU-
Hbl OCH 3aJIHUX KoJeC MOT'yT BpallaThCA € pa3lIUYHbIMU YTIOBBIMU CKOPOCTAMU,
npryeM, 0JHAKO, OHU CBfA3aHbl Mex Ay coboil nuddepeHnanbHOl epenayeii.

BriBecTH KMHEMaTHUUYeCKHE COOTHOIEHNA MeK/IY YTIOBBIMU CKOPOCTAMH (2,
w, w1, U we. [lanee, ¢ noMombi0 NPpUHIUIIA BUPTYalbHOil paboThl BBIBECTH YCJIO-
BUA PaBHOBECUA MEMAY MOMeHTOM M [elicTBYIOmMM Ha Koleco () (OBMAYIUit
MOMEHT), ¥ MoMeHTaMu M1, M, IpUIO#EeHHBIMU K 3y0UaTKaM wi, wa.

KakoBo ypaBHeHue ABU#eHNA cucTeMbl? MoMeHThI HHepIuH Kolec (w1), (w2)
[ONOMUM paBHbIMU O, ©2, MOMEHT MHEPIUU Mapbl KOIEC w OTHOCUTENbHO OG-
CTBeHHOI ocu — ©, a OTHOCUTENbHO ocH Bexymero Koieca () — ©'. MomenTom
unepnuu ©' Koneca () mpene6peraeM. Eciu BpalleHMe oJHOI0 M3 3aJHUX Kolec
yCcKopsfieTcH, HallpuMep, BcleAcTBUe YMeHbIIEHUA TPeHHf, TO BpalleHUe IpyTro-
ro 3ajlHero Kojieca 3aMe[sAeTcA (Tak 7€ U B TOM Clydae, KOr[a IBMKYIIUN ero
MOMEHT U MOMEHT TPEHHUA OCTAIOTCA PaBHBIMM APYT OPYTY).

YrazaHUA K pelnieHriio daaad

Iloutu Bce 4uciaeHHbIE pac4deTbl, BCTpevdawlueca B 3agayax MoOryT OBITh
C [OCTAaTOYHOH CTeleHbI0 TOYHOCTHU BBINOJHEHBI ¢ IIOMOIILIO CYETHOH HHHeﬁHH,
HOTOpOﬁ Mbl U pPEKOMEHAYyeM I0Jb30BaThbCA IIPU HpPIﬁJ'II/I?KeHHbIX noacyerax.



