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KJIACCMYECKAA MEXAHUKA e Jlekuus 5

NHepuuajbHble M1 HEMHEPIHUAJIbHbIE CUCTEMbI OTCcUeTa. J|BUKeHNE
OTHOCUTEJbHO MHEPIUAJbHBIX CUCTEM OTcueTa. 3akoHbl HbioTOHA.
IIpunuun otHocuteabHocTu I'anunes. IIpeo6pasosanue lanunes

W3 wKoMbHOro Kypca (PM3HKM BaM M3BECTHB TPH 3akoHa HbioToHna. HanmomuuM ux comepkanue.

Iepsoiit 3akon HetoToHa. Tes10 ocTaeTcsi B COCTOSIHUMM TOKOSI MJIH JIBUXKETCS C TIOCTOSIHHOM CKOPOCTBIO
(6es yckopeHHs), ecld OHO NPEOCTAaBJEHO caMOMy ceGe, TO ecTh eC/H Ha Hero He AeHCTBYIOT HHKaKHe
BHEIIHHe CHJIbl. DTO 03HA4aeT, uTo

a=0, «xormaF =0. (5.1)

Bropoii 3akon HerotoHa. PesynbTupyioias cuna, 1edcTBYIOlas HA TeJ0, PABHA MPOU3BEIEHHI0 MACChl
3TOTO TeJsla Ha ero yCKOpeHHUe:
F = ma. (5.2)

Tperuit sakon Helotona. [Ipy B3aumozneiicTBuu 1ByX Tes cuia Foj, feficTByiolas Ha BTopoe Teso co
CTOPOHBI MEPBOTr0, PaBHA 10 BeJMYHHe W MPOTHMBOMOJIOXKHA 110 HampaBjaeHHIo cule Fio, neficTBylouleil Ha
nepBoe TeJo CO CTOPOHBI BTOPOTO:

Fio = —Fa1, (5.3)

npuyeM 06a BEKTOpPA HAMPABJEHBI [0 JIMHHH, COENHHSIONIEH ITH TeJa.

VmMeroTcst omnpefesieHHbIE MPeesbl MPUMEHHMOCTH TPEThEro 3akoHa. Mel 3HaeM, uTO BCe CHTHAJBI, a
3HAYMUT U CHJIBbI, NEPealnTCs He MTHOBEHHO, a ¢ KOHEUHOH CcKopocThio. OmHAKO TPETHE 3aKOH CONEPKHUT
yTBepxaeHue, uto Fio = —Fy1, Korma 06e 3T CHJIbl H3MEPSIIOTCS B OfMH U TOT XK€ MOMEHT BPEMeHH. DTO
TpeGoBaHHE MPOTUBOPEUUT TOMY (DAKTy, U4TO JAHHOE TeJO BOCIPHHHUMAET IEHCTBHE CHJIbI, OKA3bIBAEMOE
IPYTUM TEJIOM, He MTHOBEHHO, & 4epe3 KOHEUHbBIH POMEXYTOK BPEMEHH.

[Tostomy Tpertuii 3akoH HbroToHa He Bcerma siBJSIETCS JOCTATOYHO XOPOLIMM MPUOIHKEHUEM IPU pac-
CMOTPEHHH CTOJKHOBEHHMS aTOMOB M 3aps’KEHHBIX 4aCTHI[. PaccMOTpUM, Hampumep, ABa MOJOKHTEJIbHBIX
TOUEUHBIX 3apsifid q; U g2, CKOPOCTH KOTOPBIX Vi M Vo MEPNEHAUKYJSIPHBI, TAK UTO MX MYTH EPECEKalnTCs,
HO 3apsifibl He CTAJKHBAIOTCS, TAK KAK OMH M3 HUX YCMEBAeT MPOCKOUHTh mepen APyruM. IlycTh B Hekuit
MOMEHT MX OTHOCHTEJIbHOE MOJIO’KEHHe GYeT TakhM, Kak H3o6paxkeHo Ha puc. 5.1. Kaxabiii n3 sapsimos
CO3/1aeT BOKPYT cebsi 3JIeKTPHUECKOE M MAarHUTHOE MoJisi. EC/IH CKOpPOCTh 3apsiia MHOTO MEHbIe CKOPOCTH
CBeTa, TO 3TH MOJIsI OTMPENEJSIOTCs (PopMyIaMu
qr [v X 1]
r3’

E= : (5.4)

r3

H=1¢
C

rie paauyc BeKTOp r NpOBeJeH M3 3apsja B TOUKY HabntofeHus mons. IlockonbKy, Kak cieiyeT M3 3TOH
(hopMyJibl, IBHXKYILIUHCS 3apsif 1 He CO3[aeT MAarHUTHOrO MO0Js B HalpaBJeHHU CBOEro JBHXKEHHUS, TO Ha
3apsill g2 CO CTOPOHBI 3apsja ¢ OyleT AeHCTBOBATb TOJNBKO 3JEKTPUUeCKas CUJa 110 JUHUU, COeJUHSIOIeH
o6a 3apsna. OxHaxo Ha 3apsid g; CO CTOPOHBI 3apsifa ¢, TOMHMO 3JIEKTPHUECKOH CUJIbI, OyIeT NeHCTBOBAThH
ellle ¥ CHUJA CO CTOPOHbl MAarHUTHOTO MOJISI, CO3[aBaeMOro 3apsiioM go. ITocKosbKY 3JeKTpUUecKHe CHJHI,
JelcTBYIOIIMe Ha 3apsiibl, PaBHbI 110 BeJHYHHE U NPOTHBOIOJOXKHBI [0 HAallPaBJeHHIO, TO HaJUYle MarHHUT-
HOH CHJIbI, JeHCTBYIOLIeH Ha 3apsd g1, NPUBENET K HapylleHHIO TpeTbero 3akoHa Heworona. Hapyienue,
OfHaKO, OyneT HeOOJbIIUM, B MEpPy MaJOCTH OTHOLUEHHS v1v2/02 < 1.

JLisl cTOJIKHOBeHHUS ke aBTOMOOMJeH TpeTu# 3akoH HbroToHa GyneT oueHb XOPOLIMM NPUO/HKEHHEM,
MOTOMY UTO MPOJOJIKHUTEJBHOCTb TaKOT'O CTOJKHOBEHHS BeJHKA [0 CPaBHEHHIO C TPOMEKYTKOM BpeMeHH,
HEOOXOAMMBIM /ISl TOTO, YTOOBI CBETOBOH CHIHAJ MPOLIEN BHOJb AJHMHBL MOoMsTOro aBroMo6uss. (Kerarw,
noyeMy CBETOBOH, a He 3BYKOBOH, Bellb BOJIHA 1e()OPMALMK PACIPOCTPAHSIETCS CO CKOPOCTBIO 3BYKa?)

L 300 cm

T ~10°8 5.5
¢ 3-1010cm/cex e (5.5)

L — nnuna aBromo6ust (3a 10~8 cex aBTOMOGHIb, JNBUKYLIMACA co cKopocThio 100 KM/4ac, TO ecTb OKOJIO
3 - 10 cm/cek, npoxoaut npumepHo 3 - 1077 cm).

[lepBble 1Ba 3aKOHa [IBHXKEHHS BBITIONHSIOTCS TOJBKO TOTHA, KOTAa HabJIoeHHe BeleTcsl B CHCTeMax
oTcyeTa, IBHXKYIIUXCS 6e3 ycKopeHHUs. Takue cHCTEMBI OTCUETa Ha3bIBAIOTCS MHepIuaJbHbIMUA. Hanpumep,
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Puc. 5.1. Cujnl BSaHMOﬂeﬁCTBHﬂ MEXAYy ABYMSl NBUXKYLIMMUCA 3apsiiaMUd He BCErga paBHbl U NPOTHUBOIIOJO02KHBI.

€CJIM TeJO B OJHOH CHCTEMe OTCUeTa JBMXKETCS C TOCTOSIHHOM CKOPOCTBIO M MMEETCSl CHCTeMa OTCYeTa,
KOTOpasi IBUKETCS C YCKOPEHHEM OTHOCHTEJNBHO Hee, TO OYEBUIHO, UTO TeJO OYAET IBUTaThCsl OTHOCHTENBHO
9TOH CHCTEMbl OTCUETA C YCKOPEHHEM.

Hanpumep, ecau cuctemMa oTcyeTa »KeCTKO CBsSi3aHa C Bpallalolleiicss Kapycesblo, TO B TaKOH cHCTeMe
oTcYeTa YCKOpeHHe TeJia He PaBHO HYJIIO, KOT/la Ha 3TO TeJO He NeHCTBYIOT CHUJIBL. Bbl MOXKeTe HeMoABHUKHO
CTOSATb Ha KapyceJsH, TOJMbKO eCJii OyleTe OT 4ero-1u60 OTTaJKHBaThCsl, COOOIIAs BalleMy Teay CHIy mw2r
0 HampaBJIeHHIO K OCH, TIe M — Macca Balllero TeJja, w — yIJoBas CKOPOCTb BPALLEHHs, a 7 — PACCTOSIHUE
OT BacC 10 OCH BpalleHus. JIpyruM MpUMEpOM MOXKET CJOYKHTb CHCTEMa OTCUETa, HEMOABHKHO CBs3aHHas
C CaMoJIeTOM, KOTOpbIH OBICTPO HaOHpaeT CKOPOCTb IPH B3JeTe. Bsaromapsi yCKOpeHHIO, Bac MpPUKHUMaET
Hasal, K CHJEHHIO, a CUJa, NeHCTBYoIlasi CO CTOPOHBI CIMHKH CHJAEHHS, yIEep’KHUBaeT Bac B COCTOSIHUH
MOKOSI OTHOCHUTENBHO 3TOH CHUCTEMBI.

Ecsu 6bl Bbl HAXOAWJHUCh B COCTOSTHUM PAaBHOMEPHOTO IBHXKEHHS! HJIM TOKOSI OTHOCHTEJNBHO CHCTEMBI
OTCUeTa, He UMEIOLIEH YCKOpPEHHUs, TO HJs 3TOro He TpeboBasoch Obl HUKakKoH cuibl. Ho ecnu Bbl XOTH-
Te HaxXONHUTbCS B COCTOSIHUM MOKOSI OTHOCHTEJNBHO CHCTEMbl OTCUETa, ABHXKYILEHCS C YyCKOPeHHEM, TO BHI
JOJIKHBI TIPUJIaraTh CHUJY HJIM HCIBITHIBATh AEHCTBHE CHJIBI CO CTOPOHBI Apyroro tesa. Bam HyxxHa Bepes-
Ka, 4TOOBI ylepXKaThCsl, MM CHAEHHe, YTOOb MpHKaThesa K Hemy. J[BukeHue (ero xapaktep) B cucTeMax
OTCUeTa, ABHKYIIUXCS C YCKOPEHHEM, WrpaeT BaxKHYI poJib B (u3uke. Takue CHCTEMBI OTCUETa Ha3blBa-
I0TCSl HeMHepUUaabHbIMU. OCOOEeHHO BaXKHO TMOHATb XapaKTep NBHXKEHHS TeJs BO Bpallalolledcss CHCTEME
orcyera (MpakTHUeCKOe MPUMeHeHHe — LeHTPUdyra), XoTs Obl IOTOMY, UTO Mbl C BAMH HaXOMMMCsl KaK pas
B Takod cucTeMe orTcuera (Ha 3emJsie), HO 3TOrO Mbl MOKa fAeJaTh He OyIeM U TMOMbITaeMcsi OTBETUTb Ha
BOMPOC, ¢ KAKOH TOUHOCTBIO Ty WJIHM HHYI CHUCTEMY OTCUETa MOXKHO CUHMTATh HHEPUHAJBHOM.

dcHo, 4To Hama 3eMJ/Isl He SIBJISETCH MHEPLHMAJbHOH CHCTeMOi oTcyera (sB/IsSeTCS HeMHEpPLHMaNbHOR),
MOCKOJIbKY OHa, HampuMep, BpallaeTcss BOKPYT COOCTBEHHOH ocH. M3-3a 3TOro Touka Ha 9KBATOpPe HUMeEET
LeHTPOCTPEMUTEJIbHOE YCKOPEHHE

2

v cM

2
=— =wR~34 — 5.6
R 7 cek?’ (5.6)
rie yrjoBasi CKOPOCTb BpalleHHsi 3eMJIH w U paguyc 3eman R paBHbI
2 —4 -1 8
~0,73-10"%cex !, R~64-10%cwm. (5.7)

w=74
8,6 - 10” cek
———

CYTKH

B pesyabTaTe LEHTPOCTPEMHUTE/IbHOE YCKOPeHHe NoJydaeTcsi paBHBIM NpUMepHO 3,4 cm/cek?. 1o cocTaas-
et okosio 0,3 % 0T ycKopeHHs CBOGOAHOrO maneHus g ~ 980 cM/cek?, 4To, BoobLIe TOBOPSI, C TOYKH 3PEHHS
NpPEU3HOHHbIX (PU3UUECKHUX U3MEPEHUH, SIBJISIeTCs OFPOMHOK BEJHUUHHOH, KOTOPYIO HEOOXOAUMO YUUTHIBATD
npu pacyerax. V3-3a atoro, Hanpumep, HaGMonaeMoe Ha CeBEPHOM MOJIOCE YCKOPEHHE CHUJIbl TSKECTH Tpe-
BHIIAET YCKOPEHHe CHJIbI TSXKECTH, HabsonaemMoe Ha 9KBaTope (Tam GaHaHBl BECAT MeHbIle, BOT, HABEPHOE,
noueMmy MX Be3yT NPONaBaTh Ha CeBep).

Bropasi mpuunHa, no KoTOpoil 3emJisi He SIBJISIETCSl WHEPLUaJbHOH CHUCTEMOH, — 3TO ee JBHXKEHHUE M0
op6ute Bokpyr CosHua. Tak, cOOTBETCTBYIOIIAs YTJI0Basi CKOPOCTb paBHA
27 _ _
~ 21077 cex . (5.8)

w=——
3-10° cex
N—_——

rof

[Tpu paguyce op6uth 3eman R = 150-10° = 1,5-10'3 cm monyuum a = w? R ~ 0,6 cM/cek?, 4To puMepHO
Ha TOPAZIOK MeHblile YCKOPEeHHsl, Pa3BMBAEMOro 3a cueT BpallleHHst 3eMJIH BOKPYT CBOeH OCH.

Haxowen, camo CosHle BpailaeTcs o BCeMH CBOMMH TJIaHETaMH BOKPYT LEHTpa Hauledl [aJakTHKH co
ckopocTbio mopsiika 300 KM/cek. DTa CKOPOCTb OblIa M3MepeHa MPU MCCJIe0BAHUHU JOMJIEPOBCKOTO CJIBH-
ra CreKTpaibHbIX JMHHH CBeTa, MCIMyCKaeMOro 3Be3iaMM. PaccTosiuue 10 LeHTpa Hameidl [anakTuku, R,



Puc. 5.2. JIBe uHepuuaibHble CUCTEMbl OTCUETA.

cocraBJ/sieT npuMepHo 30 ThICSUY CBETOBBIX JIeT. B pesysbraTe yckopeHHe paBHO

2 7 2
) v?  (3-107 cm/cek) g CM
=w'R=— =~ ~3-107° — 59
e=v R 3-10%2 cm cex?’ (5.9)
——

30 ThIC. CBET. JIET

TO €CTb 3TO COBEPIIEHHO HUYTOXKHAs BeJquurHA. [103TOMY HHOrIA TOBOPSIT, UTO CHCTEMA OTCYETa, CBSI3aHHAS
C HEMOJABMKHBIMU 3Be3[aMH, MOXKET CUHTAThCsl WHEPLHAJNbHOH C OYeHb XOPOILIEH CTeNeHbI0 TOUHOCTH.

Ecnu cymiecTByeT XoTsl Ob OfHA WHEPLMANbHAS CUCTEMA, TO TAKUX CHUCTEM JAOJKHO ObITb GeCKOHEUHOe
MHOXECTBO, TaK Kak Jl00asi CUCTeMa, ABHUXKYLIASCS C TIOCTOSIHHOHM CKOPOCTBIO OTHOCUTEJbHO HHEePLHAJIbHOH,
TOXe siBJsieTcsl WHepuuaabHOH. CyllecTByeT (PyHAaMeHTaJbHBIH (PU3WYeCKHH MPUHLKI, KOTOPbIH Ha3bBa-
eTcsl MPUHIMIOM OTHOCUTedbHOCTH Tanunes'.

OcHoBHbI€e 3aKOHbI (PU3UKHU OIVHAKOBO (hOPMYJIUPYIOTCS AJisl BCEX CHCTEM OTCYETa, KOTOpbIe IBU-
JKYTCS OTHOCHTEJNBHO APYT APYra C MOCTOSHHOM CKOPOCTBIO (TO ecTb Ge3 ycKopeHus ).

CorsiacHO 3TOMYy NMPHHLHMIY, HaOJIofaTe b, Haxonsluics B KabuHe 6e3 OKOH, He MOXeT 3KCIIEpHUMeH-
TaJbHO ONpPENEJUTh, NMOKOUTCS OH HJIM HAaXONUTCS B PABHOMEPHOM IPSIMOJIMHEHHOM JBHKEHHH OTHOCH-
TeJIbHO HENMOABHXKHbBIX 3Be3/. TOJbKO I/ B OKHO W HUMes, TaKUM 00pa3oM, BO3MOXXHOCTb CPaBHHBATb
CBOEe JBM2KEeHHE C JIBUKeHHeM 3Be3J, HabJ/rofare/b MOXKET CKa3aTb, UTO OH PaBHOMEPHO JIBHUIKETCS OTHO-
cutenpHo HUX. Ho make u Torma oH He Mor Obl pelINTb, CaM JM OH JIBHXKETCS HJH ABHXKYTCS 3BE3bl.
[TpuHUMT oTHOCHTeNbHOCTH ['anuiest OBl OOHUM M3 TEPBBIX OCHOBHBIX NMPUHLHMNOB (u3nkH. OH siBJsieTCS
OCHOBHBIM /151 KapTHHb! BcesieHHoO#, npensioeHHoH HblOTOHOM. DTOT NPHUHLUMIT BbIAEPKAT MHOTOKPATHYIO
9KCIIEPUMEHTANbHYIO MPOBEPKY M CJYXKHUT cefidac OIHMM M3 KpaeyroJibHbIX KaMHeH creluaJbHOH TeopuH
OTHOCHTEJIbHOCTH.

[Tocrapaemcst Tenepb npuaaTh NPUHLHUIY OTHOCHTENbHOCTH [anunes marematudeckyio ¢opmy. O6osHa-
4yuM yepe3 S Kakyw-J1u60 HHEPLHANbHYO A€KapTOBY CHCTEMY KOOPAMHAT, a uepe3 S’ — APYTyio WHepLHalb-
HYIO I€KapTOBY CHCTEMY KOOPIHMHAT, KOTOpasi IBUKETCsI CO CKOPOCTbI0 V OTHOCHTesbHO nepBoii (puc. 5.2).
[lycts 2/, 4/, 2, ocu cucTembl S’, HalpaBJIeHbl MaPaJIeJbHO OCSM X, ¥, 2 CHCTeMbl S. BribepeM 3TH ocH Tak,
4yTOoObl BeKTOp V OBl HampapJeH NapajjenbHo ocH x. Mbl XOTUM CpPaBHUTb pe3yJbTaThl U3MepeHHs Bpe-
MeHH U PacCTOSIHUH, KOTOpPblE ClleaHbl HEeMOABHXKHBIM OTHOCHTENbHO CHCTeMBI S HabsonaTeseM, ¢ TAKUMH
JKe HU3MEPEHHSIMH, KOTOPbie BBHIMOJHEHH HaG/I01aTe/IeM, MOKOSIIIUMCS OTHOCUTENbHO cucTeMmbl S’. Kakum
OyZLeT pe3y/bTaT TAKOTO CPaBHEHHS, MOXKHO OyIeT OKOHYATEJbHO PEIIUTb TOJbKO C MOMOLLBIO OIBITA.

Ecau xaxapl#i 3 AByX HabJjiofateseil pacmnosaraet 60JbIIMM YHCJIOM YACOB C COBEPLIEHHO ONMHAKOBBIM
XOIOM, TO OHH MOTYT Npofesarb ciaepytouee. [TycTb cHauana HabmonaTe/ b B CUCTeMe S paclpenenuT CBOU
Yacel BIOJb OCH X M YCTAaHOBHUT WX BCEe Ha ONHO U TO e BpeMsi. OCyLIECTBHUTb 3TO COBCEM HE MPOCTO, HO
MBI OTJIOXKHM aHaJM3 TOTO, KaK CJeAyeT TOUHO BBINOJHSATb 3TH U3MEpeHHs], 10 TeX MOop, M0Ka aHaJOTUYHBIH
OMBIT He OYeT pacCMOTPEH HaMM C TOUKH 3PEHUS CllellMaJbHOH TEOPUH OTHOCUTeNbHOCTH. Ecan Mbl Oynem
CUMTATb CKOPOCTb CBeTa GeCKOHEYHO OOJIbIIOH, TO HAA0 TOJbKO ‘MOCMOTPeTh” Ha BCe 3THU Yachl, UTOOBI
YIOOCTOBEPUTHCS, UTO UX HayajbHblE [IOKA3aHUS OOUHAKOBHL. Terepb Mbl MOXKEeM CPaBHHTb MOKa3aHHS 4acoB
B cucreMe S’ ¢ mokasaHusiMu uyacoB 1, 2, 3,... B cucreme S, Koraa dacel B cucteme S’ MpOXOAsiT MHUMO
KaX[bIX 4acoB B cucTeMe S. B pesynbrarte Mbl MPUXOAUM K BBIBOAY, UTO

t'=t(V<e). (5.10)

1BO BpeMeHa Tanunes 10/ 3aKOHaMH CpI/ISl/IKI/I MOHHUMAaJIMCh B OCHOBHOM 3aKOHBI MeXaHUKHU. JIHIlb NOo3Hee 3TOT MPUHILIKI OblLT 00be-
IHHEH C KOHEUHOCTbIO CKOPOCTH PACIpOCTPaHeHHs B3aUMOEHCTBHI U CTaJl Ha3blBaThCsl MPUHIMIIOM OTHOCHUTEJIbHOCTH JIHINTEIHA.
Bo Bpemena e ['anuses cKOpocTb pacrpoCTpPaHEeHHs B3aMMOAEHCTBHH cuMTanachk 6eCKOHEUHOH.



DTo 03HAYyaeT, UTO pe3yJbTaThl OTCUETOB BPEMEHH, BHINOJHEHHBIX B cucrteme S’, paBHBI pe3y/bTataM OT-
CUeTOB BpeMeHH B cucTeMe S. 31ech ¢ 0O3HauaeT BpeMmsi COObITHSI B chcTeMe S, a ¥ — BpeMsi COOBITHS B
cucreme S’.

Mbl MoxXeM faxke ONpefe/MTb OTHOCHTeJbHble pa3Mepbl HEMOABHKHOHM M JBUXKYILIEHCS MeTPOBOH JH-
HelkHd. Mbl XOTUM 3HaThb, Kako# pasmep AJisl HabJofaTens B cucTeMe S HMeeT MeTpoBasi JHMHelKa, KoTopas
nokoutcst B cucreme S’. [IpocToit crnoco6 ompenesnTb 3TO 3aKJIOUAETCS B UCMOJIb30BAHHM 4YACOB [JIsl pe-
TUCTPALMHU TOJIOXKEHHUS 000MX KOHLOB [IBHXKYLIEHCS METPOBOH JHMHEHKH. DTa PErHCTpalus NPOU3BOLUTCS
OIHOBPEMEHHO, TO €CTb IPH OLHOM M TOM 2Ke IOKA3aHUH 4acoB, HAXOASIIMXCS B cUCTeMe S Yy NEPefHero u
3a[lHero KOHLIOB 3TOH JHMHEHKU. DKCIIePUMEHTaNbHO Mbl HAXOLHUM, 4YTO

L'=L(V<<e). (5.11)

Mgl MoxeMm Temepb BbIpasuTh paBeHcTBa t = t u L' = L B Buae mpeoGpa3oBaHHsi, CBSI3bIBAIOIIETrO
koopauHatel x’, y', 2’ u Bpems t' Kakoro-au6o COOBITHsI, U3MepeHHble B cucrteme S’, ¢ KOOpAMHATAMH X,
Y, Z, 1 BpeEMeHeM t 3TOro e coObITHsI B cucteMe S. [IpeanosioxKum, 4To B HayaJbHBIX MOMEHT BpeMeHH,
KOTODBIH ONMHAKOB IJsI O0GEMX CHCTeM, TO ecTb IpdH t = 0 U ¢ = 0, Hayasa KOOPAMHAT 00EHX CHCTEM
coBmagaioT. Toraa, eciu Mbl BHIOEpPeM COBEpIIEHHO OAMHAKOBBIE MAcCLITAaObl AJHH, TO MOJYUHM CJEAYIOLIHE
ypaBHeHUS NpeoOpa3soBaHUs:

t=t, z=2+Vt, y=y, z=2. (5.12)

Ato npeobpa3oBaHre HasbiBaeTcs mpeodpasoBanuem lanmaes. B BekTopHO (hopme ero, 04eBUIHO, MOKHO
3anucaTh Tak:
r=r +Vt, t=¢. (5.13)

Ecau comocraBuTh npeo6pasoBaHHe lanuies ¢ OCHOBHBIM [I0CTYyJlaTOM O TOM, 4YTO 3aKOHBI q)I/ISI/IKI/I,
oripefesieHHble B CUCTEMax Swu S/, JIOJIXKHBI OBITh TOXJIECTBEHHBIMH, TO Mbl MOXKEM CJieJlaTh TaKOH BBIBOJI.

OCHOBHBIE 3aKOHbBI (DU3HMKH NOJKHbBI ObITh HHBADMAHTHBIMKM OTHOCHTEJIbHO Mpeobpasosanuii Fanuges (To
€CTb He JOJIKHbl H3MEHSITbCSI OTHOCHTENbHO HUX).

ITOT BBIBOI MMeeT GoJiee YACTHBIN XapaKTep, YeM MPUHLHI OTHOCHUTEJNbHOCTH [asuies, Tak KaK Mbl CUH-
TaJjld, 4TO CKOPOCTb CBeTa GeCKOHeYHA, U3 Yero CjefoBaJjo, YTO MOXKHO OJHOBPEMEHHO CHHXDPOHH3HPOBATb
yachl B 06€MX CHCTeMax OTcuera, To ecTb 4to t' = t. Ha camom fesie M3-3a KOHEUHOCTH CKOPOCTH CBeTa
OCHOBHBIMU NPe00pPa30BAHUSIMU, OTHOCHUTENbHO KOTOPBIX NOJKHBEI ObITh MHBAPHAHTHBIMHM BCE 3aKOHBI NpHU-
ponkl, siBJsIOTCS mpeoOpa3oBanud JlopeHna, a He [anunes. FiMeHHO OHM agekBaTHO BBIPAXKAIOT MPUHIHI
OTHOCHTeNbHOCTH [anunes (He MmyTaTh: MPUHLMI OTHOCHTEIbHOCTH [a/u/ies BepeH TOUHO, a MpeoOpasoBa-
uus Fanuies — NpubJIMKEHHO TP yCJI0BUH, u4To V < c).

JlaBaiiTe Tenepb paccMOTPUM BTOPOH 3akoH HbIOTOHA ¢ TOYKH 3peHHs ero MHBAPUAHTHOCTH OTHOCH-
TeJibHO MpeobpasoBanuil [anues:

ma=F. (5.14)
[Tockonbky a = dv/dt, a v = dr/dt, To u3 npeobpasosanuii [anunes caenyer, 4to
/
%:%—&—V, umv=v +V. (5.15)
HuddepeHuypys 3T0 BeIpaxKeHHe [0 BPeMeHH, MoJaydaeM
d dv’
d%" = di‘t/’ (trak Kak V = const), (5.16)

HJIH a = a’, TO eCTh YCKOpPeHHsl MaTepHabHOH TOUKH B 00eHX cucTeMax coBnanaioT. C Ipyrod CTOPOHBI, U3
MPUHLNIA OTHOCUTEJNbHOCTH CJELYeT, UTO BTOPOH 3aKOH HbloTOHa NOJKeH BHIMVISAETb OOUHAKOBO B 06enX
CUCTeMax OTCyeTa, TO eCTh

ma = F,

(5.17)

ma' = F’
(mosiaraem, 4To Macca OT CKOPOCTH He 3aBHcHT). [TockoabKy a = a’, To caenosartensHo, u F = F/, 1o ecTb
cuJia, IeHCTBYIOILAst Ha YAaCTUILY B JII0O0H HHEPLHANbHOH CHCTEME OTCUETa, O[HA U Ta XKe.
C 5TUM yTBepXKJEHHEM, HAMPUMED, COMJIACYETCsl 3aKOH BCEMHPHOTO TSTOTEHHS, COTJIACHO KOTOPOMY
MeXIy ABYMS TeJaMU JEHCTBYeT CHJA IPUTSKEeHHs, IPONOPLUUOHAIbHAs IPOM3BEJEHHI0 MACC 3THX Tes H
06paTHO MPONOPLHOHANbHASA KBAaLPATy PACCTOSHUSA MEXAY HHUMH:

Fip = GW- (5.18)
T2
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Puc. 5.3. Cuna rpaBUTalHOHHOrO MPUTSIKEHHUS IBYX TOUEUHBIX MAaCC 3aBHCHT TOJBKO OT PACCTOSIHUS MeXIY HUMHU T'12.
OHO 0IMHAKOBO BO BCEX MHEPUHMAJBHBIX CHCTeMax oTcuera (mpu ycsosuu, uto V <K c).

OueBUIHO, YTO 3Ta BeJHYMHA OyoeT ONMHAKOBOH BO BCEX HHEPLUHANbHBIX CHCTEMAax OTCYETa, MOCKOJbKY
OMHAKOBO PacCTOSIHHE MeXAY ABYMS TOUKaMU 1 U 2:

r, =ry +Vt,
X (5.19)
ro =15+ Vi
CuiieioBaTeJILHO,
ripg =Ty —T] =Th—1r] =T, (5.20)

IIpHh 3TOM MbI IpearnoJarajd, 4YTo MacChl T€J He 3aBUCAT OT CKOPOCTH, TO €CTb OAWHAKOBBI B obeux HHEep-
[IHaJbHBIX CHCTEMax OTCYHeTa.



KJIACCUYECKAA MEXAHHUKA e Jlekuus 6

3akoH coxpaHeHuns umnyiabca. lleHTp nHepuuun. J{BukeHne meHTpa
uHepuuu. CBga3b 3aKOHA COXpPaHEHUS MMIYJIbCAa C MPUHLUNIOM
otHocuteabHoctu lanuaes

BTOpOﬁ 3akoH HrloToHa MOXKHO nepenrncaTb B TaKOM BHIE:

dp

— =F 6.1

7 ) (6.1)
rje Mbl BBeJH BeJUUHUHY

p =mv, (6.2)

Ha3bIBAEMYI0 B (DU3MKe MMITYJIBCOM. [Ipy 9TOM MBI MPEANONaraiy, YTO Macca 4acTHIbl m OT CKopocTH (a
3HQYMT ¥ OT BPEMEHHU) He 3aBUCHT:
dv  d(mv) dp

ma=m-—- =

¥ % T (6.3)

A ecau 3aBucuT? B kako#t dhopme crnpaBenuB BTOpod 3akoH HbloTOHA, OMHMCHIBAOIINN JBHKEHHE PEJSITH-
BUCTCKUX yacTHL? OTBeT:

dp
£ = F. (6.4)
dt

TaKI/IM O6p830M, I/IMI‘IyJ'IbC — 3TO 60J‘Iee (i)yHILaMeHTaJIbHaH q)I/ISI/I‘-IeCKaH Be/JIMYHUHA, 4YeM CKOpOCTb. 3TO

CTaHOBHUTCS OTUETVIMBO BUIHO Ha NPHMepe NBHUKEHHS CHCTEMBI, COCTOSILEH U3 MaTepHa/IbHBIX TOUeK.

PaccmoTpum, Hanmpumep, cBoGOIHOE ABUXKEHHE ABYX TeJ C MacCaMH i U Mo, CBI3aHHBIX APYT C IPYrom
NPY>KMHKOH, KOTOPYIO IJIsi IPOCTOTHI Mbl OyjeM cunTaTh Hesecomoi (puc. 6.1). Ha sty cucremy He neii-
CTBYIOT BHEILIHHE CHJIbI, IO3TOMY, COIVIACHO MepBOMY 3akoHy HbloToHa, cHcTeMa HOJKHA JHUG0 HAXOMUTHCS
B I0KOe, JIMOO ABHUraThCsl C MOCTOSTHHOM 110 BeJIMUMHE W HaNpaBJeHHI0 CKOpocTbhio. Ho cKopocTb Kaxaoro 13
TeJsl B Ipolecce ABHXKEHHS CJI0KHBIM 00pa3oM MeHsieTCsl 110 BeJIMUKHe ¥ HalpaBJ/eHUIO, IOCKOJIbKY CHCTeMa
OIHOBPEMEHHO COBEpIIaeT MOCTyHaTeJbHOE, KoJebaTelbHOE 1 BpamiaTeJbHOE [BIXKEHHS. 3HAUUT, Hep-
BbI# 3aKoH HbloTOHA MpHMeHHM He KO BCEM TOUKaM CHCTeMbl. A TOTZa T 2Ke HAXOAUTCs Ta TOUKa, KOTopast
JBHXKETCSI C MOCTOSIHHON CKopocThio? OHa cyuiectByer (xoTsi Obl OnHa), MHade MepBbii 3akoH HbioToHa He
Obl1 OBl CpaBedJHUBLIM.

Yro6bl OTBETUTh Ha [IOCTaBJEHHBIH BONPOC, 3alHUllIeM ypaBHeHHe, BbIpakaoliee BTOpoi 3akoH HbloToHa,
JJIS1 KaXKI0U M3 MaTepHaJbHBIX TO4YeK 1 M 2:

% =Fio, % = Fo1, (6.5)
rae Fio — cuja, nedcTByolLas CO CTOPOHBI BTOPOM 4acTHLBI Ha nepByio, a Fo; — cusa, nedcTByowas co
CTOPOHBI 11€pBOH YacTULbl HAa BTOpylo. CornacHo TpeTbeMy 3aKOHY HblOTOHA, 3TH CHJIBI PaBHBI [0 BeJIUYKHE
W TIPOTUBOIMOJIOXKHBI [0 HalpaBJ/IeHHUIO:

Fio = —Fsy. (6.6)
CJI0XKMM Telepb [Ba yPaBHEHHUS [BUXKEHHS:
dp1  dp2
— 4+ —=F Fo1 = 0. 6.7
L + L 12+ Fo (6.7)
DTO MOXHO TepenucaTb B BUIE
d
— =0. 6.8
a (p1 + p2) (6.8)

B pesyJbTaTe MoJyuaeM 3aKOH COXPaHEHMS MMITYJIbCA CHCTEMbI ABYX TeJl
P1 + p2 = const. (6.9)

TloncTaBasis clofia BbIpakKeHHe [/l MMIYJ/IbCOB YacTHIL, MoJydaeM MocJe caefyrollel Lenoyku npeobpa-
30BaHUH
m1Vy + Mave = const, WM (6.10)
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Puc. 6.1. CBoGonHoe IBUKEHHE IBYX TeJ, CBSI3aHHbBIX MPYKHUHKOM.

dry dr

- + mgd—; = const, WJH (6.11)
d d
(n;;rl) + (77:;1'2) = const, HJH (6.12)
d
% (mary + mars) = const. (6.13)
Pasnenus 06e yacTH MOC/IEHEr0 PaBEeHCTBA HAa CyMMApHYIO MacCy, m = my -+ Mg, NMoJdydaeM ypaBHeHHe
d t
& (maritmerz)  _const const’. (6.14)
dt my + mg my + mg

BBeneM Tenepb BEKTOp
R, = [fL T mars (6.15)
mi1 + mo

Touka ¢ KoopauHaTamu R, HasbiBaeTCsi LEHTPOM MHepUMM (/M LEHTPOM MACC) CHCTEMbl U3 [IBYX MaTe-
puanbHbIX Touek. M3 ypasrenus (6.14) caenyer, uTo, KAKUM Obl CJIOXKHBIM HHM Ka3aJl0Ch IBHXKEHHe Kax 0¥
u3 mace, npousBonHas dR./dt = const. Takum 06pa3oM, LEHTP HHEPLMH ABHXKETCS C MOCTOSIHHOH CKOpO-
cTbio (HE3aBHCHMO OT HaJNMUM$ KOJeOaTeJbHOTO M BPallaTebHOrO ABHXKeHHs cucTeMbl). OG03HAYUM 3Ty

CKOpPOCTb KakK V:
dR.
dt
[lopcrasasisi ciona BoipaxkeHue ajs R, u nuddepeHuupys, nonydyaem

1 miry + Mmolra _ myvy + movVvy
dt my + mag m1 + mo

=V.. (6.16)

=V.. (6.17)

Ata QopMmysa onpenessieT CKOPOCTb LEHTPA MHEPLUUH V. Yepe3 MacChl U CKOPOCTH COCTaBJSIOLUIUX CH-
creMy uyactull. K nBHXKEHHIO UMEHHO 3TOH TOYKHM OTHOCHTCS NepBBIH 3akoH HploToHa, W cKOpocTb 3TOH
TOUKH Hajl0 CYMTATh CKOPOCTHIO JIBHKEHHsl CHCTeMbl Kak wesoro!. Ec/M Mbl cormackmcsi Ha Takoe orpe-
JieJileHHe CKOPOCTH JABU2KEHUS] CUCTEMBl KaK LIeJIoro, TO TOrAa UMIMYJbC CUCTEMBbl KaK LEJOro A0JXKeH OBITh
paBeH MPOM3BEIEHHI0 CyMMapHOH MacChl CHCTEMBI Ty + Ms Ha €e CKOPOCTb Vi, TO ecTb (my + ma) V.. C
IPYTOH CTOPOHBI,

(m1 + mQ)VC = Mm1Vy1 + maVy = P1 + P2 (618)

W UMITYJIbC CUCTEMBl OKa3blBaeTCsl PaBHBIM CyMMe HMIYJbCOB COCTaBJ/SIOIIMX ee 4yacThl. TakuMm oOpasoM,
UMITYJIbC, KaK TOBOPSIT, — BeJHYMHA afAMTHUBHAs, TO XKe CaMoe MOXKHO CKa3aTb M 0 Macce Teja. Mbl
MOKa3aJ/i, YTO B OTCYTCTBHe BHELIHUX CHUJ 3TOT UMIMYJbC He MeHsSeTCs CO BpeMeHeM, TO eCTb COXpaHseTcs.
OueBHUIHO, UTO BCE BbILIECKA3aHHOE MOXKHO OTHECTH U K CUCTeMe ¢ OOJBIINM YHCJIOM MaTEPUAJIBHBEIX TOUEK.

Ecnau Ha cucTeMmy Temepb NEHCTBYIOT BHELIHHE CHJIBI, HarpuMmep Ha nepBoe Teso Fy; u Ha BTOpoe Fy,
TO ypaBHEHHMsI IBHKEHUS JAJIs1 KaXKAOH M3 MaTepHasbHBIX TOYeK 3aNHLIyTCs B BUIE

dp1
— =F F
L 12 +Fq,
(6.19)
dp2
— =F F,.
i 21 + Fo
CkJaapiBast 3TH ypaBHEHHSsI, NoJydyaeM
d
%(pl +p2) =F +F;, nm
(6.20)
dV,
=F F,.
e 1+ ¥

IB cucreme oTcueTa, ABMXKYILEHCS CO CKOPOCTBIO V¢, MMIYJIbC CHCTEMbl MaTepHa/bHBIX TOUEK PaBeH HYJIO.



Orciona cienyer, 4To

LHEeHTP MacC CHCTEeMbl JBUIKETC KaK MaTepHaJbHas TOYKa, Macca KOTOPOH paBHa CyMMapHOW
Macce BCed CHCTEeMbl, a JEeHCTBYIOIAs CHJIa — FeOMETPUYECKOH CyMMe BCeX BHEIIHUX CHJI, JAeW-
CTBYIOIIMX Ha CUCTEMY.

[TpumepoM MOXKeT C/IyKHTb ABHXKEHHE CHapsiia Mo napabose B 6e3BO3NYLIHOM MpOCTpaHCTBe. Ecau
B KakoH-11u60 MOMEHT BpPeMeHM CHapsii pa3opBeTCs Ha MeJKHe OCKOJIKM, TO 3TH OCKOJKH OyoyT naliee
pasJsetatbest B pasHble cTOopoHbl. ONHAKO LEHTP MacC OCKOJKOB M ra3oB, 00pa30BaBLIMXCS NPH B3pbIBE,
6yIoeT Mpoo/KaTb CBOE ABMXKEHHE M0 MapaboJHuecKOd TPaeKTOPHM, KakK ecyad Obl HUKAKOro B3phIBa He
OBLJIO.

IIpuHuun otHocuteabHocTu Ianunes
U 3aKOH COXPaHEHHUSl MMITYJIbCa

CcdopMynupoBaB NPUHLUI OTHOCUTENHbOCTH [anusest U 3akoHbl HbI0OTOHA, Mbl HALLLIM, YTO OHU He MPOTHBO-
pedar ApyT APYrY, TO €CTb BTOPOH 3aKOH HbloTOHa MHBapHaHTEH OTHOCUTEJNbHO NpeobpasoBaHuil [anuies.
3aTeM M3 BTOPOTO W TpeThero 3akoHoB HbIOTOHa Mbl BbIBE/M 3aKOH COXPaHEHHs MMIyJbca (3THX HBYX
3aKOHOB, IO CYILLECTBY, AOCTATOUHO: I€PBbIH 3aKOH — YaCTHHIH cjydyaidl BTOPOro, KOrga Cuja paBHa HYy-
710). TakuM 06pasoM, BO3HUKAET €CTECTBEHHOE JKeJaHHe MPOBEPUTb 3aKOH COXPAHEHUSI MMIYJbCA C TOUKHU
3peHHsl MPUHIMIA OTHOCHTeNbHOCTH [annies. A UMeHHO: naBaiiTe MOKAXeM, YTO €CJH ITOT 3aKOH coXpa-
HeHHUs] BepeH B OQHOH MHEpLHAJbHOH CHCTEME, TO OH BEPEH W BO BCEX OCTAJbHBIX CHCTEMAaX, IBHXKYIIUXCS
OTHOCHTEJIbHO Hee C MOCTOSTHHOH CKOPOCTBIO.

JleficTBHTE/IBHO, PACCMOTPHUM [BE CHCTeMbI KoopauHat S u S’ U MyCTh MOCJENHSIST IBHXKETCS CO CKOPO-
cTtbio 'V oTHOCcHTeNbHO nepBoi. Toraa, eciu v — 3TO CKOPOCTb YacCTHLb B cucTeMe S, a v/ — CKOpOCTb B
cucteme S’, TO, KaK Mbl BUIEJH, 3TH CKOPOCTH CBsI3aHbI COOTHOLIEHHEM

v=v +V. (6.21)

I_IYCTb Telnepb B CUCTEME OTCYeTa S IPOUCXOOUT CTOJKHOBEHHE ABYX YACTHIL 1M1 KU MMy CO CKOPOCTAMHU Vi
U vo, B pesyJ/sibTaTe CTOJKHOBEHUS OHH pa3J/ieTaloTCdA, HO YXKe C NPYTUMH CKOPOCTAMU Wi U Wa. 3akoH
COXpaHEHHUS UMITyJIbCa B CUCTEME OTCUETa S BBITVIAOAWUT TOTrAa CJACAYOIHUM O6p330MI

mivi + mMove = M1W1 + MoWa. (622)
HOLLCTaB.HHH croga

vi=vi+V, vya=vi+V,
Y T (6.23)

wi=w+V, wy=w,+V,

Mbl TI0JIy4HM
my(vi + V) +mae(vh+ V) = my(w) + V) + ma(wh + V), nnu
(6.24)

mivy + mavy + (my +mo)V = miw) + mawh + (my +ma)V.

Coxkpawmas Ha (mq + m2)V, Mbl MPUXOAHM K BBIBOLY, YTO U B cHcTeMe S’ BBHINOJIHSETCS 3aKOH COXPaHeHHs
MMIyJ/IbCa:
! / ! !
mivi + mavh = mywj + maws. (6.25)

DTOT BHIBOA MOXKHO O0OOIIMTL M Ha TOT CJy4ail, KOra MacCel 4acTHI[ B TIpoLecce COyaapeHHs mepepacrpe-
JEJISTIOTCSI, HO UMEeEeT MECTO 3aKOH COXPaHEHHS] MacChl:

mq HMl I/ImQHMQ, HO m1+m2:M1+M2. (626)

Takum o6pa30M, 3aKOH COXpaHEHHUA HMIYyJbCa HE NMPOTUBOPEUHUT NMPUHLHUIY OTHOCHUTEJbHOCTHU lanunes.

Ecan uMnynabc coxpaHsieTcs B ONHOHW MHEPIUAJIBHOH CHUCTEME, TO OH COXpaHfAeTcd U B JI000H
JAPYroil cucreMe, IBHIKYIIEHCA OTHOCHTEJIbHO Hee C NMPOU3BOJBHON CKOPOCTBIO NMPSIMOJUHEHHO U
paBHOMepHO.

[Tocsie aToro yTBep:KAeHHs BO3HHKAeT OMH HHTepecHbIH Bornpoc. Hesb3st U BbIBECTH 3aKOH COXPaHEHHS
UMIyJIbCa, UCXOASl U3 OAHOTO TOJIBKO TMPHHLMINA OTHOCHUTENbHOCTH [annies? 3amMedyaTesbHO TO, UTO OTBET
Ha 3TOT BONPOC YTBEPAUTEJbHBIM.



JlaBaiiTe cHayasa pacCMOTPUM cJiydail, Koraa JBa COBEPIIEHHO ONWHAKOBBIX TeJjla CBS3aHbl MEXIY COOOH
NPYKHUHKOH MJIM UEM-TO ellle B TAKOM POJe U MOKOSTCS, a 3aTeM BIPYT OHH OCBOOOXKAAIOTCS U PA3JIETAIOTCS
NoA IeHCTBHEM 3TOH MPYXKHMHBI, WM ObiTb MOXKET HeGOJIbLIOTO B3PbiBa, B pasHble CTOPOHbI (puc. 6.2).
Jis mpocTOTBHl paccMOTpPUM [BHMXKEHHE TOJIbKO B ONHOM HampapJjeHHH. [Ipeamnosioxkum Takxke, 4TO ITH
JIBa TeJa pacroJioxKeHbl abCOJMIOTHO CUMMeTpuuHO. Korma Mexay HUMH TPOU30HIET B3PbIB, OOHO W3 HHUX
TOJIETUT HANpaBO ¢ HEKOTOPOH CKOpocThbio v. Torma ecTecTBEHHO, UTO IPYroe TeJO IMOJETHT HAJEBO C TOH
JKe CaMOH CKOPOCTBbIO ¥, MOCKOJNbKY 00a Teja MOJOOHBl U HeT HUKAKHX OCHOBAaHMH CUMTATh, 4TO JieBas
CTOPOHBI OKakeTcsl NPeANoYTHTe N bHEeH NpaBol. B pesynbrate, BCIeACTBHE CUMMETPHH, UMITYJbC CUCTEMBI
coxpansteTcst (oH paBeH HyJO 10 B3pbiBa M MOCJe B3PbIBa).

10 B3phIBa

v v
<—| m | | m |—> TI0CJIC B3pbIBa

Puc. 6.2. Pazner nByx paBHBIX MacC B pe3ysbTaTe B3pHIBA.

Tenepb pacCMOTPUM OOPATHBIH MPOLECC, KOTA [1BA COBEPLIEHHO ONMHAKOBbIX TeJa IBUKYTCS HABCTPeUy
LPYT APYTY C PaBHBIMH CKOPOCTSIMH, a MOCJIE CTOJIKHOBeHHs caunatores (puc. 6.3). 3nech onsTh Ha MoMoLLb
IPUXOAAT COOOparKeHHsl CUMMETPUH (TO ecThb UTO MeXAy JIeBoil M MpaBoOH CTOPOHAMM HeT HMKAKOro pas-
JIMYHs1), U3 KOTOPBIX CJeIyeT, 4To 0Opa3oBaBlIeecs Te/o J0JXKHO CTOATh Ha MecTe. Ternepb MOCMOTPUM Ha
3TOT JKe MPOLeCC B CUCTEME 0TCYeTa, B KOTOpoii mepsoe Teso nokoutcs (puc. 6.4). Torna BTopoe nBHUXkeTcs
eMy HaBCTpPeuy €O CKOPoCTbio 2v. OUeBUIHO, YTO TOTAA B 9TOH CHCTEMe OTCUETA CJHMILIMECS Tesa OymayT
JIBUraThCsl HaJIeBO CO CKOPOCTbIO, B IBa pasa MeHbllei u paBHOH v. OTcroaa c/enyeT BBIBOI, YTO €CJM Ha
TOKOsIIlleecs TeJo HajeTaeT Apyroe Takoe e Teso, KOTOpoe ABHXKETCS CO CKOPOCThIO v, TO MocJje COyaa-
peHust 06a CMMIINXCA Tesa OyAyT ABMraThCsl B TOM K€ HalpaBJeHHH CO CKOPOCTbIO, B [1Ba pa3a MeHblled,
v/2 (cMm. puc. 6.5). UmmyJibe onsith coxpaHsiercst!

TouHO Tak ke MOXKHO PACCMOTPETb HEYNPYroe CTOJKHOBEHHME IBYX OAMHAKOBBIX TeJ, KaXKJ0€ M3 KO-
TOPBIX IBUKETCsl ¢ MPOU3BOJBHOM CKOPOCTHIO. [IpeicTaBum cebe, YTO OIHO TEJIO JIETHT CO CKOPOCTHIO V1,
a Jpyroe — CO CKOPOCTbIO U B TOM ke Hampabjenud (v; > vg) (puc. 6.6). Kakoil GymeT UX CKOPOCTb
nocJsie coynapenusi? JlapaiiTe CHOBa repeiijieM B CMCTeMY OTCYeTa, B KOTOPOE BTOPoe TeJso MoKouTcs. B Heil
nepBoe Teslo HajeTaeT Ha BTopoe (Mmokosiueecs) o CKOPOCTBIO vy — vo. Mbl 3HaeM, UTO B TaKOH CHUTYalUH
nocJsie CoyapeHust CKOPOCThb CJMIIIErocst Tesa OyneT paBHa (v; — v2)/2. B ucxomHoi xe cucteme oTcuera
oHa GyneT Ha vy 60Jiblle, TO €CTh PaBHOH

V1 — VU2 _’U1+U2
5 +U2—72 .

B pe3yJJabTaTe Mbl CHOBa HMeEEM 3aKOH COXPaHEHUA HMITyJbCa

1
muy + muy = 2m - 5(7)1 + vg). (6.27)

Takum o06pa3oMm, MPUHIUN OTHOCHTeJbHOCTH [anunes mo3BossieT pasobpaThes B JIOOOM HEyIPyrom
COyZlapeHUH OfMHAKOBBIX Macc. M XOTs Mbl pacCMOTpesId UUCTO OLHOMEPHYIO CUTYaLHUIo, e€e JIerko 0606IHTD
Ha NPOMU3BOJIbHEIH cayyad. Hamo TosbKo mepelTy B CHCTEMY OTCUeTa, ABHXKYLIYIOCS He BIOJb HalpaBJ/eHHs
NBHXKEHUST TeJ, a MOA KaKUM-HUOynb yrjoMm. [IpuHUMI ocTaeTcss TeM e CcaMbiM, XOTs JeTajJd HEMHOTO
YCJIOKHSIOTCS.

[TponBHHeMcst HeMHOTO HaJblle. PacCMOTPUM TpH OfMHAKOBBIX TeJsa. [lepBrle 1Ba CKpemn/ieHbl NPyKHUHOMU
(MM MeXkly HHMM 3aJ10’KeH B3pbIBaTesb), a PAJOM Ha OYeHb OJH3KOM PacCTOSHUM A HaXOIHTCs TPeTbe
teso. [lyctb Tenepb npousoiifer “B3pbiB”. [IBa MepBBIX Tesa PasJeTATCS CO CKOPOCTSMH U B pasHble CTO-
ponbl. Uepes HeGoJbIIOH MPOMEXYTOK BpeMeHH (A/v) BTOpPOE Teso CTaJKHBAETCs C TPETBHUM H CJHMAETCs
¢ HuM. O6pasoBaBlieecsi HOBOE TeJO, KaK MBI yXKe YOeIHIHCh, OyIeT ABHTaThCs BIPaBO CO CKOPOCTbIO U/2
(puc. 6.7).

A 4TO MpOU30HAET, €C/H B3PBIB YCTPOUTh MEXKAY TEJIOM MACCHI 7 U TeJoM Maccel 2m? OTBeT OueBUIEH.
J/ist 3TOr0 Hamo MOBTOPUTHL Mpeabiayimi skcrnepumert ¢ A = 0 (cm. puc. 6.8)!

JaBaiiTe Ternepb 00paTHUM [BHXXeHHE BCMSATh, TO €CTb MPOKPYTUM “JieHTy B oOpaTHYyI0 cTopoHy. Uro
NIPOHU30HIIET, €CJIH TeJNO MAacChl m JIETHT CO CKOPOCTBIO v HaBCTPeuy Tejly Macchl 2m, CKOPOCTb KOTOPOTO
paBHa v/2? MHTYUTHBHO KaXeTCs, YTO, KOT[AA TeJa CJUIHYTCS, Pe3yJbTHPYIOIlasi CKOPOCTh GyAeT paBHA
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0 coyaperms

1 2

IocJIe coynapeHus

v=0

Puc. 6.3. Heynpyroe coynapeHue IBYX paBHBIX Macc.

2v
[0 coyiapeHMs

2

THIOCJIe COyNapeHust
Puc. 6.4. Heynpyroe coynapeHue nByX paBHBIX MacC B CHCTEME OTCYETa OfHOH M3 HUX.

HYJI0. DTO AeHCTBUTEJbHO TaK, eCJU ypaBHEHHUS MeXaHUKY HHBapHaHTHbBl OTHOCHTEJbHO HHBEPCUH BPEMEHHU:
t — —t. BriocsiencTBUM MBI yOeqUMCs, UTO 3TO AEHCTBUTENbHO TaK W NMPOUCXOAUT. A celiuac mpuUMeM 3TO
for granted. Utak, cutyanusi 6yner BBITISAETb TaK, Kak H300pakeHO Ha puc. 6.9a.

Tenepp BBISICHHM, YTO MPOU3OHIET B CHUCTEME OTCUETa, KOTOpasi ABHUKeTCs BMecTe ¢ TejioM 2m. Kak
cnenyet U3 puc. 6.96, ckopocThb Tesia, 06pa30BaBLIErocst MOC/ae CTOJKHOBEHHUS, paBHa v/2. MIHbIMHU c0oBaMu
(cM. puc. 6.10), mocsie CTOJKHOBEHHSI CKOPOCTb TPeX TeJl OyIeT B TPH pasa MeHbllle CKOPOCTH HaJeTAKLIero
tesa. OnATb UMMY/NbC coxpaHsiercs!

OueBUIHO, YTO ITOT MPOLECC MOXKHO OBIIO Obl MIPOLOJMKATb 10 GECKOHEUHOCTH M BHIBECTH 3aKOH COXpa-
HeHHUs] UMITyJIbca /IS JJFOOOT0 COOTHOIIEHHSI MacC CTAJKUBAIIIMXCS U 3aTeM CJHNaKuxcs yactTul. Ho Mol
Ha 3TOoM octaHoBuMcs! HactynaeT BpeMmsi mopasMbIC/UTh Hal 3TOH cUTyauued!

1"



v
10 COylapeHust
v/2  TOocJie CoynapeHus

Puc. 6.5. Heynpyroe coynapenue nByX paBHBIX Macc, OfHAa M3 KOTOPbIX NMOKOHUTCSI, — HTOT.

Uy —»

UI_U2_> U:O

| m | 10 coyapeHus

Puc. 6.6. Heynpyroe coynapenue AByX paBHBIX Macc, ABHIKYIIMXCS C IPOHM3BOJbHOH cKopocTbio. CeBa — Jsabopa-
TOpHas CHCTeMa OTcueTa, ClpaBa — CHCTeMa OTCUeTa, CBsI3aHHas C Of[HOH M3 Macc.

A
v o]
1 2 3
- v v=0
6) Lm |[m [ m ]
1 2 3
- v2
o [m | [ m ] m]
1 2 3

Puc. 6.7. Tpu ofMHAKOBBIX MacChl: a) CHTyalust 10 B3pbiBa, ) Uepe3 OueHb KOPOTKOE BPEMs MOC/Ie B3PhIBA, B) CIyCTS
HEKOTOPOEe BPeMsl I0CJIe B3PHIBA.

v=0
m | m | JI0 B3phIBa
2 3
V2
| m | m | 1nocJie B3pHIBa
2 3
Puc. 6.8. Pasjier Tes1 Macchl m H Macchl 2m
v /2 %U_> v=0
[(m]  [m]m]
o oo o] OO R R R e
v=0

Puc. 6.9. a) Heynpyroe cronkHoBenne nByx Tes ¢ maccamu m u 2m. 6) To e camoe, HO B CHCTEME OTCYETa, B
KOTOPOH TeJI0 MacChl 21 MOKOUTCH.

v=0
Lm | [m[m]
v
Lm [ m [ m [>3%

Puc. 6.10. OxoHYaTeJbHbIH UTOT.
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KJIACCMYECKAA MEXAHUKA e Jlekuus 7

Cuna. YpaBuenue npukennss HoioTona. OcHOBHBIE 3amaun
OIMHAMUKHA MaTepuaJbHOM Touku. Pa6ora. KuHeTnueckas aHeprus.
KoHcepBaTuBHbIE 1 HEKOHCEPBAaTUBHbIE CUJbI. IIpuHIIMT
00paTUMOCTHU IBUIKEHHS B T0JIe KOHCEPBATUBHBIX CHJI

I/ITaK, AJid TOro '—[T06bI onpezleJme JBHU2KEHHE MaTepHaJIbHOﬁ TOUKH, HAIO0 peLHI/ITb ypaBHeHHe JABU2KEHUA
Hriorona

d?r
mw = F(I‘,V,t), (71)

rne cuna F B o6miem ciyuae MOXKeT 3aBUCETH OT:
— KOOPIMHAT 4acTHLbl I (KoneGaHus rpysa Ha npyxune, ' = —kx, neuxenue 3eman Bokpyr CosHua,

F~1/r?),
— CKOpPOCTH 4acTulbl v (cusa TpeHus: mpu GOMBUIMX CKOPOCTAX ~ v2, a IPH MAJIBIX ~ V),

— Bpemenu ¢ (mepeMeHHOe BO BpPeMeHH BO3JEHCTBHE).

TaK, Hamnpumep, €CJau 3apsKE€HHasg 4dacThula ABU2KETCHA B JEKTPHYECKOM WU MAarHUTHOM IOJISAX, TO Ha Hee
nerictByet cuna JlopeHua

F=gE+lvxH], (7.2)
C

TZle ¢ 3apsi] YacTHLbl. 3aMeTHM, 4TO 3/lech 00a cJaraeMbelX — INOJsPHbIE BEKTOPHI!

OnHako, Kak H3BECTHO, 3alaHHeM CHJIbI [IBHXKEHHe OJHO3HAuHO elle He onpenessiercs. Heobxomumo
3ajaTh Takxke HayajdbHble yciaoBus r(0) u v(0), To eCTb 3HaueHHs KOOPAMHATBI U CKOPOCTH B HEKOTOPBI
HauanbHbi MomeHT Bpemenu t = 0.! Toraa, Kak f0KasbiBaeTcs B MaTeMaTuKe, ypaBHenue (7.1) Gyaer umernb
eIMHCTBEHHOE pelleHHe r = r(t).

[TockosbKy B ypaBHeHHe, ONUChIBalolee BTOPOH 3aKoH HbloTOHA, BXOAAT He TOMBKO caMa (yHKUHS r(t),
HO W ee nepsasi, dr/dt = v, u Bropas, d°r/dt*> = a, NpoM3BONHbIE 10 BPEMEHHU, 3TO ypaBHEHHe Ha3blBAETCs
auddepeHIMATBHBIM YpaBHEHHEM BTOPOro mopsinka. He cyiuecTByeT yHHBepcaJbHOH TEOPUH HJIH pe-
LleNTa, KaK pelliaTh TaKHe YpaBHEeHHs B 00LeM cayuae. JocTaToOuHO XOPOLIO pa3paboTaHbl JIHLIb UHCIEHHbIE
METOZBI, HO [/ HUX 4acTo 6e3pas3/HyHO, HACKOJIBKO CJIOXKHBIM BBIMJISAUT BblpaxkeHHe AJst cujbl. OnHako B
JIOCTaTOYHO MPOCTBIX CJyuYasiX TaKHe pelleHHst MOTYT ObITb HaiileHbl aHAJIHTHUECKH.

PaGora

Kak n3BecTHO M3 Kypca (DU3HKU cpelHel MIKOJbl, paboTa — 3TO CKaJsipHas BeJMYMHA, PaBHas MpoU3Beje-
HUIO CHJIbl Ha MepeMellleHHe U Ha KOCHHYC yI/a MeXay HUMH. [ljsi KoHeyHoro mepemerieHuss Ar nmeeMm

AA=F -Ar = FAr cosa, (7.3)

rae Mbl BOCIIOJIb30BaJIUCh MOHATHUEM CKaJIsIDHOTO MPOU3BENEHUSA NBYX BEKTOPOB.

dr

F

Puc. 7.1. Pa6ora paBHa cKaJsipHOMY IPOU3BENEHHIO CHJIBI Ha NEPeMelleHHe.

B ofuem ciyuae, Korga MarepuanbHas TOYKa, JBUrasch M0 KPUBOJHMHEHHOH TpaeKTOPUM L, NPOXOAUT
NyTh KOHEYHOH NJIMHBI, 3TOT MYTh MOXXHO MBICJIEHHO Pa3buTb Ha OGECKOHEUHO MaJjible y4acTKH, Ha KaxKJIoM
U3 KOTOpBIX cusaa F MoxeT cuuTatbCcsi MpUOIUKEHHO MOCTOSHHOH, a 3jeMeHTapHasi paboTa MoOxKeT ObITh

1]V‘O)KHO 3a4aTh B€ APYTUX BEJIMUKWHbBI, HAIpUMED 3HAU€HHE KOOPAHWHATHI (I/IJII/I CKOpOCTI/I) B [1BA Pa3HbIX MOMEHTA BPEMEHH.
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BeiuMcseHa no gopmyne dA = F - dr. Eciu Teneppb CJI0XHTb BCe 3TH 3JeMeHTapHble paGoThbl, TO MOJYyUHUM
BBIpaXKeHHe /151 paboThl B BUJAE MHTErpaJa

A= /L F.dr. (7.4)

IT0 BblpaXKeHHe Ha3blBAETCS KPUBOJUHEHMHBIM MHTerpaJoM oT Bektopa F Brosb KpuBoil L.
Pa6ora cuabl, oTHeceHHas! K efMHHIEe BpEMEHH, Ha3blBAeTCsI MOUIHOCTBIO!

dA
pP=—. 7.5
7 (7.5)
[TockoabKy
dA dr
dA= —dt=F - —dt 7.6
dt dt (7.6)
TO (hopMysy IJ1s1 paBGOTBl MOXKHO IMepernucartb B BHIE
t2 tz
A:/ Pdt:/ F-vdt, (7.7)
t1 t1

TO €CTb MOXKHO BbIpasuTb padoTy uepe3 MHTErpajs OT MOLIHOCTH 10 BPEMEHM, WM Uepe3 HHTerpas 1o
BPEMEHH OT CKaJ/ISIPHOrO NPOM3BeNeHUs CUJIBI Ha CKOPOCTb YacTHLBl. B mocsenHeM ciydae sicCHO, 4TO ecJH
cusa, NeHCTBYyIOILAash Ha YacTHLy, NepleHIUKYJspHAa CKOPOCTH V, TO pabdoTa TakoH CUJBl paBHA HYJIO.
[TosToMy, HampuMep, MarHMTHOE MMOJe HMKAKOH paboThl Hajl uyacTHLeEH He MpPOM3BOAMT (CMOTpPHM BTOpOE
ciaraemoe B hopmyie (7.2)).

Bocnosbayemest Tenepb (popmysnoii BToporo 3akoHa HbioToHa M BbIpa3WM CHJy uyepe3 NMPOHU3BOLHYIO OT
uMnyJbca no sBpemenun F = dp/dt:

A:/F~th:/ccl7€-vdt=/dp~v. (7.8)

[Tockoseky p = mv, 10 dp = mdv. I[loaTomy

2 2
A:/dp-v:/mdv-v:m/v-dV:m/d%zmTU—Fconst. (7.9)

[Tpy 9TOM MBI BOCTOJNBb30BAMUCh TeM, 4To dv? = d(v - v) = 2v - dv. Ecau Tenepb Mbl Oynem paccMaTpUBaTh
paboTy CHJIbl NIPH NepeMeLleHHH MaTepHasbHOH TOUKH U3 MOJIOXKeHHs 1 B MoJioKeHHe 2, To UCKoMasi paboTa
OyneT paBHa

2 2 212 2 2
Ajg = dp-v=m | v-dv= muzy e mui (7.10)
. ) 2 |, 2 2
KaK HU3BECTHO, CKaJIHpHaH BeJIUUMHA
2
K = % (7.11)

Ha3bIBaeTCsl KMHETHUYECKOM aHeprneﬁ yacTHUB. TakuMm o6pa30M, MbI JOKa3aJu, 4TO

pa60Ta CHUJIBI 110 MepeMelieHUIo MaTepHaJ’[bHOﬁ TOYKH paBHa INPUPALICHHIO €€ KHHETHYeCKOH JHEepPruu. ‘

[Ipu sTom mop cuJsOH Hamo, OAHAKO, TIOHUMAaThb NOJHYIO CUJY, AEHCTBYIOLULYIO Ha TOUKy. Tak, Hampumep,
eCc/li Bbl TalllUTe CaHKH 10 He OYeHb CKOJIb3KOH mopore (mochimaHHOH MeckoM), To pa6oTa, KOTOPYIO Bbl CO-
BepllaeTe, OTJAUYHA OT HyJs. OQHAKO HUKAKOTO TPHUpAlleHUs] KHHETHUYECKOH SHEPIUH CAHOK He TPOUCXOMHUT.
Bce z1e10 B TOM, 4TO CHJIa TPEHHS TOXKe MPOU3BOAUT PadoTy (oTpuuarenpHyw). B pesysnbrate mosHas cuia
U ToJIHasl paboTa OKa3bIBAKOTCS PABHBIMH HYJIIO.

[TonyueHHBIH pe3y/bTaT MOXKeT ObITb 0e3 TpyAa 000011eH Ha caydall MTPOU3BONBHOH CUCTEMbl MaTepHalb-
HbIX To4yeK. KHMHeTHUYecKol Hepruell cHCTeMbl Ha3blBaeTCs CyMMa KMHETHMYECKHX 3Hepruil MaTepHasibHBIX
TOYEK, U3 KOTOPBIX COCTOMT 3Ta CUCTEMA:

(7.12)

%
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B pesynbrate:

CymmapHasi paGora BCcex CHJI, AEHCTBYIOIIMX HAa CHCTEMY MaTepPHaJbHBIX TOYEK, PaBHA Mpupalle-
HHUI0O KHHETUYECKOW IHEPTHU ITOU CUCTEMBI.

[Ipu aTOM HYKHO YUHUTBIBaTb TaKxKe U paboOTy BCeX BHYTPeHHUX cuJj. CpaBHHUTE: BHyTPEHHHUE CHJIbl CyMMap-
HbIEl HMIYJIbC CUCTEMBI HEe M3MEHSIOT (TOMBKO BHELIHWE), a8 KHHETHYECKYI0 SHEPTHI0 CHUCTEMBI M3MEHSIOT.
Hanpumep, B mpouecce coynapeHusi CyllecTByeT MOMEHT, KOrja fABa CTa/JKUBAIOLIMXCS Teja OCTaHaBJH-
BatoTcsl. KMHeTHUecKasi HEPTUsl CUCTEMBI B 3TOT MOMEHT paBHA HYJ/0, a HepPrusi ynpyrod nedopmauuu
MakcHMaJsbHa. Ec/id coynapeHde ynpyroe, TO Mocje HEro KMHETHUYecKasl SHEPrUs, padyMeeTcsl, BOCCTAHaB-
JIUBAaeTCs U OCTAeTCs TaKOH Ke, KaK U 10 COyHapeHHs.

KOHCCpBaTI/IBHbIe U HEKOHCEPBATUBHbBIE CHUJIbI

Bce cuibl, BeTpeuaroniyecsi B MeXaHHKe MaKPOCKOITHUECKUX TeJl, IPUHSTO Pa3fessiTh Ha KOHCepPBaTUBHbIE
U HeKOHcepBaTUBHbIe. KoHCepBaTUBHBIMU Ha3bIBAIOTCS CHJIbI, pab0Ta KOTOPBIX HE 3aBUCHUT OT (DOPMBI My TH
MeXJy IBYMsi ToukaMu ([P TepeMelleHrd Tesla MeXX1y HHMH).

2

Ajp(a) = A15(b) = 415(0)

1

Puc. 7.2. Pa6oTa KoHcepBaTHBHOH CHJIBI HE 3aBUCHUT OT MyTH Nepexoja.

HpHMepOM KOHCEPBATUBHLBIX CHJI ABJISAETCH, HApPUMEpP, CUJA TAXKECTH. Brruucaum pa60Ty 3TOU CHJIBI
npu nepexone MaTepHaJIbHOﬁ TOYKH M3 TOJIOXKEHUS 1 B MOJIOXKEHUe 2 BI0OJIb HpﬂMOJIHHeﬁHOI‘O OTpe3Ka rio:
1

|

h
r a
12 :hl_ h2 g
|
| hy

2

Puc. 7.3. Pa6ora cusbl TSKeCTH 3aBUCUT TOJBKO OT PAa3HOCTH BHICOT hi — ha.
Ajo =mg - 115 = mgris cosa = mg(hy — he) = mghy — mghs, (7.13)

rie hy U he — BBICOTBH, Ha KOTOPHIX HaxOIMJach MaTepuasbHasi TOUKa B Hadyaje U B KOHUe nyTH. OHH
OTCUMTBIBAIOTCS OT KaKOT0-J1H00 MPOU3BOJIBHOTO YPOBHS, HANIPUMEP OT 3eMHOH MOBEPXHOCTH MJIM OT YPOBHS
Mopsl.

Popmyna nast pabotsl A1 = mghy —mghe OcTaeTcs CrpaBefJHBOH U NPH MepeMelleHHH BIOJb MPOU3-
BOJIbHOH KpUBOH la2 unan 162. Iy noKazaTesnbCcTBa 3TOrO yTBEPKIEHHUS HalO0 pa3buUTh BeCh MyThb FOPU30H-

Puc. 7.4. To ke, 4yToO U Ha npelblAylleM PUCYHKe, HO B clydae KPUBONHHEHHOH TPAaeKTOPHH YaCTHLHL.

TaJIbHBIMU TJIOCKOCTSIMH Ha MaJjible YYaCTKH, KaXKIbIH U3 KOTOPbIX MOXeT OBbITh MPUHST 3a MPSIMOJHHEHHBIH.
[IpuMeHHB K KaXXKJIOMY yUacTKy BbiBeeHHYI0 hopMmyny Aio = mghi —mghs U CI0XKUB TI0JNyYeHHbIE padOThI,
MBI TIPUEM K TIpeKHeMy pe3y/bTary. Takum obpasom,

pa60Ta CHUJIbl TA2KECTH He 3aBHCHT OT CpOprI IyTH. OHa onpeneJsisgeTcd TOJbKO HadaJbHBIM U KOHEYHBIM
INOJIO2KEHHUAMHU nepeMeLuanmeﬁICH TOYKH.
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Kpowme toro, cpaBHHBasi

2 2
mu mu
Ap=—72 -1 Ul A1z = mghy —mghs,
2 2
[PUXOAHUM K BBIBOAY, UTO
mu? muv2
mghl—i-T1 = mghs + 22,

TO €CTb NPHU ABUKEHHUHU B I10JI€ CUJDBI TAKECTU COXPaHAECTCS BeJHYHHa

2
E = mgh + % = const. (7.14)

Ona, KaK Bbl 3HaeTe, Ha3bIBAETCS MOJHOM SHEPTUEN CHCTEMBI U CKJIAbIBAETCS U3 KUHETHUECKOH U MOTEH-
nMaJbHON dHepruu. [lon moTeHUMaNbHON SHepruel 31ech HAO MOHUMATh BequuuHy U = mgh.

BTopeiM mpuUMepoM KOHCEPBATHUBHBIX CHJI SIBJSIOTCS TaK Ha3blBaeMble IE€HTpPaJbHbIE CHJbI. [aKk Ha-
3blBaeTCs CHJa, KOTopasl Bcerja HalpaBJjeHa M0 pafuyC-BEKTOPY, COENUHSIIOLIEMY MaTepHasbHYI0 TOUKY C
HEKOTOPOH TOUKOH B IPOCTPAHCTBE, M 3aBUCHT TOJLKO OT PaccTOsiHUs A0 3Toi Touku (puc. 7.5). Cama 3Ta
TOYKAa Ha3blBaeTCsl LEHTPOM CHJbl, UJIH CHJOBBIM LEHTPOM. [IpuMepoM TakKHX CHJI MOTYT CJYXKHUTh CHJIBI

TPACKTOPUA YaCTULBL

Puc. 7.5. Touka 0 — cusoBoit uentp. Cusbl Fi(rig) U F2(ra0) 3aBHCSIT TOJMBKO OT PACCTOSIHHS IO LEHTPA.
rpaBUTalMOHHOrO npuTskeHus 3emaun K Coanuy (uiu Jlyns k 3emse). Jlisg Toro uToGbl puc. 7.5 cOOTBET-
CTBOBAJI 3TOMY CJyualo, Hafl0 TOJbKO U3MEHHTb HalpaBJeHHs CHJl Ha PUCYHKe Ha MPOTHBOIOJOXKHEIE, TaK
KaK TaM OHH M300pa’KeHbl KaK CHJIbl OTTAJKHBAHHUS.

[TokaxkeM, 4TO paboTa LEHTPAJbHBIX CHJ TAaKXKe He 3aBUCHT OT (DOPMBI MYTH U ONpPENESieTCs] TOJbKO
HayasbHbIM U KOHEUHBIM TOJIOXKEHUSIMU MaTepUabHON TOUKH. JJis 3TOro mpousBeneM GECKOHEUHO MaJioe
nepemenenne dr. [lpu stom |dr|cos dr, tne dr — mpupaileHHe paccTosHMS 10 LeHTpa (cMoTpu

0
Puc. 7.6. Pa6ora ueHTpalbHbIX CHJI.

puc. 7.6). Takum o6pasom, dA = Fdr u

2 T2
Ajp = / F.dr = / F(r)dr. (7.15)
1 T

1

3HaueHuHe OIpeNeJICHHOTO UHTerpaJia 3aBUCHUT TOJbKO OT HU2KHETro WU BEPXHEro MpeneJsioB 7; U 7o U, TAKUM
00pa3oM, He 3aBUCHUT OT (DOpPMbI IyTH.

paCCMOTpI/IM npuMep. TaK, CHhJIa TPABUTALMOHHOTO TNPUTAKEHHUA MEXKIAY ABYMsS TOUEYHBIMH MacCaMHu m
U M 3aBHCHUT TOJBLKO OT PacCTOAHUA  MeXKAY HHUMH!

M
e (7.16)

F=-C¢

[ToMecTHM Haua/o KOOPAMHAT B TOUKY, IJle PacloioXKeHo OfHO Teso Macchl M (mycTb 310, cKaxkeM, Gymer
3emJis1), TOra BTOPOe TeJ0 Macchl m, HaXofslleecs Ha PacCTOSHUM T OT NepBOro, MPUTATHBAETCH K HEMY
¢ cunoii (7.16) (puc. 7.7).
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M
Puc. 7.7. Pa6ora cusibl rpaBUTALMOHHOTO MPUTSKEHUS IBYX TOUEUHBIX Macc.

Pa6ota 3T0#l cunbl onpenesseTcs BhlpakKeHHEM

2 > mM > 1
A12:/ F-dr:—/ el f-drz—GmM/ —r-dr =
1 1 T 1 T

;
2 T2

meM/ di; = — GmM (1) = GmM (1 - 1) : (7.17)
1 T r ) ™

IIpx 3TOM MBI BOCIOJIB30BAMUCh TeM, 4To T - dr = (1/2)dr? = r dr. Takum o6pasom,

T1

Apg = — - T 7 (7.18)
T

YuuteiBas, 4To paboTa paBHa H3MEHEHHIO KUHETHUYeCKOH 3Hepruu,

3 2 GmM GmM
A12 _ muvy . muy _ m _ m : (719)
2 2 T2 71

MBI TloJg1y4daeM, UTO B IpoLecCe NBUKEHHUS OCTACTCs MOCTOSIHHON BeJIMUKHA

2 2
mvy  GmM _ mui GmM — const. (7.20)
2 T9 2 1

Ona, Kak W Mpexje, Ha3biBaeTCsl MOJHOH SHEprueil U CKJaAblBaeTCs M3 KHHETHUECKOH M MOTeHLHAJbHOH
SHEpruHy,
E=T+U, (7.21)

NPUUEM TOf MOTEHIMAaJbHOH SHEPrued 3aech ceayeT NMOHWMATb BeNHUYUHY
U=_—"" (7.22)

Ona orpuuaTenbHa, TakK KaK COOTBETCTBYET IPUTSKEHHUIO.
PaccMoTpuM Tenepb 3aMKHYTBIE KOHTYP, KOTOpbIH coenuHsieT Touku 1 u 2. Eciu cuia KoHcepBaTHBHA,
To A132 = Ai49. Ecaiu MBI M3MeHUM HampaBJjieHWe IBHKeHHs W OyneMm ABUratbcs He oT 1 K 2, a oT 2 K 1,

3 2

Azt A1 =0

1 4

Puc. 7.8. PaGoTa KOHCepBaTHBHBEIX CHJ Ha 3aMKHYTOM KOHType paBHa HY.JIIO.

TO Ha KaXkKIOM OTpe3Ke Halllero myTH cu/a OyaeT TOH e caMoii, a nepeMellleHHe H3MEHHT 3HaK, TO eCThb
Argo = — Ao, (7.23)

B pesysibTaTe
Aizo = —Agq1, nmn Ajze + Ay = 0. (7.24)

Takum 06pa3oM, Mbl NIPUXOAUM K BaxKHOMY pe3y/bTaTy, uTo

paboTa KOHCEepBaTUBHBIX CUJ Ha 3aMKHYTOM KOHType paBHa HYJIIO. ‘
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Frp v

Puc. 7.9. Cuna tpenus Bceraa HampabJ/ieHa NPOTHB CKOPOCTH YACTHLIBL.

Bce cuisbl, He siBasiiOLIMecs KOHCEPBAaTHBHBIMH, HAa3blBalOTCS HEKOHCEPBATHBHBIMH cujaMu. K HUM
OTHOCSATCS, TIPEK/Ie BCETO, TAK HAa3bIBaeMble AUCCUIIATUBHbBIE CHJIbI, HATIPUMED CHUJIbl TPEHHS, BO3HUKAIOLIHE
TNIPH CKOJIbXKEHWH OJHOTO TeJla OTHOCHUTEJIbHO Apyroro. Cuja TpeHHS B 9TOM CJydae BCeria HampaBjeHa
NPOTHUB CKOPOCTH ABHKEHHUS, TO €CTh MPOTHUB IepeMelleHus Tesa. PaGoTa aTOH CUJBI BCEra OTPULLATENbHA.
U ecau Teso cMecTHJIOCH Ha/MeBO, a TIOTOM BEPHYJNOCh Ha3ai, TO OUEBHIHO, UTO CyMMapHas paboTa Oyner
BEJMUYMHON OTpULIATENbHOM W He paBHOH Hymo. Takum oOpa3om, paboTa CHJBI TPEHHUS] CKOJNbXKEHHS MPH
NBUKEHHUN M0 3aMKHYTOMY KOHTYPY He paBHa Hyso! K HeKOHCEpPBaTHBHBIM CHJIaM OTHOCSITCS TaKXKe CHJIBI

FTP v

Puc. 7.10. PaGoTa cusbl TpeHHs1 Ha 3aMKHYTOM KOHType He paBHa HYJIO.

CONIPOTHBJIEHHs], KOTOPBIe JeHCTBYIOT Ha TeJO MPU €ro NBHXKEHHU B KHAKOH WJIH ra3oo0pasHoil cpene. DTH
CHJIBl Ha3bIBAIOT MHOTAA CHUJIAMH BSI3KOTO TPEeHHUsl. B OTJIMUMe OT TpeHHS CKOJIbXKEHHs, OHH BCerga 3aBUCST
OT abCOMIIOTHOM BeJMUUHBI CKOpocTH Tesa!l M HanpaB/ieHbl MPOTHBOMIONOXKHO €H.

3necb HeoOXOAMMO OTMETHTb, YTO Ha MHKPOCKONHYECKOM YPOBHE, KaK 3TO BBISICHEHO Ha CETOAHSLI-
HUH [IeHb, BCe CHJIbI, JeHCTBYIOLINE MeXIy 3JeMeHTAapPHBIMH YacTulaMu, KoHcepBaTuBHbI! TakuM o6Gpasom,
HEKOHCEPBAaTHBHOCTb CHJI Ha MaKPOCKOMMYECKOM yPOBHE — 3TO €CTh CJIEACTBHe TOro, YTO Mbl He pac-
CMaTpUBaeM [eTaJbHO JIBHXKEHHE COCTABJISIOUIUX TEJNO aTOMOB, MOJIEKYJ, 3JEKTPOHOB U T.H. Ecyu Obl Mbl
MOTJIH MPeICTaBUTh cebe 3aMKHYThIH KOHTYDP B KOH(UrYypaLIOHHOM MPOCTPAHCTBE BCEX COCTABJISIOLINX
TeJIO YAaCTHI, TO TOTAA paboTa BCEX CHJ NPU IBHKEHHH IO 3TOMY KOHTYpY Oblia Obl BCETIa paBHA HYJIO.
A Tak B HMCXOOHOE MOJIOXKEHHe BO3BPALLAeTCsi OfHO JIHIIb MaKPOCKOMHUECKOe TeJO, U TO MPHOJHKEHHO,
MIOCKOJIbKY COCTABJSIIOLINE TEJNO MOJIEKYJbl Telepb OBHXKYTCs ObicTpee — TeJo Harpesoch. Harpemach B
pe3y/ibTaTe TPEHHs] M OKDYKalollasi TeJO BHEIIHSS CpPefa, TO eCThb OHAa TOXKE H3MEHMJa CBOe COCTOsIHHE.
Takum 06pa3om, B pe3y/ibTaTe JBHKEHHS MaKPOCKOMMUYECKOrO TeJa M0 3aMKHYTOMY KOHTYPY BCS CHUCTEMa,
CTPOro TOBOPSI, He BO3BpaIllaeTcsl B HCXofHOe cocrosiHve! [ToaTomy otnuuHa oT HyJIs U pabora. Jta padora
B KOHEUHOM cyYeTe Tepelisa B Temao. [ HeT yxe crnoco6a BepHYTb 3aTpayeHHYIO SHEPTHI0. DTOT MpOLECe
HeoOpaTum!

Elle onuH BHI CHJT — 3TO rHpOCKonuyeckue cuiabl. OHU 3aBUCAT OT CKOPOCTH MaTepuasbHOH TOYKH,
HO HampaBJIeHbl BCera MepneHAHKYAspHO ToH cKopocTH. [ToaToMy pafora TakHX CHJ BCerja paBHa HYJIO.
H3-32 3TOr0 UX MOXHO YCJIOBHO OTHECTH K KOHCEPBATHBHBIM. EJHHCTBEHHBIM MPUMEPOM THPOCKOMUYECKUX
CHJl B MHepLHAJbHBIX CHCTEMaX OTcYeTa siBjsieTcs cuja JlopeHlUa, meHcTBYymoIas Ha 3apsil, ABHXKYILUHCS
B MarHUTHOM [0Jie,

v x H]. (7.25)
C

IIpyHIMN 06PAaTUMOCTH ABUIKEHUS
B I0JIe KOHCEePBATUBHbBIX CHJI

Jsst Toro uTo6Bl cHJa Obl1a KOHCEPBATHUBHOM, NOCTATOUHO, UTOOBl OHA He 3aBHCeJa OT CKOPOCTH YaCTHILBI
¥ OT BpeMeHH (IBHO):
F(r,v,t) = F(r). (7.26)

HesiBHO OHa MOXeT 3aBHCEThb OT BpeMeHH — uepe3 3aBUCUMOCTH r(t). B aToMm cayyae ypaBHeHHe IBHKeHUs
Heiotona (7.1) MHBapHAHTHO OTHOCHTE/ILHO ONEPALMUd WHBEPCHU BPEMEHH

t — —t. (7.27)
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Jpyrumu cioBaMH, €CJd Mbl HallJIK pellleHre r = r(t) ypaBHEHUS ABHUKEHHs

d?r
TO pellleHHeM 3TOr0 ypaBHeHHs1 Oymer Takxke u QpyHkuus r’ = r(—t). [locsenHee cnpaBeninBo MOTOMY, 4TO
orepanys ABYKPATHOTO AW(QepeHIHpPOBAHNS UHBAPUAHTHA OTHOCUTENbHO 3aMeHBl ¢ — —i:

d? d?
— (7.29)
dt'? dt?’
rae t' = —t.

[TposiB/ieHHEM 3TOH CHMMETPHUH SIBJSIETCS TO, UTO €CJH, HalpHMep, YacTHLa IBHUKETCS 10 HEKOTOPOH
TPAeKTOPHH, OTpeaessieMOH KAKUMHU-TO HauaJbHBIMUA 3HAUEHUSIMA KOOPAHHATHI U CKOPOCTH, U MBI B KaKOH-
TO MOMEHT BpeMeHH 06paTUM JBUKeHHEe, U3MEHUB CKOPOCTb YACTHUIIBl Ha MIPOTHUBONOJNOXKHYIO, TO IPHHUMAS
ee 32 HOBYI0O Haua/lbHYI CKOPOCTb, Mbl YBHUAMM,UTO cCUcCTeMa OyneT ABUraTbcs 0OpaTHO MO TOH Ke TOYHO

v(0)

Puc. 7.11. O6pauienne nBUKeHHUs] BCNATb. YacTHLa noineT Hasad 1o TOH e caMoi TpaeKTopuw!

TPaeKTOPHH H C TOH ke (C TOUHOCTBIO 10 3HAKa) CKOPOCTBIO. DTO MPOMCXOAMT TaK, KaK €CJiM Obl Mbl 3aCHSA/H
IBH2KEHUE YacTHIbl Ha KHHOIJIEHKY W MPOKPYTHJH TJIEHKY Hasal. DTOT BaXKHBIH MPHHLHI Ha3blBaeTCs
NPUHUUIIOM o0paTumMocTd ABvkKeHHMs. OH ClpaBelJuB, KOrha dacTvia (MW Teso) ABHUXKETCS B ToJe
KOHCEPBATHBHBIX CHJI, HE 3aBHUCSILIUX OT CKOPOCTH YaCTHLIBI.

XoTs pa6oTa IMPOCKONHYECKHUX CHJ PaBHA HYJIO M MOITOMY MX MOXHO OTHECTH K KOHCEPBATHBHBIM,
K HUM He NPUMEHHUM B INpeXXHeM BHMe MPUHLHI 0OpaTUMOCTHU ABUXKEHHS, MOCKOJbKY 3TH CHUJBl 3aBUCAT
He TOJIbKO OT TOJIOXKEHHSI MaTephaJsbHOH TOYKH, HO M OT ee ckopocTd. [loatomy, Hampumep, eciu 3apsin
JBUKETCS] MO0 KaKOH-MHO0 TPaeKTOPHUH B 3JEKTPUUECKOM M MarHUTHOM MOJSIX U MBI B KaKOH-TO MOMEHT
BpeMeHH 06paTHM ero JBUXKEHHe, TO 3apsifi He MOUAeT Ha3ajl Mo TOH XkKe caMOH TPaeKTOPUH. DTO MPOU30UIET
JIMILIB B TOM CJy4yae, eCJd Mbl OJHOBPEMEHHO U3MeHHM M 3HaK MarHuTHoro nosas H:

v x H] = [(—v) x (—~H)]. (7.30)
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KJIACCUYECKAA MEXAHUKA e Jlekuus 8

IloTeHuuanbHasi sHeprusi. 3aKOH COXpaHEHUS IHEPTUM B MeXaHHKe.

Cuna u noreHuuaabHas sHeprus. OnHoMepHOe aBHKeHUe. [paHUIIBI
ABUKeHUSA. 3aKOH COXpaHEeHUs] UMIYJIbCa M IHEPTHUU KaK CJeICTBUE

OIHOPOIHOCTH MPOCTPAHCTBA-BPEMEHU

Jlns KoHCcepBaTUBHBIX CHJ, paboTa KOTOPBIX HE 3aBUCHT OT (POPMbI MYTH, MOXKHO BBECTH BaKHOE€ IMOHSITHE
NOTeHIMAJbHOU 3Heprum. [laBaiiTe Kakoe-iuOO MPOHU3BOJIBHOE TOJIOXKEHHE CHUCTEMBI, XapaKTepH3yeMoe
3alaHieM KOOpAMHAT ee MaTepHaJsbHBIX TOYeK, YCJIOBHO NMpHMeM 3a HyseBoe. Toraa

pa60Ta, coBepllaeMasi KOHCEPBATUBHBIMU CHUJIAMHU IIPU [1epexone CUCTEeMbl U3 HEKOTOPOT'O IOJI02KEHUSA B
HYyJieBO€, Ha3blBaeTCsA HOTeHHHaJIbHOﬁ aHeprneﬁ U cucteMbl B 3TOM IOJIOXKEHHH.

* U(1) = 19

UR2)=4
) (2) =4y

0
Puc. 8.1. OnpeneneHue NOTeHIUATbHOH SHEPTHHU.
Pa6oTta KoHCepBaTHBHBIX CHJI He 3aBUCHUT OT MYTH MEPEXoa, a 03TOMY MOTeHHalbHasl SHEePrusi CUCTe-

MBI IIpH (;pHKCHpOBaHHOM HYJE€BOM I10JI02KEHHUH 3aBUCHUT TOJIBKO OT KOOPAWHAT MaTepUAJbHBIX TOYEK CHUCTEMBEI
B pacCMaTpUBaeMOM I10JIO2KEHUH. NubiMu CJIOBaMH,

’HOTGHHI/IaﬂbHaﬂ SHEepPrug CHUCTEMbI U siBaisieTcst pr}{KLLI/Ieﬁ TOJIBKO €€ KOOpAHHAT.

3HaueHHe MOTeHLHaNbHON SHEPrHH, BOOOLIE FOBOPS, 3aBUCHUT OT TOTO, KaKoe MOJI0’KeHHe CHCTEeMBI yCJI0B-
HO NpPHUHATO 3a HyJeBoe. Ecau 3a HyJeBoe NMpUHATH moJsoxkeHHe 0, TO B MosoxKeHHH 1 cucTema 6yner 06-
JlajaTbh NOTeHLHalbHOH 3Heprued U = Ajo, paBHOH paboTe KOHCEPBATHUBHBIX CHUJ IIPU Iepexofe CHCTeMbI
13 noJioxkeHusi 1 B nosioxenre 0. Eciu ke 3a HyJeBoe NPUHSATDH nosoxkeHHe (', TO MOTeHLMANbHAS SHEPTHs
Oynmer pasua U’ = Ajo. BesencTBrue KOHCEPBATHBHOCTH CHII

Ay = Ao + Agy  nim U{ =U; + Ay (8.1)

Pa6ota Agpp’ NOCTOSIHHA, TO €CTb He 3aBUCUT OT KOOPAHHAT CUCTEMBl B paccMaTpruBaeMoM cocTosiHUM 1. OHa
TOJIHOCTBIO OMpPeeNseTCsl BEIGOPOM HY/eBBIX mosoxkeHHH 0 u 0.

Mbl BuAMM, TakuM 00pa3oM, 4TO IIPH 3aMeHe OJHOTrO HYJIeBOrO MOJIOKEeHHS APYyTMM IOTeHlLHaJsbHas
SHeprus CHCTeMbl U3MeHseTCsl Ha NOCTOSHHYIO BeJIMUMHY. HeonpeneqeHHOCTh MOXKHO YCHJIHTD ellle 6oJiblle,
€CJIH YCJIOBUTLCS CUMTATh NOTEHIHA/IbHYIO SHEPIHIO B HYJ/1IeBOM I10JI02KeHHH PaBHOH He HYJII0, a KAKOMY-J1H00
MIOCTOSTHHOMY IPOM3BOJIbHOMY 3HaueHH0. Toraa B MpuBeleHHOM BBl OlpeJeseHHH BMeCTO NOTeHLHabHOH
3Hepruu cjefyeT FOBOPUTb 00 ee Pa3HOCTHU B [IBYX I0JIOKEHUSX.

PasHoCTbIO MOTEHIMANBHBIX SHEPIHH B pacCMaTpPUBaeMOM M HYJEBOM IMOJOXKEHHSIX Ha3blBaeTcsl pabora,
coBeplllaeMasi KOHCEPBAaTUBHBIMH CHJaMM INIPHU Nepexofe CUCTeMbl M3 pacCMaTPUBAEMOro MOJOXKEHUS B
HyJIeBOe.

Taxkum 06pa3om, MOTeHLHAbHAS] SHEPrUsl OMpeeseHa He ONHO3HAYHO, a C TOYHOCTHIO A0 NPOM3BOJIBHOH
MOCTOSTHHOH. DTOT NPOMU3BOJ HecTpalleH, TaK KaK Ha CaMOM JleJie BCera BaKHa JIMIIb PAa3HOCTb MOTEHLHU-
AJIbHBIX HEPTHUH.
[TycTe cuctema mepelia U3 moJioxKeHUs 1 B moJioxkeHue 2 no Kakomy-au6o nytu 12. Torna, Kak caenyert
u3 puc. 8.3,
Ajg=Ao+ Apa = Ao — Ao = Uy — Us = —(Uy — U),
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Or

Puc. 8.2. HOTeHLU/IaJ'IbHaH 9HEPrusa 3aBUCUT OT BbI60pa HYJIEBOTO IIOJIO2KEHHS.

0

Puc. 8.3. Pa6ora KOHCepBaTHBHBIX CHJl PaBHA YOBIIM NMOTEHLHMAJNbHOH SHEPIHH CHCTEMBI.

TO ecThb paboTa KOHCEPBATUBHBIX CHUJI PaBHA YOBLIM TOTEHLHAJIbHON SHEPIHUU CHCTEMBI IIPH MEPEXOJe ee U3
TOYKH 1 B TOuKy 2.
C npyro#i cTOpoHBI, paboTa CHJBl paBHA MPUPALIEHHI0 KUHETHUECKOH SHEPTHU CHCTEMBI

A =U; - Uy = Ky — Ky, (8.2)
n03TOMYy
K+ U = Ky +Us. (8.3)

CyMMa KMHeTHYeckoH M MOTeHUMAJbHOH SHEPrMH CHUCTeMbl Ha3blBaeTcsl ee MOJHOH 3Hepruell F. Mul
TMOJMYUMJIH, YTO TMOJHblE SHepruu B mosoxkeHusix 1 u 2 paBHbl: F; = Eo, WM, 4TO TO e caMoe, MOJHasi
SHEpPrusi COXPaHAETCH:

E = K + U = const. (8.4)

Taxkum o6pasom,

B CHUCTeMe C ONHUMH TOJbKO KOHCEPBATHUBHBIMH (I/I FI/IpOCKOHI/I‘{eCKI/IMI/I) CUJIaMHU MOJIHasA 3HEpPrus ocTa-
eTCsl HEM3MEeHHOH. MOFyT NPOUCXOOWUTDH JUIIB MPEeBPallEeHUA MOTEeHUHATbHON 9HEPrur B KUHETHYECKYIO
148 O6paTHO, HO TIOJIHBIM 3amac 9HEepPruru CUCTEMbl USMEHUTbHCS HE MOXKET.

D10 noJioKeHHe Ha3blBaeTCsl 3aKOHOM COXpPaHEHMS IHEPIUU B MeXaHHUKe.
[TprMepbl MOTeHLMANbHOH 3HEPIHMH B HEKOTOPBIX MPOCTeHIINX c/aydasx:

— U = mgh — noTeHuunasbHas 3HePrusi ONHOPOLHOro nous TsxkecTd. Hauaso orcuera h = 0.
— U = kx?/2 — noteHuuanbHas Heprusi pacTaHyToi npyxunbl. Hauano orcuera x = 0.

— U = —GMm/r — noteHuuabHasi SHEPrisi PABUTALUOHHOTO MPUTSKEHHsT IBYX TOUEUHBIX Macc 1m
u M. 3a Hayaso oTcyeTa BhiOpaHa GECKOHEUHO ylajieHHasi TOuKa.

Cuna n NnoT€eHuuaJdbHad HEPruga

3Hasi cuily Kak (YHKLUHMIO KOOPAHHAT MaTephaibHOH ToUKH F(z,y, z), MOXKHO myTeM HHTerpuposanus (Ha-
XOXK/IEHHsI PaGOThI) ONpPENEUTh MOTEHUHANbHYI0 SHEPTHIO CHCTEMBI

1
U1ZU($,y,Z)—U(O):A10=—A01Z—/ F .- dr (85)
0

(3HaK MHHYyC TepeJi MHTerpajom o0yC/IOBJIEH TeM, YTO NPH MHTETPUPOBAHUH B 3TOH (hOPMYJe Mbl IBHIKEMCS
oT Toukd 0 K Touke 1, TO ecThb B HalpaBJeHHM, NIPOTHBONONOKHOM TOMY, UTO M306paXkeHo Ha puc. 8.4).
Hpyrasi 3agaua — BoiuncaeHue cuibl F(z,y, z) 00 3aganHo# noteHunanvHoi snepruu U(z,y, z). D10,
eCTeCTBeHHO, oOpaTHasi omnepauuss — auddepeHurpoanue. [lycTh y Hac ecTh ABe GECKOHEUHO OJHM3KHE
TOYKH, r + dr u r. Torna
U(r+dr)—U(r) =dU = —F - dr. (8.6)
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1 (x,y,2)

0

Puc. 8.4. CBs3p noTeHUHATbHOH SHEPTHH C CHJIOH.

PacnuceiBast CKaJIsipHO€ MPOHU3BEAEHHE, NOoJyHaeM

dU = —(Fydx + F,dy + F. dz). (8.7)
CuieoBaTeJILHO,
d
n-- —C (8.8)
dl‘ y,z=const 8.%‘
(70 ecTh YacTHast MPOM3BONHASA) U, AHAJOTHYHO,
oU oUu
F,=—— F,=——. 8.9
Y oy’ 0z (8.9)
[Tonpo6Hee MOXHO 3amucaTthb
Fo(z,y,2) = —W U T.I.

Taxkum 00pa3oMm, KOMIIOHEHTBI CHJIbI MOXKHO HaWTH, AU (depeHIHpys MOTEeHIIMaAbHYI0 SHEPTHIO CUCTEMBI T10
KOOpIHUHATAM X,y U Z.

Ecau BBecTH efnHUYHBIE OPTH i, j ¥ k BHosb oceil koopauHat X, Y u Z, To popMyny IJst CHUJBI MOXKHO
OyZzeT 3anucathb CJAeyOLUM 06pa3oM:

ou. U, U, _

F=Fi+Fj+Fk=——"i— ~—"j— —k=
=l Lyl + 8961 dy 0z

(8.10)
ou, oU, oU
=—|—i+—j+—=—k]|=-
<3zl+3 J—i—az ) grad U,
rle Mbl BBeJU 0603HAUEHHUS: 5 5 5 5
gradU:—UE —Ui—|——Uj—|——Uk. (8.11)

Or Ox dy 0z

BesvuuHa, cTosas cJeBa, Ha3blBaeTCsl rpaguenToM ckaaspHoi dyukuuu U (U(z,y,z) — ckansp).
DTa BeJUUHHA SIBJSETCS BEKTOPOM, TIOCKOJBKY ONpelessieT NeHCTBYIOULYI0 HA MaTePHaNbHYIO TOYKY CHJY.
Taxkum o6pasom, nuddepeHHPOBAHKE MO KOOPAUHATAM CKaJspHOH (PYHKLUHH HaeT BeKTop. [IpoBepum 3To.
Cor/siacHO JaHHOMY HaMHM B JIeKIMH 4 onpefie/IeHUI0, BEKTOP — 3TO (U3HUecKash BeJHUMHA, Beaylas cebs
npH npeo6pasoBaHUM CHCTEMbl KOOPAHHAT CJEAYIOLIHM 06pa3oM:

[TocKo/IbKY KOOpAMHATH NpeofpasyloTcsl KK KOMIOHEHThl BEKTOpa
T = Ty, WA T = QipTy, (8.13)

TO
oU U dx), U ou

ov _oU O, _OU . _ . Y. 8.14
Ox; Oz, Or;  Oxl * T Mkl (8.14)

Takum 06pazom, Mbl BUAHM, 4TO Mpou3BoaHble OU/Jx; mMeHCTBUTENBHO MPeoOpasyloTcsi KaK KOMIIOHEHTHI
BeKTOpa.

Hapsiny ¢ o6osnauennem rpanuenta Kak grad U mpuMeHnsercs o6osHauenne VU, rae oneparop V (Ha-
6.1a) ompeseseTCs CAEAYIOIEM 00Pa3OM:

0 i+ 0 (8.15)

— —k.
v oy " 92

9 _9;,
or Ox
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Hcnonb3ys 3170 0603HaUEHHE, MBI MOXKEM 3aIMUCATh

gradU = VU = (ai—i-aj—f—ak) U=
Jy z

ox 1o}
(8.16)
oUu ou. oU
= 37 + 87/‘] + Ek

T'eomeTpryecKHil CMBICT IpagueHTa

,U,JIH BbISICHEHHUSI TeOMeTPUYECKOro CMbICJia Ipaive€HTa IOJE€3HO BBECTH IKBUIIOTEHLHUAJbHbIE ITOBEPXHO-
CTHU, TO €CTb TakKHe MOBEPXHOCTH, HAa KOTOPLIX CKaJigpHas ql)y'HKU,I/IH U ocraeTrcsi MOCTOSIHHOM:

U(x,y,z) = const. (8.17)

[lycte U — ofHa M3 TaKHUX MOBEPXHOCTEH, W MyCTb OHA NPOXONUT 4depe3 TOUKY mnpoctpaHctBa O, B
KoTOpoii uuiercst rpamuent (puc. 8.5). ITomecTM B 3TOi Touke Hayasno KoopauHat. Ocb Z HampaBuM M0
HOpPMaJIM K MOBEPXHOCTH (n — eIMHUYHBIH OpT HOpMaJiK), a ocd X M Y JIeXaT B MJIOCKOCTH, KacaTeJbHO# K
noBepxHocTH B Touke O. [TosToMy B nepBoM NpUOMMKEHUH BROJb ocell x U y QyHKUHUSA U He U3MeHseTCs:

ou oU
% = By 0 (8.18)
CJleoBaTeJIbHO,
gradU = a—Un, (8.19)
0z

MOCKOJIbKY B HauleM caydae k = n. Ecau U Bospacraer B HampaB/eHuu ocu Z, 1o OU/Jz > 0 u, cienosa-
TeJIbHO, 'PAIMeHT HaNpaBJeH M0 HOPMaJad N K 3KBHUIOTEHLHMAJbHOH MOBEPXHOCTH B CTOPOHY BO3pacTaHHS
noTeHUHaNbHOH dHepruu. OUeBUAHO, YTO B 3TOM HalpaBJjeHUM MOTeHIHaJbHAS SHEPrusi U3MEeHsIeTCsl Hau-
6osiee BBICTPO:

gradU = Z—Zn. (8.20)

Takum o6pa3oM, Mbl IPUXOIUM K BBIBOLY, YTO

rpafveHT CcKa/lspHOH (yHKUMU U ecTb BEKTOp, HANpaBJEHHbIH MO HOPMaJH K KBHUIOTEHLHMAJIbHOH I10-
BepxHoctHt U(x,y, z) = const B CTOpoHy Bo3pacTanusi pyHKuud U. Ero manHa uuc/ieHHO paBHA Mpou3-
BOAHOH oT U Mo HOPMAJIk K 3KBHUIOTEHIUATbHON OBEPXHOCTH.

D10 onpeseneHye, KaK roBOpAT, MHBapuaHTHO. OHO He 3aBHUCHMT OT BHIOOPA CHCTeMbl KOOPAMHAT.

Hapsiny ¢ 3KBHIOTEHIHANLHOH MOBEPXHOCTBIO Uepe3 KaxAylo TOUKY POCTPAHCTBA MOXKHO MPOBECTH TaK
Ha3bIBaEMYI0 CHJIOBYIO JIMHUIO. Harnpabienye KacaTeJbHOl K Hell B Kax/10# TOUKe COBMajaeT C HampasJe-
HUEM CHJIbI, IefiCTBYIOLIeH Ha YacTHILy B 3Toi Touke. OUEBH/IHO, UTO CHJIOBbIE IMHUH H SKBUIMOTEHLHA/bHbIE
TOBEPXHOCTH B3aHMHO OPTOTOHa/bHBI ApYT Apyry (puc. 8.6).

[To/sb3ysich MOHATHEM IpajueHTa, BTOPOH 3aKoH HbIOTOHa MpH ABHKeHWH ONHOH MaTepHaNbHOH TOUYKH
B CHJIOBOM TI0JIe MOXKHO TpPeACTaBHTh B BHIE

m _ 9 (8.21)

U+dU

Puc. 8.5. Teomerpuueckuii cMblca rpaguenta (dU > 0).
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[lokaxeM Terepb, Kak M3 3TOr0 ypaBHEHHs CJeNyeT 3aKOH COXPAaHEHUS SHEPrHH. YMHOXKHUM MJs 3TOTO
[PaBYIO U JIEBYIO YaCTH ypaBHEHHs CKaJSIPHO Ha CKOPOCTb 4acTulbl v = dr/dt:

dv oUu oU dr dU (x(t))
—=—— V= — = -7 .22
g o T T or dt (822)
(npu 3TOM MBI BOCII0/1b30BaJIHCh PaBUJIOM o QepeHIPOBaHNS CJI0KHOH
(GyHkuuK). BeipaxkeHue cieBa MOXHO NepernucaTh Yepes NPOM3BOAHYIO M0 BPEMEHH OT KUHETHUECKOH SHep-
FUU YaCTHULLBI )
d [muv dU
Bl - 8.23
dt ( 2 ) dt’ (8.23)
WJIM, TIepeHocst BCe B JIEBYIO UaCTh,
d ([ mu? mu?

— MOJIyuaeM 3aKOH COXPaHEHHs SHEpPrud. 3aMeTHM, 4YTO MpPH BbIBOJAE 3[€Chb OblIO BaXKHO, YTOOBI MOTEH-
LMa/bHasE SHEPrUsl YaCTHLbl He 3aBucesa Obl siBHO oT BpeMmenu t (1o ectb kak U [r(t),t]). 3aBucumoctsb
OT BPeMEeHH BXOIW/A B MOTEHLHAJBHYI0 SHEPrUI0 JHIIb HEABHO, Yepe3 3aBUCHMOCTb OT BPeMeHH paiuyc-
BekTopa yactuupl r(t) (to ectb kak U [r(t)] ).

OnHoMepHOE IBUIKEHUE

B 3ToM ciyyae ypaBHeHMe ABHMXKEHHS MOXKHO NPOMHTErpUPOBaTh N0 KOHILIA W BBIPA3UTb OTBET 4epe3 HH-
TerpaJi, WM, Kak roBopsT B KBaaparypax. Jlerde Bcero 3To caesaTh, BOCMOJb30BABIINCh 3aKOHOM COXpa-
HeHHsl 9Hepruu

1 da\?
E= 3m (dt) +U(x). (8.25)

HOCKO.Hbe KHUHETHYECKasd SHeprus BCeraa InoJIoKUTeJbHa, TO HEPABEHCTBO
—— =E-U(x)>0 (8.26)

onpejiesIsieT KJIAaCCHUECKH HOCTYIHbIe 00/acTH NBHXKeHHsS (rpaHULpbl IBMIKEHMS) B OJHOMEPHOM CJydae.
JIpyrHMH CJIOBAMH, JBHKEHHe MOXKeT MPOMCXONHUTh JHIIb B 06/1acTAX MpocTpaHcTsa, rae £ > U(x).!

Huxe, Ha puc. 8.7, nokasan npumep. CoryiacHO 3TOMY NpPHUMepY, ABUKEHHE MOXKET MPOUCXONUTD JIULIb
Ha KOHEYHOM OTpe3Ke T4 < & < Tp, YTO COOTBETCTBYeT (PMHUTHOMY [BHKEHHIO U B MOJIyOECKOHEUHOM
UHTepBale r¢ < x < oo. B nocnenHem ciydae nBrkKeHne MHGUHUTHO, TaK KaK HacTHIA MOXKET YXOIHUTb
Ha 6ecKOHeyHOCTb. TOUKH X4, Tp W T Ha3bIBAIOT TOYKAMHM OCTAHOBKH, MOCKOJNbKY CKOPOCTb B HHX
obpalaetcss B HYJb.

Haiinem Tenepb 3aBHCMMOCTb KOOpIAMHATBI x OT BpeMmeHH t. JlJsi 3TOro BbipasuM u3 ypasHenus (8.25)

CKOPOCTb
dz /2

I10 ecTb AU(QepeHLIHaNbHOe YpaBHEHHE C pa3desoIUMy NepeMeHHbIMH, KOTOPOe MOXHO JIETKO Mpo-

MHTerpupoBath (To eCTh pelnTh):
dxr
:l: 2— == t.
VEE-U@)

bl YBUJHUM, 4YTO B KBAHTOBOH MeXaHMKE 3TO OTPaHHUYEHHE OTCYTCTBYET.
My YTCTBY

(8.28)

U= const

Puc. 8.6. CemeiicTBO CHJIOBBIX JIMHUH W SKBHUIOTEHLHA/NbHBIX [OBEPXHOCTEH B3aHMMHO OPTOIOHAJbHBI IPYT APYTY.
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Puc. 8.7. I'panuubl ABHXEHHUS B OJHOMEDHOM CJ/yyae.

U@

) ]
] ]
] ]
] ]
] ]
] ]
] ]
| 1
X1 Xy X

Puc. 8.8. [lepuonnyeckoe nBuxKeHUe.

B caiyuae (MHHTHOTO NBMXKEHUS, KOTOPOE Mbl CeHuac pacCMOTPHM, MOXKHO BHIUMC/IUTh MEPUOJ JIBHIKEHHS
Kak (QyHKUHMIO 9Hepruu cuctembl E (cm. puc. 8.8):

T(E) =V2m / \/ﬁ (8.29)

Te T1 U To — TOYKH [OBOPOTA, Ile CKOPOCTh obpalaercsi B Hysb, To ectb £ = U(x).
[TpumeHum Tenepb 3Ty GOpMyJy B KauecTBe MpUMepa ISl ABHXKEHHS B MOJe

v = £ (8.30)

B stom cayyae zo = —x1 = /2E/k (cm. puc. 8.9), mostomy

V2E/k

T \ﬁ/ _Q\ﬁ/ N (8.31)

o Vo

BBeseM Tenepb HOBYIO IepeMeHHYI0 HUHTEIPUPOBAHUS

xzw%y — da:zw/zEdy (8.32)

T=2\/%/

Torzna

\/W zf\/>/ F (8.33)

WHurerpan pasex

= arcsiny. (8.34)

CurieoBaTeJILHO,

1

=

T = 4,/%arcsin .
m /T
W (5-0)=

25
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Puc. 8.9. [IBuxeHne B KBafipaTHYHOM IOTeHLHAJe. [apMoHMYecKre KoJie6aHHs.

TO €CTb B 9TOM CJiydae IoJiydaeTCsd U3BECTHad (popMyﬂa

T =21 (8.36)

IS Tepuona KoJjeGaHuil Ipy3uKka Ha Npy)XKHHe, KOTOPbIH He 3aBUCHT OT 3Hepruu (Tak HasbiBaeMble rap-
MoOHHMYeCKHe Kosiebanusi). Bo Bcex 0CTa/bHBIX C/Iydyasix Mepuoj KoJeGaHHil 3aBUCHT OT SHEPIHM CHCTeMb
(aHrapMoHMyeckKue KoneGaHus).

3aKoH coxpaHeHHs UMMYJbCa U IHEPTrUH
U OJHOPOAHOCTb MPOCTPAHCTBA-BpPEeMEHU

Ecau noreHunanbHas SHeprusi He 3aBUCHUT OT KaKoH-i1ubO, CKaxeM OfHOH KoopauHatel x, To OU/dx = 0,
W CJIeI0BaTebHO,
dp.
dt
TO eCTb P, = const — COXpaHSEeTCs WMIYJbC YACTHIBI B 3TOM HampaBJjeHuu. HesaBucumocts U 0T KO-
OpIMHATBl T O3HAYaeT, UTO MPOCTPAHCTBO OMHOPOTHO B HAMpPAaBJEHHWU OCH &, TO €CTb YTO MOTEHLHaNbHas
3HEeprusl He U3MeHsIeTCs MpU J0ObIX MepeMelleHUsIX B 3TOM HalpaBJeHHUH:

o, (8.37)

Uz, y, z) =U(z +a, y, 2). (8.38)

Takum 06pa3oM, 3aKOH COXPaHeHHst HMIyabca (MPOeKLUrH) B KAKOM-JH00 HAMPAaBJIEHHH CBS3aH C OHOPOJ-
HOCTBIO MIPOCTPAHCTBA B 9TOM XK€ HaNpPaBJIEHHH.

[Toxoxxue BBIBOABI MOXKHO Cle/1aThb U B OTHOLLEHWH IOJHON 3Hepruu cucteMbl E. Kak Mbl yxxe BHIesH,
ecJIM TOTeHLHaJbHast 3Heprus cucreMsl U(x,y,z,t) He 3aBUCUT SBHBIM 00pa3oM OT BPEMEHH t, TO €CTb
siBsieTcss PyHKLUHEH TOJbKO KOOPAHHAT cucTeMbl, U(z, Yy, z), TO UMEET MeCTO 3aKOH COXPaHeHHs SHeprHu

E =T+ U = const. (8.39)

H09TOMy 0 aHaJIOTHUHU C 3aKOHOM COXpPaHEHHUA HUMITyJibCa MOXKHO CKa3aTb, YTO 3aKOH COXPAaHEHHs SHEPruu
CBsi3aH C OJHOPOAHOCTBIO BPEMEHHU.
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OraaBJienue

Jlekuug 5.

WHepuuanbHbele 1 HEMHEpLHAIbHbIE CUCTEMBl OTCUETA.

JIBUKeHHe OTHOCHUTEJbHO WHEPILHAJBHBIX CUCTEM OTCYETA.

3akoHbl HbtoToHa.

[IpuHUMD OTHOCUTeNBbHOCTH [anuies.

[Ipeo6pasosanue lanumes 2

Jlekusga 6.

3aKkoH cOXpaHeHHs] UMIYJbCa.

LenTp uHepuuu.

JIBHXXeHHe LEeHTPa UHEPLHH.

CB$13b 3aKOHA COXPaHEHHS] MUMIYJIbCa C MPUHIUIIOM

OTHOCHTEeJbHOCTU [anujes 7

Jekuuga 7.

Cuua.

YpaBHenue nBuxeHusi HoroToHa.

OcHoBHble 3ala4¥l TUHAMHUKY MaTepUajbHOH TOUKH.

Pab6ora.

KuHeTtHueckasi aHeprusi.

KoHcepBaTHBHBIE 1 HEKOHCEPBATHUBHbIE CHJIBL.

[TpuHUMT 06PAaTHMOCTH IBHKEHHS B T10Jie KOHCEPBATHBHBIX CHJI 13

Jlekuusa 8.

[ToTeHunanbHast SHEPrusi.

3aKoH COXpaHeHUsl SHEPTHH B MeXaHHUKE.

CuJia ¥ NoTeHLHalbHast SHEPTHs.

OnHoMepHOe JBHKEHHE.

['paHHUIBl IBHKEHHUS.

3aKoH COXpaHeHHs] UMIYJbCa U SHEPTHH KaK CJIEACTBHE OIHOPOLHOCTH

IPOCTPaHCTBA-BpeMeHH 20
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