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lMoTeHumManbHaa sHeprns — 9TO SHeprus B3aMMOLENCTBUSA, CfeloBaTeNbHO, MNOTEHUManbLHoWn
SHepruer HemoxeT obnagatb HM ofgHa oopma Mmatepun 6e3 B3aMMOLEWCTBUS C APYruMu chopmamu
matepumn. MMpocTpaHCTBO N BpeEMS ABNAIOTCH OCHOBHbIMM (DOPMaMy CywecTBOBaHWS MaTepun, camm no
cebe, OTOENbHO [Opyr OT gOpyra, HU MNPOCTPAHCTBO, HU BPEMS U3NYECKM He cylwecTsyoT. Wx
CyWwecTBOBaHME BO3MOXHO TONIbKO B (popMe eavHOro KOHrfiomepara "npocTpaHCTBa-BpeMeHn".
MNpocTpaHCTBO W BpeMs, B3aMMOAEWCTBYS, HepasdenuMo NPOHWKAKT Apyr B Apyra W, OpraHu4ecku

nepenneTasch, CO3AalT eanHylo cuctemy — Beenennyio!,

B3aMMOAENCTBNS ABYX OCHOBHbIX (OOPM MaTepun: MPOCTPAHCTBA M BPEMEHMW €CTb MOTeHUManbHas
3Heprus B3anMoAeincTBmsa NPOCTPaAHCTBEHHO-BPEMEHHOTO KOHTUHYYMa — BceneHHo.

MonoxeHne maTepuanbHON TOYKM B NPOCTpaHCTBE BceneHHoW MOMHOCTbIO ONMUCbIBAETCS TPEMS
MPOCTPaHCTBEHHbIMW KoopauHaTamu (X, Y, z). Ha ocHoBaHMM 3TOro Mbl YTBEPXAAeM, YTO MPOCTPAHCTBO
BceneHHoin TpéxmepHo. Ho 3TO He COBCEM BepHO, T.K. BCE TPV MPOCTPAHCTBEHHbIE KOOPAMHATHI
BblpaX€eHbl B OJHUX M TexX Xe eauHuuax anvHbl L n, cnepgoBaTenbHO, C 9TOW TOYKM 3PEHUSt MPOCTPAHCTBO
BceneHHo 0AHOMEPHO, T.K. UMEET OJHY €AMHCTBEHHYIO Mepy namepexuns L.

MpoctpaHcTBO BceneHHo MOXHO NpPencTaBMTb Kak MHOXECTBO TOYEK, WUMEIOWEee MOLWHOCTb
KOHTUMHYYM, BCE (PM3MYECKME XapakTepUCTUKM KOTOPOro 3aBMCAT OT MEepeMeHHOoi L, BennynHa KoTopow

eCTb MOWHOCTb I'IpOCTpaHCTBeHHOFO KOHTVIHyyMa, a He Mepa |/|3MepeH|/|;| ONMUNHDbI L1, nnowaan L2, O6'béMa
L3.

MoLwWHOCTb MHOXEeCTBa ToYek Ntoboro otpeska [a,b] Ha NpsiIMOl UMeeT MOWHOCTb KOHTMHYyYMa, Tak
Xe, Kak MOWHOCTb BCE NPSAMON, TakK Xe Kak MOWHOCTb MMIOCKOCTY (T.€. 2-X MEPHOro NPOCTpPaHCTBa), 3-X
MepHoro npocTpaHcTBa n noboro N-mepHoro npoctpaHcTea. KoHTMHYyM B noboli cTteneHn octaétcs
KOHTUHYYMOM.

Bpemsa npeactaenset coboli 0IHOMEPHbIA KOHTUHYYM, B KOTOPOM BCe (PU3NYECKMe XapaKTepuUCTUKK
3aBUCAT 0T "rpyboit" nepeMeHHoi t, OTHOCSLWERCS K OIMTENbHOCTU NPOU3BONBHOIO OTPe3Kka BpeMeHu t, a
HEe K OTOENbHbIM TOYKAM BHYTPW Hero. BO3MOXHble CTEMEHWN BENUYMHBI BPEMEHN t!, 12, t3... He MeHsOT
CyTW KOHTMHyyma. BenmumHa t oTpaxaeT MOWHOCTb BPEMEHHOr0 KOHTUHyyMa. BenuuuHa oTpeska
BPEMEHN t, KaK 1 BENYMHA OTpe3Ka AnuHbl L — Bcerga nonoxmnTtenbHasa. B gonanyeckoM cMbicne oTpesok
BpeMeHN t 1 OTpe30oK ANuHbI L 03HavyatoT OOHO M TO Xe — NPOoJONXUTENbHOCTb UAN AAUTENbHOCTL. B
MaTemMaTuyeckoM CMbICNie 3TO ABa, HWYEM HE OTNNYAKWUXCS APYr OT Opyra, NONOXUTENbHbIX YNCNOBbIX
psga: 0, 1, 2, 3 ... MNpeacTasnsitowme coboin gea HECKOHEYHbIX psipa NopsiaoKoBbiX yucen. Mopsokosble
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yncna BKNYalT B cebsi KOHeYHble NopsaKOoBble Yncna 1 6eckoHeYHble, TO eCTb TPAHCPUHUTHbBIE, YMcha.
Mopsiokosble yncna 6binn BBeaeHbl Teoprom KaHtopom B 1883romy kak cnocob onucaHms 6eCKOHeYHbIX
nocnenoBaTeNbHOCTEN, @ TakXe Knaccudukaumm  MHOXeCTB, obnajawowmx  onpeneneHHown
ynopsOo4YEeHHOM CTPYKTYPOA.

Ha ocHOBaHMM BbIWECKA3@HHOrO MOXHO NPeanonoXuTb, YTO MPOCTPAHCTBEHHO-BPEMEHHON
KOHTVHYYM gBnsieTca asymepHbiM (L, t), T.e. uMeeT ose mMepbl uamepeHus. Baanmogencteme (0OTHoweHME)
NPOCTPaHCTBA W BPEMeHW onucbiBaeTcs BbipaxeHmem: L/t — ckopocTb B3ammogencteus. YucneHHas
BENMYMHA MPOCTPAHCTBEHHO-BPEMEHHOIO KOHTUHYYMa MOXET M3MEHATbCS OT Hyns A0 6EeCKOHEeYHOCTW,
T.K. YMcneHHas BenunymHa obomx oTpe3koB (L) u (t) MOXeET M3MeHATbCS OT Hynst A0 GECKOHEeYHOCTW Mo
OTOENbHOCTU, HO, B TOM TO U AENO, 4TO NO OTAEeNbHOCTU, a He BMecTe! MpocTpaHCTBEHHO-BPEMEHHOM
KOHTVMHYYM He MOXEeT OblTb HYNeBoW NPOLONXMUTENBHOCTU, T.€. CTAHYT B TOYKY Hayana koopauHar, T.K. B
3TOM cfydyae ucyesaeT B3aMMOLENCTBME MeX Oy AByMS (hoopMaMu MaTepun: NnpoCcTPaHCTBOM N BPEMEHEM,
cnepoBaTenbHO, MCYE3aeT M SHEPTrUS B3aMMOLENCTBUSA NPOCTPAHCTBA U BPEMEHM.

UTobbl 3aKOH COXpaHEHWS 3HEepPrun B NPOCTPAHCTBEHHO-BPEMEHHOM KOHTWHYYME BbINOJHANCS, €CTb
[Ba Bblxo4a:

1) BONXHbl CylWecTBOBaTb MWHMMalbHbIe NMPOCTPAHCTBEHHbIE L 1 BpeMeHHble t 0Tpesku, KoTopble
coOCTBEHHO roBOps, B (PU3MKE yXe CcywecTByloT — 370 [lnaHkoBckas [AnvHa, paBHas

l, = 1,616229(38) - 1073°M t, = 539116(13)- 10~**¢

n lNnaHKOBCKOE BPEMS, pasHoE:
OTOT BbIXO4 U3 CO34aBLIErocs NOMOXEHUS MIOX TEM, YTO HE MOHATHA NPUYMHA, MEXAHN3M BO3HUKHOBEHUS
OaHHbIX MUHUMAsbHbIX OTPE3KOB BPEMEHW 1 MPOCTPAHCTBA.

L/t

2) B3aMmopencTeme (OTHOLIJeHI/Ie) NPoOCTpaHCTBa N BPEMEHUN ONMUNCbIBAETCA Bblpa>XEeHNEM: -

CKOPOCTb B3aWMOJIEWCTBUS, HO B Clyvae: t=0 BO3HUKaET HeomnpenenéHHOCTb BbipaXkeHus, T.e. npu
OTCYTCTBMMU MPOCTPAHCTBA W BPEMEHM CKOPOCTb WX B3aMMOOENCTBUS MOXeT ObiTb nobasi oT Hyna 1o
6ECKOHEYHOCTMW.

Ytobbl n36aBUTbHCS OT HeonpeaenéHHocTn BbipaxeHus L/t npu t=0, HyXxHo cHavyana n3baBuTbCs OT
0

-=1,

0 .
OVCKPUMMHAUMM  umdppbl 0 M MPemanofioXuTb,  4YTO  OTHOWEHMeE: TakXxe  Kak:
1 2 3
-=1,-=1;-=1 ...
1 2 3 Torga sHeprus B3aMMOLENCTBUS MPOCTPAHCTBA W BPEMEHW He CMOXeT

NCYE3HYTb HU MPU KaKuUX YCNoBusix2. KaHTOp BrepBble MOCTPOUA MHOXECTBO MOWHOCTU KOHTUHYYM, HO
Mepbl HOMb! Honb siBNsisicb HaMeHbWwWM 6ECKOHEYHO HONbWIMM NOPSAAKOBLIM YACIOM OTOXAECTBNSETCS C
KapOMHaNnbHbIM YACNOM aned-Hynb!

an N06bIX MacLuTabHbIX MU3MeHeHusiX BceneHHoM CKOpoOCTb B3auMonencreus Mexnay

ABYMSI OCHOBHbIMU ¢bopMaMn Marepuu — [POCTPAaHCTBOM U  BPEMKOHCTaHTOW, T.K.
L 0 1 2 3
t 0 1 2 3 =const=1

KoHcTaHTa CcKopoctu B3auMoneucrsus MexXxay OByMsi OCHOBHbIMU CpOpMaMM Marepunun paBHa

e,qMHMue3 WJin CKopoctn ceeta B Bakyyme.

MpocTpaHCTBEHHO-BPEMEHHOM KOHTUHYYM — 3TO peanbHas MexaHmnyeckas cuctema n3 6€CKOHeYHoro
uncna martepuanbHbiX TOYEK, CBA3U MexXay KOTOpbIMUA He SBnsioTCS abCoNTHO XECTKMMMK, OTCIOAA,
NPOCTPaHCTBEHHO-BPEMEHHOM KOHTUHYYM Kak peanbHasi MexaHuyeckas cuctema obnagaet 6eCKOHEeYHbIM
YNCNOM BHYTPEHHUX CTeneHei cBoboapbl.



MpoctpaHcTBEeHHO-BPEeMeHHOW KOHTUHYYM KaK MexaHudeckasl cucteMa, ob6nanaroias
6ecKkOHeYHbIM YUC/IOM BHYTPEHHUX cTeneHed cBo6oAbl, ONMUCbIBAETCS BEKTOPHbIM M0O/1eM
CKOpOCTU B3auMoLelCTBUSI MPOCTPaHCTBA U BPEMEHM, LIeJIMKOM OTHOCUTCSI K LOBUXYLUMMCS
ob6beKTaM Wau K OObeKTaM, OCHOBHOM XapaKTepUCTUKON KOTOPbIX SsIBASIETCS CKOPOCTb, M,
c/enoBaresibHO, IB/ISIETCS] He MatTeMaTuyeckKuM, a pu3nYeckKuM KOHTUHYYMOM.

Ecnn ckopocTb B3aMMOOENCTBMS OCHOBHbIX (DOPM MaTepuMu NPOCTPaHCTBA U BPEMEHU SBNSETCH
NnepBon rnaBHOW (PU3NYECKON XapakKTepUCTUKOW MPOCTPAHCTBEHHO-BPEMEHHOITO KOHTUMHYyyMa, TO
MIOTHOCTbL UX B3aUMOOENCTBUSI BTOpasi raBHasi ousmnyeckasi xapakrepmucTuka rnpocTpaHCTBEHHO-
BpeMeHHOro KOHTUHYyMa.

MnoTHOCTL B3aMMOOENCTBMUSA (p“) NPOCTPAHCTBEHHO-BPEMEHHOIO KOHTUHYyMa — ckansgpHas
BENNYMHA, HE MMEIOWAas BeKTopa HanpasneHnsd. NnoTHOCTb B3aMMOAENCTBMA NPOCTPAHCTBA N BPEMEHMN B

. m
po; = limy_ ufp (my)

TOYKEe Ha4vYana KoopauHaTt, paBHa: Macca paBHa MNIOTHOCTH

y e (my) 6nem V) "
YMHOXEHHON Ha O00bEeM, 3Ha4YnT, Macca paBHa Hynw, eCnnn o0bEM paBeH Hyno. vicxoosa 13
0

Lot (P=2)

, nony4daemM: NNOTHOCTb B3aMMOOeNCTBUSA B TOYKEe Ha4dana KoopAauMHaTt paBHa

= 1.

TOro, 9T
eouHuue: Pss

MpocTpaHcTBEeHHO-BPEeMEeHHOU KOHTUHYYM KaK MexaHu4yeckasi cucteMa, obnapgarowas
6eCKOHeYHbIM YMC/IOM BHYTPEHHUX cTerneHen cBob6oabl, ONUCbIBaeTcsl BEKTOPHbIM [0/1eM
CKOPOCTU B3auMOLOENCTBUSI U CKa/ISIPHbIM MOJIeM MIOTHOCTU B3aUMOLEeNCTBUS MPOCTPaHCTBa U
BpeMeHU U1, crienoBate/ibHO, MOXET paccMaTpuBaTbCsi Kak C/1OLHas cpena.

CnnowHas cpeja — MexaHuMyeckass CUCTEMA, [OBUXEHWe KOTOPOW, B OTAUYMM OT OPYrux
MEXaHNYeCcknx CUCTEM, OMUCLIBAETCH HE KOOpAMHATAMU M CKOPOCTSMU OTAEMbHbIX YacTuL, a CKanspHbIM
MoOMEeM MAOTHOCTM M BEKTOPHbLIM MONEM ckopocTei. Macca cnnowHol cpedbl He SIBNSETCS €€ OCHOBHOW
husnyeckor xapaktepucTukoin. OCHOBHBIMU (PU3NYECKMMU  XapaKTEPUCTUKAMKU MNPOCTPAHCTBEHHO-

o v o
BPEMEHHOIo KOHTUHYyyMa SABNAKOTCA CKOPOCTb B3aVIMO,D,eVICTBVI9I[: 53) N NNOTHOCTb B3aMMOOencTBuA

(Pss)

O6a Buga B3anMonOencTBUsi B MPOCTPaHCTBEHHO-BPEMEHHOM KOHTUHYyMe CYLLECTBYIOT U
LOeACTBYIOT Hepa3pbiBHO, OObedUHSIsICb B enOMHOe Le/loe, OHU CO34alT SHEPTUIo
B3auMonelcTBUsl NP oCcTPpaHCTBEHHO-BPEMEHHOI 0 KOHTUHYYMa.

NPOCTPaHCTBA U BPEMEHMW.

OHeprusi (mevicTBue, [LESATENbHOCTb, CUNa, MOWb) — cKanspHas duanyeckas BennyuHa,
ABNSIOWASCA €OUHON MepoW PasnuyHbIX OPM ABUXEHUSI U B3auMoLeNCTBUSI Matepumu, nepexona
IOBUXEHNS Matepun U3 ogHUX oopM B Jpyrue.

OHeprusi B3auMoneuncTBusi NnpoCcTpaHCTBEHHO-BPEMEHHOro KOHTUHYYyMa siB/1sieTCSl MOJTIHOU
MexaHM4eckou 3Hepruen cucteMbl M o0b6pasyeT cKalsipHOe MOTeHUMalbHOe MoJsie 3Hepruun
B3auMoOLOeNCTBUSI, KOTopoe ob6beauHsieT B cebe SHEPruro rMosIOXKEHUss U IHEPruro ynpyrou
aeghopmaunu.

[na npocTpaHCTBEHHO-BPEMEHHOIO KOHTMHYyMa HapaBHE C OCHOBHbIMA €ro  (OU3NYeCcKUMun
XapakTepucTMKamMm — CKOPOCTbIO W MNOTHOCTbIO B3aUMOOEWCTBMS BaXHbl M Takue duanyeckune

XapakTEPUCTUKN, KaK MHTEHCMBHOCTb B3aMMOAENCTBMSA NPOCTPAHCTBA W BPEMEHN — CU/1a, YCKOpeHue n
uMnynsc.

B3aMMOOeNCTBUA npoCTpaHCTBa N BpeMeHn — cuna, yckopeHme n nmnynbc.
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Cuna — BekTOpHas puanyeckas BeNMYMHa, SBNAIOWASCS MEepOo UHTEHCUBHOCTM B3auMOOENCTBUS
npocTpaHcTBa n BpemeHn. Cuna B3aUMOLEWCTBUA SBNSETCA MPUYMHON BO3HMKHOBEHMS AedbopMmaumnin n

- . F
HanPsXEeHWA B MNPOCTPAHCTBEHHO-BPEMEHHOM KOHTWHyyMe — CMNOWHOW  cpege. Cmna[ =)
4
3 £ _ Pes L

F.=p. L ot t?

WHTEHCUBHOCTM B3aUMOLEWCTBMS MPOCTPAHCTBA W BPEMEHW paBHa:
CnepoBatenbHO, WHTEHCMBHOCTb B3auUMOLENCTBMS MPOCTPAHCTBA WM BPeMeHM C pocTtoM ob6béma

BceneHHoi yBennunBaeTcs B KBaOpaTun4yHown rnocnenosatesibHOCTH (p“ - 1)'
1t ot 1* z* 3* 4* 5*
Fgg: +2 =E=1JE=1:§=4;¥=9,4_2=16,E=25

Lpyrumn cnoBamu, MHTEHCMBHOCTb paclWwmnpeHns BceneHHon naeTt ¢ yCKOPEHUEM, B IaHHOM cryyae
CNOBO YCKOPEHME 03HayaeT NpoLecc AeNCTBUSA: YCKOPSITb, YCKOPSTbCS.

YckopeHne — BekTOopHas u3myeckas BeMYMHA, XapakTepusywuwas ObiCTPOTy W3MEHEHUS

CKOPOCTM TOYKM NO eé YACNEeHHOMY 3Ha4YeHuto 1 HanpaseHUto. YCKOpeHI/Ie Ons CniowHoOm cpedbl B

— L 1] 0 1
a=t—2=—=1. —=1) = =1) —
Hauane KoopavHaT PaBHO: . B omanasoHe ot 0 no 1 yckopeHne @

— = 3,33
y 2 '
[OCTUraeT MakCUManbHoi BennunHel (Hanpumep: 0.3 ). C yBennyeHnem macwtabHbix pa3mMepos
NMPOCTPAHCTBEHHO-BPEMEHHOIO  KOHTUHYyMa  YCKOpPEeHWe [Ons  ChNOWHOW  cpedbl  YMEHblaeTcs:
— L 0 3
2

1 2 —
a—t—z—ﬁ—l,ﬁ= 1;§=D,5; 3 _0’3...

Kak Tonbko 06bEM NPOCTPAHCTBEHHO-BPEMEHHOIO KOHTUHYYyMa CTAHOBUTCA OTJ/IMYHBIM OT HYN4A, BO

— .73
BceneHHon nosensetca Mmacca: m_p53 L Kak 9KBMBANEHT WHTEHCMBHOCTW B3aMMOOENCTBUSA

m= e
NPOCTPaHCTBA U BPEMEHU: o

Macca — 310 nokanbHas gegopmauuns nNoOTHOCTU Pss CKanspHOro nons NOTEeHUManbHON aHeprum

) F_.).
(cnnowHom cpenbl), BO3HMKaOWAasa B pesynbtate OEeNCTBYOWENR B HEM CUNbI ( 3) . Macca — ckangpHas
dom3anyeckas BenuuMHa, XapakTepuayeT "KONMYeCTBO BelwectBa" B MNPOCTPaAHCTBEHHO-BPEMEHHOM

(m) (@),

KOHTUHYyMe. Tak Kak Macca obpaTHO MponopuvoHanbHa YCKOPEHMIO TO €€ MOXHO

(a),
npeacTaBnTb Kak 3KBMBaNEHT SHEPrmm nokos (qu MeHblle yCKopeHune * TeM bonble Macca BelecTea
). . o (a)
( j) C yBENMNYEHNEM o6 béma BceneHHoi BennunHa YCKOpEeHU4 yMeéHbWaeTCA, a BennynHa Macchbl

(m) yBenMuMBaeTCcs NPOMNoOpUMOHANbHO YBENMYEHUIO CUNbI (Fs) WHTEHCUBHOCTN B3auUMOOENCTBUS
NPOCTpPaHCTBa W BpPeMeHW. 34eCb MNPOSBNAETCS [OBONCTBEHHOCTb (OU3NYECKOro xapakTepa Macchbl
(m="1=)

@~ C 0OHOW CTOPOHbI Macca — 3KBMBANEHT MHTEHCUMBHOCTM B3aUMOIOENCTBMA MPOCTPaHCTBa U
BPEMEHM, T.e. ABNAETCA SKBMBANIEHTOM KWHETUYECKOW SHeprum B3aMMOOEWCTBUSA, C OPYrol CTOPOHHI,
Macca — O9KBMBaJIEHT 3HEpruu mMokKos, T.e. 3KBMBANEHT MOTEHUMaNbHOW SHeprum B3aMMOOENCTBUS.
CnepoBaTenbHo, Macce "Hano 6exartb co BCex Hor, 4ToObl TONbKO OcTaBaTbCs Ha MecTe".CTPyKTypHble
anemeHThHl BceneHnHon, obnapalowme Maccomn, OONMXHbI MOCTOSHHO HAaxoOMTbCS B OBUXEHWM, 4TOObI

OCTaBaTbC4 B NoOKoe.

Umnynbc (KONWYEeCTBO [OBUXEHWUS) — BEKTOpHas usnyeckas BeNMuMHa, SBNAOWASCS Mepoi
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(p) m
MeXaHn4eckoro nsunXxeHwmsa Ttena. V|MI'Iy)'IbC Tena p paBeH npowm3seneHnto Maccobl { ) TenaHa ero

CKOpPOCTb (1?) Lns NPOCTPaHCTBEHHO-BPEMEHHOIO KOHTUHYYMa — CMOWHOM cpenbl nmMnynbC B Havane

. 4
s L_1-L17_ 07

ﬁ = Pz L =
KOOPAMHAT PaBeH: t t 0

() (1)
B OTANYMM OT BENNYUHBI YCKOPEHUS sennunna umnynsca “P? & onanasowe ot Hyns 0
1* 0,3*
E_q = 0,027
00 eavHuubl 1 NPVHUMaeT MUHUMAnbHble 3HayeHus (Hanpumep: &3 ). C
yBenuueHnem Mmacwtaba BceneHHol BennuMHa wMnynbca (KOMMYECTBA [OBUXEHWS) yBenuuMBaeTcs

nponopunoHanbHO YyBeNMYEHUIO MacCCbl BelleCcTBa BO BceneHHon. ®un3uko-matematnyeckme CBOWCTBA

0 1

=1 =1
0o

G=D
Ji

NPOCTPaHCTBEHHO-BPEMEHHOrOKOHTHYYMa B  MacwTabHOM guanasoHe OT

KapouHanbHO OTNMYaKTCA OT ero u3nKo-matemaTnyeckmnx CBOWCTB B JauanasoHe OoT

(==1).

(0}

Ya3BMMbIM B Teopnun MHOXeCTB ABNnsdAetTcsa HadanbHoOe 6eCKOHEYHOE MHOXECTBO, B KayecTBe

KOTOPOro BbiCTynaeT MHOXECTBO HaTypalbHbIX 4uCen N=0123..mn, ** OHO HasblBaeTCs Takxe
CYETHbIM MHOXECTBOM./3yyaeTcqa OHO KaKk akTyalbHOE€ MHOXECTBO, WMEKLWee MOWHOCTh W,
BeckoHe4YHOCTb W €eCTb HauMeHbliass OeCKOHEeYHOCTb, MOCKONbKY BCE 4YMCNa, MeHbWwWe 3ToW
H6eckoHeYyHoCTH, BXOAST BMHOXECTBO N, KoTopoe BKNtoYaeT B cebsi TONbKO KOHeYHble yucna. V3aBecTHbiM
NPOTMBOPEUYNEM SBASETCA TOT (PakT, 4TO MHOXeCTBO N COOEpPXUT TONbKO KOHEYHbIE YnCcna OHO ele
Ha3blBAETCA MHOXECTBOM BCEX KOHEYHbIX YuCen U, HECMOTPSA Ha 3TO,MOCTYIMPYETCSA, YTO OHO COAEPXUT
H6eCKOHEeYHOEe KOMMYECTBO W KOHEYHbIX yucen. C TOYKM 3PEeHMsI KNacCU4ecKoil NOrMkn 3TOro He MOXeT
6blTb, NOCKONbKY KONMMYECTBO YnCeN B MHOXecTBe N JONXHO coBnagatb C MakCUMasnbHbIM YACIOM 3TOrO

MHOXeCTBa, TO €CTb YACNO W, U1K No Kpa|7|He|7| Mepe 4ncno W = 1,,EI,OJ'I)KHO BXxoauTb B MHOXecTBo N. Ho
39TO HEe TaK — 4YMCNo W He BXOOWUT B psAn N, OoHO Ha3sbiBaeTcs npenenbHbIM, K KOTOPOMY CTPEMATCA 4ucna

HaTypanbHoro psiga. He nmes npeawectseHHuka (umcno & — lg TEOPUM MHOXECTB 3anpeLeHo), YACno
WOKas3blBAETCH U Marnyeckum, 1 MUCTUYECKUM, N paHTacTuyecknMm. Becneactene sToro Mexay YMCioM W U
BCEMU KOHeYHbiMM yncnamm N umeeT MecTo "Ablpka",koTopas OOHOBPEMEHHO MOXET OblTb U "4EpHoW
Oblpoii", B KOTOPyl MOryT ynetatb Mupuagpl 6eckoHeyHblx MHoxectB N, un "6enoi
OblpolA", MPOTMBOMONOXHOCTE "4EPHOW Oblpbl", U3 KOTOPOW MOXHO 4eprnaTb Mupunaidbl 6EeCKOHEYHbIX
MHOXeCTB. [Mpn 3TOM MHOXECTBO HaTypasbHblX YUCEN OCTAETCH HEW3MEHHbLIMMO CBOEW MOLWHOCTU, TO
€CTb MO CBOEMY KONUYeCTBY aneMeHToB! YMcno w aBnseTcs npefefbHbiM, K KOTOPOMY CTPEMATCS ymcna

w = lim,_, .

HaTypanbHOro psaa: m. MpuyeMm, B 3TON U MHOTMX OPYrux NOAO0OHbLIX 3anNNCsaxX NMEET MECTO

HEYeTKOCTb B MOHUMaHMN CMMBOJIOB 6ECKOHEYHOCTM. Tak, 3anuncb n—ow OONXHa NoOHMMaTbCA NPOCTO

KaK ¢pasa "n cTpemnTcs K 6eckoHeyHocTM". PaBeHCTBO Xe npegnena limn TPAHCPUHNTY W BMOMHE

KOHKPETHO, XOTs o4eBuaHo, yto W ¥ % Ho, ¢ mpyroit cTOpOHbI, Y1C0 W) He MMeeT MpeawecTBeHHMKA,

(] [:H+ 1)

3TO0 nNpuBOONT K TOMY, 4YTO 4ucno ABNseTcd npepnenoMm Hadvana [:n_lj n KoHuUa

6ECKOHEYHOr0 MHOXEeCTBa HaTypanbHbIX YACEN N=w,123,..1n.., 0.

TpaHchuHUTHOe uucno @ moxeT ckasatb o cebe: "SI ecMb Anbpa n Omera, Ha4ano M KOHeL,
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lMepsbii n MNocneaHnii" — Aw..

iy 1

N —=1) mo (-=1)
MacwTtabHblii gvanasoH OT Havana 1 — 970 obnacTtb (ypoBeHb) MUKpoOMMpa
NPOCTPaHCTBEHHO-BPEMEHHOINO KOHTMHYyMa. MukpomMup — 3TO MUP 3NEMEHTAPHbIX YacTul, saep

aToMOB,aTOMOB. B MukpoMupe — yckopeHue (@) M NAOTHOCTb B3aMMOLENCTBUS (P=) npocTpaHcTBa ”
BPEMEHM [OOCTUraloT CBOEA MakCMManbHOW BenuyuHbl. MNynbC (KONMYECTBO MOBWXEHWS) U cuna

y F
MHTEHCMBHOCTN B3aMMOOENCTBUSA ( 53) NMPOCTPaHCTBA U BPEMEHN B MUKPOMMPE, HaobopoT, JocTuratoT
CBOEWN MUHUMANbHOW BENNYUHBDI.

"HacTb MOXeT ObiTb paBHa LENOMy" — 3TOT MPUHUMMN NEXWUT B OCHOBE (PU3NYECKUX CBOWCTB

MUKpommpa. MowWHOCTb MHOXECTBA TOYeK OTpeska [, 1] Ha NPSIMOA UMEET MOLWHOCTb KOHTUHYyMa, Tak

Xe, Kak MOLHOCTb BCEM MpsSMOiA, TaKk Xe KakK MOLWHOCTb 2-X MEPHOro MNpOCTPaHCTBa, 3-X MEpHOro

npocTpaHcTBa U nboro N-mepHoro npocTpaHcTea. [pocTpPaHCTBEHHO-BPEMEHHOW KOHTUHYYM B
=D G=1

mMacwTtabHOM gvanasoHe OT Havyana no 1 npeactaensiet coboi 6enyto Oblpy B KOTOPOW

6eckoHeYHo poxgaeTcs 6ECKOHeYHOe MHOXECTBO 3/IEMEHTAPHBIX YaCTUL, U3 KOTOPbIX, B CBOIO OYepedb,

cTpoutcs 6eckoHevHas BceneHHas!

MacwTtabHblii  gManasoH MPOCTPAHCTBEHHO-BPEMEHHOrO KOHTUHyyma ot 1 0O KOoHua

C=1)

w — 3TO Makpo-mMera Mup, 3TO YepHas Abipa KoTopasi nornowaet 6eCKOHEeYHOE MHOXECTBO
3NEeMEeHTapHbIX YacTUL, KOTopble 6ECKOHEYHO poXdalTcs B MUKpomupe. Makpomup — Mup 06 beanHeHus
aTOMOB B YCTOWYMBbIE (DOPMbI,MMP COPa3MEpPHbIX YeNOBEeKYy BENUYMH; OpraHuambl, cooblecTsa
OpraHn3MoB; MUP MakpooObEKTOB, Pa3MepPHOCTb KOTOPbIX COOTHOCUMA C MacwTtabamy 4enoBeveckoro
onbiTa. Meramyp— 370 nnaHeTbl, 3Be3OHbIE CWUCTEMbl, ranakTUKW, MeTaranakTvkm — MUP OrPOMHbIX
KOoCcMmMyeckux MacwTaboB. B Makpo-mera Mupe MNOTHOCTb B3aUMOAENCTBMS MPOCTPaHCTBA W
BPEMEHN  yMeHbliaetcs  obpaTHO  MponopuMoHanbHO  yBenuyeHuro  obbéma  BceneHHoi,

a). . . "
TakXe YyMeHbllaeTCda W BendnHa YCKOpeHUA (_)] O6béM BceneHHol pacTtet nponopunoHanbHO

yBENMNYEHNIO BEJ/INYUHbI CWJTIbl MHTEHCUBHOCTW B38.VIMOJ1€I7ICTBVI9I{: 33] NPOCTpPpaHCTBA W BpPEMEHMN,
OOHOBpPEMEHHO C 06bEMOM pacTtetr MacCa BelwecTBa BceneHHoil kak 9KkBMBaneHTa Cunbl

(Fss)-

Kaxablii M3 3TUX MUMPOB XapakTepuayeTcs cBoeobpasneM CTPOEHWs Matepun, NPOoCTPaHCTBEHHO-
BPEMEHHbIX U MPUYUHHBIX OTHOLEHWIA,3aKOHOMEPHOCTEN ABMXEHNS U XOTS Ha Pas/nyHbIX MacwTabHbIX
YPOBHSX MPOCTPaHCTBEHHO-BPEMEHHOINO KOHTUHYYMa OEWACTBYIOT CBOW Creungunyeckme 3aKkOHOMEPHOCTH,
MWKPO, Makpo M Meramupbl TeCHelwnmM obpas3oM B3amMMOCBA3aHbl 1 06pasyloT eanHyto, 6ECKOHEeYHYyo B
NPOCTPAaHCTBE N BPEMEHU, cucTeMy — BceneHHyio!

WHTEHCUBHOCTU B3aUMOOENCTBUS

Tak kak BceneHHass — 310 OBMXYWAACS MexaHMyeckas CUCTeMa, OCHOBHOM XapaKTepuCTUKOWA
KOTOpOI siBNsieTCA CKOpocTb, To BceneHnHas B uenom n niobas eé yacTb He MOXET HaxoOMTbCS B
nokoe.Bo3MoXHbl Tpu BapuaHTa ABuMXeHus BceneHHOW Kak MexaHuyeckon cucTtembl: 1) MOCTOSHHOEe
yBenuyeHve eé obbéma, 2)BpalleHne Bokpyr ocu, 3) konebatenbHoe ABUXEHNE CUCTEMbl OTHOCUTENBHO
TOYKM  paBHOBecusi  (Hynesble  konebaHust). Bce  Tpu  Buaa  OBMXEHUS  BbIMOSHAOTCS
0JHOBpPEMeHHOo.BceneHHaa NOCTOAHHO pacwupsieTcs M nNpu 3TOM BpalaeTcs, Agenas OAWH MNOMHbIA

6 - 102

ob6opoT 3a neT, TakXe BpalarTCcs BCe €€ COCTaBHble YaCTu — 3NIeMEHTAPHbIE YacTuubl (CMKH),
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a4pa, aTtoMbl, MNaHeTbl, 3Be3dbl, 3Be3OHble CUCTEeMbl,ranakTukn, CKOMJeHWs ranaktuk. [MocTosiHHoe
nocTynatesibHOe ABMXEHWE CTPYKTYPHbIX 3NEMEHTOB BceneHHo — 3T0 UX ABMXEHWE OTHOCUTENIbHO Opyr
apyra. KonebatenbHoe OBUXeHWe cucTeMbl ByaeT pacCMOTPEHO HUXE.

OHeprus  OBMXYLWErocsd  NPOCTPaHCTBEHHO-BPEMEHHOrO0  KOHTMHyymMa  cknagbiBaeTcs 13
NOTEHLMNANBHON Wp U KUHETUYECKON WK SHEPrUM B3anMoaeincTems. KnHeTnyeckas aHeprus Wx— 310 cymma
NoCTynaTenbHOTO Wnoet Y BPAWATENbHOMO Wg p ABUXEHUS. 3aKOH COXPAHEHWSi MEXaHW4ecKonaHeprum

rnacunuTt, 410 B 3aMKHyTOI7I MEXaHNYeCcKon cucteme CyMMa MeXaHU4eCKMX BMOOB 3Heprumu ocTaéTtcs
W,+W omtWg,,=W,_,. = const

HEU3MEHHOIA: nomH

MpOCTPaHCTBEHHO-BPEMEHHOW  KOHTUHYYM,Kak  CyTb  3akoHa  6opbbbl 1M eduHCTBA
NPOTMBOMONOXHOCTEN, 00 beaMHSAET B cebe B3aMMOeCTBUE OBYX NMPOTMBOMONOXHOCTENA — NOKOS (Wp) 1
OBnXeHns Wy. CnepoBatenbHO, MOMHAs MexaHu4yeckas SHeprus B3avMOOENCTBMS MPOCTPaAHCTBEHHO-
BPEMEHHOr0 KOHTWMHyyMa paBHa HE CYMME MexXaHW4YeCKMX BWOOB SHEPruil, a WX OTHOWEHWI, T.K.
M3HAYanbHO CPABHMBAKTCA MOWHOCTM OBYX KOHTMHYYMOB: mpocTpaHctea ( L ) — nokoi u BpemeHm (1) —
IBUXEHNe.

Macca BewecTtBa pacTéT 0AHOBPEMEHHO C pocToM o6béma BceneHHol. Macca BelwecTsa pacTér u
Kak 9KBMBAaNEHT MWHTEHCMBHOCTM B3aMMOLENCTBMS MNPOCTPAHCTBA W BPEMEHW, W KakK 3SKBUBANEHT

— L
(@a=3 )
noTeHUnanbHON aHeprum (C pocToM MacwTaba BceneHHON yMeHblaeTcs yekopeHue T.e.

OJHOBPEMEHHO PACTET KMHEeTU4Yeckas ( K) n n0TeH|_u/|aana9|( H) aHepruu BelwecTtea BceneHHon,
npw aToM nonHas aHeprusa BceneHHom ocTaéTca NOCTOSHHON:
W, 0 1 2

W, pm=—"—=-=-=-..=1=const.

Wooer #Wgy 0 1 2

MoTeHumanbHasi SHeprusi B3aUMOLEWCTBUSI, B OTIMYUM OT KUHETMYECKOW SHEeprum, BenunymHa
KOTOPOW Bcerga MnoNoOXWUTeNbHA, MOXET HaxoOuTbCs B TPEX asax oU3NYeCcKoro COCTOSHUS:

nonoXxwutenbHas (+I(;0}: oTpudaTtenbHas (_qu} n HeIZTpaﬂbHaﬂ cpasa rlOTeHLlI/IaﬂbHOVI Heprun
(Ugo).

MoTeHumanbHas SHeprnsa — 9T0 3Heprmnd nonoXeHud, BelndnHa KOTOpOVI BCerga OTCYMTbIBaeTCA
OTHOCUTENBbHO KaKoro-to YpOBHA, KOTOprI7I NMPUHAT 3a HONb, cnhepgoBaTe/lbHO CKandpHoe nmnone
noTeHumnanbHOWn 3Heprun B3aMMOOenCcTBumS npocTpaHCTBa W BpeMeHM MOXHO npeactasnTb B BUAOE

N +Ugp),
OBYCTOPOHHER TMJIOCKOCTM, OAHA CTOpPOHA KOTOPOW — 3TO MONOXMUTENbHas q3a3a( 99}, apyras
CTOpoHa — oOTpuuartenbHasa @asa (_ 'q’g}cocmﬂHMﬂ NnoTeHUManbHOM 3Heprum B3aVMOOENCTBUS.

HyneBasi nnu HeTpanbHas dhasa NOTEHUMANbHOW SHEPrum ( '(PD} SIBNSIETCS NOBEPXHOCTbIO pasfena
a3 COCTOSHUI  CKansipHOro MONs  MOTEHUMANbHOW  SHEPruvM  NpPOCTPAHCTBEHHO-BPEMEHHOro
KOHTUHyyma.Mup BcesieHHoOWM siB/1sieTcsl 4,BYCTOP OHHUM.

HepocTtynHyto ans Hawero npsiMoro HabnoaeHns CTopoHy ABYCTOPOHHEro MUpa Mbl MOXEM U3y4yaTb
Mo pPsLy KOCBEHHbIX MPW3HAKOB MOBEOEHNS acTpoPM3nYeckmx OoO6BbEeKTOB M MO CO34aBaeMbiM
UMW rpaBMTaLMOHHbIM adpdoekTaM. HepocTynHasi Ons Hac CTOpOHa [ABYCTOPOHHEro Mupa — 3TO
MUp TEMHOW MaTtepun, coctasnsowen okono 30% ennmHoro ABYCTOPOHHero mupa. Okonotpuauatu
MPOLEHTOB MOTOMY, 4YTO Mbl MPaKTUYECKM MONHOCTbIO Habniojaem nBe asbl (2/3) COCTOSHUS
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(Ueo)

hasy, (+qu} — NONOXUTENbHYIO Pasy U YaCTUYHO OTpMUATENbHYIO hasy (—I-‘t}ﬂ}_ aHTUYacTmLbl.

JOBYCTOPOHHEro ckansdapHoro nonsd noTteHumnanbHom SHeprun B3aMMOOENCTBUSA: - HeVITpaﬂbHYI'O

MpocTpaHCTBEHHO-BPEMEHHON KOHTUHYYM — BceneHHas npepactasnseT cobol ChOWHYIO cpeay, B
Kaxgon TOYKe KOTOpoW M BO BCEM €€ 0ObEME B LENOM MPOUCXOOAT Hynesble kKonebanus casbl u
MNOTHOCTM  [OBYCTOPOHHEro  CKanspHOro nonsi  MOTEeHUManbHOW  SHeprum  B3aWMOLENCTBUS.
Hynesble konebaHms BO3HWMKAIOT BCNEACTBME HEONpPenenéHHOCTM a30BOro COCTOSAHWA Nons
NOTEHUMANbHON 3Heprum B nobom 06bEMEe cnnowHow cpedbl. Bo3MOXHOCTb HyneBbix konebaHuii
IBYCTOPOHHErO CKanspHOro nons NOTEHUManbHOW SHeprum B3auModeincTems obecneynBaeTcs TeM, 4TO
none 3Heprun B3aMMOOENCTBUS OOBbEOMHSET B CeOEsHEepruio MNONOXEHUS W SHEPruio  ynpyrow
nedpopmaumn. KonebatenbHble CBOWCTBA CN/OWHOW Cpedbl, OBYCTOPOHHEro CKansipHOro nons
NOTEHUMANbHOW 3HePrum, onpeaensioTCs HanmuneM no3nLNOHHBIX CU.

lo3nuMoHHbIE CUbl — 3TO Takue CWibl, KOTOPble OMpPenenstoTcs OTKNOHEHUSIMU CUCTEMbI OT
nonoxeHusi pasHosecusi. Ocoboe 3HauYeHNe UMEIOT BOCCTaHABNMBAOWME CUbl, KOTOPbIE BO3HUKAOT Mpu
OTKNIOHEHUM CUCTEMbl OT MONOXEHMS paBHoBecus. BoccTaHaenueawowme Cuabl MNPOTUBOMOMIOXHbI
HanpaBNEHUO OTK/JOHEHMSl, 3T cunbl 06yCnoBnMBalOT CMOCOOHOCTb CUCTEMbl coBepwaTb CBOHOIHbIE
konebaHns. OCHOBHbIM TWUMOM BOCCTAHaBNMBAOWNX CUN SIBNSIOTCA Cuibl yripyroct. B npocTteliwem
cnyyae nMHENHO AeddOPMUPYEMOI CUCTEeMbl BOCCTaHaBMMBaloWas cuna ynpyroctu nponopuuoHanbHa
OTK/NIOHEHUIo crucTeMbl. CBOMCTBA YNpyrux CBsi3el Npu 3TOM OnpeaensioTcs KOAgUUMEHTOM YrpyrocTy,
KOTOpblA npencTaBnsieT coboit 0606wWeHHY cuny, crnocobHyto Bbi3BaTb 0000lWEHHOE eanHUYHOoEe
nepemelleHue.

KonebarenbHoe ABUXeHUe — 3TO NMPOCTEALLNA BUL L BUXEHUS], MPUCYLUNI CIIJIOLLHOW cpene
(npocTpaHCTBEHHO-BPEMEHHOMY KOHTUHYYMY).

NMobas, pnaxe H6eckoHeYyHO Manas, gedopMauus, nNpousowenwas B OOHOW €OVHCTBEHHON TOoYkKe
CMNNOWHON cpenpl, TYT Xe nepeknabiBaeTcs Ha BCIO CMIOWHYIO Cpedy B LESIOM M Ha KaXayto ero TOYKy B
OTOENbHOCTU. DTO CBA3AHO C TEM, YTO MOMOXEHUE N OBUXEHME KAXJOOro afeMeHTa ChMOWHON cpeap

AV onpenensieTcss COCeAHVWMU I3NeMeHTaMW. ITU 3NEeMEeHTbl He MOryT [OBUraTbCs HEe3aBMCUMMO W
XaoTMYecKn, MOCKONbKY B MPOTMBHOM C/yYae B CM/OWHON cpele obpasoBanvcb Obl paspbiBbl. Takum
06pa3oM, ecnv aneMeHT cpelbl BbiMOMHAET Kakoe-TO OBWXEHME, TO COCEIHUE C HUM 3NEMEHTbl Takxe
LOJNIXHbI BbINOMHATL NOOOOHbIE OBUXEHWS, T.€. OBUXEHMWS BCEX 3IEMEHTOB CMJOWHON cpedbl OONXHbI
6bITb COrnacoBaHHbIMM!

Bua npeobnapaowero KONNEKTMBHOrO [IOBUXEHWS 3NEMEHTOB CrJ/IOWHOA cpeabl Ans KaXAoro
mMacwTabHoro yposHs BceneHHol cBoit. Ha ypoBHe hr3nyeckoro Bakyyma — 3TO HyneBble konebaHus —
dnykTyaumm nNAOTHOCTU W pasbl  OBYCTOPOHHErOo CKaNspHOro nons MNOTEeHUManbHOW  3Heprum

B3aVMOAENCTBMS Ha rpaHuLe (MOBEPXHOCTKN) pasaena gas ( '(p“) noTeHUManbHOn SHEpPruu.

Hynesble konebaHnsi ¢ MakcMManbHO Manoil aMnaMTyaon KonebaHus HeTpanbHON goasbl ( (P“}
N N (+Uyp)
CKandpHOro nonsa noteHuunanbHOW 3HEepPrumnm co3naldTNOCTOAHHbIM COBUT MOJNTIOXKUTENDBHON n

oTpuuaTtenbHom (_I'q’?} pasbl CKaNspHOro Nons NOTEHUMANbHOM SHEPrM OTHOCUMTENBHO OPYyr gpyra B
NMPOCTPAHCTBEHHO-BPEMEHHOM KOHTUHYyMe. OTO MPVMBOAUT K MOASipM3aumMyM CcKanspHoro nons, K
BO3HVKHOBEHMWIO ABYCTOPOHHEro CKaNnsipHOro mnonsi NoTeHuuanbHOW aHeprun B3auMTBuS.MyUHUManNbHbI

(),

yron casura cpas , PN KOTOPOM BO3HMKAET nNonsapusaunsa ckKansgpHoro nons noteHumnanbHom
SHeprun B3aMMOOENCTBUA, paBeH:
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ming = 0.4181112128162947

Casur @asbl — 39TO0 CABUI B T[POCTPaHCTBE MOMEHTOB [AOCTUXEHUS OOWHaKOBbIX
HyrneBbIX, MoJ1I0>KNTEJIbHbBIX nn oTpuLlares/ibHbIX MakcumalsibHbIX 3Ha4YeHN

CUHyconaalbHbIX BEJ/INYUH.

CuHyc MUHUMAaNbHOro yrna caBura @bas CKanspHOro ronis  roTEeHUNAaNbHOW  SHEPrum
B3auMOLEeViCTBUS paBEeH BENYNHE MOCTOSIHHOV TOHKOV CTPYKTYpbI O

sinmin ¢ = 0,007297352535948453176.

MocToSiHHbIE HYNeBble konebaHns goasbl U NAIOTHOCTU CKANAPHOro Nons NOTEHUMANbHOW aHeprum, ¢
amMnanTynoit konebaHns paBHO MOCTOSAHHOW TOHKO CTPYKTYPbI (Q), CO30al0T B MPOCTPAHCTBEHHO-
BPEMEHHOM KOHTUHYYME NOKann30BaHHbIe CKanspHble NoTeHumnanbl —afieMeHTapHble anekTpuyeckmne
3apsdbl — NONOXUTENbHbIE (+0) U oTpuuaTenbHble (—q).

. +

HeiTpanbHoe (pas3oBoe COCTOSIHME ABYCTOPOHHEro CKansipHOrO Mofisi MOTEHUManbHOW SHeprum

(Ugo) npy 3TOM COXPaHSEeTCs, OTOENSAS ANEeMEeHTapHble anekTpuyeckme 3apsipl Opyr oT gpyra.Takum
06pa3oM OBYCTOPOHHEE CKansipHOEe Mosfie MOTEeHUManbHOW SHepruy B3aMMOAencTsus npeobpasyeTtcs B
anekTpuyeckoe none BceneHHoi. OnekTpuyeckoe none — BEKTOPHOE Mofe, OOUMH W3  AOBYX
KOMMNOHEHTOB3/1IEKTPOMarHUTHOI O MOJIsl.

MNMone NOTEHUMANbHOW 3Hepruv B3aMMOLEWCTBUS oObeduHsowee B cebe 3HEPruo MONOXEHUS K
SHEepruio ynpyron nedopmaumm SBI9eTCs rnonemM KoHcepsaTuBHbIX cuil. B npocTpaHCTBEHHO-BPEMEHHOM
KOHTUHYyyMe (CMNOWHOMW cpefe) MOEWCTBYIOT YeTblpe Tuna KOHCEepBAaTUBHbIX CUM, YeTblpe Tuna
hyHOaMEHTanbHbIX B3aMMOAENCTBUIA: TPaBUTALMOHHOE, 3NEeKTPOMarHUTHoe, cunbHoe 1 cnaboe. Bee aTw,
Kasanocb Obl, pas3nnyHble KOHCEPBATMBHbIE CUNbI SBASIOTCS MPOSIBNEHWEM Ha pPasHbiXx MacwWwTabHbIX
ypoBHsX BceneHHoM 0aHOM 1 TOW ke 06006IWeHHON Cnibl — KOAGOGULUMEHTA yrPYroCTy.

B ocHoBe KOHCepBaTMBHbIX CWN  JIEXWUT  CBOWCTBO  3/1aCTUYHOCTU  CMJIOWHOW  cpenbl
(NPOCTPaHCTBEHHO-BPEMEHHOIO  KOHTUHYyMa). 9OnacTM4YHOCTb — 3TO  CMOCOBHOCTb  KOHTUHyyma
NCMbITbiBATb 3HAYUTENbHbIE ynpyrne nedpopmauunm 6e3 paspyweHus. SNacTUYHOCTb CMIOWHON cpenbl
obecneumBaeTcsa cunoi ynpyroctu (ynpyrumm cunamm). Cuna ynpyroctun — 310 cvuna, BO3HMKaoWwas npu
JedopMaumm  CNNOWHOW  cpedbl W MpPOTMBOIENCTByKOWAs 3ToW  gedpopmaumn. B pgaHHOM
cnyyae, pedpopmaumen CnnowWwHON cpelbl SABNseTcs NOCTOAHHOe pacwupeHne BeceneHHon, ysenuyeHne eé

(Fss)

ob6béma nop penctemeM paboTbl cubl — CWNbl MIHTEHCUBHOCTW B3aMMOLENCTBNS MPOCTPAHCTBA U

N F
BPEMEHW, TPaABMTAUMOHHOWM cunbl pacwupeHns. Cune pacmmpeHMﬂ{ =3) NPOTMBOCTOUT ynpyras

F
noTeHumanbHasa cnna cxartunsa — rpaemtTalMoHHas cuna E Gj. Tem caMbim npenoTepalwarTCcsa pa3pbiBbl B

_ F
CnnowHon cpene. BennunHa cunbl paCLumpeva( 53) 3aBUCUT OT MacwTtabHoro ypoBHs BceneHHoii:
F _1-1.4_04_1' 1“_1. 2t

Y A T

UeM MeHbwe 06bEM NPOCTPaHCTBEHHO-BPEMEHHOIO
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KOHTUHYYyMa, B KOTOPOM OHa ,D,eVICTByeT, TEM MeHblie eé BenuumMHa W, CNegoBaTeflbHO, TEM MEHblue

(Fo)-

Ha pasnunyHbix MacwTabHbIX ypoBHSIX BceneHHoli ocHoBHasi 0606WEHHas cmna NpoOCTPaHCTBEHHO-
BPEMEHHOIO KOHTUHYyMa — KOSQhQUUMEHT yrnpyrocTy nposienseTr cebs B Buae cnaboi, CUNbHOWR,
3N1eKTPOMArHMTHOM, rpaBMTaUNOHHON cunbl. Bce aTn cunbl NnpedoTepallaoT paspbiBbl CMOWHOK cpeabl Ha
pas3nnyYHblX MacwTabHbIX YPOoBHSIX BceneHHOI.

npoTuBoCcTOALWAA en rpaBUMTalMOHHAA cnuna cxatns

Bcé Ha cBeTe mMMmeeT noBepxHOCTb. HecMoTpsi Ha pasHoobpasne, MHOrOYMCIEHHbIE MOBEPXHOCTU
XapakTepmayloTcss  ogHMM  obwuMm  CBOWCTBOM: OHM  ob6napatdT  U3ObITKOM  NMOBEPXHOCTHOWA

aHeprumn.MNoBepxHOCTb pasgena ¢as (Teo) DBYCTOPOHHEr0 CKaNsipHOro nonsi NoTeHUManbHOM aHeprum
B3aUMOJLENCTBAA He SBNSETCA MCKNouYeHneM. Ha rpaHuue paspgena a3 mayT npouecchbl, KoTopble
obycnaBnmBalT  CaMOMPOM3BO/IbHOE  CHUXEHUE MOBEPXHOCTHOW  3Hepruu. CamMonpousBobHOE
CHVXEHVEe MOBEPXHOCTHOW SHEpruyM MOXeT Bbl3biBaTb pPas3fuyHble (PU3Myeckne MnpoLecchl, CBA3aHHbIE
C YMEHbWEHNEeM BENUYMHbI MOBEPXHOCTHOW 3HEPrun: MexaHuyeckume SBNeHUs, (PU3NKo-XMMUYeckme
ABNEHUS, SNEKTPUYECKME SBEHUS, TEMNOBbIE ABNEHNS, YKPYNHEeHMEe YacTul, obpasoBaHue copepuyeckoi
W rnagkol  XWAOKOMW noBepxHOCTU. [pakTuyeckm BCe MNEPeyYUcreHHble MNPOLECChl  SIBNSIOTCS
CTpyKTypoobpasyiowmmm, 6narogapss UM B> MNPOCTPAHCTBEHHO-BPEMEHHOM KOHTUHYyME BO3HMKaeT
BELLECTBO U CBSI3aHHbIE C HUM CTPYKTYpbI.

BHyTpeHHee paBneHne — I3TO TUMWYHOE TMPOSIBNEHME MEXaHMYECKUX MPOLECCOB, Bbl3BAHHbIX
CTPEMNIEHNEM K CaMOMPOW3BONIbHOMY COKPALLEHMIO MOBEPXHOCTHOW aHeprun. Ha UCKpuBNEeHHOM

nosepxHocTn xwugkoctu () (cMm. puc.) BO3HMKAET BHYTPEHHee OaBieHue Kak
paBHOLEWCTBYIOWAS NOBEPXHOCTHBIX HaTSXeHW B Touke A. OHO HanpaBneHO BHYTPb MeprneHauKynspHoO
MOBEPXHOCTM XWUAKOCTW M COKpalaeT MOBEPXHOCTb pasfaena a3 o0 MUHMMabHbIX paamepos. MNonobHoe
cokpalleHne obycnaBnuBaeT YyMEHblUeHWe MOBEPXHOCTHON  3Heprun. BHyTpeHHee  naBneHuve
onpegensieTcs cnegyowmm obpasom: AP = 20/r, rae 6 — NOBEPXHOCTHOE HATAXEHNe Ha rpaHnue pasgena
as; r — paauyc kannu. Yem MeHblwe pasMmepbl Kanenb W Bbille NMOBEPXHOCTHOE HaTSAXeHue, Tem
WHTEHCUBHEE BHYyTpeHHee ndasneHue. Cuna NoBEpPXHOCTHOrO HaTSXEHWS HanpasneHa no KacaTenbHOW K
MOBEPXHOCTW XWAKOCTM U MEeprneHauKynspHO K Y4yacTKy KOHTypa, Ha KOTopbldi oHa percteyet. Cuna
MOBEPXHOCTHOMO HATAXEHWs — 3TO ynpyras cuna 3ameHsiowas Ha macwtabHOM ypoBHE 3N1eMeHTapHbIX
yactuu, sgep W aToMoB, T.e. BOMM3M rpaHuubl  (MOBEPXHOCTM) pasgena a3 [ABYCTOPOHHEro

(Fe).

CKanspHoOro nons nOoTEeHUMAaNnbHOM 3Hepruv, rpaBUTaALMOHHYIO CuUny
macwTtabHoM ypoBHe ouyeHb cnaba.

KOTopasd Ha 39TOM

Ha rpaHuue pasgena a3 [OBYCTOPOHHEro CKanspHOro nonsi MOTeHUManbHOW 3Heprum
B3aVMMOLENCTBUS HApPAOy C CUNION MOBEPXHOCTHOIO HAaTAXEHWUS TNaBHYIO POSib UrpaeT U 3NeKTpuyYeckoe
BEKTOPHOE none. BsaumopeicTBne 3nekTpUYeckMx 3apsinoB  (Nonei) npuBOAUT K UCKPUBIIEHUID

noBepxHOCTM pasgena as (L@D).
BHYTPEHHEe OaBfeHue Kak PaBHOAENCTBYIOWAS MOBEPXHOCTHLIX HATSXeHWi. OHO HampaBneHO BHYTPb
neprneHaNKyNsiPHO MOBEPXHOCTU pasfena a3 U CTPEMUTbCS COKPaTWTb MOBEPXHOCTb pasgena das
[0 MUHUManbHbIX pa3MepoB. [10J06HOe coKpalleHne O6yCnaBAMBAET YMEHbLIEHWE MOBEPXHOCTHOM
aHeprum. Cuna noBEPXHOCTHOrO HATSIXXEHWS HanpaBeHa Mo KacaTeNbHol K MOBEPXHOCTY pasgena gas u

Ha wuckpuBneHHOU MOBEPXHOCTW pasfjena a3 BO3HMKaeT
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NepneHamMKynsipHO K y4yacTKy KOHTypa, Ha KOTOpblA OHa gOeicTByeT. ITO O0OBSACHSET, novyemy

OOHOUMEHHbIE 3nNeKTpuyeckme 3apsabl OTTANKMBAOTCA, a pasHOMMEHHble — npuTtarmeailoTcs. Cuna

MOBEPXHOCTHOrO  HATAXEHMsl, HanpaBfeHHass Mo KacaTeNbHOW, OTTalnkuBaeT  OOHOUMEHHbIE

aneKkTpuyeckme 3apsabl pyr OT Apyra, a paBHOAENCTBYOWAS — MPUTArMBaeT pasHOMMEHHbIE 3apsabl Apyr
+

. x =+,

K Opyry (cm.puc.) - B pesynbtate Hynesbix konebaHWii NOBEPXHOCTU pasgena

8y y , .
das ( qpu) cvna NoOBEPXHOCTHOrO HaTSXEHWS, HanpaBneHHas No KacaTenbHOoW, co30aéT B CMOLWHOWA
cpene BOJHbI MAOTHOCTU [pﬁﬁl, CaMOCTOSTENbHO PacnpOCTPaHSAOWMNECS B CNOWHOW cpeae.

Bzaumonevictrsue cuibl MNOBEPXHOCTHOrO HATSXEHUS U S/1IeKTPUYecKoro rosnas co3faér B
MpPOCTPaHCTBEHHO-BPEMEHHOM KOHTUHYYME@ HOBOE CW/I0BOE r110/1€ —> J1EKTPOMArHUTHOE, WUCTOYHUKOM
KOTOPOro sBNSOTCS HyneBble konebaHusi ¢basbl M [IOTHOCTM [ABYCTOPOHHEro CKaaspHoOro mnosas
roTeHUNanbHOV SHepruy B3anMoLnercTBus.

Mpn pe3oHaHce HyneBbix konebaHwuii pasbl OBYCTOPOHHEr0 CKanspHOro nons mnoTeHuManbHOM
SHEeprumn HerTpanbHas NOBEPXHOCTb pasgena pa3 BMECTEe C 3NEeKTPUYecKMM nonem aedopmupyetcs
TakmM 06pasom, 4YTO BHYTPWU dechopMauuv B OOHOM Clyyae OKa3blBAETCS MOMOXWUTENbHO 3apsiXeHHas
CTOpOHa OBYCTOPOHHErO CKaNSPHOro nons, a B ApyroMm — oTpuLaTENbHO 3apsXeHHas. OTO CBA3aHO C TEM,
4TO NPOTMBOMONOXHbIE dPa3bl ABYCTOPOHHEr0 CKanspHOro Nons CABMHYThl B NPOCTPAHCTBE OTHOCUTENbHO
Ipyr gpyra npuv nonspu3saumu nons. Cnna noBepxXHOCTHOrO HATSXEHMUS HanpaBieHHas No KacaTenbHOWM K
SHEeprmn B Touke AedoopMaumm 1 B MOMEHT OTpbiBa AedOpMaLmmn 0T HEATPanbHON NOBEPXHOCTW pa3aena

a3 (L'@ I}}

cunon

(Fos).

pacwmnpeHus , Npupoaét pedopmauun CcnvH (BpaweHue). Takum obpa3om Bo BceneHHoiw
poX.AaeTcs BeWecTso, napa afneMeHTapHblX YacTuul> — yactuua n aHtmyacTuua. [ naeHyo posib B MOMEHT
BO3HUKHOBEHWS 3NIEMEHTapPHON YacTuubl, eé oTpbiBa OT HEATPanbHOW NOBEPXHOCTU pasgena das, urpaet

(a)
yCKOpeHune Be/IniynMHa KOToporo Ha aTom mMacluTabHoM ypoBHE MakcuManbHa.

Ecnn Ha ypoBHe chuamnuyeckoro Bakyyma Habnoparotcst Hyneeole konebaHmsa doasbl ckansipHoro nons
NnoTeHUManbHOW 3Heprum, To Ha MacwTabHOM ypOBHE 3NEMEHTapHbIX YacTuu noMmMmo konebatenbHoro
OBUXEHUS BO3HMKaEeT BpawaTenbHoe [OBMXEHWe BelecTBa (CrvH), Ha 6onee BbLICOKMX MacwTabHbIX
YPOBHAX BpalaTenbHOe [HOBUWXEHWe yXxe npeobnapjaeT: BpaweHue nnaHeT, 3Be3d, 3BEe3[OHbIX CUCTEM,
ranakTuk, CKOMJeHNe ranakTuk u BpaleHne BeceneHHow B Lenom.

AP
OcHoBblBasicb Ha BbIWECKAa3aHHOM, MOXHO BbIYACNUTb, Kakoe BHYTpPEHHee ,uaBneHme( )
O6ymeT UMeTb CTPYKTYPHBIA 3NEMEHT MPOCTPaHCTBEHHO-BPEMEHHOIO KOHTUHYyyMa, a TakXe paccumtatb

ero NoBEepPXHOCTHYIO 11 BHYTPEHHIOK SHEPruio, eCNn paauyc ero o6béma coctaenset: R = 10732m. Mepuoa
HyneBbIx KonebaHuin oasbl B JaHHOM 06 bEME OBYCTOPOHHErO CKaNSPHOro Nons NOTEHUMANbHON aHeprum

B3aumomeincTems coctaensiet: T = 10~43cex.
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O61BbEM CTPYKTYPHOrO 91IeMeHTa COCTaBNserT:

OHeprus HyneBbix konebaHuii ckansipHOro Nons ¢ Nnepuonom T paBHa:

hv
Ey = . mmev=1T, E, = 3,313- 10°/x.

,roe v =1/T, Torpa:

O6béMHasi nNNOTHOCTb MNONS  MOTEHUMANbHOW SHEpPruM OaHHOro CTPYKTYPHOro anemeHTa
Ey

P, = —=7,9-10"12TxNHe,

cocTtasnsaet: [ v pasMepHOCTb MAOTHOCTW 3Heprum cosnagaetr cC

pasmepHocTbio gasneHus. OTcioga, BHYTPEHHEE OaBfeHWE B OaHHOM CTPYKTYPHOM 3N1EMEHTE PAaBHO:

AP = 7,9 - 10" 21T/,

3Has OaBneHue, MOXHO Y3HaTb BeNMYMHY MOBEPXHOCTHOrO HATSAXEHUS Ha rpaHuue pasgena gas
OBYCTOPOHHEro> cKkansipHoro nons noTeHumanbLHom sHepruu B3aVMMOLENCTBUSA:
AP-R - ,
o=——=23.95-10"" Jlx/Mm-.
Z 3Has BE/IN4YNHY NOBEPXHOCTHONo HaTAXeHuda, MOXHO Yy3HaTb
BENMYMHY cBoboaHol aHeprum f CobonHasi sHeprusi onpenensieTcs kak Ta 4YacTb SHEpPruv CUCTEMbI,

F =08, e g

KoTopasds MoxeT ObiTb npeBpaweHa B paboTy: nnowanb MOBEPXHOCTU

npocTpaHcTBEHHON cdpepbl V ¢ paamycom R, otctoga: f =4, 96-1 08 .

Ecnn npennonoxuTtb, 4TO KO PUUMEHT MOBEPXHOCTHOrO HaTAXeHus () Ha rpaHuue pasgena
¢oa3 OBYCTOPOHHEro CKanspHOro nons noTeHuuasibHOW 3HEepPrun B3auMOLENCTBUSA SABNAETCH BEJINYUHOMN
MOCTOSIHHOM, TO C POCTOM anutenbHoctn nepuoda (T) HyneBbix konebaHwii OBYCTOPOHHEro CKanspHoro
Mons NoTeHuManbHOW SHepPrun B3anMoaeincTBna 1 yBenmyeHnem obvéma (V) cTpykTypHOro
9neMeHTa CnowWHOi cpelbl cBoboOHAs SHEPrusi Ha NMOBEPXHOCTW pasgena a3 pacTéTr, a BHYTPEHHSS

(p:)

NNOTHOCTb 3Heprun yMeHbLWAaTCA. CHuxeHne nnoTHOCTKU ckandpHoro nonsa noteHumnanbHom
SHeprun B3aUMOLENCTBNSA BEOET K CHUXEHWUIO NOTEHUWanbHOWN 3Heprun B cucrteme CMNJ/IOWHOWM cpenbl.

PacwunpeHne BceneHHoit Ben€T K pocTy CBOOOOHOW 3HEPruM Ha MOBEPXHOCTU paspena das ([_quu)?
NPOMOPLMOHANIBHO YBEIMYEHMWIO NNOWALM NOBEPXHOCTU pPacTET Ta YacTb SHeprum BceneHHol, koTopas
MoxeT 6blTb NpespaueHa B paboTy. YMeHbLWEHNE NIOTHOCTM CKaNSIPHOro Nofs NoTeHUManbHOM aHeprum
Cc pocToM o6béma BceneHHoll coOMpoBOXIAETCS YBENMYEHMEM MacCbl BelecTBa Kak aSKBMBaneHTa
noTeHuManbHOW 3Heprum, cBobogHas> aHeprus obecneyvBaeT nepexon MNOTeHUMaNnbHOW 3SHeprum
mMaTepun u3 0OHOro Buaa B OPYro.

PacwwnpeHne BceneHHovi conpoBoxxgaercs npeobpa3oBaHNeM NMoTeHUNanbHOW SHEPrun CKanspHoro
rnonsi B MOTEHUMANbHYIO SHEPIrUO BelecTBa — €ero Mmaccy, npu 3ToMm obwas NnoTHOCTb 3SHepruu
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B3aMMOOENCTBNSA OCTAETCS MOCTOSHHOMN.

. o s w (:Fsaj:-
C poctom obbéma BceneHHoit pactetr eé cBobogHas aHeprusi  (f) pactét cuna
obecneuvBatowaa pacwupeHve BceneHHoir. lMponopumoHanbHO ek pacTéT rpaBWTauMoOHHas cuna

(Fe).
(Wo)

aHeprun pacTéT KMHeTU4Yeckas aHeprus BelecTsa
NPOCTPaHCTBA 1 BPEMEHU NPY 3TOM OCTAETCS HEU3MEHHOIA:

cxartung Pactét «konunyectBo BeuwecTBa (m)Bo BceneHHoin — akBMBaneHTa NOTEHUMANbHOWA

(W

MNMonHas aHeprvs B3auMoOOeNCTBUS

W 0 1 2 3
Wrmm =—=—-=-=-==_..=1= const.
. w, 0 1 2 3
HyﬂeBble KOﬂe6aHV|9| CKaﬂﬂpHorO nonsga rlOTeHLl,VlaanOVl 3Hepr|/||/| co30arT B CMN/IOWHON Cpeﬂ.e
pacxonswmecsa OoT UCTOYHMKA BO3MYUWEHWA BOJIHbI MJIOTHOCTU MOJ1si SHepruun B3aMMO,ﬂ9ﬁCTBMﬂ. B
CMJIOWHON cpene BO3MOXHbI OBa MNPUHUMNMMANbHO pPa3inyHbIX MexXaHM3Ma ynopsango4YeHHOro nepeHoca

a1
SHEeprumn Yyepes Kakyto-nnbo nosepxHocTb. MNpex e Bcero, 3T0 NepeHoc NAOTHOCTM SHeprum Buaa .

2 2
Po [OU, Y j0u,
ps(xrt):? at E dx = Prun T Pz
., Oty
x ™o
CO CKOpPOCTblO CMeleHna asnemMeHta cpemnpl dt onucbiBaeMoro BkK/1aaoM B MJIOTHOCTb

V..
noTokKa 3aHeprun pE * Ora Oonsa 3aHeprun, XecTtko CBdA3aHHad C KaxXobiM 3/IEMEHTOM cpepnbl Kak
C «yacTuuen», NepeHoCnTCA npn OBUXEHUN «4acCcTuubl» TOYHO TakK Xe, KakK NepeHoCnTca Macca n gpyrme
eé XapakTepucTuku. OOHako 3TO He eOMHCTBEHHO BO3MOXHbIA M Oaxe He TraBHbINA npouecc

So.

ynopsoo4eHHOro nepeHoca 3sHeprnm 4yepel MnoOBEPXHOCTb

AV.

OKpyXatolwyo 3aneMeHT cpedbl 06 bEMOM

B 6erywei ynpyroii BONHe MNAOTHOCTb MOTOKA MEXaHU4YeckoWn :aHeprvn/J”E’c BCeraa MOXHO

F

NPeacTaBUTb B BUAE NPOWU3BELEHWNS MNOTHOCTU BHYTPEHHEN SHeprum Ha ¢0a30BYl0 CKOPOCTb BOJHbI

v .
? HanpaeneHwe BekTopa Jrsex coBMafaeT C HanpaBleHNEM PACNPOCTPAHEHUS BOJHbI:

1 du, \ou,
vy Ot | Ot

jmex ~ ﬂpsv.t = (_Puvé) - €, = psvcl:uex

B Bblpa>XeHne BXOoOWUT TOJ/IbKO MNOTHOCTb BHyTpeHHeVI Heprun pE: He CBA3aHHasA C KOHKPETHbIM
MeXaHW3MOM B3aVMOLEWNCTBUS 9SNIEMEHTOB CMJIOWHOMN cpenbl. Bxogswaa B BblpaxeHne d@rasosas

ch: P:

CKOPOCTb  BOJIHbI — 9TO XxapakTepucTuka npouecca nepeHoca Ha nobble PacCTOSHUSA, He

3aBucsLwWme oT X u t.

B pesynbtate berywas ynpyras BonHa npuobpeTaer CMbICN CaMOCTOSTENbHOrO TUNa OBUXEHUS
CNOWHON cpeabl B LENIOM, KAYECTBEHHO OT/INYHOIO OT OBUXEHUS YacTULbl U YX€e HUKAK HE CBSI3aHHOrO C

IBVXEHNEM 3NeMeHTa CM/OWHOW cpenpl AV. Bonee TOro, B KOHEYHOM pe3ynbTaTe BennyMHa SHeprum
B3aMMOLeNCTBUS BoOOWE ncyesaeT. OTO ykasbiBaeT Ha TO, YTO B3aMMOLECTBME B CMIOWHOW Cpene npwu
pacnpoctpaHeHun 6erywei ynpyroi BOMHbI UrpaeT BCMOMOraTenbHyl ponb, obecneumBas nepeHoc
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7y .
BHYTPEHHEW 3Heprum CO CKOPOCTb ®° Y7o xe xacaeTcs MAOTHOCTU Macchi

Poc”

Po

B paBHOBECHOM

COCTOSIHUM U CBSA3AHHOW C HEl NNOTHOCTU SHEepPrumn nokos
nepeHocuTcs.

TO OoHa berywei ynpyro BONMHOW He

Berywue ynpyrue BonHbl NAOTHOCTU 3HEPrUn Pe: BO3HUKalOWMe B pe3ynbTaTte Hynesblx konebaHuii
CKansipHOro nons NOTeHUManbHOM SHEPrumM, CAMOCTOSITENBHO PACMPOCTPaHSIOWMECS B CMOLWHO cpeae —
MPOCTPaHCTBEHHO-BPEMEHHOM KOHTUHYYME, SIBNSIIOTCS rPaBUTaLMOHHBIMU BOSTHAMM.

paBUTaUNOHHbIE BOMHbI — 3TO TAKOM TUM «KOMNEKTUBHOMO» ABUXEHWUS CM/OWHOW cpedbl U, TeM
cambiM, Takoi crnocob pacnpoCcTpaHeHWst 3Heprum B MPOCTPAHCTBE WU BO BPEMEHW, Mpu KOTOPOM CO
7
CKOPOCTbI0 ¢ BHYTPEHHSS 3Hepr|/|s|p£ MOXeT OblTb nepeHeceHa Ha nbble paccTosiHus 6e3

nepeHoca Macchbl. Tem cambiM npeagnonaraeTcs, 4YTo «4acTuubl» U 3NEMEHTbl Cpedbl OCTAKOTCA B3N
NX paBHOBECHbIX NONOXEHUA. DTUM «KONNEKTUBHbIA» TUM OBUXEHWUS CrMJIOWHOM cpenbl oTnn4aeTca oOT
crnocoba nepeHoca aHeprun npun oBn>XeHunmn OOWHOYHOW YacTuubl, Korga O0JHOBPEMEHHO NMepeHoCcAaATCAa Kak
Macca 4YacTuubl, Tak U BCS CBA3aHHas C Hen 3Hepruns.

IpaButaumoHHyto BonHy — Geryuwyio ynpyryto BOIHY MOXHO MPeACTaBUMTb W Kak 6eryuyto BONHY B
CN/OWHONK cpelie, N Kak ABMXEHWe 3aneMeHTa cpeflbl (4acTvupbl) OTHOCUTENbHO CMNOWHON cpedbl. Ha
rpaHuue ob6béma AV IEeiCTBYlOT MOBEPXHOCTHble cunbl. [py gedopmaunm anemeHTa cpegbl OHM
npoun3BoasT paboTy, yMeHblas UM YBeNNYMBAS BHYTPEHHIOW SHEPruto, 3akN0OYEHHYIO B 3TOM 3/IEMEHTE
cpenbl. C TOYKM 3peHust HabnoaaTens, N3Mepsiowero N3MeHeHe BHyTPEHHeR aHeprum B 06 bEme AV
9Ta SHEprus MeHseTcs B HEM HE3aBNCKMO OT TOrO, NepeMeLaeTcs M eé NNOTHOCTb BMECTE C 3/IEMEHTOM
cpenbl UNn Hag 3TUM 3/IEMEHTOM NPOM3BOAST PaboTy NOBEPXHOCTHbIE CUbl MOTEHUMAaNbHOro XapakTepa.

B pe3ynbtate HyneBblX konebaHuii NNOTHOCTU OBYCTOPOHHEIO CKansapHoOro nons noteHumManbHoOM
SHeprnn B NpPoCTPaHCTBEHHO-BPEMEHHOM KOHTUHYYME BO3HUKAKOT nepuoanyeckne M3MeHeHunsa KpUuBU3HbI

(nnockoh B HOPManbHOM COCTOSIHWW) [OBYCTOPOHHER MOBEPXHOCTM pasgena das (U@D) nons
NnoTeHUManbHOM 3Heprum B3auMOOencTBns. B Touke M3MeHeHWs KpMBWU3HbI MOBEPXHOCTU paspena gas
Oynet HabniopaTbCcsa NokanbHOe BO3pacTaHne NOBEPXHOCTHOW SHEPrUM B CBA3U C YBENUYEHVEM Nowanm
nosepxHocTn pasgena @as. JlokanbHoe YyBeNnMyYeHue MNOBEPXHOCTHOW 3HEeprum  akTusuaupyeT
CamMonpoun3Bo/bHY0 paboTy BOCCTAHABAMBAIOWMUX CUJ, MbITAIOWMXCA CHU3UTb NOBEPXHOCTHYIO SHEPTMIO B

N (Uga).
MecTe JloKanbHOW JnedpopMauuy MOBEPXHOCTU pasmdena das B 3aBUCMMOCTM OT BE/MYUHBI
panuyca KpusuaHbl npuoputeT ByneT nnbo y cunbl MOBEPXHOCTHOFO HaTSXEHWS Mpu ManoMm panuyce
KPUBW3HbI UM Y FPaBUMTALMOHHOW CUNbI CcXaTus npu 60NbWOM paguyce KpuBU3HbIL. Pagnyc KpuBM3HDI

U y
NoOBEPXHOCTM pa3aena gas (Ugpo) [BYCTOPOHHErO CKaNsipHOro Nnonsi B3auMoAeMNCTBAS MOXET N3MEHSTCS
OT Hyns po 6eckoHeyHocTW. Ecnu pamuyc KpvBU3HbLI PaBeH Hy/lo, TO COMpUKacalowasicss OKPY>XHOCTb

U
BbIPOX JAETCS B MPSIMyt0, T.€. B 9TOM C/ly4ae KpuBM3HA NMOBEPXHOCTM pasgena ¢as (TUpo)

(Uea)

paBHa Hynto.

Ecnu paouyc kpuBn3Hbl GeCKOHEYeH, TO KPVBM3HA MOBEPXHOCTWU pasmdena das
HYM0, T.K. AN18 NPSMON NMNHUM PaaNyC KPUBN3HBLI PpaBeH BECKOHEYHOCTM.

Takxe pasHa

) (Uga)

B npoMexyTke Mexjy Hyném u GeCKOHEeYHOCTbIO KPWBM3HA MOBEPXHOCTM pasfena dgas
NMeeT pasnnyHble 3HayeHns. MakcrmanbHas KpMBM3HA NOBEPXHOCTM pasfena das byaeTt HabnoaaTbcs
npw pagvyce KPWBKU3HbI PABHOM MOCTOSIHHOW TOHKOW CTPYKTYpbl (0). BenuumHa KpuBM3Hbl MOBEPXHOCTU

U
pasgena cpas( o) OT Hyna OO MakCyMyMa U3MEHSeTCS CKaykoM, 3TO CBA3aHO C TEM, YTO BENMYMHA
amnnuTyabl Hyneeblx konebaHuih Ha MacwTabHOM YpPOBHE MOCTOSIHHOW TOHKOW CTPYKTYpbl HE UMEeT
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y U
NPOMEXYTOYHbIX 3Ha4YEHUN. B cnegyloulee MrHoBeHWe KpWBM3HA MOBEPXHOCTWU pasgena goas ( qpl}), B
pe3ynbTate HynesbIX KOJ'Ie6aHI/II7I, M3MEHAEeTCa OT MakCuMMyMma OO0 Hynsd, 3ateM npouecc noBTopsAeTcs

U

BHOBb 1 BHOBb. B TakT M3MEHEHMIO BeNMYMHbI KPUBM3HBLI MOBEPXHOCTM pasmena gas (Ugo) n3MeHsieTcs
M BENMYMHA MOBEPXHOCTHOM 3Hepruv MNOBEepPXHOCTU pasgena as. CnemoeaTenbHo, c6poc Ma3nuwka
MOBEPXHOCTHOW 3Heprun (CBOOOOHON SHEPrvM) MPOUCXOOUT HE MOCTOSIHHO, a MOPUMSIMUA, T.e. KBaHTaMW.

Ha niob6oi npouecc TpebyeTcsi Bpemsi (3a At = 0p4er0 e NPOVUCX0anT), CNnemoBaTenbHO, MOXHO

U o
npeanonoXuTb, YTO U3MEHEHME KPUBM3HbI MOBEPXHOCTU pasmdena cpaal:: P0) Ha YpPOBHE MOCTOSHHOW

t, = 539116(13)- 10~*c.

TOHKOW CTPYKTYpbl NpoucxoamnT 3a MnaHkoBCKOe BpeMsi, paBHOE:!

Hanbonblei kpuBn3He npocTpaHcTBa BceneHHO cooTBeTCTBYEeT MacwTabHblii ypoBeHb OT O —
NMOCTOSIHHOW TOHKOW CTPYKTYypbl A0 eauHuubl. C yBenuMyeHMeM paguvyca KpPUMBWU3HbI OT €AMHMUbl [0

L
OECKOHEYHOCTN BENMYMHA KPVBM3HbI MOBEPXHOCTM pasgena cpa3( o) Oynet yMeHblaTtbes.

(Uewa)

MoBepxHOCTb pasgena gas , @ C Heto BMecTe ¥ NpoCcTpaHCcTBO BeeneHHo GyaeT CTaHOBUTHLCS BCE

6onee NNOCKMM.

MacwTabHbli ypOBEHb 3NEMEHTAPHbIX YacTULL COOTBETCTBYET paanycy KPUBU3HbI MPOCTPaHCTBA OT

pEE

Hyna 00 eduHuubl. Ha atom MacwTtabHom ypoBHE MNOTHOCTb B3aMMOLENCTBUS nocturaet

Vg = 1. (E))

MakCMManbHOW BeJINYMHbI, CKOpPOCTb B3aMMOOEeNCcTBUA paBHa: Ben4ynHa YCKOpeHu4d

MeXdy HyNném n eaMHULEn — nocTUraeT CBOeroMakcrmyma.

anI paanyce KpmBuU3Hbl NMPOCTPaHCTBa 6onblie €adnHnLUbl, BEIN4YMHA yCKOpEeHU :ﬂ] YMEHbLaeTCA

F
M CTAHOBUTCS MeHblle eauHuubl. Cuna = 5F — WMHTEHCUBHOCTW B3aUMOAENCTBUS (paclmMpeHuns)
NPOCTPaHCTBa WM BPEMEHU, MPOMNOpuUMOHanbHa 06bEMY NPOCTPAHCTBA B KOTOPOM OHa gOeincTtByeT. B

) y iy F
o6béMax MPOCTPaHCTBA OT HyNs OO0 eOUHMUbl OEACTBylowas B 9TOM 00bEMe cuna pacwupeHuns = =3

" F
MUHMManbHa, COOTBETCTBEHHO, MUHUMaNbHA NPOTUBOCTOAWAS €/ cMna rpaBUTaLUMOHHOro cxaTus = & Ha
MacwWwTabHOM ypOBHE 3N1EMEHTAPHbIX YACTUL, FNABHYIO POJib UTPAET Cuna NOBEPXHOCTHOMO HATSAXEHMS.

PaccMoTpuM omanyeckme xapakTepuCTUKM SNEMEHTAPHOW YacTuubl ¢ HynesbiM o6bEMOM. Macca

m < <
noKoA 0 Takon 93NieMeHTapHOM 4YacTuubl paBHa HYMNKO, CKOPOCTb 4YacCcTuubl paBHa CKOPOCTKU

v, =1,

= —
B3a|/|MOD,e|7|CTBV|9|: , AMNynbC paBeH: p yCKOpeHune a = 1'. BCﬂe,D,CTBVIe TOro, 4T1o

06BbEM anemMeHTapHOW YacTuubl pPaBeH Hyno, TO Takas YacTMua MOXeT paccmaTpvBaTbCst

LUy
KaKk OBUXYWascs nokanbHas gedpopMaumMs MAOTHOCTM  MOBEPXHOCTW  pasgjena cpaa( o)
CKansipHOro nonsi noTeHUWanbHoi SHeprum — kak Oerywas ynpyras BOMHA WM Kak HenTpanbHas
aNeMeHTapHas YacTumua.

-

NHTEHCMBHOCTb (3HEprusi) HemTpanbHOW 3NEMEHTAPHON YacTuubl C HyneBbiM 0O6béMoM (Berywei
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- 1
o f=—',053'ﬂﬁ'mﬁ, Pes
ynpyro  BONHbI)  paBHa: 2 , roe — MAOTHOCTb CKaNsipHOro nons

Ay a. w

NOTEHUManbHOW 3Hepruu, — amMnanTyga, paBHas NOCTOSIHHOW TOHKOW CTPYKTYpbl 0 _ yacrota

o U
HyneBblX KonebaHuin  MOBEpPXHOCTW  pasgena ma3( Po) IBYCTOPOHHEro CKafisipHOro nons

AZ

noTeHumManbHon 3Heprun. B  ypaBHeHue BxoauT nnomama( ﬂj NMOBEPXHOCTN HEeNnTpanbHOM
3NIEMEHTapHOl YacTuubl, a He eé o06bEM, 3TO rOBOPUT O TOM, 4YTO BCS IHEPrusi HemnTpanbHoW
9NIEMEHTAPHOM YacTuubl CcocpefoToyYeHa Ha €€ MOBEPXHOCTM W BEAMYMHA 3TON 3SHEpPrum npsMo

n ~ (Utwy)-
pornopuMoHanbHa KeagpaTty 4YacToTbl koneGaHui MoBepxHOCTWM pasfena as SHeprus
HelTpanbHOI 3NEMEHTAPHON YacTuubl SBAsieTCs CBOGOAHONM 3Hepruei n MoxXeT ObiTb npespaleHa B

K ':FE;'S:]"‘*"Z
F=1I= 2 Pes

paboTy: , roe — NNOTHOCTb CKaNsiPHOro Monsi MOTEHUMaNbHON 3Hepruu,

S:Aﬁ:ﬂ:z Fi

— nnowanb NOBEPXHOCTM 3NEMEHTAPHON YacTuubl, — yactoTa HyneBsbix konebaHuia

(Lr@['): EPES ’ S]

HelTpanbHble aneMeHTapHble 4YacTuubl (POTOH, HEWTPOH, HEWTPUHO W Jpyrue HenTpanbHble
3NEeMEeHTapHble YacTuubl), Yeit 06 bEM NEXUT OT HYNA 00 €AUHULbI, ABASIKOTCS FPaBUTaUMOHHBIMK BOTHAMMU
C pasIMyHom aHepruen n 4NHOM BOJIHbI.

NOBEpPXHOCTW pasgena gas — SKBMBANIEHT MaCChl 3/IEMEHTaPHOM YacTULbI.

paBUTaLMOHHbIE BOMHbI C Manol LANHON BONMHbI YMEHbLWAT NOBEPXHOCTHYIO 3HEPruio pasgena

has (Ugn) CNOWHONM cpedbl. B pesynbTtarte B3auMOOENCTBMS 3TUX BONH 00OpasyloTCs aneMeHTapHble
yacTuubl BellecTBa BceneHHoiA.

[paBUTaAUMOHHbIE BOMHbI C 6OONbLWON ANUHOW BOMHbI obecneunBaloT pacwmpeHve o6béma
BceneHHo B LeNOM, TEM caMbiM yMeHblas MAOTHOCTb MONS MOTEHUManbHoOW 3Heprun. Bcnenctsue
NOCTOSIHHOTO yBenuyeHuss obbéma BceneHHoil yBennuMBaeTcs OAMHA TPaBUMTALMOHHBIX BOMH, 4TO
MPUBOOMT K KPACHOMY CMELWEHWO, COBUIY CMEeKTpaibHbiX JIMHWA  XUMUYECKMX SNEMEHTOB B
LNMHHOBOJ/THOBYIO CTOPOHY.

FpaBuTaunMoOHHbIe BOJIHbI SIBJISIFOTCSI MPOCTEULINM TPUCYLUUM CIVIOLHON cpene BULOOM
ABuUXxeHuns, obecrieynBaroLLUM
nocrosiHHoe yBesninyeHne o6 véMa un maccol BecenneHHoMN. MNpuw 0bwem yBenmueHun o6 bEma BeeneHHow
yBenmyeHne oObEMOB 3NEMEHTapPHbIX YacTul, S4ep M aTOMOB He MPOWCXOAWT, T.K. BENMYMHA CUNb

pacwupeHus (Fas) _ CUNbl MHTEHCMBHOCTM B3aVMOAEMCTBUS MPOCTPAHCTBA U BPEMEHM Ha 3TOM
MacwTtabHOM ypoBHE MuHMManbHa. BewecTso yBenunuMBaeT CBOM OOBEM B pesynbTate CAWSIHUS
3N1eMeHTapHbIX YacTuL B s4pa, aToMbl, MOJeKynbl, NnaHeTbl, 3Be3hbl..., MPU 3TOM YMeHbllaeTcs
MOBEPXHOCTHAsA SHEPrus Ha rpaHuue pasgena gas.

U

Mpn yBennyeHve papuyca KpPWBU3HbI MOBEPXHOCTM pasgena q)as( Po) 0T eouHuubl [0
6ECKOHEYHOCTM U3MEHSAIOTCS (PU3NYECKMEe XapakTepUCTUKM CMIOWHOW cpelbl — MPOCTPAHCTBEHHO-
BPEMEHHOro KOHTMHyyMa. C yBennyeHWeM paauyca KpWBM3HbI KPWBM3HA MpoCTpaHcTBa BceneHHoiw

. . (a).
yMeHbwaeTcs, 06bEM npocTpaHcTBa BceneHHOl yBenuMuMBaeTCsl, YMEHblUAaeTcsl YCKOPeHue :

(Fs).

yBe/nmunBaeTcs Macca BewecTtsa BceneHHon. Mpu yBennueHne o6bEéma BeceneHHow pacTér cuna

(Fss)

yeM 6onbwe 06bEM, TeM 6oNblie BeNUYMHA CUMbl pacwmpeHns. MponopumnoHanbHO cune pactet
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(Fe).

rpaBMTauMoOHHasl cuna cxartums C yBenuuyeHvem panuyca KpvBM3HbI NPOCTPaHCTBa cuna
MOBEPXHOCTHOr0 HaTSXEHNS yCTynaeT CBOK paboTy rpaBMTaALMOHHONM cuie cxaTus (NpUTsaXxeHus).

Bcnencteue, pe3oHaHca rpaBMTAUMOHHbIX BOMH C OOMbLWOA aMnaMTyood NPOMCXOOUT paspblB

NOBEPXHOCTU pasaena gas (L@[’) 1 Ha MecTe paspbiBa 06pasyeTcs Y€pHas Obipa. Bokpyr Y€pHOW Obipbl
aKTUBHOCTb rPaBMTaLNOHHbBIX 1 NOBEPXHOCTHbLIX CUM CXaTus, NbiTaloWMXCa NPpefoTBpaTuTb 3TOT Paspbls,

MakcmmanbHa. [loBepxHOCTHAs cuna HaTaXeHns, paBHOOEKCTBYOWAs FG KOTOpPOM HanpasneHa B LeHTP

YepHO abipbl, 06pa3yeT BOKPYr HEE rpaBMTaALMOHHOE NoMe NPUTSXeHns (cxartuns). BHyTpu Y€pHoii abipbl
=1,

BOCCTAHABNMBAKTCA HayanbHble YCnosusg w , T.e. BO3HuUKaeT Hosas BceneHHas, pasmepbl

KOTOpPOW orpaHuyeHbl 06 bEMOM YépHoit abipbl. B HoBow BceneHHow, noTeHUnanbHas aHeprus ckanspHoro

nons npeobpasyeTcs B NOTEHUMANbHYO SHEPrMi0 BEWecTBa, T.e. POXAAITCA aNeMeHTapHble YacTuubl,

F )
a0pa M atoMbl, rpaBUTalUMOHHAA Chna pacwmpeHuns B3 BLIHOCKT o6pa3ylou.teec9| BHYTPU qepH0|7| Oblpbl

BEWeCTBO HApPYXYy. Bcnenctene, I'IpOTI/IBO,D,eVICTBI/IFl AOByX cuUn, FpaBI/ITaLI,I/IOHHOVI Cunbl pacwmnpeHmnsa B3 p

rpaBMTaLMOHHOM CUMbl CXaTus Fg, BelwecTBO 06pa30BaBlEECs BHYTPW YEPHOMN Oblpbl KOHLEHTPUPYETCS
Ha eé& noBepxHOCTW. B pesynbTate BOKpyr 4EPHOW AObipbl BO3HMKAET OOBO/MbHO MnoTHas obonouyka m3
BeWecTBa, NNOTHOCTb KOTOPOro BO MHOrO pa3 npesblllaeT MAOTHOCTb BewecTBa BHYyTpu Heé. lMpouecc
pPOXAeHVsa BelecTBa BHYTPU YEPHOW AObipbl COMPOBOXJOAETCA TEMNOBbIM W3NyYeHWeM, Mnofn AeicTBUEM
KOTOpOro BelwecTseHHas 060noyka YepHow Abipbl pa3orpesaeTcs. [ToBepxHOCTb YEPHOW Abipbl ABNSAETCS
MOBEPXHOCTbIO pasgena a3 COCTOSAHMI NOTEHUMANbHON SHEPTK, €€ BHEWHSS BewecTBeHHas obonoyka
OKpyXeHa ChMOWHOW Cpedo — CKansipHbiM MNOoneM noTeHumanbHoin 3sHeprun. CneposaTenbHO,
MOBEPXHOCTb YEPHOW Ablpbl 06nanaeT U3bbiTKOM NOBEPXHOCTHOM SHEPTMUN, CAMOMNPOM3BOJIbHOE CHUXEHUE
NMOBEPXHOCTHON 3HEeprun rnpuBOANT K BO3HMKHOBEHWIO TNAOKOW, XWOKOW CHEPUYECKON MOBEPXHOCTU
YépHOW Oplpbl, @ TakXe K TEMIOBbIM 3d0heKkTaM: NOBEPXHOCTb (060104YKa) YEPHOW Oblpbl pa3orpeBaeTcs,
npoucxoamT cOPOC U3nuwka NOBEPXHOCTHOW SHEPTMU B OKPYXatoLWyo Cpely B BUAE TENIOBOro, CBETOBOr0O
M Opyrux BMOOB U3nyyeHus. Tak poxnaetcs 3Besgma. B pesynbtate Hynesbix konebaHuii ¢asbl u
NAOTHOCTN CKaNapHOro nosis MnoTeHuManbHOW 3SHepruv B3aUMOOENCTBUS BHYTPU 3Be3fbl pOX.OaeTcs
BELWEeCTBO — 3/IeMEeHTapHble YacTuubl, S0pa Y aTOMbl. OTO BELWECTBO rpaBUTaLMOHHON CUOK paclumpeHmns

(Fss) BbIHOCUTCSl U3 LEeHTpa 3Be3hbl HapyXy, B €€ 0060/104Kky, yBeNMYMBas €€ NNOoTHOCTb M 0O BbEM —
3Be34bl PacTyT U3HYTPM.

UépHas Oblpa B MOMEHT POXMOeHus okyTaHa 6onbliMM KONMYECTBOM BewecTea, B Buae obnaka us
3NEeMEHTapHbIX YacTuu, sOep WM  aToMOB, POAMBIIMXCS OOHOBPEMEHHO C Hei. [lon neicTenem

rPaBMTALMOHHOM CUMbl  CXaTus F¢ 3TO BELWEeCTBO KOHLEHTPUPYETCS BOKPYr 4YépHoi Abipbl. Cuna
MOBEPXHOCTHOIO HaTAXEHWS, HanpasieHHas no KacaTtenbHOW K NOBEPXHOCTU YEPHOW AbIpbl, 3aKpyymBaeT
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KOHLEHTpVpYytoLee BewWwecTBo BOKpyr Heé. Takum obpa3om, B0 BceneHHo pox datoTcs 3Be3abl, 3B€3aHbIE
CUCTEMBI U 3BE3JHbIE CKONNEHUS — ranakTuku.

Ha ocHoBaHMM BblweckasaHHOro ¢ 6GONbWoOR [onei yBEPEHHOCTU MOXHO NPeanonoXuTb, 4TO
3Be34bl BHYTpPY "Nonbie”, nx macca v aHeprus cocpenoTo4eHbl B MOBEPXHOCTHOM Crloe.

["paBuTaLMOHHOE W3NyYeHUue (Fz2) YEPHOM ObIpbl M rpaBuTaLMOHHAa cuna cxaTus (Fe) MoryT
YypaBHOBECUTb [Opyr gpyra genas 3Be3fly OTHOCUTENbHO CTabuNbHOW AMHaMMYecKoin cuctemoir. [Mpm
H6anaHce rpaBMTaAUMOHHbBIX CUN 3BE34bl HYXHO YYATbIBATb CU/Yy MOBEPXHOCTHOIO HATAXEHMUS Ha rpaHuue
pasgena as, ueHTPoOeXHble U LEHTPOCTPEMUTENbHbIE CU/bl, @ TakXe aMmMnauTynbl rpaBMTaUMOHHBIX
BONH NpMXOAswWmMx B o6nactb YEpHOIN Abipbl (3Be34bl) M3 apyrux obnactel BecenernHon. Ecnn 6anaHc cun
byneT HapyweH, ogHa M3 rpaBUTALMOHHbBIX CUM MPEBLICUT OPYryto, TO 3Be3na byneT yHu4ToxeHa. Ecnu

6 (FG]: (FEEj A
ocnabHeT rpaBuMTauUMOHHAs cuna cxaTus rpaBMTaLUMOHHAs Cuna paclupeHns B30PBET
3BE3[y W3HYTPW, ecnum ocnabHeT rpaBMTaUMOHHAS CUNa pPacWUpPeHus, rpaBUTaUMOHHas cuna cxartus
0obpywnT 3B€34Y BHYTpPb.

MpenononoxeHue, 4TO 3BE3Obl "MONble" BHYTPU, HAXOOMT CBOE MOATBEpXAeHne B paboTe
npodpeccopa AnekcaHgpa Mwuxannosmya WnbgaHok «Xapaktepuctukm nonoro ConHua» (MHCTUTYT
COBPEMEHHbBIX 3HaHWUA, r. MUHCK):

<...NpepctaBum ConHue B BMOE MELNEHHO BpAWAMOWErocs lapa, COCTOSAWEro M3 CXUMaemow
XWOKOCTW, W TMpPOBEAEeM aHanuM3 Knaccuyeckmmm metodamm HblOTOHOBCKOR ousnku. [lpn 3STOM
CMOJENVPYEM CXMMAEMOCTb XMNOKOCTW B BUAE ABYX KOMMOHEHT:

P1- .
ob6onoyka ConHLa COCTOUT U3 XUIOKOCTU C MIOTHOCTbIO a 4a4po N3 XNOKOCTN CNJIOTHOCTbIO pz Insa
MedneHHO Bpalakuwerocsa Tena, Haxopsduwerocsa B rmapocratnyeckomMm paBHOBECUN, CUMMETPUYHOIO

7]

OTHOCWUTENbHO OCW BpaleHWs B 9KBATOPWUANbHOW MNOCKOCTU rpPaBUTALMOHHbBIA NoTeHuman MO>XHO
pas3noxutb B psan. B atom cnyyae cxatune courypbl pasHoBecust ConHua onpenensietcs ToNbKO YeTHbIMU

=4,

YyneHamu pgana, Ha4ymHasa ¢

OueHrBas TONbKO NepBbIii YNeH psiaa, BOCMONb3YEeMCS M3BECTHbIMM BbiBodaMu. CxaTune o qourypsl
paBHOBECKS no 3ajave Knepo METOA0M NanyHoBa onpenensieTcs PaBEHCTBOM:

o MR

Z _Z p(r]r"dr =

z r
4nM SR 876G e R — paanyc HEeBO3MYIIEHHONM 38e3Mbl; - 1 — paavyc nonocty, w
— yrnoBas YyacToTa BpalleHus 38e3bl. POU3BOAS VHTETPUPOBAHUE STOFO BbIPAXEHWS NPU PABHOMEPHOM

pacnpeneneHnn nnoTHOCTM p(r) = COnst nonyuaem:

_ MERS[ 3 1-(ry/R)S] T
ZMG 5 1-(ry/R)2] °
ry = 0,
Ecnnu , TO ecTb, Macca paBHOMEpPHO pacrnpeaeneHa no ob6bemy ConHua, T0O:
5/4(w®R? _
— M =2,6-10 5:
MG , UTO COOTBETCTBYeT Kiaccuyeckomy peweHuio HbloToHa. Ecnm macca
cocpenoToyeHa B ueHTpe ConHua, Toraa:
w?R3
oc=>"—=1,04-10"5.
IMG
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O6e 3Tn Momenu He COOTBETCTBYIOT 3KCnepuMeHTanbHO M3MEPEeHHOMY 3Ha4YeHUD CXMMaeMOoCTU

5,21-1075.

ConHua, paBHOMy:

MopcTtasus B nonyyeHHOE BblpaxXeHne akcnepuMeHTanbHoe 3Ha4eHne cxartus ConHua, HaxooumM: .

r./R=0,763.

10T pe3ynbtat nokasbiBaeT, YTO yXe B nepBoM an|6nV|>KeHV|V| €IJNHCTBEHHbIM peleHneM ans
cxatus ConHua SBNSieTCs nepepacrpeieneHne ero 0CHOBHOW Macchbl Ha ero 060M0uKy. YTOUHUTb 3Tu
pe3ynbTatbl MOXHO WMCNONb3y4 MaKpOKBAHTOBYIO MOOENb nonoro COﬂHLla. BBe,D,eM ycnosus
4w r3
V=—R} (1 — —1) = const,

3l R3
HEN3MEHHOCTHN 06beMa COﬂHLl,a KaKk nonoro 06'beKTaZ ® , rge

R r
s 1 . .
® — COOTBETCTBEHHO BHELWHWIA 1 BHYTPEHHUI paanyc obonoukm ConHua;

a=1/137,036

— NOCTOSIHHAs TOHKOW CTPykTypbl. OTCloda cnenyeT:

1
Tl,}rR@ = {:1 - ﬂzjg-.

", TonwwmHa obonoukn ConHua pasHa:
]
ARg = asRg = (1/26,5802) R

Mpu TakMx ycnoBusix CPemHsIsi NNOTHOCTb CONHEYHow obonoyky coctasut 12,97 r/CM3, yto B 9,21
pas NpeBblWaeT pacyeTHYO CPeOHIo NNoTHOCTL ConHua no Bcemy o6 bemy.

MpAMbIM 9KCMepUMeHTaNbHbIM MOATBEPX AEHNEM HANNYMS CONHEYHOU 060N0YKN TakKow NIOTHOCTM
ABNSIETCS coBnageHve eé MNOTHOCTW C MNOTHOCTbI BHewHero sgpa 3emnu. ConHue nopobHoe sS4po
3emMnu nokasaHo Ha pucyHke. o pacrnpocTpaHeHUo CENCMUYECKMX BOMH YCTAHOBMEHO, YTO B 3emie
CyleCcTByeT BHEWHee W BHyTpeHHee sS4po. BHewHee sOpo HaumHaeTcs Ha pacctosHum 1217,1 km oT
LeHTpa 3emMnu, 1 ero NJI0THOCTb Mo

CNpaBOYHbIM AaHHbIM cocTaenseT 13,012 r/cmS. MorpelwHocTb B pasHuLe NnoTHocTen 060104k ConHua un
anpa 3emnu coctaBnset 0,3 npoueHTa. BaxHo, 4yTo Ha aTux rnybumHax pacyetHas Temnepartypa

6200K = 6300K

coctasnger , YTO coBnagjaeT ¢ Temnepatypoit o6onoykm ConHua 6282K ».

Ha nto6oli noBepxHOCTM pasgena ¢as cywecTByeT M3bbITOK NMOBEPXHOCTHONM aHeprun. CobooHas
aHeprus Ha noeepxHocTn ConHua cknambliBaeTcsl M3 OBYX KOMMOHEHTOB: M3 BE/INHYMHbBI NMOBEPXHOCTHOIO
HaTsSXeHMs U naowannm MoBEPXHOCTW pasfjena as, T.e. nfaowaonm nosepxHocTun ConHua:

OBEpPXHOCTb pasaena gas (noBepxHOoCTb CONHUA) MMEEeT HEKOTOPYIO TOMIUMNHY:
Mpy NOCTOSIHHOW BENWYMHE MOBEPXHOCTHOrO HATAXEHUS Ha rpaHuue pasgena das BennynHa

EBpasuincknii Hay4Hbll XypHan 19



cB060AHO 3Heprum ByaeT 60Mblue Ha HAPYXHOW CTOPOHe noBepxHocTn ConHua, T.K. Hapy>XXHas nnowanb
nosepxHocTn ConHua 6onbwe. STO NOATBEPXAAOT MpakTuyeckne HabnwogeHus. BHewHwin cnow
atmocpepbl ConHua (conHeyHass kopoHa) umeeT Temnepatypy Bbiwe 1000000°C, B TO Bpems Kak
BuanmMasn nosepxHocTb ConHua (doTocepa) obnamaeT TemMnepaTypoi Bcero nuwb 0kono 6000°C.

CelicMoakyCcTMYeckme nccnefoBaHns BHYTPEHHEro sapa 3eMv nokasbiBaloT, YTO Ha NPOTSXEHUU
BCero BHewHero ggpa 3emnu 1217,1-3485,7 KM NOMHOCTBIO OTCYTCTBYIOT akyCTU4YECKME MOMNepeyHble
BOJIHbI, & CyWECTBYIOT TONbKO NPOLOJIbHBIE, YTO XapakTEePHO TONbKO ANS XUAKMX U ra30006pasHbiX cpes.

OcHoBblBasiCb Ha TOM, 4TO nnaHeta 3eMns MMeeT conHue NonobHoe S4p0 MOXHO NMPEennoNoXuThb,
4TO B LEHTPE NNnaHeTbl HaxooMTbCcs YépHasa abipa. BewecTtBo, 0b6pasytoweecs BHyTpy YEPHOM Oblpbl, NOA
LeNCTBMEM TPaBUTALMOHHBIX BONH PaCWMPEHNsl BbIHOCUTCS M3 YEPHOW Oblpbl HApPYXYy, obpasys BOKpyr
yépHoin Oplpbl  060NMOYKy M3 BewecTtBa. [locTosAHHOE HapawuvBaHMe 060M04KM YEPHOW  Ablpbl
COMPOBOXAaeTcs €& CaMonpou3BOJSibHbIM Pa3orpeBoM, B pedynbTate 4yero obpasdyeTcsd ropsuyee s4po
nnaHeTbl C YEPHOIW ObIPON BHYTpU. Tak kak nnaHeTa 3eMnsa SABNSETCS OMHAMUYECKOW CUCTEMOW, TO
6anaHc B3aMMOLENCTBUS TPaBUTALMOHHBIX CUN CXAaTWs M PacWVpPeHns Nepuoamyeckn N3MeHSeTcs, 4To
NPUBOAMT K NEPUOANYECKOMY OXNTaX AEHUIO 1 pasorpesy sapa nnaHetbl. B neproa oxnaxaeHus BepxHUin
Cnoi sigpa ocTbiBaeT BbiCTpee BHYTPEHHMX CNOEB, BCNEACTBME Yero obpasyeTcsi ropsiyee s4p0 NokpbiToe
X0N0OHOWN Kopoi. B nepuon pasorpeea pacTéTt macca M 06bEM nnaHeTbl, BCAEACTBUE 3TOr0 BEPXHSIS
X0nogHasl kopa nnaHeTbl TpeckaeTcs W paspgBuraetcsi, obHaxasl BHYTPEHHMe Cfou MnaHeThl.
[paBMTaALMOHHbIE BOJIHbI PACWMPEHUS, PacnpoCTPaHAKWNECS W3 UeHTpa 3eMau, oTpaxawTcs OoT
TBEPLOW, XONOAHOW MOBEPXHOCTM 3eMNN U MEHSAIOT CBOE HanpasneHune. B pesynbtarte B3aumooencTeng
NPSIMbIX U OTPaXEHHbIX rPaBMTAUMOHHbLIX BOMH BO3HMKAET pPE30HaHC, T.e. PEe3Ko YyBenMyMBaeTcs
amMnantyga konebaHwus rpaBMTAUMOHHOW BOMHbI, Y4TO NPUBOOMT K BYNKAHWYECKON OESTENbHOCTU WU
06pas3oBaHn0 HErNaaKoro penbega noBepxHoCTN 3eMnu.

B cBSiI3M ¢ MOCTOSIHHLIM POCTOM Maccbl U 06bEMa pPUCK NPeBPaTUTLCS B 3BE3dy y NnaHeTbl 3eMns
pacTtéTr, u pacTét no akcrnoHeHTe. COBpPEMEHHble WCCNenoBaHWS MafieOHTONOr0B MOATBEPXAAl0T
BbllUECKA3AHHOE: Ha MPOTSAXEHUW nocnegHmx 2,5 Munnmapba neT Tennble U XONOAHbIE 3MOoXM
YyepeLnoBanMCb, MPMYEM Ha JOMN0 Tennbix npuxoantcs 6onee 80% BpeMeHuU.

O630p pesynbTaTtoB MO CTATUCTMKE [OBOWHbIX 3BE34 HArnsgHO MOKasblBAaET 4acToTy WX
pacnpegnenenuns. Cpean G-kapnmkos oHa coctasnsiet 60+6%, cpeaun K-kapnukos — 45+4%, a cpenmn 6onee
MaCCVBHbIX 3B€34 (TMraHToB 1 ronybbix 3Be34 rnaBHON NocneaoBaTeNbHOCTUN) YacToTa ABOWHbIX 6amn3ka K
100%. Y>xe naBHO cTano SiCHO, YTO OBOMHbIE 3BE3bl — HE PEAKOCTb, a 3aKOHOMEPHOCTb B 3B€3JHOM MUpeE.
Bo3HukaeT BONpocC, CylwecTByloT N BOOOWE OAMHOYHblE 3Be34bl? Jl0 HACTOSAWEro BPEMEHW CYMTanoch,
yTo Aa, cywecTsyloT. B kavectese npumepa npueoamnu ConHue, 3Has, 4TO ero nnaHetHas cuctema He
JaeT OCHOBaHWn Ans "sayncneHma" B paspsn AOBOWHbIX M KpaTHbIX 3Be3n. Ho ato He Tak. ConHeyHas
cuctema He asnsieTca ucknoyeHnem. ConHeyHas cuctema — a1o cuctema u3 osyx 3sésn. OgHa 3sespa —
ConHue, BTOpas 3se3na — 3emns.

LokasatenbcTBOM TOro, 4To Oeno oOCTOUT WMMEHHO Tak, MOXeT ClnyxXuTb pabota Butanus
dununnosuya bnnHoea: «PacTtywas 3emns: na nnaHeT B 38e3abl», 2007 T.

«...Hawa nnaHeta 3emns pacTteT, CO BpEMEHEM YBENMYMBAIOTCS PagMyc 3eMHOro wapa, nnowanp
noBepxHocTn, macca. N yem 6onbwe crtaHoBMTCA 3emns, TeM ¢ OOonblweil CKOpPOCTbiD OHa pacTerT.
SMNMpUYECKn, N0 PasHbIM AaHHbIM, YCTAHOBEH 9KCMOHEHLMANbHbIA 3aKOH YBENNYEHUS paauyca 3eMHOro
wapa oT BpeMeHu. B HacToswee BpeMsi CKOPOCTb pocTa 3eMnn SABNSETCA MakCUManbHON, paanyc 3emnu
yBENNYMBAETCA KaKk MUHMMYM Ha 2 caHTuMmeTpa 3a roa. Ecnu 6bl Bce cCnou 3eMHOro lwapa pocnm ¢
0OVHaKOBOW CKOPOCTbIO, TO €ro pocT He ckopo 6bl obHapyxwuncs. Ho 3ameuyatenbHoOin 0COBEHHOCTbIO
pocta 3eMnu siBnseTcs 10, 4TO0 06 bem 6onee rnybokmx CNOEB yBENMUMBAETCS C OONblIEl CKOPOCTbIO, YeM
MeHee rnybokmx. TBepaas 3eMHas kopa He BMelwaeT B cebsi pacnyxalowme 3eMHble BHYTPEHHOCTU U”
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nonaetcs. Yepenkn cTapoii 3eMHOW KOpbl pacrnonsalTcs No 3eMHOMY lWapy B BUAE COBPEMEHHbIX
KOHTMHEHTOB, @ MEX Ay HUMU NOSBNSETCS U HapacTaeT HoBasl, T.H. okeamyeckas, Monodas Kopa.

Kopa okeaHOB OTnuyaeTcs OT KOpbl KOHTUMHEHTOB MO BO3pacTy, COCTaBy, MAOTHOCTWU,
CTpoeHuto, TonwmHe. Bospact Hambonee p[peBHUX MNOPOL KOHTUHEHTANbHOW KOpbl npeBblwaeT 4
Munnnapaa net. Bospact Hambonee ApeBHUX NOPOL OKEaHUYEeCKOl Kopbl Bcero okoso 200 MUINMOHOB
net. Kopa KOHTMHEHTOB COCTOWUT W3 TPaHUTHOrO cnosi U 6asanbTOBOro, kopa OKeaHoB — TONbKO W3
6azanbToBoro. MnoTHocTb 6a3anbToB 6ONbleE, YEM MNOTHOCTb FPAHWTOB, @ MAOTHOCTb NOACTUNAIOWEN
Kopy MaHTuM ewe 6onble. Mo aTol NpuYMHe 3eMHasi Kopa pacrnonaraetcsl MoBepX MaHTWM, a He
HaobopoT. TonwuHa KOHTUHEHTaNbHON Kopbl 35-70 KM, TOMWWHA OKeaHudyeckon Kopbl 5-10 kM. Ecnm
B3Tb rnobyc v Bblpe3aTb C HEro BCE OKeaHbl, TO OCTaBWIMECS MaTepukyu noytn 6e3 3a30poB Nerko
COELMHAITCS B €ONHbIA MaTepuk Ha wape, pagnyc KOToporo no4yty B NoaTopa pasa MeHblue HblHEIWHEero
paanyca 3emnu. Korga-to, okono 200 MAH. neT Hasag, 3eMisi Takoil 1 6bina. OkeaHoB He 6bino. bBoinn
MenKue Mopsi, AHO KOTOPbIX OblN0 TOr0 Xe KOHTMHEeHTanbHoro Tuna. Tak MHOro Bodpl kak ceiyac, 200
MNH. neT Hasap Ha 3emne He 6bino. Korpa BewecTtBO MaHTUWM MOOHMMAETCS K MOBEPXHOCTM 3eMan u
npeobpasyeTcsa B 3EMHyl0 KOpy, MPOMCXOAWUT ero gerasaums un obessoxusaHve. [asbl MOMOMHSAIOT
atmocpepy, a Boja HanonHsaet okeaH. Okono 10% Beca BewecTBa MaHTUM cocTaenseT soga. [lpu
obpasoBaHNM HEKOTOPOIM NNowWann OKeaHW4Yeckol KOopbl M3 BewectBa MaHTUM TOnwuHoi B 10 KM
BbIOENSAETCA CTONbKO BOObI, YTO OHAa MOKPbIBAET 3Ty Mowafb ClOeM, TOMWWUHON okono 3 kM. Takum
06pa3oM, OOHOBPEMEHHO C HapalMBaHMEM MNoWany OKeaHWYeCckoi KOpbl MPOMCXOOMT U HapalwwmBaHue
BOJOHOM TONWM OKeaHoB. MaTtepukn gpesBHUe, a oKeaHbl, UX OHO U BOAA, BOSHUKIIN reofiorMyeckn HedasHo.
Ho 3emnsa pocna u 0o NosSBAEHUS Ha HEW OKeaHOoB, XOTS U MeAdfieHHee. B nookeaHnyeckumin aTan pocrta
3emMnn Kopa MaTtepukoBOro Tuna NPOCTO yToH4Yanacb 6e3 Bbixoda BelwecTBa MaHTMM Ha MOBEPXHOCTb
3eMnun. 30Hbl pPacTaXeHUs Kopbl TOMbKO MPUMBOAUAN K MOHMXEHUK B penbede. OT0 MOHUXEHWE,
OKPY>XEHHOe MOo4YTM CO BCEX CTOPOH BO3BbIWEHHOCTSAMM, ObICTPO 3anONHANOCH Ocankamu, MeckoMm WU
rnHOM. MOWHOCTb OCabOYHbIX CNOEB JHOCTUrana AecsaTkoB kunoMeTpoB. Ha rnybuHe aTu ocagku
npespallanncb B TBEPOYIO, HE PbIXNYIO, NOPOLY. DTN MOLWHbIE KPUCTANNN30BAHHbIE N CLLEMEHTUPOBAHHbIE
ocafoyHble TOMNWM NopoS Hapawmsanu nnowanb KOHTUHEHTANbLHOM KOPbI.

Ha Bcex maTtepukax UMEKTCS T.H. spa O4YeHb APEBHMX MOPOL, K KOTOPbIM MOA0OHO KonbLaM Ha
cpese CTBONa AepeBa NPUMbIKAOT KOMbLA U NUH3bl KOHTMHEHTaNbHOM Kopbl 6071ee MONoAabIX BO3PacTos.,
yKasbiBasi Ha MOCTEMNEHHOe yBEeNuMyeHWe nnowanym 3eMHOro wapa B LOOKeaHUYeckuidi mepuon pocta
3emnn. Bnepsble, 200 MNH. NeT Ha3ad, CKOPOCTb pocTa 3eMn OOCTUraeT Takoi BeNYMHbI, YTO CKOPOCTb
HapalwyBaHua nowaay KOHTMHEHTANbHOM KOPbl CTana MeHblie CKOPOCTM HapalwuvBaHus niowaamn
3emHoro wapa. B paioHe HblHewHero Tuxoro okeaHa BnepBble NMOOHUMAETCS K NMOBEPXHOCTU BELWECTBO
MaHTUM 3emnn. C 3TOro MOMEHTaA HayvMHaeTCs okeaHuyeckuin atan pocta 3emnn. dDopmupyeTcs
rnobanbHas cuctema T.H. CpeaMHHO-0KeaHnyYeckmx XxpebToB, B KOTOPbIX CTapas 3eMHas kopa pacxoamuTcst
B CTOPOHbI, & BEWECTBO MaHTUN BbIXOAMNT NPSIMO HA NOBEPXHOCTb 3eMn, AerasvpyeTcs, 06e3BoXMBaeTCs
1 3acTbiBaeT, 06pasys nosocy HOBOW KOpbl BAONb Takoro xpebra.

3aMevaTenbHbIM CBOMCTBOM 3aCTbIBLINX nopon ABnsAeTcsda 10, 4HTO OHWM 3anNOMWHAKOT HanpasneHue
MarHMTHOro nonss 3eMnn B MOMEHT 3artBepaeBsaHunA. A 3amevyaTeflbHbIM CBOWCTBOM MarHMTHOro nons
3emMnn ABnaeTcs To, 4YTO ceBepr||7| N 0XHbIA Monca OOBO/IbHO 4acTo, NO re00rM4yecKmm MaCLLITa6aM,
MEHSOTCS MecTamn. ITO NO3BONSET OOBOJIbHO TOYHO onpenenntb, roe n CKoOJIbKO Hapocno oKeaHunyeckom
KOpbl 3a TOT WK MHOW NMPOMEXYTOK reosiorm4eckoro BpeMeHW, a TakXe onpenesintb CKOpPOCTb ee
HapacTtaHun4a B TO 1N MHOE reoniorn4eckoe Bpems.

B HacTosiwee Bpems B CpelmHHO-ATnaHTu4eckoM xpebTe 3a roj HapactaeT nosoca HOBOW KOpbl
wvpuHo po 1,5 cM, a B TUXOOKEAHCKON CUCTeMe CcpeanHHO-OKeaHnYecknx xpebToB CKOpOCTb
pasaBuXeHns 3eMHON Kopbl gocturaeT 9 cm 3a rog. Ecnv npeanonoXuTb, 4To Npu yBEINYEHUU Pa3MEPOB
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3emnu ee macca He

yBENNYMBAETCH, TO NO Mepe yBENMYEHNS pagmyca 3EMHOro wapa cufia TAXECTM Ha NOBEPXHOCTM 3emnun
IONXHa yMeHbwaTbcsi. M3MeHeHve cunbl TAXECTW, NPU 3TOM, HONXHO OblTb OYEHb 3aMETHbIM.
Hanpumep, 200 MnH. neT Hasagn, korpa paauyc 3emnm 6bin B 1,5 pasa MeHblle, cunia TSXECTM Ha
MOBEPXHOCTW 3eMNn fonxHa bbiTb 6onee Yyem B 2 pasa 6onbwe. Ho MMeHHO B 3T0 BpeMs Ha 3emne Obin
pacuBeT OrpOMHbIX AOMHO3ABPOB, KOTOPble Ha HblHewHen 3emMne Becunn 6bl OecsATKM TOHH. HekoTopble
ak3eMnasipbl — 00 80 TOHH, 1 NPW CBOEM, A5 TAKOro Beca, XpyrnkoM ckenete Mornu 6bl nepeMewaTbcst o
HbIHEWHen 3eMne ¢ 60MbWKM TPYAOM, ecnv Boobue cmornu 6bl nepemewaTbest He B Bole. A gainte UM B 2
pasa 6onbwyto cuny Taxectu! He 6bino B gpeBHOCTU HONblUER CUMbl TAXECTU Ha MOBEPXHOCTU 3EeMIIN.
HaobopoT, 4To NoaTBEPXAAEeTCS: TMraHTU3MOM OPEBHUX XUBOTHBIX U TMFAHTU3MOM OPEBHUX pacTeHuid. B
TO BPEMS PACTEHMS C TPABSHUCTbHIM CTBO/IOM OOCTUrann BbICOTbl B HECKONIbKO OECSTKOB MeTpoB, U 6onee
KpyTble MCKOnaemble yribl OTKOCa NEeCKOB W psan Opyrux ¢oakTOB CBUOETE/IbCTBYIOT, YTO CuNla TAXECTuU
Ha nNOBEPXHOCTM gOpeBHei 3eMnum Obina CyWeCcTBEHHO MeHblle, Kak OHa MeHble, Hanpumep,
Ha nosepxHoCcTK JlyHbl. B psay nnaHeT Hawen CONHEYHON CUCTEMbl Mbl BUOMM Ty X€ 3aKOHOMEPHOCTb —
yeM KpynHee nnaHeTa 3eMHOro Tuna, Tem 6oMblie cuna TSXecTn Ha ee nosepxHocTu. MNpegnonaraetcs,
4yTO POCT 3eMNn — He yHMKanbHOe aBneHne Bo BceneHHon. B paay opyrvux nnaHeT, 3eMHOro tvna, 3eMns
HUYeM OCOOEHHbIM HE BblOENSAETCS...».
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