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BeKTOpbI M X CBONICTBA

BGKTOp — OTO BCJIMYHMHA, XapaKTCpU3yromasacs HC TOJILKO CBOUM YUCJICHHBIM 3HAUYCHUCM, HO U

= [42 2 2
HanpasiieHHeM. Moyib BEKTOpa — 3TO €ro JUIMHA (4ncio), oH Beernaa >0: \a\ =.a +a, +a;.

O603Ha4AIOTCsI BEKTOPBI CTPEIIKOM HaJl OyKBOM - d , B y4eOHHMKAX - )KUPHOU OYKBOIA.
JIeHCTBHS C BEKTOpaMH:
1) CnoxxeHue BEKTOPOB — JiBa CIOCO0A.
a) 1O MpaBUWJTy MapajuieorpaMMa (€Ciau UCXOIAT U3 OJHOM TOYKH)

0) 1Mo TIpaBUITy TPEYTrOJbHHKA (€CJIM CIETYIOT OJIUH 3a IPYTUM)

a)‘? 3 0 &
-

2) BelunTaHKe BEKTOPOB — JIBa CIOCO0A.

a) [Ipu6aBuTH BEKTOP C MPOTHUBOTIONOKHEIM 3HakoM: d —D = a + (—b)

6) Haiitu BexkTOp, KOTOpBII Ha0 NpubGaBuUThL K D | 4T06HI MOMYUUTH 4.

3) VMHOXeHHE BEKTOpa Ha YUCIIO
Bextop Ka, rae K — umcno, - 910 BekTOp, HampaBNEeHHHI B CTOPOHY &, HO C JUIHHOM,
6onbieit B K pas. Eciu K<0, To Bektop K@ HampasieH B HpOTHBONONOKHYIO & CTOPOHY, a €ro

JJIMHa 0oJIblIIE B ‘k‘ pas.

d

EvHIYHEL BeKTOp (OPT) — BEKTOP eIMHIYHOI JuTHEL O603Hauaercs €,1, |, K.
§=4/jal=4a/a.
4) TIpoekius BekTopa - 910 yuciao. Ona >0, ecnu HampaBlIeHHE MEPEMENIEHUs OT MPOEKIUU

HaydaJla BEKTOpa K IIPOCKIHUHU €0 KOHIIa COBIAJAA€T C HAIIPABJIICHUEM OCHU, U <0, €CJIN HaO60p0T.
a, =[a|cosa
[Tpoexiust cyMMBbI BEKTOPOB PaBHA CyMME MPOEKLHi:

d=a +4d, +a, = a,=a,+a, +a,.
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5) Beipaxkenue BeKTOpa 4epe3 ero NpoeKIuu Ha KOOPIUHATHBIE OCH

—

e, =

—

I,€=1],6 =Kk

— —

- - — 12 - - —
d=aj+aj+ak; a’=[a =a;+a;+a; ,ecmi LjLKk.

KBanpar Moxmyns BekTopa paBeH CyMMe KBaJpaTOB €ro IMpOEKLMH, TOJBKO €ClId CHCTeMa

d

KOOPJIMHAT JeKapToBa, T.€. BEKTOPHI 1, |,K B3amMHO meprneHauKymspHbL.

6) Pagnyc-BeKTOp TOUKU — 3TO BEKTOp, MPOBEJIEHHBIN B 3Ty TOUKY U3

Haydajia KOOpJAWHaAT.

—

F, =Xi +Yj+2K.

B nexapToBoii cucteMe KOOpJIMHAT r’=x*+ y2 + 72,

[Ipumeuanue. [IpaBoil cucTemMoil KOOPJIMHAT HA3bIBAECTCS Takas, B KOTOPOH, €CIIM CMOTPETh
TaK, 4TO OChb X BXOJUT B IJja3, TO MOBOPOT OT OCH J K OCH Z MPOUCXOJUT MPOTHUB YaCOBOU CTPEIIKH.
Cucrema sieBas, eciiv Ha000POT.

7) CkasipHO€E IPOU3BEICHUE BEKTOPOB (YHCIIO).

a-b=ab=(ab)=[a-p| cosa

CKaJ'If[pHHM IMPOU3BCIACHUECM BEKTOPOB HA3bIBACTCA ITPOU3BECACHUEC MO,I[YJIGI;'I OTHUX BEKTOPOB U

KOCHHYCa yI'Jla MCKAY HUMHU.

2=g-a=|a-|a-cos0=|a]

Q|

d

i2=j?=k?=1; ij=1-1-cos(z/2)=]jk =ik =0

CBo#CTBa CKAISPHOIO IPOU3BEACHNUS.

) d-b =b -3 — nepemecrurensurrii 3axom.
2)d-(b+C)=ab+aC - pacnpenenurensHblii 3aK0H.

3) a-b=(ai+a,j+ak)pi+b,j+bk)=ab +ab, +ab, - wuepes mpoexunn

BekTopos (!!!)



8) BekropHOe NpoW3BeCHUE BEKTOPOB — A3TO BEKTOP, HANPABICHHBIA MEPICHAUKYISIPHO

IINIOCKOCTH, B KOTOpOfI PACIIOJIOKCHBI UCXOJAHBIC BEKTOPLI, MIPUYEM TaK, 4TO, €CJIU CMOTPETH C €ro
KOHIIa, TO MOBOPOT OT MNCPBOI0 BCKTOpa KO BTOPOMY HPOUCXOIUT MPOTHUB 4acoBO CTPCJIKHU, a

MOJYJb €ro paBCH NPOU3BCACHUIO MOI[yJIGfI HCXOJHBIX BEKTOPOB U CHUHYCA yI'Jla MCIKAY HUMMU.
axb =[a,b] - o6o3nauenue.
‘éxb‘ = ‘é‘-‘b‘-sina

CsoiicTBa BCKTOPHOI'O IIPOU3BEACHU .

j i
axb=(ai+a,j+ak)x(bi+b,j+bk)=i(ab, —ab,)+](ab,-ab,)+k(ab,—ab)

y 7
i ] Kk

axb = a, a, a,|-onpenemnTers.
b, b, b,

9) CmenianHOE MPOU3BEICHHE BEKTOPOB

d-(bxC)=b-(Exa)=c-(@xb)=1V, .

CMmeniaHHOe MPOU3BEAECHNE BEKTOPOB — 3TO YMCIIO, MOJIyJIb KOTOPOTO paBeH 00beMY MPU3MBI,

—

IIOCTPOEHHOH Ha OCHOBE 3THX TPeX BEKTOPOB. 3HaK ILTIOC, ecli BeKTopsl a,l,C 06pasyroT mpasyio

CUCTEMY KOOpAWHAT, MUHYC — €CJIH JICBYIO.

T 7
_[_///

/o 7
7t

-

b

10) JIBoiiHO€ BEKTOPHOE MPOU3BE/ICHHE BEKTOPOB

ax (6 xC)= b- (@a-¢)-c-(a- 6) - popmyna «Oar MEHYC 11a0».

Fhhhhkhkhkkkhkhkhkhrhhhkhkhkhkhkhhrrrhhhkhkhkhhhrrrhhhhkhhhrirhhhhhkhhhhirrhhhhkhhhiiriiiixixd

I'peyecknii aadaBurt

A,a - anbda B, - 6eta I',y - ramma A,d - nenbTa E,¢ - srcunon
Z,C - n3era Hm -ora ®,0 -Tera I,1 - Hiora K,k - kamma
AL\ - 1am0a M,p - MrO N,v - HIO 0,0 - omukpon IL,m - u

P,p - po =, - Ker 2,0 - CurmMa T,t - Tay Y,v - UIICUIIOH
D, - pu Xox - Xu Y,y - nicu Q,» - omera



MEXAHUKA

I'naBa 1. Knunematuka.

§1.CkopocTh.
MartepuanbHasi TOYKa — TEJO, pa3MepaMu KOTOPOTO B JJAHHOH 3aj1aue MOKHO IpeHeOpeUb.

TpaekTopus — TMHUSA, IO KOTOPOW IBUIKETCA TEJO.

—

[lepemenmenne S - BeKTOp, HAIpPaBJIECHHBIA W3 HAYaIbHOW B KOHEYHYIO
TOYKY TPA€KTOPHH.

[Tyts | — qmuHa TpaekTopuu (CKajsp).

PaBHomepHOe mpsmonuueinHoe asmxenue (PIIJ]) — takoe, mpu xotopom Touka 3a JIKOBbBIE
paBHBIE TPOMEKYTKU BpemeHu coBepiraet oanHakossie [IEPEMEITEHI .

Cxopocts PIIJ] — oTHOMIEHHE TIEpEMEIIIEHHS KO BPEMEHH, 32 KOTOPOE OHO TIPOU3O0IILIO.

CpenHss ckopocTh (J1F000TO JBHKEHHS) - OTHOLIEHHE BCETO MepPeMEIeHUsI KO BpeMEH! <\7> =S/t

=1/t.

Cpennsist myTeBasi CKOPOCTh - OTHOIIEHHUE MOJHOTO IIyTH KO BPEMEHM: <Vn o emﬂ>

MrHaoBeHHass CKOPOCTb — 3TO MPEJIEN OTHOUIEHUS IIEPEMEIIEHHS KO BPEMEHU IIPH CTPEMIICHUHN

MIPOMEXYTKa BPEMEHH K HYIIO:

—

v = lim (AS / AY) :?T?: S(t).

At—0

Z

X
Toukoi HaIa BEJINYNHOU BCeraga 0003HaYarT MPOU3BOAHYIO IIO BPEMCHHU.

_odr . e AR AP Ar
V=—n7=T v =] ={lim —|=lim = lim —
dt At—>0 At At—>0 At At—0 At

. Al dl

Mpu At —> 0 Al > |AF|= v =Ilim — =—=|

A0 At dt

F=xi +yj+zk =>V=rF=XI +yj+2k ,r0ectp V, =X, V, =Y, V,=7

2 2 2 52 .2 o2
v:\/vx+vy+vZ =+ +2

MoskHo 3anmcath Tak: V=V -7, Tae 7 - eIMHMYHBIA BEKTOP KACATENBHOM K TPAEKTOPUM B

JIaHHO TOYKCE, HaHpaBJ'IeHHBIﬁ B CTOPOHY ABUKCHUA.



Haiinem nmyts ot t, mo t,:

| = Al +AL +..+ Al =Y Al if
= Z, [

2

n
Al; =V,At, , Torma | =) V.At. . Verpemnsin Bece npomesyTku Bpemenn At k Hysro, nosydum
i-1

=

[l
=
)

Il

)y

t, t tp
| = Iv(t)dt - IS IIYTH. AHAJIOTHUYHO JIJISl TICPEMEIICHHMSI: IV(’[)dt = _[ d

t t t

§2.¥Yckopenue.

PaBHoyckopennoe nBwkenue (PY]/[) — takoe, mpu xotopom Touka 3a JIFOBBIE paBubie
MPOMEXYTKHA BPEMEHH U3MEHSIET CBOM BEKTOP CKOPOCTH Ha OJIHY H TY )K€ BEIHYUHY.
Yckopenuem PY]] Ha3pIBaeTCcsi OTHOLIEHWE M3MEHEHUS BEKTOPA CKOPOCTH KO BPEMEHH, 3a

KOTOPOEC OHO IIPOU30MIIIO.

|

\72 B _>1 — A_
At At

HpI/I IMPOMU3BOJIBHOM JABWIXXCHUHU BBOIAATCS IOHATUA CPEAHETO U MTHOBCHHOT'O YCKOPCHUA:

W=

<V_V> — KOH _VHa‘i
t
~ AV dv . -
= — =—=V =TI - BrOpas NpOM3BOIHAs 110 BPEMEHH OT PaIANyC-BEKTOPA.
at—0 At dt
. . . . . 2 2 2
W=VX| +Vyj +Vzk :>WX =V, Wy =Vy, WZ :Vz’ WI\/WX +Wy +Wz

_ - _od, o O
3amnucaB CKOpOCTh B BUjie V =V -7, MOJy4uM WZE(V-T)ZV-Z'+V-T=WT+WW

rne W =V-7 - kacarenbHoe (TaHreHUMaIbHOE) yekopenue, W. =V -7 - HOpMaIbHOE YCKOPEHHE,

HaIIPpaBJICHHOC 110 HOPMAJIN K TPACKTOPHUH.

Eciu V>0, To BekTOp WT HanpaslieH B1oab 7 , ecin V<0, ,_\] =pAl

10 mpotus, ecnu V=0, o W = 0. Hopmansroe yckopenue W,

/

X A
3aBUCUT OT T, TO €CTb OT CKOPOCTM HM3MEHEHHUs HAalpaBICHUS 7
KacaTelbHOW K TPAaeKTOpUHU. YeM TpaeKTOpus CHWIbHEE MCKpUBIIECHA V
u 4yeM ObICTpee IBIKETCS uactula, TeM Oombiie W, . CreneHb 0
., 5 5 . Agp
uckpupieanoctu [IJIOCKOU kpupoii xapakTepusyercs kpususHoi C = lim ﬁ
Al—0



Ilyctp TOuka nBMXKETCS NO OKpyxHOcTH ¢ ueHtpoM O. 3a
spems At oma nmpummna us 4 B A'. Torma AT =7 —7. Ilpu
NPOM3BOJIBHOM JIBIJKEHHHM B TEYEHHE OYCHb MAJOr0 IMPOMEXYTKa
BPEMEHH TOYKA JIBUKETCSl MO OKPY)KHOCTH, 3aT€M IEPEXOJUT Ha
IPYr'yl0 OKPYXHOCTh W T.n. B3situe mnpenena B OIpeeiCHUU

KPHUBU3HBI ITO3BOJIICT CUUTATDH I[aHHI)If/'I y4acCTOK I[erﬁ OKPYKHOCTHU

(mpsiMast — 4acTHBIN CiTyyail okpyxHocTn ¢ R =00). Torma

c=Ilim ﬂzl.
Al—>0 RA(D R

*hhkkhkkhkhkhkkhkhkhkkhhkhkkhhhkkihhhkkhhhkkhhhkhhhkkhhhkhhhkhhkhkhkhhkhkkhhkhkkhhkhkkhhkhkkihhkkihhkkihhkkhkhhkkhhhkkhhhkkhihkkhiikiik

Hanomunanue o eOuHuyax usmepeHus y2ua:

1° - yeumpanvuwiii y2on, onuparowuiics na oyay, pasuyio 1/360 oxkpysrcrocmu.

1 paouan - yeumpanvnouii yeon, onuparowuiica Ha oy2y, paguyio paouycy. M3 samozo onpeoeneruist
=R’p/2.

*hhkhkkhkhkhkkhhkhkkhkhkhkhhhkhkhhkhhhkhhhkhhkhkhhhkhkhhhhhhhhhhhhhhhhhhhhhhhhkhkhhhkhhhkihhkiihhkikiikkiiikiiik

cedyem, umo Onuna oyeu okpyscnocmu pasua |, = R@, a nnowaos cexmopa S

oyeu cexm

U3 momydeHHO#H (BOpMyIEl SCHO, ModeMy BenuuuHy 1/C Ha3bIBalOT paamycoM KpPHUBH3HEI

. @+(y)")"
kpuBoit B Touke. [l [IJIOCKUX kpuBbIX cymiecTByeT Gopmyrna RKP‘ =-———,— . Pamnyc
[y
KPUBU3HBI — 3TO PAgUyC OKPYXKHOCTH, CIMBAIOIICHCS C JAaHHOW KpHUBOM Ha OECKOHEYHO MajioM

yuactke. L{eHTp Takoi OKpY>KHOCTH Ha3bIBAIOT LIEHTPOM KPUBHU3HBI B TJAHHOW TOYKE KPUBOIL.

—

Haiinem 7 .
= . AT o 1-Ap-0  _ . 72
7= lim == lim == —=1-9, T
— e
rae N - Hopmais K kpuBOii B Touke, N L 7 . Torma 4 V_V'
A¢:£I:V_At2> %:1 n
R R At R

UTak, monHoe yckopenue pasno W =

—

TanrenunaibHOE YCKOPEHUC Wr OTBCTCTBCHHO 34 HM3MCHCHUC CKOPOCTU II0 MOAYIIIO, a

—

HOPMAaJIbHOC YCKOPCHUC W - 3a ee H'3MEHEHHUE 110 HaITpaBJICHUIO.

n



§3 PaBHOMepHOE NPSAMOJIMHEIHOE TBHKEHHE.

IIpn paBHOMEPHOM MPSMOJIMHEHMHOM [BWKEHHHM BEKTOP CKOPOCTH OCTAeTCs IOCTOSIHHBIM,

—

03TOMY JUIS TIepeMeleHns umeeM Gopmyny: S = Vi,

DopMyiia CII0KEHUSA CKOPOCTE. AOCOIIOTHAs CKOPOCTb PaBHA BEKTOPHOW CyMMeE IEPEHOCHOW U

OTHOCHUTeNBHOM ckopocteit: V, =V, +V .

3anaua 1. JIofOYHUK, EPENpaBIIsAACh Yepe3 peKy mupunoit H,

H BCE BpeMs HampapiseT JIOAKY IOJ YoM & K Oepery. Ha kakoe
F PacCTOsIHME TEUYEHHE CHECET JIOZIKY, €CIU CKOPOCTh Joiaku -V, a
CKOpOCTh TeueHus - V, ?
Pemenue.

B sTOM cnyyae mepeHOCHasi CKOPOCTh — CKOPOCTb PEKH, OTHOCHTEIbHAS — CKOPOCTh JIOJIKH

OTHOCHUTENIbHO BOJbL. Torga aOcoJiloTHas - CKOPOCTh JIOJKM OTHOCHTENbHO Oepera - paBHa:

V =V, +V, . [TockoibKy 06a craraeMbiX MOCTOSHHBI, TO ¥ OHA TIOCTOSIHHA.

—

3anuimeM  ypaBHEHHE pAaBHOMEPHOTO IPAMOJMHEHHOro gaBwkeHus: O =VIQ, T.e.

§ = (\71 + \72 )t . HpOCKTI/Ip}IH Ha OCbh, HAIIPABJICHHYIO BJ0JIb TCUCHU, U ICPIICHAUKYIIAPHYIO K Heﬁ,
MOJIyYUM CUCTEMY YPABHECHUI:
L = (v, —Vv,Ccosa) -t
H=vsina-t
rae U, - Bpems nepenpassl. [loacrasisis 1, u3 Broporo B nepsoe, moay4um
_ H(v, —v,cosa)
~ ysing

33@3‘13 2. Z[Be JIOAKHU IUIBIBYT IIO O3€pYy CO CKOPOCTAMU Vl u V2 OTHOCHUTCJIBHO BOJBI. ‘{eMy

L

paBHA CKOPOCTh BTOPOH JIOJKU OTHOCUTEIHHO MEPBOM?

Pemenue.

Hepeﬁ,ﬂeM B CHUCTEMY, CBS3aHHYIO C HepBOﬁ noakoi. Torma MNEPCHOCHAasA CKOPOCTb — 3TO

CKOPOCTb BOAbI OTHOCHUTCJIIBHO HEC, OHA paBHA (—\71 ), OTHOCUTCJIbHAA — CKOPOCTb BTOpOI>'I JOJKH

OTHOCUTCIIBHO BOJIbI — pPaBHA \72 , a0COIIOTHAS — CKOpPOCTH BTOpOfI OTHOCHUTCIIBHO HepBOI\/’I - paBHa

—

+V —=-V,+V, =V, —V,. [Iposepum: npu V, = V, 3Ta CKOPOCTb paBHa HYJIO, KaK 1

V =

a nep

JIOJIKHO OBITb.



§4 PaBHOYCKOpPEHHOE NPSIMOJIHHEHHOE IBHKEHHE,

_ o av . te e
N3 w= a BBIpa3uM dv =wdt u, MIPOUHTErPUPOBAB 00€ YacTu IdV = jVle' , TOJIy4UM

5 t —y

o = (o = -, Wt

V =V, + Wt (*). Bepaxas repemenieHue IdS = jvdt , monyanm S = Vit + B3 (**).
0 0

IIpoeKkTHpys Ha OCh X, COBIIAJAOLIYIO 110 HANIPABICHHIO ¢ V, , MOIyqnM

V=V, + Wit (1)
2
X =V, + W;t (2)

Ot q)OpMy.]'II)I Jar0T CBA3W MCKAY ABYMS U3 TPCX MCHAIOMINUXCA IO XO0AY ABHUKCHUSA BCINYNH

(X, Vv, t) : IepBasi CBA3BIBAET CKOPOCTh U BpEMs, BTOPasi — MOLYJIb IIEPEMEILCHHS U BpeMsl. BeiBeieM
TpeThi0 (HemocTarollyro) ¢GopMyiay, CBSI3BIBAIONIYI0O CKOPOCTb M MOJIYJb IE€pEMEIICHUS:

dx=v-dt, dt =dv/w, = w, dx =V dv. Uuterpupys, nomyanm

S v
[wdx=[v-dv=Vv—v; =2w,S ©)

Vo
[pu W, >0 ckopocts Bospactaer, mpu W, <0 - yGbisaer.

®opmynbt  (1),(2),(3) ABIAIOTCS OCHOBHBIMU IS PABHOYCKOPEHHOTO TMPSIMOJIMHEWHOTO
JBYDKEHUS, M3 HUX MOXKHO TIOJIYYUTh BCE IPYrUe HeoOXoauMmbIe. [ JTaBHOE MX JJOCTOMHCTBO: KaXKIas
W3 HUX CBS3BIBACT JIBE M3 TpeX INMepeMeHHbIX. [109TOMy MOHSB, YTO HY)KHO HAWTH W 4YTO JaHO,
MO>KHO Cpa3y OIpPENeNInTh, Kakas u3 Gopmyi nmorpedyercs.

OtMerumM, 4TO mMOJy4deHHBIE paHee (opmynbl (*) m (**) cnpaBemIuBBI HE TOJBKO IS
MPSIMOJIMHEHHOTO JABMKCHHS, HO U JJIsl KPHBOJIMHEIHOTO,
HO C TIOCTOSTHHBIM BEKTOPOM YCKOPEHUSsI, HAIPUMED, JIJIs
JIBVDKEHUS Tea, OPOLICHHOTO MOJI YIJIOM K TOPU30HTY.
[lpu pemieHun 5TO¥ 3amayu Hajg0 00€ YACTH ITUX

q)OpMyJ'I CIIPOCKTUPOBATL Ha ABC OCH: HAIIPABJIICHHYIO

BBEpX BepTUKAIBHYIO (V), U TOpu30HTANBHYIO (X):

ockX: V=V, X= Vgl

X

gt’
OCh Y. Vy :VOy_gt; y:VOyt_7

Jlerko BUICTH, YTO BEPXHHUEC YPAaBHCHUS OMNMCBHIBAIOT PABHOMEPHOC JBMKCHME BJIOJIb OCHU X, a

HIDKHHE — PABHOYCKOpPEHHOE ¢ yckopeHueM (-0J) B1oiab ocu Y. bpoieHHoe Teno coBepiuaeT 06a 3Tu

JBIKEHUS 0JJHOBpeMeHHO. K atum gopmynam MoxxHO 100aBuTh popmyay (3): Vg y = Vf/ =2qY.

10



B mpuniune, HanpaBiIeHHE OCEH MOXHO BBIOMPATh U MO-APYTOMY, HAJI0 TOJBKO MPABUILHO
npoekTupoBatb Gopmyast (*) u (**). s popmynsl (3) MOKHO MPEUIOKUTH TAKOE TPABUIIO: €CITU

CIipaBa o0a uucia MOJIOKUTCIIbHBI, TO U CJICBA NOJLKHO IMOJYYUTHCS MOJIOXKHUTCIBHOC 4YHCJIO, T.C.

BIEpEIU JIOJDKHA CTOATH OoJblasi U3 JBYX CKopocter - V, u Voy - OOBIYHO JIETKO TOHSATH,

y
YBCIUMYMUBACTCA NI YMCHBIIACTCA CKOPOCTh.

§5 KuHeMaTHKa BPAIATEJIbLHOI0 JIBHKEHHSI.

Panb1ie MbI TOBOpHIIM O JBMKEHUU MATEPUAIIBHOM TOYKH, Tereps — o Teie. llocrynarensHoe
U BpallaTCJIbHOC ABUXXCHUA — HpOCTCﬁIHHC BHUJbl ABWKCHUSA TBCPAOIO TEJIA. HOCTyTIaTCJ'II)HOC
JBIDKEHUE — TaKoe, NMPH KOTOPOM BCE TOUYKM Tella JBFDKYTCS OJIMHAKOBO, BpAaIlaTelbHOE — BCE
TOYKH JIBUKYTCS 110 OKPYKHOCTSM, LIEHTPBI KOTOPBIX JIEXKAT HA OJJTHOM OCH.

IIpn mnocrymarensHOM r00as mpsiMas, MPOBEAECHHAs B Tejle, NMpPU JBWKEHUM OCTAeTCs
napajuieNIbHOM camoit cele.

Ha pucynke O — och Bpamienusi, M — mto6ast Touka.

BBeneM BEKTOp yIyia moBopoTta (), ‘(5‘ paBeH YIily, a HalpaBJeH 3TOT BEKTOP
@ED) NEPHNCHAUKYIIAPHO INIOCKOCTH BpalICHUS, IPUYEM TaK, 4YTO, A4 C €TI0 KOHIIA,

BH/IMM BpAIEHHE TIPOMCXOIAIIMM TIPOTUB 4acoBoi cTpesiku. CTporo roBops, ¢

- TICEBJIOBEKTOP, TaK KaK MMPU OTPAKEHUHU B MapajjIeIbHOM €My 3epKajie OH W3MEHsET HallpaBJeHue

Ha IPOTUBOMNOI0XKHOE. [10TMHHBII BEKTOp COXpaHsET TO K€ HallpaBJICHUE. M

. . Ay do -
BBeneM BeKTOp yrioBoii ckopoctr: @ = lim 20 _B¢ 7 A0
At—0 At dt

. Ao A a4 - _
IIpy paBHOMEPHOM BpallCHUH a)=T(p, a)=T¢, [w] = paolc=1/c=c™, a)TTgo

wm @ TN @. Tlepuon Bpamenus 1 — BpeMst OJIHOTO TOJIHOTO 060POTA TENA, YaCTOTA BPAIIEHHS

V — konmgectBo 060poToB 3a 1 cexkynny. v =1/T o6/c, [v] = ¢l w=2nv - MOZYJIb YIJIOBOH
CKOPOCTH.

Ey,[[eM CUUTaThb OCb BpalllCHUA 3aerHJ’I€HHOI7L Torga @ CMOXET U3MEHSTHCS TOJBKO 32 CUET

= . Ao - do . =
M3MEHEHMs V. YIIIOBOe yckopenue [3 = im—=0=—_@n [ - ToXke TCEBNOBEKTOPEL.
At—0 At dt
_ |
JInHelHbIE  CKOpPOCTH V  pasHbIX TOYEK ‘*--}/’
pas3iinviaroTCA:
Al RAp _dop o i >
v=Ilim—=Ilm—=R—/—=Rw R 1%
At—0 At A0 At dt Al
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Vurem, uto u V, u @ - Bextopsl: V=@ X R, rne R - paguyc-BekTop TOUKH, NPOBEICHHBIH
OT OCH BPALIEHHUSL.

2
W, =Y = @R, W =-w’R, w_ = lim AV Riim A2 _ RA.
At—0 At At—0 At

[IpuBeneHHbIe GOPMYIIBI TO3BOJISIIOT HAUTU CKOPOCTU U YCKOPEHMSI PA3JIMUYHbBIX TOUEK.
@ W [} OIMHAKOBHI JUISI BCEX TOUEK Tea.

T'naBa 2. JlunaMuka.

§1. 3axounl HproTona

TlepBoiii 3axk0oH HpIOTOHA M €70 CMBICIL.

CymectBytoT Takue cucreMbl orcuera (CO), Ha3pIBaeMble HHEPIHMATIBHBIMU, B KOTOPBIX, €CIIU
Ha TeJI0 He JIEUCTBYIOT BHEIIHUE CUJIBI WIM UX JEUCTBUS CKOMIICHCUPOBAHBI, TO TEJO COXpaHSET
cocrosinre nokost uimm PIT/I.

Ocobas pons I-ro 3akona Hwiorona B TOoMm, uto oH omnpenemnser noustue MCO, 1o ecTh
CHUCTEMBI, B KOTOpPOHW OyayT CHpaBeJIUBBI BCE NajbHEWIINE 3aKOHBI (DU3WKH, M JAET CIOCO0
MIPOBEPKH WHEPITUATHHOCTH CHCTEMBI.

BaxxHo, 4TO MIMEHHO 3TOT 3aKOH HauWHaeT Kypc ¢u3uku. Benp Bce nu3ydyaemple B najgbHEHIIIEM
3aKOHBI CITPABEAIUBBI TOJBKO B OIMPENEICHHBIX cUcTeMax oTcueTa. Hanmpumep, mpeamnosnaokum, 4to
JKUBEM B TPIOME KOpalJisi, a Ha MOpe CUJIbHas Kadka. Mbl XoTHM ycTaHOBUTH aHayor 1 3.H. Knanem
MY B [IEHTP NOMEIIEHUS U MUIIEM B TeTpaaKy: «Eciau Ha Teno He AeHCTBYIOT BHEIIHHUE CUJIBI, TO...
OHO JISTUT 01 yriioM 3,2 Tpajayca K JeBOMY OOPTY CO CKOPOCThIO 5,23 M/C, HO, HE JIOJIETEB JI0 HETO
1 M 27 cM, TOBOpAYMBAET | JICTUT CO CKOPOCThIO 9,51 m/c mox yriaom 73, 45 rpamyca K 3aHEMY
o6opty u T.1.». Hukakol 3akoH Mbl He ycraHoBHM. [louemy? Heynmaunas cuctema otcuera. JT0
OTHOCHUTCSI M K JIpyruM pazaenaM (pusuku. KuakocTh MO4YeMy-TO BBIIJICCKUBAETCS U3 TapEJIKH.
Hyet Betep. JlaBneHue B pa3HbIX 001acTsaX pasnuyaercs. [luBaH e3AUT Tyna-Cioja, HarpeBas mol.
3BYK KOJIOKOJIBYMKA PACIPOCTPAHSIETCS C PaA3JIMYHBIMU CKOPOCTSIMHU B DPAa3HbIX HAIpPABICHUSX,
MIpUYEM MEHSET CBOIO YacTOTY: TO OH BHIIIE, TO HIKE, B 3aBUCUMOCTH OT TOTO, B KaKyl0 CTOPOHY
MBI JIBIDKEMCHL.

3HA4YMUT, MBI, IPEXKJE BCEro, JOJDKHBI cKa3aTh, B Kakux CO cropaBemsiuBbl yTBEpPKAAEMbIe
3akoHbl. Cam HprOTOH 00 3TOM He ToBOpwI. Y HEro ObuIM Apyrue mpobiemsbl, Bedb (pusmka a0
HeroToHa, 1o cyty, elle He cyuecTBoBaia. ['anuiel yTBepKaal, yTo Tena ABUKYTCS, TOJIbKO €CIIH
Ha HUX JEHCTBYET CUja, a €ClIi €€ HET, TO Teja MoKosATcA. [loBceTHEBHBIN OMBIT MOKA3bIBAET, UYTO
9TO Tak, a abCTparupoBaThCs OT CUII TpeHUs [ anuseit He cMor.

Tonbko HetoTOH cMor noHsATh nipupoy. Ero 3akon Hudero He roopuit o CO: «Ecnu Ha Teno
HE JIEHCTBYIOT CHJIbI, TO OHO TMOKOUTCS WJIM JBUXKETCS PAaBHOMEPHO M MpPSMOJIMHEWHO». Eiie

MOJIBCKa Ha3aa TakK €ro HnpcrunoJaBaii B IIKOJIC. N eme TOBOpWJIHA, 4YTO CO, ABUIKYHIASACA
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PaBHOMEPHO U MPSIMOJIMHEHHO OTHOCHUTEIIBHO MHEPUUAIBHOM, TOXKE SBJIsETCA MHepuuanbHo. Ho
KaK € HalTu XOTs Obl OJIHY, C KOTOpPOH CBsA3bIBaTh OcTasibHble? OTBeT ObLI: «/HEpuuaNIbHBIMU
spisitorcs  CO, nBwKyluecs paBHOMEpHO U mpsimosimHeHO oTHocuTenbHo CUCTEMbI
HEITOJABUWXXHBIX 3BE3/1». Bot Takoe HecoBpeMEHHOE ¥ HE OYEHb TIOHITHOE OTIPEIeTICHUE.

Teneps xe, ¢ HOBoW GopmynupoBkoi 1 3.H. Bce cTasio goruuHo u noHstHo. Jlrobas cucrema,
B KOTOPOH «ECJIM HA TEJIO ..., TO OHO COXPAHSET...», SIBJISETCS WHEPLHUAIBHOM, a 3TO 3HAYUT, 4TO B
HEll BHIIOJHEHBI Bce 3aKOHBI (U3NKU. BepHemcs k kopabito. Kak mpoBepuTh €ero HEPIUAIEHOCTS?
Knagem Ms4 B IIeHTpe U CMOTPHUM, OCTaeTCs JM OH B MOKOE MPH OTCYTCTBUM BHEMIHUX cui. He
ocraercs? 3Hauut, CO He MHepuUMalbHas, HalIM 3aKOHbl HEBepHbI. [lo3xke MBI y3HaeMm, Kak
paboTaTh B HenHepiuanbHbeix CO.

Bropoii 3akon HeroTOoHA.

2-if 3ak0oH HproTOHA: BEKTOpHAs CymMMa CHJI, JACHCTBYIOIIMX HA TEJO, paBHA MPOHU3BEIACHUIO
€ro MaccChl Ha YCKOPEHUE.
N
> E=mw
i=1
Oco0OeHHOCTh — BBEJIEHBI Cpa3y JBa HOBBIX (U3MYECKUX MOHATHS: cwia U Macca. Ham He
OY€Hb TPYIHO €r0 MOHSTh, HIOTOMY YTO MbI B OBITY CTAJKHUBAJIUCh CO CIOBAMH «CUJIa» U «Maccay,
TaK 4YTO MHTYUTHBHO TMOHHUMAaeM, O 4YeM HUJET peyb. A Kak Obl BaM MOHPaBWJICS TaKON 3aKOH:
«BekTtopHas cymMMa Bcex IUIIOM, JCWCTBYIOIIMX Ha TEJIO, PaBHA NPOM3BENCHHUIO KpPSIKU Tejla Ha
yckopenue»? Bl Obl cipociiiy, KTO Takue IUIIOMa U KpsKa, MHAaYe HUYEro He MOHSATHO. BBeneHsbl
Cpa3y [BE€ HOBBIX BEJIWYMHBL. JTO peakuil ciaydyail. FIMEHHO H3-3a 3TOro B IIKOJIE 3TOMY 3aKOHY
MOCBSAIICHO HECKOJIbKO MaparpadoB: TaMm TeNO PEXYT Ha paBHbIE YAacTH, TAHYT HECKOJIbKUMU
npyXUHaMu u T.4. Bee 11 Toro, 4T00b1 MOUYBCTBOBATh CYTh ATHX ABYX MOHATHH.
B utore MoxHO aTh ClleyIOIIHE ONPEACICHHUS.
Macca — mepa MHEpTHOCTH Tela, T.€. €ro CHOCOOHOCTH U3MEHATh CBOKO CKOPOCTH MOJ
JeCTBHEM BHEIIHUX (PaKTOPOB.
Cuna — BeKTOpHas BEJIMYMHA, NPOSABISIIONIASACA B NPUAAHUM TeJlaM YCKOPEHHUU WIU
nedopmarui.
KoneuHo, 3T0oro mano i MOJHOLEHHOTO MOHMUMAaHUsl CYIIHOCTH 3aKOHA, HO MOHUMAaHUe
MPUXOJUT II0 MEpE MPUBBIKAHUS K ITUM IOHITHUSIM.

Fhhhhkhkhkkkhkhkhkhhrhhhkhkhkkkhkhhrrrhhkhkhkhhhrrrhhhhkhkhkhhirrhhhhhrrrrrhhhhhkhrirriihkdihhiiiix

Hanomunanue o eOunuyax usmepenus 6eiuyuun;

EguHunp (I)I/ISI/I‘-IeCI(I/IX BEIIMYMH OBIBAIOT OCHOBHBIC (KOTOpBIC HUMCIOT 3TaJ'IOH) n
IIPOU3BOJHBIC (HOJ'Iy‘IaIOTC}I nus3 OCHOBHBIX).

OCHOBHBIE — KT, M, C, A, MOJIb, K1 (KaH/ea).
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[MpousBonusie — m/c, H, JIx, u T.1.
Hanpuwmep, [m]=1 KI' — OCHOBHas, [F] =1 H — cuia, kotopasi, 1eicTBysl Ha TeJI0 Macco 1 K,

npuaaeT eMy yckopenue 1 m/c?,

*hhkkhkkhkhkhkkhkhkhkkhkhkhkkhhhkkhhhkkhkhhkkhhhkhhhkhhhkhhhkhkhhkhkihhkhkhhkhkhhkhkkihkhkkhhhkkrhhkhhhkkhhhkkhhhkkiihkhihkiiikiik

Tpetuii 3akoH HproToHA.

Tena B3aMMOIEHCTBYIOT Jpyr C JpPYrOM CWJIaMH, pPaBHBIMM 10 BEIMYMHE U
IIPOTUBONOJIOKHBIMHU [0 HAIIPaBJICHHUIO.

BaxxHo: 3TH cuibl HpUIIOKEHBI K pa3HbIM Teiaam! JTO OuYeHb Ba)KHOE 3aMe4yaHHe, KOTOpoe
HaJ0 Bcerga uUMerb B BUIy. [Ipumep — mitaHruct nogHumaer mraHry. OH TOJIKAaeT ee BBEpX C
kakoi-to cwioi. Ho ona, mo III 3.H. maBut Ha Hero ¢ Takoit ke (!) cumoil. [louemy ke onHa
MIOJAHUMAETCS, BE€JIb CUJIbI PaBHbI, TO €CTh KOMIEHCUPYIOT JIpyr aApyra? [IpencraBum cebe, 4To Bain
npusTens nan BaMm mienbaH. Bwl oGwmwxkaerech, a oH rooput: «Ilo III 3.H. Te1 cBOMM 100M
JIECTBOBAJI HA MOM TMaJIell ¢ TOW e CHJION, 9YTO OH Ha TBOM JI00, 3HAYUT, CHJIBI CKOMIICHCHPOBAHHI,
Tak 4yTo 5 Te0s He obuaen». Ho BbI-TO 3Haere, yTo ObLIO O0JBbHO. BBl emy roBopuTe, 4TO BaM HET
JIeNia 10 €ro majiblia, a BOT J100, AeMCTBUTEIBHO, Balll, U €My 0O0JIBHO.

Bl mpaBbl, Henb3ss KOMIIEHCHPOBAaTh CUJbI, NMPHIIOKEHHBIE K pa3sHbIM TejaM. Tena Haao
paccMaTpuBaTrh MO OTAEIBHOCTH. BepHeMcs K mTaHructy u ero mranre. Ha mranry neicTByror
JIB€ CHJIbI: CHJIA TSDKECTH M CHJIA PYK IITaHrUcTa. Eciu cuna pyk OOoJbIe CUITbI TSXKECTH, TO LIITaHTa
noiaet BBepx. [Ipu 3TOM miTaHra IeMCTBYET Ha IITAHTUCTA C CUJION, PaBHOW CHUJIE €r0 PYK, TO €CTh
OoJpIield, 4em cuia TsDKecTH. Bce normuno, ecnu paszoOpartbes.  Ilpocro cunsr B 11T 3.H.
npusioxkenbl K PASHBIM Ttenam!

Eme onun npumep s 3akpervieHus. Jlomaaps TaHetr caHu Bhneped. llpw sTom canu TSHYT
JIOIIA/1b Ha3aJl ¢ TakoM ke cuioi. [loueMy ke OHU elyT B CTOPOHY JIONIAJH, BEJIb CHJIBI PABHBI, TO
€CTh CKOMIIEHCHpOBaHbl? OTBET: paBHbL, HO HE CKOMIICHCUPOBAHbI, TaK KAaK MPUJIOKEHbI K Pa3HbIM

tenaM. YToOml PaCcCMOTPECTh ABMIKCHUC, HAJ0 AHAIIM3HUPOBATL TCJIa 110 OTACIIBHOCTH. Ha canu B

—

T'OPHU30OHTAJIbHOM HaIIpaBJICHUU ﬂeﬁCTBYIOT ABC CWJIbL: CHJIa TPCHHA O 3CMIIIO F Hn CUJla TATH

mp.c
Jjomaaun I:‘7 . Ecau I:JZ > Fmp.c , CaHHU TIOCAYT, MMPUYIEM C YCKOPCHUCM. PaCCMOTpI/IM Jjomaab. Ha nee
ﬂeﬁCTBYIOT TOXKEC ABC CUJIBbL: CUJIa TPCHUA CO CTOPOHBI 3EMJIN F TOJIKAroias BIepea, u cuja co

mp.J°
CTOPOHBI caHel Fc . Ecnu Fmp.Jz > FC, TO JioHIaAb ABHKCTCS BIICPCA. HpI/I 9TOM, B CoriaCum cC
III 3.H., ChJia CO CTOPOHBI caHel Ha Jionraab paBHa CHJIC CO CTOPOHBI JIOIIAAU Ha CaHU C O6paTHBIM

— —

snakom F =—F .
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§2. CuJjbl B Ipupoae.

j KD 1- SHEL

] X

1) Cwuna ynpyrocru.

|O - JUIMHA IIPYKUHBI WK IIPOBOJIOKU B

X

CBOOO/IHOM COCTOSIHHH, X — Y/UIMHCHHE.

Eciu Teno B mokoe, o F =F

ynp smeus”
3axon I'yka: F, =K[X.

kK — xecTkocTs (k0d(QUIMEHT YIPYrocTH), 3aBUCHT OT ITHHBI, ILUIOMAN ITIOTEPEYHOrO

CeUeHHUs U MaTepuaa.

Beenem Bemmunnel: F /S =0 - mexannmueckoe Hampspkenwe, X‘/ |, =¢ - otHOCHTEnBHOE

ymnuaenne. Torma 3akoH ['yka 3amuiiercst B BUIE & = olE,rne E - Moayibs FOHra (3aBUCHT

ToJIbKO OT Matepuana), [E]=1 H/m?*=1 Ia.

2) 3aKOH BCEMHPHOTO TATOTECHUS.

Bce tema Bo Bcenennoit mnputsaruBaroTca Apyr kK Apyry. Cuiia B3aUMOJCHCTBHS JIBYX
TOYEYHBIX OOBEKTOB MPSIMO IPOMOPLUOHATBHA MPOU3BEICHUI0O HMX Macc U oOpaTHO

MPOIMOPLIMOHANIbHA KBAJIPATy PACCTOSIHUS MEXKIY HUMHU.

_ ., mm,
F=y—;
r
m-M,
B none 3emmn F =y —z Y nosepxuoctn 3emmn ' = R, u F =mg, orkyza cnenyer
_ 3
g - 7/ R2
3
3) Cuna TKecTH U Bec.
Cuna TSKeCTH — CHJIa, ¢ KOTOPOii Telo IputsaruBaercs k 3emue. OHa 4

neiicteyet Ha TEJIO, HE 3aBucut ot Toro, kak JBUKETCS TEJO. W ﬁ
F.=mg 1

Bec — cujia, C KOTOpOﬁ TCJIO JaBUT HA OIIOPY WJIN PACTATHUBACT MMOABEC.

Heiicteyet Ha OIIOPY, 3BABUCHT ot Toro, Kak ABMXKETCA TEIO. *
b
PaccMotpum T, ABMKYIIHiicS BBEpX ¢ yckopennem W. Ha mony

ctout Teao M.

o 111 3.H., Bec ‘IS‘ - ‘N‘

Mo I13.H., N +mg =mw
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N—-mg=mw = N =m(g+w)>mg
Eciu W nanpasieno suus, 7o N =m(g —W) <mg, ecmu xe W= J, o N=0, 3nauur, u

P=0 — 510 HeBecomocTh. Cuia Tspkectu Hynmo HE paBna, HO Bec orcyrctByer! DTO HE MPOCTO
cioBa. Y HaxoJdmMXcs B JU@TE OLIYIIEHHE IOJHOro ucue3HoBeHus rpasutanuu! Cepaiue He
pacTsIruBaeT cocCy/bl, JKUIKOCTb B BECTUOYISIDHOM ammapare He JaBUT Ha pelentopsl U T.A.
YenoBek, HaXOAALIUICS B JU(PTE, MOKET yIUBIATHCS, NMOYEMY BJAPYT TpoTaja TpaBUTALUs, HO
pasOuparomuiicss B (U3UKE MOMMET, YTO OOOpBaiCs KaHAT W JU(PT HAXOIUTCS B COCTOSHHHU
cBoOoAHOrO maneHus. Eciau HET OKOH, TO HU OJUH (PU3MYECKHM HKCHEPUMEHT HE MO3BOJUT
Pa3IMYUTh CUTYallMu CBOOOJHOTO MajeHus (HEBECOMOCTH) M OTCYTCTBUA rpaBUTanuu! ITOT (akT
nexuT B ocHoBe OOmieit teopuu otHocutenbHocT (OTO) Anpbepra DitHmreitHa (1916 rox),
KOTOpasi BJISETCS TEOpUEH I'paBUTAIUU.

Mps1 paccMoTpenu TUQT, NaJaouuil BEpTUKAIbHO, TO €CTh 0€3 TOPU30HTaJIbHOW CKOPOCTH.
Ho Bce BplIecKka3aHHOE OTHOCUTCS K CIIydal0 NaJe€HUS MO KPHUBOW, €ciau mpeHeOperaem
COTIPOTHBJICHUEM BO3Iyxa. Bemp 3TO majeHuWe NpPOHMCXOAWT ¢ yckopeHuem (. Ha pucynke
nokazana Tpaektopus nudra. [Ipu yBenmueHnn TOPU3OHTAIBLHON COCTABISIONMICH CKOPOCTH JIUPT
Oyner majgaThb Bce Jajblle. 3emisd Kpyrias, IO3TOMY Mpu
HEKOTOpo#l ckopoctu nu(T, «magas», He OyneT momagaTh Ha
MMOBEPXHOCTh 3eMJIH, a Oy/IeT JIETETh MO KPYroBOi OpOHTE, TO €CTh
CTaHEeT CIyTHUKOM 3emiu. [Ipu 3TOM ero yckopeHwe B KaxKIbId

MOMCHT pPaBHO g , TO €CTh UMECT MECTO HEBCCOMOCTD. ITO Kak pas3

TO, 4YTO IPOHUCXOAUT B HCKYCCTBCHHOM CIIYTHHUKEC 3emin.

KocMoHaBThI %HBYT B HeBecoMocTH! OTMETHUM, YTO HEBECOMOCTh
HaOJIro1aeTcsl B KOCMMYECKOM KOopabje He TOJbKO Ha KPYroBOil opOWTe, HO BCermga, Koria
BBIKJIFOYEH JBHTarelib (Ir03bI), TO €CTh HET YyCKOpeHus. IIpw mojerax K IajlbHUM MHpPaM
KOCMOHABTBI BCerjia OyayT B HEBECOMOCTH 3a MCKIIOYEHHEM MOMEHTOB Pa3srOHa, TOPMOKEHHS H
KOPPEKTHPOBKH TPAEKTOPHH ITPH IOMOIIIN JIBUTaTEIICH.
4) Cuia TpeHus.
HekoTopble cYnuTaroT, 4TO CHJia TPEHHS PaBHA MIPOM3BEACHUIO KOI(DPHUIIMEHTA TPSHUS Ha CHITY
peaxtmu oropsl, To ecth F = 1N . D10 Henpasaa! JlocTatouHo 3amyMaThes, Ky/ia HalpaBjieHa 5Ta
HeHyneBas (?) cuia TPEHHsl, €CIH TENO MPOCTO JIKUT HAa TOPU3OHTAIBHOW MOBEPXHOCTH. DTOT

BOIIPOC 4aCTO CTAaBUT B TYIHK. Pa36epeM05{ B CUTYyallUU. HYCTB TCJIO JICXKHUT Ha FOpI/ISOHTaHBHOﬁ

—

wiockoctn. Ha Hero neiictByror cuma Tsokecth MO w cuma HopmansHOM peakumu N . Ux

BCKTOpHAasA CyMMa paBHa O, IO3TOMY TCJIO IOKOHUTCH. HpI/IJ'IO)KI/IM HC60J’IBH_IYIO cuilty F,
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HaIpaBJICHHYIO BJOJb NOBEPXHOCTU. Teno ocraercs B HOKOE. 3HAYWUT, BO3HHUKIIA CHUJIA, PaBHas

—

IIPUJIOKEHHOM M MPOTHUBOIIOJIOKHO € HalpaBieHHAs. DTO Cuja TPEHUS Fmp =—F . llpuuuna ee
BO3HMKHOBEHHS — B3aUMOJEWCTBME HEPOBHOCTEH (IIMKOB M BHAAMH) JBYX TPYLIUXCS

MIOBEPXHOCTEH. YBenuunBaeM cuiy. Tesno ocraercst B MOKOE, 3HAUUT, BbIpocia U cuia TpeHus. C

—

HE MOXET OBITH

pocTomMm ‘F‘ HaCcTynmacT MOMCHT, KOTJa TCJI0O HAYMHACT ABUIAaTHCA, TO C€CTb mp

0O0JIBIIIE KAKOTO-TO MAaKCHMAJIbHOTO 3HA4YCHHUS. JTO 3HAYEHHs HA3bIBAETCS CHUJIOMN TPCHUA TMOKOS:

Fmp'max = LN . TIpu CKONBKEHNH CHJIA TPEHHUS OCTAETCS TIPUMEPHO TAKOH K€, TIOATOMY €€ MOKHO

Ha3BaTh U CWJION TpeHMs cKojbxkeHud. OTa popmyna BepHa, TOJIBKO korma Teno ckoJb3UT Wiu
HaxXOJUTCSl Ha TPaHM CKOJBKEHMs. B cuTyauuu sxe, Korja Teno MOKOMTCS, Cuia TPEHHUS TOYHO
Takas, Kakas HyXXHa JJIs KOMIIEHCAllUM BCEX OCTalbHbIX cujl. VHaue roBops, ee BeJIWYMHA U
HaIpaBJIEHHE MOJICTPAUBAIOTCS K CUTYAlIUH.

5) Cuta COnpOTHBIICHUS CPEIBL.

B Boae mim B BO3YyXE CHJIa COIIPOTUBIICHHA HAIIpaBJICHA IPOTUB CKOPOCTH M 3adacCTCA

hopmyoit
Fconp =KV - npu He oueHb GOIBIINX CKOPOCTSIX
F.  =KV?- ipu 60/IbIHX CKOPOCTSX
conp p p .

I'1aBa 3. 3aK0HBI cOXpaHEeHHS.

3aMKHyTasl CUCTEMa — CUCTeMa, Ha KOTOPYIO HE ICHCTBYIOT BHEIIHHUE CUIIBI.

WuTerpanoM ABMKEHUS HA3bIBAETCS (PYHKIUS KOOPAUHAT U CKOPOCTEH YacTHIl, BXOISIINX B
3aMKHYTYIO CHCTEMY, KOTOpas COXpaHseT MNpU JABIKEHHUU MOCTOSIHHOE 3HaueHue. B MexaHuke
MHTETpajioB ABUKEHUS TPHU: UMITYJIC, JHEPTHsI © MOMEHT UMITYJIbCA.

3aKOHBI COXpaHEHHs HUMEIT TiayOookuil ¢unocodckuit cmbicn. HWx mnepBompuuyuHamMu
SBIIAIOTCST Pa3IMYHble CHUMMETPUU BpPEMEHU U TMPOCTPAHCTBA. MOXKHO TMOKa3aTh, YTO 3aKOH
COXpPaHEHHUS YHEPIHHU - CIEJICTBUE OJHOPOJHOCTH BPEMEHH, TO €CTh TOTO (haKTa, YTO IKCHEPUMEHT
nan Obl TOT K€ pe3ysbTaT B JIOOOW IPyroil MOMEHT BpEeMEHHU. 3aKOHBI COXPAHEHHS UMIYIbCca U
MOMEHTa UMITYJIbCa BBIBOJSATCS U3 OJHOPOJHOCTH U M30TPOMHOCTH MPOCTPAHCTBA COOTBETCTBEHHO,
TO €CTh M3 TOTO, YTO SKCIIEPUMEHT Jall Obl TOT K€ Pe3yNbTaT, €CIH €ro MPOU3BOAMUTH B JIPYrou
TOYKE MPOCTPAHCTBA WJM B TOM K€ TOYKE, HO IOCIE€ MPOU3BOJBHOIO MOBOPOTa HCXOJHOM

KOH(UTypanuu.
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§1. 3akoH coxpaHeHus HMIYJIbCA.

Umrynbe Tena — npou3BeEHHE MACCHI HA CKOPOCT P = MV.

Bropoi1 3akoH HbroTOHa [1U1s1 OTHOTO Te€j1a MOYKHO 3allicaTh B BUE:

%:m%:mv\/:;ﬁi, TO €CTh f)zzlllfl

Paccmotpum cuctemy u3 N wactun. IlycTs Ha i-10 YacTUIly CO CTOPOHEI j-if JIEHCTBYET cuiia
F; (510 BHyTpennne cumbl) n BHemmss cuna ;. Mo T3 H. F; +F; =0.

Banumem 11 3.H. n1s Bcex yactui:

N —
I01=Z 1t h

j=2

N —

P, = Z 2 T

j=1,j#2

N-1_ .
Py = 2 Fy + Fy

[IpocymmMmupyem Bce ypaBHEHUS:
d N
(Pt Py e+ Py) = 2F
dt i-1
BEeKTOPHYI0 CyMMy HMITYJILCOB Ha30BEM UMITYJIECOM CHCTEMBI P = Z P; . Torma
i
s N
P=3F
i=1
Ecmu cucrema 3amknyra (Bce F =0), To uMeeT MeCTO 3aKOH COXPAHEHHS HMIIYJIbCa:

HUMITYJIBC 3aMKHYTOﬁ CHUCTEMBI MaTCPpHATIBbHBIX TOYCK OCTACTCA IIOCTOSHHBIM.

Ummynbe  ocraeTcs mocTosHHBIM Takke, ecmu F #0, mHo ZFi =0, mampumep, Ha
i

OWJIBSIPJTHOM CTOJIC: mg’ +N =0. Ecmu xe Z Fi # 0, Ho mpoekims 3TOM CYMMBI Ha KaKyl-TO
i

OCb paBHa HYJIIO, TO BBIIIOJHACTCA 3dKOH COXPaHCHHA IIPOCKLIUN HMITYJIbCAa HaA 3TY OCb (XOTH
MOJIHBIN HUMITYJIBC HE COXpaHSIeTCH). HaanMep, nyuika CTpeysaeT IoJ YIJIOM K TOPU3OHTY.
HpOGKHI/II/I BHCIIHUX CHJI (TH)KGCTI/I U peaKknuu 3eMJ'II/I) Ha TOPHU30OHTAJIbHYIO OCh PAaBHBI HYIIIO,

II03TOMY COXPAHSIETCA TOPU30HTAJIbHAS TPOEKIIHS UMITYJIbCA.
Umnynbe cucteMbl MokHO 3amucath B Buae P =MV, , rae C — Tak HasbiBaeMblil HEHTp Macc
CUCTEMBI (WJIM LIEHTP MHEPLIMHN) — TOUKA C PaJuyC-BEKTOPOM

m,r, +m,r, +...+ myT, 2mn 2.mp
r 171 2°2 N'N __ i _

C

m, +m, +...+m, 2m, m
1
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rae M — monHas Macca cuctembl. KOOpAMHATHI IEHTPA MACC BBIYUCIISIOTCS 110 GopMyIIe

2.MX; 2my, 2.mz,
XC:im ;YC:im ;ZC:im
B 0HOPOIHOM TIOJIE TSUKECTH LEHTP MACC COBIIAAET C LIEHTPOM TSDKECTH.
Zi: m;T; ZI: m;V;
m - m -

otkyna cnenyer P =MV, , 4em 10Ka3piBaeTCs MCXOIHOE MONOKEHHUE.

I
]
3|o

—

B 3amkuyroii cucreme P =CONst, snaunr \7C = CONSt. Ilentp Macc 3aMKHYTOM CHCTEMBI

JIBUKETCSI PABHOMEPHO U MPSIMOJIUHEHHO W MOKOUTCHL.
Cucrema orcyera, B KOTOpPOM LIEHTp Macc (MHEpLMH) MOKOUTCS, HA3bIBAETCS CUCTEMOM
LIEHTPA UHEPIHH.

§2.KuHeTn4yecKkass YHePrus 1 MexXaHn4yeckas padora.

—

PaccmoTpuM cHavana ofHy uactuny. 2-ii 3.H. umeer sux MV =F |, F - pesynsTupyromas

cuna. YMHO)HUM 06e yacTu ckanspro Ha VAt = dS :

d

muvdt = EdS — d‘: vdt=EdS — mvdv = d(—)

=2
mv = =
d(">-)=F-dS *)
2

~ mv?
Ecmu cucrema 3amknyra, 10 ectb F =0, 10 T =T:const. T wnaszeiBaercs

pz
KMHETHYECKOH sHepruei. Ee MoxHO 3anmcate u B Buge: | =——, rae P =MV - ummyisc

m’

gactunpl. Ecmn F #0, 1o dT = F-dS , To ecTb | # CONSt (ecnu cuna He NepHeHIUKYJIAPHA
nepememienuo). Benmuuuna dA=F .dS mnasbiBaetcs pa6oroit cumsl F Ha mepememennn dS .

Moskuo sammcate u tak: dA=F; -dS, rne dS- nyrs, Fy - mpoexuus F na nepememenmue.

Bo3bmeM nHTErpan OT Ha4aJubHOM TOUKHU 10 KOHEYHOU

J-d( ) J.F dS = T,-T, = IF .dS = A, - paora cumsl F ma mymn 1-2, T.e.

paboTa pe3ylbTUpPYIOIIel BCeX CHIT UJIeT Ha MPUpPAIeHNe KHHETUYECKON SHEPriuH YaCTHIIbL.
Ecnu yactun Heckonbko (N), To mpocyMMupyeM Bce ypaBHEHUS (*), 3amucaHHble Ui KaxX10H

U3 9aCTull, U MoJIy4YumM (I)OpMy.Hy JIJIsI K3MEHEHHUS ITOJTHOM KMHETHUYECKOM OHCPIruu CUCTCMBI:
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d(im'%)zilf.dg = dT:idA,FHeT:iTi

[IpounrerpupoBaB o00€ 4YacTM MOJYYEHHOI'O pABEHCTBAa [0 IIPOM3BOJIBHO B3ATOMY
IPOMEKYTKY BpeMeHH Mex 1y HekotopsiMu U u 1, , nomyunm BeIpakeHue TeopeMsl 00 HU3MEHEHHUH

KHHETUYECKOU SHEPTUU B MHTETPAIbHOU opme:

Tz —T1=ZA1

HGO6XOZ[I/IMO OOAYCPKHYTh, YTO 34ACCHh, B OTIMYHME OT TCOPEMBI 00 M3MEHEHUH nMIyjabca

CUCTEMBI, VUYUTBHIBACTCA I[CI\/JICTBI/IC HC TOJBKO BHEIITHUX, HO U BHYTPCHHUX CHUIJI.

DnemMeHTapHOM paboTON Ha3bIBaeTCs pU3nUecKasi BEIMUMHA, PaBHAs CKAISIPHOMY F‘
MPOU3BCACHUIO BEKTOPOB CHJIBI U SJICMCHTAPHOTO IEPEMCIICHUA o
= = =
dA=F -dS = FdScosa ds

Ecmu yron a octpeiii, To AA>0, ecmm Tymoit, To 0A<0, ecmu mpsamoii, To 0A=0. Ecim
F = const, to AzjdAz F -Idgz |E§, B 00IIIEM e ClTydae A=J|Ed§.

PaGoTa 3a €MHAIYY BPEMEHH Ha3bIBAETCS MOIIHOCTBIO.

dA_FdS = _

P=—=——-=F-V

dt dt
[A]=1 JIx (JIxoymns); [P]=1 Bt (Barr)
1 xBr-uac — BHecHCTeMHas eJMHHMIA paboTHI — 3TO paboTa, COBepIIAEMas YCTPOHCTBOM

MoiHocThio 1 KBT 3a 1 wac. [loapasymeBaercs ymHOKeHHEe KBT Ha yac, a He JieJIeHHe, KaK UHOT1a

MOXHO YBUJIETh B razerax (kKBt/gac).

§3. IloTeHnuaJbHOE MOJE CHIL
[TycTh B HEKOTOPOIT 00JIACTH MPOCTPAHCTBA B KAXKI0M TOUKE ACHWCTBYET CUila
F=Fi+Fj+Fk,
puyeM FX; Fy; FZ - (YHKIIMU KOOpJMHAT.

OmnpenenyM NOHATHE «110JIe». MBI TOBOPUM, YTO B HEKOTOPOW 00J1aCTH 33/1aHO TOJIe KaKOii -
TO BEJIMYMHBI, €CIM 3Ta BEIMYMHA B KaXKJOM TOuke MMeeT cBoe 3HauyeHue. [lome moxer OBITh
CKaJIIPHBIM (T10JI€ TEMIIepaTyp) U BEKTOPHBIM (TI0JI€ CKOpOCTel B MOTOKe KUAKOCTH). Kak BUAHO

U3 ONPCACIICHU, TIOJIC HEC BCCrAa CBA3aHO C CHJIaMH. Ho B nHamiem CJIydqac OHO KaK pa3 SABJIACTCA

—

CHJIOBBIM, TO €CTh MbI paCCMaTpPUBACM I10JIC CUJIbI F .

CuioBoe 1oJie, KOTOpOe MOKHO ONUCATh (PyHKLUEH H(X, Y, Z,t) , TaK 4TO
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https://ru.wikipedia.org/wiki/%D0%A2%D0%B5%D0%BE%D1%80%D0%B5%D0%BC%D0%B0_%D0%BE%D0%B1_%D0%B8%D0%B7%D0%BC%D0%B5%D0%BD%D0%B5%D0%BD%D0%B8%D0%B8_%D0%BA%D0%BE%D0%BB%D0%B8%D1%87%D0%B5%D1%81%D1%82%D0%B2%D0%B0_%D0%B4%D0%B2%D0%B8%D0%B6%D0%B5%D0%BD%D0%B8%D1%8F_%D1%81%D0%B8%D1%81%D1%82%D0%B5%D0%BC%D1%8B

ol on o _an
*oXx Yoy *ooz

, HasbiBaeTcd noTeHuuanbHbiM. 11 - morenmman. Ecom 11

3aBucut ot t sBHO, TO Mosie Hectammonaproe, 11(X, Y, Z) - craunonapuoe nose.

BekTop ¢ koMnoHeHTamMu (IIPOEKIIUSIMH ) a_(p : 8_g0 : 5_(0 Ha3bIBACTCS TPAAUEHTOM (P !
oX oy oz
gradp =V = 095, 09 j +a—¢l2, (V - HaGa).
x oy @

Torna F = gradIl. Beruucium paGoTy HoTeHIHaIbHOMN CHITBI:

dA=F-dS = F.dx+ F.dy+Fdz =" dx+ My + Mz = drr =
Y OX oy 0z

=T1(x+dx, y+dy,z+dz)-TI(X,Y, 2)

dI1 - npupamenne moTeHnMana - pa3HOCTh 3HAYEHWH TMOTEHIMANA B KOHEYHOH M HAYaIbHOM

2 2
TOYKaX, TO €CTh OHO HE 3aBUCUT OT TpaeKkTopuu mnepexonaa. [IpoumHTerprupoBas IdAz_[dH,
1 1

nonyaum A, =11, —II,, 10 ects paGora MOTeHUMANBHON CHIIBI MO TEPEMEIICHHIO TENa U3

OJIHOM TOYKHU B APYr'yI0 HE 3aBUCHUT OT TPACKTOPHH, a 3aBUCUT TOJBKO OT MOJIOKEHUSI HAaYaJIbHOU 1
KOHEeYHOH Touek. Cuibl, paboTa KOTOPBIX HE 3aBUCUT OT (POPMBI TPaeKTOPHM, HA3BIBAIOTCS
KOHCEpBaTHUBHBIMHU.

Jlerko nokasaTb, uto paboTa KOHCEPBATUBHOMN CUIIGI HA 3AMKHYTOM ITyTH PaBHA HYIIIO.
| I | I | N
A=A,+A,=A,—A,=0, tak kak A, =A,, ockonbKy paboTa He 3aBUCHT OT (YOPMBI
nytu. [TosToMy 2-€ onpe/eneHne: KOHCEPBATUBHbIE CUIIbI — TaKue, paboTa KOTOPHIX HA 3aMKHYTOM
IIyTU paBHA HYJIIO.

He Bce cunbl ABISIIOTCS KOHCCPBATUBHBIMHA, HAIIPUMCEP, CHUJIa TPCHHUA, COIIPOTUBJIICHUS CPCIDI.

Cuma TsKecTH KOHCCpPBATHBHA, TaK KakK

P — N

— 2 — —
mgdS = mgjds =mgS,, =mg(h,—h,), to ecrs
1

pa60Ta CHJIBI TSDKECTH 3aBUCHUT TOJBKO OT IIOJIOKEHMI HayalbHOM M KOHEYHOM TOYCK, HO HC
3aBHUCHUT OT TPACKTOPHUH.

§4. MoTeHuaJLHASI DHEPIrYsl BO BHENIHEM I10JIe CHJI.

PaccMoTpuM 0THY YacTHIly BO BHEIIHEM MMOTCHITUATHLHOM TIOJIC CHIL.
A12 = Hz - Hl
A12 = T2 - T1

Haszosem ¢ynximo U (X, Y, 2) =—T1(X, Y, Z) norenumansHoi sueprueii. Tora

I, - 11, :Tz _Tl
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T,+U,=T,+U,.

3uaunt, Benmunna E =T +U ocraercs nocrosHHOM npu IBMKEHUH, TO €CTh SBISETCS

UHTErpaaoM JBrKenus. HaszoBeM F moiHO#M MEXaHUYECKOM SHEPrHeii.

3aKOH COXPaHEHUsS MEXAaHWYECKOW 3HEpPrUU: DHEPIUsl 4acTULbl, HA KOTOPYIO JEHCTBYIOT
TOJIKO KOHCEPBAaTUBHBIE CUJIbI, OCTAETCS IOCTOSTHHOM.

A, =U, -U, - paGora, coBepuieHHas Haj 4acTHIEH KOHCEPBATUBHBIMH CHIIAMH, PAaBHA
yOBLTH MOTEHIUATBHON SHEPTHH.

Eovii=—vy--My_ Y i—aU k
x oy oz

Tenepp paccMoTpum N wacTui Bo BHemHeM moJe, He B3aWMOJICVCTBYIOIIUX APYT C APYroM
Torma

E =T +U, =const (3CD s kaxmoi 9acTuiisr).

N N N

Y E, =>T.+> U, - nomnas mexanuueckas SHEprus CHCTEMBI HEB3AHMOJEHCTBYIOIIMX
i-1 i-1 i-1

N
YaCTHUI[ BO BHEIIHEM IIOJIE OCTAe€TCSI ITOCTOSIHHOM. BBenem o00Oo3uauenue ZUi =U -

=
norennuanbHas sHeprus cucrembl. Torma A, =U, —U,, 1o ects, kak u B cinyuae omHoi

yacTUllbl, padoTa, COBEpIIEHHas HaJ CHCTEMOIl BHEIIHMMU KOHCEPBATUBHBIMU CHUJIaMH, paBHa
yOBbUIH MOTEHIMATILHOM SHEPTUU.

§5. HoTeHMAJLHAsI DHEPIrUsl B3aMMOIeHCTBHUS.

PaccmoTpuM 1Be B3ammozelictByromue vactuupl. [lyers cuna Fp,
—
dR, .

,Z[eﬁCTByeT Ha IICPBYIO 9aCTUIY CO CTOPOHBI BTOpOI>'I, a F21 - Ha BTOpYIO CO
‘>

croponsl nepou. [1o 111 3.H., IE12 = —IE21

Beenem Bektop R, =T,

—

— I, tne I, I, - panuyc-BeKTOpHI YacTull. JlomycTuM, 4To F12 "
F21 3aBUCAT TOJBKO OT pACCTOSIHUA MEXIAYy 4YacTUUAMHM U HaIlpPaBJIEHbl BIOJb IPSIMOU,

COEIUHSIOIIECH YaCTUIIBI. HaanMep, QJICKTPOCTATHUYICCKOC UJIU I'PaBUTAITUOHHOC B3aHMOJCUCTBUE.

Torma F, = f(R,)€,. 3anumenm I 3.H. nyst ka0 u3 vacTu;

m1\71 = I:12

dr, = v,dt
N yMHO)KI/IM COOTBECTCTBCHHO Ha . . " CJIIOKUM
myV, =F,, dr, = v,dt

my,V,dt + m,V,v,dt = FdF, + F,,df, (%)
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=2 =2
d(mlvl +m22V2)=dA;

Hymp'

2
rae d'A%Hymp = f (R12)é12drl —f (Rlz)élzdrz =—f (R12)é12d (Fz - rl) =—f (R12)é12d§12

MosxHo nokasatk, 4to 31o paso — f (R,)dR,,, rne dR,,- nsmenenue paccrosnus mexy
gactuiamu. JIis mpocTOThl yOeMMCst B 3TOM He B OOIIEM Cilydae, a KOTJa JBUIKETCS TOJIBKO
sropas wactuma: &,0R,,- 310 mpoexuus OR;, ma €,, KOTopas kak pa3s u paBHa W3MEHEHHIO

PacCCTOAHUA MCXKIY YaCTULlaMHU.

Boipaxenue f(R;,)dR,, Moxno cuurats npupamennem nexotopoii gynkmuu ot R,, To
ects AU (R,,) . Torma
dA,,,=-dU(R, =dT=dA,  =-dU = dT+U)=0 = T+U =const

wmp
B samkuyroit cucreme E =T +U coxpanserca, U (R,,) - morennmanbhas sueprus

B3aUMOIEHUCTBUSL.
= x

Ecnu, xpome cui B3aUMOJICWCTBUS, €CTh €II€ W BHEIIHUE CHIIbI |:1 , JEWCTByIOIIas Ha

= %

nepsyto yactuiy, 1 F, - Ha BrOpyto, T0 B hopmyite (*) noGassites UieHsl

Ii;l.*dﬁ. + IEZ*dFZ = dA‘memH = d (T + U63) = dA@

HEeWH

Ecnu wactui Tpu, To
dA,,., = (Fy+ Fo)dF +(Fyy + Fp)dF, + (Fy, + Fy, ), =
- FlZ(drz B dl_’i) B F13(dF3 N dﬁ) B Fzs(drs _drz) = _FlZdR12 - F13dR13 o Fzstzs’

B wrore nonywam  0A, =-dU . rae U, =U;,(R,)+U(Ry) +U 5(Ry), a mn

N 1 N
cnydast N wacrnn d(T +U,,)=dA, ... tae U, = D Uy (R,) = > D Un(Ry).
ik=l, i,k=l1,
i<k i=k

a

PaCCMOTpI/IM YaCTHBIN cnyqaﬁ: f(R12) :—2 - 3daKOH BCCMHUPHOTO TATOTCHHA, 3aKOH

2
Kynona - o >0 - npursokenne, & <0 - orrankusanue. Torna

du,, = f(Riz)an:Fjizde omyma crenyer: U =—2+C. C maiirem m

63
12 R12

YCJIIOBUA Ugg(oo) :0 - OHEpPruia B3aHMO/JICHCTBUS JacTul, HaxoAJAIIMXCsa Ha OCCKOHEYHOM

pacctosnuu apyr ot apyra = C=0.
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(04
Ues = ——— - DHCPI'Hi Ir'paBUTAIMUOHHOI'0 U SJICKTPOCTATHYCCKOTO B3aUMOJACHCTBHUH.

2

*hkhkkkhkhkhkkhkhkhkkhkhkhkkhkhhkkhkhhkkhhhkkhhhkhhhkhkhhkhkhkhkhkihkhkhkhkihkhkkihkhkkirhhkhhhkkrhhkkhhhkkhkihkkhihkkhihkiiikikk

Hanomunanue omnpejejieHusi NOHATHSL <«IHEPrUs». JHepPruss — 310 (u3HYecKas
BEJIMYUHA, XaPAKTEPHU3YIOLIAs CIOCOOHOCTh CHCTEMbI COBEPIINTHL PadoTy.

Xoporieil aHajorueu spisgercs c4er B OaHKe WIM IPOCTO JAEHbrM B KapmaHe. OHu
XapaKTEepU3yIOT CHOCOOHOCTh JejiaTh IOKYNKH. Pa3Hble BUIBI SHEPrUUM MOKHO COIOCTaBUTh
pa3HbIM BaJIIoTaM. JTa aHAJIOTWs y100HAa U JJI NOHUMAaHHUS 3aKOHA COXPAaHEHUs SHEPTUH.

*hhkkkhkhkkkhkhkhkkhhkhkkhkhhkkhhhkkhkhhkkhhhkhhhkhhhkhhkhkhkkhhkhkihhkhkkhhkhkhhhkkihhkkihhkkihhkkhhhkkhhhkkhihkkhiikkiik

§6.3aK0H coOXpaHeHN MeXAHUYECKOH YHEePIriMm.

CBeileM BOEIMHO TONydEHHBIE pe3yabTaThl. Paccmorpum cuctemy u3 N wacrumn,

BSaI/IMOJIeI\/'ICTBYIOHH/IX Apyr € ApyroMm cujiiaMu, MOJIYJIb KOTOPBIX 3aBUCHUT TOJIBKO OT PACCTOSAHHA

—

MCXKIY YaCTUllaMU. Taxxe ecTh CIIC U BHCITHUE CHUJIbI — KOHCECPBATUBHAA Fi

) = dA*gnemH, HIIN dE = dA*gHeu,m, rac E :T +U63 + U

N HCKOHCCPBATHBHAA

F". Torna d(T +U,_ +U

BHEULH B8HEULH

IMOJIHAA MEXaHUYCCKaA SOHEPIUusd CUCTCMBI.

*
3a koHeuHoe Bpems nonyanm: E, —E = A, - usmenenne sneprum paBHo paGoTe BHELIHMX

HEKOHCEPBATHUBHBIX CHUII.

Ecou HCKOHCCPBATUBHBIX CUJI HET, TO SHECPTHUA OCTACTCA HEU3MEHHOM. DTO 3aKOH COXpaHCHHUA
MEXaHUYeCKOH OHEPruu: IOJHaAsI MEXaHHMYECKas SHEPrusd CHUCTEMBI TCJI, HA KOTOPLIC HeﬁCTByIOT
TOJIBKO KOHCECPBATHBHEBIC CHJIbI, OCTACTCHA ITOCTOSTHHOM.

§7. 3aKoH coXpaHeHNsI MOMEHTA MMIIVJILCA.

rnl\_'il - Iflz + Ifl (1)

myv, =F,, +F (2)

VmuoxuM (1) cnesa Bektopo Ha I;, a (2) —nHa I,:

rrllflxvlzflxlflz+flxlfl (3)
M5, xV, =0, xFy + T, xF, (4)
L - d
Hoxaxewm, uto I xV = — (I x V)
dt
d, _ _,dar _ _dv _ _ . .
—(rXV):—XV-l-rX—:VXV+r><V:rXV,‘{TOI/ITpe6OBaJ'IOCL,£[OKa3aTL.
dt dt dt
d . _ = R
mla(rlx )=0xF,+hxF (5
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d . .
mza(rzxvz):rzxF21+r2><F2 (6)

—

Cnoxum (5) u (6), yurs, 410 lflz =—-F,;:

d,. . _ N e L = = _ _
dt(rlxpl"'rzxpz):(rl_rz)xF12+r1XF1+r2XF’ roe P; =MmyV;. ™)
%/—J
-0

— —
—

Ecin cucrema 3amkuyta, o ectb F =F, =0, 10 I, X P, + T, x P, = const .

Jlns  oTnenbHON wactuubl HazoBeMm rmcesaoBektop M =T x P=TxMV momentom

HUMITYJIbCa YaCTHUILIbI OTHOCUTCIIBHO TOYKH 0.

MomeHTOM UMITYJIbCa CUCTEMBI OTHOCHUTCIIBHO TOYKHU O mHaswIBaeTcA BCKTOpHad CyMMa

- N N
MOMCHTOB MMITYJIBCOB OTACJIBHBIX YaCTUL, BXOAAIINUX B CUCTEMY M = Z Mi = Z . X pi .
i=1 i=1

=l

—

[Mpoexuus M ma oce Z, mpoxomsmyro uepes Touky O, Ha3bIBA€TCA MOMEHTOM HMMITYJIbCA

OTHOCHTEJILHO 3TOM OCH. 0 [=r sina.
N
Mz:[rxp]z’ MZZZ[rixpi]z
i=1
Moynb BeKTopa MOMEHTa uMnysbsca pasen M = rpsin a=I- p, m
N\
\
rie | — nmnmedo wummymsca oTHOcHTensHO Toukm O, T.e. IMHA }-)-\

MEepIEeHANKYISIpa, OMYIIEHHOro U3 Toukn O Ha OpsSMYI0, BIO0JIb KOTOPOM
HanpaBJIeH UMIYJIbC YACTUIIBI.
MOMEHT CHJIBI
[IceBmoBekTOp N =T x |E HA3bIBACTCSI MOMEHTOM CHJIBI OTHOCHUTENbHO TOoukun O (u3
koTtopoit ucxomut I ). Ero Mmomyns pasen N =IF , rme | — mieuo cumbr otHOCHTENBHO TOUKH O.
Cunbl  B3aumogenictBuss Mexnay dvactuuamu 1o Il 3akony HelootoHa paBHBl U

IIPOTHUBOIIOJIOKHO HaIIpaBJICHBI BJIOJb OJTHOM HpHMOﬁ. Nx MoOMEeHTHI paBHBI 110 BCIWMYUHEC H

IIPOTHUBOIIOJIOKHBI 110 HaIIPpaBJICHUIO. HOBTOMy CyMMa MOMCHTOB BCCX BHYTPCHHHX CHJI pPaBHa

HYJIIO: Z Newmp =0.

Torga monyueHHoe paHee ypaBHeHHE (*) MOKHO MepenucaTh Tak:

dM -
2SN |
dt Z 8Hew
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TO CCTb IPOU3BOJHAA IO BPCMCHU OT CyMMApPHOI'O0O MOMCHTA HUMITYJIbCa CUCTCMblI paBHA CyMMC

MOMEHTOB BHEIIHHUX CHJI. DTO COOTHOIICHHWE MOKHO PAaCIpOCTPAHUTh HA JII0OOE YHCIO YACTHIL.

do —
OTMETHM CXOXKECTh 3TOTO 3aKkoHa ¢ II 3.H.: d_Ft) = Z Fi .

dM

B 3amknytoii cucteme —— =0, T.e. MOMEHT MMIIyJIbca 3aMKHYTOM CHCTEMBI TEJI OCTAETCS

HEU3MEHHBIM — 3aKOH COXPaHEHUsI MOMEHTAa UMITYJIbCA.
*hhkkkhkhkkkhkhkhkkhhkhkkhhhkkhkhhkkhkhhkhhhkhhhkhhhkhkhhkhkkhhkhkihhkhkkihhkhkkihhhkihhkkihhkkihhkkihhkkhkhhkkhhihkkhihkiiikkh
IIpumeuyanue. OTMETHM 4YacTHBIM CiIydyall JBYX paBHBIX -

MIPOTUBOIIOJIOKHO HAIIPABIECHHBIX CHJI, HE JIEKAIUX Ha OJHOMN

npsiMoi. DTa cucremMa HasbiBaeTcsd «mapa cuim». CyMmMMapHbIT

MOMEHT Iapbl CHJI PABEH

. . .
N=fxFK+,xF,=(—-F)xF,=0,xF, - sro0 E
BBIpa>KeHI/Ie HEC 3aBHUCUT OT TOUYKH O, TO €CThb MOMCHT HapBI CHUJI OOAUH

U TOT € OTHOCHUTENILHO 0001 Touku. OH NMepneHIUuKYISIpeH INIOCKOCTH, B KOTOPOH JIeXKAaT CHUJIBL,

¥ PaBeH MPOM3BEIEHUIO MOJYIsA CHIBI Ha IUiedo mapbl | (paccTosHue MeskIy MpSMBIME, BIOIb
KOTOPBIX JICHCTBYIOT CHJIBI): N =r,F,sina=F,

I'naBa 4. HenmnepuuaJjJbHbIe CHCTEMBI 0TCUYETA.

§1. Cuibl nHEpUHH.

3akonsl Hprotona BeimonHstoTess Toibko B HMCO. Ecnu Teno umeer yckopenwe W

oTHocutenbHO oaHoM MCO, TO Takoe k€ yCKOpEHHE OHO MMEET M OTHOCHUTEIBHO JIF00OU Apyrou
NCO. Jlobas HeuHepuHMalbHAs CHUCTEMa OTCUYETA JBIKETCS OTHOCUTEIIbHO HWHEPLHATIBHOU C
KaKHUM-TO yckopeHueM. Ilostomy yckopeHue oTHOocUTeNnbHO HeuHepuuanbHoi CO W' He paBHO

yckopeHuto W otHocutenbHo MCO. HaiineM cBs3b MEXIy HUMHU.

clenyer. V= \70 +\7', rie Vu

W3 obmero 3akona cnoxenus ckopocreir V, =V, +V

—

V' - ckopoctu Tena otHocutensno MCO u nelICO, a \70 - ckopoctb HeHICO otHOcuTensHO MCO.

o =
bepss mpou3BOgHYIO MO BpEMEHH, MOJIYYUM COOTHOUIEHWE aisi yckopenuid: W =W+a. [ns
nocrynareabHoro apmkenus HeMCO BekTop @ OJMHAKOB IS BCEX TOYEK IIPOCTPAHCTBA

(d=const) u mnpencraBaser coboif yckopenue HemHepumanbHoi CO. Jlns Bpamaromieiics
HenHepiuanbaoit CO @ B pasHBIX Toukax 6yser pasubim, T.e. a(F)3aBucur ot T .

PaCCMOTpI/IM MOCTYMNATCIIbHO JABWXKYHIYIOCA CUCTCMY. HYCTB pE3yIbTHUpPYIOIIast BCCX CHII,

—

JEUCTBYIOLIMX Ha TEJIO, PaBHA F, torga mo II 3.H. W=

,a W=W—-a=——a,rme a -

3| T

F o B,
m

26



yckopenue HeuHepuuaiabHo CO. 3HauuT, Aaxe MpU F=0 s HeuHepuuainbHo CO Teno
NBIKETCA ¢ yckopenneM W'=—d8, T.e. Tak, Kak ecju Obl Ha HEro JeHCTBOBaIa CHUJIa, PaBHas
— Ma. 3Ha4uT, pU ONMCAHUU JBHKEHHUS B HeMHepHaabHOi CO MOKHO MOJIb30BaThCs 3aKOHAMH
HbroToHa, eciy K cucTeMe Cuil, JEUCTBYIOIUX HA KaKI0€ TeJo, H00aBUTh TaK HA3BIBAEMYIO CHUITY
HHCPLUUH, PABHYIO HNPOU3IBCACHHIO MACCBI 3TOro TCjIa Ha B3ATOC C IMPOTHBOIIOJIOXHBIM 3HAKOM

YCKOPCHUE CUCTCMBI OTCYCTA, B KOTOpOfI HaxXoaATCs TCia.

W= F 4 B,y 506 By =
79 PaccmorpuM, Hampumep, IMIApUK HAa HUTH, HaXOJSIIMKCS Ha
- ZI‘ nnaropme, IBHKyIekcs ¢ yckopenmeM a. B MCO mapux
Il'l'll —" — = — =
> JBUKETCS ¢ yCKOpeHueM a, T.e. | + Mg = Ma. B neunepunanbHON
e CO, cBsi3aHHOM ¢ MIAaTGOPMOM, MAPUK MOKOUTCS, HO HAZ0 J0OAaBHUTH
CUJ1y HMHEPLUU ﬁwepwu =—ma, noxydum f + mg + |EMH =0, re.
T+ mg —ma = 0, npurm k Tomy ke.
HpuMmeyanus.

a) B mpuHIUIe, MoxxkHo Tiepeiiti B UCO u pemath B HEW, HO MHOTJA BHITOJHEE U JIOTUYHEE
ocTaBaThcs B HemHepuuranbHoil CO.

0) cuia WHEpUHMH MNPOTNOPIHMOHAIbHA Macce, MO3TOMY OHAa AHAJOTUYHA CHIIE TATOTEHUS.
Hanpumep, nycth TATOTEHHUS HET, @ Mbl HAXOUMCS B 3aKpbITOM JI(TE, KOTOPBIA ABIKETCS BBEPX
C YyCKOpeHHeM, Moyilb KoToporo paBeH (. Toraa Bce Tena BHyTpu nudra OyayT BecTu cedsl Tak,
Kak ecyii Obl Ha HMX JIeficTBOBaja CUJIa MHEPLMHU, 110 MOAYIIO paBHas M{ 1 HanpaBieHHas BHU3,
T.e. MJ . Te e sBIECHUS MBI HAOTIOAAIM Obl IPU HAXOKIEHUHM Y MOBEPXHOCTH 3€MIIM, TJIE CHJIA
TsokecTH paBHa MQ . Hukakve ONBITHI HE MO3BOJSIOT PasiHYMTh OTH JBE CHTyald. MOXHO
TOBOPUTh 00 SKBUBAJICHTHOCTH CHJI HMHEPIUH U TATOTEHUSA. DTO MNPUHIUI SKBUBAJICHTHOCTH,
KOTOPBIH JIS)KUT B OCHOBE OOIIIeH TEOPUU OTHOCUTEILHOCTH DUHIITEeHHA.

2. llenTpoOekHAS CHJIA HHEPUMH.
z PaccmotpuM nuck, Bpamaromuics BOKPYr MEePHIEHIUKYISIPHON
w K HEMY OCH Z C YIJIOBOM CKOPOCThIO (. BMecte ¢ HUM Bpariaercs

HAJIeThIl Ha CHOUIy MIApUK, COEJUHEHHBIH C IIEHTPOM JHCKa

= npyxuHou. Illapuk 3aliMeT Takoe MOJOXKEHHE, IPU KOTOPOM
X e
(0 = — 2 ﬁ 5
anyofc =MW, pocmpe = —M@ K. OTHOCHTEIBHO ~BpaIlAKOLIEHCs

—

CO mapuk MOKOUTCSA. DTO MOXHO (OpMabHO OOBSCHUTH TE€M, YTO Ha LIAPUK, KpOMeE anymc,
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—

N 2B o o
neiicteyer cuna muepmmu F ;= M@°R. Ee naswiBator nentpobesxnolt cuioit unepuuu. Ona
JecTByeT Ha Teno Bo Bpawatomieiics CO, He3aBUCHMO OT TOro, MOKOUTCs Teyo B 3tol CO umm

wil = (v ()
JIBUKETCA CO CKOPOCTBIO V. Fu6' ATO YaCTHBIA CIly4all CHJIBI WHEPUMU U3 TPEABIIYIIETO

naparpada.
PaccmoTpum o6bemMHOE Teno. Jlokaxem, 94To ISt JTIFOO0H ero TOYKH
— — =1 —
cnpaBeirBa (opMmyna Fu6 =M@ x['x@]. O6o3HauuM BbIpaxkeHHe B

—

KBaJPAaTHBIX CKOOKax uwepes D . Torma ‘5‘=0)I"Sina=a)R, a

F,; =|m@xb| = me- @Rsin90° = ma’R.

-l
b=
Tonuepkuewm, uto F, ;- cuna unepumm, T.e. nefictByer T0BKO B HeMHepumanbHoi CO.

HpI/I pEeIICHUN 3a1a4 O ABUKCHHUU TCJI OTHOCHUTCIIBHO 3eMHOH MMOBEPXHOCTHU HAO YUUTHIBATH

—

Fu 5> TaK Kak 3emiist — HeumHepruanbHas CO u3-3a CBOEro BpallleHHs.

ITycte @ - mmpora.

Torza ‘Ifué‘ = mw’R, COS,

— —

mg=F, . +F,

sorcecmu Y
2
27T\, 2-3.14 6.5.10°
= 2 (55)°R, €050 | gapnn | 0-0-107COsp
w _ Mo R, cosp _ T _ 186400 ~0.003 - OS¢
mg mg g 10

VYuyer Bpamenus 3emun gaet nonpasky B 0,3%. OTMeTuM, 4TO JIMHUS OTBECA HE HANIPABIICHA K
HeHTpy 3emiu!

§3. Cuya KopuoJuca.

Mpl YK€ I'OBOPpWJIA O 3aKOHC COXPAaHCHUA MOMCHTA UMITYJIbCA. W3 Hero Hen30OeKHO cJlIeayer
CYIIECTBOBAHUEC CHIC OJHOI0 BHUIAa CHII HHCPHHUH. PaCCMOTpI/IM Iopumep ¢ (bl/IprI/ICTOM,
BpallaromuMcs 110 4acoBOM CTPCJIKC BOKPYT CBOeEI ocH ¢ MMPUKATBIMU K TCIIY pYKaMH. HepefmeM B
CUCTCMY KOOpJAHWHAT, BPAIIAOIIYIOCSA BMCCTC C (1)I/Il"ypI/ICTOM. B 51011 cucteMe OH HOKOHUTCS. Tenepb
(I)I/IrypI/ICT BBITATHUBACT PYKU B CTOPOHBI. N3 3akoHa COXpaHCHHUA MOMCHTA MMITYJIbCa CJICAYET, YTO
CKOPOCTHh Bpalll€HUA NOJKHA YMCHBIIWUTBHCA. 9710 3HA4YUT, 4TO B paCCManHBaeMOﬁ Bpama}omeﬁcsl
CUCTEMC (I)I/IprI/ICT HAaYHET BpallaTbCiad MIPOTUB 4acoBOH CTPCJIKH, T.C. BO3HUKHYT CHIJIBI,
34CTaBJIAIOIIHEC €T0 BpalllaThCA. OTO U €CTh CHIIBI HWHCPUHH, HA3BIBACMBIC CUJIaMU KOpI/IOJ'II/Ica.

Cuna KOpI/IOJ'II/ICB. BO3HHUKACT NpPHU ABUKCHUU TOYKU OTHOCUTCIIBHO Bpamalomeﬁcsi CO. Ee

MOKHO O6Hapy)KI/ITB Ha CJIICAYIOIICM ITpHUMEpeE.
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Bo3pMeM ropr30HTaIBbHO PACIIOIOKEHHBIN JIHUCK, BPALAIOIIMKICI BOKPYT BEPTUKAIbHON OCH.
3amyctum Baosb paauyca OA ot O k A mapuk co ckopoctsio V' . Ecim 6b1 IUCK HE Bpamiaics, To
mrapuk nokaruics Osl o npsimoit OA. Ecnu ke quck Bpamaercst 1o
CTpeEJKe, TO IIApUK MOKAaTUTCA 1o kpuBod OB, T.e. mapuk Bener ceds
TaK, KaK OyJTO Ha HEro JeHCTBYET CHla lfk 1V,

UroObl 3acTaBUTh IIApHK KaTtuThCs 1o OA, HYXHO chenaTh

Hanpasisomyto OA. [Ipu nBukeHUH 11apuKa OHa JIEHCTBYET Ha HETo

—

¢ Hekotopoii cuioii F, . Torna otHocurensHo Bpawaomeiics CO MWapUK JBIKETCS ¢ IOCTOSHHOM

— — —

CKOPOCTBI0. DTO MOXKHO OOBSCHUTB TeM, uto cwila . ypaBHoBeumBaercst cunoit naepunn F . F

" €CTbh KOPUOJIMCOBA CHUJIA.

—

PaccmoTpuMm ermmie oHO MOKa3aTENbCTBO CYIIECTBOBAHUS Fk. Ecnu mapuk nBmwxercs oT

LIEHTPa, TO, YTOOBI OH JIBUTajcCsl pABHOMEPHO M MPSIMOJMHENHO OTHOCUTEIBHO Bpauiatomieiics CO,

€ro CKOPOCTh AOJIKHA YBEJIIMYUBATLCA, T.C. HGO6XOHI/IMa YCKOpdomasa cuia.

—

Haiinem Boipaxenne F, mns wactHoro ciywast, xorna
4acTULA JIBUJKETCS B IUIOCKOCTH BpALICHUsS MO OKPYKHOCTHU C
neHTpom B Touke O. IlycTh CKOpOCTh OTHOCHUTEIIBHO

ppamatomeiici CO pasma V' . Torma ortHocuTensHo HCO

—

1 v
V=V'+ @R . 3naunt, Ha Hee mO/DKHA AelicTBOBaTH cwiaa F |

HaIpaBJIeHHAs K HEHTPY (HampUMep, CUJia HATSHXKEHUS! HUTH), paBHAs

2 12
F=" T omve+me®R
R R

o '
OTHOCUTEIIBLHO Bpallaromeucs CO qacTula JAIBHIKCTCA CO CKOPOCTBIO \" , T.C. HMCCT

V|2

HaIIpaBJIeHHOE K LIEHTpy yckopenue W'=—=——2V'@ — @°R. 3HA4YnT, YacTUIla BEIET ceos
m

Tak, Kak OyITO Ha Hee JIEHCTBYIOT JBE CUJIbI, HAllpaBJCHHbIE OT LieHTpa: 1) Fu6 = ma)ZR u 2)
F.=2mv'o.

B BexTopHOM BHze crity Koprosmca MOXHO 3anucaTh Tak: lfk =2MV'X@.

OTMeTI/IM, qTo Fuﬁ HC 3aBUCHUT OT \7, .

v !
Ecorm V HampaBleHa B IIPOTUBONOJOXHYK  CcTopoHy, T0 V=V —@R,

mv'2 1 2 = =1 =
F = ? —2MmV'® + Mo R u Mbl cHOBa NOTYdIUM Fk = 2MV'X@. Mo*HO NOKa3aTk, 4TO HpH
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— il
MIPOU3BOJILHOM JIBI)KEHUHM YaCTHUIBl OTHOCUTENbHO Bpamiaromieiics CO (mmobast V') yckopeHwue
. T Y 1
YaCTHIIEI OTHOCHTENLHO HenoasuxkHoi MCO paBao W= W+2@0 X V'—0°R..

Bo spamatomeiics CO II-it 3.H. umeer Bux MW = MW+ 2MV'x@ + Mw’R, B nokosmeiics

—

MW = F . 3uauur, npu nepexone Bo Bpamaroniyiocs CO Hamxo y4uThIBATH LEHTPOOEKHYIO CHITY

—

unepuun F ;= MR , a raoke KopHOTHCOBY Cruly HHepian F, = 2MV'X@ .

—

MBI xuBeM Bo Bpawatomeiics CO — Ha 3emute. [Toatomy F, HeoGxoaumo yuutsiBars.

—

1) TIpu cBOGOHOM NaJeHNM Tel Ha HUX jeiicTByer b, HanpasnenHas

—
Ha BOCTOK. c‘u
2) Ilpu BbICTpene BIOJb MEpUIMaHA Ha CEBEP i
J'IeTSIHII/Iﬁ CHapsaa 6y21€T OTKJIOHATBHCS B

CEBEPHOM TOJTYIIAPUH K BOCTOKY, a B FO)KHOM —

K 3amajiy.

3) Ha Teno, nBwxymieecs BIOJb MEpPHUINAHA,

BCerja  JIGHCTBYeT CHJIa: B CEBEPHOM

MOJIyIIapuH BIIpaBO, a B I0KHOM — BieBo. [loaTomy B ceBepHOM
MOJIyILIAPUH Y PEK BCerja MOAMBIT IpaBblii Oeper, a B I0’)KHOM — JIEBBII. DTHUM e O0ObsICHIETCS U
Pa3IMYHBIN U3HOC PETIHCOB.

4) Tlpu cTpens0e BIOJH KBATOPa Ha 3araji CHaps OydeT MPHXUMaThCs K 3emiie, a Ha BOCTOK —
OTTaJIKUBATHCS OT HEe.

5) Cuna Kopuwonuca mnposBIseTcss NpH KadyaHUM MasTHUKOB. Bo Bpamaromeiica CO
II0BOPAYMBAETCS IUIOCKOCTh Kauauus (mon nmeiicrBuem cuisl ), a B moxosiuelics miockocts

KauaHUs OCTaeTcsi IOCTOSIHHOM, a IOBOpauMBaeTcs 3emiid. JTa KOHCTPYKLMs Ha3blBacTCA
MasTHUKOM DyKo.

I'1aBa 5. MexaHuKa TBepAOro TeJaa.

§1. /IBMkeHue TBEPAOro Teja.

CYH_ICCTByIOT JABa OCHOBHBIX BHJAa JIBWXCHHA TBCPAOIr0 TEJla — IIOCTYNATCIBHOC U
BpallaTeJIbHOC. HpI/I MOCTYNATCIIbHOM BCC TOYKU TCJIa B JIaHHBIIT MOMEHT ABWIKYTCA OAHWHAKOBO,
T.C. Y HHUX OIHWHAKOBBIC \7 )51 V_V I[OCTaTO‘{HO ONMcaTh ABMKEHHE OJHOU YacCTHUllbl, YTOOBI
0XapaKTepUu30BaTb MAOBUKCHHUC BCETO TCJaA. HpI/I BpalllaTCJIIbHOM BCE€ TOYKH [ABWIKYTCA 110
OKPY)XHOCTAM, HCHTPBI KOTOPBLIX HAXOIATCA Ha OJIHOHl ocu BpalICHU. I[J'I}I OIMMCaHusA TaKOro
ABHUIKCHUA JOCTATOYHO 3aaTh OCh BpAalllCHUA U YTJIOBYIO CKOPOCTH B KaXXIbpIii MOMEHT BpCMCHU.

IIpu3HaK MOCTYNATEAbHOIO ABUKCHUS: mr00as IpsgaMas B TCJIC OCTACTCA HapaHHCHLHOﬁ camMoi

ceOe.
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OKa3BIBaeTC5I, m000e ABWKCHUC TBECPAOIO TCIa MOKHO IPCACTABUTH KaK HAJIOXCHUC

MOCTYNATENILHOTO (BMECTe C MpOM3BOJIBHOW TO4YKOM ) M BpamaTtelibHOrO - BOKPYT OCH,

— —

npoxommei wepes O. Torna nepememenue moGoi toukn paswo dS =dS,  +dS_ . Tpu

nocm

srom 0S  1yist Beex Touek 0O U TO Ke.

Takoe pa3zOueHne MOKHO BBINIOJHUTH OECKOHEUHBIM YHUCIOM Croco0oB (¢ pasabmvMu O), HO

YroJl IOBOPOTa (P OyleT BCEraa OJUH U TOT K€, OTKyJa CIEAYET, YTO YIrioBas CKOPOCTh (PUIYphI

—

He 3aBucHT OT BhIGOPa Toukn O. Mpu pazmmarex O dS,, u dS_ Beerna pasusre. Jlens va dt,
nosyuum V =V, + Vgpam, npuieM V, y BCEX TOYCK TeJla OJJMHAKOBA.

Msr Gynem paccmarpuBath TOJIBKO miiockoe nBMKEHHME TBEPAOrO Tela, T.. TaKoe, Mpu
KOTOPOM BC€ TOYKH Tejla JBUXKYTCS B IUIOCKOCTSIX, MapajuleIbHbIX HEKOTOPOW (PUKCHpPOBAHHOM
IIJIOCKOCTH. I/IzyquI/Ie TaKOTr0 JABHMXXCHHUA CBOAUTCA K M3YUCHHUIO JBUIKCHHUA TIIOCKOM (I)I/Il"ypbl B €€
IIJIOCKOCTH.

Takum oOpa3om, MIOCKOE JBUKEHHUE Tea OTHOCUTEIbHO HeKOTOopoil CO MOXKHO NMpeACTaBUTh

Kak Bpalle€HUE C YIJIOBOM CKOPOCTBIO @ OTHOCUTEIBHO HENMOJBMXHOU ocu B CO, ABWKymiencs
NOCTYNATENbHO OTHOCHTENBHO uexoaHoi CO. Cxkopocts mo6oii Toukn M pasaa V=V, + @ x T,

rae I - paguyc-BeKTOp TOUYKH M.

OneMeHTapHOe (OECKOHEUHO-MAJIOE) TepeMeleHne TBEpAOro Tena mpu rmiockoM (1)
JBVDKCHUHM BCET/Ia MOXHO TIPEJICTAaBUTh KaK IMOBOPOT BOKPYI HEKOTOPOW MTHOBEHHOW OCH
BpaleHus. JTa OCh MOXKET JIS)KaTh KaKk BHYTPH Tela, TaKk W BHE ero. Ee monokenue, B o0mem
cllyyae, MEHseTCsl co BpeMeHeM. Hanpumep, kaTsmuiicss nuianHap. MrHOBeHHas: OCh BpallCHUS —
JVHHAS CONMPHUKOCHOBEHHS IMIIMHApPA C IUIOCKOCThIO. OHa TmiepeMeInaeTcss Kak OTHOCHUTEIBHO
WIKHIPA, TaK U OTHOCHUTEIBHO IUIOCKOCTH. CKOPOCTH BCEX TOYEK B JAHHBI MOMEHT MOXHO
CUMTaTh OOYCIIOBJICHHBIMHU BpAIICHUEM BOKPYr MTHOBEHHOW ocH. [lnockoe NBWKEHUE TBEPIOro
Tela MOXXHO paccMaTpvBaTh KaK psiJi BPAlllCHUH BOKPYT MTIHOBEHHbBIX oceil. [Ipu Heriockom

BpalllCHUHU 3JIEMCHTAPHOC MICPEMCIUICHUC TBCPAOr'0 TClIa MOXHO IMPEACTABUTL KaK IIOBOPOT BOKPYT
MTHOBEHHOH OCH BpallCHusl, TOJIBKO €CJIN \70 J_a) Ecimu »st0 He TaK, TO IOBM)XXCHHEC CCTb

HaJIOKEHUE BPALICHUS BOKPYT HEKOTOPOl MTHOBEHHON OCHM Ha MOCTYNATEIbHOE BUKEHHE BJIOJIb
Hee.

PaccmoTpuM crnenyromyto 3agady.

Hlap pagnyca R HaunHaeT KaTuThCs 03 CKOJBKEHHS MO TOPU3OHTAIBHOM IIOCKOCTH TaK,
YTO €ro LEHTP ABMXKETCA C MOCTOSIHHBIM yckopeHrueM W. HaliTu CKOpoCTH M yCKOpEHUs TOYeK A,

B, C B MoMmeHT Bpemenu 1.
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IIpeacraBuM  JIBHJKEHHME IIapa Kak CyMMY =%
7 B % \/EPB
[OCTynareJpHoro  BMecte ¢  Toukod O u
BpamaTeabHOro BOKpyr Hee. Torma ckopocTs 000
TOukd M MOKeT OBbITh 3alliCcaHa KaKk BEKTOpPHas cymMMa

ckopoctd TOYKM O M CKOPOCTH BpAILCHHs] BOKPYT HeEe:

M = \70 +\76p.M . (*)

<l

Ha pucyHke noka3aHsl COCTaBIISIFOIIUE CKOPOCTEH

BCEX  AHANM3UPYEMBIX  TOYeK.  Buaum, 41O

Va=Vo = Vya- Ho Ipu OTCYTCTBUU

IIPOCKab3bIBaHusl V, pPaBHSCTCS HyIHO, OTKyxa moiydaem V. , =V,. Bce ocrambHble TOYKH

ep.A

BpAILIAIOTCS C TAKOW K€ MO MOJIYJII0 CKOPOCTBIO V@p =Vy. [lostomy  V, =V, +V3p = 2VO,

2 2
Ve = V5 +V2 =Vo2.

o %k A\ =
Jnst yckopenuit mveem aHanormdyHoe (*) coorHomrenne Wy =Wy +W, . Bexrop W,

Bcerga ropusonTaneH, a W, . WMEET M BEPTHKAIBHYIO COCTABISIOLIYIO, BOSHMKAIONULYIO W3
y 2 2 2
npoekumii  HopmaneHoro (W, =V, /R=V5/R=(Wt)"/R) wm  ranrenmmansuoro

(W, =V,, =V, =W) yckopenHii:

W, =W, —W =w-w=0, W,, =W, =wWt*/R, w, =w =Ww+t*/R

Wy, =Wy + W, =2W, Wp, =-W, =-Wt*/R, W, = /AW + (W22 [ R)>?

Wo =W —W, =W—W12/R, Wy =—W =—W, W, =~/(W—W1t>/R)?+W’

y

CymiecTByeT U Opyrod MOJE3HbIM moaxon. B kaxaplii MOMEHT Teno 0e3 MOCTyHnaTelbHOTO
JIBUKCHHS BpAIllaeTCsl BOKPYT HEKOTOPOW OCH, Ha3bIBA€MOW MIHOBEHHOU OCbhlO BpaieHus. Takas
OCh BpallIeHUS JO0JDKHA B IaHHBIM MOMEHT MOKOWUTHCSA, T.€. B HAIIIEM CIy4ae 3TO OCh, MPOXOIAIIas
yepe3 TOuKy A (NMEepHeHIUKYISIPHO TJIOCKOCTH JABMKEHUs). Bce Touku Tena B JaHHBIA MOMEHT

BpAILIAOTCS. BOKPYT 3TOW OCH C OJHOM M TOH K€ YIJIOBOM CKOpoCThio . Touka O Haxomutcs OT

ocu Ha paccrosuud R, mostomy Vo = @R, oTkyna Haxoaum a)=Vo/ R. Torma mpuzem x

V, =w-2R=2v,, V. =w- RV2 = A \/E, YTO COBIAAET C MOJYYEHHBIM PaHEe.

OTOT noaxonq yI[06CH TAKKE TCM, YTO MO3BOJIACT JICTKO OMNPCACIUTH HAIIPABIICHUC CKOPOCTU

mo6oi Touku, Hanpumep D. OHO mepneHAMKYISpHO paauycy, NMPOBEIECHHOMY M3 TOUkd A. A

32



MOJYJIb 3TOM CKOPOCTH PaBEH MPOU3BEICHUIO YIJIOBOW CKOPOCTH HA PACCTOSIHUE OT TOYKU A, T.€.
Vp =w-2Rcosa =2v, cosa .

Cnoxnee 1e10 0OCTOMT C BBIYHCICHHEM IO 3TOMY MeToay yckopeHuid. Kaszamoch Obl, Bce
TOYKM BpALIAIOTCS BOKPYT TOYKM A, HO3TOMY IIOJHOE YCKOPEHHE PABHO KOPHIO M3 CYMMBI
KBa/IpaTOB TaHI'€HIMAJIBLHOTO U HOpMAJIbHOTO yckopeHuil. OngHako 310 He Tak! Tak Mbl Haljaem

YCKOpPEHHE OTHOCHUTEIBLHO CHUCTEMbI OTCYETA, CBSI3aHHOM ¢ Toukod A. Ho He0oOX0oAuMMO yduTHIBATH

Takke yCKOpeHne 3ol cuctempl, T.e. Toukn A: Wy =W, +W, . A W, MBI MoxeM HaiiTy,

. 242 o
TOJIBKO HCIOJIB3Ys Mpeasayuii meroq: W, = Wt / R . 3nas ero, MbI lerko Mo>keM Ha#TH 1 Bce

OCTaJIbHbIE YCKOPEHMUSI:

W, =W, =f8-2R=w-2R=2v, =2w,
Wy, =W, — Wy, =Wt /R-vg /2R =w*t*/R—(2wt)* /2R =-w’t* /R

W, =W, COS7z/4—W,, coszr/4=(@-R2 —w’R/2)cosz /4=
= (WN2 —WtV2/R)W2/2=w—-w*t? /R

W, =W, — W, COS7z/4— W, cosz/4=wt>/R—(Wv2 +Wt*V2/R)V2/2=-w
MBI IPULIIA K TEM K€ Pe3y/IbTaTaM, YTo M PaHbIIIE.
2. JIBMKeHH e e HTPa Mace CHTPA UHC ).
Pa30uB Teino Ha SJICMEHTAPHBIC MACChI, MOKHO IMMPEACTABUTD €0 KaKk CUCTEMY MaTCpHUaIbHBIX
TOYCK, B3AaMMHOC PACIOJOXKEHUEC KOTOPBIX OCTACTCA HECHU3MCHHBIM. JIro6ast U3 PTHUX TOYEK MOKET

HaxXoOUTHCA IIOJ BOB,I[CfICTBHGM KaK BHYTPCHHHUX, 06YCJ'IOBJ'ICHHI>IX BSaHMOHCﬁCTBHGM C IpyrumMu

TOYKaMH Tejla, TaK U BHEUTHUX CHUJI, HAIpUMep, mig’ . Torpma mns kaxnaoi Toyku ¢ mMaccor M,

!

—

BeimosiHeH 3akon Hetorona MW = f. +F, rne f,,F

. - PaBHOJEICTBYIOIIME BHYTPEHHHUX HU

BHCIITHUX CHJI. HpOCYMMI/IpOBaB 110 BCEM i, MOJIy9YuM
>mw =3 f+3F.
1 ] ]

Ho mo III 3.H. Zl?l =0, nosromy ZmiWi =Z|Ei - pe3ynbTHpyrOIlas BCEX CHIL,
i i i

ﬂeﬁCTBYIOMHX Ha TCJI0. CYMMy zmiWi MOKHO 3aMCHUTHL Ha HPOU3IBCACHHUC MACCHI TEJIa HaA
i

yckopenue menrpa macc W .

[Tokaxem 310. Panmnyc—BeKTOp LIEHTpa Macc ONpEeNsIeTcs Tak: z M.I; = MI; . B3ss asax sl
i

TIPOU3BOIHYIO 1O BpeMeHHU oT obeux uacteii, momyaum MW, = > MW => F.
i i
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LlenTp Macc Telra Bcerja ABHKETCS TaK, KaK JBHTralach ObI MaTepualibHas TOYKa ¢ MAaccou

Tena 1oJi ASWCTBHUEM BCEX MPWIOXKEHHBIX K Teday cuia. Ecim ABMIXCHHUC TECJIa MOCTYIATCIIBHOC, TO

BCC TOYKHU TCJIa ABUKYTCS TaK XKEC.

§3. Bpainenue Tejia BOKPVI HemOABHKHON OCH.

PaccmoTpum TBEepao€ TENI0, KOTOPOE MOKET BPallaThCsl BOKPYT HEMOABUKHOW BEPTUKAIBHOU
ocu. UToOBI yaepxkaTh OCh OT MEPEMEIICHUM, 3aKITFOYUM €€ B MOAMUITHUKA. HrokHU Qranern He
AT OCH JBUTAThCA MO BepTUKaid. Bo3pMem Ha ocu Touky O u OyaemM XapakTepu30BaTh

IMOJIOKCHUA TOUCK pagnyC-BEKTOpaMH, ITPOBCACHHBIMUA U3 HEC.

dM =
Panee 6bIJI0 MOKA3aHO, YTO at => N, 0 *)

rac M - CYMMapHBII\/JI MOMCHT UMITYJIbCA, N - MOMCHTbBI CHIJI.

MoMeHT  mMIynbca — dJ€MEHTapHOM  maccel M, paseH

—

M, =F xmV, =mF, xV,. Jns Becex wuactun [, LV,; nosromy
M. =m.rv, = mr.@R. . Tlpoektupys Ha 0Ch BpalIeHHUS, TTONYIUM
M =M, cose; =mr R cosa, =mR’w,

(uHAeKC Z y @ ans obmHOCcTH). [IpocyMMupyeM 1o BeeM |

I\/lz:Z:NIzi :a)zzmiRiZ (**)

_ 2 .
Bemyunna | = Z M. R, pauas cymme npousBeseHuit 97IeMEHTAPHBIX MAcC Ha KBAPaThl HX
paccTossHUN OT HEKOTOPOIl OCH, HA3bIBAETCSI MOMEHTOM HHEPLMU OTHOCUTENBHO ATON ocu. Toraa

M, = lw,. Otmerum ananoruio ¢ cootHomenneM P, = MV, B MOCTYNATENLHOM [BHKEHHUH.
U3 nonydennoit gopmyinsl BuaHo, uto M, He 3aBucut oT monoxenus Boiopannoi Touku O
Ha ocu. [Tostomy MokHO ToBOpHTH 0 MoMenTe M, He oTHOCHTENBHO TOuKM O, & OTHOCHTEIBHO

OCH Bpalenus Z.

dMm .
[Ipoektupys (*) Ha OCh Z, TOTyIUM dtz => N,,...Te I8, = > N,... toe B, =, -
TIPOEKIHsS YTIOBOTO YCKOPEHHs Ha och Z. Amayor sToit gopmymsr - MW, => F,, te. | - 510

anasnor maccol, [3 - yckopenust W, N — cuner F.

)4 COOGpa)KCHI/Iﬁ CUMMCTPUHN  CIICAYCT, qaTro A OAHOPOJHOTO,

CUMMCTPUYHOTO OTHOCHTCJIBHO OCHU BpallICHUSA TCJIa BECKTOP MOMCHTA UMITYJIbCa

OoTHOCcUTeIbHO Touku O Ha ocH BpalllCHUA COBHAAACT I10 HAIPABJICHUIO C C(_j

Torma M =1®, M =Ilw. Ongnako B oO0mem ciayuyae BEKTOp MOMEHTa HMMIyJIbca Teja
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OTHOCHUTCJIBbHO TOYKH O M :ZMI HC COBIIagacT II0 HaHpaBJIeHI/IIO C OChHO BpaL[IeHI/ISI Z U
TI0BOPAYMBAETCSA BMECTE C TEJIOM BOKPYT HEe, OIUCHIBAs KOHYC.
Ormetum, uto M, = l®@, Bcerna, uro cnenyer w3z (**), a M = 1@

TOJIBKO ITPH BpalllCHUN BOKPYI' OCU CUMMCETpPHUH. M ; HC 3aBHCHUT OT IIOJIOXKCHUA

—

toukr O Ha ocu Bcerma, a M - Tonbko ecm 0Ch BpallleHHs TPOXOIUT YEPE3

LHCHTPp CUMMCTPUU.

JloKa3aTeILCTBO.
M':Zmiﬁ'xvi :Z:mi(§,+ﬁ)><\7i :Zmiaxvi +Zmirix\7i - ”xzmi +

eci LEeHTp Mace JIexuT Ha ocu Bpautenus, 10 Vo =0,a M'=M.

|
<

[Tpu BpameHNH CUMMETPHYHOTO TeJla CHJIBI OOKOBOTO JIABJICHHUS TOIIUITHIKOB HA OCh Tela
HE BO3HHUKAIOT, MOJIIUITHUKA MOKHO yOpaTh (eciu HeT cui TskecT). Och OyAeT CoOXpaHsTh CBOE
nosioxkeHue. Ock, MOJIOKEHUE KOTOPOH MPU OTCYTCTBUHU BHEIIHUX CHII OCTAETCSl HEM3MEHHBIM TIPH
BpaIlleHNH, HA3bIBAETCS CBOOOTHOM OChIO Tena. MOXHO J0Ka3aTh, YTO JJIsl TEJN JIF0OOW (OPMEBI C
MIPOU3BOJIGHBIM PACHPEICTICHHEM MacC CYIOIECTBYIOT TPH B3aMMHO TEPICHIUKYIISIPHBIE OCH,
MPOXOJALINE Yepe3 IEHTP MacC, KOTOPble MOTYT CIYXUTb CBOOOJHBIMH OCSIMH. OTH OCH
Ha3bIBAIOTCS TJIABHBIMH OCSIMH MHEPIIUU Teya. Y Tel ¢ OCEBOM BpallaTeIbHOU CUMMETpUen (Koraa
MIPU TTOBOPOTE Ha JII0O0H yroy BOKPYr OCH CUTYAIIMs OCTACTCs TOM jke) (UKCHpOBaHA TOJBKO OJHA
rJIaBHas OCh (IWIMHIP). Y Teja C IEHTPaJbHON BpaliaTeIbHOM CUMMETpUEH He (PUKCHpOBaHA HU

OJHa IJlaBHasgd OCh BpallCHU:. MoMeHTHI HHEPUHUHU OTHOCHUTCIIBHO TJIaBHBIX ocell Ha3BIBAIOTCA

IJIABHBIME MOMEHTaMH MHepiuu Tena. B obwem ciyuae |, # |, # | ;. ITpu ocesoii Bpamarensroit
cummerpun tena | =1, # |, (umnmezp), mpu ueHTpanbHOW BpallATEIBLHOW CHMMETPUH
I, =1, =1, (wap). Takoe Teno HaspiBaeTCs WAPOBBHIM BOMUKOM. B sTOM ciiywae mobas ocb,
IIPOXOIALIAs Yepe3 LIEHTP Macce, SBJseTcs cBo6oaHo# ocko Bpamenus. Ecmm |, =1, # |5, 1o Temno

Ha3bIBACTCA CHUMMCTPUYHBIM BOJYKOM. Ecmu Il E= |2 z |3, TO TCJIO — aCI/IMMeTpI/I‘lHBII;'I BOJIYOK.

PaBeHCTBO ABYX WJIM TpeX IJIaBHBIX MOMEHTOB MHEPLMU MOKET OBbITh HE TOJBKO y HMIMHAPA WIH
mapa. Hanpumep, oJHOpoAHBIN KyO — IIapOBOM BOJYOK, MPAaBUIIbHAS YETHIPEXYroJibHas MUpamMuia
— cuUMMeTpuuHbId. B o0mem ciygae Takoe MoxeT ObITh My Ten 1000l ¢opMmbl mpu
COOTBETCTBYIOILIEM PACIIPEACIEHUN MacC.

Ecnu Teno Bpamaercs npu OTCYTCTBUM BHEITHUX CHJI, TO YCTOWYMBBIMH OKa3bIBaIOTCS TOJIBKO
BpallleHUs] BOKPYr TJaBHBIX OCEH, COOTBETCTBYIOIIMX MaKCUMAJIbHOMY W MHHHUMAJIbHOMY
3HAYeHUSIM MOMEHTa MHEpIHMU. BOKpyr ocH, COOTBETCTBYIOLIEH MPOMEXKYTOUYHOMY 3HAYeHMIO |,

BpalICHUC 6y,£[eT HeyCTOﬁqHBBIM. 910 3HAYUT, YTO IIPU MaJjieIieM OTKIOHEHHUH OT OCH BpallCHHUA
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BO3HUKHYT CHJIbI, BEAYIIME K YBEIMYEHHIO ATOro OTKJIOHEHWs. Ha mepBblil B3risg MOKeT
[I0KA3aThCsA, YTO B PE3yJbTaTEe TEJIO MEPEUJIET K YCTOWYMBOMY BPAILlCHUIO BOKPYT OJHOHM U3 JBYX
apyrux riiaBHbIX oceidl. Ho 310 He Tak! Takoll mnepexoa, Kak JIETKO 3aMETUTb, HE MOXKET
OJIHOBPEMEHHO COXPAaHUTh U KUHETHUUECKYIO SJHEPTHI0, © MOMEHT UMITyJIbca. SIpKuil mpuMep Takoro
nepexona — dpdext IxkannOexoBa - MOXKHO YBUACTH B Youtube. DTOT pOCCHIICKHII KOCMOHABT B
COCTOSIHUM HEBECOMOCTH HaOmronman crexytomee sisiaenue. lllaiiba-Oapamiek, npuBeAeHHAs BO
BpallleHUE U CheXaBlIas C BUHTA, HEKOTOPOE BpeMs ([0 JIECATKOB CEKyH]) BpalllaeTcsi BOKPYT
cBOEil ocu, a moToM 0Oe3 BHUIUMBIX MPUYMH pa3BopauuBaercs Ha 180 rpaaycoB M HadMHAET
BpallaThcs B 3TOM IOJIOKEHUHU, TIOTOM MPOUCXOIUT OOpATHBIN Mepexoa U T.A. ITO O3HA4aeT, YTo
HEYCTOMYMBOE COCTOSIHUE HE MEpPEeXOJUT B YCTONYMBOE, a OCTaeTcs camMuM co0oil, T.e.
MEepUOIUYECKUM NIepeBopaurnBaHueM Tena. I[lpaBabl paau, Hago ckaszarh, YTO HOBOrO J[>kaHMOEKOB
HUYEro He OTKPbLI, OH TOJIHKO MPUBJIEK BHUMaHUE MIUPOKOH MyOIUKU K 3PPEKTy, OTKPHITOMY €1l
Jleonapnom Diinepom B cepenuHe 18-ro Beka. OToT 3(d(deKT sBiseTcs pEHIeHHEM CHUCTEMbI
g depeHnnanbHbIX YpaBHEHUH Dilepa, ONMChIBAIOLIUX JBUKEHHE TBEPAOTO Tea.

[Ipy HanMuYMM BHEUIHUX CUJI, HAIPUMEP CO CTOPOHBI HUTEH, Ha KOTOPHIX MOJBELICHO TEJO,
YCTOMUYMBBIM OyZIET TOJIBKO BpallleHWE BOKPYr TIJIaBHOM OCH,

COOTBETCTBYIOIIEH  MAKCUMaJIbHOMY  MOMEHTY  HHEPIIUHU. Hums

Hanmpumep, ©0pu  OTCYTCTBUM _ CHJIBI _ TSXKECTH CTEpPKEHb,

I CIEPHCEHD

MO/IBEIICHHBIM Ha HUTKE 3a KOHEILl, IPU BPAIllEeHUH B KOHEYHOM
utore OyIeT BpallaTbCsi BOKPYT OCH, MEPHEHIUKYIIPHOU K
CTEpPXHIO U MPOXOAAIIEH Yepe3 ero LEeHTp mMacc.

[Toxa MbI roBOpMIIH O Tesnax Heu3MeHHOU (opmbl. Ecnu hopma uzMeHnsercs, a BHEIIHUE CUIIbI
OTCYTCTBYIOT, TO M3 3aKOHA COXpaHeHHs MoMmeHTa ummyinsca cienyer o, =lL,0, (M, =M,),

4TO OOBSICHAET U3MEHEHHE YacTOThI BpaLeHUs (pUIypHUcTa IpU pa3BeACHUM PYK WIN MPHKATHH UX
K Tely.

§4. MoMeHT HMIIYJILCA MPOU3BOJLHO ABHKVIIErOCH TeJa

Haitnem MoOMEHT HUMITYJIbCa TPOU3BOJIBHO JABHIXKYHICTOCS
Tena OTHOCUTENbHO Touku O’ I[J'ISI 9TOTO 6y,Z[eM CUuTaThb, 4TO

TCJIO ABUKCTCA MOCTYINATCIIBHO BMECTE C HCHTPOM MaAcCC Cu npu

9TOM BpalIacTCsa BOKPYI' HCTO.

M, =2(FxmFE) =5(R, +F)xm, (R, +F)=
:ﬁc ><IéCZmI +I§C xymr +>mrl xR, +Zmlf’lxﬁzﬁc X mv, + MC
=m =mf, =0 =mr,=0
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Msbl npunum K BBIBOAY, YTO MOMEHT HMILyJIbCa IPOU3BOJIBHO JBHKYILETOCSA Tella
OTHOCHTEJIBHO JIF000H TOYKM paBeH CyMME MOMEHTa MMITYJbCa OTHOCHTEIBHO HEe IIEHTpa Macc U
MOMEHTA UMITYJIbCa OTHOCHTEIBHO IIEHTPA MacC B CUCTEME LIEHTPa Macc.

IIpy IWIOCKOM IBMKEHHUH B INIOCKOCTU XY CIPOEKTHPYEM 3TO COOTHOLIECHUE HA OCh Z:

M,o =mv.l. +1 o,
rjae |C - IJIeYO UMIYJbca IeHTpa Macc C OTHOCUTENBLHO OCH Z , Tpoxo el yepe3 Touky O'.

85. MOMEHT UHEepPILMH.

2
W3 ompenenenus I:ZAmi R’ cnenyer, uro | - Benmumna ammuTuBHAm, T.e.

lois =2 isemes- |- aHAzoOr Macchl, 5T0 Mepa WHepUMH Tela OTHOCHTETHHO €r0 BpAIICHHS
BOKpPYT cooTBeTcTBYyIomIei ocu. Kak u M, | cymectsyer y Tena, faxe ecim 0HO IOKOUTCH.

Am, = p, - AV, torma | =Y. pAV.R? = _|. PR’dV - marerpan mo o6semy Tera.
V)

k4
BoruncnuM, Hanpumep, | ofHOpomHOro mamcka Maccoif M wu -‘fl? 2
o i
pamuycom R ortnocutensno ocm OO, mepneHIMKYNSpPHONW IHCKY U |
{

MPOXOJAIIEH uepe3 ero meHTp. Pazo0beM Teo Ha «TpyOOUuKm».

mR?
2

F R, R P o4
| = p[r?dV = p[r?2zarbdr = 2zbp [ ridr = ) R* =
0 0 0

b1y, uto V = 7R%D .

mR?
Urak, | =——.

Brrunciaenust ObLin J0CTAaTOYHO IIPOCTBIMH, T.K. TCJIO CHUMMETPHUYHOC, 4 MOMCHT HMHEPLUU
HCKAJIX OTHOCUTCIIbBHO OCH CUMMCTPHUHU. Ecau Obl MBI 3aX0TENN HAWTH I OTHOCUTCIIBHO OCH O'OI,
Bce ObLIO OBI cioKHee. B Takux ClIydadX HaXOXACHUC I YIIpomacTcs, €CJIn BOCIOJb30BATbCA
TCOpeMOﬁ HITCﬁHCpa: MOMCHT MHCPUIUHU OTHOCHTCIILHO HpOHSBOJ’IbHOﬁ OCHU paBCH CyMMC MOMCHTAa
HHCPUOUKU OTHOCHUTCIBHO OCH, HapannenLHoﬁ ,Z[aHHOI‘/‘I u HpOXOI[HH_Ieﬁ qcpe3 LOCHTp MaccC, H
MPOU3BCACHUA MACCHI TCJId Ha KBAAPAT PACCTOAHUA MCKIAY OCIAMU:

| =1, +ma’
. .

mR?
Torna st ucka g, = T+ mR? = EmRZ.

JlokazatenscTtBO TeopeMsl Il Telinepa.

I, =>AmR? =Y Am (d+R)*=a’> Am +2a> AmR + > AmR?
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ZAmi Ri - 3TO YMHOXX€HHas Ha M mpoeKiusg paguyc-BeKTopa

O
LIEHTpa MacC Ha IUIOCKOCTb, IEPIEHIUKYIAPHYIO ocu. [lockoibky V,,

HayaJl0 KOOPAMHAT B 3TOM IJIOCKOCTH coBNajaer ¢ Toukoi C, To 3Ta
2
npoexuust papHa Hyito. B urore nonyawm |, = 1. +ma”.

[TpuBenem Ge3 BbIBOAA (POPMYIIBI JUTSI MOMEHTOB HHEPLIUH TEJ pa3HOU (OPMBI.

1) Tonkwuii AIMHHBIA cTepkeHb JUHOM | ¢ cedyenrem m000#t GOpPMBI OTHOCHUTEIBHO OCH,

NEPIEHANKYIAPHON CTEPKHIO M MPOXOIAIIE gepes ero cepenuny - | = 5 ml? 3
PR
2) JIMCK WM LHIMHAD OTHOCUTEIbHO ocu cummerpun - | = —MR?
2 i
O ]
y 1 o2
3) ToHKMIi TUCK OTHOCHTENBHO auameTpa - | = Z mR
Q
y 2
4) Illap OTHOCHTENBHO OCH, IPOXoAsAIel yepes nentp - | = c mR*.

86. KuHeTn4eckasi JHeprus BPAIAIONIErocss TBEPIOro Teaa u padora.

= [lyctp Teno Bpamaercss BOKPYr HENOJABMXKHOM oOcH  Z.
I

|
=5

Jluneiinas ckopocTs M0G0 Toukn pasHa V, = @R,. Kunernueckas

SHEPTHs paBHa

2

2

mv? mo’R’ o lw
T:ZTi:Z 2 :Z 2 :7ZmiRi2:

rac I — MOMCHT MHEPIHUHU TCJIa OTHOCUTEIIBHO OCH BpalllCHUS.

r

— —

ITycte Ha M; OEHCTBYIOT BHYTPEHHSS CUIIA fi Y BHENIHSS CHJIA Fi . Toraa snementapHas
paboTa 3TUX CHJI paBHA
dA = f.dS, + FdS, = fvdt+ Fvdt = f,(@xF)dt + F (@x F)dt = &(F x f,)dt + @ (F x F )t .
Tak kak cMerraHHoe IMPOU3BCACHNEC PABHO O6I>€My ImapaiiCICIumIicia, IOCTPOCHHOTI'O Ha BEKTOPAX,
TO MBI IIOMCHAJIN UX MECTAMH, COXpAaHSAA UX TOCIICAOBATCIIBHOCTD (‘ITO6BI HC UBMCHUIJICA 3HaK).
dA = Ni.guympdt t+w- Ni,@/temdt
Yro6bl HaifTh 3eMeHTapHyko paboTy Haj TesoM 3a BpeMs Ot, mpocymmupyem Bce paGoThl
dA=>dA =), Ni,gl—tympdt +@) N, .. dt=0+> N dt=N_cdt=N_dg,

—

rae N - mpoexims N Ha ock @. Dty e GopMyiry MOKHO MOIyYHTh HHAYE:
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2 —2
dT:d('“z) )=d('“2’ )=1-&-dd=1-3 B-dt=lwpdt=18dp

3nas, uro 13, =N _, nomyanm dT =N _d@, a tak kax dT =dA, 1o dA=N_dg.

Tabauila aHAJIOTUN IIOCTYIIATEILHOIO U BPALIATEIbHOIO ABUKECHUN

IlocrynarensHoe BpamarensHoe
v=$ >=9
W=V B=d

m I
p=mv M, = lo,
F N
p=F i =N
mw = F 15, =N,
T=mvV/2 T=10"/2
dA = F,dS dA=N_dg

2 .
®opmyny T =1@"/2 wmbl nomyumnu mns ciydas BpalieHMsi € 4acTOTOH @ BOKpPYT

HEMOJBIKHOM ocu BpameHus. Eciam ke Teno BpaimaeTcsi MPOU3BOJIBHBIM 00pa3oM BOKPYT

nenoaswxknoit TOUKU, sta gopmyna ycnoxusercs: | = Ixa)f /2+ Iya)§ [2+ |Za)z2 /2, tne

O I v I , - TTIaBHbIE MOMCHTBI MHEPIUH, a X, Y, Z — IJTaBHBIC OCH.

Taxum o6pasom, Gopmyna | = lw® /2 BEpHA B TPEX ClIydasix:

1) BpalieHHe BOKPYT HEMOABUKHOM OCH;

2) BpalleHUe BOKPYT OJHOW M3 INIaBHBIX OCEii;

3) Teno sBasercs maposbvM Boakom (|, = |y =1,).

§7. KuHeTHuecKasi JHEPrus NpH IJIOCKOM JBHKEHHH.

IInockoe HOBMKEHHE Tena MOJKET OBITh MMPEACTABJICHO KaK HAJIOKCHHUEC IIOCTYIIATCILHOTO

JIBVKEHHUS CO CKOPOCTBIO V M BpAILIEHHs BOKPYT COOTBETCTBYIOLIEH OCH C (..

— — — —

Ckopocts i-it Toukn V, =V, + @ X T, tne V,, - ckopocts 11060# BeIOpaHHOH Hamu ToukH O,

I - pamuyc-BeKkTOp, IPOBENEHHBIN U3 ToukH O.

T =my /2 =m, (T, + @xF)?*/2 =MV + 20,(&xF) + (@xF)?]/ 2
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@ F| = o, sina = oR
T, =m,[VZ + 2(V, x ®)F, + ®*R,*]/2
T=YT =mVZ/2+{,x@)>MF +©°Y MR*/2=mvZ/2+mP, (V, x &)+ | ,&* /2

_ _ 2
31ech MBI Y4JId, YTO Z m,r, =mr. un Zmi Ri = |0 - MOMEHT UHEPIIMH OTHOCUTEIIEHO OCH,

TepreHMKYIISPHOI IIOCKOCTH JIBMKEHUS M IPOXOosleii yepes Touky O.
o 2 2
Ecin B kauectBe Touku O B3satb nentp macc C, 1o I =0u T =mvz /2+ 1.0 /2

Taxkum 06pa30M, KMHCTHYECCKAs SHCPIrud NpH IJIOCKOM JABUIKCHHHU CKIIAJAbIBACTCA U3 DHCPIrUn
MMOCTYHAaTCJIbHOI0 ABMIKCHUSA CO CKOPOCTBIO HCHTpAa MACC W DHCPIrUH BPAIIATCIbHOTO ABHKCHUA

BOKPYT OCH, TIPOXOJIAIIEH depe3 EHTpP Macc.

Eme pa3 oOparuM BHUMaHHE Ha OCOOYIO POJb IIEHTPA MAacC, MOAYEPKHYB CICAYIOIINE €ro
CBOMCTBA:

1) 5T0 TOYKa, NBHXKYINASCS B COMJIaCHMH cO 2-M 3akoHOM HbioTOHa, (B 4YacTHOCTH, TPH
JBKCHUH TeJia B TI0JIE€ TSHKECTH UMEHHO IIEHTP Macc JIBIKETCS 1Mo mapabore);

2) MOMEHT HMMIIyJIbCa TPOU3BOJILHO BIIKYINErOCs Tejla OTHOCHUTEIBHO JIF000W OCH paBeH
CyMME MOMEHTa MMIYJIhCa OTHOCHUTEIIPHO HEE LIEHTpPa MacC M MOMEHTAa HUMITYJIbca OTHOCHUTEIHHO
LICHTPa Macc B CHCTEME IIEHTpa Macc.

3) KuHETHYeCKas DHEPrus TMpPU IJIOCKOM JBMJKEHHH CKJIaIbIBA€TCS U3 OHEPrHH
MOCTYIATEILHOTO JIBIDKCHHSI CO CKOPOCTBIO IIEHTPAa MAacC M DHEPTUU BPAIIaTeIIbHOTO JIBIKCHHS

BOKPYT OCH, IPOXOJISIIEH Yepe3 LeHTP Macc.

Jnst ipyrux TOYeK MyHKTHI 2 U 3 HE BBIMOJHSIOTCS.

§8. l'[[gnMeHe}me 3aKOHOB IUHAMMKH TBEPJAOI'0 TeJia.

HBI/I}KCHI/IG TEJIa OMMUCBIBACTCA ABYMS YPABHCHUSAMUA

m\TVC = Z _;,eyem. ; M = Z Ni,(;nem.

[IpuMeyanwus.

—

1) MoMeHTbI M u N wmoxuo OpaTh OTHOCHUTEIBHO JIOOOH HEMOABMKHON WU
JBIKYILIEWCS TOYKH; €CIM 3Ta TOYKAa JBUKETCA C YCKOPEHHMEM, TO HAaJI0 YYUTHIBATh U CHIIBI
WHEpLUH, JEHCTBYIOIINE HAa KaX/10€ TEJO.

2) ToYkM TPHUIOKEHUS CHJI MOXHO MEPEHOCHTH BIOJb JHHUN

JIENCTBUSA CHUJI; IUICUYU CWJI TIpH 3TOM HE MCHANOTCH. OTO MO3BOJSICT

3aMCHHUTb HCCKOJIBKO CHJI OﬂHOﬁ, OprUYEeM TOYKY €€ IMPHUIIOKCHUSA MOXKHO
NEPCHCCTHU BOOJIb JIMHUU €€ neiictBusa. B CJIydac IMapajuICIbHBIX CHJII, Ka3aJIOCh 6BI, 3TOT CIIOCO0 HE

INpUMCHUM, TaK KaK Yy JMHUN CUJI HET TOYKHU InepeccUCHUs. Ho moxHO CXUTPUTh U ,Z[O6aBI/ITB ABC
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B3aMMHO CKOMIICHCUPOBAHHLBIC CHJIbI, KOTOPBLIC CUTYALIUIO
He MeHsoT. Torma cyMMapHbBIE CUJIBI yXKe HE OyayT
napajieNbHBL, 91O MO3BOJISIET  BOCIIOJIB30BATHCS
OTIMCAaHHBIM paHee CrocoOoM (CM. pUCYHOK).

3) COBOKYITHOCTh  MApaUICIbHBIX  CHJI  MOYHO

3aMEHUTh PABHOJEHUCTBYIOLIEH CUJION, PAaBHOM BEKTOPHOU
CyMMe€ BCE€X CHJI U INPWJIOKEHHON B TaKOM TOUKE, YTOObI MOMEHT pPaBHOJEHCTBYIOILEH paBHsIICA
CyMME BCE€X MOMEHTOB (OTHOCHUTEIBHO JIF000 OcH).

4) Haiinem paBHOJEHCTBYIOIIYIO chil TsDkecTd. OHa paBHa CyMME JJIEMEHTApHBIX CHII

TSKECTH Zmig =Mmg, e M= Zmi. CyMMapHbIiI MOMEHT CHJI TSKECTH OTHOCHUTENIBHO

npousBosbHON Toukn O pasen N = ZI‘I xmg :Z M., X g =M. Xxg =I. XxXMJ, T.e. MOMEHTY
paBHOzelcTByrOwIE crutel M , MPUIIOXKEHHOM B LIGHTpe Mace, T.e. Ciila Tshkectd MJ mprokera
B LIEHTPE MACC. 3HAYMT, B OJHOPOJHOM II0JI€ TSHKECTH LIEHTP TSHKECTH COBIIANAET C LIEHTPOM Macc.

OTMeTHUM, YTO OTHOCUTEIHHO IIEHTPa Mace N = 0, T.e. HEHTp TAKECTU — HTO TOYKA, OTHOCHTEIBHO
KOTOPOIl cyMMa MOMEHTOB 3JIEMEHTAPHBIX CUJI TSHDKECTU paBHA HYJIIO.

5) Cunbl uHepuun — MW OpH IOCTYNATENLHOM JIBUKEHHM OONAaroT TEM K€ CBOMCTBOM,
YTO M CWJIBl TSKECTH, T.€. MPONOPLHOHAIBHBI Macce M MNapajuleNbHbl Apyr napyry. Ilostomy
PaBHOACUCTBYIOINIAS CUJI MHEPIIUH MPUIIOKEHA TaKXKe B IIEHTpe Macc (TSHKECTH).

6) OTHOCHTEIBHO OCH, MPOXOIICH Yepe3 IEHTP MAacc, CyMMAapHbI MOMEHT CHJI MHEPIUU
paBeH HYIIO; MO3TOMY, €CJIM ypaBHEHHE MOMEHTOB (M.1) cocTaBisieTcs OTHOCHTEIBHO OCH,

npoxonﬂmeﬁ 4epe3 HCHTP MACC, TO CHUJIBI MHEPIIUH MOKHO HE YYUTBIBATh.

7) Iisg TUIOCKOrO JIBHJKEHHS OJHOTO  Tella |\/|Z = Ia)z, W TPOCKIUsS paBEHCTBA

M=>N,,..,H8 ocb z nacr ypasmemme |F=2 N, . . OHO HasbIBaeTCH OCHOBHBIM

ypaBHEHUEM AMHAMMKH BpalaTelbHOro aABmwxkeHus (ananor I 3.H.).

YcnoBus paBHOBECHUS TBEPJAOTO TEa.

1) Cymma BHENIHHX CHJI pPaBHA HYIIIO: Z |f| =0.

,6HeUL.

2) CYMMa MOMEHTOB BHEIIHUX CAJI OTHOCUTEIHHO JI000 TOUKHU PpaBHa HYJIIO:
Z Ni,enem. = O '

W3 pasencrsa ZNL‘;HEW. =0 orHocuTENnbEHO KakoW-HMOYmb TOUKM (OcH) ciemyer (mpw

> F e =0) ero Bemonmenne oTHOCHTENTBHO OGO APYTOi.
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JokasarenbctBo. IlycTs Z N. =0 orrocutenbHo Touku O. Torma

i,6Hew.

YN =YFxF =X (F-b)xF=YFxF-bx}¥F =0, uro u

TpebOBaJIOCh JOKA3aTh.

BekropHoe ypaBHeHue z N. =0 B obmem crydae skBuBaneHTHO O

i,6Hew.

TPEM YCJIOBHAM: z NX,i,SHElM. = O ' Z Ny,i,eyem. = O ' Z NZ,i,eHem. = O

89, PerieHue 321a4M 0 CKATHIBAHUM IMJIMHAPA (2 criocoda).

Hunuaap pagmyca R m maccer M ckarwiBaercs 6e3 Vit
P

MPOCKAJIb3bIBAHUA C BBICOTHI H 10 HaAKJIOHHOM IIJIOCKOCTH,

COCTaBJIAIOLIEH yroil ¢ ¢ ropuzoHToM. Haiitm ckopocTs

LIEHTpa Macc B HWKHEH TOUKE.

[epBbrii cnoco6.11) F,,+mg+F, =mw,

Mpoexmus va OX: — F, +mgsina = mw, (1)

Tpoekuus va OY: —mgcosa + F, =0, orkyna F, =mgcosa .

2)OTCcyTcTBHE MPOCKAIB3bIBAaHUSI O3HAYAET, YTO TEJIO BpaIIaeTCs BOKPYr MTHOBEHHOTO
LEHTPA BpalleHus A, T.€. JIBWKEHHME LIEHTPa Macc €CTh BpalleHue ero Bokpyr A. Torma Vi, = oR .
Bepsi Ipou3Bo/HyI0 110 BpeMenw, nonydaem W, = SR. (2)

3)3anuiieM OCHOBHOE ypaBHEHHE IMHAMHMKHU BpallareibHOro apwikenus |f = ZNi JUIs

UWJIMHPA, BHIOPAB B KAUECTBE OCU BpAaIllEHUs OCh, IPOXOIAIIYI0 Yepe3 eHTp mace C:

mR?
Icﬂ:FmpR = T,BszpR: Fmpszﬂ/Z (3)

Hoxcrasnas (2) u (3) 8 (1), monyunm — MRAB /2 + mgsin @ = MRS, otkyna

ﬂ:é—gsina, We :ﬂRzggsina, FmPZmR,BIZ:M.

Ter[epL MOHO HaWTH yCJI0oBUC, TpA  KOTOPOM  OTCYTCTBYCT IIPOCKAJIb3LIBAHUC!:

mgsin «

Fmp < Fmpywxc, T.€. T < H#MQCOSe, otkyma cieayer ycioBue i Kod(durimeHTa

a
TpeHUs 4. M 2 gT WNnaue Oynet npockaab3bIBaHUE.
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ITockombky W, = CONSt, To HEHTp Macc IBUKETCS PAaBHOYCKOPEHHO. 3Has IPONICHHBIH

nyts S = H /SiN &, naiinem xoneuHyI0 CKOPOCTH IIEHTPA Macc.

Vv, —0=2w.S=vV, = 2-%93“]0{-_i = ggH < +/2gH (ecnu 6w ckomB3UIO).
SN«

MoHO OBUIO B KayecTBE OCH BBIOpATh MPOXOJAIIYIO dyepe3 TouKy A. Toraa MOMEHT CHIIBI

TpeHus: 01 OBl paBeH HyIHO. [locKOIBKY TOUKa A B JaHHBI MOMEHT MOKOUTCS, TO M CHJI HHEPIUU

HE NPUNLIOCH ObI BBOMMTE. OcTancs Obl TOJBKO MOMEHT CHJIBI TshKeCTH: | A £ =mgR sin o, e

29

l,=1+ mR? = 3mR?*/ 2. Orciona MoxHO cpasy Haiitu 5 = 3—Rsin o . Ham He noHano0uncs

3akoH Hprorona. Jlna Haxoxnaenuss W, BCE-TaKM NPHUIETCH UCIOIB30BATh YCIOBHE OTCYTCTBHS

IpOCKalb3bIBaHus (CM. IYHKT 2 Boiute): Vo = wR u W, = AR,

Bropoii cioco6 (uepes dHEPrumo)

HpI/I OTCYTCTBHU MPOCKAJIb3bIBaHWA CHUJIa TPCHUSA SHCPIrur0 B TCIJIO HE NECPEBOAMT, TaK KakK

TOYKa €€ IMPUIIOKCHUA B Ka)KI[LIﬁ MOMCHT BPEMCHU HEIIOJIBHIKHA. HO3TOMy IIOJIHAsI MEXaHU4YECCKas
2 2
. mve. l.o
sHeprus ocraercs nocrosuuoit: MGH +0 =0+ T + 5

Tax Kak CKOJIbKeHus HeT, To Vo = @R (kak u B mepBoM crioco6e, Yepe3s MrHOBEHHBIN LIEHTP
BpaIleHUS ).
2 2 2
mve mMR@
+

IIpumedanue. O NOTCHIHAILHON YHEPIUM TEJIa B OJJHOPOIHOM IT0JIE TSHKECTH.

mgH =

=V, = ggH.

Pa3zo0neM Te10 Ha MHUKPOCKOIIMYCCKHUEC 3JICMCHTLI ¢ MaCCaMH mi . BBI6paB YPOBCHb OTCUCTA

BBICOTHI, 3alUIIeM MOTEHIMAIbHYIO SHEPIUIO Tella B BUJE Ep = Zmighi = meihi =gMh..
i i

Htor: norenuuajabHas JHEPIusd TeJ1a paBHA JHEPIruM €ro HeHTrpa TaKeCTH.

810. PemieHne 32124 0 KATYIIKE HA JbIYV.

PaccmoTpuM ere onHy 3anady.
Ha rnankoit (nensHON) IJIOCKOCTM HAaXOOUTCA CTOAIIas Ha TOpLE

IMIMHAPHYECKas KaTyllka ¢ HUTKaMu Maccoi M wu pammycom R. 3a mutky
- B 4
HAYMHAIOT TSAHYTh C TOPHM3OHTAIBLHOM mocTosHHOM cwioi F , xacarembnoii k

MOBCPXHOCTHU KaTYIIKH. Kak 6y,Z[CT JABHUTATbHCA KaTYH_IKa?

—

Pemenne. 3anuuiem 2-ii 3akon HpiotoHa s nentpa mace: F =M . F

3Han/IT, HEHTp MacCC, T.C. OChb KAaTYyLIKH, 6y,ZleT ABUT'aTbCA PABHOYCKOPCHHO I10 HpHMOﬁ.
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3aHI/H_HeM OCHOBHOC ypaBHeHI/Ie IUHAMUKAU BpaHlaTeJIBHOFO JABMOKCHUA OTHOCHUTCIIBHO OCH,
npoxozseit uepes uentp mace: |.f=FR, rue |, = mR? /2. Orciona L =2F/mR. Urak,
OTBET: KaTyIllKa Oy/eT BPaIlaThCs ¢ MOCTOSHHBIM YIJIOBBIM YCKOPEHHUEM BOKPYT PaBHOYCKOPEHHO
U IPSIMOJIMHENHO JBIKYIETOCS LIEHTPA MacC.

Untepecen apyroii ompoc. YpasHernue |5 =" N, Mbl MOXKeM IHCaTh OTHOCUTEIBHO JIFO0OIT

oc. BeiOpaB ocb, MPOXOAILYI0 uepe3 Touky A npwioxkenus cuisl F, momyanm 15 =0, Te.
L =0, gero GbITh HE JOKHO, TAK KaK YIJIOBOE YCKOPEHHE, KaK H
YIJIOBask CKOPOCTh, OJMHAKOBBI BO BCEX IOCTYMATENBHO JBUKYIIHXCS
cucTeMax oTcueTa (3TO JOKa3blBaeTcs TeM (DAKTOM, YTO MEpPHOJ
BpAIIEHHUs, T.€. BPEMs MOJHOTO 000pOTa, BO BCEX CHCTEMAaX OTCYETA

OJIMHAKOB). MBI IPHUIILIM K KaXYIIEMYCs Mapagokcy. Jlemo B Tom, 4To

=

Mbl Hapymw TyHKT | §8. Ecnmm ock BpameHust TBUXKETCS C

=

YCKOpEHHUEM, TO HaJo N00aBUTh cuily uHepuuu. CoriacHo MyHKTY 5

—

88, oHa mpHJIOXKEHA K IIEHTPY MacC KaTYyIIKH W PaBHA Fin =—Mw,.

=l

Oce A B JaHHBII MOMEHT JBWIKETCA C YCKOPEHHEM, KOTOpOe

CKIIaAbIBACTCA M3 YCKOPCHUA IMOCTYNMATCIIBHOTO ABHMXKCHHSA BMCECTC C LICHTPOM MAaCC U YCKOPCHUA

BpAlATENBHOTO  JBIDKCHWsS ~ BOKpyr  meHtpa  macc (W, =W, +W, +W_). Cuia

F.=-m(W, +W_ +W ) npunoxena B Touke C U UMEET COCTABISIONIME, HATIPABIEHHBIE BOOK

( le)H Hazaz (sz ). 3amumieM OCHOBHOE YpaBHEHHE AWHAMUKHU BpalIaTEIbHOTO JIBWKCHUS
OHOCHUTEIILHO OCH, TPOXOSAIIEH Yepe3 TOUKY A
1,=F,-0+F, R, ie F, =m(w, +w_)=m(w, + SR).

ITo gopmyne  Illreiinepa =1+ mR? =3mR?/2. B  wurore  momydum

3mR*B/2=m(w, + AR)R, otkyma B =2W./R=2F/mR.

811. 3aK0H BCEMUPHOIO TATOTCHHUS.

Bce Ttena Bo BceneHHON NpUTATHBAIOTCS APYr K IPYry, MPUYEM JJIsl MAaT€PUAIBHBIX TOYEK
CHJIBl MPUTSHKEHHUS TPAMO  IMPONOPIHOHAIBHBI  MPOM3BEACHUI0O HUX Macc U 0OpaTHO

MpONMOPHUOHAIIBHBI KBAAPATy pACCTOSAHUA MCKAY HUMU.

_,,mm,
sz =7V 2 1
r
1 _
e y =——=06,67-10 UH m/kr? —TpaBUTAIMOHHAS TTIOCTOSHHASL.
S mapo
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d)opMyJIa ClipaBCJIMBa IJid CiIy4das ABYX MATCPpHUAJIbHBIX TOUCK HJIA

o ¢
OJIHOM TOYKM M IIapa (Hampumep, map — 3eMJis, a TOUKa — IIPEAMET y €€ <

m=0.729 »

O

M=158

HOBerHOCTI/I), raec r - PacCTOAHNUEC MCXKAY TOYKAMHU HJIM OT TOYKH 10O

M=1358 ke
HCHTpa 1aapa. I[JI?I TCII I[perfI q)OpMI)I HaaO BBIYUCIATH HHTErpall, O
m=0.729 xe

MIPEJCTABISIONINI COO0M CyMMY CHJI HPUTSIKEHUS MEXKAY Ppa3sHbIMU

HacTsaMH TCII.

B BexkTopHOM BHIE 3aKOH MOKHO 3aMKcaTh TaK: sz =—y

JIBa tena maccoit 100 kr Ha paccTOsHMHM | M TPUTITUBAIOTCSA C CHJIOH OKOJIO 10 H. Cuna
OYEHb MaJia, HO BCE ke €€ yAaloch U3MEPUTH Ha KpYTHIbHBIX Becax (KaBenmumi, 1798 roxn).

I'paBurtanimonHoe moze. IIpoBenem aHanmoruio ¢ 3meKTpocTaTUKOW. OTMETHM, UTO 3apsibl

OBIBAIOT ABYX 3HAKOB, T.C. OBIBacT U MPUTAKCHHUE U OTTAIIKMBAHUE, a 31€Ch TOJBKO IMPUTIKCHHUC.

. F
HanpsxenHocTs rpautanuonsoro nons G =—, rme M — 510 npo6GHas macca. s mons
m

Toueuroit Maccst G =—y —T . V nosepxuoctu 3emmt (R =R;) G = (. Panee mbI moxasany,
r

Mm
YTO B TAKOM IIOJIC TIOTCHIUAJIbHAs BHepFI/IH TOYKH paBHa U = —7/— .
r

OTMeTuM, 4TO HeJb3sl CUUTATh TOT 3aKOH TEOpHEN I'paBUTALMM, KakK Helb3s 3akoH Kyrnona
CUNTaTh TEOPUEH 2IEKTPUUECKOTO MO — ITO TOJBKO MEpBBIM Iar. B snexTpomarHeTnsme ObLIO
ellle MHOT'O LIaroB - U B 3JIEKTPOCTATUKE, U B MATHUTHOM I10JI€, U B 3JICKTPOMArHUTHOM MHAYKIIMH —
npexzae 4eM MakcBell MOCTPOUII MOJHYI0 TEOPUIO JIEKTpOMarHeTu3Ma. ITa TEOpHUs MO3BOJISET
paccuMTaTh U3MEHEHUE MoJsiel Bo BpeMeHu. Hampumep, Mbl niepeMecTuin 3apsii B APYT'YIO TOUKY.
Korna B 1pyrux Toukax cTaHeT U3BECTHO O IpousouienmeM? Beip H3MEHWINCh U BEIUYUHBI CUJI, U
UX HampaBiIeHUs. YpaBHEHUs MakcBela IOKa3blBalOT, YTO W3MEHEHHUs PACHpOCTPAHSIOTCS CO
CKOpPOCTBIO cBeTa. MOXHO CKa3aTbh, YTO IPEXKHIOI KapTUHY «CMBIBA€T» BOJIHA, M IOCJIE e€e
IIPOXOXKJICHUs YCTAHABJIMBAETCsl HOBas KapTuHa. Takue ke BOIPOCHI JOJKHBI BO3HUKAThb U B
rpaBUTallMi. 3aKOH BCEMUPHOTO TATOTEHMs HAa HUX OTBETOB He naeT. OH TOBOPHUT TOJBKO O
BEJIMYMHAX CWJI B CTAalMOHapHOW curyauuu. [lonmHas Teopus rpaBUTanMM ObUla IOCTPOEHA
Anpbeprom OifHmTeitHoM B 1915 romy. Ona mnomyunmna Ha3zBanue «OOmas Tteopus
otHocutensHocT» (OTO).

812. KocMHu4YecKkre CKOPOCTH.

UYroObl cTaTh CHOYTHUKOM 3€MJIM, T.€. JBUTAThCS BOKPYI Hee IO KpyroBoi opbure c
paanycoM, MPUMEPHO PaBHBIM PAagUyCy 3€MJIM, TEJIO JOJDKHO MMETh OIpPENEIEHHYI0 CKOPOCTb.

Cuna TspKecTu JOJIDKHA obecrieunBaTh HCO6XOI[I/IMOG HEHTPOCTPEMUTCIIBHOC YCKOPCHUC!

45



2

mv
mg=——=V, =,/0gR; =8xwm/c

R3

OT0 nepBas KOCMHUYECKAs CKOPOCTh (CKOPOCTh UCKYCCTBEHHBIX CITYTHUKOB 3€MJIN).
Bropast xocmuueckas CKOPOCTb — CKOPOCTb, KOTOPYIO HAJ0 COOOIIUTH TEIy, 4TOOBI OHO
MOTJIO YUTH U3 CEpPbl 36MHOTO MPUTSKEHUS, T.€. MOIJIO YAAIUTHCS HA OECKOHEYHOE PacCTOsSHUE

ot 3emuin. HaiineMm ee U3 3akoHa COXpaHEHUs SHEPTUU:
+ (2 g
2
Vv, = 7M3 =,/20R, =Vv,+/2 =11 kwm/c.

2
MBI 31ech BOCIONB30BaINCh cooTHomenneM J =—> => M, = gR;. Ora ckopocts He

RZ
3
3aBHCHUT OT HAIIpaBJICHUA, B KOTOPOM 3allyCKarOT TEJIO. Ecnn 3aIyCKaTh MO XOAYy BpallCHUA 3eMJ'H/I,

TO MOXHO COKOHOMMHTH, HCIIOJIB3ys BpalICHUC 3emin. qume OTO ACJIaTb Ha DJKBATOPEC, TIAc

| 27R, 6,28-6300
CKOPOCTb BpalieHus Gosbine. OHa paBHa: V, = — = = ~ 0,5 xm/c.

T T 86400

cymxu

Tperbs KocMHUYecKasi CKOPOCTb — CKOPOCTb, KOTOPYIO HaJ0 COOOLIUTH Telly, YTOObl OHO
nokuHynao ConHeuHyio cucteMy. BblumciuM ee Tak ke, Kak 2-10 KOCMHYECKYI0 CKOpPOCTb, U3

3aKOHAa COXpAaHCHUA SHCPIUH:

2
mv B Mm) 0
:2 0p6
30 6
o= 2 e Mo )y 1& Ry, i 200007 I,
R, Ropﬁ M, Ropﬁ 596-10 150-10

Ty’T MOKHO COKOHOMUTD, YUUTBIBAA CKOPOCTb 3emiu Ha Op6I/ITeZ

27R .150-10°
_ 1 _ a6 _ 6,28-150-10 ~30 /e,

\/3aWHu
T T 365 - 86400

200
Tak 4TO, €CJIN 3aITyCKATh PAKETY B HAIIPABJIICHUHW ABUKCHUS 3CMJ'II/I 110 0p6I/ITe, MOXHO

OTPaHUUYUTHCS CKOPOCTHIO 12 KM/C BMecTO 42. DTO cepbe3Hasi IKOHOMUs !

T'1aBa 6. PeasgsiTuBucTCKAs MEXaHMKA.

§1. CnenuajgnHas Teopusi oTHocureanHocTH (CTO).

B 1873 rony Jlxeitmc Kiapk MakcBest onmyOauKoBal CBOIO TEOPHUIO AIeKTpoMaruerusma. M3

€ro ypaBHEHUH CIIeI0BAJIO CYILECTBOBAHMUE JIEKTPOMArHUTHBIX BOJIH, ABMXKYIIMXCS CO CKOPOCTBIO
ceeta ¢=300 000 km/c. Bo3Huk Bompoc, 4To ke KojeOnercss B BOJIHE. 3BYK — KOJIeOaHUsI Cpe.bl,
HampuMmep, BoO3AyXa. A JJIEKTpPOMarHUTHbIE BOJHBI — 3T0 KojeOaHus uero? Pemmwim, uto
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Kosebsercst 3¢up, KOTOpHIA 3amonHseT Bcio Bceenennyro. Ero cpolicTBa cpasy MNoKazaiuch
cTpaHHbIMU. Hanpumep, Teno, IBHXKYIIEECs B BO3IyXE, TOPMO3UTCS M3-3a CHJIBI COIIPOTHUBIICHUS
Bo3ayxa. Temo e, jersiee OTHOCHUTENIBHO 3(Hpa, HUKAKMX BO3JCHCTBHI C €ro CTOPOHBI HE
HCIBITHIBAET U MOJKET JIETETh BEUHO C TOU K€ CKOPOCThI0. KpoMe Toro, 37€KTpOMarHUTHbIE BOJIHBI
nonepeyHs! (a 3BYKOBBIE B BO3AyX€ MPOJOJbHBI), YTO O3HAYaeT CYLIECTBOBAHHE IONEPEUHOMN
yrnpyroctd 3¢upa. CTpaHHON SABJISUIaCh U OTPOMHAsl BEIMYMHA 3TOM CKOPOCTH, B COTHU ThICAY pa3
IIPEBOCXOALIEH CKOpOCTh 3ByKa. HoO MpUIIIOCH CMUPUTHCS C 3TUMHU HECYPAa3HOCTAMHU, HUYETO
JPYroro y4eHble IpeI0KUTh HE MOTJIH.

Wraxk, a3¢up - 310 cpena, 3anoiHsomas BeCb MUpP, B KOTOPOIl HaXOAATCS 3B€3/1bl, TUIAHETH U
BCE OCTaJIbHOE. ECTECTBEHHO BO3HHUK BOMPOC, C KAKOW CKOPOCTHIO 3€MJISI ABUKETCS OTHOCUTEIHHO
s¢upa. DTO MOXKHO y3HATh, U3MEPUB CKOPOCTh CBETA B pa3HbIX HampaBiieHUsX. SIcHO, uro 3emis
JBUKETCSI B TOM HaIlpaBJICHWH, B KOTOPOM 3Ta CKOPOCTh MHUHUMAajibHA. Beap moiywaercs, 4To
3emii JIOTOHSIET BOJIHY, TaK 4TO €€ CKOPOCTh OyJIeT MeHbllle, YeM B MOoKosmemcs 3¢dupe, Ha
BEJIMYMHY CKOPOCTH 3eMiId. B MpOTHMBOMOJIOKHOM HANpaBlIeHUHU W3MEPEHHE ACT MaKCUMAJIbHYIO
CKOPOCTh CBETa, KOTOpasi 60JIbIlIe ITOM CKOPOCTH B CIydae MOKOSIIecs 3eMiId Ha Ty K€ BETUUHHY.
B 1887 rogy Ob11 mocraBiieH onbIT MaiikenscoHa-Mopiu, MoKa3aBIIui, YTO CKOPOCTh CBETa HE
3aBUCHUT OT HampapyieHUA. [Ipennosoxuiau, 4To CiiydailHO MOMaJd B TaKOM MOMEHT, Korja 3emils
MOKOWJIaCh OTHOCHUTENbHO 5dupa. [loBropunu omeIT yepe3 moiroja, Koraa 3emuis Mpoluia
MOJIOBUHY cBOe opOuThl Bokpyr CoJiHIIa M €€ CKOPOCTh Obljla HampaBjeHa B MPOTHUBOMOJIOKHYIO
cTopoHy. HO ¥ 3TOT ONBIT MOATBEPAUSI OTCYTCTBUE IABUKEHHSI 3€MJIM OTHOCUTENIbHO 3dupa. IT0
3aCTaBUJIO OTKA3aThCsl OT ATOW TEOPUH, IMPEANOJararwleil CylecTBOBaHNE BBIJICTICHHON CHCTEMBbI
0TCueTa, OTIMYAIOIIEHCS OT BCEX OCTaIbHBIX CBOEH M30TPOIHOCTHIO.

Ho ecnu Bce muepuuansapie CO paBHONpPABHBI, TO 3aKOHBI (PU3MKK B HUX JIOJKHBI OBITH
OJMHAKOBBI, MHAY€ 0 BU]lY 3aKOHA MOKHO OTJIMYaTh OJHY OT apyroi. Ilepexon uz ognoit UCO B
JIpYryl0 paccuMThiBajicss Mo mpeoOpazoBanusM [amunes. 3akonsl HproTOHa mnpu TakoMm
peoOpa3oBaHUU MEPEXOAUIN CaMU B ceOsl, TO K€ MOKHO CKa3aThb O TEPMOJMHAMHKE U T.I. To
ecTh 3kBUBaNeHTHOCTh CO 3TUMM sBJIEHHMSIMU MOJATBEpXKAanack. A BOT ypaBHeHUs: MakcBeia
npu nepexoze u3 oguot UCO B npyryro usMmeHsiu cBoit Bua. Hago Obu10 0TKa3aThes IMO0 OT Ulen
paBHompasus Bcex MCO, nubo ot ypaBHenuit Makcsenna. Ho oHu ce0st moaTBepk1aiid Be3sie ¥ BO
BCeM!

W BoT AnbOepT DHWHINTEWH Hamlen TpeTUil BapuaHT BbIxoja W3 Tymuka. OH cKazai, 4To
HEBEPHBI caMU NpeoOpa3zoBaHus ["anues, T.e. 4YTO MUP YCTPOEH HE TakK, KaK Mbl JyMaJji J0 3TOrO.
B 1905 rony 26-netHuii DUHIITEHH OMy0IMKOBaI CBOIO paboTy, B KOTOPOH cOpMyINpOBai CBOU

ABa MOCTyJara CTOu HCCIICA0BA pAd BBIBOAOB U3 HUX.
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Iocrynarel CTO:

1. Bce 3akoHBI Opupoisl 0 1HHAKOBEI BO Bcex MCO.

Wnu, uHaue: ypaBHEHUS, BBIPAKAIOUIME 3aKOHBI IIPUPOJbI, NHBAPUAHTHBI (HEU3MEHHBI) 110
OTHOIIEHUIO K MpeoOpa3oBaHUsIM KOOpAUHAT U BpeMeHu u3 oaHoil MCO k apyroil.

2. CkopocTh cBera B BakyyMe oxanHakoBa BO Bcex MCO ®W He 3aBHCHUT OT ABWKECHHUI

HUCTOYHHMKOB U ITPUEMHHUKOB CBETA.

Bropoil mocTtynar sBJISETCS 4acTHBIM CiIy4aeM IepBOro. JIeWCTBUTENIBHO, U3 ypaBHEHUI
MakcBemia  JIETKO  BBIBECTH  BOJIHOBOE  ypaBHEHHE, PEIIEHHEM KOTOPOTO  SBIISAIOTCA
AJIEKTPOMArHUTHBIE BOJIHBI, paclpocTpanstonmecss co ckopoctbio ¢=300 000 xm/c. Ecam
ypaBHEeHHs MakcBeisia UHBapuaHTHBl OTHOCUTENBHO nepexona u3 oanoit MCO B apyryio, To U
CKOPOCTh 3THX BOJIH OJHa U Ta ke Bo Bcex MCO. 3HauuT, BTOpOIl mOCTYyNaT ABJISETCS CIEACTBUEM
MIEPBOT0, HO BBIJIEJIEH BBUY CBOEI 3HAUUMOCTH.

OTtmeTHM, 4YTO B MOCTyJaTax HE TOBOPHUTCS O TOM, YTO CKOpPOCTh CBE€TAa — MaKCHMaJbHO
BO3MOXHAasi CKOPOCTh B MPUPOJIE. DTO YTBEPKAECHUE SBJISETCS CIAEICTBUEM MOCTyaTtoB. Ecinu kro-
TO xo4eT moctaBuTh moj comHeHne CTO (a Takwe JIOaU CYIIECTBYIOT), TO HAJ0 OMPOBEPraTh
MOCTYJIaThl, TOYHEE MEPBbIN MOCTYNAT, TaK KaKk OH COAEPKHUT B cebe U BTOPOil. MOXKHO TOBOPUTb,
YTO HE BCE 3aKOHBI MPUPOIHI..., Wiikd HE BO Bcex MCO... OT1o 3ByuuT crpanHoBaro. Kpome Toro,
MOCMOTPUTE, Kak KpacuB nepBbid noctynat! U moruden! M neuero ckazate NpoTUB HETO!

[Touemy KTO-TO HE XO4YET COTJIAIaThCA C TAKUM YETKUM W TOHATHBIM NOCTynaroMm? A
[IOTOMY, YTO OH NPUBOJUT K MAaccCe Ka)XyLIMXCs MapaJoKcoB. MUp BBIMISIUT COBCEM HE TaK, Kak
MBI CYUTAIA paHblle. DT «IAaPaJOKChDy MBI €I1€ pACCMOTPHUM, a IIOKa OTPaHUYUMCS OJHUM. Baron
ener MuMo IiaaThopMbl. B Kakoil-To MOMEHT B LEHTpe BaroHa 3aropaetcs jamma. Ha kxoHmax
BaroHa ctodat ¢oropene. Kak ToIbKO CBET majaet Ha pelie, OHO OTKphIBaeT Bephb. Kakas aBepp —
MepeAHss WK 3aHss — OTKpPOeTCs paHbliie? Eciii Mbl HaXOAUMCS B BaroHe, TO MOHSTHO, YTO CBET
JoieT 10 00eux ABepell OJHOBPEMEHHO. A ¢ TOUKM 3peHUs HaOmroaatens Ha Iuiatdopme, CBET
pacrnpocTpaHseTcss B 00e CTOPOHBI ¢ OJHON CKOPOCTBIO, HO MEpeaHssl Beph yOeraer oT cBeTa, a
3anHsis HaOeraer Ha Hero. IlosTomy 3amHsAs OTKpoeTcs: pasblie. BBIBOA: OJHOBpEMEHHOCTH
oTHocurenbHa! YTo ogHOBpeMeHHO B oiHOM MCO, He 0 JTHOBPEMEHHO B JIpYIoil.

DHHIITeH oOpaTuyl BHUMaHHEe Ha HEOOXOJUMOCTh CHHXPOHHM3AHMU 4acoB B pasHeix MCO.
DTO nenanoch NpU MOMOLIM CBETOBOI'O CUTHAJNA, MCIIyCKAae€MOTO W3 Kakoro-TO MCTOuYHHKa. [Ipu
TOM BpeMs Ha yacax B Pa3HbIX TOYKAaX YCTAHABIMBAETCS C YYETOM 3alla3/blIBAHHUSI CBETOBOTO
curHana. B pasapix CO CUHXpOHM3alMs NPUBOJUT K Pa3HbIM pe3ysibTaTaMm. JTO CIEACTBUE
MHBApUAHTHOCTU CKOPOCTH CBETA.

Hemenxnii matematuk I'epman MunbpkoBckuii B 1909 rony mpemiokul 4eTbIPEXMEPHYIO

cucremy koopauHar: X, Y, Z, t (tounee Ct). B 910ii cucreme KOOpAUHAT COOBITHIO OTBEYAET TOUYKA
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(«vupoBasi»). JItoboit yactuile, Jaxke HEMOABMYKHOU, COOTBETCTBYET JIMHUS («MUPOBAsi TUHUSY). 4-

MPOCTPAHCTBO OTIMYACTCS OT 3-IPOCTPAHCTBA. 3-MPOCTPAHCTBO 00J1aaeT €BKIMIOBON METPHKOM,

T.e. KBajpaT paccrosHMs Mexay aeyms toukamn pasen Al = AX® + Ay’ +Az7°. B 4-

npoctpanctee  BBOamTCs  momstme  matepeama  AS® = (CAt)? — AX® —Ay? —AZ° -

IICCBAOCBKIIN0BA MECTPHKA.

B CTO oco0Oyto ponb Urpat0T WHBapUAHThl — BEJIMUMHBI, HE MEHSIOLIUECS MPU NEPEX0Jie U3
onnoit CO B apyryro. OgHa M3 TakuxX BEJIWYUH — CKOpPOCTb CBETa C, Apyras, Kak Mbl YBHJUM,

untepsan AS .

§2. IIpeooOpasoBanus JlopeHia.

y y Paccmorpum e UCO: K u K'.
@ @ K' ornocurensno K  gBmxkercs co
= ﬁ X' cKopocTbIO V|, BJIOJb OCH X'
/O (94 -
- £ Xor =Vt Xo = —V,t'

B mepenstusuctckoii mexanmke mepexox or X', Y',Z'.t" x X,Y,Z,1 ocymecrBnsercs c
nomouibio npeobpazosanuii Famunes: X = X+Vt', y=y', z=27", t =t".
Otcropa crefyer 3akoH ciokenus ckopocreit: I =T+l = V =V'+V,, uro nporusopeuurt

MOCTOSIHCTBY CKOPOCTH CBE€Ta. 3HAUMT, MpeoOpa3oBaHus lamuies Halo 3aMEHUTh Ha JpYyrue.

MoskHO IMOKa3aThb, 4YTO IAJId MHBAPHUAHTHOCTHU CKOPOCTH CBETA IIPHU IIEPEXOJEC U3 I<I B K Hango0:

X'+t

X=— 0
J1-vZ/c?
y=y
z2=17

_thyx/e?

J1-VZ/c?

Oto npeodpazoBanus Jlopenia. Beegem o6o3HaueHne ﬂ =V, /c , Torma
‘- X'+ (ct") _t+pxc (ct') + pX'

,y=Yy,z=2'1 .

Ct - uerBeprast koopmuHara. [locienssis Gopmyiaa monydaercs u3 GOPMYIBI Ui X, €CIHU

t

um (Ct) =

rnmoMeHsiTb Mmectamu X u Ct.

Jns nepexona uz K8 K' npeoGpazosanus numeror Buz

. X=p(ct) , t
X'=—=22 y'=y, 7'= —
J1-p° 1- B
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§3. CaencTBus U3 npeodopa3oBaunii JlopeHua.

1) OnHOBpeMeHHOCTh coObITHI B pa3Hbix CO.

[ycts B K B Toukax X, u X, onnospemenno (1, =t, =) npousomn nea cobwrrus. Toraa

t,:b—ﬁMJc t,:b—ﬁch
- L1 g

Kak Buum, t', #t',, 1.e. cOObITHA HE OIHOBPEMEHHDI.

B

t,—t,= —2()(1 —X,) - oTa BenmumuHa B pasubix CO pasHas. MOKeT pasnuyarses u
cyl-p

3HaK, T.e. B ogHo CO paHplie Mpou30ILLIO0 NEPBOE COOBITHE, a B Ipyroi — Bropoe. Kak xe Tak?
Martp He MOXKET POJIUTHCS MOCHEe ChIHA. DTO JeHCTBUTENBHO Tak. Jlajgee OyneT moka3aHo, 4TO €CIH
COOBITHSI IPUUMHHO CBsA3aHbl, TO HU B ojHOM CO oHM He OyayT ogHOBpeMeHHBI U Bo Bcex CO
nepBoe coObITHE OyJEeT paHbllle BTOPOTO.

2) Jlnuza Texn B pasubix CO.

,V }pf

[lycTh  CTepkeHb TOKOUTCS B

@ @ cucreme K'. B cucreme K B

—
X J X' momenr b =1, =b uMeeM
O Of .x;.l x-’
1
| =X, —X,. Torna 8 K' nomyunm
Zz =t

3 X, —V,b L% —V,b

PasHocTh 3THX KOOpAWHAT — 2TO AJIMHA CTCPIKHSA B K l , OTHOCHTCJIIBPHO KOTOpOﬁ OH ITOKOMUTCHA.

_ %% | _
l_\/]z_—ﬁz_\/l—ﬁzjnnnl_lo 1- 5% .

Z[J'II/IHEI CTCPIKHA I, U3MCPCHHAA B CO, OTHOCHTCIIBHO KOTOpOI>'I OH ABMXKCTCA, MCHBIIC €I'0

l, = X',—X

JJIMHBI IO B CO, OTHOCHUTCJIIBHO KOTOpOﬁ OH IIOKOMTCA. I[J'II/IHa IO Ha3bIBAETCSI COOCTBEHHOMU

IuHON. B HampaBnenusx Y u Z pa3mepbl oquHakoBsl Bo Beex CO.

HTtak, y ABMKYIIMXCS TEJN pa3Mepbl B HaOPaBICHWH IBMIKEHMS COKPAIAIOTCI TEeM 60.]'[]5]_]_[6,

yeM 0oJblIe CKODPOCTh. ITO COKpalICHUC NJIMHBI HA3bIBACTCA JIOPCHUCBBIM.

Kak MmoxkxHO HU3MCPUTH UINHY ABUIKYIICTOCA tena? Ecthb JBa criocoba.

a) B oguH MOMEHT BPEMCHH 34CCYb KOOPAWHATHI Ha4Yajla U KOHIA TEJia, 4 IOTOM U3MCPUTH
PacCTOAHUC MCIKIAY HUMH.

6) 3aceun BpEMs IMPOXOXKACHHUA Hadalla U KOHIA 4YCpe3 OJHY TOUKY M YMHOXHUTH Cro Ha

CKOPOCTh.
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) IpoMeRyTOK BpEMEHU MEXKIY COOBITHUIMMU.

[lycts B OfHO# U TOii ke Touke X,=X;=a cucremsr K' mpoucxomsr nsa coGbitust B

1 1
momenthl t') u t',. Torna B cucreme K monyunwm:

t_'['1+v0a/cz_ . _th+valc? I P P\
R N B RN EY N

Ipomexyrox At' msmepsiercs ma omuux u Tex ke wacax, a At - Ha pasubix. Bpewms,

At=t, -t

OTCYHUTAHHOC II0 YacaM, ABWXXYHIUMCIA BMECTEC C TCJIOM, HA3bIBACTCA COOCTBEHHBIM BPEMCHECM U

obosmauaercs 7. AT =Aty1— ,82

Takum o0pa3oMm, coOCTBEHHOE BpeMsi BCErJa MEHble, 4eM Bpewms, orcuuTtanHoe B CO,

OTHOCHUTEIHLHO KOTOPOH TEI0 ABUIKETCS.

DKCIepUMEHTANFHOE TIOTBEPKIEHNE TOr0 (haKTa: MOKosImecs MIooHs! xuByT 2-107° ¢, a
MMOTOM DPAcMaJaroTCs Ha AJICKTPOH W JBa HEUTpWHO. Jlake NBHUTasCh CO CKOPOCTBHIO, OIU3KON K

CKOPOCTH CBETa, OHU HE MOTYT TpoJieTeTh 60ibine 600 merpoB. Ho B mpupoie onu 06paszyrorcst Ha

. -6
BbicoTe 20-30 KHJIOMETPOB U JIOJICTAOT JIO 3¢MHOU MOBEepXHOCTH. Kak 370 00BACHUTH? 2-107° ¢c -

AT
sro A7, a At :ﬁ npu V~C mHOro Gompme, yeM A7. OTMETUM, YTO C IO3HIHH

2
1-p
Ha0roAaTeNs, CUISAIIEr0 Ha MIOOHE, OH TIpoJieTaeT Kak pa3 600 MeTpos.

4)CKOpOCTh CBETAa — MAKCUMAaJIbHAsI CKOPOCTh BO BceleHHOH.

W3 HeoTpULIaTeIbHOCTH MOJKOPEHHOTO BBIPAXKEHHS B MOTYUYEHHBIX BhIIIE (POPMYINax cleayerT,
yro V< C, T.e. CKOPOCTh OOBEKTa HE MOXKET IPEBBICUTh CKOPOCTb CBETa B BaKyyme. ITO
yTBEpKIeHHE He BXOIUT B cuctemy noctynaroB CTO (kak uHOra omnb0YHO TyMaloT), a SABJISAETCS
ciencTBueM mpeobpazoBanuil Jlopenna. OTMeTuMm, 4TO pedb UAET O CKOPOCTH (UZUYECKOTO
00BEeKTa, KOTOPHIA MOMKET MEePEeHOCUTh HHQPOpMAIHIO. DTO CO3[aeT OTPaHHMYEHHE HAa CKOPOCTh
CHWTHaJIa, UCII0JIb3yEMOTO TP CHHXPOHHU3AIMN 9acoB, 0 KOTOpoii nuia peub B 81. Ho B HeKOTOpBIX

ClIydasdX <« CKOpPOCTb» MOXKET IPCBbLIINIATH CKOPOCTH CBCTA. HaHpHMep, JABa 00BEeKTa ABUIKYTCA

HaBCTpeuy Apyr Apyry co ckopoctsiMu 0,6 C. CkopocTb ux commkenus 0yzaer pasHa 1,2 C, Benb 3a

1 CCKYHAY PACCTOAHUC MCKIAY HUMU Y6LIBaeT Ha 1,2 C. 3,I[CCB CJIOBO «CKOpPOCTBH» HC O3HA4YACT
CKOPOCTb KaKOI'o-TO o0bekTa. Mnu ,Z[perfI IIpuMeEp. CKOpOCTB JBHKEHMS COJTHEYHOIO 3aliuMKa Ha
CTCHC IIPU BPAIICHUH 3CPKaJla MOKET ITPEBBIIIATL CKOPOCTL CBETA. B sToM HeT HHUYEro CTpaHHOTO,
B€Ip 3alUYMK HE SBJISICTCS (I)I/ISI/ILICCKI/IM 00BEKTOM — 3TO MpoCTO MCCTO, Kyda IIONMagacT CBCT.
HpI/IHI_II/IHI/IaJ'IBHO BaXHBIM ABJISICTCA TOT (I)aKT, 4TO IIPpU IMOMOIIN 3aiYMKa HEBO3MOKHO nepeaarb

nHGOPMALIUIO U3 OJHON TOYKHU B APYTYIO.
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HeB0o3MOKHOCTh IBWKEHHUS OOBEKTa OBICTpEEe CBETa MOPOXKIACT IIECNbIA Ps] BOIPOCOB U
comHeHui. Hammpumep, mouemy Helb3si HOJIYYUTh TAKYKO CKOPOCTh MPH CIIOKEHHUU JBH>KeHUI? Peka
Te4eT co ckopocThio 0,6 C, a Mo Hel IUIBIBET Mapoxoji co ckopoctbio 0,7 C, pa3Be CKOPOCTh
MapoxoJia OTHOCUTENBHO Oepera He OymeT Ooubine ckopocTu cBera? OTBer: HeT, HEe Oymer. A
MOYeMYy, MBI Y3HAeM B OJHOM U3 OV KAUIINX rmaparpados.

W eme BompocC: eciid 3amyCTUTh JABUTATEIbh PAKETHI HA JOJTOE BPEMs, TO YTO MOMEINIACT e
HaOpaTh JTHO0YI0, CKOJIb YrogHO Ooubmryto, ckopocth? Cravanma 100 m/c, motom 1000 m/c, moTtom
100 000 xm/c, motom 300000 kM/c, BOT CKOPOCTh CBETAa M MPEBBIICHA, pa3Be He Tak? He tak! OO
3TOM TOKE TIOTOBOPUM TTIOTOM.

84. IMMapanokc 0JU3HEIOB.

2 y
Ha ¢opmyne A7 =At\1— [° ocHOBbIBaeTCS Tak HA3bIBAEMBIH «IIAPAJOKC OJU3HELOB.

OnuH n3 6ym3HENoB (A) yiaeTaeT Ha pakeTe CO CKOPOCThIO, CPaBHUMOM CO CKOPOCTHIO CBETA, W
yepe3 HeKoTopoe Bpems Bo3BpamiaeTcs Ha 3emunto. CorsiacHo CTO, Bpemst B IBHOXKYIIEHCS] CUCTEME
UJIET MEIJICHHEeEe, YeM B TIOKOSIIEHCs, T.€. JETaBIIN OJIM3HEIl OKa3bIBACTCSI MOJIOKE. DTOT (akT
4acTO OMMOOYHO HA3BIBAIOT MApa0KCOM OJIM3HEIOB. XOTS Takas CUTyallusi 1 HEOObIYHA, B HEHW HET
BHYTPEHHETO TpOoTHBOpeurs. Hac Benp HE yAMBIISIET, YTO YeJIOBEK, mpobexkapmuii 10 kM, xynuee
TOro, KTto He Oerajs. MHOTOYHCICHHBIE SKCICPUMEHTHI TO YAJUHCHHIO BPEMEHHU IKU3HHU
AJIEMEHTAPHBIX YaCTHI[ M 3aMEIJICHHIO XO0Ja MaKpOCKOIMHMYECKHX 4YacOoB TPH HMX JIBIKCHHUH
MTOATBEPIKIAIOT TEOPHI0 OTHOCHUTEIBHOCTH. DTO JaéT OCHOBAaHWE YTBEPXKIAaTh, YTO 3aMEIJICHHE
BpEMEHH, OMHCAHHOE B HCTOPUM C OJIM3HENAMH, MPOM30UAET M MpH peajbHOM OCYIIECTBICHUU
3TOTO MBICJIIEHHOTO SKCIIEPUMEHTA.

Ho paccmorpum crnenyromuii dakr. C Touku 3peHus A, yeran B, mostomy Mojoxe OyneT
uMeHHO OH. Kto xe Monoxke Ha camoMm gene? Iloka A u B Haxomarcss B pasHBIX TOYKax
MIPOCTPAHCTBA, OHU HE MOTYT CPaBHHMBATh CBOM YacChl HEMOCPEICTBEHHO, U MapaloKca HET: ¢ TOUKH
3peHusl KaXXI0ro MoJoxe apyroi. Hac Beap He yauBISET, YTO KaXKbIM U3 ABYX BOAMUTENEH BUAUT
cBOE JI0OOBOE CTEKJIO IMOJ OOJNBIIMM YIJIOM, YeM CTEKIIO0 BCTpeyHoro apromoOmis. Ho xorma A
BEepHYJICS U 00a HAXOJATCS B OJHOM TOYKE, TO OT BOIMpoca He yiTu: kTo mMojoxe? Kazamoch Obl,
OTBET OUEBUJCH: IOCKOJIbKY OpaThsi paBHOMPABHBI, TO M BO3PACTHI JOJKHBI ObITh OJMHAKOBBL. Ho
CTO npuBOIUT K pe3ynbTaTy, YTO OJWH U3 HUX Moyoxke. Kak ke 0ObsICHUTh 3TO MPOTUBOpEUHE?
BoTt 370 1 Ha3bIBaeTCA «IMapajoKcoM OIU3HEIIOBY.

OTBeT Ha 3TOT BOMPOC COCTOUT B TOM, YTO HAa CAMOM JIeJ€ OHM HE paBHONpaBHbL. OAWH U3
onusznenioB (B) Bce Bpemss HaxoAuiCcs B HMHEPIHAIBLHOM CHCTEME OTCYeTa, MOITOMY €ro
JEUCTBUTENIFHO MOYXHO CUMTATh MOKOUBIIMMCS. A BOT A B mpoIlecce MoJieTa ObUT BBIHYXIEH

34aTOPMO3UTH, PAa3BECPHYTHCA U HaﬁpaTL CKOPOCTH B O6paTHOM HallpaBJICHUH, T.C. CUCTCMaA OTCYCTA,
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CBS3aHHAsl C HUM, KaKoe-TO BpeMs He sBJsulachk MHepuuaiabHou. IloaTomy ero paccyxiaeHus He
SIBJISIFOTCSI IPABUIIbHBIMU.

B TakoMm ciydae BO3HHUKAaeT CIEAYIOLIMH BOIPOC: MOYEMY KPATKOBPEMEHHOE HapyLICHHE
paBHONpPaBUs MPHUBOJAUT K CTOJb Pa3UTEIbHOMY pe3ynbTary? Beap TeopeTnuyecku pa3BOpOT MOI
JUINTBHCS, HAIIPUMED, 4Yac, a pa3HUIAa BPEMEH MOXKET COCTaBJISITh roAbl. [ljig 0TBETa Ha 3TOT BOIIPOC
HE00X0AMMO MTPOBOJUTH JOCTATOYHO CIJIOKHBIE BHIYHCIICHUSI.

Pacuér BennuuHbBI 3aMeUIEHNs BPEMEHHU C MO3ULMU KakJI0ro Opara MOXET ObITh BBIIOJIHEH
pa3HbIMH crocob0aMM: Kak B paMKax 3jJeMeHTapHbIX BbluMciieHuil B CTO, Tak ¥ mpu NOMOIIU
aHaJlM3a HEMHEPIMAJIbHBIX CUCTEM OTCYETAa. Bce 3TH BBIUMCIEHMS COTIIACylOTCS JIPYr C APYroM U

IIOKa3bIBAKOT, YTO 6paT-HYTeH_IeCTB€HHI/IK OKaXXETCsd MOJIOKE CBOCIo 6paTa-110MocezIa, npuicMm

PasHOCTb BO3PACTOB onpezensercs umerHo Gopmynoin Az = At\/1—- 2

85, UuTepBaJl.

PaccMoTpuM iBe MupoBbie Touki: X, Y, Z;,t 1 X,,Y,,Z,,t,. OGoznaunm AX = X, — X, u

T.1. HasoBem Benmunny AS = \/ (CAt)? — AX® — Ay? — AZ® uHTepBanOM MEXKTy MHPOBBIMH

TOYKaMH. DTO aHANOT paccTosHus B 3-npoctpancte (Al = \/ AX® + Ay2 +AZ%).
AS = /(CAt)? — AlI?

B nemwxymeiica cucreme K' nmeem AS'= \/ (CA’[')2 — Al Tloncrasus AX'=

AX — VAt
N
At —V,AX/ ¢

J1- 2

Taxum o6paszom, unTepBan AS - MHBapHMaHT 10 OTHOIIECHMIO K mepexony u3 oxHoii MCO B

AY'=Ay, AZ'=Az, At'= B AS', monyunm AS'=AS.

npyryto. Bemmuunsr Al u At usmensiorces, a AS = (CA’[)2 — Al? ocraercs Tem xe.
B cobcrsennoii cucreme orcuera Al =0, mostomy AS =CA7. HuarepBan MoxkeT ObITh

neitcreurenbunM, korma AS? > 0, wm muumev, korna AS? <0, um AS =0.

AS =0 s cobbITHI, COOTBETCTBYIONIMX HCITyCKAHUIO CBETOBOTO CHTHAJIA M3 TOYKH
X, Yy, Z; B MomeHT U, u npuxony curnana B Touky X,,Y,,Z, B MOMeHT i, .

Iockonbky AS - unBapuanr, To Bo Bcex CO on Oyaer >0 (nm <0, nmm =0).

Ecnu uaTepBan AeiCTBUTENIBHBIN (A32 >0), o (CAt)2 ~AlI>>0 , T.e. MO>kHO Haiitu CO,

B KOTOPOH Al =0, t.e. coGsITHS IPOUCXOAAT B oHOH Touke, HO HeT CO, B koTopoit At =0, T.e.

COOBITHS OHOBPCMCHHBI. Takue HWHTCPBAJIBI HA3bIBAKOTCHA BpeMCHI/Il'IOI[06HBIMI/I. OTMGTI/IM, 4qTo
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COOBITHS, TMPOUCXOMANIME C OJHOM M TOM >K€ YacTHLEH, MOTYT OBITh pa3/eleHbl TOJBKO
2
Bpemennnoo6HbiMu uutepsanami, .. Al = VAt < CAt u (CAt)” —Al° > 0.

[TockobKy COOBITHS, MPOHMCXOIANINE C OJHOW M TOW K€ dYacTUIleld, HE MOTYT OBITh
onHoBpemennbiMu HU B Kakoii CO, T.e. Al He npoxoaut yepes Houb, TO At Beerma umeer oguH U
TOT k€ 3HAaK, T.€. COOBITUSI MPOUCXOJAT B OJHOM M TOW K€ IMOCIIENOBATEIHLHOCTH (POXKICHUE

paHbllle CMEPTH, MaTh POJUIACH PAHbILE CHIHA U T.11.).
Ecin nnrepsan munmeiii (AS? <0), to (CA’[)2 —Al* <0, Te. moxno maiitu CO, B

xotopoit At =0, T.e. cobrITHs MpoucxoaaT oxHOBpeMenHo, HO HeT CO, B kotopoit Al =0, T.e.

Hu B kKako CO coObITUS HE NPOUCXOIAT B OJHOM Touke. Takue HHTEpBaNbl Ha3bIBAIOTCS
IPOCTPAHCTBEHHOIIOAO0OHBIMH. Al > (CA’[)Z, 3HAUUT, COOBITHA HE MOTYT OBITh IPHYMHHO
CBSI3aHBl, T.K. CHUTHaJ HE MOXET JBUTaTbCs ObIcTpee CBeTa (IOCKOJIBKY B IpeoOpa3oBaHMAX
JlopeHna B 3HaMeHAaTeNe CTOUT Vv1-v?/c? ). IlpuunHHO cBsA3aHHBIE COOBITHS pa3AeIeHbI TOJBKO

BpeMeHI/IHOJIO6HI)IM, niun, B KpaﬁHeM cJIydac, HyJI€CBbIM, MHTCPBAJIOM.

86. IIpeoOpaszoBanust JIOpeHIA M CJI0KEHUE CKOPOCTE.

Paccmotpum nBuskenue Touku B K-cucteme: V, = 0X/dt. Torna s K' umeem v, = dx'/dt".

N3 npeobpazosanuii Jlopenna ciemyer

1 1 ] 1 2
dx — dx'+v,dt | dy = dy’, dz=dz" dt = dt'+v,dx'/c
V1-p5° J1-p
dx  dx'+v,dt’ Vv, '+V,
Torma V, = — = . — = .
dt dt+v,dx/c® 4. VoY,
Tt 2
(o
3aKOH CJIOXKEHHSI CKOPOCTEN
vV, 4V, y v,'1-8% ' v, h- g
SRR T S
1400 1+ Yo% 1400
c c C

rje V,- 3T0 CKOPOCTh CHCTEMBI K" Brons ocu x. Ecim V, << C, TO NOJIy4uM NPHUBBIYHBIE 17 HAC

bopmyibi crioxenns ckopocteit: V, =V, +Vy, V, =V, ', V, =V, "

| , V4V,
ECJ‘II/I TCJIO B CUCTCMC K JABUXKETCA BAOJIb OCH X , TO V= T
1+
C
V-V
Ecnu nana ckopocts B cucreMe K, @ Hy)KHO HalTH CKOPOCTh B K'.1to V'= —V(\)/ .
YoV
2
C
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C+V,

V,C
1+-%°
C

V6emuMcs B MHBapUAaHTHOCTH CKOpOCTH cBera. Ilycte V'=C, Torma V=

CKOPOCTh CBeTa oJuHaKkoBa B 00enx CO.

Tenepp mnonpoOyeM MOJYYUTh CKOpPOCTb OOJIBIIE CKOPOCTH CBETa IIYyTEM CJIOXKEHUS

3c/4+3c/4 24

ckopocreit. Iyers V'=V, =3C/4, torma V= 1i9/16 o5
+

- CKOpPOCTh HEC MPEeB30LIIa

CKOPOCTB CBCTA.
§7. PeassiTUBHCTCKOE BhIPAXKEHME JIJIsI MMITVJIbCA.

VYpaBHenus: HploToHa MHBapHaHTHBI OTHOCHUTENBbHO NpeoOpa3zoBanuil ['anumnes, 3HauuT, He

MHBAapUAHTHBI OTHOCUTENBbHO NpeoOpa3oBanuii Jlopenua. To jxe MOXKHO CKa3aTh M O BBITEKAIOIIEM
U3 3aKoHOB HbIOTOHA 3aKkoHe coxpaHeHWs uMIyibca. IIposepum s10. Ilycth B cucreme K nBe

OJIMHAKOBBIX YaCTHIBl JIETAT HABCTpEdy Jpyr Jpyry ¢

— —ip
m u, -4, m
OJIMHAKOBBIMM II0 MOAY/I0 cKopoctamu U,. Paccmorpum r——> e

HEYNpYIruil ynap.

B K-cucreme 2mMU = mU, —mu, = 0, r.e. yacTUIbI OCTAHOBHIIKCH.

Teneps paccMoTpuM cutyarnmio B cucreme K', nBwkyieiics BMecTe ¢ TepBOil YaCTHIICH.
2

rza ckopocts cuctemsl K' paBa KOPOCTb 2-1 YaCTHIIbI B CUCTEM BHa — U, , nMeeM
Torzna ckopocts cucrembl K' pasua Uy, ckopocts 2-ii yac cucreme K pasra — U, nmee

: . —Uy—Uu, 2u,
vV, =0V, = T ST
1+ 1+—

C C

y . , 2mu,
O CTOJKHOBCHHA CYMMApHbIM HMIIYJIbLC ABHAJICA =——7>, IIoCJIC

A ymmap ye  p MV, +MVy, 2
0
1+?

CTOJIKHOBCHHA YaCTULBI JICTAT BMCCTC CO CKOPOCTBIO — UO, T.C. UMIIYJIbC PABCH — 2mu0 . 3akoH

COXpaHCHUSA UMITYJIbCA HC BBIIIOJIHACTCA.

MoxHO IIOKa3aThb, 4TO AJIsI HHBAPHUAHTHOCTU OTHOCUTCIILHO Hp606p330BaHI/Iﬁ HopeHua n ajs

—

TOrO, YTOOBI IIpU MAJIBIX CKOPOCTAX IMOJYYaJIO0Ch MPHUBBIYHOC BBIPAKCHUC I UMITYJIbCA ﬁ =Mmv,

—

HUMITYJIBC OJOJIKEH UMETh BUL p =

MOKHO cKa3aTh, XOTS ceifidac 3Ty TPaKTOBKY HCIIOJIB3yIOT PeIKo, 4Tto [ = MV, Ho macca

2 /A2 .
3aBHCHT OT cKopoctd: M, =m0/ 1-v / C” . Torma maccy M Ha3bIBalOT MAaccod IIOKOS M

obozHayaror M, , a M, - peaATUBHCTCKAs Macca.
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88. Btopoii 3akod Horotona B CTO.

—

Bropoii 3akon Herorona B popme MW = F HeBepeH, maxe eciu yuecTh 3aBHCHMOCTb MACChI
oT ckopocTu. [IpaBriibHO 3anuceiBaTh 3aK0H HbroTOHA B BUIE
dp = d, . = d, =
—pZF, WJIn —(er)ZF, HIIH —(mov/wzl—vz/c2):F.
dt dt dt
dm - =

L = F . Takum o6pazom, W u F wmoryr

PackpbiBasi IPOU3BOAHYIO, mosyauM: M W4V

OBITh Ja’Ke HE MapayieNbHBbl.

[TonpoOyeM pa3zorHath pakeTy 0 CKOPOCTH, HMPEBBIMIAIONIEH CKOPOCTh CBETa B BaKyyMe.

—
—

ITycTh cuya TATH NOCTOSHHA ¥ paBHa F , Torma 3axon HeroToHa MMeeT BUL d_ = F . IIpoextupys
t

g t m,V
Ha OCh M MHTETPUPYS, MOIYIHM jdp = j Fdt= p=Ft = # = Ft. Pemas
0 0 1-v/c

- Ft
JmZ +(Ft/c)?

Vv

OTHOCHUTENILHO CKOPOCTH V, MOJIy4uM

T

ITpu mamsix { mpeneOpexkeM MOJ KOPHEM BTOPHIM WiIEHOM, a

npu Gonbmux — nepsbiM. Ha pucynke uzobpasken rpapux V(t).

3a CcKoJIb YrOAHO OOJIBIIOE BpPEMSI CKOPOCTh HE CMOXKET CTaTh

al

OoubIIe CKOpOCTH CB€Ta, OHA TOJBKO ACHMMIITOTHYECKH K HeH

npubnausurcs. [IpudnHON 3TOro SABISETCS yBEIMUYEHHE C POCTOM CKOpPOCTH Macchl M., koTopas

IIpu HpI/I6J'II/I}KeHI/II/I CKOPOCTH K CKOPOCTH CBETA CTAHOBUTCA OECKOHEYHO OOJIBIIION.

89. PeJIsITHBHCTCKOE BbIPAYKEHHE /L5l JHEPTHH.
d _ _. R -
VMHO)HM 3ak0H Hbrotona i (mov/wzl— VZ/CZ) =F ma vVdt =dS:

d L
a(mov/w/l—vz/cz) .vdt = FdS.
Cnpasa A - snementapuas paboTa, paBHas NpUpalenuio kuaetnueckoit sneprun AT | T.e.:

dT =%(m0\7/1/1—v2/c2)-\7dt

Hepr,Z[HO MOKa3aThb, 4YTO IMPAaBYIO YaCTb MOXHO 3aIllUCaTb B BUJC dT = d

m,c’

J1-v?/c?

TOT,Z[E[, HHTCTPHUPYS, TOJTYUUM BBIPAKCHUC I KHHETUYECKOM OHCpPruun:

T =m,c?/\/1-V?/c? + const

Ipu V— 0 T nomxna Toxke cTpeMuThes K Hyiro, 3HauuT, CONSt = —m0c2 :
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Torma T =myc?/\1-v2/c? —myc? = mc?(1/\1-v?/c? —1)

1 v s
[pu V << C nonyunm [ = m002(1+5-—2—1) =2
C

, KaK ¥ JOJDKHO OBITh.

PaccmoTpuM mostHyrO SHEpruto. ECTECTBEHHO 0KHMIaTh 3aKOHA COXPAHCHHSI YSHEPTHH. MOKHO
IMOoKa3aTb, YTO IPH CTOJIKHOBCHUAX YACTHI] CyMMa T HE COXpaHsACTCA. I[JI?I BBIINIOJIHEHHUS 3aKOHa
COXPAHEHUS SHEPTUU CIEAYET NPUIUCcaTh CBOOOIHON YacTUIlE KPOME KUHETUUECKOW SHEPTUM €I11e

m,C°
1-Vv?/c?

Ota BelMYMHA YJOBJIETBOPSET 3aKOH COXPAHEHUS SHEPTUU MPH CTOJKHOBEHUsAX dactull. [Ipu

U JIOTIOJIHUTENIBHYIO DHEPTUIO Eo = mOC2 .Torma E=T + mOC2 =

2
v=0 E= M,C™ - 5T0 TaK Ha3bIBacMast SHEPTHUS TOKOS.

Berurem mgcz us E°/c?:
2
2.4 2-2,,2
E2[c?—mict=— ¢ _pzez_ MCV MoV
0

) 2/.2y 0¥ T2 2/ 2y
c*(L-v?/c?) c*(1-v?/c?) | 1-v?/c?
B utore nonydaem E =C,/ p2 + mj C’ - 510 CBA3B MEXIY UMITYJIbCOM U DHEPTUE.

Mpu v<<c¢ E=myc?y1+(p/me)? =~ mc?(L+ p?/2mic?) = myc? + p2/2m,, re.

=p>

2

npu V << C 9Heprus OTIMYAETCs OT NPUBBIYHOTO HaM Bhpakenns E = P°/2M, Tonbko unenom
2 .

M,C" - sHepruen moKosl.

2 2 ~2 2.4
OtmernM, uto u3 dopmyinsl (*) cnenyer £ —c”P” =M C" =CONSt, T.e. 5T0 HHBapHaHT.
2 2 2
MoHO TOKa3aTh, 9TO W B OOIIEM Cilydae CHCTEMbl M3 MHOTHX 4actui, F° —cP° sBisercs

2.4
uuBapuantom (E m P - cymmapHble sHeprus u UMIyIbC CHCTEMBI), HO OH He paBHsiercss M. C

HJIH KaKOM-TO I[perfI (bPIBPI‘ICCKOfI KOHCTAHTC, a B KaX(HOﬁ CUTyalluyd UMECT CBOC 3HAYCHHC.

810. CBs13b MaCChl M YJHEPIUH.

2
CDOpMyJ'Iy U1 SHEPruyd MOXKHO 3aIlluCaTb B BHUAC E= er . OTO CBsI3b MacChl Tejla U €ro

MOJIHOM OHCPIuu. BHGPFI/IH TCJIa IIPOIIOPHHUOHAIIbBHA €TI0 peHHTHBHCTCKOﬁ macce. M3menenue
OHCPIruM BCIACT K HM3MCHCHUIO MACChI U HaO60pOT. HaHpHMep, OHEPIUA INPYXUHbI IIPU CXKATHU
YBCINYHUBACTCA, 3HAYUT, YBCIUYMUBACTCA M €€ MacCCa, T.C. MEpa HWHCPTHOCTH. Nupivu CJIOBaMu,

CKaTylo (M CBSI3aHHYIO HEBECOMOW HUTKOW) MPYXHUHY TpyaHee pa3roHsATh. KoHeuHo, B JJaHHOM

2
IIpUMEpPC NUSMCHCHUC OYCHDb MAJIO (Am = Eynp /C ) , HO TCOPCTUYICCKU OHO CYHICCTBYCT.

B otrmuuue ot pCHHTHBHCTCKOﬁ maccel M Macca ITIOKOsA mo HC COXPAaHACTCA. HpI/I

ro»

HCYIIPYIroM B3aUMOJCHCTBUH ABYX YaCTHI (CJ'II/Il'IaHI/II/I) Macca 06p330BaBmeﬁCH qacTulbl B CUCTEME
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UX ICHTpa Macc paBHa M, =My, +M,, + 1—22 > My, + My,, T.e. KHHETUYCCKAs SHEPIUsl MPHU
C

CIIUIIAHUM EPEXOUT BO BHYTPEHHIOKO 3HEPIHI0 00pa3yromeiicss 4acTUIbl, T.€. B €€ MaCCy IOKOSL.
235
B aTOMHBIX 9JIEKTPOCTAHLHAX HCIIOJIB3YETCS PEAKLMsl ACICHUS ypaHa o, J (MM ILUIyTOHMS)

IIpH 3aXBaTC MCAJICHHBIX Hef/'ITpOHOBI

235 1 236 140 94 1
U+, Nn—5"U > Cs+,, Rb+2 n

CyMMapHaﬂ Macca IIOKOA HUCXOOHBIX YaCTHUIL 60.]11)1]16, qcM HOJ_IyLH/IBHII/IXCﬂ B HUTOre¢, Ha
28 2 11
4.10™° xr. D10 o3Hauaer, uto BBAenunack dHeprus AE =C°AM=~3,6-107" k. Ona

IpeBpaTujiach B KHMHCTUYCCKYIO SHEPTUIO 06p2130BaBIHI/IXC$I HacCTHIL n B OHEPruro
QJICKTPOMArHUTHOT'O U3JIY4YCHUS.

811. YacTHbI C HYJEBOM MACCOi MOKO.

13 popmymsr E =C4/ p* + mgcz cnexyer, uro, ecim My =0, To

E
E=cp=c-mv=cv-—.
c

Orcroga cnenyer, uto V =C, T.e. yacTuiia ¢ m, = 0 Bcernaa nBrmxercs ¢ V = C. Hanpumep,
310 oTOHBI. Y (poTOoHA
E=hv=p=E/c=hv/c,m =E/c’=hv/c*.
3xeck h - mocrosiuHast IInanka, V - yacToTa cBeETa.
[Ipu moryomeHun cBeTa U3MEHSETCS HMMITYJIbC TeJla, T.€. OHO MCIBITHIBAECT JABJICHUE CO

CTOPOHBI CBETOBOTO My4YKa. DTO JaBJICHUE U3Mepui pycckuid yaenbiid Jlebenes B 1900 romy.

I'naBa 7. Mexannyeckue KoJie0aHus.

§1. O0nMe mMoJ0KeHN.

Konebanust — 310 porecchl, IPOUCXOAAIINE ¢ TOW UM HHOHM CTENEeHBIO MOBTOpsieMocTH. OHU
OBIBAIOT MEXaHHYCCKHUE, JICKTPOMATrHUTHBIC, JICKTPOMEXaHUYCCKUE | T.]I.

Paznuuaror cBOOOHBIE (COOCTBEHHBIC), BBIHYKICHHBIC, aBTOKOJICOAHUS, MapaMeTpPUICCKHE
KoJeOaHusl.

CBoOoiHBIE KOJIEOaHUST — KOJIeOaHUs, MMPOUCXOISIINE B CUCTEME, TPEIOCTaBIEHHOW camMoin
ce0e, IpU BBIBEJICHUH €€ U3 TIOJIOKEHUSI PABHOBECHUS (MAsITHUK).

BrinykaeHHbIe — KoJIe0aHusl, MPOUCXOIAIINE IO ACUCTBUEM MEPHOIUIECKH H3MEHSIOITIXCS
BHEIITHUX CUJI (KOJIe0aHUsI MOCTa O] ICWCTBUEM IIIAraloIINX M0 HEMY JFOJIEeH ).

ABTOKOIE0aHUS, KaK U BBIHYXJICHHBIE, COTIPOBOXKAAIOTCS BO3JACHCTBUSMHU BHEITHUX CHUJ Ha
CUCTEMY, HO MOMEHTBI, KOT/Ia 9TU BO3JICHCTBUS MPOUCXOIST, YIPABISIOTCS CaMO CUCTEMOU (4achl

C MasTHHUKOM).
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[TapameTrpuueckue KoseOaHWs BO3HUKAIOT NPU MNEPUOTUYECKOM H3MEHEHUHM KaKuX-TH00
[1apaMeTPOB CUCTEMBI, HAIIPUMEP AJIMHBI MasATHUKA.

[Ipocteiimme konebaHuss — TapMOHUYECKUE, T.€. TaKHe, NPU KOTOPBIX KOJIEOIIOmasics
BEJIMYMHA U3MEHSAETCS BO BPEMEHHM 110 3aKOHY CHHYCa WU KocuHyca. X n3ydeHue o4eHb BaXKHO,
TaK KakK a) OHH YacTO BCTPEYAIOTCS B PUPOJE, 0) IEPUOINIECKHE MTPOIECCHI JIF000H (POPMBI MOTYT
OBITH MPEJICTaBICHBI KAaK CyMMa HECKOJIbKHX rapMoHHUYecKuX (Dypbe-pa3inoxeHue).

§2. MaJjble KoJe0aHusl.

PaccMOTpUM MEXaHHMYECKYIO CHCTEMY, TOJIOKEHHE KOTOPOil MOMKET OBITH 3a/IaHO OJHOM
KOOPJMHATOI X, T.e. CHCTEMAa MMEET OJHY CTENeHb CBOOOMBI (HAIPHMEp, YroJl WM PAacCTOSHUE
B0 KpuBoii). [ToTennuanshas sueprus U — dpynxuus oanoit nepemennoit U(X). ITycts cucrema
uMeeT noJiokenue papHosecus. B Hem U mMeer MuHMMyM. YCIIOBUMCS OTCUNTHIBATH KOOPIMHATY
x u suepruro U ot s1oit Touku. Torga U(0)=0. Paznosxum U(X) B crenennoii psaa

U(x)=U(0)+ U'(0)x+ U"(0)x*/2+ ...

Vurem, uto U(0) =0, u U'(0) =0, U"(0) =Kk > 0, Tax kax B Touke paBHOBeCHS SHEPrUs

MMEET MUHUMYM.

2
Orpanuuupiuch nepebivu wienamu, nomyaum: U (X) =Kx“/2 - amanormunas dopmyna

du

6GbuIa JuIst ynpyroil seprun. F, :_& = —KkX - mpoekmus cuisl Ha och X. Jlanee MHAEKC X

MOXHO OIIYyCKaTb, TaK KaK JAIBHXXCHHE IIPOUCXOIUT BOOJIb OI[HOFI ocu. Takue cuibl Ha3BIBAIOT
KBa3UyIlIpyrumMmu. Onn IIPONOPHUOHAIIBHBI CMCIICHUIO W BCCTAa HalpaBJICHbI K IIOJOXCHUIO

PaBHOBECHUAI.

3anmmrem 3akoH Herotona: MX = —KX . O6o3nauns K/m = a)g > 0, nomyunm

ss 2 o
X+a)OX=0 - nuddepeHnranbHOe ypaBHEHHE CBOOOJHBIX HE3aTyXamIIUX KojaeOaHUi.
Ecau ecth cuia conmpoTHBIICHUS ABM)KCHHIO, HAAO BBECTH YJICH, IMPOIMOPIMOHAIBHBIA CKOPOCTH

Fw,,p:—rx, rie ' — xosdduuuent comnporusnenus. llomydnm ypaBHEHHE 3aTyXarOIIUX

Kosie0aHui
mi=-kx—rx = X+28%+w;x=0,rme 28=r/m.
PaccMoTpuM BBIHYXJIEHHBbIE KOJieOaHMs, KOTJa €cTh BHELIHsSS MepuoJuYecKas cuia
F...=F,CoSwt. O6osmauns Fy/m=f,, npumem x mmbdepenumansnomy ypapHeHuIO

BbBIHYKACHHBIX KoJIeOaHMt

X+ 2 8%+ wix = f,cosat
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Huddepenunanbueie ypaBHEHUS TaKOTO TUIIA Ha3bIBAIOTCS JTMHEHHBIMU
middepeHnanbHBIME YPaBHEHUSIMH C TOCTOSHHBIMH Kod¢dunuentamu. Ecin B mpaBoil yactu
HOJIb, TO YPaBHEHUE OJHOPOIHOE, €CIIU HE HOJIb — HEOJHOPOTHOE.

§3. N'apMoHHnYecKHe KoJe0aHusl.

Pemenune aupdepennmansHoro ypasaenus X + a)g X =0 nmeer Bun X =acos(ayt + a),
rme d M QU - TIPOM3BONBHBIE MOCTOSHHBIE. @ - HAMOONbIIEE OTKIOHEHHE OT MOJIOKEHHS
paBHOBECHs, HA3BIBAETCA AMIUIUTYIOH KoneGaHusa. BemwuuHa, cTOAMAs MOJ 3HAKOM CHHYCA WU
xocunyca, T.e. (Wt + ), HaspBaeTcs pasoil, & - HavanbHas $hasa. MUHAMANLHOE BPEMS, Yepes
KOTOPOE COCTOSHUE CUCTEMBI TOBTOPSIETCS, HA3BIBAETCS TIEPHOIOM.

o,t+T)+a=ot+a+2x = T=2r7lw, .

0
Uwucno konebanuii B eAMHUITY BPEMEHU Ha3bIBACTCS YaCTOTOM KoJIeOaHU: V = 1/T = 2—0
T
Bemuunna @, = 277v = 277/ T HasbiBaeTcs nMKIMYECKOH Wit KpyroBoil yactotoil. Haiisem
CKOPOCTB:
V, = X =—-aa,sin(a,t + o) =aw, cos(at +a+7/2).
3HAYMT, CKOPOCTh TOKE MEHSETCS MO rapMOHHYECKOMY 3aKOHY, HO oHa Ha 77/ 2 omepexaer

1o ¢aze CMeIICHHE.

Yckopenue W, =V _=-aw, cos(m,t + a) = aw, cos(wyt + a + ) ornepexkaer
CMelLeHue Ha TT . z
I'paduku Ha pUCYHKe cOOTBETCTBYIOT ciaydaro o = 0. te w‘ I R
3HAYEHHE TIPOU3BOJIBHBIX MOCTOSHHBIX & M (X HAXOMAT M3 \ -
HayalbHBIX  YCJIOBHI: X(0) = Xy, v(0) = v, = -a-‘---'T | msgen -l
12
acosa =X, —aw,Sina=Vv,. T TN
2 2 ' =
(acosa ) = x;
= -waL-- N

(—am,sina) =V; ,

+wigt---- e e e =
"’1:\/)(5"'(%/600)2 \
tga = —v, [(w,%,) w/\l

KBa3I/Iynpyra;1 ChJia ABJIACTCA KOHCGpBaTHBHOﬁ, T.C. MOJIHAA SHCPrus NOJDKHA OCTaBaThCA

MOCTOsSHHOH. B mnmponecce KOJICOAHUM KHHETUYECKast OHEpTrUsa NEpCXOAUT B IMOTCHIUAJIBHYIO U

O6paTHO. HpOBCpI/IM 3aKOH COXpaHCHUA SHCPIUH. B nonoxxenun paBHOBECHUSA El = E a B TOYKC

KUH >

MakcumanbHoro otkionenus E, =U .
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E — max —
o2 2
ki ka®  m(wa)’
E,=U, .= é”ax =5 = ( 20 ) = E,, 4ro n tpeGoBasnocs gokasars.

B npou3BoJIbHBINE MOMEHT

mx’? N kx?  maeja®sin®(at + a) N mawja’ cos’ (ot + )  maja’

2 2 2 2
§4. MasiTHUK.

MaremaTudeckuii MassTHUK — 3TO MaT€puajibHasd TOYKa Ha HEBECOMOU

E =

= const

HepacTsKuMoil HUTH. PaccMoTpum BpaiaTenbHoe 1BUKeHue BOKpyr ocu O.
. - 2
Bpamaromuii Moment pasen N = mglsm @, MOMeHT uHepuun - | = ml“.

YPaBHeHHe JUHAMHWKHU BpAIlaTCIbHOTO ABHUKCHUA BBITJTIAAUT TAK:

ml*¢p = —mgl sin @, otkyna cnexyer @+ %sin @ =0 - ypaBuenne

KoJIcOaHUIT MagTHUKA.

Konebanus He rapMoHHYECKHE, T.K. HE (@, a SIN @ . [Ipu ManbIxX yriaax oTKIOHEHHs, KOraa

sinp~ @, nonyaum G+ i@ =0,r1e @, =~/9/1;T =27/, =27.119g.

Ecny MasTHHK He MaTeMaTHUecKWi, a (pU3NUecKuii (MIM HUTh UMEET MAaccy, WM TeJo - He
.. . .. 2
Touka), To |Pp=-mglsing, @,=mgl/l. Tpu mamix ¢@ umeem @+ wyp=0,
T =2/, =271/ mgl, rae | - paccrosnne ot Touku noaseca 10 uenTpa TsKECTH.

§5. buenus.
bueHus BO3HHUKAIOT, KOIJa CKJIAJbIBAIOTCSA J[BA TapMOHUYECKHX KOJIEOAaHHUsI OJUHAKOBOMN
aMIUIUTY bl ¥ Onu3kux yactot. Mmeem jaBa koneGanus: X, = aCOSawt u X, = acos(w+ Aw)t,

npuyeM A@ << @ . CymmapHOe KojleOaHue UMEET BUJL

X =X + X, = 2ac0s(Aat/2)cos(w + Aw/ 2)t ~ 2acos(Awt / 2) coswt

Ero moxHO MNpeACTaBUTb KakK

KoJiecOaHME C  YacTOTOM w 151

MEHSIIOIIIEHCST co BpEMEHEM il & '
y 2) ¥ 2 : i
ammatygoi.  OTMeTdMm,  4TO B : B
T ' i et : B |
aMIUTATY 12 He paBHa ' | ; ' V- }
3 | | "= Jw . |
TIOTYEPKHYTOMY BBIPAXKCHHUIO, ¥ ; ; : |
B H : ]
6 g W\E
= . | __I_



Aot

IOCKOJIbKY OHA JOJDKHA OBITh Oounblie Hyns. Ilostomy ammmmryga A =|2aC0S——|. Ilepuon

27

U3MEHEHHS aMIUIUTY bl paBeH 1 = A_
a

§6. 3aTvyxalomue Koae0aHusl.

Huddepenunanbaoe ypaBHEHHE 3aTyXarOMUX KOJICOAHNH BBITIISUT TaK:
X+28%+w;x=0

[Ipn He OdYeHb CWIBHOM 3aTyxaHuu, Korma [3 < @,

pEILIEHNE UMEET BUT a, / A"- SE—
x=ae " cos@t+a), (¥ 4 [\ [\ _—

2 2 l ﬂi U u_-_
THE (D =Wy — ,B ) ao U (! - IPONU3BOJBbHBIC NOCTOSIHHBIC, T S
r T

3HAYCHHA KOTOPBIX MOKHO HaWTH U3 HAaYATLHBIX YCHOBHﬁ.

OT10 KoJIeOaHUsI YAaCTOThl () C aMILIUTYIOM aoe*”‘ ,rae [3 - 910 Ko3hGUIKMEHT 3aTyXaHus.
o —pr _ ;-1 _
Haiiiem Bpems 7, 3a KOTOpoe aMILIUTy/1a yObiBaeT B € pas. Torna € 7" =€, 1.e. 7=1/ .

Tepuon T =27/ w=2n1 &} — B° = 27| @,, ecnn B << w.

PaccmoTpuM, BO CKOJIBKO pa3 yObIBaeT aMILUIUTYAA 3@ OJUH MEPHO/I:

a(t
L =e/l - JIEKPEMEHT 3aTyXaHHUs.
a(t+T)
a(t
=In # = [fT - JIoTapu(MUYECKHUI TEKPEMEHT 3aTyXaHusl.
a(t+T)

BaezieM nonsTHe J06pOTHOCTH KolebarenbHoi cucteMbl Q = |l A. Moxno mokasats, 4To

no6porrocts Q paBHA OTHOLIEHUIO PHEPTUM, 3aIIACEHHON B CHCTEME B JAHHBI MOMEHT, K yOBLIH
3TOM SHEPTUH 32 MEPUO/I.

BuaHo, uyto ¢ pocrom 3aryxanus @ yoOwiBaer, a 1 pacrer. llpu S =@, nepuox T

obpainaercs B 6€CKOHEUHOCTb, T.€. JABHXKEHHE MepecTaeT ObITh nepuoanueckuM. Ecn S > @y, o

peuicHue (*) HC IrOAUTCA. I[BI/I)KGHI/IG 6yz[eT ATlCpuoOAUICCKUM. B 060ux sTux ClIydasX BbIBCACHHAs

U3 TTOJIOKCHHUA PAaBHOBECHUA CUCTEMaA BO3BPALIACTCA B HETO 34 OCCKOHEUHOE BpeMs.

62



§7. BLIHVKICHHBIE KOJe0aHus.

JuddepeHnnanbHOE ypaBHEHUE BBIHYKICHHBIX KOJICOAHUH BBITJISIUT TAK:
. . 2y
X+ 20X+ w;x= f,cosat ()
Pemenne mpencraBnsier co0OW  cyMMy CBOOOJHOTO — 3aTyXaloUIero KOJeOaHUs W

BBIHYXJICHHOT'O HE3aTYyXaIOIIEro C 4aCTOTOM @) !

X =ae " cos(yawi - fit+a)+ \/(a)zo C‘;;()a:t;:;)zwz
?

3ILCCB 8.0 u o- HpOH?:BOJ’IBHBIC HOCTO?IHHI)IC, 3HA4YCHUA KOTOpI)IX MOXHO HaﬁTH U3 HaAYaAJIBbHBIX
fO

2 2\2 2 2

\/ (0 —0°) +4p°w

ycnoBuid. O003HAUYUM BETUUHUHY

OykBoii @. Yron (9 ynoBIETBOPSET

2w

yenosuto g =———.

Bunno, 4ro ¢ TeueHueM BpeMEHHM MEpBBIA YJIEH 3aTyXaeT, U OCTAeTCsl TOJBKO BTOPOH, C

4aCTOTOW BBIHYXKJAroIIeW cuibl. HaliieM 4acToTy, mpu KOTOpPOM aMIUIUTya & BBIHYKJIEHHOTO

KojeOaHus MakcuMmanbHa. OHa COOTBETCTBYET MHMHHMMYMY TOJKOPEHHOTO BBIPRXKEHUS B

2 9y\2 2 2 -
snamenarene: (@, —®°)" +4°@®° = Min , 1.e. npousBoHas paBHa HyITIO:

2 —0°)(20) +8f'w=0 = o -0"'=28" = o,=\a;-2p
lpu f << @, umeem @,,, ~ @,.

Pe3onanc — sto sABIeHUE PE3KOI0 BO3paCTaHUA aMIINIMTYAbl BbIHYKJICHHBIX KoJieOaHMi Ipu

HeKOTOpOI\/'I qacToTe BI)IH}DKI[&I'OH.IG?I CHJIBI. AMHJ'II/ITy,Z[a B PC30HAHCC paBHA:

a = fy
2B et - B

[pu manom saryxanun ([ << @),) pe3oHaHC MNPOSBIAETCS

Hauboee SAPKO. OH BO3HHMKaeT IIpru COBIIAJACHUU YaCTOThI
BBIHY)K,Z[aIOH_[eﬁ CHUJIbI C COOCTBEHHOH YacTOTOM CHCTEMBI
fO

(o —
2w,

pes = (), @ €ro aMIUIuTYyda paBHa a =

ctpemutcs k 6eckoneunoctu ipu 3 — 0.

Hapucyem pe3oHaHCHYIO KpHBYI, T.€. 3aBUCHUMOCTH

AMINIATYAbl YCTAHOBUBIICTOCS BBIHYKJICHHOT'O KoJIeOaHMSI OT

yactoThl BeHykHatomeit cuint a(@) (LB, < B, < B)-
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Haiinem oTHOmIeHWE amMIIMTyAbl d .. K CMELICHUIO X, IPU IOCTOSHHOW CHJIE TOM XK€

pes
BEJIMYUHBI, YTO U aMIUIMTYyJa BbIHYXJatomeld. Ero Mel Haiinem u3 ypaBHeHus (*), MOJOKUB B HEM
2
=0, r1e ajX, = f;:
2
Qe _ Toy @, 27
X, 2pa,f, 20 20T

T.C. ZIO6pOTHOCTI) HUMCECT €€ OJJUH CMBICII.

72._
Z_Q’

§8. [TapameTrpuYecKHuil Pe30HAHC.

PaccmoTpenHBlil B mpenaplaymieM naparpade pe3oHaHC BO3HUKAI H3-3a MEPHOIUYHOCTH
BBIHYK/JIAIOIIEH CHIIbL. ECTh M Ipyroil BUJ BO3AECHCTBHS, O3BOJISIFOIINI CHIIBHO pacKadyaTb CUCTEMY
(xauenu). OTO M3MEHEHUE B TaKT C KOJEOAHUSMHU KaKOro-imbo mapaMmerpa CHCTEMBbI, HallpuMep
JUIMHBI MasiTHUKa. Eciu yBennuymBaTh €€ B KpaWHUX IOJIOKEHUSX (MpUcCeAaTh) U YMEHbIIATh
(BcTaBaTh) B CpeiHEM, TO MasITHHUK (Kadean) packayaeTcs.

VYBenuueHue sHepruy MPOUCXOAUT 3a cUeT pabOThl CUIIBI HATSHKEHUS HUTH (B ciydae Kadesnei
CHJIa PeaKIMH MoJia). DTa CUJIa MEHbIIE B KpallHUX MOJIOKEHUSX, T/l CKOPOCTh paBHA HYIIO, U
Oonblle BHU3Y, II€ CKOPOCTh MakcumalbHa. [loaTomMy oTpuuaTtenpHass paboTa NpU YUIMHEHUH
MEHbILIE MOJI0KUTEIBHOM TP yMEHbILIEHUH JUINHBI. KOHEYHO, Ha Kadensx 3Ta paboTa coBEepIIaeTCs
3a CYET MYCKYJIbHOM DHEPTHH YEIIOBEKA.

89. ABTOKOJICOAHMS.

HpI/I 3aTyXaromux KOJIeOaHMAX OHEpIrusaA CHUCTEMblI pacxoAye€TCsa Ha IIPCOAO0JICHUEC
COIIPOTHUBJICHHA  CPCIbI. Ecnmn  BoCmomHATH Ty Y6BIJ'IB OHCPI'UH, KoJIeOaHHUs CTAHYT
HC3aTyXaromuMHu. ITonmomaeHne OHEPIUH MOXKET OCYHIECTBIATHECA 3a CUCT TOJTYKOB HM3BHE, OJJHAKO

OTH TOJYKH  OOJDKHBI IHIPOHUCXOAWTbL B TAaKT C

dcs M,
KOJICOAHUSIMH CHCTEMBbI, HHauY€ OHU MOTYT OCJIa0UTh ”ﬁﬂﬁﬂ?ﬂéf e

9TH KOJeOaHUs HIIH JaKC IIPCKPATUTb COBCCM. Mo:xHO
CACIaTh Tak, YTOOBI KOJ'IC6J'IIOIJ_18.$IC$I CHUCTEMa cCaMa
yiipaBJisijia BHCUIIHHUM BOS,I[G?ICTBHGM, obecneunBas
COIJIaCOBAHHOCTh TOJYKOB CO CBOMM JOBHXCHHCM.
Takas cuctema Ha3bIBaeTCs aBTOKOHC6aTeJIBHOI>’I, a €€

Aodobiae

KOJIEOAHUS — aBTOKOJIEOaHUSIMU. HORECH

B kxauecTBe npumepa pacCMOTPUM 4acOBOM MeXaHU3M. MasTHUK 4acOB HACAKEH Ha OJIHY OCh
C M30THYTHIM pbIlYaroM — aHkepoM. Ha KoHIlax aHKepa MMEIOTCs BBICTYIBI ClIEHUaIbHON (HOpMBI —
nayeTTel. 3y04aTroe XOJ0BOE KOJECO HaXOIUTCS MOJ BO3ACHCTBHEM ILEMOYKH C THped win
3aKpYYEHHOM MPY)KHMHBI, KOTOpPBIE CTPEMATCA IOBEPHYTh €ro IO YacoBOM cTpenke. OgHaKo

6OJ'ILI_HyIO YaCTb BPEMCHH KOJICCO yNHUpaACTCA OJHHUM U3 ByGBCB B 60KOBy10 IMMOBCPXHOCTDH TOM WK
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WHOUW MaJeTThl, CKOJB3AIICH NMPH KauaHUM MAasgTHUKA IO MOBEPXHOCTH 3y0a. TOIBKO B MOMEHTHI,
KOI'/Ia MasiTHUK HaXOAMUTCSA BOIM3U CPEIHETO IOJIOKEHMSI, AIETThI IEPECTAIOT IPErpaXaarh MyTh
3yObsIM, M KOJIECO IMPOBOPAUYMBACTCS, TOJKAas aHKEpP 3yOOM, CKOJB3SIIMM CBOCH BEpIIMHOW IO
CKOIIIEHHOMY TOPIly HaJeTThl. 3a MOJIHBIM LMKJI KayaHU MasTHUKA (3a MEpPHUOJ) XOJI0BOE KOJIECO
IIPOBOPAYMBAETCs HA JBa 3y0a, MIpHUeM KaxkJas U3 NaJeTT MoJIydaeT o Toauky. Uepes nocpeacTBo
3TUX TOJYKOB 3@ CUET SHEPruu MOJHATOW TMpU WM 3aKPYyYEHHOW MPYKMHBI M BOCIIOJIHAETCS

Y6BIJII) OHCPIrvu MajdTHHKA, BOSHUKAIONIAA U3-3a TPCHUS.

MOJIEKYJIAPHAA ®PUUKA U TEPMOJNHAMUKA

§1. Ctatucrnueckas GusuKa 1 TePMOANHAMHUKA.

OCHOBHBIE OJIOKEHMS MOJIEKYIISIDHO-KnHeTHueckol Teopun (MKT)

1) Bce Tena cocTosT U3 MOJICKYII.
2) Mouekysbl HAXOAATCS B TOCTOSHHOM Xa0THYECKOM JIBHKCHUH.

MounekynspHas (u3HMKa UCTOJIKOBBIBAET CBOMCTBA TeJl KAK CyMMapHbIN pe3yapTaT AeHCTBUN
Mosiekyn. IIpu 3ToM oHa MHTepecyeTcsl HE ABM)KEHHEM OTIEIbHBIX MOJIEKYJ, a JIUIIb CPEAHUMHU
BEJIMYMHAMHU, XapaKTepU3YIOIIMMHU ABM)KEHHE OTPOMHOr0 KojmdecTtBa yactuil. OTcroma Apyroe
Ha3BaHue — «CraTucTudeckas QU3NKay.

N3ydeHneM Tex K€ CBOMCTB 3aHMMAETCs TEPMOAWHAMHKA, HO OHA, B OTIMYHE OT
MOJIEKYJISIPHOM (PU3MKH, U3ydaeT MaKpOCKOIIMYECKHE CBOMCTBA TEJ U ABJICHUN M HE MHTEpECyeTCs
MHKPOCKOTTMYECKOM KapTHHOW. OHA OCHOBBIBAETCS Ha (PaKTUUECKOM MaTepuale.

§2./1aBieHnue.

B MexaHuKe [naBicHHME BBOJWIOCH KaK OTHOIIECHME CHJIBI K Iomanud. Hampumep, NbDKHUK
CO3/1aeT JaBJIEHHE Ha CHer moj HuUM. B ¢usuke xunkocteil U razos yJqo0Hee MHA4Ye MOJOUTH K
ONPEIEIICHUIO 3TOTO NOHATHA. [[e)10 B TOM, 4TO B MEXAHMKE Yallle€ BCEr0 MCXOIHOM SBJISIACH CHUIIA,
a JaBJeHue ObUIO ee pe3yabTaToOM. B JKUAKOCTAX U ra3ax UCXOJHBIM SIBJISIETCS UMEHHO JIaBJICHUE, a
CHJIa — €TI0 CJIE/ICTBHUE.

Paccmorpum cocyn ¢ Bomoil. IlpencraBum cebe, 4yTO BMECTO BOJbI B HErO HACBIMAHBI
MaJICHbKUE TOPOJIOHOBbIE MApUKU. OIUHAKOBO JIM C)KaThl IIAPUKM Ha pa3HbIX BeIcoTax? OTBET
OUEBHUJICH: YEM HIKE, TeM CHJIbHEE CXKaThl LIApUKH, BeAb MM IPUXOAUTCS JEp)KaTh Ha cebe Bce
pacrnionoxeHHsle HaJ HUMH. CyHeM B cocyl pyky. CxkaTble mapuku OyayT TaBUTh Ha HEe CO BCeX
ctopoH. [Ipu 11000M pacnosio’keHUH PYKH CHJia JaBJI€HUs OyleT MepHeHUKYIsIpHa MOBEPXHOCTH

pykH. JlaBneHrMEM Ha30BEM OTHOILLIEHUE MOAYJIS 3TOH, MEPIEHAUKYISIPHON K IOBEPXHOCTH, CHJIBI, K
IUIOLIA/IA, HA KOTOPYIO OHa JAEHCTBYeT: [ = g (Ctporo roBopsi, HaJl0 paccMaTpuBaTh Mpeen

dF

9TOI'0O OTHOUICHUA MPHU CTPECMJICHUH TIJIOIAAKU K HYJIHO, T.C. IPOU3BOJHYIO: p = E )
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Takum 00pa3oMm, TaBICHHE — ITO «CTENEHb CXKATHS MapuKoB». KoHEYHO, 3TO TOJIBKO 00pas,
HO OH BechbMa OJIM30K K peanbHOCTU. /[aBJIeHME MOKHO CUMTATh CTETICHBIO CXKATHSI KHUIKOCTH HITU
rasa B JJAHHOM TOUYKE.

HaI[O pastanb IIOHATHUA «IABJICHUEC» U «CHUJIa TABJICHUI). I[aBJICHI/Ie — CKaJISIp, I/I3M€pﬂ€TC$I
B H/M? (ITackansix), cuma AaBJICHHS] — BEKTOp, HAMPABIICHHBIM MEPICHAUKYISIPHO IUIOIAJKE,
I/I3M€p$ICTC$[ B HI)IOTOHaX. HeraBI/IJIBHO FOBOpI/ITI) 0 «JaBJICHHUU HaA AHO», 3TO «AABJICHUEC y JTHa».
«Ha maoy» maBUT cuia JaBJICHUS.

Kpome cucremubix enunun — Ilackanei, ans AaBiieHUs CYIIECTBYIOT M HECUCTEMHbIE: |
MUJTUMETp pTyTHOTO cTon6a = 133 IMa u 1 atMocdepa (atm)=760 mm pr.cT.=1,013-10° ITa.

§3 PacnpenesieHue JaBJeHUs B MOKOANIMXCS KMIKOCTH U ra3e.

PaccmotpuMm kuakocTe B cocyne. BeiienuMm B HeW BepPTHKAIbHBIN

]

/

¢ / : MWIAHIP W3 JKUAKOCTH BbicoTo h. OH TMOKOWTCS, 3HAYUT, CHIIBI,
/ NeMCTByIOLME Ha HEro, ypaBHOBemlleHbl. Ha OOKOBYIO MOBEpPXHOCTH

/

CHapyxXu HeﬁCTBy}OT TFOPHU30HTAJIBHO HAaIMPaBJICHHBIC CHWIIBI JaBJICHUA

KUJKOCTHU CO BCEX CTOPOH. JIpyrX TOpU30HTAIBHBIX CUJI HET, 3HAYUT, 3TU

CWJIBI KOMITEHCUPYIOT Ipyr apyra. [lo BepTHKanmu HEeHCTBYIOT TpU CHIIBI:

cuma tsxectu ¢ moxynem Mg = pS(h, —h)g u cuiel nasnenus

KHUIKOCTH CBepXy P,S u cruzy P,S . Ycnosue paBHOBECHS UMEET BHIL:

pZS +Mg — pls =0, orkyma mosnydaem P,=pP,+ pgh. JlaBneHus B KUAKOCTH Ha Pa3HbBIX

YPOBHAX pa3jindaroTCd Ha BCIWYMHY, YHCICHHO PaBHYIO BECY BECPTHKAJIIBHOI'O cT0J10a KHNIKOCTHU

MEXly STUMH YPOBHSMH C ILIOIMIA/IbI0 cedeHus 1 M2,
BeiBon. JlaBnenue kuakocTd Ha Tiaybumne N paBHO cymMme aTtMocd)epHOTO M
TMIPOCTAaTHYECKOTO AaBnenui P =P, .+ pgh.

JlaBneHne — BechbMa TOHKOE (HU3MYecKoe MOHATHE. HYacTo OHO NMPUBOJIUT K KaKyLIUMCS
napazokcalbHbIMHU pe3yiabTaTaM. B 1648 r. Takoil mapagokc nponemoncTpupoBan bies Ilackans.
OH BCTaBWJI B 3aKpBITYI0 OOYKY, HAllOJIHEHHYIO BOJOH, y3KYyI0 TPYOKY M, NMOJHSABIIMCH Ha OakOH
BTOPOTO 3Ta)ka, BIHI B 3Ty TpyOKy kpyxKy (!) Boapl. M3-3a Manoii TonumHel TpyOKH BoJa B Heil
MOJHANACh 70 OOJBLIOW BBICOTH, W JaBleHME B OOuke, OINpeaenseMoe BBICOTOM cToJOa,
YBEIMUMIOCH HACTOJIBKO, YTO KPEIUIEHUs! OOUKU HE BBIAEPKAIM, U OHA TPECHYIIA.

PaCCMOTpI/IM CIC OAWH Ka)KYMHﬁCH Iapaaokc. Hanpem BOAY B HCCKOJIBKO COCYIOB pa3H0171

q)OpMLI, HO OJHOM BHICOTHI X C OJMHAKOBOM ILIOMIAALIO

JHa. HYCTB JJIsL yGCI[I/ITCJIBHOCTI/I JOHBIIIKKX  HE

NPUKPCIJICHBI, W Mbl IOJDKHBI HOPWKHMATh HUX K —J
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cocy/aM CHU3Yy pykamu. JlaBieHHE OKOJIO JHA BO BCEX Clydasx oauHakoBo - P = ogh (mbl He

YUUTBIBaEM aTMOC(hEepHOe, TaK KaK €ro CWia JaBJICHUs NEHCTBYeT Ha AHO U CHU3Y Toxe). Cuia

JaBJICHHUA BOJbI HAa JHO F = pS TAaKXXC OJWHAKOBAa. OTo0 3HAYUT, YTO CHJIa, KOTOPYIO MBI

IIPUKIIAJIbIBAaEM, YTOOBI yAepKaTh JOHBIIIKH, BO BCEX CIIy4asx ojHa U Ta xe. Ho Benp konmuecTBa
3aJTUTOM BOJIBI 3aMETHO pa3iudarorcs. Kak 310 00bsacHUTH? 37€Ch HA/I0 YIYUTHIBATH HE TOJIBKO JTHO,
HO U CTeHKHU cocynoB. B cocyne Nel Boxa naBut Ha creHku, a creHku no |l 3.H. — Ha Bogy. Ot
CWJIbI NMEPHEHIUKYJISAPHBI CTEHKAaM, T.€. UMEIOT TOJIbKO TOPU30HTAJIbHYIO cocTaBiisitouyro. Cuia
TSYKECTH KOMIIEHCUPYETCS TOJBKO CHJION co CTOpOoHBI AHA. [loaToMy cuia naBieHHs BOJBI HA THO
paBHA BECY HAJIUTOMN BOJBI.

B cocyne Ne2 Ha BOJIy CO CTOpOHBI CTEHOK AECWUCTBYIOT CHJIbl, UMEIOIIME BEPTHKAIbHYIO
COCTaBJISIOLYIO, HAIIPaBJICHHYIO BBEPX, T.€. CTEHKH OepyT Ha ceOs yacTh Beca BOJIbl, IOATOMY Cuja
JABJIEHUS Ha JHO MeHbplIe Beca BoAbl. B cocyme Ne3 cTeHKM CO30al0T BEPTHKAIBHYHO CHIY,
HaIpaBJIEHHYIO BHHU3, NO3TOMY JIHO JIOJDKHO KOMIIEHCHPOBATh U €€, T.€. CHja JaBJeHHs Ha JHO
00JIbIlIE BECA HAITUTON BOJIBI.

- —
Eme OJIHUM BIICYATJISIFOLIUM IPUMEPOM ABIISIETCS L A

TUIPaBINYECKUI npecc. On COCTOMUT u3

JBYX COOOIIAOIIMXCS IMJIMHIPOB C TOPIIHAMH Pa3HOTO JuUaMeTpa.

HumHaps 3aII0JIHSIOTCS BOJIOM, MacJIOM U JIpyrou

noaxosmiei skuakocteio. [lo 3akony Ilackams maBineHue B JFOOOM
MECT€ HEIOJIBYKHOM KHUJIKOCTH OJMHAKOBO TI0 BCEM HAIPABJICHUSAM W OJMHAKOBO IMEPEaaeTcs 1o
BceMy 00bEMy. Cuulbl JaBJeHUS, JCHCTBYIOIIME HAa MOPIIHU, MPOMOPIHUOHAIBHBI UX IUIOIIAISIM.

Tak uTO BBHIUIPHIN B CHJE, CO3JaBAeMblii MJEaNbHBIM THAPABIMYECKAM IIPECCOM, PpAaBEH
OTHOLICHHMIO TLIOIMIAIEH TIOPIIHEH. p=F/S,, F,=pS,=S,/S,-F,>F
84. 3akon Apxumesa.

Paznuune I[aBJ'ICHI/Iﬁ Ha pa3HbIX FJ'IY6I/IHaX IMPpUBOIUT K 3aKOHY ApXI/IMe)Ia. B PaCcCMOTPECHHOM

BBIIIE CIy4yae C LUUJIMHAPOM TMOHSATHO, YTO HAa €ro MOBEPXHOCTh CHAPYXKH ACHCTBYIOT CHJIBI CO
CTOPOHBI JKHIKOCTH, PE3YILTUPYIOIIAsk KOTOPhIX HAIIPABIEHa BBEPX U paBHa ;S — P,S=mg. K

TAKOMY 7K€ BBIBOAY JICTKO HpHﬁTH nB O6H_ICM cJIydac. IToMecTuM B KHAKOCTh TEJIO HpOI/ISBOHBHOﬁ
(I)OpMLI. Hpe,[[CTaBI/IM ce6e, 4YTO MBI 3a6pam/1 9TO TCJIO, a €I0 00BEM 3aIIOJTHUIIN TOH JKe KHUAKOCTBIO.
HOHHTHO, 4YTO 3Ta XHUIAKOCTb 6yz[eT HaXOIUTbCA B PABHOBCCHUMU. 3Ha‘-II/IT, CHJIa TAXKECTHU €€
CKOMIICHCUpPOBaHa CHUJIaMH JAaBJICHHUA Ha €€ IOBCPXHOCTH CHAPYKH. Ho »tu cumnbl He HU3MCHATCA,
€CJIK BMECTO KUAKOCTU BEPHYTH TCJIO.

BriBong — 3akoH ApXI/IMCI[aZ Ha TCJIO, MNOrpy>XCHHOC B KHUAKOCTb HJIM TIas, IICﬁCTBy@T

BbITAJIKMBAKOIIAA CUJIa, paBHAasd BECY BBITECHEHHOM TEJIOM KMIKOCTH.
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https://ru.wikipedia.org/wiki/%D0%A1%D0%BE%D0%BE%D0%B1%D1%89%D0%B0%D1%8E%D1%89%D0%B8%D0%B5%D1%81%D1%8F_%D1%81%D0%BE%D1%81%D1%83%D0%B4%D1%8B
https://ru.wikipedia.org/wiki/%D0%93%D0%B8%D0%B4%D1%80%D0%B0%D0%B2%D0%BB%D0%B8%D1%87%D0%B5%D1%81%D0%BA%D0%B8%D0%B5_%D0%B6%D0%B8%D0%B4%D0%BA%D0%BE%D1%81%D1%82%D0%B8
https://ru.wikipedia.org/wiki/%D0%97%D0%B0%D0%BA%D0%BE%D0%BD_%D0%9F%D0%B0%D1%81%D0%BA%D0%B0%D0%BB%D1%8F

[TockoybKy pacCMOTPEHHBIA 00BEM KHUIAKOCTH HAXOJUTCS B TIOKOE TIPHU JIFOOOM TIOBOPOTE, TO
cwia ApxuMesa MPUIOKEHA B TOW e TOYKE, YTO U CHJIA TSHKECTH 3TOTO 00beMa, T.€. B €ro IIEHTPE
TsokecTd. Cuila TSDKECTH CaMoro Tella MPWIOKEHa B €ro LEHTpPEe TSDKECTH, KOTOPBIM, BOOOIIE
roBops, HE COBINAAACT C LCHTPOM TAKCECCTHU KHUIAKOCTH. Eciu cmima TsoxecTH Tejla MEHBIIE
BBITAJIKUBAIOIIEH CHIIBI B 00BbEME BCETO TeJa, TO OHO OyJeT MOTpyKeHO He MOJTHOCTHIO. [Ipu 3 TOM B
COCTOSAHMH PpPaBHOBECUA LECHTP TAKCCTH TCJIa OJIKCH OBITH CTpOTro IoAa HOCHTPOM TsIKECTU
BBEITECHEHHOTO 00BEMa KUAKOCTHU, MHAYC CHJIBI CO3OaAyT BpaHIaTeJIBHI:IfI MOMCHT, U PaBHOBCCHC
OyJeT HapyIIeHO.

§5 Macca u pa3Mep MOJIEKYJIbL.

ATOMHOI euHMIEH Macchl (a.e.M.) Ha3biBaeTcst 1/12 maccrl atoma yriaepona C12. B tabmune
MenneneeBa Bce Macchbl aTOMOB JIaHbI B a.€.M.

OTHOCUTENHHOM aTOMHOM (MOJIEKYJISIPHOI) MacCOi BEIeCTBa HA3bIBAETCSI OTHOIICHUE MAaCCHI
aToma (MoJieKyibl) K 1 a.e.M.

1 MOJB — KOJIMYECTBO BEUIECTBA, B KOTOPOM COAEPIKHUTCSI CTOJBKO YACTHI], CKOJBKO aTOMOB

yraepoja cofepxutcs B 12 rpaMmmax ero. Yucio yacTuil B MoJie Ha3bIBaeTCsl YUCIOM ABOTajpo:
N, =6,02-10% 1
A =002 /Mo (MOJIB ™).
Macca ofHOTO MOJISl Ha3bIBAETCSI MOJISIPHOUM Maccoit M.
M =N AM, rae M —Mmacca aTomMa HIi MOJICKYJIBI.

Hpyroe, 6osee ynoOHOe omnpeaesaeHne MoJisi: 1 MOJIb — 3TO KOJIMYECTBO BEIIECTBA B IpaMMax,
paBHOE MOJICKYJISIpHO# Macce B a.e.M. Hanpumep, aiisa CO2: 12+2x16=44 1.
OneHUM pa3Mep O1HOH MoNeKy/Ibl. OJMH MOJIb BOJbL, T.¢. 18 rpaMmor=0,018 murpa=18x10°

M3, comepxut 6.02 -10°° monexyn. 3uaunt, Ha 1 Monexyny npuxomurcs o6bem 30 -107°°M3. Ecin

9T0 KyOHK, To ero cropona pasHa 3 30 x107>° ~ 3x107"°u = 3 Anrcrpema.

§6. PaBHOBeCHbIE U HEPABHOBECHbIE CHCTEMBbI.

BBenem noHsTHA paBHOBECHOH U HEPAaBHOBECHOW CHCTEM.

PaBHOBECHOE COCTOSIHME CHUCTEMBl — TakKoe, IpU KOTOPOM BCE IapaMeTpbl HMET
OTIPECIIEHHBIE 3HAYECHMs], OCTAIOLINECS] HEM3MEHHBIMU CKOJIb YTOAHO 1oJiro. [Ipomecc, cocrosmmii
U3 HENPEPHIBHOM MOCIIEI0BATEIBHOCTH PABHOBECHBIX COCTOSIHHM, Ha3bIBAETCS PAaBHOBECHBIM, WIIN
KBa3MCTaTHUECKUM. SICHO, YTO paBHOBECHBIM MOKET ObITh TOJILKO OYEHb MEUIEHHBIH MpoIecc.
PaBHOBECHBIN MpolecC MOYKHO TNPOBECTH U B OOpaTHOM MoOpsake (Yepe3 Te K€ COCTOSIHUsA),
MO3TOMY PaBHOBECHBIE MPOLIECCH HA3bIBAIOT TAKXKE OOPATUMBIMHU.

87. BHYTpEeHHAS YHEPIrusl.

BHy’TpeHHeﬁ 3Hepr1/1e171 TCJIa HA3bIBACTCA CyMMa KHHCTHYCCKHUX 3Hepr1/1171 Xa0THYCCKOI'O

ABUIKCHUA MOJICKYJI W MOTCHIHAJIBHBIX 3Hepr1/1171 UX B3aUMOJCHCTBUSA Apyr ¢C JOpyrom.
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Kunernueckas sHeprus Tena Kak 1enoro (Wid HalpuMep 3HEprus BeTpa) BO BHYTPEHHIOK SHEPTHIO
HE BXOJMUT.

BuyTrpeHHss 3Heprus Tena ABIAeTCs aJJUTUBHON BEJIUYMHOMN, T.€. BHYTPEHHssI SJHEPTUs BCETO
TeJla paBHA CyMME SHEPIui €ro 4acTeu.

BuyTpeHnHss sHeprus Tena sBisieTcs QyHKIUEeH COCTOSHUSA CUCTEMBI. DTO 3HAUYUT, YTO, KAKUM
ObI CIIOCOOOM MBI HU MPUBEIH CUCTEMY B HEKOE COCTOSIHWE, HEPTHs BCeraa OyIeT OJHON M TOH
ke, T.6. U3BMEHEHUE BHYTPEHHEW JHEPIMM IpU IEPEX0oJe U3 OAHOIO COCTOSIHUA B JIPYroe BCernaa
paBHA Pa3HOCTH YHEPTHUM B OTUX JIBYX COCTOSIHMAX U HE 3aBUCHUT OT IPOLECCA IEPEXOAA.

§8. IlepBoe HAYAJIO TEPMOJIUHAMHUKH.

Jlroqu aBHO 3ayMBIBAIMCH HAJl TEM, TIOYEMY OJHO TEJIO TOpsSYee IPYyroro, T.e. YTO TaKoe
temmneparypa. Eme JIOMOHOCOB rOBOPHII O CYIIECTBOBAHUU 0COOOTO BEIIECTBA — TEILIOPOA, UITH
(bnorucToHa, OT KOJHMYECTBA KOTOPOTO 3aBUCHUT Temmeparypa Tena. Ilepemada Temy
JIOTIOJTHUTEIFHOTO KOJIMYECTBA TEIUIOPOJa MPUBOJMIIA K TOBBIMICHUIO Temmeparypbl. Jloruka B
9TOM €CTh, BCIIOMHHM O 3apsnue B dJekTpocTtaThke. [loTom 3Ty cyOCTaHIMIO CTaldW Ha3bIBAaTh
TeII0TOM. ENnuHMIIe n3MepeHust KOJIM4ecTBa TEMJI0OThl Obljla BEIOpaHa KaJopHsi — 9TO KOJTHMYECTBO
TEIUTIOTHI, KOTOPOE HaAO Mepeaarh 1 rpaMmy BoJbI, yTOObI HarpeTh ero Ha 1 rpaayc Lenscus. Ho
MOTOM OOHAPYXWJIM, YTO HArpeTh TEJIO MOXKHO 0e3 mepeiayd eMy TeIIoThl, MPOCTO COBEpLIas
paboTy, HanmpumMep, MOOUTh MOJOTKOM. BO3HHK TEepMUH «MEXaHHMYECKUH SKBUBAJIECHT TEIIOTHI»,
COIOCTABJISIIOIIMNA 0JTHOM Kasiopuu 4,18 [[xoyms.

[Tocne cozmanmss MKT crano sicHO, YTO NpH MOBBIIIEHUH TEMIIEPATyphl YBEIUYUBACTCS
BHYTPEHHSISI SHEPrusi — «BHYTPEHHEW» €€ Ha3BaJld MOTOMY, UYTO CHAapyXXd €€ He BHJHO. Ty
SHEPrUI0 MOXKHO M3MEHATh KaK IIyTEM COBEPILEHUS MEXaHHUUECKON paboThl, TaK U IMyTEeM KOHTaKTa
c 6osee ropsyuM TeaoM. B 3TOM ciydae sHeprusi mepenaercs OT MOJEKYIbl K MOJIEKYyJe, TaK 4To
CHApyKU HHYEro HE BUAHO. DTOT Mpollecc Ha3bIBaeTcs Teronepenayeil. KoauvecTBo Temiorsl —
3TO JHEPrus, MepeJaHHasl TeJly yTeM Teluionepeaadyu.

IlepBoe Hayali0 TEPMOJAMHAMMKHU: M3MEHCHUE BHYTpeHHCﬁ SHEPrun paBHO CyMMC pa6OTLI,

COBEpLICHHOM HaJ| TeJIOM, U NePeaHHOTrO TeJTy KOIMYECTBA TEMIOTHL.

AU = A+Q
A' - pabora BHemHHMX cwI, coBepiuieHHas Hax cuctemoii, A=—A'- pabora camoii cucTeMmbL
Torma I-e Hauano TepMoaMHaMUKU MOKHO 3ammcaTh Tak: Q = AU + A

KoaunuectBo TCIJIOTHI, MOCTynMBIIECC B CUCTEMY, HUACT Ha IMPUPALICHHE €€ BHYTpeHHCﬁ
OHEPTHUU U COBCPIICHUC CIO pa6OTBI.

HepBoe HavaJio TCpMOJUHAMHUKHU — 3TO 3aKOH COXPaHCHUA SHCPIrUU B TCPMOANHAMUKCE.
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B muddepenimanshoii Gopme ero Moxuo 3amucath Tak: AQ = dU + OA. Bemunnsr 0Q u

OA Henb3s paccMarpuBaTh Kak npupanieHue Benuund Q u A. M3MeHeHHe KaKoW-Tu00 BEIMYHMHEL
MO’KHO paccMaTpUBATh KAK €€ MPUPALIEHHUE, TOJIBKO €CIIU 3TO MPUPALIEHUE HE 3aBUCUT OT IIyTH, IO

KOTOPOMY COBEpIIAJICS IEPEX0/1, T.€. TaHHAs BEJTMYUHA SBISETCS QYHKIUEH COCTOSIHUS, HAIIPUMEDP

dU. Q u OA - ne usmenenus Q u A, a IpocTo 31eMeHTapHble (GeckoHeuHo Manble) 3HadeHus Q

u A

89. PaboTa, coBepiaemMasi ra3zoMm.

Pabota mpu mepememennu nopmHs nHa AR pasma

e L AA = FAh = pSAh = pAV . lns 6eckoneuno mansix OA = pdV .
=

Ecm P =const, 1o A, = pAV = p(V, -V,),
Pa

Vo
ecn P # const ,to A= [ pdV.

Vi

- JIBMDKCHHE T10 ITUKITY.

"'-.

810. YpaBHeHHE COCTOSHNUS WIeAJIbLHOI0 ra3a.

I/I,Z[eaJ'IBHHﬁ ra3 —ras, COCTOSIINN U3 MaTCpHualbHbIX TOYCK, HC B3aHMOHCﬁCTBYEMHX Apyr €

JIPYTroM.

B 18 Beke 3KCIEpUMEHTATBHO ObLIM yCTAHOBJIEHBI 3aKOHBI Boins-Mapuotra ( PV = const
mpu 1 =CONSt), Ceii-JTroccaka (V /T =const npu P =const) u Ilapnsa (P/T =const npu

V =const ). B kaxIoM M3 STHUX TPOILECCOB OJIHA M3 TPeX BEIWYMH — OOBEM, JaBJICHUE,

TEMIICpaTypa — OCTaBajlaCb MOCTOSIHHOM. BrIBenem 3aKOH, CHpaBeHHHBLIﬁ IIpu U3MCHCHHU BCCX
TPECX BCIUYUH. HYCTB B HayaJIbHBIM MOMEHT CHCTEMa XapaKTCpuU3oBaJIaCb 3HAYCHUAMU pl’Vl’Tl’ a
B KOHEYHBIN - pZ,VZ ,T2 . HOCKOHLKy COCTOSAHHUC CUCTEMbI HC 3aBUCHUT OT IIpOoLECCa Mepexoaa, To
IIpOBCACM €TI0 YI[06HBIM JJIs Hac O6p8.30MZ CHa4daJia Ipu NOCTOAHHOM JaBJICHUU U3MCHUM 00BeM 0

!
V, , ipu 5TOM Temmeparypa cTaHeT paBHa I, a IOTOM M3MEHUM TEMIIEparypy 10 1, .

P, Vi, T, = p,V,, T,

N/

P Vo, T
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V
Ha nepBoM stamne (3akon Ieii-JTioccaka) — = —2', a Ha BTOpoM (3akoH Lllapis) £1| = &
T T T T,
plvl _ p2V2 pV _ o
[TepeMHOKUB ypaBHEHUS, MOIydMM — — = ———=  T.¢. —— = CONSl - ypaBHenune Knameiipona,

T, T,
WJIU ypaBHEHUE COCTOSTHUSA UCAIBHOTO rasa.
3aKoH ABOrajpo: Ipu HOpMaNbHBIX yenoBusax (Py=1 atm, T,=273 K) omun Moib nr060ro

rasa 3aHumaet ooveM 22,4 nutpa.

V V. 1013-10°11a-22,4-10°%x° o1C
TSt OJHOTO MOJIS PV _ Po¥o _ = R=8,31ﬂ— -
T, 273K monb - K
yHI/IBepcaJ'IbHafl ra3oBas IMIOCTOSAHHAA.
y pV
Ecmu Moneit v, To —— = WR, T.x. p u T ocTaHyTcs TeMH ke, a 00beM BEIpacTeT B V pas.

BenuunHa V Ha3bIBA€TCS KOJMYECTBOM BENIECTBA — JTO YHCIIO MOJIEH, COMEPKANMXCS B TAHHOM
macce. [lomyanmn 3akon Menneneesa-Knaneiipona PV =WRT . B ommume or npempiaymmx
3aKOHOB, CBSI3BIBAIOIINMX JIBA COCTOSHMSA, 3aKOH MeneneeBa-Kianelipona sBaseTcss «TOYEUHBIMY,

T.C. CBA3BIBACT 3HAYCHHA (1)I/ISI/I‘I€CKI/IX BCJINYMH B OJHOM COCTOSHUH.

811. BHYTpPEHHSS YJHEPIUs U TEILIOEMKOCTh HICAJILHOI0 rasa.

U3 onbita ObLIO YCTAHOBIEHO, 4YTO BHYTPEHHSS SHEPIHs HJIEANbHOTO Ta3a MPAMO
nponopuuoHansHa abcomornoi Temneparype U = BT .

TemnmoeMKoCTh Tena — KOJIUIECTBO TCIIJIIOTHI, HCO6XOI[I/IMOC, YTOOBI HarpeTh €ro Ha 1K

C :_2 /K
mena dT (ZbK )

VY aenbpHas TEIIOEMKOCTh BEIIECTBA — KOJMYECTBO TEILIOTHI, HEOOX0IMMOe, 4TOObI HarpeTs 1
kunorpamm BemectBa Ha 1 K. bynem 0603HauaTh ee MajgeHbKOM OyKBOii C.
Monspras TtemnoeMkocTs BemectBa C — KOJNMYECTBO TEIUIOTHI, HEOOXOAUMOE, YTOOBI

Harpeth 1 Monb BemectBaHa 1 K: C = cM .

TenmoeMKOCTh ra3za 3aBUCHUT OT TOTO, Kakou nmpouecc nNpoOBOAUTCA. BrigensaioT gBe 0OCHOBHBIX

TCIIJIOCMKOCTH — IIPU MOCTOAHHOM OABJICHUUN Cp U ITIOCTOSIHHOM 00BbeMe CV .

C\/ = 3_::' = BMo/zﬂa OTKYJa 11oJiydacm UMoﬂfl = CVT > T.€. U - %C\/T l

B nponecce C IOCTOSAHHBIM MOABJICHUEM TIa3 paclirupiaACcTCd, T.C. COBCPHIACTCA pa60Ta:

R =dU + SA, snaunr, C, = (;?_ = dl;;‘lio'm +p d\(;'%_o”” . Jns HaxoXAeHUS % yuTEM,
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yro anst 1 mons PV =RT =V =RT/ p, orkyma npu p = CONSt momyuum d—V = B

dT p=const p
Toxcrasnss B Beipaxenue s C o, nomysnm C ) =C, +R.
G
BiesieM 0603HaueHHE ¥ = —- - 3Ta XapaKTepHas Uil KaKJ0To ra3a BeJMYMHA Ha3bIBACTCS
R
nokasarenem aguabarel. Torma ¥y =1+ —=C, =——.
y—1
m RT PV
BHyTpeHHss 3Heprus raza Macchl M MoskeT ObITh 3anucana Tak: U = Mo 1 1
y—i r-

812. YpaBHeHue aqnadarbl.

AmabaTHYecKuM Ha3bIBAa€TCA IPOIlECC, MpoTeKalomuit 6e3 Termmoobmena, T.e. AQ =0.

Takumu SBISITOTCS,, HapUMep, OBICTPOTEKYIHME MPOIECCHl, T.K. B HUX TEMJOOOMEH HE yCIeBaeT

HpOI/ISOI\/’ITI/I, HJIN MTPONHECCHI B TCIIJIOU30JIMPOBAHHOM COCYIE.

N=dU+5A = oz%cvdn pdV

m RT dT RdV
Vurs, ut0 P = ———, noay4um S + =0, re. d(C,InNT +RInV)=0,
MV T V
R -
OTKyZa InT + =const. Vurg, uto — = Y -1, nonyuum |V = const , u noacrasuss
MpV ,
T = —R, NPUJIEM K OKOHYATEIIbHOMY DPE3YIbTaTy: pV =CONSt - ypaBuenue anmabatel
m

(ITyaccona). Otcroza sicHO, Io4YeMy ) Ha3Balld IOKa3aTeleM aJuadaTsl.

§13. MoauTponuUYecKue MPOLEcChl.

HOJ'II/ITpOHI/I‘ICCKI/IMI/I Ha3bIBAKOTCA ITPOLCCChI, B TCUCHHUC KOTOPLIX TCINNIOECMKOCTb OCTACTCA

nocrosunoii: C=const. 3anumem nepBoe Ha4aa0 TEPMOAUHAMHKU:
X =dU + A, re. CAT =C,dT + pdV (*)
YroObl mony4uth ypaBHenue cpasy B P,V uz6asumca or 7. Jlna 1 mons PV =RT,
orkyna PdV +Vdp= RdT . Hoacrasnsem s (*): (C —C, )(pdV +Vdp) = RpdV
(C-C, —R)pdV +(C -C,)Vdp =0 - nomemum 1a Vp:

(C-C, —R)O\l/—v+(C—C\,)d—§:0 = d[(C-C,)hV+(C-Cy)hp]=0
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(C-C,))InV +(C-C,)In p=const, remum wa (C-C,).

C-C, C-C,
C—InV +In p = const, o6o3nauum c ¢ - N, torna

c-C

V" = const ,roe N = — P ypaBHEeHHE MOTUTPOIIMYECKOTO TI orecca.
C Yp p p

nG,-C, R R
n-1 y—-1 n-1

Moxno Beipasuts C: C =

Bce paccMOTPEHHBIE PaHEEe MPOLECCH ABISIOTCS MOJTHTPONTHIECKUMMH:
1) uzobapuueckuii: P=const, n=0
2) msorepmuueckuii: PV =const, n=1

1/n

3) msoxopuueckuit: V =c0ONnst, N=oo0, .x. VP~ =const

4) aqmabaruueckuii: PV’ =const, n=y.

814, PaboTa rasa npu pa3jiu4HbIX MPOIeccax.

Jlns mommrpormadeckoro nportecca PV = pV," = pV,’, otkyna p = _% nl
V2
IpdV AN dv
PV, A mRT, [, (V)
D nzl — M1 1n_Vln_ i _m 1 1__1
et ey ) ( M n-1 [vzj
y—1
Anmabaruueckuit mpouece N=y: A, = m T 1—| =L .
Myl ) )
" ) m RT,
HU30XOPHUYCCKHUUN n=o0: /A12 = 0 ; I/1306apI/I‘IeCKI/II/I n= O: A’lZ = M_( Vl): p(\/2 _Vl)

V, m
2) N =1, usorepmuueckuii npouecc, apyroit unrerpan A, = pV; In vz = M RT, In VZ :
1 1

815. BaH-1ep-BaajbCOBCKH ras.

BCG, 0 9EM T'OBOPUJIOCH paHEC, OBLIO nacaJbHbIM Ia3oM, T.C. MbI npeHe6peranH o0beMaMu

MOJICKYJI, CUHUTasd UX MATCpUAJIbBHBIMHU TOYKAMH, U HUX B3aUMOJCUCTBHUEM. YPaBHeHI/Ie JJIA 1 Moms
HUMECT BHUI: pVM = RT . PeanpHpie Ta3bl IIPpU BBICOKUX HOABJICHUAX HEC IMOAYHUHAIOTCA 3aKOHY

BOI‘;IJIH-MapI/IOTTa. B Ta6J'II/II_IC NpUBCACHBI PE3YJIbTAThl 3KCICPUMCHTA IJId a30Ta IPHU BBICOKHX

JIaBJICHUSIX U MOCTOSHHOM TEMIICpATypC.
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a
Ban-ziep-Baansc npesutoxun sMmupuaecky Beisenennsiii sakon: (P +—)(V,, —b) =RT
M

3neck V), - 06bem 1 mMons, @ u b - napamerpsr Ban-nep-Baasbca (CBOM U KaKI0TO ra3a —

cBelleHbl B Tabnuiry). Jlist mepexoza k V Modeit nano noxcrasuts V,, =V /v, nonyuaum

(P+2)V ~1b) =RT

a
b amn oV et (D+V—G)(VM —b)
1 1,000 1,000
100 0,994 1,000
200 1,048 1,009
500 1,390 1,014
1000 2,369 0,893

N3-3a B3anMHOTO TIPUTSHKEHUST MOJIEKYIN Ta3 Kak Obl COKUMAETCs OOJBIIMM JaBJICHUEM, YeM
JaBJieHWE Ha cTeHKax. OTCro/1a mompaBka — > no0aBiieHHAs K p. 3aMETHOE BO3/ICHCTBUE MOJIEKYJI
M

JIpyr Ha Jpyra MPOMCXOMUT B TMpelenax HeOONbIINX PACCTOSHUM, HA3bIBAEMbIX PpaIUyCOM
MOJIEKYJISIPHOTO B3auMoJieicTBus. Cuila B3aMMHOTO MPUTSDKEHUS JIBYX 3JIEMEHTapHBIX 00BEMOB
MPUMEPHO TaKOrO pajuyca MPOMOPLHOHAIbHA KOJIMYECTBAM MOJIEKYJ, 3aKIIOYEHHBIX B 3TUX

obvemax. Kaxxnoe m3 HUX MpPOMOPIMOHAIBHO YHCITY MOJIEKY1 B €QUHHIIE 00beMa, T.e. 0OpaTHO
2 .
nponopiuoHansHo 06bemy V. Tlostomy nonpaska nponopuuonansha 1/V,; . CeoGoaubiit 06bem

JUIA JABWDKEHHS MOJIEKYJ MEHbIe 00beMa coCyla Ha BEIMYMHY CYMMapHOTO 00beMa MOJIEKYII,
nostoMy B hopmysie nompaska —h.

BHy’TpCHHHH OHCPIusa BaH')Iep'Ban'IBCOBCKOFO ra3a JAO0JI’KHa BKIKOYAaThb B CC65I, KpoM¢E

KUHETHYECKOM,, ele ¥ MOTEHUUAIbHYI0 SHEpruro B3auMojeicTBus Mojekyn.  Cuisl
. 2
B3auMosieiicTBus B ypaBHenuu yurtensl unenom a/Vy;. Tlpu pacumpenuu rasza pabora,

COBCPHICHHAA UM IIPOTHUB 3TUX CUJI, paBHA

a y
dA= — dV,,. Dra paGota wmAeT Ha NpUpAlleHHWE OSHEPTMM  B3aUMOJEHCTBHUSL:
M

a
E,= IdEp =[al Vidv, = v +CONst. BHyTpeHHss  dHEprus rasa  3aBHCHT  OT
M
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a
temneparype: U = f(T)———. Ilpu V,, — o© BHyTpeHHsIs SHeprus NOIKHA CTPEMHUTBHCS K
M

a
C, T, T.k. ra3 MmoxHo cunratb upeanbubiM. B urore nomysaem U,, =C, T —— s omnoro
M

2
v-a
moust. Jlns raza maccel M dopmyna npuanmaer sux: U =vC, T — v

816.5apomerpuueckast popmy.aa.

PaCCMOTpI/IM ra3 B MOJIE TSDKECTU. 3aIuIIeM YCJIOBUC PABHOBCCHUA IJIA

p+dp hidh 3AIITPUXOBAHHOIO OO0BEMa, T.e. CWia JAABJIEHUS CHU3Y JOJDKHA PaBHITHCS

CYMME CHJIBI TSKECTH M CWIIbl fasiennus ceepxy: PS = (p+dp)S + pgdhS,

P h qv

otkyna nomyuaem dp = —pgdh.

Janee OyaeM cuuTath, YTO TEMIEpATypa HE 3aBUCUT OT BBICOTHI — 3TO YACTHBIN CITydail.

Mgh

_m_Mp = %:—gdh = In p:——RT +InC = p=Cexp(——'\ggl_h)

vV RT P

Mycrs P(0) = p,, Torna okonyarensuo nomyanm P = P, eXp(—I\g—?_h).

CTATUCTHYECKAA ®PUUKA

§1.HekoTophble cBeIeHUS M3 TCOPUH BEPOATHOCTEMH.

Ilyctp nMMeeTcss HEKOTOpash MaKpOCKONHMYECKas CHCTeMa, COCTOosIas U3 OOJBIIOro 4ucia
yactull. IlycTe kakas-TO XapaKTepUCTHMKA MOKET HMMETh JMCKPETHbIE 3HadeHHA X, X,,...X.
Moxno caenars N (Gombinoe 4mcio) M3MepeHMH X, KakIbId pa3 BO3BPAIIAsCh B HCXOIHOE
cocrosHue. Bmecto s1oro MoxkHO B3aTh N OIMHAKOBBIX CHCTEM B TOM K€ COCTOSIHUM M

OJHOBPECMCHHO IIPOBECTH H3MCPCHHA X. Taxoi Ha60p CHUCTEM Ha3bIBACTCA CTAaTUCTHYCCKHM

s
aucamOnem. Ilycte N, namu smawenme X, N, - X,..., Ng—X, npuuem > N, =N.
i1

Benuuuna Ni / N Ha3bIBACTCS OTHOCHTCSIBHOM YacTOTOH MOSBJICHUS pe3yiibTara Xi , a €€ IIPCACII

S
npu N —> 00 HaseiBaeTcs BeposTHOCTBIO P; mosBienus pesynbrata X, . [Ipu otom . P; =1, kak
i=1

U JIOJDKHO OBITh.
BepositHocTe nonyunts X win X, paBHa [, = lim 'Tk =P, + Py - Teopema o

N —ow

cnoxxennu BepositHocteit. Ilpu 6ombmmx N nanee mbi Gynem omyckats 3aagok lim,
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IIycte cucTemMa XapakTepusyercss 3HaueHUEM JByX BeauunH: X u Y. Torma
p(x)=N(x)/N, p(y,) =N(y,)/N. Haiizem BeposATHOCTH TOrO, 4UTO TpPH HEKOTOPOM
U3MEPEHHH ToNyduTcss X; W Y, . 3HaueHHe X, MBI IOJyYUM B N(Xi) = p(Xi)N onsIToB. 3
sroro uucna s3mauenme Y, Oyzer B N(X,Y,)=p(Y )N(X)=p(y)pP(X)N, re
p(x.,Yy,)=p(x)p(y,) - BepostHOoCT, OnHOBpeMeHHoro mnosiaenns HE3ABUCHUMbBIX

COOBITHIA paBHA MPOU3BEACHHUIO BEPOSITHOCTEH 3TUX COOBITHH.

:ZXiNi

N =2 PiX -

HaiineMm cpennee 3HaueHUE BEJIUYMHBI X' <X>

[lycth Temeph BenMUMHA X MMEET HENpPEpPbIBHBbIA crekTp 3HaueHuid or 0 g0 ©0. Boszbmem
OYeHb Maiylo BenmuuHy & W Haiigem umcio msmepenuit AN, mpu xoropom 0 < x<a, AN,,
npu kotopoM & < X < 2@ u T.1. Toraa BepoSTHOCTh BEMYMHE X MMETh 3HaueHue oT 0 1o @ paBHa
Ap, =AN,/N,or a no 2a - Ap, =AN,/N ut.1. Tloctponm rucrorpammy:

1\%’;’*‘

;U‘ (x)
S=Ap, dp (x)

- -\

aadaaada -

dP, = f(x)dx, T f(x)dx = TdPx =1 - nmnomans nox kpusoit f (X).
0 0

Hatinem <X>: <X> = ].Xd PX = IXf (X)dX. Cpennee 3HadeHUe 1000 PYHKIIMU OT X HUIIETCS
0 0

o gopmye: <¢(X)> = I(p(x)d PX = O_ng(X) f (X)dX. Hanpuwmep, <X2> = IXZ f (X)dX.

Ilpumeuanue. Ha Bompoc «CKOIBKO MOJEKYT B KOMHATe JETIT co ckopocThio 100 m/c?»
npaBUIbHBIM OTBeTOM Oyzner: «Homaw!»  Jlenmo B TOM, YTO CHEKTP CKOPOCTEH HEmpepbIBHBIM.
[Tostomy TOYHOE 3nauenue 100 M/c He umeeT HM oJiHa MoJieKya. Eciu oOHapyxuTcs yacTuia
co ckopocTbio 100 M/c, TO BO3HMKHET BOMPOC Mpo JecsaThie aouu, ecnu 100,0, To mpo coTsie U T.1.
[IpaBunbHBIM BompocoM OynmeT Takoi: «Ckoabko Mosiekyn umeer ckopocTh oT 100,00 mo 100,01
M/c?». VHaue roBops, HAaJ0 CYMTATh BEPOSATHOCTH JJIsI CKOPOCTEH BHYTPHU KaKOIrO-TO IHAara3oHa,

KaK 9TO M CACTIaHO BBIIIC.
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§2. Yucjao viapoB MOJIEKYJ 0 CTEHKY.

N

Haiinem 4o yaapoB MOJIEKYI O INIOMAAKY miomanso AS
3a Bpems Al. Bynem Bect pacdeTsl B C(PEPUUECKUX KOOPAUHATAX:

I’,Q,(p, KOTOpBIE MOTYT U3MEHSTHCA B CIECAYIOIIUX JMANa30HaXx: 0 LI

0<r<ow, 0<O<7m, 0<@p<27. U3 aunamorum c ] "}’

reorpaueii 3emu BUmuM, uTo (0 - 510 joirota, a (w/2—6) -

3TO LIUPOTA.

*hhkkkhkhkhkkhkhkhkkhhkhkkhhhkihhkkhhhkkhhhkhhhkhhhkhhhkhkkhkhkhkkhhkhkkhhkhkihhkihhkhkihhkihhkihhihhkiihikiikx

HanoMuHaHHE 0 TeJIECHOM VIJI€.

TenecHsplil yron — o0xacTh MPOCTPAHCTBA, BbIpe3aeMast JIyuoM, MPOBEACHHBIM U3 HEKOTOPOU

TOYKH, TOCJE€ €ro BO3BpallleHUs B HayallbHOE MOJIOXKeHue (Hampumep, KoHyc). M3mepsercs B

crepaamaHax: 1 cTepa; — TeNecHBIM yroj, BeIpesarommii Ha cdepe pammycom R mmomamky
2 . .

wiomaneto R*. Takum 06pa3zom, M0G0 TENECHBI yrol paBeH OTHOIIEHUIO TUIOIIA/IH TUIOIIAIKH,

y 2 y y
BeIpezaeMoii  Ha cpepe pammyca R, k R°. Tlonmeii TemecHBli yroa  paseH

Sep! R* =47R°/R* = 47 . (Benomuute onpezesenne oGbIMHOTO YIUa H PaAHaHa).

R R R R R R R R R R R R R R R R R AR R AR AR R R R R R AR A R A R R R R R R R R R AR AR AR AR R R R R R R AR AR R R R R R R R R AR AR AR R AR R R R

BblBOg! g!O[!M!JIbI AJIS TCJICCHOI'O YIJIa

Haiinem mutomaas 061actu, pacrosioKeHHON Ha

™

chepe pammyca I wMexay HOByMs ONM3KHUMHU
napatenavu: @ u @+ A6O u nBymsa Gnuskumu
mepumnanamu: @ u @+ A@. Ona paBHa

IMPOU3BCACHUIO CTOPOH «MIPAMOYrOJbHHUYKaA», T.C.

% ASW =rsin@-A@-rAf, torna Ttenecuwiii yrona
pasen AQ, =AS, | r’=sind-Af-Agp.

Hepexoz[ﬂ K OECKOHEYHO MaJibIM, ITOJIYYHUM

dQ, ,=sin@-do-dg

3aoqH0 monyduM GopMyny Uis  dIEMEHTa
o0pema dv B chepuyeckux KOOp/AMHATAX, T.€. obbeMa obnactu

L<r<r+dr, 6,<6<6,+d0, @,<p<@,+dp:
dV =dS-dr=r/-sing,-do-de-dr

*hhhhkhkhkhkhkkhkhhrhhhhkhkhkkhhhrrrhhkhkhkhkhhrhirrhhkhhhkhhrirrhhhhhkhhrirrhhhhhkhhiiiriixx
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U3 o6mero uncnaa monekyn N ckopocts or V 10 v+dv :4 Vv
0

mveror AN, mryk. M3 mux B Tenechom yrae dQ, — serur

dQ

0,
dN,,, =dN, 47;0 . 3a Bpems Al 1o crenku joneraror

BCC MOJICKYJIbI, 3aKJIKOYCHHBIC B KOCOM MNUWIMHIAPE C

vAI cost)

ocHoBanueM AS u BeicoToii VALCOSH. Ux nmons pasHa

OTHOILIEHHIO 00beMa TOro LUIMHIPA KO BeceMy 00beMy V, T.e.

HX KOJIMYECTBO paBHO

dQ, , ASvAtcoso 4N S0 ASVAtcosOAGAp
' 4r Vv " Arx \

dK, 4, =dN

KonnuectBo yaapos o miomanky AS 3a Bpems At momekyn, meTsmmx co ckopocTsio oT V
10 V+dV co Bcex BO3MOKHBIX HATPaBIEHHH, MOTyIMM, TPOMHTErPHPOBAB (IIPOCYMMHPOBAB) BCE
dK, 0.p O @ 0T 0 110 277 wmno 6 or 0 no 7z/2 (aHe N0 77, TAaK KaKk YacTh MOJEKYI JIETHT OT

CTEHKH, a HE K HEH).

wl2
VASAL jsm @coso d@jdgp

dK, = dN,

72 zl2 _ Sinzﬁﬂ/z 1
Boraucnu nmrerpar: | Sin@cos@ d@ = [sin@d(sin 6) = = > ToTa
0 0

dK, =N, VASAt

- KOJIMYECTBO MOIEKYN CO CKOpocThio oT V 1o V+dV, ynapsromuxcs o

miomanky AS 3aspems At.

YroOBI Y3HATb 061].166 KOJIMYECTBO YAAapOB O IUIOMIAAKY MOJICKYII C JIFOOBIMHU CKOPOCTAMU,

HaJ10 IPOUHTEIPHUPOBATH 110 BCEM CKOPOCTAM:

ASAt =%

K (AS, At) = f vdN, = ASAtNT dN, :ASAtN<V>:ASAt n<v>,
4 4 V)
{v)=[vdp

N

roe N = V- KoHIeHTpanus Monekyn. Cuntas AS =1 m?, At =1 ¢, Haiinem koan4ecTBO yapoB

1
3a equHUILY BpeMmenH (1 cekyHay) o MIoMaaKy eTMHUYHOM riomaau (1 m?): K= Z n<v>
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§3. OcuoBHoe ypaBHenue MKT.

PaccMoTpuM aOCONMIOTHO yIIPYrUil yaap 0JHON MOJIEKYIIbI

o cTeHKy (V, =V, =V). IMyJbc, OTIaHHBIA MOJIEKYJI0M

crenke, pasen AP = MV, —mv, = 2mvcosé - fi.

Bee dK|,, ymapoB ommamyr cremke HMIyIhe

dR/,B,(o = dKVﬂ’wszCOSQ. Nmnynec, AMEIOIINH

moxyns OP, wmampasnenm Bmonms M, T.e. «gaBuT» Ha
cTenKy. IIpocyMMEpyeM IO yriam:

7l2 2
dP, =dN, —ASAt j003293|n Hdejdgp —dN, ™% Asat
' 27V 3V
~~ %r—/
_cos36’”/2 1 27

3 3

0

[Tpounrerpupyem 1o ckopoctsam: AP = % -AS-At-N TX & dn, _m AS-At-N <V2>

Haiinem naBienue:

_F_ AP 1 22
p_AS_At-AS_3mn<V>_3n<€nocm>’

AP
IIpu BBIBOAC Mbl Y4YJIH, YTO F =—. 3I[CCB <gnocm> - CpC€aHsAA KHHCTHYECKass OSHEPIrusd

IMOCTYHATCIIbHOI'O ABMXCHUS MOJICKYIIBI.

Mbl  nmonyuusiu  ocHOBHOe  ypaBHenne ~— MKT p= § mn<v2> ,  CBSI3bIBaIONIECE

MakKpOCKOITMYECKYIO BETMYUHY P ¢ MUKPOCKOIIMYECKUMHU mnuv MOJICKYIIL.

§4. Cpeausisi DHeprusi MoJIeKY.JI.

N
U3 ypaBuenus Menneneea-Knaneiipona PV =1VRT = —RT cnenyer:

N, V

rne K=R/N, =138 '10723I[)K/K — mocTosHHas BonbiMana, N — KOHIEHTpaLys.
y 2 3
U3 cooTHOImEHn P = 3 n<8nocm> u P =nKT crenyer, uto <8nocm> =—KT.
Ora GopMmysa MO3BONSAET MOHATH, YTO XK€ TAKOEe TeMIepaTypa. AGCOIIOTHAsS TeMIlepaTypa —

9TO BCJIMYMHA, IMMPAMO HPONOpHHUOHAIbHAA cpez[Heﬁ OHEPTHUU MOJICKYII. B IMPUHIHUIIC, KOI—)(I)(I)I/II_[I/ICHT
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MOXXHO OBIJIO OBbI TMOJIOKUTH paBHBIM 1, Tornma TemmepaTypa usMepsuiach Obl B Jlxoymsax. Ho
HCTOPUYECKH CJIOXKHWIOCH TaK, YTO TeMIIeparypy u3MepstoT B KenbBuMHAX, Tak 4TO MOCTOSHHAs
Bonbimana K — 310 Beero nums koahduument s nepecuera Kenpeunos B Jxoyim.

BBeneM moHsATHE umciia creneHedl cBOoOOIBL. UwMciaoM cTernmeHel CBOOOJBI MEXaHUYECKOU
CUCTEMbl Ha3bIBAETCSI MUHUMAJIbHOE KOJMYECTBO HE3aBUCHUMBIX BEJIWYUH, C MOMOIIBIO KOTOPBIX
MOKET OBITh 33JJaHO TOJIOKEHUE CUCTeMBI. Hampumep, Touka — 3 KOOpIuHATHI, aOCOJIFOTHO TBEPIOC
Teno — 6 (3 mocTynaTrenbHbIX — KOOPAMHATBHl KAKOW-TO TOYKHM, HalpUMep LEHTpa macc, U 3
BpallaTeIbHbIX — YIJIbl IOBOPOTA BOKPYT TPEX OCEM).

Cucrema u3 N touek umeer 3N creneneit cBoGompl. JIr06as kKecTKas CBA3b yMEHBLIAET UX
yucio Ha eauHUIly. Hampumep, Mosekyna u3 IByX aTOMOB umeeT 6-1=5 ctemeHeit cBOOObI, T.K.
paccTosiHHE MEXJy aToMaMH OCTaeTcsl MOCTOSHHBIM. M3 3Tux nsATu creneHed cBoOoabl 3
MOCTYHATENbHBIX U 2 BpallaTeIbHbIX, T.K. BOKPYT IIPOJIOJILHOM OCH MOJIEKYJIbI BpalieHus HeT. Ecnu

CBSI3b HE JKECTKas, a ympyras, To CTeleHe cBoOo bl Oyner 6, nodaButcs 1 xosnebatenpHas. Eciu

Bce N Touek cBsa3anbl ynpyrumu cesassamu, To u3 3N creneneii cBo6oapl OymyT 3 IMOCTyNAaTeNbHEIX,

3 BpamarensHeix u ocranbHele 3N-6 — konebGarenbHble. [ JTUMHEHHOM MOJIEKYJIBI YHCIIO
BpaIaTeIbHBIX Ha OIHY MEHbIIIE, 3HAYUT, KOJIeOaTeIbHBIX Ha OJIHY OOJIBIIIC.

B wimaccuueckoit (HE KBaHTOBOHM) CTAaTUCTUYECKOW (U3MKE JIOKA3BIBAETCS  3aKOH
paBHopactpenenaenust (BosblMaH), COTIIACHO KOTOPOMY Ha KaXIYIO CTEIIEHb CBOOOIBI MOJIEKYJIbI

npuxoautes sueprust KT /2, 1e. (€)=iKT /2, rnei=n,  +n_ . +2n_ . Koopduumenrt 2

epawy
COOTBCTCTBYCT TOMY, YTO KoJieOaTeIbHOE JABMKCHHUEC HMMECT KHMHCTHYCCKYIO W IOTCHIHAJIBHYIO
COCTABJIAOIIKUC U Ha KAXKIYIO IIPUXOJUTCH 110 kT/ 2

HJ’IH nacajJlbHOro rasa, B KOTOPOM OTCYTCTBYET BSaHMOHCﬁCTBHe MOJICKYJI, BHYTPCHHSAA

sHeprust Mouist pana U, = NA<8> :g' Toraa
i i+2 C, i+2
=—R, C =C,+R=——R, =L —-—

O,Z[HaKO BCC€ HC COBCCM TakK. HpI/I‘II/IHa TOMY — KBAHTOBasi MCXaHUKaA.

Hns TPEXaTOMHOU MOJIEKYJIbI

+2(3-3-6) =12, s 4-aTOMHOM

koneb

I = 3]’!06‘}’7! + 36pau4

1=3+3+2(12-6)=18, nna 2-atomuoii 1=3+2+2(6-5)=7. A wna

OMBITC TCINIOCMKOCTHU COOTBCTCTBYIOT 3HAUCHUAM i:6, 6 )51 5 Maio

TOro, C€ poOCTOM TEMIICPATYPLL C MCHACTCA, COOTBCTCTBYH n
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yBeIUUMBAOMUMCs 3HadeHusM 1. Ha pucynke wu300pakeHa OSKCIEpUMEHTANbHAS KPUBAs
saBucuMmoctH temwoemkoctd C, oT Temneparypbl s Bogopona H., .
[IpyuMHa B TOM, YTO HPH MalbiX | 3aJeHCTBOBAHBI TOJBKO IMOCTYNATENbHBIE CTEIEHH

cBOOOBI, ¢ pocToM 1 TOAKIIOYAIOTCSA BpalIaTeNbHBIE, M TOJILKO IpH OONbIIMX 1 HAYMHAIOT
NpOSIBIATBECS KoseOarenbHble. [Ipu 3TOM, Kak cremyer W3 xapakrepa rpaduka, BO BpalleHHE, a
IIOTOM U B KOJIeOaHUsl BOBJIEKAIOTCS HE Cpa3y BCE MOJIEKYJIbI, CHauajaa HeOOJbIIast UX J10JIs1, IOTOM

OombIe W OOJbINE, MOKAa HEe BOBJIECKYTCS Bce. OOBSICHEHHE COCTOMT B TOM, YTO BpallareibHas U

KojeOaTenbHass PHEPrMM KBAHTYIOTCS, T.€. SHEPrus 86% Aa‘ﬂ’f-
6bICOKUE
MOKET MEHAThCA TOJIBKO CKaukamu. [loctymarensHass ——F ——— "1~~~ @ m-poi
CKa4KOB HE UMEET.
Benuunna kBaHTa Kosie0aTeNbHOM 3HEPrUM Ha
MOPAJIOK BbINIe, YyeM BpamareiabHou. I[lpm vM3kmx __ 4+ 1 @ cpeOHue
m-pol
<8>, T.e. 1, OYEeHb MajJO MOJIEKY] MOXET UMETh — ________@ HU3KUE
m-pol

onepruto mopsyka K.

Hanee ¢ poctom <8>

BOBJICKAETCsl BpalaTelIbHOE JIBUKEHHE, a MOTOM U KoJiebaTenbHOe. Y pa3HbIX MHOTOATOMHBIX
MOJIEKYJI XapaKTePHbIE 3HAUYCHUS SHEPIHH PasMYHBI, TIOITOMY NPU OAHON K Toit e 1y oaHux
BEIIECTB KaKUE-TO CTENEHU CBOOObI YK€ 3aJIeiICTBOBAHbI, a Y APYTUX — HET. Y OOJILIIMHCTBA MPH
KOMHATHBIX TeMIIepaTypax 3aJeiiCTBOBaHbI MMOCTyNAaTeNIbHBIE U BpallaTeiabHble, a KojiebaTeabHbIe

IMOAKIIFOYAKOTCS IIPU BBICOKUX TEMII€paTypax.

85. Pacupeneaenue MakcBeJia.

Mpl 3HaeM, 4TO MOJIEKYNbl ra3a HaXOATCs B HEMpepbhIBHOM JBKeHHH. Ho ¢ kakumu
cKkopocTsiMu oHu ABMXKYTcs? Kak onu pacnpenenensl o ckopocTsiM? OTBETHI Ha 3T BOIIPOCHI TAET
pacnpenenenue MakcBeiia, BeIBeleHHOE TeopeTudeckd B 1860 romy. DTa Teopus sIBISIETCA SIPKUM
MIPUMEPOM HAY4YHOH M300peTaTeNbHOCTH U MOIIM YeJI0BeUecKoro pasyma. Ha nepBblii B3, He 3a
YTO JJa)Ke 3alleTUTHCS, YTOOBI MOJYYUTh OTBETHI HA MHTEPECYIOIEe HAacC BOMPOCkl. M, TeM He MeHee,
Jlxeiime Kimapk MakcBenn mOoCTpous CBOIO TEOPHIO, MOJIB3YSICh TOJBKO KapaHAamioM U Oymaroi.
Hukakux 10MOIHUTENBHBIX dKCIIEPUMEHTOB!

PaccMoTpuM Tak Ha3bIBa€MOE€ MPOCTPAHCTBO CKopocTeil. Ckopoctu
KQKJOW MOJIEKYJIBI COOTBETCTBYET TOYKAa B ITOM IpocTpaHcTBe. M3-3a

CTOJIKHOBEHHMH ATH TOYKH ABWXKYTCS, HO UX IINIOTHOCTb (KOHI_ICHTpaI_[I/IH) B

KaXJOM MECTE€ OCTaeTCs IIOCTOSHHOM (1"8.3 B paBHOBeCI/II/I). H3-3a

V.

paBHOIIpaBUs BCEX HaHpaBJ’ICHI/Iﬁ ABUIKCHUSA PACIIOJIOKCHUC TOYCK 6yIICT

C(bepnqecxn CUMMCTPUYHO, T.C. INIOTHOCTH (KOHI_IeHTpaLII/IH) TOYCK B IHPOCTPAHCTBC CI(OpOCTGfI
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3aBHCHT TOJBKO OT MOAYIS CKOpOCTH V = M O6031aunm 5Ty Konuentpaumio yepes N - f(V),

rae N — nmonHoe KoiM4ecTBO MOJIEKYI. Torjaa KOJHMYECTBO MOJIEKYI C MPOEKIMAMH CKOPOCTH
mexay V, u (V, +dv,), vV, 1 (V, +dVy), V, u (V,+0V,) moxno 3amucars B Buje (Bce
MOJIEKYJIbI B KYOHKe):
dN, . ., = Nf(v)dv,dv dv,
Monekynsl co ckopoctsmu ot Vo g0 V+dV  maxomsres
BHYTpH IapOBOTO CJIOSL. Komgectso 170 paBHO

dN, = Nf (V)42v’dv (miomans noepxmocTn cheps Ha TOMIHY

ciosi). BeposiTHOCTE MoJleKylne HMEThb TaKyl0 CKOpPOCTb DPAaBHA

— dNV

dp, = f (v)4avidv.

Bun ¢ynxiuu (V) u ycranosun Makcsenn B 1860 romy. BepostHocTH Mojiekysie MMeTh
npoekiyy ckopoctd Meskay V. u (V, +dv, ), vy u(V, + dVy), V, u(V, +dV,) pasnsr:
dp, = o(v,)dv,; dpvy =gp(v,)dv,; dp, =¢(v,)dv,
W3-3a paBHONPABHOCTM HANpPAaBICHUN JBIKCHHMSA BHJ (0 OIUMH M TOT Ke. Makcsenn

MIPEATOJIOKHII, YTO BEPOSTHOCTH dpv , dpv , dpv SIBIISIIOTCSI HE3aBUCUMBIMU. Torma
X y z

dp,, . ., = @V, )e(v,)e(v,)dv,dv,dv,,
KaK MPOMU3BEJICHIE BEPOSITHOCTE HE3aBUCUMBIX COOBITHI, a f (V) = (p(VX)(p(Vy)(D(VZ) .
Bo3bMeM norapudm ot 00eux yacTei:
In f(v)=Inp(v,) +INg(v,)+Ine(v,) *)
[Tponuddepenupyem obe yactu o V, :

') v _g'(v,)
(V) o, ov,)

oV 2V Y/

13 dhopmymsr V = /Vi + V§ + VZ2 Hall/IeM YacTHYIO TPOU3BOHYIO: = - X2 = = =,
N, 2\ Vi +ve+v,  V

) v _oM) W e
(V) v oy, fV oV,

HpaBasI 4aCTb HC 3aBUCHUT OT Vy nu VZ , 3HA4YUT, U OHA, U JICBAsd 4aCTb SABJIAIOTCA (I)yHKI_[I/I}IMI/I

Torna

TOJIBKO OT Vx . AHaJ'IOFI/ILIHO, 66})5{ MMPOU3BOAHBIC T10 Vy u VZ , JOKAXXEM, 4TO JICBas 4acCTb ABJIACTCA
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(byHKIMEH TOJIBKO OT Vy u V, . MHaye roBops, OHa HE 3aBUCHUT HU OT V., HH OT Vy ,HH 0T V,, T.C.

ABJISETCS KOHCTaHTOH (—) .

1 1 2
LA :_a:_go(vx):_avxj—dlnga(v) -ov, = Ingp(v,) = Y A
P(V )V, o(V,) dv, 2

2
£ ) . AHAJIOTHYHO MO>KHO IIOKa3aThb, 4TO

OKOHYATEIBHO: (D(VX) =A- eXp(_

2

_a\/z)

o(v,) = A-exp(— ‘;‘Vy) w p(v,) = A-exp(

2

Torma f(v) = A®-exp(
[Mocrostnuyro A HaliieM U3 yCIOBHS HOPMHUPOBKH:

Idpv v, =1

JIist B3sITHSL MHTETpajia Bocoib3yeMcs popmMyioit st mHTerpana Dinepa-Ilyaccona:

jexp( Bx2)dx = \/7
¥ TIOJTY4HM: \/Z 1,1e. A= \/71/I(D(V) \/7

SamnuireM BBIPAXKCHUC JJIA Cpe,I[HeI/I OHCPIHUHU:
m(v> +v2+v)\ m 3m
(e) :< AL >:E(<vf>+<v§>+<vf>) -3,

KT
[pupasuusas 51y Besuunny k 3KT /2, nomyunm: <V§> =—
m

. 2
UToOB! HAUTH ¢ , BHIYUCITUM <VX> ¥ pupaBHsAeM K 3Hadenuio KT/m.

o 2 .
YrtoObl HAliTH <VX > , BO3BbMEM IIPOU3BOAHYIO OT HHTCI'paAJIa HyaCCOHa 110 ﬂ .

jexp( BxZ)dx = \/;: IX exp(—px*)dx = \/_(__)18—3/2

© \/;
Ms! nonyunnu Gopmyay Ui Apyroro uHTerpana diinepa-Ilyaccona I X’ exp (— ,6')(2)dX =

i 257

2
Cee IIOMOIIBIO MOXXHO BBIYUCIUTH <VX > :
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W)= Ty, = [ femp(avi 2y, = & Y71
o 272' —0 2 (04

312
e 7 2(al?2)
KT
[IpupaBHUBast <V >:— nonyaum & = M/ KT . OxonuarensHo:
m
dN, =N.[——-exp
o) = V 2kT - v kT 2kT
- mV
f(v -ex dN. =N f (v)4nvidv
(V) = (ZM] POy =, (F)M
3/2
F(1) = ( j exp
27KT 2kT
Hapucyewm rpaduxu @(V,) u F(v):
JFw)
P4 N
: 7<r;
) 7
0 > w!;e,_g- e .

Mnomanu nox kpusbiMu F (V) paBHbI ApyT Apyry, Tak Kak TMOJHAS BEPOSATHOCTD paBHa 1.

Haiinem HeKOoTOpbIE XapaKTEPUCTUKN PACIIPEICTICHHIA.

3/2
1)CpenHsist CKOPOCTB: < > _[VF (v)dv= ( ) 47ZIV exp( )dV
27KT 0
. L2 8 kT
[epeiias K mepeMeHHO V' ¥ MHTErpUPYS TI0 YACTAM, TIOIyIHM <V> =.]—.
7z Mm

2)CpenHsisi KBaJ[paTUyHasi CKOPOCTb.

3K m(v*) 3K K
O TR . I

3)Haubonee BeposiTHasi CKOPOCTb.

: 2KT
Ona cootBercTByet makcumymy kpusoit F(V),re. F'=0 = v = |—-!.
m

OlEeHUM BEMYHMHY cpeHeii ckopocTn Mojtekyn kucnopoaa npu 1 =300 K.

) = 8kT:\/8RT: 8.8,31-300
° 7m M 314.32-10°°

~ 500 w/c.



Haiinem pacnpeneneHue MOJIEKy 110 SJHEPTUU:

3/2

dN, =N| —— | -ex p(—— )47zv dv
27sz 2k

Tepeiinem oT mepeMeHHOR V k £ £ =MV° /2 =V =+/2¢/m = dv=

dN_ —NT (kT)‘3’2exp(—)\/_ de = f(¢)de,

re f(g)=AeJe.

de/~2me:
fieh

|

§6. DxcnepuMeHTAIbLHAS NPOBEPKA 3aK0HA pacnpeneaenus MakcBeia.,

Onbithl HlTepua n Jlammepra.

Omerir Illteppa - ombeIT,  BHEpPBBIE  NIPOBEAEHHBIN

HeMelkuM ¢puszukom OTTO

IteproMm B 1920 roxy. B HEM OB HEMMOCPEICTBEHHO U3MEPEHBI CKOPOCTH TEIIJIOBOTO JIBIKEHUS

MOJICKYI U MMOATBEPKIACHO HATUYNEC paCIPEACICHUA MOJICKYJI I'a30B IO CKOPOCTM.

Jly1g mpoBeieHus ONbITa ObLI MOArOTOBIIEH MPUOOP, COCTOSIINN U3
IBYX LMJIMHAPOB Pa3HOTO pajinyca, OChb KOTOPBIX COBMNAjana U Ha Hel
pacronarajgach IUNIATUHOBAs MPOBOJIOKA ¢ HAaHECEHHBIM CII0EM cepedpa.
B nmpocrpaHcTBE BHYTPHM IWIMHAPOB TIOCPEICTBOM HEMPEPhIBHOM
OTKAYKU BO3/yXa MOJJIEPKUBAIOCH JOCTATOUHO HU3KOE JaBiieHue. [lpu
IPOIYCKAaHUM SJIEKTPUYECKOIO TOKa 4Yepe3 IPOBOJIOKY JOCTHralach
TemiepaTypa IUIaBIeHUs cepeOpa, H3-3a 4ero cepedpo HAYMHAIO
UCHapATbCSI U aTOMBl cepedpa JeTelad K BHYTPEHHEH IOBEPXHOCTH
MaJIOr0 ILWJIMHAPA PABHOMEPHO M INPSAMOJMHEHHO CO CKOPOCTBIO V,
olpeneNnseMoil TemiepaTypoil HarpeBa IUIATMHOBOM HpPOBOJIOKU. Bo
BHYTPEHHEM LMJIMHJIpe Oblia MpojenaHa y3Kas LIellb, Yyepe3 KOTOPYIO
aTOMBbI MOTJIM OeCHpensITCTBEHHO IposieTaTh Aanee. CTeHKU LMIMHAPOB
CIELUAIbHO  OXJAKIAIUCh, YTO  CHOCOOCTBOBAJIO  OCEHAHUIO
MONAJAIMX Ha HUX aTOMOB. B TakoM cOCTOSSHMM Ha BHYTpPEHHEU

MOBEPXHOCTU 0OJIBIIIOTO HNUJINHApa O6pa3OBBIBaJ'IaCL A0CTAaTOYHO

<

yeTKas Y3Kad IoJioca

cepe6p51Horo HaJ'IéTa, PacCroJIO’KCHHAasA MOpsAMO HAIIPOTHUB MICIIH MAJIOTO HUJIMHApPA. 3areM BCIO

CUCTCMY Ha4YUHAJIKM BpalmlaTb € JOCTATOYHO OOJIBIIION yTJ'IOBOﬁ CKOPOCTBIO (V. HpI/I O9TOM IIOJIOCa

Haj€Ta cMellaaach B CTOPOHY, NPOTUBOIIOJIOKHYIO HAITPABJIICHUIO BpAIllCHUA, U TCPAJIa YETKOCTb.

I/I3MepI/IB CMCILCHUC S HanOoJiee TEMHOH 4YacTH MOJIOCHI OT €& IIOJIOKCHUA, KOormga CUCTEMaA

IIOKOHJIaCh, U_ITepH OnpeaAcCiiniI BpPEMI HOHéTa, gcpe3 KOTOpOC HaIén CKOPOCTb JBUIKCHUA

MOJIEKYJIL:
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https://ru.wikipedia.org/wiki/%D0%A4%D0%B8%D0%B7%D0%B8%D0%BA
https://ru.wikipedia.org/wiki/%D0%9E%D1%82%D1%82%D0%BE_%D0%A8%D1%82%D0%B5%D1%80%D0%BD
https://ru.wikipedia.org/wiki/%D0%9E%D1%82%D1%82%D0%BE_%D0%A8%D1%82%D0%B5%D1%80%D0%BD
https://ru.wikipedia.org/wiki/1920
https://ru.wikipedia.org/wiki/%D0%A0%D0%B0%D1%81%D0%BF%D1%80%D0%B5%D0%B4%D0%B5%D0%BB%D0%B5%D0%BD%D0%B8%D0%B5_%D0%9C%D0%B0%D0%BA%D1%81%D0%B2%D0%B5%D0%BB%D0%BB%D0%B0
https://ru.wikipedia.org/wiki/%D0%A6%D0%B8%D0%BB%D0%B8%D0%BD%D0%B4%D1%80
https://ru.wikipedia.org/wiki/%D0%9F%D0%BB%D0%B0%D1%82%D0%B8%D0%BD%D0%B0
https://ru.wikipedia.org/wiki/%D0%A1%D0%B5%D1%80%D0%B5%D0%B1%D1%80%D0%BE
https://ru.wikipedia.org/wiki/%D0%94%D0%B0%D0%B2%D0%BB%D0%B5%D0%BD%D0%B8%D0%B5
https://ru.wikipedia.org/wiki/%D0%AD%D0%BB%D0%B5%D0%BA%D1%82%D1%80%D0%B8%D1%87%D0%B5%D1%81%D0%BA%D0%B8%D0%B9_%D1%82%D0%BE%D0%BA
https://ru.wikipedia.org/wiki/%D0%A2%D0%B5%D0%BC%D0%BF%D0%B5%D1%80%D0%B0%D1%82%D1%83%D1%80%D0%B0_%D0%BF%D0%BB%D0%B0%D0%B2%D0%BB%D0%B5%D0%BD%D0%B8%D1%8F
https://ru.wikipedia.org/wiki/%D0%A0%D0%B0%D0%B2%D0%BD%D0%BE%D0%BC%D0%B5%D1%80%D0%BD%D0%BE%D0%B5_%D0%B4%D0%B2%D0%B8%D0%B6%D0%B5%D0%BD%D0%B8%D0%B5
https://ru.wikipedia.org/wiki/%D0%A3%D0%B3%D0%BB%D0%BE%D0%B2%D0%B0%D1%8F_%D1%81%D0%BA%D0%BE%D1%80%D0%BE%D1%81%D1%82%D1%8C

s | ul oR(R-1) wR?
t:—:—:}S:—: ~
u v \Y Vv \Y

rie S - cMemmenue nonockl, | - paccrosuue Mexny muwiuHApamu, a U - CKOPOCTh JIBMKEHHS TOUEK
BHEIIHEr0 IWJINHpPA.

Haiinennast TakuM 00pa3oM CKOpPOCTh JIBIDKEHHMS aTOMOB cepedpa COBIaja CO CKOPOCTBIO,
paccuMTaHHOM MO 3aKOHaM MOJIEKYJIIPHO-KUHETHUECKON TEOPUH, a TOT (akT, YTO MOTYUHUBIIASICS
HOJIOCKa ObliIa Pa3MBITOM, TOBOPWII O TOM, YTO CKOPOCTH aTOMOB Pa3JIMYHBI U PACIpPEeNICHbI 110
HEKOTOPOMY 3aKOHY - 3aKOHy paclpeneneHuss MakcBeiia: aTOMbI, [BUTaBIIMecs ObICTpee,
CMEIIAJUCh OTHOCUTEIBHO IOJIOCHI, MOJYYEHHOW B COCTOSIHUM TIOKOS, HA MEHBIINE PacCTOSHUS,
4YeM Te, KOTOpbIE JBUTATIUCH MEIJICHHEE.

Bonee TouHO 3akoH pacnpeneneHus: OblT mpoBepeH B omnbiTe JlammepTta (1929), B koTOpoMm
MOJIEKYJISIDHBIM Ty4OK TMpOIycKaJcs 4Yepe3 JBa BpallalolIUXcs NapauleIbHBIX JHCKa C

aauaIbLHBIMM IEISIMH, CMEIEHHBIMM Ha HEKOTOPBIN
pal m ’ m P Hobyiura

=

Mosesyaepnsrni

yroia. U3 ducna Mosexys, MpoJieTeBUINX Yepe3 IIelb oo
Py VI

B TIEPBOM JIMCKE, Y€pe3 BTOPOU MPOJIETIT TOJBKO TE,
KOTOpbIE MOJUIETAT K HEMY B TOT MOMEHT, KOTJa Ha
MyTH Ty4Yka BCTaHET MpPOpe3b BO BTOPOM JHCKE.
Bonee ObicTppie MOJIEKYNBI AOCTUTHYT JWCKA CIUIIKOM PaHO, MEAJIEHHbIe, HA00OPOT, CIMIIKOM
no3aHo. Takum 00pa3oM, 3TO YCTPOMCTBO MO3BOJISET BBIACIUTH U3 Iy4YKa aTOMBI, OOJajgaromiue
OTIpe/IeNIEHHBIM 3HAUYEHUEM CKOPOCTH. MEHSsl CKOPOCTh BpalleHHs MPUOOpa, MOKHO BBIIEIATH U3
Mydyka aToMbl, OOJajarolue pa3InYHbIMU CKOPOCTSAMHU. UHCIO 3TUX aTOMOB MJsl KaXIOro
HMHTEpBaJla CKOPOCTEH oOmpeaenseTcss MO BpeMeHHu, KOoTopoe TpeOyercs s TOro, 4roObl Ha
IUTACTUHKE MOSIBIIICA OCAZ0K, BUAUMBIN B MHKPOCKON. Pe3ynbraThl onbIToB JlaMMepTa U Jpyrux
OTIBITOB, MPOBOAMBIIUXCS C TOW K€ LENbI0, MOATBEPAMIN CIPABEIMBOCTh PACHPENEICHUS 10
CKOPOCTSIM, TEOPETUYECKH YCTAaHOBIEHHOTO MaKCBEIIOM.

§7. Pacnpeneaenune boabnMana.

Ucnons3ys cootnomenune P = NKT , Gapomerpuueckyro Gopmyny P = poefMgh/RT MO>KHO

mgh/ kT

3anucaTh B Buge N=N€ , e N — KoHIeHTpauus Mojekyl. [Ipu manmsix TemnepaTtypax N

pe3ko yobiBaeT ¢ poctoMm BbicoThl. IIpu 7=0 Bce Momekynsl Haxomsrcs na Beicore N=0. IIpu

BBICOKHX T KOHICHTpalud IMOYTHU HE 3aBUCUT OT BbICOTHI.

®du3nUecKu -5TO SICHO. Ka)KIIOC pacripeacicHuc (I)OpMI/IpyeTCSI nojn ASMCTBHUEM ABYX

TEHACHIINN:
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https://ru.wikipedia.org/wiki/%D0%A0%D0%B0%D1%81%D0%BF%D1%80%D0%B5%D0%B4%D0%B5%D0%BB%D0%B5%D0%BD%D0%B8%D0%B5_%D0%9C%D0%B0%D0%BA%D1%81%D0%B2%D0%B5%D0%BB%D0%BB%D0%B0

1) npurskeHue MOJEKya K 3eMiie, KOTOpPOE€ CTPEMUTCH n

PAaCIOJIOKUTh UX BCE HA MOBEPXHOCTH 3E€MJIH;
2) TemuoBoe ABMKEHHE ¢ XapakTepHoii suepruei KT, kotopoe

CTPEMHTCS pa3dpocaTh MOJICKYJIBI PABHOMEPHO I10 BBICOTE.

Yem Gosblie M u MeHbIIE |, TeM CUIIbHEE TIepBasi TEHICHIMS,

1 MOJIEKYJIbI CTYILLAIOTCSL OKOJIO 3€MJIH, U HA00OpOT.

—&p IKT
BBens noTeHUMaNBbHYIO SHEPTHIO &, = mgh, 3anumeM ¢dopmyny B Buge N=N€ °

bonbuMan nokasan, 4ro 3Ta (opMyna CHOpaBeUIMBa B JIIOOOM NOTEHLMAIBHOM MOJE Ul
COBOKYIMHOCTH JIIOOBIX OJIMHAKOBBIX YacTUL. Ty (GopMyly Ha3bIBalOT pacIpeeiIeHHEM
bonbivana. OTo pacnpezneneHue MOJIEKyJ MO MOTEHLUMANIbHONW SHEPTUH, B TO BpeMs Kak 3aKOH
MakcBemia naeT UX pachpeiereHHe IO KUHETHYECKOW SHepruu. OTH (OopMyibl MOXOXKU:
CYIIECTBYET 3KCHOHCHHH3III:HLII>1 MHOXHUTEIIb, B IMOKA3ATCJIC KOTOPOTO CTOUT OTHOMICHHUEC DHEPTHUU

O,HHOI\/’I MOJICKYJIbI K BEJIMUYUHE kT

—ep /KT
dN, ,, =nge *»/Tdx dydz - kommuectso monexyn B o6beme dXdydz, pacnonoxertom

oxomo Touku (X,Y,Z).

O6benuanM 00a pactpeeneHus: B OqHO pacnpeneneHue Makcpemna-bobnmana:

na

3/2
ey

m

dN = Ae 0
27KT

ViVy V7 XY, 2

/(Tdvx dv, dv,dxdydz, rre A=n,

2 . .
3nech monHast sHeprus & =&, + MV /2 MosxeT mpuHMMATh HENPEPBIBHEIH s 3HAUCHHIA.

o —&; kT
Ecnm ke 3TOT psij AMCKPETHBIN, KakK, HAllpuMep, B aTOME, TO Ni =Ae """ | rme Ni - YHCJIO

aToMOB B COCTOsIHMHM C SHeprueil & . Kospduument A Haxomurtcs U3 yCIOBUS HOPMHUPOBKH

YN, =AYe " T =N.

§8. Makpo-u mukpococrossuus. CtaTucTHYecKuid Bec.

CocrositHHE MAaKpOCKOIIMYCCKOI'o T€Jia MOXKECT OBITH 3aJaHO C IIOMOIIIBIO o0bema V, JaBJICHUA

P, Temneparypsl T, Bayrpenneii sneprun U 1 1pyrux BenvunH, XapakTepU3YIONIMX TENO B LETOM.

OTO COCTOSHHE HAa3bIBA€TCI MAaKPOCOCTOSHHUEM. CocrosiHHE MAaKpOCKOIIMYECKOTO  TEJa,

0XapaKTECpU30BaHHOC CTOJIb HOI[pO6HO, YTO HU3BCCTHO COCTOSAHHEC BCEX €I0 MOJICKYJ, HA3bIBACTCA

MHKPOCOCTOAHHUEM.

Yucio Pa3JINIHBIX MHKpOCOCTOHHHﬁ, COOTBCTCTBYIOIIUX JAaHHOMY MAKpPOCOCTOSAHULO,
Ha3bIBACTCA CTAaTUCTUYCCKUM BCCOM (CTaTBeCOM) JaHHOTO MAaKpOCOCTOAHUA. DTO 4YHUCIO

MHUKPOCKOITNYCCKUX CHOCO6OB, KOTOPBIMH MOXKCT OBITh OCYIICCTBJICHO JAaHHOC MAaKPOCOCTOSHUC.
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Kak mpumep paccMOTpUM CHTYyalMI0 CO CYAacTIMBBIM OmiieToM. CyUacTIMBBIM HAa3bIBACTCA
TaKo OWJIET, Yy KOTOPOro CyMMa IEPBBIX TpeX IU(p HoMepa (U3 MIECTH) paBHA CyMMeE MOCIETHUX
Tpex. Kakoit cuacTnuBbIii Ouier ObiBaeT 4armie: ¢ cyMmMoi 8 wim 5?7 BeposaTHOCTh T1000r0 HOMepa
onHa u Ta e u paBHa 1/1 000 000. Ho 6uitet ¢ cymmoit 27 (wu 0) Becero oaur — 999999 (000000),
¢ cymmoit 26 (wm 1) cymectByer 9 OmieroB: B mepBoil Tpoiike 8 Ha nepBom Mmecrte: 899899,
899989, 899998, u 3arem - Ha BTOpoM U TperbeM MecTax. C cymmoil 25 (uium 2) cylecTByer
0oJbIIIe OMIICTOB: B KAXKIOW TPOWKE €CTh BapHAHTHI JIBYX BOCBMEPOK (3) mim ogHOU cemepku (3)
NPH OCTABHBIX JIEBATKAX, BCETO JTUX BapuaHTOB 6. KakIoMy M3 HUX COOTBETCTBYET OJUH
BapUaHT BO BTOPOil Tpoiike. Toro, pazHbix ounetoB 6x6=36. T0 U €CTh CTaTBEC 3TOTO COCTOSTHUSL.
Tak MOHO paccuuTaTh cTaTBeca JyId J000H CyMMBI. JIerko BUIETh, UTO OHU BO3PACTAIOT C POCTOM
cyMMblI 0T 0 10 13 (wm cumMmeTpuyHo ¢ yobiBaHueM oT 27 1o 14). MakcumanbHbIN CTaTBEC UMEIOT
cymmbl 13 1 14, 5T OUIETHI caMble YacCThI€ U3 CYACTIMBBIX U TIOITOMY HaUMEHEE «IIeHHBIe». Uem
nanblie cymma ot 13 u 14, Tem MeHee BEpOATEH ycnex. 3JHauuT, OTBET Ha UCXOIHBIM BOIIPOC TAKOB:
owmiteT ¢ cymMmoit 8 ObIBaeT yalle, 9eM ¢ CyMMOit 5.

Jlig cripaBKM, pacdeT MOKa3bIBAeT, YTO 00Ias BEPOSTHOCTh MOJYYUTh CHACTIMBBIA OWieT
(cymma HeBaxkHa) paBHa 1/15, T.e. He oueHb Maja.

Paccmotrpum Gonee «huszmueckuity mpumep. Kakumu cnoco6amMu MOTYT pachpeneauThes

MOJIEKYJIbI Ta3a MEXIYy ABYMs mojioBuHaMu cocyaa? Ilycte Mosiekysn Becero 4.

Cocrosiaue Crioco0OsI peanu3anuu Yucio crioco0oB
(4HMCII0 MOJIEKYI) (HOMepa MOJIEKYJ) peanu3anuu
Crnesa CnpaBa CrneBa CnpaBa (cratBec)
0 4 - 1,234 1
1 2,34
1 3 2 1,34 4
3 1,24
4 1,23
1,2 3,4
1,3 2,4
1,4 2,3
2 2 23 14 6
2,4 1,3
3.4 1,2
2,34 1
3 1 1,34 2 4
12,4 3
1,23 4
4 0 1,234 - 1
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Bcero crnioco6os 24=16.

PaccMoTpuM BepoATHOCTH KaKoro-imbo MUKpococTosiHus, Harpumep 1,3 — 2,4. BepoarHocTh
yactuiie Nel ObiTh ciieBa paBHa 1/2, Ne3 ObiTh cieBa — 1/2, Ne2 ObiTh cnipaBa — 1/2, Ned4 ObiTh
cnpaBa - 1/2. MToro, BeposATHOCTh JaHHOTO cocTosHus paBHa (1/2)* =1/16. Takas ke oHa s
JF000TO IPYroro MUKPOCOCTOSIHHSL.

Jisi  TOJydeHus: BEPOSTHOCTH MAaKPOCOCTOSIHMSI HAIO CJOXHTh BEPOSTHOCTH BCEX
MUKPOCOCTOSIHAH, COOTBETCTBYIOIIMX €My WM, WHAYe TOBOPs, YMHOXHTH 1/16 Ha 4mcio 3THX
MUKpPOCOCTOSIHUH. Takum 00pa3oM,  BEpOSTHOCTh MAaKpOCOCTOSHHUSI IMPOMOPIIMOHAIBHA €ro
cTaTucTuyeckomy Becy. O01ast BeposiTHOCTh paBHa 1/16 x 16=1, kak ¥ TOJKHO OBITb.

Haiinem umcno cmocoOoB peanu3amuu (CTaTBEC) MaKpPOCOCTOSIHHS, B KOTOpPOM cieBa N
monekyn, a cmpaBa — (N-N). Jlna sToro mpoHymMepyeM MecTa MOJEKYT B KaXKIOH IONOBHHE:

1,2,3..n,(n+1),(n+2),...N . Ha mecto Nel mosxer momacts mrobast monekyna ot 1 1o N, ma
%/_J

n N-n
mecto Ne2 — mobGas u3 ocrasmuxcs (N-1), u T.1. OGmee umcio BO3MOKHBIX CHTYaIlHii paBHO

uucny nepectanoBok m3 N, T.e. NI Onmako nepecranoBku B 0mHON IOJOBHHE HE MEHSIOT

MaKpOCOCTOSIHHE, MO03TOMY HCKOMBIi CTaTHUCTUYECKUI BEC paBeH
NI

QnN-m= nI(N ;n)!

n o
= C,, - Oro0, 110 cyrH, BbIBOA hopMyIibl utst uncia coderanuit u3 N mo

n- Cy . Jlerko Bunetsh, uto B paccmotperrom mpumepe A(2,4—2) =6, QL4-1)=4.

Yike u3 TabNuIbl BUIHO, YTO HAuOONBUIMI cTaTBeC, T.€. HAUGOJIBIIYO BEPOSATHOCTb, UMEET
COCTOSIHHE, COOTBETCTBYIOIIEE DACIIPEIEIEHUI0 TIOPOBHY. JTa BEPOATHOCTh YOBIBAET 1O Mepe
YBEJIMUEHUS OTKJIOHEHHS OT 3TOTO COCTOSHUs. DTa 3aKOHOMEPHOCTh CTAHOBMTCS €Il pe3ye MpH
yBesuuenun uucia mosiekyn N. ITpu N=24 sepositHocTy paBHbI:

12,12 - 0,161
11,13 - 0,149
10,14 - 0,117
9,15-0,078
1,23-1,4x10°
0,24 -6x 107

Takum 00pa3oM, YMCIO MOJEKYJ B OJIHOH TMOJOBUHE COCYIa KOJEONETCS OKOJO CpeaHeH
senmunnbl N/2. CnyuaiiHoe OTKIOHEHHE HEKOTOPOHl BEJMYMHBI OT €€ CPEIHEro 3HAYEHMs

Ha3bIBaeTcs (UIyKTyaluen 3TON BeTMYNHBL.
AX =X— <X> ; <AX> = <X — <X>> = <X> — <X> =0, Te. cpemHee 3HaueHue QIYKTyaluu

PaBHO HYIIO, MO3TOMY B KaiCCTBC XAPAKTCPUCTUKH (pJ'IYKTyaL[I/Iﬁ HCIOJIB3YIOT CpPCIHIOIO
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CTaTUCTUYCCKOM (1)I/I3I/IKC J0Ka3bIBaCTCA, YTO OTHOCHUTCIIbHAA (bJIyKTyaI_[I/ISI aIIIII/ITI/IBHOf/'I BCJIMYHHBI

KBaJPaTUYHYIO <(AX)2> U OTHOCHUTEIBHYI) CPEIHIO dnykryanun. B

(ms KOTOpOM 3HAaueHWe IS BCEro Tella PaBHO CyMMe 3HAYeHUW JI1 €ro vacTed) oOpaTHO

MIPONOPLIMOHAIbHA KBaIPaTHOMY KOPHIO U3 YKCia YaCTHIL \/N . ITpu 6omsmom N MoskHO cumTaTh,
YTO 3HAYEHUE BEIIMYMHBI MPAKTUYECKU HE OTKJIOHSAETCS OT CPEIHEro. ITO OTHOCUTCA KO MHOTHUM
MaKpOCKONMYECKUM BEJIMYMHAM: JaBJeHHE (MMITYJbC, IMEpeAaBacMblii 3a €IUHUILy BpEMEHHU
eAVHUIE TUIONIAaN), TUIOTHOCTh (Macca B €IMHHUIIE 00beMa), KOHIIEHTpauus (YUCIO YacTUIl B
eauHuIe o0bemMa) u T.1I.

PaBHOBECHBIM SIBJISIETCS COCTOSIHUE CUCTEMBI, HE MeHsolleecs co BpeMeHeM. [lpu Gosbiiom
YlClieé YacTUIl 3TO COCTOSIHUE C HauOoJbllIel BEpPOSITHOCTBHIO, T.€. C HAMOOJIBLIUM CTaTBECOM.
Cucrema B paBHOBECHOM COCTOSTHUHM CAMOIIPOU3BOJIBLHO OTKJIOHSIETCS OT HETO, HO HE3HAYUTEIBHO U
KpaTKOBPEMEHHO.

Cratuctuueckas (u3uka OOBACHAET NPUUMHY HEOOpaTUMOCTH MPOLIECCOB MPUPOIBI.
Mexanuka obpatuma (2-i 3akoH HproTOHa He M3MEHsIETCs NMPU M3MEHEHHH 3HaKa BpemeHH). Ho
CTaTUCTUYECKHUE TMPOLIECCHl UAYT B CTOPOHY IMOBBIIICHHS] BEPOSITHOCTH, T.e. crarBeca. OOpaTHbII
mporecc KpaitHe MayioBepositeH. [lycTh Ta3 Obll1 B OJHOM mToOJIOBMHE cocyna. Jlamee oH
pacnpocTpaHseTcss Ha Becb cocyA. Bo3Bpar Bcex MOJIEKyNl B OJHY MOJOBHHY UMEET OUYEHb MAIIyIO
BEpPOSATHOCTh. Beskuit HeoOpaTUMBIH MpoIiecc — TaKoH, 0OPaTHBIM KOTOPOMY MaJIOBEPOSITCH.

89. DHTpONHUS.
BeposTHOCT MaKpOCOCTOSHUS MPAMO NponopuuoHaibHa crarecy 2. I[TosToMy B KauecTse

XapPaKTCPHUCTUKU BCPOATHOCTU COCTOAHUS MOIKHO ObLIO OBI B3SATH CaM Q Ho oH He aJIUTHUBCH.

Voenumcs B 3ToM. Bo3bMeM [1Be MOACHUCTEMBI, HAXOMIIIUECS B COCTOSHHUAX C Ql U Qz- Yucio
CIIOCO0OB pealn3alluy JAHHOTO COCTOSIHMSA Bceil cucrteMbl paBHO () = Ql -Qz, T.€. CTATBEC HE

aJJIMTUBEH. A BOT €ro jorapudm aJJIMTUBEH: InNQ=1In Ql +1n Qz- NmeTs neno ¢ agauTUBHOMI

BEJIMYMHOHN yn0OHee, 103TOMY B KaUeCTBE XapaKTEPUCTUKU BBOJUTCS HOBasl BEIMUYMHA — SHTPOIIHS:
S =kInQ, nocrosuuas Bonsimana K m1s yno6ersa.

W3 onpenenenus ciaenyroT CBOMCTBA SHTPOIIHH.

1) DHTpONHs U30JIUPOBAHHON CUCTEMBI IIPH HEOOPATUMBIX MPOIIECCAaX PACTET.

2) B paBHOBECHOM COCTOSHHM JHTPONHMsS MaKCHMaibHa, T.K. Makcumanen (2 (eme pa3
MOTYEpKHEM, YTO MpeHeOperaeM QIIyKTyarusiMu).

Y TBepKIEHHUE: «IHTPOIHNS U30JIMPOBAHHON CUCTEMBI MOKET TOJIBKO BO3pAcTaTh» Ha3bIBAETCS

3aKOHOM BO3paCTaHudA SHTPOIMU WM BTOPBIM HAa4YaJlOM TEPMOJUHAMHKU. HpI/I HCO6paTI/IMBIX
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npolieccax B uzonuposanHoii cucteme dS > 0. B crardusuke nokasbiaeTcs, 4To NpH 06PATUMOM

IPOLIECCE, CONMPOBOKAAIOMIEMCS TEPENAUYel B CHCTEMY KOJIMYECTBA TEIUIOTHI OQ), SHTPOMHS

R

nosnygaer npupamenne dS = —. A - ne nomueii uddepennuan, a S monusIii, T.€. SHTpONHA

sBysieTcsa (QyHKIMeH coCTosAHuUs (He 3aBHCUT OT IpeasicTopun). M3 31oit hopmyisl sicHo, 3adem K B
OIIPENIETICHUHN SHTPOIIUH.
OHTponMs XapakTepu3yeT OecHopsloK B CHCTEME, T.€. OHa TOBOPUT O KOJIMYECTBE

BO3MOYKHBIX MHKPOCOCTOSIHMU. SIcHO, 4TO mpM mojade B cucTeMy O YCHIMBAETCS TEIIOBOE

JIBUJKEHUE MOJIEKYII, T.€. pacteT Oecropsaok. Uem Boimie 1, TeM MEHbIIE OTHOCHUTENBHBIA POCT

6ecriopsnka. B dpopmyne dS = T O4YEHb CYIIECTBEHHA O0OpaTUMOCTh Tpoliecca. Eciu mporiecce

HeoOpaTHM, TO PHTPOIHUS PACTET Kak 3a cdeT OQ, TaK M BCIEACTBUE HEOOPATUMOCTH, TaK YTO B

o6mem caygae S > T

Otcrona cienyer, 4To, MOCKOJIbKY IPH PaBHOBECHOM IPOLIECCE DHTPOIUS CaMOIPOU3BOJIBHO

He Bo3pactaet, To dS = ?, T.€. BCE PAaBHOBECHBIC MPOIIECCHI SBIISIOTCS 0OPaTUMBIMHU.

Uto ke nemarh, €Cciau MPOUCXOMAIIMN Tporecc HeoOpatumblii? Bocmons3yemcs TeM, 4ToO
SHTpOMHS — (YHKIUS COCTOSIHUS, T.€. HE 3aBUCUT OT TOTO, KaKUM CIIOCOOOM CHCTEMY INPUBEIHU B
naHHoe coctosiHue. [losTomy, st TOro 4YTOOBI paccuMTaTh HM3MEHEHHWE SHTPONHH TPH
HEOOpaTUMOM TMpPOIECCe, MOXKHO PacCMOTPETh KaKOW-HHOyab BOOOpa)kaeMblii 0OpaTHUMBIMA

mpounecc, HpI/IBOI[HHII/Iﬁ CUCTEMY B TO K€ KOHCYHOC COCTOAHUEC, U PaCCUUTATh U3MCHCHHUE DHTPOIIUHU

R

110 HeMy, ¢ MOJTHBIM MPaBOM TONB3yAchk Gopmynoit S = —.

HpI/I a0COJIIOTHOM HYJIC TEMIICpaTypbl BCC MOJICKYJIbBI HAXOIATCSA B OCHOBHOM COCTOSHHU,

cratBec koToporo paset 1, T.e. S=0. IIpuxonum k Teopeme HepHeTa: SHTpomus BCAKOro Tesa IIpu

ctpemnerun I x 0 crpemutcs k mymo: lIMS =0. Dro HaspBaloT Takke TPeTHHM HAdyaIoM

T—-0
TEPMOJMHAMHKH.
Td TedT
Mposoas obpatumeiii nponece, nomyunm: S(T)—S(0) = ?Q= e HO TaK Kak
0 0
TedT :
S(0)=0, 1o S(T)=|-——_. Orciona cnexyer, uTO |TIG£T(]C= 0, tak kak uHaue MHTerpan

0
CTPpCMUIICA Obl K OSCKOHECYHOCTH B 00JACTH MalbIX T. HpI/I CTPEMIJICHUUN TEMIICPATYPhI K HYIIIO

TEIUIOEMKOCTh cTpeMuTcs K Hymo npu JIObOM nponecce!
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§10 OcHOBHBIE 3aKOHBI TEPMOJAUHAMHUKH. TenjoBble MalllMHbI.

Iepsoe Hauano Tepmounamukn - Q = AU + A, umu &Q = dU + AA.

WNnu uHaue: HEBO3MOYKHO CO3/1aTh BEYHBIM JBUraTellb IE€PBOrO poAad, T.€. MEPHUOJUYECKH
JEWCTBYIOLINI JIBUTATENb, COBEPUIAIONIUI paboTy B OOJIbIIEM KOJUYECTBE, YeM IOIyUYCHHAs UM
SHEprusl.

Beskuit  aBurarens nopkeH paboTaTh B LMKIMYECKOM pEXHME, T.€. BO3BpALIaThCs B
UCXOJHOE cocTosiHME. YToObI paboTa 3a LUK ObLIa MOJIOKHUTENbHA, HaJ0 4TOOBI JaBJICHHE ras3a
P4 IIpU pacliupeHuH ObLI0 OoJibllle, YeM MpH CXKAaTUU (CM. PUCYHOK). Jlist

0

’ 1 3TOr0 HY)XHO NpPU PaCIIUPEHHHM COOOLIaTh Ta3y TeIUlo, a MpH CXKaTUU

4,70 oTOUpaTh.

|

|/ 40 A=Q -Q,
|

|

of
I

[Tepuoaudeckn AEHCTBYIONIUN TBUTATETh, COBEPIIAIONIINNA paboTy
4

|
|
|
|
Ly
V 3a CYET MOJYYEHHOTO H3BHE TEIJIa, Ha3bIBAETCA TEIUIOBOM MAaIUHOW.

[pu mo6oM muKIMYeckoM Tponecce HeoOxomumo otmate Q,'>0. Beemem kosdduument
Q-Q' <1.
Q

TemoBass mammHa paboTaeT MO MPSAMOMY LMKIY, T.€. MAYIIEMY IO YacoBOil CTpeike Ha

nosiezHoro aerctBus (KII/I) TeruioBoit MammHel: 7] =

rpaduke P(V). Ecium o6patuTh HUKN, T.e. TPOBECTH B OOPATHOM HANpABJICHUH, TO MONYHHM

XOJIOIMIBHUK. B 3TOM citydae ycTpoiicTBO OTOMpaer y Tena ¢ 1, konmdectBo Teriotsl Q, u

otmaer Q," teny ¢ T, > T,. Ilpu s1oM BHenmHue cuibl coepiator paboty A'. YV XonomunbHuKa He

cymectByer KIIJI (!), y Hero ecTb XOJOIWIbHBIH KOIPDUIIMEHT, ONpEASIsIeMbIi Kak
] 1 1

Q,/A=Q,/(Q',—Q,). D1o nornuno, tak kak Q, - npuHecennas nosnwza, a A' - 3aTpaueHHas

SHEprusl.
Bropoe Hauano TepMOAMHAMHUKN MOKHO C(HOPMYIHUPOBATh PA3HBIMU CIIOCOOAMH.
1) DHTpOMHS U30IMPOBAHHON CHCTEMBI He MokeT yosBath: (S > 0.

2) KJ'IaySI/IYCZ HCEBO3MOJKHBI TaKHUEC MPOUCCChI, CAMHCTBCHHBIM PE3YJIbTATOM KOTOPBIX ABJISJICA

OBI nepexo Temijia oT Oolee XOJOJHOTO TClIa K Oonee HarpeTtomy. Mo:xHO noKa3aTb, 4TO TaKkou
Iponecc eI ObI C YMCHBIICHUCM SHTPOIINH.

3) KenbBuH: HEBO3MOXKHEI TaKHE nponeccol, CAMHCTBCHHLIM PE3YJIIbTATOM KOTOPLIX ABUJIOCH

ObI OTHATHE KOJIMYECTBA TEILIOTHI Yy TCJia 1 NPCBpAlICHUC €T0 B pa60Ty. Kazanock 6]:1, HMMCHHO 3TO
HMECT MCCTO INPH HU30TCPMUUYCCKOM MPOUECCC, HO IMMPU ITOM €CTb HU3MCHCHUC O6’bCMa, T.C.

pe3yabTaT He eauHCTBeHHbIH. M3 QopmymupoBku Kiaysmyca nerko mnepeiith k KenpBuny:
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NepeBey TEemIo B paboTy, a 3aTeM 3Ty paboTy B TEIIO IMyTeM TPEHUs M OTJaM ero Oosee
HarpeTomy Teiy.
4) HeBo3MoO>XeH BEUHBIN ABUTATENIb BTOPOrO POJia, T.€. TAKOW MEPUOTUYECKH paboTarouIui
JIBUTaTelb, KOTOPBIN MOIy4das Obl TEIJIO U3 pe3epByapa U MpeBpallai ero NoJHOCThIO B padoTy.
TemoBoit pesepByap — TeJO, TEIIOEMKOCTh KOTOPOro OECKOHEYHO BEJMKa, T.e. €ro 1 He
MEHSIETCS TIPH MOJTYYCHUH WM OTJa4e Teria.

[Iporiecc obMeHa TemoM oOpaTMM TOJBKO TOT/AA, KOTna o0a Teja MMEIOT OJWHAKOBYIO

temneparypy. lomycrum, aro 1 Tena MeHbIe, ueM pesepByapa. Ho mpu oOGpaTHOM mporecce Teso

CMOYET BEPHYTh Pe3epByapy B3fTOE y HEro paHee TEIo, TOJbKO eClId ero | ZTpmpgyapa, T.C.

MIpOLIECC MPOXOJUT TyJa U O0OpaTHO Yepe3 pas3Hble CTaluu, T.€. He SBJISETCS oOpaTMMbIM. Takum
00pa3oM, EIMHCTBEHHBI OOpaTHMBIA MPOIECC, COMPOBOXKIAIOIIUNACS TEIJIO0OMEHOM C
pe3epByapoM — 3TO HM30TEpPMUYECKHIl TMpoliecc MpH TeMIleparype pesepByapa. 37ech
MO/Ipa3yMeBaeTcs, 4TO pe3epByap MMEET MOCTOSHHYIO Temmeparypy. OOpaTUMbIil TemiooOMeH ¢
HUM BO3MOXXEH TOJIbKO Tpu ero Temmeparype. Eciam ke TemmepaTypa pe3epByapa MOXKET
U3MEHSATBCS, TO OOpaTUMbIMH OyayT J0Oble paBHOBECHBIE TPOIECCHl, a HE TOJBKO
n3otepMuueckuid. ['maBHOe, yTOOBI mepenaya Temjia MPOUCXOAWSIA IMPHU PABEHCTBE TEMIEpPaTyp
paboyero Tema M pesepByapa. OTO BaXHO JUIS TNOHUMAaHUS MPEAJIOKEHHOM B MpPEIbIIyLIEM
naparpade umen o 3aMeHe HeoOpaTHMOTO Iporecca BOOOpakaeMbIM OOpaTHMBIM I pacdeTa
W3MEHEHHUS SHTPOTIHH.
11. Nuxa KapHo.
W3 BbIIECKAa3aHHOTO SCHO, YTO AJisi pabOThl TEIIOBOTO

ABUIAaTCJIsl HYXXHBI ABa TCIJIOBBIX PE3CPBYyapa. Or OAHOI0, C

7‘ - 7 / Q o 4
Goubieii 7, HA3bIBAEMOTO «HATPEBATEINbY, JBUraTelb momydaer /| %
B XOJI€ IKUKJIa HCKOTOPOEC KOJIUYCCTBO TCIIJIOThBI Ql’ BTOpOMy C /
A Z 3
6 i T UL B,
oJiee HU3KOHU («X0NOIUIBHUKY») ABUTATEIb OTAAET Q2 . ' 0"
L - L -.'__ S
-5'3 8:

bynem paccmaTpuBarth OOpaTHMBble LUKIBL, KOTOPBIE MOXKET
COBEpIIUTH pabouee BELIecTBO, KOTOPOE Mbl OyaeM Ha3blBaTh pabouyuM TeaoM. OTMETHM, YTO 3TO
He 00s13aTenbHO ra3!

B 1824 r. ¢panunysckuii umwxkeHep Caam KapHo npoananu3upoBan oOpaTHMBIM IMKII,
COCTOSAIIMM W3 JBYX H30TEpM M JABYX aauabaT, W TMOKazaj, 4YTO TaKOW MpoLecc HUMEeeT
makcumanbHbld KI1J] U3 Bcex mporeccoB, MPOUCXOAAIIUX MPH TeX XKe TeMIleparypax HarpeBaTelis

U XOJOAuIbHUKA. TaKkoM IIUKII HAa3hIBACTCS IUKIOM KapHo.

93



AnmabaTH4ecKuii IIPOLECe IPOUCXOAUT TIpyu noctosunuoi suTporuu (AS = 0) u HasbiBaercs
Taxoke m3o3uTponmueckuM. Ha rpaduxe T - S nukn Kapro uMeer By npsmMoyroabHuKa.

KonuuectBo TemnoTsl mpu obpatumom mpouecce Haizem mno dopmyre dQ=TdS u

= JTdS .Bocix T — S mnpu obparuMom mporiecce KOIMYECTBO . 0Q
teriotel Q paBHO moMIaMM mon kpuBoi, a 3a Bech mukn Q —Q,' g 2
S
paBHO TIOMATH QUTYPHI. ds
Haiinem KIIJI 77 nuxna KapHo, Ul 9€ro BEIYMCIUM CIIEAYIONINE BETUYUHBIL:
tdQ 1% Q
Asl 2 .[ I Q==
1 T ]_ 1 T]_
dQ _ 17 Q, :
AS,, = .f .[ Q=-—,(Q,>0)
3 T 2 3 T2
AS,,=AS,, =0
L AG — _Q Q'
Tonuoe npuparenue surpormn 3a wak: AS = AS, , +AS, , +AS; , +AS,, = = — T - 0,
1 2
TaK KaK BEPHYJIUCh B MCXOHYIO TOUKY.

Q T Q Q T, T

[Ipu BBIBOZIC MBI HE JeNalid MPEANOJIOKEHHA O CBOWCTBaX pabodYero Tejia U YCTPOWCTBE
TertoBoi MamuHel, T.€. KITJ] Bcex TemnoBbIX MamuH, paboTaromux mo 1nukiy KapHo u nuMerommx
OJIMHAKOBBIE TEMIIEpaTyphbl HarpeBaTeIei U XOJOAMIbHUKOB, OJTMHAKOBBI M OMPEACIISIOTCS TOJIBKO
ATUMU TeMIlepaTypamu. IT1o Teopema KapHo.

[Tokaxkem, uTo, eciu ObI B Iporieccax OblIM HeoOpaTuMocTH, To KIIJI Obu1 OBI MEHBIIIE.
AS, > As,,>- AS . >0 ,AS, >0
3 T ) T 1 )

1 2
Ql"'alz’ AS34 = QZ

1 2

Iycts AS,, = +a,,, AS,; =a,;, AS,, =a,,, rnesce a =20.

%—Q—2+a12+a23+a34+a41 0,
Tl T2

ITonnoe MMpUPAIICHHUEC SHTPOIINHA 3a MUKIL: AS =

TaK KaK BEPHYJIUCH B HCXOJHYIO TOYKY.
1
QZ T2

1 1 T
&—Q—2<O = Q—2>—2 = n=1-=t<1--2
Tl T2 Ql Tl Ql Tl
[Tycts paGouum Ttenom sBnsierca ras. [Iposepum ¢opmyny Kapuo. Ilpu uzorepmuueckux

nmporneccax:
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m V , ., m V.
leAizszTllnv_j; Q2:A34:MRTZIn\Tj-

Ha amua6are PV’ =const.

W3 ypaBHenus Menneneesa-Knaneiipona:

3 pV:m—RT :pocI — TV’ =const
— | M V
TV =TV, '
t 2 = Vi =-4% = h=1- Q =1- L, 4TO M TPeOOBANOCh JI0KA3aTh.
Tlvzy_l = T2V37_1 Vo Vg Q T,

§12 Mda3oBble PABHOBECHS M NIPEBPAIIICHHS.

B Tepmoaunamuke ¢a3oil Ha3bIBAa€TCSI COBOKYIMHOCTbh OJHOPOJHBIX, OJUHAKOBBIX 110 CBOUM
CBOMCTBaM yacTeil, Harpumep, 1Be (a3bl - BoJla U cMech Bo3ayxa U napa. Eciu B Bogy 100aBUTH
KYCOK Jibaa, OynyT Tpu (pa3wl. Pazaeie Mogudukanmm Kakoro-1m0o BemecTBa — 3TO pa3Hbie ¢askbl,
HampuMep, aiMas u rpaduT — pa3Hbie (asbl yrieposa.

[Ipn ompeneneHHBIX YCIOBUSAX pa3Hble (a3bl OJHOTO BEIIECTBA MOTYT HAaxXOJIUTHCS B
PaBHOBECHH, COMPHUKACASACH APYr C JAPYroM. JTO PaBHOBECHE MOXKET OBITh TOJBKO B HEKOTOPOM

JMATa30He TEeMIEpaTyp, NpUYeM Kak/IOi TeMIIepaType COOTBETCTBYET HEKOTOPOE JaBJICHHUE, NPHU
KOTOPOM paBHOBECHE BO3MOXKHO, HAIpUMep Boja M Tap. Takum oGpasom, Ha rpaduxe p-T
cocTostnus paHoBecus sexar Ha kpusoit P = f(T). Tpu dassl 6yayT B paBHOBECHM TOJIBKO B

OJHON TOYKE, Ha3bIBAEMON TpPOMHOW TOUYKOHM. OHAa JEKUT B TOYKE IEPECEUCHUSI KPHUBBIX
paBHOBecHs a3, B3ATHIX MO ABe. Ilepexoa 3 ogHOM (a3el B APYryr0 OOBIYHO COMPOBOXKIACTCS
MOTJIOIIICHUEM WJIM BBIJICJICHUEM HEKOTO KOJHWYECTBA TEIUIOThI, KOTOPOE HA3bIBACTCS CKPBITOM
TEIUIOTOM Tepexoa, HallpuMep MCIapeHue, IiaBjieHue. Takue mepexosl Ha3bIBarOTCs (ha30BBIMU
nepexogamu mnepBoro poja. CylllecTBYIOT M NEPEXO/bl, HE CBA3aHHBIE C MOIJIOMICHHUEM WIH
BBIZIETICHUEM TeIlJla — 3TO MepexoAbl BTOporo poaa. Hampumep, mepexoabpl MeXIy pa3sHBIMU
KPUCTAJUTMYECKUMU Mo udukanusmMu. TakuM jke SIBISETCA W IEpexoj MeTajajaa W3 OOBIYHOTrO
COCTOSIHHSI B CBEPXIIPOBOJISAIIICE.

813. UciapeHne U KOHICHCAIIUS.

Cy’Tb HUCIIapCHUA — HanOoJee 6LICTpI>Ie MOJICKYJIBI MOKHUAAOT KUJAKOCTD, T.C. CPEAHASA SHCPIUA
MOJICKYJl KUAKOCTHU YMCHBIIACTCHA, €€ TCMIICpATypa CHHIKACTCA. Hepexon U3 XXUIAKOCTHU B ra3s —
HUCIIapCHUEC, U3 TBCPAOI'O COCTOSAHHA B I'a3 — BO3TOHKa (CY6HI/IM3HI/IH). HpI/I 9TOM MOTJIOIIACTCA
CKpbITasd TCIUIOTAa HCHAPCHUA WU CY6JII/IMaI_II/II/I. HpI/I KOHACHCAIIMK 3Ta TCILJIOTA OTHACTCA, T.C.

06pa3y10u1a;1c;1 KUAKOCTb HArpeBacTcCs.
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PaccmoTpuM mpouecc YCTaHOBJIEHHS paBHOBECHS B 3aMKHYTOM o0ObeMe. MOJeKyiibl

BBUICTAIOT U3 JXUJAKOCTH, a JPYIrU€ B TO K€ BPpCMA BO3BpaAllatOTCA B HEC M3 IIapa. Iloka nIOTHOCTH

Imapa mMajia, BO3BpamacTCsd MCHLIIC MOJICKYJI, YCM BBUICTACT, T.C. IIJIOTHOCTH IIapa pnapa pacTeT.

Hpn nHexoTopoit p,,,, YCTAHABIMBACTCS AMHAMHYCCKOE PABHOBECHE: KOIMYCCTBO BBLICTAOIINX

MOJIEKYJI PABHO KOJIMYECTBY BO3Bpararomuxcs. [lap, naxonsmuiics B JTMHAMUYECKOM PaBHOBECHU

Pa CO CBOEH HUAKOCTbIO, Ha3bIBAETCS HACBILICHHBbIM. JlaBlieHuWe mapa mnpu
A e

P

PAaBHOBCCHU HA3bIBAIOT HABJICHHEM HACBIIICHHOI'O IIapa. HpI/I YBCIMYCHHUU

TEMIICPATYPbl YHUCIIO MOJICKYJ, BBUICTAIOIIUX W3 XKHUIAKOCTH, 6BICTpO

pacTer, 4KMCI0 BO3BpAIAIOIIMXCS M3 Tapa pacteT meiyieHHee. [loatomy ¢

-
L, T poctom 1 naBieHue (M IUIOTHOCTH) HACHINIEHHOTO Mapa yBEIMYUBAETCS.
Ecnu yBenuuuth 00beM cocyla, TO NaBi€HHE Mapa yMajaeT, YUCIO BO3BPAILAIOLIUXCS MOJIEKYI
CHU3UTCS, U KUAKOCTh OyJeT UCHapAThCA, TOKAa HE HACTYNUT HACBIIIEHUE U JaBICHUE HE BEpHETCS
K P,..- AHAJIOTMYHO BCE MPOUCXOAUT B CIIydae Iapa M TBEPJOIo Teja.

B Bo3myxe Bcerya HaXOAUTCS KaKOe-TO KOJIMYSCTBO BOJISHBIX MapoB. AOCOTIOTHAS BIAKHOCTD
— Macca mapa B OJHOM KyOoMeTpe BO3/yXa, OHa u3MepsieTcsa B I/M°. OTHOCHTENbHAs BIAKHOCTD —
OTHOIIICHHE PEATHHOM IUIOTHOCTH BOJSHOTO Tapa B BO3JyXe K MaKCHMaJIbHO BO3MOXKHOW TNpHU
JAHHOH TeMmepaType, T.€. K INIOTHOCTH HACKHIIIEHHOTO mapa. V3MepsieTcs: B MPOLEHTaXx.

PaccmoTpum mpumep. Jlnem Temmepatypa nogauMaiack g0 20°C. Ilpu 31Ol Temreparype
0,..(20)=17,3 r/m® (nannbie u3 cnpapounuka). I[IycTh mpu 9TOM ILIOTHOCTH Mapa paBHsach 13,8
r/M°, T.e. OTHOCHTENbHAs BIAXKHOCTH Obima 13,8/17,3=0,8=80%. Houblo TemmepaTypa ymana Jo
15°C, p,,.(15)=128 r/M®. VMeHHO CTONBKO Mapa OCTalOCh B BO3AyXe, IIPH 3TOM THap

HACBIIICHHBIN, T.€. €r0 OTHOCUTEIbHAs BIaXHOCTh paBHa 100%, a n30pITouHas macca 13,8-12,8=1r

B KaXXJIOM M3 BBIIIAJIa pOCOﬁ.

814. PaBHOBeCHE JKIJIKOCTH U HACBIIEHHOIO 1apa.

Cxxumaem map npu NOCTOSIHHOM Temmeparype. CHaudana OH /)
BeleT ce0si Kak HeallbHBbIN ras, T.e. Mo 3akoHy boiins-Mapuotra.
Ho nocne noctuxenus naBiieHus], paBHOTO JABJIECHUIO HACHIIIIEHHOTO

Imapa Iipu JTaHHOM T, HM30BITOK nmapa Ha4YMHACT KOHJACHCUPOBATHCA,

pt—

TaK 4YTO IIap HUMEET (I)I/IKCI/IPOBaHHOG JaBJICHHUC (I/I HHOTHOCTB) J0 nap(eas)

TOr0O MOMCHTA, IIOKa BECb HC KOHACHCHUPYCTCA B KUIAKOCTb, a

-

=

AAJIbIIC NABJICHUC ) KUAKOCTU PE3KO PACTECT IPU €C CKATUH.
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CymectByer (opMyia, MO3BOJISIONIAs BBIYUCIUTH OTHOIIEHHE MacChl Iapa K Macce

m

X
KHIKOCTH: —— = — (CM. PUCYHOK).

aHc

815. Kpurnueckoe cCOCTOSIHHE.

@9, ‘
i i -'“—V'

JUies ~ NOHMMaHHS ~ NOPUYMHBI  TNOCTPOMM  rpaduku

3aBUCHMOCTEN IUIOTHOCTEH JKUJIKOCTH W Iapa OT TeMIepaTypsl.
[I10THOCT Tapa pacTeT ¢ POCToM 1, Tak Kak IMHAMHYECKOE

paBHOBECHE CMEIAaeTcsi B CTOPOHY OOJibLIeH IUIOTHOCTH.

IInoTHOCTE KHUOKOCTU IMaJacT, TaK KaK IIPH HAarp€BaHUU XKUAKOCTb

pacmmpsercs. B xoune konuos, npu T =T, kpusble comxmyTCs.

Ipu T >T, Her pasHuIbI MEX Ty KHIKOCTBIO H MIAPOM, TOITOMY

IMOHATHUC HACBIIICHHOI'O IMapa TEPACT CMBICII.

[TocTpom CceMEUCTBO KpPHBBIX

ydacTKa COCYIIECTBOBAaHUS BYX (a3.

‘A

Hac. ng,

p(V) ana nannoro
KOJINYECTBA BEIECTBA NIPH PasHbIX TeMIeparypax. Buano, 4ro

¢ pocroM 1’ JUIMHA TOPU3OHTAILHOTO yYacTKa YMEHBIIAETCS U

npu Hekotopoit T, obpamaercs B Homs. Ipu T >T - wer

4 ——

>

Us Fpa(bI/IKOB MOXKHO CI€JIaTb BayKHBIN BBIBOJ: IIPpH T >TKp BCIIECTBO HEJIB3s OKMXHUTH

CXXaTucm (YMCHI)IHCHI/IGM 06’beMa). HapOM 9acTO HA3bIBAIOT TO, YTO MOXXHO OXXW)XXHTDL IIPpU ﬂaHHOﬁ

TeMIICpATypE, a ra3oM — TO, UYTO HCJIb34.

816. IlepechIlieHHBI AP W MEePErpeTas JKUIKOCTh.

Peanbnble ra3pl ONKUCHIBAIOTCS YpaBHCHHUEM BaH-z[ep-BaanLca:
a
(P+7)(Vw —b)=RT
VM

Hapucyewm rpaduk 3T0ii 3aBUCUMOCTH:

Vuactok 2-3 HeycToiuuB, T.K. pu pocte V JI0IKHO pacTH p.

VYuactku 1-2 u 3-4 meractaOuibHbL: 1-2 — meperperasi KUAKOCTb,

3-4 — nepechlIleHHbIH map.

>V

Z[J'ISI nepexoaa nepeChbllCHHOTO MMapa B J)XKUAKOCTb HYKHBI HCHTPBI KOHACHCAIIUH. Benp HY>KHO

YTOOBI 3HAYUTEILHOE YHUCIIO MOJICKYJI cOIU3UIOCH 0 paCCTOHHHﬁ, XapaKTCPHBIX JJId KUIKOCTH.

910 MaJIOBCPOATHO. BHecenue nbUIMHOK MIIN 3apsSPKCHHBIX 9aCTUIL (I/IOHOB) ACJIACT 3TO PCAJIbHBIM.

To xe MOXXHO CKa3aTb O HCpCFpCTOfI KHUAKOCTHU U KHUIICHHH.
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817. Kunenue.

Kunenne — 310 mporecc mapooOpa3oBaHusi BO BceM o0beme KHUAKOCTH. OHO MPOUCXOJIUT,
KOI'/Ia JaBJICHUE HACBILIEHHOIO [1apa PaBHO BHELTHEMY.

PaccmorpuMm mpomnecc kumnenus noapoOHee. B Hawane Boga HachllleHa BO3IYyXOM U MMEET
KOMHaTHYI0 Temneparypy. [Ipu HarpeBanuu BoJbl pacCTBOPEHHBIN B HEHl ra3 BbIAEIAETCS HA THE U
CTEHKaX cocyza, 00pa3ysl BO3IyLIHbIE My3bIpbKU. OHU HAUMHAIOT MOSBISATHCS 330Jr0 10 KUIICHUSI.
B »Tu my3bIpbKu HcnapsieTcsl BoJa, TaK YTO OHU COJEpkKaT U BO3JyX, U HAchIlleHHbIH nap. [lpu He
OUYEHb BBICOKHX TEMIIEpATypax, MOKa JIaBJI€HNE HACBHIIIEHHOTO Mapa MaJlo, My3bIPEK yJIep’KUBAETCS
Ha CTEHKE 3a cyeT cuJ cuemienus. [Ipu takoil Temneparype, pu KOTOPOH JaBJI€HHUE HACBIILIEHHOTO
rapa paBHO BHEIIHEMY, [ap HauUMHAET pa3ayBaTh My3bIpeK. JJOCTUTrHYB OIpeneneHHbIX pa3MepoB,
OH OTpBIBaeTCAd OT CTEHKHU 3a CUeT CHJIbl ApXUMeaa, MOJHUMAETCsl K IMOBEPXHOCTU BOJBI U
nonaercs. [1pu aToM nmap nokugaeT KUAKOCTb.

Ecnu Bojma mporpera HeIOCTaTOYHO, TO MYy3bIPEK, MOJAHMMAsACh B XOJIOJHBIE CJIOHU, PE3KO
yYMEHbIIIaeTCsl B pa3Mmepe (CXJIOMbIBAeTCs) 3a CYET KOHJCHCHpPOBAHMS Mapa, T.K. TaM JIaBJCHHE
HACBIIIEHHOTO TMapa MeHblle BHemHero. [lpu cXJombIBaHUM My3BIPPKOB B JKUIKOCTH
pacipoCTpaHsAIOTCS yIapHbIE BOJIHBI, COMPOBOXKAaeMble CIBIIIMMBIM IIyMOM. Bo3HHKatonye mnpu
3TOM KOJIeOaHMsI BOJIbI MPUBOAST K MOSIBJIEHHIO BO BCEM 00bEeMe BOJbl OTPOMHOIO KOJMYECTBA
MEJKUX IY3bIPbKOB BO3yXa, BHYTPb KOTOPBIX TaKKe HauWHaeT HchapsATbes Boda. [Ipu stom
MIPOUCXOAUT MHTEHCUBHOE NEPEMEIIMBAHUE BOJbI, TEMIIEpaTypa BBIPABHUBAETCS, CXJIONBIBAHHE
ITY3bIPbKOB U BBI3BIBAEMBIA UM LIYM IPEKPALIAIOTCA.

Jlanee HEOOXOAUMOCTH B PACTBOPEHHOM BO3/yXe MCYE3aeT, J1t0bas oOpa3oBaBIlascs MOJIOCTh
PE3KO YBEIMYMBAETCA B pa3Mepe 3a CUET UCHAPEHUS BHYTPb, BBITAIKMBAETCS HAa MOBEPXHOCTh U
BBIOpACBIBACT CoJeprKaluiics B Hell map. UeM MHTEHCHBHEE HArpeB, TeM OOJIbIlIe TAKUX IY3bIPEH,
TeM OoJbllie TOIJIOIIEHHWE Telyla Ha mnapooOpa3oBaHue. Bce mocTynaromiee Terio HIET Ha
napooOpa3zoBaHue, MOATOMY TEMIIEpATypa OCTAECTCS MOCTOSHHOM, TTOKA HE BHIKUIIUT BCS KUAKOCTb.

OTMeruM, 4YTO KHISIYEHAs BOJA YK€ HE COLEPKUT PACTBOPEHHOIO BO3/yXa, IMOATOMY
My3bIPPKM Ha CTEHKaX HE 0O0pa3yloTcs, Hayajao KHUIIEHHUS 3aTpyJHSETCS U cMellaerca K Oolee
BBICOKUM TEMIIepaTypaM, T.. IPOUCXOJUT meperpeB kuiakoctu. IIpaBaa, mociie Havana KureHUs
TeMmIepaTypa )KMJIKOCTH CHUXKAeTcs 0 OOBIYHOM TeMmepaTypbl KUIIEHUS.

W3 cka3aHHOTO SICHO, YTO TEMIEpaTypa KAIIEHUsS 3aBUCUT OT BHEIIHETO naBieHus. [loatomy B
ropax, rjae aTMoc(epHoe JaBjIeHHEe HaMHOI'O MEHbIIE, KUIEHUE MPOUCXOIUT NpU Oojiee HU3KHX,
4eM Ha YpOBHE Mops, Temneparypax. Hanpumep, Ha BbICOTE 5 KMIIOMETPOB TEMIIEpPATypa KUIIEHUS
BozbI okosio 80 rpamycoB. [loaTomy cBapuTh 00en Tam, €CU M YAACTCs, TO Ha 3TO MoTpedyeTcs

HaMHOTO OOJIbIIIE BPCMCHHU.
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C npyrodl CTOpPOHBI, Ha 3TOM INPHUHIUIE [OCTPOEHA CKOpOBapKa. JTO KacTpoisi ¢
rePMETUYECKON KpBILKOW. Tam HarpeB IpPOMCXOAUT HE IIPU IIOCTOSIHHOM JABJICHUM, KaK B
OOBIYHON KacTprojie, a IpU IMOCTOSIHHOM oObeme. JlaBleHue BO3qyxXa B CKOpPOBapKe IIpH
MOBBIIIEHUU TEMIIEpaTypbl pacTeT, IO3TOMY KHUIIEHHWE IPOUCXOJUT Mpu 0Oo0jiee BBICOKOM
«BHEIIHEM» JIaBJICHUM, T.e. IpH Oosee BBICOKOW Temmeparype (okosio 120 rpamgycoB), 4TO
MO3BOJISIET OBICTPEE MPUTOTOBUTH 00€].

818. YpasHenue Kiaaneitpona-Kinay3uyca.

JlBe mioOble (a3pl HaXOASATCS B PAaBHOBECUHU IIPU HEKOTOPOM JIaBJIEHUH, 3aBHUCSILIEM OT
Temmneparypbl. OOIIM BU 3TON 3aBUCUMOCTH OTUChIBaeTcsl ypaBHeHueM Kianeiipona-Knaysuyca:

dp 0y
dT T(V,-V)’

rae (,, - yzensHas (Ha 1 kr) Teruora, moryomaemMas npH nepexoje 1-2 mpu Temmeparype T,

V.,V, - ynenbubie 00beMbI 1EpBOIT 1 BTOPO (as.
Taxum o6paszom, snak AP/ dT onpenensercs Tem, kakoe n3MeHeHHe 06beMa — BO3PACTaHHE

WK yObIBaHUE — MPOUCXOIUT MpH (Ha30BOM MEPEXOe, COMPOBOKIAEMOM MOTIJIOIICHUEM TeIlIa.

JI71st BOJIBI: TETJIOTA MOTJIONIAETCS PH Mepexo/ie U3 nbaa B Boxy. Torna V, >V,, r.e. dp/dT <O0.

[pu wucmapenuu u cybmumanuum oObem pacter Bceraa, mostomy Odp/dT >0. TIlpu
TJIaBIeHuH B GOJBINTMHCTBE ciydaeB 06beM pacter, nostomy AP/dT > 0. Ho ects uckmouenus,
nanpumep Boxa, mns koropoit dP/dT < 0. Cumpno cxuMast nen, MOXKHO PacIUIaBUTH €r0 TPHU

TCMIICPATYpPC HUIKE HYIIA. HNmenHo 31O INPpOUCXOOUT IIPpH KAaTaHWM Ha KOHbKax. HO,I[ KOHBKOM

JaBJICHHUC OYCHDb 60J'IBH.IO€, JIEO IUIaBUTCA, BO3HHKAOMIAA BOJa JAa€T CMa3Ky, CHOCO6CTBYIOH_IYIO

CKOJIB)KEHHUIO.
819. TpoiiHas Touka. /luarpamMma cocTOsTHUS

N300pa3sum Ha oaHOM Tpaduke BCE  KPHBBIC p
pasHoBecust pas. p,, u T mp - CAMHCTBCHHBIC 3HAYCHMS, A Kpueon ;’
MpU KOTOPBIX B PABHOBECUU HAXOIATCS Bce TpU (as3bl. ﬂ’m?”m Mggﬁfﬂ
[ToaToMy 3Ta TOuka Ha3piBaeTcs TpoWHOW. OHa JEXKUT Ha .“ T
MepeceyeHN  IBYX JUHHUI paBHOBECHS BYX (a3. pfp R 7}3 @

ITo rpaduky MOXKHO OMpENENUTh XapakTep IMepexona Jom _i__
W3 OJIHOM €ro TOYKHU B ApYryko. 1-2 — TBepaoe - KUIKOCTh — . gjﬁ%a&,{m o
ra3, 3-4—TBepuoe —ra3 (MUHYS KUIKOCTD). Irn e
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Ha yuactkax cy6numanuu u ucnapenus AP/dT >0 scerma. Yuactok miasnenus Moxer

umers u AP/ dT <0 (Boxa), kak nokaszano Ha pUCYHKe cJieBa.

Ecin HECKONBKO KPUCTAIUIMYECKUX MOJM(UKALNN, TO MOXKET OBITh M TaK, KaK IMOKa3aHO Ha

PHUCYHKE CIIpaBa.

3roT Ha3bIBAa€TCs  JAMarpaMMoi

rpadux

COCTOSAHMUA.

v

OOJIBIIMHCTBA BCIIICCTB Tpoleas[ TOYKAa 3HAQYUTCJIBHO HWXKC pamM’

IMO2TOMY MEpPCXoa U3 TBEPAOro COCTOAHHA B ra3 UACT 4CPE3 KUIKOCTh.

Hanpumep, y Bomst p,,, =4,6 mm prer., t, =0,0075°C. Ho nis

YITIEKHCIIOTHL (CyXOH Jien) pmp=5,l arm, 1, =-57°C, r1.e. npu

Pam, TONBKO TBeppoe mim ra3. Temmneparypa cyonuManuu npu p,. .

pasna t, =—78°C.

B o6xox Toukn K (u3 3 B 4) muMeeM HenpepbIBHBIH

nepexont AKHUJKOCTb-Ta3 yepes MOCIIEI0BATENbHOCTh
oaHO(a3HBIX cocTosiHUI. HempephIBHBIN Mepexo KUIKOCTh-
ra3 BO3MOXXEH, T.K. CTPOCHHME XHUAKOCTU U Ta3a B IPHUHIIUIIE
OJIMHAKOBO. Pa3nuuusi KoJIM4ecTBEHHBIE, a HE KaUeCTBEHHBIE.
VYnopsnouenue orcyrctByer. M3 TBEpIOro B *KHUAKOCTh WM B
ra3 HENpepbiBHBII mepexon 0e3 TmepecedeHHsl KpUBOH

PaBHOBECHA HEBO3MOXKCH, T.K. KPUCTATINIMYECKAA pEIICTKa U

K
/4 @
D)4
ot §
p e
4 Z 7N
t A )
i 4
If
v’
A
.
. @
&7
=T

€CTbh, WJIN HCT. HOBTOMy KPHBBIC IIaBJICHUA U CY6J'II/IMaI_[I/II/I KOHIIa HE UMCIOT.

I/IHTepeCGH nepexon 1-2: IIpyu MOBBIIICHHUMW JABJICHHUA I'a3 CHadalla IIEPEXOJUT B TBEPIAOC

COCTOAHHUEC, a YK€ IIOTOM IINIABUTCA U CTAHOBHUTCSA JKUAKOCBIO.
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sin’a +cos” a =1; tga =sin a/cosa =1/ctga
1+tg°a =1/cos’* a ; 1+ctg’a=1/sin*a

*hkkkkhkhkkkhkkhkkkhkkhkkhkkikkikikkiikiik

— o

sin( o + B) =sin arcos S +sin fcosa ; b

tg(ax B) _ 9o ttgp

cos(a £ B) =cosa cos BFsin Bsin o ;
(@t p) acosfj peina 1Ftgatgp

sinag=alc, cosa=hl/c,

*hkkkhhkkkhkhkkkhkkhkkhkkhkkhkikkhikkiikikk

tga=alb, ctga =Db/a,
sin 2ar = 2sin arCoS o

c0s2a =cos’ a—sin®a=2cos’ a—1=1-2sin’«
tg2a = 2tga /(1-tg°a)

*hkkkkhkhkkkhkhkkkhkhkkkhkhkkhkikkhkihkkikikikk

aiﬁcosaiﬂ

sin & sin B = 2sin

COSa +C0S = 2¢C0S

2
a+ﬂcosa—ﬂ

COSa —CO0Ss f =-2sin

2
OH'Bsina_ﬂ

2

2

*hkhkkkhkhkkkhkhkkkhkhkkkhhkkkhhhkkhkikhkhiikkik

sin @ cos g8 = %[sin( a+ f)+sin(a - )]

COSa COS 3 = %[cos(a + ) +cos(a — p)] o 30° 45° 60°
sin asin g = %[cos(a — ) —cos(a + F)] sin 1/2 V212 (V312
*hkhkkkhkhkkkhkhkkkhhkkkhhkhhkhkhkkhkikhhkihiiikk cos \/§/ 2 \/E / 2 1/ 2
_ 2 . _ _ 9¢in 2
l+cosa=2cos“al2; l1l-cosa=2sin“al?2 g 13 1 e
Cosza_1+c052a_ inza_l—COSZOC T —
’ 2 Py ctg V3 1 |13

IIOHMIKCHHA ITOKa3aTCIIA.
E A R AR s s s

asin x+bcos x = va” +b? (cosgsin x+sin ¢cosx) =+ a’ +b?sin( x+¢), rae cosep =a/+a’+b?
asin x+bcosx = +/a’ +b*(sin gsin x+cospcosx) = a’ +b* cos(x—g) , rae sin g =a/va*+b?

*hhhhkkhkkkkhkhkhkiirhhkhkhkkhhkhiiiiix

—ml2<arcsin x<x/2 (xakwu arctgx), O<arccosx < (kaku arcctgx)
arcsin( —x) = —arcsin x; arccos(—x) = 7 —arccos X ; arctg(—x) = —arctgx

*hhhhkkhkkkkhkhkhkiirhhkhkhkkhhkhiiiiix

U1

sinx=a=Xx=7k+(-1)*arcsina; cosx=a—= x=_2sk+arccosa
tgx=a = X = 7K + arctga
sinx=0=>x=7K; sSihx=tl=x=27K+tx/2

CoOSX=0=>X=7K+7/2; cosSX=1=X=27K, COSX=—-1=X=27K+7
*Ahkkhkhkhkhkhkkhkhkkkhkhkhkkhkhkkhkhkhkhkkikkhkkikhiikikk

sin, tg, Ctg - HeueTHbIE, COS - YETHBIA. SIN U COS - mepuoxa 27, tg u ctg - 7.
[paBuso s hOpMyIT IPUBEICHHUS !

€CJIn BLI6paCBIBaCM eJjIo¢ 4ucio pa3 1no 7, To (bYHKLII/IH OoCTacTCA npe>1<HeI71, a €CJIU IoJryneiioe, To
MCHIACTCA Ha KO(I)yHKI_II/IIO. 3HaK ONpCACIISICTCS 3HAKOM HCXOTHOMU (I)yHKI_II/II/I
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OBPATHBIE TPUT'OHOMETPUYECKUE ®YHKINN

Yro takoe arcsin( x) ? Bel ckaxere, 4TO 3TO YroJi, CHHYC KOTOpOro paBeH x. Ho Takux yrioB

OeckoHeuHo MHoro. Hampumep, yemy pasen arcsin(—1)? —z/2,3x/12,77/2...7?

Eme onun Bompoc. Uto Takoe VX ? Bbl ckaxere, 4To 910 "HCIO, KBaJpaT KOTOPOTO PaBEH X.

Ho Takux uucen nsa. Hampumep, uro Takoe V42910 2 wim -22 VpaBuenne X° =3 uMeeT peleHus

X=+J3 u X=—\/§,‘-ITO)K6TaKO€ NEY,

D10 APUOGMETUYECKUI kopens, T.e. ITOJIOXKUTEJIBHOE uncio, KBagpaT KOTOPOTO

paBeH 3. MblI BbIOpau U3 BCEX YUCEN OJHO, YTOOBI HE OBIJIO HESICHOCTEH.

To e Hanmo caenath u ¢ arcsin( x). arcsin( X) - 3To yroja B WMHTEpBale

NN

/4
SXSE, CHHyC KOTOporo pasBeH x. Kakaomy 3HaueHHIO cuHHYca

COOTBETCTBYET yroi, npudyéMm Toiapko oauu! Tak uyrto arcsin(—-1)=-z/2, u
Huuemy Oostbire! Tobko 01HO 3HAYCHHE!

AHanoruyHo arccos(x)- sro yroa B uHTepBate O0< X<, KOCHHYC
KOTOpPOTO paBeH x. OnsATh TOJABKO OJHO 3HaueHue! OyHKIUU OJHO3HAYHbI! DTH

HUHTCpBAJIbl HAJ0 UMCTH B BUY.

s arctg(x) mmamaszoH TOT ke, uTo s arcsin( X), a s arcctg(X) - xak must arccos(x). B

JTAHHOM CJTy4ae MOT OBbITh BRIOpaH JIFOOOM Iuamna3oH JUIMHOW 77 - PyHKIUsS Obla Obl oqHO3HAaYHa. Ho

BBIOpAHBI TaKKe, B KOTOPBIX (DYHKIIUSA SBIISETCS HEMPEPHIBHOM, T.€. HE UCIIBITHIBACT pa3phiBa.

ye :
PY=Rx

P

I
Ny
NIy
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O CMBICJIE JUPPEPEHIIMAJIOB

i

Mox uddepenmmanom  OX  HezaBHCMMOTO — apryMeHTa  MOHHMMAeTCs — IpUpalcHUe
aprymenta: OX = AX. Jluddeperuman dynaxmun df - 10 nuHeiinas wacte mpupamenns, T.e.

MpHUPAIICHUE, BBIYUCICHHOC I10 KacarenpHOM. U3 PUCYHKAa BHUJHO, YTO HMCTHHHOC IIpUpALICHUC

dynxmu Af  me pasmo ee muddepenmumany df . Ho mpum mamerx AX uX paBeHCTBO MPHMEpHO

BemonHseTcs. O6buHo X cumTaercs, cTporo ropops, GeCKOHEUHO MajibM. Eciu 9T0 He Tak, TO

muryr AX.
df

df =tga-AX, tga = f'(X,) ., orcrona cnemyer f'(X)zd—, T.e. TIPOM3BOJHAS pABHA
X

OTHOIICHHUIO ABYX BCJIMYHUH.

df = f'(xy)-Ax= f'(X,)-dx
f(x)=f(Xy)+Af = F(Xg)+ F'(Xy)-dx
Ho npu AX — 0 (t.e. npu manbix AX) umeem f(X) = f(X,)+ F'(x,)-dx

[Ipumepsl.
1) Berunciuts +/ 37 .

A |
f(x)=+/x, f (X)_—Zﬁ
1
N37T =436 +1= +2\/%

2) Berunciuts 1g46°.

1
2J_ 12

-1=6,0833... UcturHOE 3HAUCHUE J37 = 6,0828...

Xy =36, Ax =1<< 36, f(%,) =6, f'(X,) =——

1
f(x) =tg(x), f'(x =———, X =45° =7 /4 AXx=1°=—"— a<<—
(0=t F'0) =% =45°=7x 10 P10

1

f(X) =1 f'(%) = m =

tg46° =1tg(45°+1°)=1+2- é =1+ % =1,0349... Vcrunnoe 3nauvenue 1,0355...
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Peutenue auHeHBIX 0THOPOAHBIX JU(depeHIManbHbIX VPABHEHUN

N-ro NOpPAAKa C IIOCTOSSHHBIMUA Ko3ddumentamu

JIuHEHHBIM OJHOPOJHBIM YpaBHEHHEM N-TO TOpPSIKAa C MOCTOSIHHBIMH KO3()(dUIIMeHTaMu

Ha3bIBaeTCs ypaBHEHHE BH/A
fO+a f™ . +a f'+a f=0, (1)
€ BCC d; — IOCTOSAHHBIC.
Bynem wuckath uacTHble pemenus ypasmenus (1) B Bume f(X)=e™. IloacraBu 51O

BeIpaxkerne B (1), Tocie cokpamieHus o6enx JacTell ypaBHEHHS Ha €, MoNyduM anreOpandecKoe

YpaBHEHHUE N-i1 CTEIICHMU:
A+al ™t +..+a ,A+a, =0 2)

D10 ypaBHEHHE OmpejenseT Te A, TpPH KOTOPHIX (yHKIUS €™ sgBisderca pelieHHeM
ypaBHeHHUd (1), 1 Ha3bIBAETCS €r0 XapaKTEePUCTUUECKUM ypaBHEHHEM. JlJi MpPOCTOTHI pacCMOTPUM
ciyuaii, korna (2) He umeer KPATHDBIX kopneil. 3Has Bce kopHU ypaBHeHus (2) A, 4,,...,4,,
CTpOMM perieHue ypaBHeHus (1), HCTIONB3ys Clenyronye mpaBuia;

1) Kaxiplii BeliecTBEHHbIN KOPEHb A, BHOCHUT B PELLIEHUE YIIEH C; e"x,

2) Eciin ko3¢ dunineHTs ypaBHeHHS (2) BEIICCTBEHHBIE, TO €r0 KOMILJIEKCHBIE KOPHU OyayT

MOMAPHO KOMILJIEKCHO COMpPSDKCHHBIMHU. [lape KOMIUIEKCHBIX KOpHEH 77 £iy B OOIIeM pelieHUH
COOTBETCTBYIOT JBa wicHa ae’” cosgxXmbe™sin gX wmm, mocie npeoOpa3oBaHWii, OJWH YIICH

Ae™cos(uX + @) ¢ ABYMs MPOM3BOJILHBIMHU MOCTOSSHHBIMA A U @ .

PaccmotpuMm auddepeHinaibHoe ypaBHEHHE 3aTyXarolero koineoanus (86 riassl 7)
.5 . 2
X+ 20X+ wyXx=0 (3)
Ero XapakTepucTHYeckoe ypaBHeHMe umeeT B A +2fA+w;=0. Ecm B <@, To ero
pelleHus UMeroT BuI A, =—Btiyas — 7.

Pemenue ypasuenus (3) umeer sun X = Ae " cos(yaf — St +¢) .

Ecau ﬂ 2 @)y, TO pEHICHUEC XapaKTCPUCTUICCKOTO YPABHEHUA SBJIACTCS BEIICCTBEHHBIM

&,z=—ﬂim-

B stom CJIydac pCIICHUC ,qu)(i)epeHuHaanoro YpaBHCHHA HE COACPIKUT CUHYCOB UJIM KOCUHYCOB,

T.€. HE SIBIIIETCS KOJICOATCIbHBIM.
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PoNE

No o

8.
9.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

21.
22.
23.
24,
25.
26.
217.
28.
29.
31.

32.
33.

34.
35.
36.
37.

BOIIPOCHI K DK3AMEHY

MexaHuka
BekTops! 1 uX CBOWCTBA.
CkopocTsb.
Yckopenue. HopManbHOE M TaHT€HIIMAIBHOE YCKOPEeHUs. KpuBH3HA IUIOCKON KPUBOM.

PaBHOMeEpHOE npsmMosMHENHOE NBHKEHUE. DPOpMYyTia CI0KEHUS CKOPOCTER. PaBHOYCKOpEeHHOE

JIBIKEHUE.
KunemaTtuka BpamareasHOTO ABUKECHHUS.
3akousl HeroToHa.

Cunbl B mpupoe (cuiia yupyrocT, 3aKOH BCEMUPHOTO TSATOTEHMSI, CUjla TSXKECTH U BeC, CUila

TPEHUs, CUJIa COTIPOTUBIICHUS CPEIIBI).

Nmnynbe Tena. 3akoH coxpaHeHus umiyibca. LleHTp nnepiuu.
Kunernueckas sneprus. Pabora.

[TorenumansHoe nosne cui. KonceparuBHbie cuiibl. PaboTa KOHCEPBATUBHBIX CHJL.
[TorenumanpHast 3HEPTUS BO BHEIIHEM T0JI€ CHIL.

[ToreHumanbHast SHEPTHS B3aUMOJICHCTBUS.

3aKOH COXpaHEHHSI MEXaHUYECKON SHEPTHUH.

3aKOH COXpaHEHHSI MOMEHTa UMITYJIbCa.

Heunepuuaneusie cucteMbl otcueta. CHIIbI HHEPIUH.

LenTpob6exHas cuina HHEPIHHU.

Cuna Kopuosnuca.

JIBrkeHne TBepaoro tena. MraoBeHHas och BpameHus. [llap Ha mockoctu.
JIBM)KEHME LIEHTpa UHEPLIUH.

Bpaiienue tena BOKpyr HEMOABHXKHOM ocu. OCHOBHOE ypaBHEHHUE JUHAMUKH BpallleHUs Tela

BOKPYT HETOABUKHOM OCH.
MoMmeHT uMITysbca MPOU3BOJIBHO ABMKYILErocs Tena. [ TaBHbIe OCH MHEPIUH Tea.

MowmenTt unepuuu. Teopema llItelinepa. MOMEHTBI HHEPIUMHU CTEPKHS, IWIUH/PA, IIapa.

Kunernueckast sHEprus teina, Bpallaroierocss BOKPYr HEMOABUKHOM OCH.

Kunernueckast sHEprus tena npy MmIOCKOM JBUKEHUU.

[IpuMeHeHne 3aKOHOB JUHAMUKH TBEPJOTO TeENA.

[Ipumep ¢ mumHAPOM - 2 criocoba.

3ajaya o0 KaTyllKe Ha JIbJY.

['paBuTanmonHoe nose. 3akKOH BCEMUPHOTO TAroTeHus. Kocmuueckue CKopocTH.

[Tocrynater CTO. IIpeoOpazoBanust Jlopenma.

CrnenctBus u3 npeoOpazoBanuii JlopeHia: 0o AHOBPEMEHHOCTb, JUTHHA TEJ, TPOMEKYTOK

BpEMEHHU MEKy COOBITUSIMU B PA3HBIX CUCTEMAaX OTCYETA.

Nutepran. IIpeodbpazoBanus JlopeHiia v CJI0KEHUE CKOPOCTEH.

PenstuBHCTCKME BBIpAXKEHUS 17151 UMITYJIbCA U SHEPTUH. B3auMOCBA3b MacChl U SHEPTUU.

YacTuuel ¢ HyJIEBOI Maccoi.

KonebatenbHoe nBukenue. Masbie KoneGaHusl.

I"apmonunueckue konebanus. MastHuk. buenus.

3aryxaromiue KojaebaHusl.

Breinyxaennslie konebanus. ABTokonebanus. [lapamerpudeckuii pe3oHaHC.
MoJiekyasipHasi (pU3MKA U TEPMOAUHAMHUKA

1. Cratuctuyeckas (pu3nka U TepMoAnHaMKKa. Macca 1 pa3mep MoJieKyibl. PaBHOBecHbIE 1
HEpaBHOBECHBIE MTPOIIECCHI.

2. JlaBneHue.

3. Pacnipesienienne naBieHus B MOKOSIIUXCS XKUAKOCTH U Ta3e.

4. 3akoH Apxumena.

5. Buyrpennsis sneprus. IlepBoe Hauano repmoauHamMuku. Pabora, coBepiiiaemas ra3oMm.

6. YpaBHEHHE COCTOSIHUS MI€AIbHOTO Ta3a.

7. BHyTpeHHssl SHEprus ¥ TeIUNIOEMKOCTh U/IeaIbHOTO Ta3a.
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8. YpaBHeHue annadaThl HACATHHOTO rasa.

9. [NonuTponu4ecKre MpoLecCHl.

10. PaboTa, coBepiiaemas UeaabHBIM Ia30M MPH PA3IUYHBIX MpoOIIeccax.

11. Ban-nep-BaanbcoBckuii ras.

12. Bapometpuueckas popmyna.

13. Hekotopsbie cBeieHUs N3 TEOPUHU BEPOSITHOCTEH.

14. Yucno ynapoB MOJIEKYJ O CTEHKY.

15. JlaBnenue ra3za Ha cTeHKy (ocHOoBHOe ypaBHeHue MKT).

16. Cpennsist seprust Mosekyi. CterneHu cBOOO b 3aKOH paBHOPACHIPEACTICHHS. YUeT
BpalllaTeIbHbIX U KOJIEOaTEIbHBIX CTENIEHEN CBOOOIbI.

17. Pactipengenenue MakcBeruia. Onbitel LlTepua u Jlammepra.

18. Pacnipenenenue bombivana.

19. Makpo- u mukpococtosiausi. Ctar. Bec.

20. DuTponus. Bropoe Havano TepmoaunHamuku. Teopema HepHcTa.

21.OcHOBHBIE 3aKOHBI TEPMOJIMHAMHKH B pa3HbIX popmymupoBkax. TerutoBas mammaa. KIT/{
TEIJIOBOM MAIIMHBIL. XO0JIOAWIBHBIN KO3 (UILIUEHT.

22. Iuxn Kapwro. KITJ] mukina Kapwo.

23. ®a30Bble paBHOBECHS U NIPEBPALICHUS

24. VcnapeHne 1 KOHJICHCAlUs

25. PaBHOBECHE )KUIKOCTH U Mapa, KPUTHUYECKOE COCTOSIHUE, MEPECHIILICHHBIN Map U neperperas
KUJKOCTb, KUTIEHUE

26. Ypasuenue Knaneiipona-Knaysuyca, TpoiiHasi TOUKa, TMarpaMma COCTOSTHUS.
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5.MOMEHT UHEepUHUH. 37
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7. Kunernueckast 3Heprus tena

TIPY TIJIOCKOM JIBUKEHUH. 39

8.IIpuMeHeHmne 3aKOHOB

JUHAMHUKH TBEPAOTO Tela. 40
9.1Ipumep ¢ nUIAMHIIPOM - 2 criocoda. 42
10.Karymika Ha ibay. 43
11.3aKk0H BCEMUPHOTO TATOTEHUS 44
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I'maBa 6. PensTuBuUCTCKAag MEXAHHUKA.

1.CneunanbHas TEOpHs
OTHOCHTENBbHOCTH
2. IIpeodOpa3zoBanus Jlopenia
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2.JlaBeHue.

3.Pacnpenenenue naBaeHus B MOKOALINXCS
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5.Macca u pazMep MOJIEKYJIBI.
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7.BHYTpEHHSS SHEPrUsl.

8.IlepBoe HauanO TEPMOJUHAMUKH.
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	Единичный вектор (орт) – вектор единичной длины. Обозначается
	.
	4) Проекция вектора - это число. Она >0, если направление перемещения от проекции начала вектора к проекции его конца  совпадает с направлением оси, и <0, если наоборот.
	Проекция суммы векторов равна сумме проекций:
	. (1)
	5) Выражение вектора через его проекции на координатные оси
	;    , если .
	Квадрат модуля вектора равен сумме квадратов его проекций, только если система координат декартова, т.е. векторы  взаимно перпендикулярны.
	6) Радиус-вектор точки – это вектор, проведенный в эту точку из начала координат.

