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1. ITocranoBka 3agauu. [TycTh 1iepoxoBaTasi mnpssMoJIMHetHas1 cniuiia ¢ COBepIIaeT paBHO-
MEPHOE BpAlLICHUE C MOCTOSTHHOM YIJIOBOM CKOPOCTBIO ( > () BOKPYI BEPTUKAJIBHOM OCH,
OTCTOHLI.lCﬁ OT CIIMLIbI HA paCCTOAHHNU a. l'lpezmonox(MM, YTO Ha CIIMUy HaHU3aHa TsXKe1ast
oycuHka P. TpebyeTcs HalTU TMOJOXEHUSI paBHOBECUSI OYCMHKM OTHOCUTEIbHO CHMLIBI B
MPEIIONIOKEHUU O TOM, YTO KOI(MPOULIMEHT CyXOro TpeHMs1 paBeH L = tgo, rae 0 < o < /2 —
YIoJ1 TpeHUsI. YCKOpeHUEe CUJIbI TSXKECTU cuuTaercsl paBHbIM g. [Ipenrnonaraercs, 4to cnuia
obpasyeT ¢ Bocxofsiieit BepTukanbto yron 0 < 6 < w/2, cMm. puc. 1.

2. O0mme ycaoBHus CyIIECTBOBAHMSI OTHOCHTEIbHBIX paBHOBecHii. B paBHOMepHO Bpailaioo-
1Ieiicss BMeCTe CO CITULIECH cucTeMe oTcueTa OycCHKa OyneT HaXOIUThCS B PABHOBECUU IO, Ak~
cTBUEM (puc. 1) cuibl TSDKeCcTH mg, LeHTpobexHoi cuibl F, = mg,, a Takke peaklUu CBS3U,
COCTOSIIIICH M3 HOPMaJIbHOUM KOMITOHeHThl N (He M300paXkeHa Ha PUCYHKE) W CUJIbI TPEHUS
T = Te, 111e € — eIMHUYHBIIA BEKTOpP, HaIllpaBJIEHHbII BBEPX BIOJIb culLbl. [TycTh Macca OycuH-
KU NpUHATa 3a eauHully. Torna, ecau f = g, + g, TO yCIIOBME PaBHOBECHUSI 3AIIMLIETCS B BUIE

f+N+T=0 2.1

CornacHo 3akoHy KynoHa—AMOHTOHA BETMYMHBI HOPMaJIbHOI peakliuyu U CUJIbI TPEHUSI

CT€CHEHBbl HEPAaBEHCTBOM
[T/ < piN| < [T - pIN| < 0

JloMHOXas JIEBYIO U TIPABYIO YaCTH TIOCIEIHETO HEPaBEeHCTBA HA HEOTpULIATeIbHYIO! Be-

anauny |T| + pN|, noxyaum

1
HO}'[O)KI/ITCJ'I])HY]O B MHTEPECYIOLIIEM HaAC ciry4dae.



100 BYPOB, HUKOHOB

\
X3 T

mg
x2

Puc. 1. Mexanuveckast cucTeMa: BPAIIAIOIIAsCs IIepOXoBaTasi ciiviia { ¢ HAHU3aHHOM Ha Heil OyCHHKOIA.

2 212 2

IT" —WINI" <0 & (T,T) —u"(N,N) < 0
3nech u ganee (-, *) — cKalsipHoe npousBeaeHue. [IprHUMasi BO BHUMaHUE OPTOTOHAJIb-
HocTb BekTopoB T u N, nocieaHee U3 HepaBEeHCTB 3alrileM B BUIE

(T+N,T+N)—(1+u2)(N,N) <0 (2.2)
N3 ypaBHeHus (2.1) Haxooum

T+N=—f

1 HEpaBEeHCTBO (2.2) MOXeT ObITh 3aIIMCaHO KaK

£, —(1+pH(N,N) <0 (2.3)
[anee, myTeM CKajsspHOTO YMHOXEHMUs JIeBOIl U TMpaBoil yacteil ypaBHeHus (2.1) Ha e U
NAJIbHEUIIINX TTpeoOpa3oBaHUii, HAXOIUM BeJTUYUHY T :
efH)+EeT)=(ef)+T =0=T = —(e,f)
Tak kak
N=-T-f=(efle—f
TO

(N,N) = (1,1) - (f, e)’
¥ HepaBeHCTBO (2.3) mpuobpeTaeT Bu,

(£,5) = (1+ W)(E, 1) - (F,))) < 0 & (1+u°)(F,e)" —W’(f,H) <0 (2.4)
DTO HEPABEHCTBO COCTABJISIET OCHOBHO IIpeAMET JaIbHEUIIINX UCCIIeTIOBAHMIA.

3. 3aBHCHMOCTh OTHOCHTEJNBHBIX PaBHOBecHii OoT mapamerpoB. [lycts OF, — oOumii nep-
MEHANKYJISIP K OCU BPAIeHUsI U CIIUIIE, IprdeM Touka O IMPpUHAIJICXKNUT OCH BpallleHUs, a
Touka Py — ciuue. BBegem Bpalaoliyiocst BMECTe Co CIulieil cucteMy otcueTa Ox;x,X3, OCh



OB OTHOCUTEJbHBIX PABHOBECHUAX TAKEJTOW BYCUHKU 101

Ox; KOTOpOI1 HarpaBjieHa BIOJIb OCU BPalleHUsI, OCb Ox; — BAOJIb OOIIETO NEePIeHANKYJISIpa, a
. . - T . T
ochb Ox, AOTIONHSET UX I0 mpaBoii Tpoiiku. [Ipu atom OPy = (4,0,0)" , e = (0, sinB, cos)" ,

T N
g = (0,0,—g)" . BBons napameTtp p € R, oTBevaroluii 3a ynaneHue 0yCUHKU P OT TOuku Fy
Ha TIPSIMOiA, 3a1aIUM €€ TTOJIOXKEeHE BEKTOPOM

OP = (xl,xz,x3)T = 0Py + pe = (a, psin 6, pcos G)T
Torna g, = wz(a, psin 6, O)T, f = (0)2a, 0)2p sin 6, —g)T,

(f,e) = &’ psin’ 0 — gcosO, (f,f) = w'(a* + p*sin’0) + g°
U HepaBeHCTBO (2.4) CBOAUTCS K HEPABEHCTBY
(1+ )@’ psin® 6 — gcos0) — pX(w'(a® + p*sin®0) + g2) < 0
MPUBOAUMOMY K BUIY
o' sin’ 9(cos2 o — cos’ 6)p2 - 20)2g cosBsin’ op +
+ gz(cos2 o, — sin’ 0) — o' sin’ o < 0

BBenenue 6e3pa3MepHOit KOOPIWHATHI p': p = ap' M JajbHeilee oTGpachiBaHKUE ITPUXA
MO3BOJISIIOT MPENCTABUTh 3TO HEPABEHCTBO B BUJIE

Ap* + Bp+C <0

A = &’ sin’ 9(cos2 o — cos’ 0), B = -2xcos 9sin’ 0 (3.1)
2
C = cosze—(1+ae2)sin20c, =99 >
g

Pemrenust HepaBeHcTBa (3.1) OTHOCUTEIBHO p OTIPENEISIIOT Ha criviie ¢ 00JacTH, 3arOJTHeH-
HBIe OTHOCUTEIbHBIMU paBHOBecusIMU (O3 OP). 3aBucuMocTs 3THX 00JIacTeit oT 6e3pa3mep-
HOTO TMapaMeTpa & M OT YIJIOB O, U 6 cocTaBIIsIeT MpenMeT JalbHEUIITMX UCCIIeTOBaHMIA.

a) Ecim A = 0 npu & = 0, T.e. cvila He BpallaeTcs WU TepeceKkaeTcsl C OChIo Bpalle-
HHs, TO HepaBeHCTBO (3.1) 3ammmchIBaeTCs Kak

cos’@—sina <0 (3.2)

HepaBeHcTBO BBIMOMHEHO MpU Tt/2 — O < 00 U HE BBIMOJIHEHO B MPOTUBHOM cilydyae. DTo
KJIaCCUYECKMIA pe3yabTaT, WUTIOCTPUPYIOIIMKM CMBICT yria TpeHus o [1] (cMm. Takxke [2]).
0) Eciu A = 0 ipu © = 0, T.e. criuiia BEpTUKAJIbHA, TO HepaBeHCTBO (3.1) MpUBOAMTCS K BULY

cos’ o — & sin o <0 (3.3)

KOTOpoe BbInojiHeHo Tipu 0 < tgow < &

B) Ecniu 4 = 0 ipu cos’ o — cos’ 0 = 0, To HepaBeHCTBO (3.1) MPUBOAUTCS K BUILY
.2 2 N
—2a&cosBsin“"Bp +cos" O —(1+a")sin"0<0 (3.4)

Torma, Tak Kak 0 < o0 < /2, Ton 0 < 0 < /2, 1 cos O # 0. Ciryyaii 6 = ( pazoOpaH BHIIIIE,
O3TOMY pellieHue HepaBeHCcTBa (3.4) mMeeT BUL,
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s* —sin’ @ 1 Q
2

2ees” sin’ O cos O V2 + a2

IpanuyHas Touka P, , ompenessieMasi 3HaUeHUeM p = p,,
* COBIIAJAET C TOYKOI Pymipu sin@ = s,

D2 Dy Di=

* pacnosaraetcsl Bblillie Touku Py ipu sin 6 € (0;s),

* pacIoJiaraeTcst HuxXe Touku Py rpu sin 0 € (s, 1].

2 2 N
r) Ecnmu A < 0, T.e. cos” oo — cos” 6 < 0, To B JieBOIi yacTu HepaBeHCTBa (3.1) CTOUT KBall-
PaTHBINA TPEXUJIEH OTHOCUTENIBHO p, TUCKPUMUHAHT KOTOPOTO UMEET BUJL

2 2 2 2
D = cos” o+ a&"(cos” o0 — cos” 0)
HepaBenctso (3.1) mpu 3TOM NPpUBOAUTCS K BULY

sin 0 cos O + sin o/ D
& sin 9(cos2 o — cos’ 0)

p-p)p-p)20, p.=

BennuuHel P+ BEHIECTBEHHBI €CJIN

2

D20<:>coszoc<005263coszoc[l +1)=K
&

Eciu K> 1, To yron 0 < o, ecnmu K < 1, To ucnonb3ys obo3HaueHue B = arccos K , umeeM

cos’o < cos’B < cos’PpeP<O<a

B aTOM cilyyae oTHOCUTENIbHBIE paBHOBECUSI 3aHMMAIOT 00J1aCTh, OTBEYAIONIYI0 3HAYCHUSIM
mapameTpa

pr—2<psp Up, S p< oo

T.€. pacrnoJiaraloTcsi BHe MHTepBaia (p_; p. ).

[Tpu D < 0 BeliecTBEHHBIX KOPHEi HeT, a ¢ yuetoM A < 0, HepaBeHCTBO (3.1) BhITIOTHE-
HO MpH JI00BIX 3HaUeHUSIX p, T.e. O30P — Bce TOUKM CIULIBI.

1) [1pu BbITIONHEHUU ycoBus A > 0, T.e. cos’ o — cos® 0 > 0, HepaBeHCTBO (3.1) umeeT BUIL

(p-—p)p—-p)<0

OTHOCUTEIBLHEIC pPaBHOBECCHA 3aHUMAIOT O6J'[aCTb, OTBC€YAKOLIYIO SBHAYCHUAM IMapaMeETpa

2 2
ITockomnbKy cos” o0 — cos™ 0 > 0, To D 2 0 ¥ BeIMYUHBI p; BELIECTBEHHBI.

4. Tpaduueckoe nmpeacTapjieHne 3aBUCUMOCTH OTHOCHTEJIbHBIX PABHOBECHIi OT MAPaAMETPOB.
Jts wintiocTpauuy pa3inyHbIX cirydaeB pacnosnoxeHust O30P Ha mockoctu (0, o) n306pa-

3uM Tpu Kpusble. Kpusas I';: D = 0 oTnessiionlyio 061acTe, B KOTOPOI M3ydyaeMblil KBa-
pPaTHBINA TPEXUJIEH UMEET IBA BEIIECTBEHHBIX KOPHSI, OT 00JIaCTU, B KOTOPOI BEIIECTBEHHBIX

kopHeit Het. I'y: C = 0, paznensieT 00J1acTH, IAe 3TH KOPHU OJHOTO WJIM Pa3HBbIX 3HAKOB H,
HakoHel, I';: 4 = 0, paszmensier ob61acTy, Tie BETBM M300paxaroleil TpexuaeH mapadosl

HarpaBjieHbl BHU3 win BBepx. Kpusbie I'), I'; u I'y pasouBaror kBagpar S = {0 < 6 < w/2,
0 < o £ w/2} Ha naTe obsacteit I.—V . [1pu sToM
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Puc. 2. O6nactu /.—V. Ha ruiockoctu (0, or), oTBeyaroLre pa3indHbIM pacrionoxeHusim O30P, npu & = 1/2.

1+ 2’ 1
o, = O, = arccos —> O, = arctan—
2+ x

0|y = /4, o =0

@ —>too

Hns & = 1/2 9Tu obaactu u3odpakeHbl Ha puc. 2.

IIpu HeorpaHMYeHHOM YyBeJIWYEHUU MapameTpa a, obnactu 1., II1. u V. (cMm. puc. 2)
yMeHbIIAIOTCs, ucyesast B npeaese. [1pu atom kpusast I'y camBaeTcst ¢ rpaHUYHBIM OTpE3-
koM o = 0, a KpuBas I'| mpubGnkaercst K nuaroHanu o. = 6. B mpenenbHOM citydae, ocTas-
mmecs obnactu /1. v IV. pa3dbuBaloT KBaapaT S Ha paBHbIE TPEYTOJIBHUKM C OOIIIMM OCHOBA-
HHMEM Ha JUaroHaJli KBaapara S, COOTBETCTBYIoLIE KpUBoii I's.

[Tpu HeorpaHMYEHHOM YMEHbIIIEHUU MapaMeTpa & 10 HyJisd objacTh /1. yMeHblIaeTcs 1
CIMBAETCS C TPaHUYHBIM OoTpe3koM o = 1t/2. [Ipu aToM Kpusas I', npubmmxkaercs K [uaro-
Haiu oo = /2 — 6. B npenene, npu & = 0, T.e. B ciayyae a), odnactu /., I11., IV. u V. pas-
OUBAIOT KBaapar S Ha paBHBIC TPEYTOJbHUKHM C OOIIE BEPITUHON U OCHOBAHUSIMU, TTIPOTH-
BOTIOJIOKHBIMY 3TOM BEpIIMHE, Ha CTOpOHAaxX KBaapaTa S. [Ipu 3THUX ycIOBMSIX HEPABEHCTBO
(3.2) BBIMOJIHEHO B TOYKaX IMAroHaIU o, = 7/2 — 0.

B ciyuae 6) HepaBeHCTBO (3.3) BBINIOJIHEHO B TOukax oTpe3ka 8 =0, o € [0,a,, ]

B ciydae B) HepaBeHCTBO (3.4) BBIITOJIHEHO B TOUKax KpuBoii I';.

Cryuato r) orBevatot oonactu I.—111.

Ha puc. 3 cepsiM 3akpaimieHbl o0j1act, rae cymectByior O30P. O61acT HOCTpOSHEI IS
cinyyae ¢ = (.5, Ha pUCyHKaX CXeMaTUYHO M300paxeHa crnuiia £, 4To Mo3BOJISIET MPOUILIIO-
ctpupoBath oonactu O30P. [TyHKTUPHOI TMHKEN OTMEeUeHbl TOUKU rpaHUullbl ipu p_(a) = 0,
IITPUXOBOM JIMHUENH OTMEUYEHBbI TOYKM rpaHuubl npu p, () = 0. Touku (&, p;), i = 1,11,
11T oTBeyatot cityyasm, korna p_(e) = p, (). dus odnactu I. O30P npencrasisiercs B BUune
00BEIMHEHMST ABYX Jy4ell, HallpaBJIeHHBIX BBEPX U BHU3 IO CIUIIE, TP 3TOM HAYaJIO BepX-
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Puc. 3. CepbiM 3akpaiieHa ob6nacts, riae cyiiectByior O30P. / — cnuua. [apameTpsl (0, OL) MPUHATHI CJAEAYIOLIM-
mu: [.: (nt/8,m/4), 11.: (=/8,4n/10), I11.: (n/4,7/3), IV.: 3rn/8,mw/4), IV .: (n/4,7t/8). Touku cpammBaHus
kopHeii Ha pucynkax [. — II1. a; =1.189207115, p; =-2.197368226; a;; = 0.3549196403, p;; =
—3.433844707 ; &y =1, pyr. = —2.828427124.

HETO JIy4a JISXKUT BbIIlIe TOYKU F), Ha4aJo HIKHETO JIyda JIeKUT HuXe Touku Fy. [1ist oba-
ctu 1. Bcs cniuua 3anojiHeHa O30P. s o6nactu 111. O30P onsith npencraBisieTcs B BUiE
OOBeNMHEHUS ABYX JIydeil, HaIpaBJIeHHBIX BBepX W BHU3 IO CIUIIC, HO TIPU 3TOM Hadvaja
000UX JTydeli 1exaTt HuXe Touku Fy, T.e. cama Touka Fy npuHamiexut O30P.

Cnyuato 1) otBevarot obnactu IV. u V., cM. puc. 3. Inst obnactu IV. O30P npencrasisi-
eTcsl B BUIIE OTpe3Ka, KOHIII KOTOPOTO JIeXaT Mo pa3Hble CTOPOHBI OT TOUKHU P, 1 Touka P
npuHagiaexxur O30P. s obaactu V., O30P Takke SIBASIETCSI OTPE3KOM, HO LIEJIMKOM Jie-
KalIUM BBILIE TOYKU P

5. BemBoapl. PaccmoTpeHHas B yueOHuKe A. 3ommepdenbaa ([1], ctp. 73) 3agava o TsoKe-
JIoii 6yCUHKe Ha Bpalllalolleiics CITUIIe MPEICTaBIIsIeT OO0 3amMevaTeIbHbIN TTpUMep CU-
CTEMbI, B KOTOPO#1 1P IIPOXOXICHUH ITapaMeTpa, Harpumep, Ko3hGUIIMEHTa TPEHUSI, Ye-
pe3 onpeneacHHOE 3HaYeHNE, MHOXECTBO HEM30IMPOBAHHBIX OTHOCUTEIbHBIX PABHOBECHIA,

3amoNHSIONIEe LeYI0 TIPSAMYIO, ucuesaeT?. Kak 1mokasano HacTosllee UCCIeI0BaHUE, Bbi-
TMOJIHEHHOE B MPOJOJIKEHUE Psifia UCCAEAOBAHUI MO CYIIECTBOBAHUIO, YCTOMUYMBOCTU U OU-
dypkauusiMm paBHOBeCHil B cuctemMax ¢ TpeHueM (cM., Hampumep, [4—13]), B pamkax He-
CJIOXXHOTO 0000111eHus 3anauu A. 3omMepdenbaa OOHapyKUBaeTCsl 1OCTaTOYHO Oorarasi (c
TOUKU 3peHUS AUHAMIYeCKNX 3(p¢PeKTOB) KapTUHA OMdypKanuii OTHOCUTEILHBIX paBHOBE-
cUit.

2 VrouHeHue pesynbrata A. 3oMMepdenbaa 1aHo B MoHorpaduu [2]. B oTCcyTcTBHE CHITBI TSKECTH IBHOE pellleHUe
Haiineno I1. ITenness [3].
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