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IIPEINCJIOBUE

Wsyuenne cTrpoeHns u SBOIONUN 3BE3M ABIACTCI BaXKHEMIIEN KIaCCUIECKON da-
CTBHIO ACTPOHOMUM.

Ha xaxnom sTame passuTus Gu3nku Teopus 3Be3n 000rallaiachk HOBHIMEU (Gu-
3UYECKUMU TPUHIUTAME. T eopus TATOTEeHUs, TEPMOINHAMUYIECKAsA TEOPUI YpaB-
HEHUS COCTOSHUS T'a30B, TEOPUA TEILIOBOTO M3IYUYEHNUs, JYIUCTOTO U KOHBEKTUB-
HOTO TEPEHOCA SHEPTUU — TAKOB MEPBBIA KPYT QU3MYECKUX 3HAHUN, UCIOIB30-
BAHHBIN K HaYaJIy BeKa MPU IOCTPOCHNN TEOPUN 3Be3Ml. JTHU 3HAHUS MOMOIHATNCH
U B MATBLHEHUIIEM B CBI3W C KBAHTOBOW TeOpUel aTOMOB M MOHOB W yTOUHEHUEM
UX ONMTUYECKUX CBOWCTB, a TaKikKe Teopuel BBIPOKIEHHOTO 3IeKTPOHHOTO Tasa.
MNmaBubIM HOBIIecTBOM XX B. OBLIO MOHUMAHWE MCTOYHUKA SHEPTUU 3BE3I, CBI-
3aHHOE ¢ Pa3BUTHEM AOePHON GU3NKU. 3a 5TUM CIIedyeT cO3maHue ObIell TeOpun
OTHOCUTETBHOCTH U BBIACHEHUE €€ aCTPOHOMUYECKUX CIIEICTBUH.

Opmaxo He QuU3mKa, a caMa aCTPOHOMUSA, MMEHHO HaOIoOgaTelTbHas acTPO-
HOMUSI, SBUIACh TJIABHBIM MCTOYHHKOM HAIIUX CBEOEHUN o 3Be3max. llobemmoe
MIECTBUE aCTPOHOMHUN HAYAJIOCh € M3yYeHHUsS COTHedHOH cucTembl. Ompenenenme
aCTPOHOMHUYECKON E€OWHWUIBI, T.e. paccTosHma oT 3eman mo ComHIa, Hamo BO3-
MOXKHOCTB ONPEOEINTh MacCy W CBETUMOCTH 3TON OMMXKaWIeld K HaM 3BE3IH.
Bcxope Obumn onmpeneneHsl pacCTOSHUS OO0 OPYTHUX 3BE3MI, UTO MO3BOJIMIO HANTH
X TapaMeTphl. BOMBITYIO POMIB CHITPANIO U3YUEHNE MBOMHBIX 3BE3.

CoBpeMenHas aCTPOHOMESA OCOOEHHO 3amHTepecOBaHa OYPHBIMU KaTacTpodu-
YeCKUMU TPOIECCAMU B3PBIBA 3Be3 U MOTYUAIOITIMUCS TPU STOM HEHTPOHHBIMU
3Be3MaMU U KOJTATICHPOBABIIUME TelaMU — YEePHBIME ObIpaMu. PeHTTeHOBCKTE
TeJIeCKOIBI, BEIBEIEHHBIE 3a IPenelbl aTMOoCepPhl, 0OHADPYKBLIN 3BE3ObI, KOTOPHIE
B PEHTTEHOBCKOM QUAIA30HE M3IYYIAl0T YHEPTUN B COTHU THICIY pa3 OOJIbIe, YeM
Comnnne Bo Bcex mumamasoHax. Eire panee Obin oOHapyKEHBI PAgUONyIbCaPhl ——
BPAIIAIOIINECS C OTPOMHON CKOPOCTBIO HENTPOHHBIE 3BE3IHI.

TaxoBBl B HECKOJIBKHUX CJIOBaX IPEOMET, KOTOPOMY IOCBAINEHA 5Ta KHHATA, W
Te pusnUecKme uOen, KOTOPBIE MPUBIEKAIOTCA K OOBICHEHTIO aCTPOHOMUYECKUX
HabOIIOOEeHUN.

O 3Besmax cymmecTByeT OrpoMHas TATEpaTypa, OT HOMYIAPHBIX CTATel 1 KHUT
(qumaﬂ 13 KOTOpPBIX, 0 Hamemy MmHeHUio, “®umsnxa 3sesn” C.A.Kammanma, M.,



“Hayxa”, 1977) mo cmenmanm3supoBaHHBIX 0030pOB, IyOIHKY€MBIX, HAIDEIMED, B
“Annual Review of Astronomy and Astrophysica”.

Kaxoe MecTo, Kakyio 3KOIOrIYecKyIo HUITY 3aHEMaeT IpemyiaraeMas KHura!

ABTopsI HOCTaBIIN IEpen cOOON 3amady yICHEHNS BaKHEMIINX KadeC TBEHHBIX
0COOEHHOCTEN U CBOICTB IPOLECCOB, IPOTEKAIOMINX B 3Be30aX, 3a0ady yICHEHII
CYLIHOCTH PU3MIECKUX TEOPHUH, YIPABILOMNX >TuME IporeccaMu. CoBpeMeHHas
TEOpHUs B 3HAUUTENBHON Mepe ONUPaeTcs Ha TOYHBIE PACYEThI, TPOU3BOLUMBIE
¢ TOMOIIBK) 3IEKTPOHHO-BBRIUNCIUTEIBHBIX MalllnH. [Ipu 5ToM aHaIuTHUeCKue
PEIIEHNs Yy TPAYNBAIOT CBOE 3HAUEHUE, HO OCTACTCA U YCUIUBAECTCI TOTPEOHOCTH
B KaUeCTBEHHOM MOHUMAHWEM MCXOOHBIX OCHOB W PE3YIIBTATOB pacdeToB. MeHHO
AKIEHT Ha KAYeCTBEHHYIO KapPTUHY SBICHUN OTINYAET HAILY KHUTY OT OIU3KOMN
K Hell To cofepkaHuio 3amedaTenbHoll MoHorpaduu . A. dpank-Kamenenxoro
“@usuueckue mponeccsl BHyTpu 3Be3n” (M., ®msmarrus, 1959). Kpome Toro,
B HAIllell KHUTE 3aTParuBaeTcsa PAm NpobiaeM, Kas3aBIMNXCs HeaKTyaabHbBIME 20
mer Hazal (Takux kak >b@ekTH o0Llell TeOPUN OTHOCUTENLHOCTH I HeITPUHHELE
IPOLECCH B aCTPOMU3UKE).

Kuura B mepByio ouepens nmpeqHasHadueHa i CTYICHTOB CTAPIINX KYPCOB du-
3udecKux GaKyIbTeTOB, CHENUATN3IPYIOMIXCS H0 acTpoHomun. OHa 1 BOSHIKIIA
Ha OCHOBE JICKIIUIl, 90TaeMbIX onHuM u3 aBTopoB (91. B. BenpnoBuuem) crymerTam
IV 1 V xypcoB acTporoMuIYeckoro ormeneHns pusndeckoro paxyibrera Mockos-
ckoro yuuBepcureTa. PoOpMarIbHO, COrIAacHO Yy4eOHBIM ITaHAM, 3TU CTYOEHTEHL
3HAIOT OOJIBLIYIO YacTh QU3MIECKUX 3aKOHOB, M3IaracMbIX B kHure. Qmaako me-
MarOTUYECKUN OIBIT MOKA3BIBAET, UTO OFPOMHYIO POIIb UT'PAET PACCMOTPEHUE 00-
IINX 3aKOHOB UMEHHO B CBS3H C KOHKPETHBIME 3afadaMu. C 3TOM HEeTbio MOIEe3HO
U MOBTOPHUTH M3BECTHOE, OOpalllas BHUMAHUE Ha T€ MOMEHTHI OOIIET0, KOTOPBIE
MOHAIOOATCA B PACCMATPUBAEMBIX YAaCTHBIX 3afadaX. 1akKol NPUHINI HOJIOKEH
B OCHOBY U3JIOKCHUS.

M=uorue Bompochl 0CTAINCh HE3aTPOHY THIMI; HanbojIee BaKHBIMU I3 HIX SBJLI-
IOTCS, BEPOSITHO, Teopus KoiebGaHuil 3Be3n (B ¢Ba3u ¢ medenmamu) u mpobiema
B3PBIBOB CBEPXHOBHIX. HeoOxommMmyo mHGOpMAINIO IO 3THM BOIPOCAM, TaK K€
KaK U IO PALY OPYTUX, OTHOCAIIUXCS K GU3UKe 3Be3I, YNTATEIb MOXKET HAlTH B
YIOMSHYTOM BEIIlle cOOpHUKe 0030DOB.

Mgur 6maromapum pemaxTopa kauru 1. E. openuka, ubs pabora cmocobeTBO-
Bajla yIy4YIIeHU®O comepkanus Kauru. Mur Takxe Gmarogapum C. A. Jlam3una u
M. M. PomanoBy 3a moMoIs B 0QOPMIIEHIE PYKOIUCH.



I'maBa 1. DJIEMEHTBHI HBIOTOHOBCKOM
TEOPUN TAT'OTEHWUSA

B ocHOBe Teopum cTpoeHHA U SBOIIONUU 3BE3I JIEKUT TEOpUd TATOTeHHA. B Ha-
CTofAIllee BpeMs M3BECTHO, YTO 3aKOH TATOTeHUs, oTKPHITHII Huoronom B XVII
B., HEIIPUMEHNUM B CHJIBHBIX T'DaBHTAIMOHHBLIX ITOJIAX, I COBPEMEHHOI Teopueil,
ONUCHIBAIOMIEN IPaBETAINOHHOE B3aUMOOCICTBHIE, ABAIETCA ODIIas Teopus OTHO-
curensroctu (OTO), cosgarmas A.Diamreitnom B 1916 r. Onmako B mpenene
c1abbIX TPaBUTAIMOHHBIX IOJEH TEOPHUsS TATOTEHHUS DUHINTENHa CBOOUTCA K Te-
opun tarorenns HproToHAa.

HaubGomee nmpocToil XapakTepuCTUKON IPaBUTAIMOHHOTO OIS ABIISETCI Mak-
CUMaJIbHAsA CKOPOCTh OBUKEHUA, KOTOPYIO MOTYT HOCTUYL YaCTHUIBI, CBOOOIHO
magas u3 “6eCKOHEeIHOCTH B 5TOM Iojie. [IJig rpaBUTalOHHOTO OIS 3EeMIIH CKO-
pocTh cBOGOmHOTO HmameHus y moBepxHocTm mocturaeT 11 xm/c, mua Conana m
IPYTUX OOBIYHBIX 3BE3M 3Ta BEIWUYMHA MOPAOKa COTEH U maxe Thicad kKM/c. Tem
He MeHee I OOBIYHBIX 3Be3 OHa COCTaBISeT Maayl 4acTh CKOPOCTH CBETa C
(k TOMy Xe IONpaBKH Ha PENATHBHCTCKHE 5POEKTH, KaK IPaBUIO, IPOLOPIU-
oHanbHEL v2/c?). B 3TOM cMBICIE FDaBHTAIMOHHEIE MO 3BE3[ ABIAIOTCA Clla-
ObIME (HEPENTITHBUCTCKUMHE), I TEOPUS TATOTeHNs HBIOTOHA IS 5THX 0GBEKTOB
€ DOCTaTOYHON CTENEeHbI0 TOYHOCTH BIIOJIHE TIPUTONHA. B maabHE’IeM, KOToa Mbl
mepeineM K M3yYeHNI0 KOHEUHEBIX (a3 3BOIONNUN 3BE31I, Mbl BCTPETHUMCI ¢ HeGec-
HBIMI TeJaMi — HEeATPOHHBIMHI 3Be3daMH W OCOOEHHO UePHBIME IBIPAMH, ML
KOTOPHIX ¥ ~ ¢, U TOJIHOE OMUCaHWEe UX CBOMCTB BO3MOXKHO C IIOMOIIIBIO TOIBKO

OTO.

§ 1.1. DOHeprus B3aUMOAEMCTBUA, CUJIbI, YCKOPEHUS, MOCTOSHHAA TH-
roTeHNs, OTJINYMe I'PAaBUTANNOHHOIO B3aMOAEeNCTBUSA OT IPY-
rux TUIOB
B3aMOAeNCTBUSA

BHepl"I/DI I'PaBATAONOHHOT'O BBaHMOHGﬁCTBMﬂ MEXOY OBYMS TOYCYHBIMU MaCCaMU,
YOQJICHHBIMHA Ha PaCCTOSHUE T2,
Gm1 my

U12:_

12



NmernO TaKYyIO IIO BEJIMYUHE 3HEPIUIO HYZXKHO 3aTPaTUTh, YOaJIAd Ha OecKoHed-
HOCTB OOHY MacCCy OT ,D;perfI, €CJIN HaYaJIbHOE PAaCCTOAHNE MEXKAY MaCCaMU PaBHO
12. FpaBI/ITa,III/IOHHa,ﬂ cujla, ,HeﬁCTBy:EOH.Iaﬂ CO CTOPOHBL BTOpOfI TJaCTHUOBL Ha IIEeP-
BYIO,

= T_"12 Gm1m2

12 19 7"%2

[To BTopomy 3axomy HrloTOHa ycKopeHUme mepBOro Tena

R
Fi, F12 sz

o
b = — = ——

2
mi 2 Tq9

OTMeTnM, 94TO BeIUUMHA YCKOPEHHUS HE 3aBHCUT OT MACCHI 1y, T.€. TPaBU-
TAIMOHHOE TIOJI€ COBEPIIEHHO OOUHAKOBO OENCTBYET Ha Pa3IddHBIE Tela. B 3ToM
KOPEHHOE OTJINYNEe IPABUTANNOHHOTO B3aUMOIEHCTBUSL OT OPYTUX TUIOB YHUBED-
CAJIbHBIX B3auMOAelcTBuil. B HBIOTOHOBCKON TeOpHUN Cuita TATOTEHUS 3aBHCUT OT
PACIOIOKEHNS Tell B AaHHBI MOMEHT, KOHEUHAs CKOPOCTbH (paBHas ¢) Hepemnadn
TPABUTAIMOHHOIO B3aUMONEHUCTBHUS HE YIHTBIBACTCA.

Besne B stux dpopmynax purypupyer kosdpdunuerT G — KOHCTAHTA IPABU-
TamoRHOrO B3amMomeiicTsua, G = 6,7 - 107% c’/r - ¢? (= 1/(15 - 106)). C
O9€Hb OOIBIION TOYHOCTHIO M3BECTHO, UTO CHJIa B3aHMOOCHCTBHA MEXKIY OBYMSI

TOYEIHBIMU MaCCaMU IIPOIOPIOUOHAJIBHA T'_2

— 3TO MOATBEPEITACTCA HabIIOme-

HIAMI OBUKEHNI IaHET COMHEYHOU cucTeMmbl. Bemmunay (G MOXKHO ONpeennThb

Tombko mabopaTopHeM myTem (omslT Kasemmmma). Townocts ompenenenus G

ropasfo MeHbIe, UYeM OOIBIIMHCTBA APYTHUX (GU3MUECKUX KOHCTAHT, 3TO 00y-

CJIOBJIEHO MaJIOCTBIO TPaBUTAIIOHHOTO B3amMomeiicTeusa. CormacHo m3MepeHmsIM
M.Y.Carurosa ("AIIT) 1978 r. G = 6.6745 £ 0.0008 cm®/r-c?.

CpaBHEM 3JI€KTpOCTaTHIECKOE I TPaBATAINOHHOE B3aUIMONENCTBIA OBYX da-

CTHUI — 3JeKTPOHA U IPOTOHA :

U, = _Gmpme’ U= _e_7

r r

Up Gmpme

U‘B.TI 62

I/ITELK, B aTOMHBIX MacIITabax POJIb I'PaBUTallIW HUYTOZXKHA. OJIHELKO HECMO-

~ 107391

TP Ha MAJIYIO BEINUYUHY CUJI TATOTEHUS, B OOIBIINX aCTPOHOMUYECKAX MACIITA-
Gax (IIaHETBI, 3BE3OBI, TATAKTUKW, CKOIUICHUS TallaKTHK) ABUXKEHNIE MaTePHN
OIIPENeIseT s TIaBHBIM 00pa30M I'PAaBUTAIMOHHBIM B3anMoneiicTBueM. s smek-
TPOMATHUTHOTO B3aUMONEHCTBUSI XapaKTePHO HAJIHYUE 3apPIOOB PAa3HBIX 3HAKOB
(mmtoc m MuHyC). DIeKTpHUecKoe Hole, KOTOPOe CO3HAeTCs HEKOTOPBIM DPacIpe-
IeJleHreM 3apsOoB, DeHCTBYET Ha 3apanbl TakK, YTOOBl HENTPAIN30BaTh HAUaIb-
HBIN 3apiam, W U3-33 3JIEKTPOHEUTPATIBHOCTH POIb 3IEKTPOCTATUIECKUX CHI B
607bIIMX MaciITabaX Majda. | paBUTAIMOHHOE TOJEe ONWHAKOBBEIM 0Opa3oM Ipu-
TATUBAET BCE PA3INYHblE TUMNBl YACTUI — YACTHIL U JakKe aHTHIACTHUIEL (HeT



aHTUIpaBATanuu!), I CUTa STOrO NPUTIKEHNS IPOLOPIUOHAIBHA Macce Tell, Ho-
3TOMY IpH Iepexone K OolbmuM MacHITabaM I'PaBHTAlHOHHOE B3aIMONEHCTBUE
aBigeTcs onpenensioruM. ONbIT MOKa3BIBAaET, UTO YACTHUIBL ¢ OTPHUIATEIHLHON
MacCoHll He CyIecTBYIOT. B cOBpeMeHHON KBAHTOBOI TEOPUU IO IPENNOIIOXKE-
HHE O CYIIIeCTBOBAHUHU TaKHX YACTHI] CO3NAII0 OBI CyIIeCTBEHHBIC TPYIHOCTH.

§ 1.2. BekTopHoe moJsie yckopeHmii, Teopema ['aycca, rpaBuTanmoH-
HBLIl MOTEeHNUAJ, YPaBHEHUE
IIyaccona

BseneMm noHsaTIE BEKTOPHOTO O YCKOPEHUI @, CO3MaBa€MBIX TPaBUTHUPY IOIITIMMI
renamu. OgHa ToyewHas Macca m CO3OaeT IOJe YCKOPEHU :
7 Gm
ia=—-——
ror?
OxpyxumM Maccy m DpOH3BOIBHOH 3aMKHYTOH IOBEPXHOCTBIO (puc.l) m BB
YNCIUM TOTOK IO d depe3 MOBEPXHOCTD S :

7ds = aCOSHdS:—/G—TCOSGdS:
r
S S S

Gm cos 8 r?

— | —————dQ = —47nGm.

r2cos 6
S

3mecs § — yron Mexny d mw HOpMasbio K oBepxHOCcTH 5. Baxkuo ormeTuTs, uTo
TOJHBIA HOTOK OKAa3aJICA HE3aBUCIIIINM OT GOPMBI IOBEPXHOCTH.

Ecnu umeercs meckonbko macc my, mo, ms, ..., TO TOJE d ABISIETCS CYIEP-
MO3UIUEN monent dy, dg, ..., CO3MABAEMBIX STUMU MaCCAME

— - - —
a=day+ay+as+ ...

Ucnons3ys 5To CBOMCTBO I'paBUTAIU-
OHHOTO IIOJIL U OKPYyZXKas IIOBEPXHO-
CTBIO S HECKOIBKO MAaccC, JIETKO IOJIy-
9HUTh

—

idS = —4rGM,
S
rome M = mq +mqe +ms+ ...

Moxno yb6emmThcs, YTO Macca,
paclmooXkeHHas BHE 3aMKHYTOHW IIO-

BEPXHOCTHA S, HEC Oa€eT BKJIada B

_Sf(_ids. Puc. 1:



Taxum 06pa3zsoM, MTOMHBIA TOTOK
BEKTOPHOTO IHOJA d PaBEeH

—

ad

—47rG(m1 +my+ms+ .. .),
S

IpUYeM B CyMMY BXOOAT TOJBKO T€ MAacChl, KOTOpPHIE JEXKAT BHYTPH 5. ITO
ONIOXKEHNe Ha3bIBaeTcs TeopeMoit ['aycca.

[Ipumenum teopemy Taycca x chepuueckomy cmoro. Ilycts § — chepa pa-
mmyca r, Texkalllag BHYTpH 3Toro ciod. Torma 47r? - a = 0, T.x. BEyTpH S HeT
macc. CremoBaTenbHo, BHYTpH chepudeckoro cioa' a = 0. OxpyxuM Temepb

chepuuecKu-CuMMEeTPUIHY 0 KoHGUrypannio Maccel M moBepxuocTbio S. Torma
a-4mr? = —47GM n a = —GM/r*. Urax, chepudeckn-cuMMeTpUaHas KOHMH-
rypanns Co3maeT IoJIe, SKBUBAJICHTHOE IO TOYEYHON MaCChl, COCPEIOTOICHHON
B ee LEeHTpe.

Hsist masoro obbema V' MOXKHO HammcaThb

1 . 4 Gm
L gde = _ETEm
V/a S vV o

rae mHTerpai 6epeTces no HOBEPXHOCTH obbeMa V, a m — Macca, 3aK/IIOYeHHas B
sToM obweme. B mpenerne npu V' — 0 otromenue m/V ecTsb mokanbHas WIOTHOTH
p, TaK UTO TOIYIUM

div @ = —4nG p.

Coemaem cremyromuil Imar — BBeOeM HOTEHIHATI TPABUTAIUOHHOTO IO CO-
[JIACHO yCIIOBHIO:

"

i = —grad ¢.

DTo Bcerma MOXKHO CIETaTh, TaK KaK TPABATAIMOHHOE IOJIE KOHCEPBAaTUBHO: BCE-
5

roma f d dl=0, T.e. rot @ = 0, a >To U 0O3HaYaeT BO3MOKHOCTh BBEICHUS TIOTEHIIN-

anma. Temeps nMmeem

div @ = —div grad ¢ = —Ap = —47G p,

nJIn

Ap = 4nG p.

Msr nmomyunnn ypasaenue [lyaccoHa — OCHOBHOe ypaBHEHHE TEOPUU MOTEH-
nuaia. Huddepernuansustil oneparop divgrad = A Ha3pBaoT Jamiacua€oM. B
OeKapTOBBIX KOOpOUHATAX

d*o % N 0%

Ap = 0r?  Oy? 022

Mpu »>Tom ncnosibzyem ToT GaxT, 4TO MO CUMMETPUN @ MOKET GBITH HATIPABIEHO TOJHKO
o paguycy. K sannTudeckol OJIOCTH 3TO A0Ka3aTeThCTBO HETPUMEHIMO.



B chepuuecknx xoopauraTax (r, 6, )

19 ,0¢ 1 3] dp 1 9%
Ay = g 4 -
v r2 ar ar tzm g r2sin 8 98 sin oo + r2sin? A Da?

18,29
rZ 8r or’?
KOTOPBIX OCTAeTCA B ypaBHeHI/II/I HyaCCOHa IIJIsT cq)epmqecmxl CI/IMMeTpI/ITIHOI/I 3a-

4mr? 4mr oy
Oa'dIl. OT-IGBI/IJIHO 9710 or — 5TO IIOTOK IIOJIA YCKOpeHI/I

Herpynso noraTs, oTkyma 6epercsa Takon Bun ais A. Pacemorpum unen

8 28;,0
ar
o 2 — 4nr?6r. P 6 -
00BEM MEXKIY C(pepaMI/I mr-or. a30eJInB pa3HOCTB IIOTOKOB CL Ha O ’BeM, IIO

ayaaem Ap = Li7"2 ‘gf dcHo, 9TO B 3amade ¢ NUIUHOIPAIECCKON CUMMETpHUEN n3
10,0

Tex XKe coo6pa>KeH1m nomyanm Ap = 2r 5k (r — DUWIMHAPUYECKUH pammyc).

Nrax, nnsg chepudecKn—CIMMETPUIHOTO PACIPENEIEHNS IO THOCTI

pamuyca r. Pa3HocTh MOTOKOB d uwepes chepsl r u r + Or paBHa 47r5r

1 d dap
—— =4 . 1.1
zdrr dr mGp (1.1)

§ 1.3. Codepuuyecku-cuMMeTpPUYHBIE TOJIA TATOTEHUS, MOJIHAA U TEKY-
I1asg Macchl 3Be3], SMJIePOBHI U JIarpaHXKeBbl KOOPAMHATHI

Paccmorpum TomKUi chepudeckuin ¢Ion ¢ pammycoM r, TOMIUHON 6 <& r U Io-
BEpXHOCTHOI mioTHOCTBIO p [r/cm?]. Haiimem cmmy mpUTAXKEHHS CO CTOPOHBI
cheprl, XOTOpas OEHCTBYET Ha MPOOHYIO YAaCTUNY €OUHUYHON MAacChl, TIOMEIIEeH-
HYIO B Kakoi-mubo Touke A BayTpu cdepnl. I3 puc.2 HarnagHO BUMHO, ITO CUITBI
TIPUTSIKEHUSI OBYX 3JIEMEHTOB MacC, BRIPE3aHHBIX Ha cdepe TemecHBIM yriaoM df),
OOUHAKOBEI II0 BeJIMYNHE I IPOTUBOIOIOKHEL IO HalpaBieHuio. bosee Gnm3kuit x
Touke A seMeHT dmy IMeeT MEHBIIYIO MacCy, U CUIa MPUTSIKEHNS, CO30aBacMast
uM B TOuke A,

dm;  GudS, G pdQ

2 = 7
ry T cos 6

dFlzG

Tax xKax mpaBasg 9acTh 3TOTO BBIPAKEHUS 3aBUCAT JIAITH OT BEINITHBI TEIIECHOTO
yraa df) m cos #, KoTopble OOUHAKOBHI I dmq U dmgy, TO CO CTOPOHBI dmg
meiicTByeT paBHag mo BenuuuHe cuna dFy = —dF;. Taxum obpasom, mobas
mapa y4acTKOB cephl BHYTPU OBOMHOTO KOHYCa df) maeT MOMHYIO CUITY, PAaBHYIO
HYITIO0, U TpobHasg JaCTUIa BHYTPHU CHEephl He UCHBITHIBACT CUILI U YCKOPEHNI.
DTOT pesynbTAT OCTaeTCA B CHIe U A CHepbl KOHEUHOH TONIIUHEEL (6 ~ ).

Teneps pacnomoxuM Hamry OpobHY®o gactumy BHe chepsr (puc. 3). Cma,
IEefCTBYIONIad Ha YaCTHIy B 3TOM CIydae, paBHA

GM
F=- (1.2)
r2
U HaIpaBleHa K HeHTPYy cbhepol. 3meck M — monmmas macca chepuueckoit obo-
Joukm, ¥ — paccTosHme oT A mo meHTpa chepwl. HampaBiaeHHOCTH K IEHTPY

10



Y ]

Q,

Puc. 2: Puc. 3:

chepsl OYeBHOHA W3 CHMMETPHHU 3a0adl, a TO UTO, HeHCTBHE TaKoe XKe, KaK OT
TOYETHOU MacCChl, IOMEIIEHHON B IeHTPe, MOXKHO IOIYYINTH IPOCTHIM HHTEIPH-
pOBaHHEM.

Paccmorpum 3Besnmy pammyca R ¢ mepeMeHHOH IUIOTHOCTBIO p(r) I mONHOM

MacCCon
R

M =4xn [ p(r) ridr.
0

[Tonmuas cuna, meficTByMOIas Ha IpOOHYIO dacTuly mpu r > R paBHa

M
F = —G \
2
HO BHyTpH 3Be3nsl (r < R)
o _Gm(r) .
2

r
Benmuuny m(r) = 4w f p(q)g*dq oberarO HasBIBaIOT Tekymuell Maccoil. Bennauna
0

m(r) €CTECTBEHHO MOSABIISLETCA IPU PACCMOTPEHNN PABHOBECUS 3Be3[I.

Pemenne mecTammorapHbIX 3amad CKaTUS 3BE3M, KaK U JTFOOBIX THAPOOUHAME-
YeCKUX 3a0ad, MOKHO MTPOBOOUTE ABYMs crocobamu. Beibupas B kauecTBe HE3aBU-
CUMBIX TIEPEMEHHBIX KOOPONHATY I U BpeMs t, MOKHO PacCMaTPUBATh M3MEHEHUS
PM3UIECKUX BETMINH (H.HOTHOCTI/I, OaBIICHUS 1 T.JI.) B KaKOW-mubO QUKCUPOBaH-
HOW TOYKE TPOCTPAHCTBA (3171.Hep013 nonxon). Ho gacto 6eiBaeT ymobHO ciennTs 3a
TIOBeIeHNEM BBIOPDAHHBIX 3apaHee JaCTHUIl BEIIECTBA (narpamKeB HOJ:LXOJ:L), B 3TOM
clIydae He3aBUCUMBIMU IepeMEHHBIMU ABISIOTCS HadallbHbIE KOOPIMHATHI ro(to)
u BpeM4 t, a KOOpOMHATA f'(t) aBiusgeTcs GYHKIUER ry. Jlarpanxes mooxomn darre
BCETO OCYIIIECTBIISETCS B 3amadax, o0IagaloluX KaKOW-TnOo CUMMETPUEN OBU-
JKEHUN, HaTIpUMep, Ipu chepuIecKn-CAMMETPUIHOM PACIITHPEHNT (I/I.]'II/I C}KaTI/II/I)
3Be3mBl. 3adaluM B HAUYAJIbHBII MOMEHT B KaueCTBe JarPaHKeBOH KOODIMHATHI
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paccTosHUE A0 MeHTPa 3Be3abl 1. Chepa ¢ pammycoM 1y COOEPKUT BIOITHE OIPe-
IeJIEHHYIO 9aCTh MacCHl 3Be30bl M (7o), BeIn4IuHa KOTOPOI IpU chePUIecKuX IBH-
KEHNAX He MEHIeTCA cO BpeMeHeM. B sToM ciydae Tekyiras Macca m(r) MoxeT
OBITH BBIOpaHA B Ka4eCTBE HE3ABUCUMOI (JarpaHKeBOR) KOOPAUHATEHI.
PaccMmoTpuM HECKOIBKO IPUMEPOB:
1. ITap paguyca R umeeT mocTosH-
HYIO INIOTHOCTH p = const. OueBunso,
4TO pemenue ypasHeHus (1.1) mveet q)

BUI
© = kr? + const.

HO,ZICT&BHE)I 9TO pEUICHIE B YPaBHCHUE

(1.1), momyanm

21~ 2
Ap = 6k = 4nGp ijr + const
u HaWmeM, 94TO
ot Puc. 4:

P = ?G pr’+ const (r < R).
Crapyxu, mpu r > R, mmeem ¢ = —GM/r. 3rauernue const Haxomum u3 ycroBms
HEIIPEPBIBHOCTH NOTeHnuWana npu r = R (cm. puc. 4) (mpomsBomHEE Ipm 5ToM
CIIUBAIOTCA aBTOMATHIECKH):

GM 2
- = —WG p r?| 4+ const.
g3 R
Yuarem, uro M = 4?’TpR?’, U HOJIYIUM
2m 9 9 GM (3 1r?
L,9=?Gpr —QWGpRz—T 5T IR (mpu r < R).

2. Tenmeps mpeomomIOKIM, 4TO

p(r) = b (r — R)

(6(r — R) — menbra-dyrknus Hupaka), T.e. p=0mpu r < Rur > R, a macca

o0

M =4r /p(r)rzdr = 4muR?.
0

OueBunHO, 9TO {1 UMEET CMBICT HOBEPXHOCTHON INIOTHOCTH (Pa3MEpPHOCTD [u] =
r/cm?). Tlockomsky a = dp/dr = 0 BEyTpu chepnr R, acHO, uTo ¢ = const mpm
r < R. Cumapyxu mo-mpexsuemy ¢ = —GM/r. Cmuas norennuan npu r = R,
noxyuuM (puc. 5)

_GM
_ R -
L GM

r

12



Puc. 5: Puc. 6:

Mer BunuM, ato B 5TOM ciydae dp/dr umeet paspss (puc. 6). Moxso nokasars,
YTO 3TOT Pe3yiIbTaT COBEPIIEHHO OOLINMN: KOHEYHAsd Macca, COCPENOTOUYEHHAs B
OECKOHEYHO TOHKOM CJIO€ C KOHEYHOH IIOBEPXHOCTBIO, HaeT pPa3phIB HOPMAaJILHON
IPOU3BONHON IOTEHIINAJIA!

dp dp
—| — —| =4nrGp.
dn|, dn]|, e
3. Hamo: p = —GM/r. Yemy pasuo Ap? HemocpemcTeennoe BEIUHCICHTE

IPOU3BOOHEIX HaeT HYJIb BE3O€, 3a NCKJITIOUYCHUEM TOYKHN T" = 0. B camom aerie

I 1 9*r~! _ 2x? — y? — 22
r /$2+y2+22’ Ox? - ($2+y2+22)5/2’

u nerkxo ybemumcs, uTo Ap = 0, kpome x = y = z = (), roe UMeeM HeOIpeneseH-

rocTs (/0.
Errte mporrie B maEHOM ciIydae BBIUHCIEHNE B chepUIECKNX KOOpOnHaTax. s
/ _ 1 8 208¢ _
NOTeHIMATA, He 3aBHCAIEro or yria Ag = 2’22 u noncrasmas ¢ = 1/r,

caoBa nmonyunMm Ap = 0. Opaako HempaBuibHO OBLIO OBl OTBEYATH, YTO Be3me
A(1/r) = 0. Taxoit oTBeT He BepeH, Tak kKak NOTOK dp/dr wepes moGyo mo-
BEPXHOCTD, OKPYKAIOIIYI0 HAYall0 KOOPAUHAT, OTINYEH OT Hyis 1 paBer 4dmGM.
[IpaBuneHubIT OTBET:

Ap = 4m Gmbs(r).

Bmecs 63(7") — TpexmepHas menbra-dyaknus Jupaka. Taxum obpasomM, oTBeuas,
uro Ay = 0, HyXKHO mOGaBUTH: Be3le, KPOMe Havdajla KOOPAUHAT, TOe BTOPBIE
IPOU3BONHEIE OT ¢ CTPEMATCI K OECKOHETHOCTH.

4. PaccMoTpuM Temephb 00N caydail chepuuecKn-cIMMETPUIHOTO pacIpe-
nenerns niotHOCTHU p(r). Oupenennmm, Kax paHbIIE, TEKYIYIO MACCy

r

m(r) = 471'/ p(q)q’dq .

0

13



WNuTerpupys ypasuernne Ilyaccora, nociaenoBaTenbHO MO YUM

d ¢ r 1
o(r) —/ Ld dq / m /Gm =
dq q
_ Gm(q)|” / Gdm(q) _ Gm(r) G/ dm(q)
q |, q r q
CMBIC.TI IIOJIYICEHHOI'O BBIPDAXKECHUA OIS SO JICTKO IIOHATD. HepBbeI qJjIeH — 5TO

IOoTeHInal chepuIecKn-CUMMEeTPUYHON MacCChl, PACIOJIOXKEHHON BHYTPH Cchepsl
panmyca r. Bropoil wieH sBnseTcs cyMMON MOTEHINAIOB OT BHEIIHUX CIIOEB.
C y4erom cooTHOmeHUs Aia m(r) 3amUmIeM BBIPAXkKEHUE U4 NOTEHIHAIA B

BUIE
r R

p(r) = —4r G %/P(q)q2dq+ /p(q)qdq

B nocnenmem mHTerpase Mbl 3aMEHIIN BepXHUI mpemen oo Ha R, mpenmomaras,
yro mpu r > R nnotHOCTH p = 0.

§ 1.4. DHeprusa rpaBUTANNOHHOTO B3aUMOJEMCTBUI

Meur Bumenu, 4TO SHEPrUsS TPaBATANKOHHOTO B3aumMmomencTBus U oiis OByX Macc

my iy paBra U = —9Mm2  Ha cnyuait N TodeuHBIX Mace BRIpaxkeHme mus U

0000ITTaeTCS CAEOYIONINM 00Pa3oM:

- i _ Gmimy

Tik

HpI/I TaKOM OIIpenerIceHnn U KaXOad IIapa m,;, M BXOOUT B CYMMY TOJIBKO OINH

N
=y

T
i£k ik

9TO, OYE€BUIOHO, IIPEOCTABIIIET coboi l"paBPITa]'.'[PIOHHbeI IIOTEHITNAT, COSHaBaeMHﬁ

pa3. Beemem Benuuuny

B k-TOHI TOYKE BCEMHU OCTAJIHBIME MaCCaMI. Tenepb IJIS U MOZKHO HaIIICaTb

1 N
IS
k=1
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Kosdpdunument % NOABUJICA BCJIEOCTBHE TOTO, YTO KaXKIas Iapa TOYEK BXOTHUT
B CyMMY IBa pa3a. JTO BBEIpaXkKeHHE JErKo 00OOIINTh Ha CIIydall HeIpepbIBHON

CPEIBL:
U= ! @ dm = L pp dV
2 2
(no ompeneneHuio dm = p dV).

s TogeuHbIX Mace HeOGXOOUMO OBLIIO OTOPACHIBATH YHEPIUIO CAMOLENCTBASL,
OrOBapUBas MPABWIO CYMMHUPOBAaHUA. B CIUIOIIHON cpeme caMomelcTBUE HE yUH-
TeiBaeTca aBroMarundecku. [lo nopanky Benuuuusr dV ~ (dr)3, I caMOOelCTBHE
snemenTa dV ecThb G(pdV)z/d'r ~ (dT')S, T.e. BeJIMYnHa H60sIee BBICOKOTO MOPSIOKa,
YeM SHEPTHS B3aUMOOENCTBUSA C OCTATBHBIMEI MaCCAMU, KOTOPAsS ~ (cl'r)3.

Ncnonb3yem Teneps BeIpakeHne @ miisd cHepraecKu—CIMMETPIYHOTO PACIPe-
meneHus p(r) M BBIMECINM TPaBATAlUOHHYIO SHeprmio. meem:

¢ [ [ dm(q)

G _m_ [dm(q)

U—2/&n ' . (1.3)
0

STO BBEIDaXKEHNE MOXKHO 3HAUYUTEJIBHO YIIPDOCTUTH. BBeJIeM BCIIOMOT'aTEIBHY IO CI)YHK—

R
nuio f(m) = [ dTm. Ouesunuo, f(M) = 0 u xpome >TOro

M M

M
/fWJMHwﬁW— mdf = — [ mdf.

0 0

Nmeem Traxxe df = —dm/q.
Taxum o6paszoM, HHTerpal OT MePBOrO WileHa B BhIpaxkeHuN (3.3) paBeH uHH-
Terpaygy oT BTOPOTO, I OKOHYATETbHO HOTYyTInM

M

v—_g [mdm
r(m)

DT0 BEIpakKeHWE MPOIIE TOMYUIATh WHBIM IMIyTeM, PacCMaTpuBast, KaKyl paboTy
COBEPIIAIOT TPABUTAIMOHHBIE CUIBI PN HAPAIIWBAHUN TaHHOM KOHOUTYpAIUn
MOCTIENOBATEIBHBIMI cI0AME. [lycTh Macca m ¢ paguycoM r yiKe U3TOTOBJIECHA.
[MpubaBum k >Toll Macce HOBHIN chepuueckuin cimoit dm. Torma coBepmenHas

Gmdm

paboTa, oueBunHO, paBHa dU = u 1.0. B pesyasTaTe momyunm

M
U:—G/M,
r
0
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§ 1.5. JlaBieHue rasa. Y paBHeHUEe paBHOBecUS
3Be3/bL

st 3Be30BI, HAXOMSIIENCS B PABHOBECUN, CIJIa TPABUTALMOHHOTO TIPUTIKEHIS,
MENCTBYIOMIAs Ha KaKou-TO0 3JIeMEeHT Macchl dm, MOMKHA OBITH CKOMIEHCHPO-
BaHa PABHOW NO BeIWYWHE U IPOTUBONOJIOKHON IO HampaBieHmio cuioi. Taxas
YPaBHOBEIIUBAIOIIAas I'PaBUTAIINIO CUJIa B 3Be30aX 00y CIOBIIeHA NaBICHIEM Bellle-
cTBa (TOYHee, IPAIUEHTOM IABJICHU ).

B obmem ciayuae maBimenme P SBiseTCs BeIHYHHON, MO3BOJISIOIIEH ONUCATH
CHILY, DENCTBYIOMIYIO Ha BBIOEIEHHBIN B XKUOKOCTH WK raze o0beM V' mpou3BoIb-
HOH (POPMBI CO CTOPOHBI OKPYZKAIOIIIEr0 ero BellleCTBa, KaK HHTeTPaJl IO pa3mesid-
IOIIEN TOBEPXHOCTH

F=— [ PdsS, (1.4)
S

rae gaBiaeHne P 3aBUCHT TOIBKO OT COCTOSHUS BEIIECTBA Ha STON MOBEPXHOCTH.
i

Bexrop dS = 7dS (i — HopMaib K 37I€MEHTY NOBEPXHOCTH d.S) HaIpaBlieH B

130601 TOUKe Hapy XKy OT HOBEPXHOCTH, H03ToMY B (1.4) mepen mHTErpazoM cTOUT

smak Mumyc. 13 (1.4) crenyer pasmepsocTs masiaenns |P) = nms/cu”.

I KunkocTu, B KOTOPOi maBieHue ogHoponHo (P = const), nmeem oueBum-
HOe BBIpajK€HUe OJI CUJIBbL, OENCTBYIOMIEN Ha 3aMKHYTYIO IIOBEPXHOCTD: F =0.
[IycTs Temeps maBieHme HeomHOPOOHO. B oblleM ciydae B Majloll OKPECTHOCTH
HEKOTOPON TOYKH, PACKIaAbIBas B P, MOKHO 3aIlICATh:

P = Py + "'V P + r;ri(BTOpble IPOU3BONHEE) + - - - . (1.5)

Moncrasnas (1.5) 8 (1.4), HafimeM, 9TO ¢ TOYHOCTBHIO [0 BEIUIUH BTOPOTO HOPSIKA
MaJIOCTHU CHjIa, OefcTByoTas Ha o0beM dV, orpaHnYeHHBIN MOBEPXHOCTHIO d.S,
paBHa dFp = —VPdV, T.e. cuna maBmeHus gBiageTcs 0O0BEMHON CUION — OHA
mponopiuoHanbHa dV u HampaBieHa u3 00IacTH GONBINETO HABICHUS B 0OIACTh
menbmero. Macca oobema dV paBra dm = p dV. Cuna rpaBETanmOHHOTO TIpH-
TSAKEHUs, KOTOpas ABIAETCA MaCCOBON CHIION, paBHA dﬁg = —Vedm.

B paBHOBecHm Oy HEBPAITAIOIIENCS 3BE3IbI 3THU IBE CUJIBI JOJIKHBI KOMIIEH-
CUpPOBATH OAPYT OPYra, T.e.

dF = =V dm — VPV = 0

OKOH‘I&TGJIBHO YCIIOBIE MEXaHNYECKOIO PaBHOBECHUA 3aIllICBIBACTCA B BUOE

1
—VP 4+ Ve =0.
p
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s chepraeckn—CuMME TPIIHBIX 3BE31T
(Pr).dQ yPaBHEHUE FEAPOCTATHIECKOTO PABHO-
2 BECHS IMeeT BIUI
1dP  Gm(r)

[aBneHne Ha 60KOBbIE CTEHKU ; dr + r2 = 0. (1'6)
CO3[a€eT pajvanbHylo cuny

Fr = 2PrdrdQ Cuma rpaBUTALMOHHOTO IPHUTIKE-
HUA HalpaBleHa K IEHTPY 3BE3MHL

Puc. 7:

IIPOIIOPpONOHAJIBHA — VP, T.€. IJIAd IIOOOCPXKAHUIA PABHOBECHUA 3BE30bI OaBJICHUE

ypaBHOBeHII/IB'dIOLT_Iaﬂ CllJIa OaBJICHUS

MOIKHO ¢ HEOOXOMIMOCTHIO MOHOTOHHO PACTHU OT MOBEPXHOCTHU K HEHTPY 3BE3IIHL.

Bripenum BEY Tpu 3Be3nbl eqUHIYHEL quanEapuaeckuil ooseM (dV = dSdr =
lem?,dr =1 em,dS =1 eM?) Tak, 9T0OBI OCHOBAHNS NUINHIPA OBLIN IEPIEHIN-
KyJApHBL panuycy. g Takoro obbema cuiia, o0y CIOBICHHAS MaBI€HUEM, PaBHA
—% [mum/cm®]. Beimemum Temeps mapoBoil CEKTOP ¢ PaCTBOPOM TEIECHOTO YIJIa
d) (cm. puc. 7). Kasamock 0bl, HOCKOIBKY CHIa DABICHNSI Ha BHEIIHIOK IOBEDX-

HOCTBH HIApPOBOI'O CEKTOpa paBHA T2PdQ, TO PEe3yIbTHUPYIOIIA] CHUJIa TaBJIECHNI,
ﬂeﬁCTByIOLuaﬂ Ha eOUHNUYHBIA 00BbeM 3>TOro CEKTopa, paBHA —r% % (T2P). He 6y—
meT nu bosiee IPaBUJIBHBIM IIOACTABIIATH 3TO BHIPpAXKEHHE B (1.6) BMECTO BeJIU-
P9
dr °
CEKTOP, MBI HE YU/IU OaBJICHUE HA OOKOBEBIE IMOBEPXHOCTH CEKTOpPa, 4TO JaeT noba-
2
TL; %. C YyYEeTOM IIOCJIEOHErO MBI OIATH IIPUXOOUM
dP

K BBIPAXKXEHUIO OJIA CHJIBL T'a30BOTO OaBJICHUA ~

B ofmem ciydae HEM30TPOMHOTO DABICHUS CIEAYET MPUMEHATH BhIPAKEHUE
1 d(T‘z.PM) n Pg@ dT‘Z
r2 dr r2 dr’

roe P, 7é Pyy. Ilns oOBIYHBIX Ta30BBIX 3BE3I MaBJeHNE W30TPOMHO — BBITIOTHS-
arP
dr *
[Ipenmonoxum, 9T0 HaM U3BECTHO ypaBHeHHe cocTosHus B Bume P = P (p),

YUHBl — OxaswBaerca mer. [Ipu BeIBome cuiibl, mefcTBYIOMIEN Ha MIApOBOR

BOYHYIO CHIIy BIOIb PagHlyca

F, =

ercq 3akoH llackansa: P, = Py u F, = —

T.e. HaBJeHUE IBISeTCS GYHKIUEN TONBKO MIOTHOCTU. 3aNaluMCcs 3HAUCHUSIMI
B merHTpe p. 1 P, (r = 0). Torma mveem cucremy AByX OOBIKHOBEHHBIX mudde-
PEHINAILHLIX YPaBHEHUHN IEPBOTO MOPAOKA!

1dP dp  Gm(r)

i — 1.
p dp dr r? (17)
d
d—T: = 4mp r?, (1.8)

peltas KOTOpYIO, TOIYyYaeM paclpeesieHne IIOTHOCTU U OaBIEHUA BIOTbL Paln-
yca.

PaceMoTpuM acuMmTOTHUECKOE IOBeNeHNE pelleHus B meHTpe (r — () u Ha
kpato 3Be3nsl (r — R). IIpu r — 0 momyunum

47

3
m%?ch,

17



P=P —kr*=P.— 2?WG,oczrz,

P\ 'on
p=pe—Fkr? = pc - g—p < Grer’,
T.e. B uentpe dP/dr = 0 u dp/dr = 0.
Ha xparo 3Be3nsr umeem rn = M u, ueTerpupys ypaBHeHne paBHoBecus (1.7),
HOJTy IUM
dP  GM
il
s Toro 9ToOBI 3Be3ma MMeNa ONpeNeleHHYIO BHEINHIO TDAHNIIY, MHTETPAT
[ dP/p momxen cxommrbcs mpu p — 0. Hampumep, mnsa msoTepmmdeckoil aT-
Mochepsl P~ pT (T = const) mHTerpaax pacXomUTCA, T.e. M30T€PMUIECKASL

-+ const.

aTMOochepa HoIKHa OBITH GECKOHEUHA.

Ecaun maBnmenme sBusercs cremeHHon ¢yHKIuenl mmotaoctu P = K pY, To
HEOOXONUMBIM (HO HE JOCTATOYHBIM ) yCIIOBIEM KOHEYHOCTH ATMOCHEPHL ABIAETCA
~v > 1. B sTom ciyuae

GM

r

P~ At
N3 ycnosus p — 0 mpu r — R nmomyunm A + % =0mu

- 1 1 M(R—r) L
Pl ~M(-—=) ~ ——= Te.p~(R—1r)
r R R?
BONMU3M kpas 3Be3mbl. g 9acTHOrO, HO BCTPEYAIOIIETOCA UAacTO CIIydas y =
4/3 (p ~ T3, P ~ pT ~ p*/3), momyumm p ~ (R —r)’ mpu r — R.

[Ipu ompemenenHOM ypaBHEHUU CO-
crosHus P(p) He Bcerma MOXKHO pe-
IIATH 3a8a9y IJI OAHHOH Macchl (Mo-
KeT OKa3aThbCSI, UYTO pEIIeHud s
BRIODAHHOM MAacChl BOOOIIEe He Cy-
mectsyer). OmHako, 3amaBajgch IeH-
TPAIBHOH IUIOTHOCTBIO ., MOXKHO
HalTu HaOOpP pemeHnt ¢ pa3nud-
HBIMH MacCCaMW, T.e. MOCTPOUTH KPU-
Byilo M(p.) (pmc. 8). Iocme storo

YK€ BUIOHO, KaKIE€ DPEIMICHUA COOTBET-

CTBYIOT ,E[aHHOfI MacCce, IIPU KaKnUX MacC-

CaX CyIIECTBYIOT PEIIEHHS (T.€. COCTO-
SHUS PaBHOBECU:) U T.II.
Puc. 8: Taxoit xe mogxom TPUMEHUM U B
OTO. KauecTBeHHO BCce ocTaeTcCs IIO-
IpeXHEMY: PellleHre MOKHO HaXOONTh, THTETPUPYSI OT MEeHTPa, TaK KaK BHEITHUE
CJIOM HE CO3Mai0T yCKOPEHN.
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§ 1.6. OcHOBBI TepMOAMHAMUKU 3Be3 I

Orpannummcs caydaeM XUMIUYECKU OTHOPOOHOM 3Be3mbl. OmHON U3 caMbIX Bak-
HBIX TepMOIUHAMUYECKUX GYHKIIUN BEIIECTBa ABIIETCA YIeTbHAS TEIIoBas SHEP-
rug E. Hycts E m3BecTHa Kak GYHKIUS ymembHOTO obbeMa v = 1/p [cv?/r] m
ymensroll suTponun S : E = E(v, 5).

ITo I 3akomy Tepmomuuamuxu dE = —Pdv 4+ T'dS. Tlostomy, smas E(v,S),
MOXKHO HallTU U ApyTue TepMoAuHaMudeckue Beandussl. Hanpumep,

0F oF
P==% T35
v S v
[Ipw 3amamsOll TemmepaType T mHOTHA mpm pacdeTax yOOOHO MOIb30BATHCHT
cBOoGOmEON SHEepruent cuctembl F = E — TS

dF = —Pdv — SdT.

Taxum obpasom, F' = F(v,T). OgHako Opu HcCleqoBaHIE MEXAHIIECKOH yCTOM-
YUBOCTH PABHOBECHON 3Be3Mbl BaikHO 3HaTH F(v,S), Tak Kak IPOIECCH Temo-
IIPOBOMHOCTH B 3B€3[€ OU€HD MEIJIEHHBIE I IO3TOMY IIyJIbCAINN IPOUCXOIIT 8 ua-
faTuuecku, T.€. ¢ COXpaHEHHEM SHTPOINH, HO He TEMIEPATYPHL.
Beemem emme omHY BaXHYIO TEPMOOUHAMUYECKYIO (QYHKINIO — 3HTAIBINIO
H=F+ Pv
dH =TdS + vdP.

Ecan »suHTpomma duxcupoBaHa, TO
dH|g =vdP = %. Ncnonb3ysa sTo co-
OTHOIIIECHNE, 3aluIleM yCIOBIE PaBHO- H
BECHS 3BE3IBI —% VP -V =08sBune
—V(H+¢) = 0. HNrak, nna u3ss-

Tponmueckux 3Be3n (S = const) ycio- r
Bue paBHOBecus ecTb H + ¢ = const

mo 3Besgme. Ha xpato P = 0, p =

0, H = 0, mosTtomy const = —%. B

BryTpnu 3Be3mBl SHTaIBIHS ABIAETCS
“sepKanbHEIM OTpaxeHmeM ¢ (pmc.

Kakos ¢pusmueckuit cMbICa COOTHO-

mernus H 4+ ¢ = const? Bossmenm 1 Puc. 9:

' XOJTIOMHOTO BEITeCTBa Ha 6€CKOHETHO-

CTH U TIOMECTHUM €rO B 3Be3[ly Ha PacCTOSHUE T OT IeHTpa. PaboTa rpaBuTamm-
OHHOTO OIS IIPU 5TOM paBHA (). YTOGHE 5TOT rpaMM HaXOOUICA B PAaBHOBECHN
C BEIIECTBOM 3BE3IBI, €T0 HEOOXOOUMO HarpeTh IO TeMIepaTyphbl OKPYKalollei
cpenst T'(r), mpunats 06beM v(r), T.e. coBepumuts pabory E(T,v). Kpome storo,
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HeoOXonmMo TpoussecTu paboTy Puv, 0cBobOXKIas TOIOCTh 00BEMa v, B KOTOPYIO
MBI oMecTHM Hamr 3jeMenT. WTak, nonwas pabora pasua ¢ + £+ Pv = + H.
YcmoBue ¢ + H = const roBopuT o ToM, 94TO 3aTpadeHHas paboTa He 3aBHCUT OT
MeCTa, B KOTOPOM MBI Pa3MeIllaeM SJIEMEHT BeEIlleCTBa.

BmecTo Toro, uTobbr 6paTh 3J€MEHT BellecTBa Ha O€CKOHEYHOCTH, Mbl MOKEM
B3ATh €r0o B OPYyroM MecTe 3Be3nbl. lorma ycmoBume H 4 ¢ = 0 o3Hagaer, 4TO
nonHada paboTa IPHU MEpEeCTAHOBKE OBYX 3JIEMEHTOB paBHa HYJIO, T.€. H33HTPO-
nuyeckas 3Be3a HaXOOUTCS B 0e3pa3sIndHOM PaBHOBECHU OTHOCHTETBHO TaKHX
epecTaHOBOK.

§ 1.7. BapuanuoHHBIII TPUHINI

B xmmuuecku omaOpOmHOI 3Besme He-
00s3aTeIPHO IEPEHOCUTH BEIEeCTBO: K
TeM Xe pe3yiIbTaTaM OTHOCHTEIBHO
YCTORYUBOCTU MOXKHO IPHUUTH, IIPO-
CTO U3MEHIA paclpenesieHne BelecTBa
p(r), He MeHAs HPH 3TOM B3aUM-

P

HOTO pacmomoxkerus cioes (pume. 10).
MoxHO yTBepEKIOaTh, 4TO €CIU PaB-
HOBECHE 3Be3[bl CJIeTKa HapYIIUTh,

TO SHEPruda Ipu 3TOM HE U3MECHUTCA.

Tounas GopMyIHPOBKa 3TOrO yTBEp-
KOEHUSI: YCIOBHE SKCTPEMyMa ITOIHON

Puc. 10:

SHEPIrUU 3BE30bL g COBITagaeT C YCIIO-
BUEM PaBHOBECHUA.

PaccmarpuBaeM 3Besmy ¢ IPOM3BOIBHBIM pacIpeleneHneM SHTpomun S(r).
M

[Monuas sueprus 3Be3nsr £ CKITagbIBA€TCSA U3 TEIIOBON SHepTUn () = f E(v,S)dm
0

M
n rpaBuTanuonHof sHeprun U = — [ GT"‘ dm:
0
M M
m
E= [ Ev,S)dm -G | —dm.
r
0 0

Haiinem ycnosue skcTpemyma £, ICIOMB3YS M B KadeCTBE TaTPaHKEBON KOOPIA-
HaTHL. Pacmpenenenne IIOTHOCTH TOTHOCTBIO OMPeNeIeHo, eClIn 3aaaHa hyHKINI
p(m). Bymem BapbupoBaTh r(m), T.e. CMeIATh OTOEIbHEE CIOU, CINTAs SHTPO-
nuto S(m) GUKCHPOBAHHOM, IPU >TOM Y Hac GYAYT ONpENENeHBl BADHALUNE I BCEX
OCTamBHLIX BeamamH. Mameen:

M M
6U=—G/mdm6 ! =G/%f5r;
r
0 0
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dr d (4r

dm = 4rr® pdr = pd 5 7)), modTOMy v = | o7
M M
Torma 6Q = [ (%’Z)Sév dm = — [ P% (5‘;—”7'3) dm. WaTerpupys mo 9acTaMm c
0 0

yuaeTtoM Toro, uaro r(0) = 0, P(M) = 0, nomyuum

T oP T oP T oP
5Q:/5 4—7TT‘3 —dm:/47rr25r7d,m:/£—5rd,m.
3 om dmr?p Or p Or
0 0
B pesynsTare
T P G
65:/dm LOP, Gm) s,

p Or r?

Ecnu € skerpemansro, o € = 0 mpu mr06eIX 6 (M), CIeNOBATEIBHO, U3 SKCTDE-
MaIbHOCTH & CIenyeT ypaBHEHUE PAaBHOBECUS

18P_ Gm

T2

p Or T

Yem mosnesen BapuanuonHslil npusmun! OkasslBaeTCs, YTO € TOMOIIBIO 5TOTO
IPUHINIA UCCIEN0BATH YCTONUNBOCTH MHOTO TIPOITE, UeM HUCTIOIb3YS YpaBHEHNE
paBHOBecusA. B 5TOM MOXHO yOEOUTHCS CIAETYIOMNM 06pa3oM. 3aluileM BEIpakKe-

Hue O HOJIHONI SHEPruu 3Be30bI, HEC IPEOINOIarasd PaBEHCTBa HYJIIO CKOpOCTefI
OBIXKEHNA BeEIIEeCTBaA 3BE3OBIL:

M 2
5:/ B, 8) = "™ 4+ | g,
r 2
roe U4 — CKOPOCTH 3JIEMEHTa MacCCHI. OquI/IJIHO, 9TO PpaBHOBECHOE DPaCCTOSIHUE
(koTOpOe Bcerma COOTBETCTBYET SKCTPEMYMY SHEPIUU) OyOeT YCTORUNBEIM, €CIIH
SKCTPEMYM ABIACTCI MUHUMYMOM. I[efICTBHTe.HBHO, TOTOa 13 HETO HE MOXKeT BO3-
HUKHYTh HIKAKOe IPYroe cOCTosfHue, Hi ¢ u = 0 (Ho mpyruM r(m)), Hu TeM Gomee
C U2 > 0 CHGHOB&TGHBHO, NCCJICOOBAHIIC YCTOﬁqHBOCTH CBOONTCA K HaXOZKIOCHWUIO
VCIIOBHIL, P KOTOPBIX BTOpasd BapHanua >Hepruu 62E > 0.
HOMI/IMO NCCJICOOBAHIIA YCTOﬁqHBOCTH BapHaHHOHHBIﬁ IIPUHITNAII IIO3BOJIIET Ha-
XOOUTH NPUOINKEHHBIE PEIIEHNI OIS CTPYKTYPHI 3BE3IbL.

§ 1.8. Teopema Bupuasa

[Ipenmonoxum, uTo ypaBHeHHNe cocTosHus cTenennoe: P = KpY. Torga yonensHas
TemmoBas sHeprus E = %p”"l = J%lv_(v_l). Mz 3HaeM, 4TO B paBHOBECHHN

6& = 0 mpu mpoussonsroit 6r(m). Ilycts ér = ar (Ja| < 1). Takoe BosMyIreHne
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OIINCBhIBaET HOJIO6H06 (FOMOHOFI/I‘IGCKOG) PaCHIIPEHNE UJIN CXKAaTHUE 3BE3OEI. TOI‘JI'd

v' = (14 3a)v, 6U = —al, 6Q = —3(y — 1)a). CuenoBarensHo,

6 = =3(y—1)a@Q — alU =0,

OTKyOa

Q:_

1

3(7—1)U

(3TO COOTHOIIICHNE 1 Ha3bIBAlOT TeOpeMOf/i BI/IpI/Ia.T.[a>. ,H.T.[}I OOHOATOMHOI'O ra3a C

’yzguMeeMQ:—%,S:%:—Q.
@ \ 1 y=2
\_le 3
\B
\
\

S~ B

Puc. 11:

Teneps nonoxum 1’ = [(Br, mpuuem
He Gynem cuntats |3 — 1| Manoi Beman-
YWHOI, a MCXOMHOE COCTOAHUE — pPaB-
HoBecHBIM. Q6o3maunm uepes Uy u )
COOTBETCTBYIOIIE BEINIMHBIYHEPI U
ucxomHoit Momenu. Torma mocie mpe-
obpasoBarus U = %Ul, Q = Jg(i—_l)Ql
(ons cTemeHHOTO YpaBHEHHS COCTOS-
mng). Ecmm v = 2, 10 Q = 31—2621
Kax BuIrgouT B 5TOM ciaydae Kpu-
Bas E(fF)?

THUKa OIIpEOCIICTC S BEJIMNYMHON I-J7 IIpnr

I[lpu 3 — oo acummrTo-

f — 0 — Bemmummoit Q@ (pumc. 11).
Homywaem, urto mpn 7 = 5/3 xpusas
UMEEeT ONUH U TOIBKO ONUH MUHUMYM,
T.€. PAaBHOBECUE YCTOMUMBO.

[Monyuum Teopemy Bupmama OPY-

TUM CIOCOGOM U3 YpaBHEHHS PABHOBECHS, IPUYEM 3aBHCEMOCTE P(p) MoxkeT GEITH
npon3BonbHON. (Brlme nmpu BEIBome TeopeMEl BUpHalla U3 BapUANNOHHOTO IPUH-
numna 3aBUCEMOCTh P = Kp” GBlTa CyInecTBeHHA). Y MHOXHUM ypaBHEHIE PaBHO-

Becus (1.6) ma 7

rdP_Gm

pdr 1

u TpOUHTErpupyem mo dm:

[ = [ o= = [ arprar =

r

p dr

p dr

— —4n PP + 3/P47Tr2dr = 3/PdV,

/ Gmdm
r

=3/PdV

TeopeMa BEpHajla IpU Ipom3BonbHOM P(p).



[Ipu cTemeHHOM ypaBHEHHM COCTOSHUS, Hcmonb3ys P = (y — 1)E p, umeem
yxe m3BecTHoe cooTHomernne U = —3(y — 1)Q.

B meficTBUTENBHOCTH ypaBHEHHE COCTOSHUS He CTEIEHHOE, HO IJIA MHOTHX
OLICHOK IIOJIE3HO 3HATh CBOMCTBA 3BE3M C TAKUM ypaBHEHUEM cOCTosHus. s cre-
[IEHHOTO yPaBHEHUS COCTOAHUA HMeeTCs Homobue, T.e. JOCTATOYHO PEIIUTH 3a-
Mady NPU OAHHOM 7 IJIS OMHOTO 3HAUEHUS p., YTOOBI HANTU (PYyHKINOHAIBHYIO
saBucumocts M(p.) u R(p.). B cucremy ypaBreHnit

1dP Gm dm ;
I e
BXOOAT paBMeprIe KOHCTaHTBEI

0= 25 1= ()" =

cz \ced o

[MosTromy, kombuuupys G, K, p. B pa3sIuUHBIX CTEIEHIX, MOKHO MOIYyINTH Maccy,
pamuyc W OpyTHUe XapaKTEPUCTUKU 3BE3OBI. JTY 3adady MOXKHO PelmuTh ¢dop-
MaJIbHO, COCTABIASL CHCTEMY YPABHEHUH THUIIA

Rl = o' = [GF [K]Y [p] = w17

a=1,06=0,6=0, Te.

3t +(3y—-1)y—3z=1,

—z+(1=7)y+2z=0,
—2x — 2y = 0;

OTKyma & = —3, Yy = 5, 2 = L=, T.e. R~ (K/G)Zp.* .

Bonee HaTJIAOHO 3Ta CBA3B IMOIIYYaeTCA C IIOMOIIBIO HMOPAOKOBBIX OLCHOK:

GM? M
P~

o P. = Kp.

pc:ﬁ7

CMBIC.TI IIEPBOTO COOTHOIMIEHNUA JICTKO IIOHATH, €CJIN BCIIOMHUTH, 9TO CHJIa IIPDUTI-

JKEHNA MeXKOYy OBYMS IIOJTOBUHKAMU 3BE30bI ~~
GM?
R*
IMeEM BBIDaXKEHUE IJIA R, a NCKJIIOYad R, HaXO0OM

GM?
R2 a JaBJICHNE (CI/I.TI?L Ha €OUHUITY

Wcknouas u3 >Ttux Beipaxennin M,

IJIOIIAIN, IPOIOPIIUOHATILHON Rz) ~

P. 2/3 - a3 GM2/3 7—14/3
pf/g ~ GM ~ I‘pc ’ Pc ™~ K .

Homuepxuem, uro Bun xpussix M(p.) u R(p.) 3aBuCHT 0T Ge3pasMepHOI Be-
JINYUHEL Y, T.€e. KPUBBIE OJII PA3HBIX Y He IONOOHEL.

23



Tnasa 2. AHAJIMTUYECKAS TEOPUSI TIOJIUTPOII-
HBIX IITAPOB (TEOPUSI TEMHA-PUTTEPA—
SMIOEHA)

§ 2.1. YpaBHeHHe DMIOeHA

B sroit rmaBe Mbl 6ymeM n3ydaTh paBHOBECHBIE KOHQUIYPAIUN 3BE3[I, MOMUNHSIIO-
IIUXCS CTENEHHOMY (HOIHTPOIHOMY ) YPABHEHHIO COCTOSHUS

P=Kp =Kp'tn,

rme 7 — MoKas3aTelb, N — HHOEKC NOMUTponsl. UHTepec x 3TOMYy ypaBHEHHIIO
COCTOAHUS BO3HUK €Ille B IPOIIJIOM BeKe, KOTa OyMaJjll, ITO BCe 3Be3Obl IOJIHO-
CTBIO KOHBeKTUBHEL. [[pu 5TOM MOXKHO IpennoOIOKUTE, YTO SHTPONNS HOCTOSHHA.
NuTerpupys TepMonuHaMuueckne paBeHCTBaA

11 1
dE = —Pdv = Kp'*= —dp = Kp~'"Fwdp,
p

IOJIyYaeM BHIpaJKeHUe OIS BHYy TPEHHEN SHEPTUN

.1 P

E=nKp» =n—.
p

O TCIOOA SHTAJIBIINS

P P
H=FE+Pv=E+—=(n+1)—.
p p
B CIIy49a€ IOCaIbHOTO ral3a I/I3B(3,CTHO7 qTOo (CU — TEILIIOEMKOCTBb, R — Tra30Bad
HOCTOSIHH?LE)
» RT P RT o
E:F—T, P=p— wm —=—, E=2
Iz Iz P B R p
Ins omHOATOMHOTO Ta3a
3 3
Cb==R mw n—=-

To xe MOXHO BBIYHCIUTH U [JII MHOTOATOMHBIX T'a30B, HO 3TOT CIydall He-
WHTEPECeH: cefuac MBI 3HaeM O 3Be3naX HecKolbko bombine, weM 100 met Haszam.
Beenem mepemennyio © Taxum o6pazoM, ITOORL

p=20", P=FK\*z@"
_xer P

T.e. IMeeM £ _ , — = K)\e©® u H= (n+ l)I&")\%@.
Pc Pe P
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I[.]'I}E[ naoeaJIbHOIO ra3a C HOCTOAHHON TEIIOEMKOCTBIO BEJINYNHA @ IIPOIIOpPIONIO-
HaJIbHa TEMIIEpATypPeE. BO3LM6M YCJIOBHE PABHOBECHUA B BHOEC

¢ + H = const

u momeiicTByeM Ha Hero omepatopoM A. Jlammacman ¢ ects 471 Gp, T.e. Ap =
47 G AO", a mammacmar H ects (n 4+ 1)KAY/"AO | u ypaszenne paBHOBecHs 3a-
OUIIETCS B BUIE

dr GAO™ + (n + l)K/\l/"AG) =0.

Bymem ympoirats nomydeHHOE COOTHOLIEHUE, W3MEHSS MACIITad, T.e. BBOMIS
mepeMeHHyIo £ gepes cooTHommenune r = af,

(n+1)K\/"

dm GAO" + = AO=0,
«

1.9 ¢2 9
&2 9S> €

Bribepem a Tak, aTobsr 47 G A = (n+ 1)[&")\1/”/0z2. Torma ypaBHeHnE paBHO-
BECHUJ 3AIUIIETCA B BUE

roe Ag =

1 d do®
Ac®O4+0O"=0, mwm — —E—40"=0.
¢ ’ € de > de
Taxum obpaszoMm, Tpum DaHHOM 7N
ypaBHEHUE PABHOBECHUSI OOHO € TO
JKe IS 3Be3m JII000M Macchl. Permras e

YpaBHEHUE IIPDU TPAaHUYHBIX YCJIIOBUIAX

0(0) =1, % . = 0 (T.e. monoxus 14
=0

A = p.), TOIYYNM MOHOTOHHOE yOBIBa-
Hue O oT emmHUNE k Hymo (puc. 12).
Bnauenne ¢, roe O(&) = 0, aBagercs
rpasunei 3Be3nwl. [[MOTHOCTS p, mpoO-

nopuuoHanbHas O") mpm n > 1 coa-
maeT 6onee kpyTo, gem O. Mur yxe mo- E E
Ka3belBaau B § 1.5, 94TO mpu cTenmeHHOM 1
YPABHEHUU COCTOSHUSA Ha KPAK) 3BE3IbI
p~ (R—r)/0=1. Ho~y =1+ 1/n,
Te. p ~ (R—r)" ~ 0" Tostomy
O ~ (& —¢) u Bommsu € = ¢ BenmumHa O IPOXOOUT HYNIb ¢ KOHEUHON IPOU3-
BomHOM, x0Ta O “cremerca” (mpu n > 1), T.e. HOOXOOUT K HYNIO, Kacasich OCH
abcriucc.

Puc. 12:

SlcHO, UTO Mg 3Be3Nn ¢ PA3NIMYHBIMU p. U K KpuBbIE ¢ OOUHAKOBBIMU 7 IIO-
mobubI. JlocTaTOYHO 3HATH TOJIBKO OOHY GYHKIIHIO @(§ ). HomuepkaeM BaKHOCTH

KOHEYHOT'O YCJIOBUSA % = 0 OﬁpaTHoe %‘ ?é 0 03HaYaJIO OBl KOHEYHBIN
= 1E=0 = 1E=0

CKaYOK YCKOPEHUS B IEHTPE (T.€. 0COOEHHOCTS ).
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Heckombko aBTOPOB B POIIIOM BEKE YHCICHHO TPOMHTErPUPOBAIIN YPABHEHTE
IUIS PA3IUYHBIX 7. B wacTHOCTH, OMOeH moixyumn Tabnunsl 0, (£) ¢ Gombimoi
TOYHOCTBIO. 3HAUEHNEe 3TUX BHIYNCIEHUN Temeph HEBEINKO, TaK KaK PacdeT pe-
AJIBHBIX 3BE€3[I IPOBOOUTCA € yIeTOM Pu3ndecKux GhakTOPOB, COBEPIIEHHO HE yUU-
THIBAEMBIX B MOIUTPOIHOH TeOPHU (HECTENeHHOE yPAaBHEHUE COCTOSHIUS; UCTUH-
Has CBA3b P U p HOIydaeTcsa U3 pacCMOTPEHNUA BCEX MPOIECCOB, BKIIOUAs IEPEHOC
u3IydeHns, spepHble peaknun). OnHAKO U1 KaueC TBEHHBIX ICCIIEIOBAHUI pelle-
HUEe ypaBHEHHN JMIeHa BEChbMa TOJEe3HO. Hampumep, ¢ TMOMOIIBIO MO TPOIHON
MOZETN JIETKO MOKa3aTh HEBO3MOKHOCTH CYIIIECTBOBAHMS CBEPXMACCHBHBIX 3BE3]I.
D710 BaxkHO M TPOBIEMBI KBa3apOB.

§ 2.2. OcHoBHBIe MTapaMeTPHI MOJIUTPONEI

[Ipu mammOM & pammyc 3Be3mer R = oy,

1 1/2
a = [(TL + 1)Kpr [4n G] .

&
Beenenm Gespasmepryo Bemmangy (g = [ ©7¢2d€. Torma Macca 3Be3nbL
0

R
M = 47T/pr2dr = 4na® pepuy,
0

OTCIOOA JIETKO TOIYYATh TOYHYIO CBI3b MEKIY MEHTPATBHON MIIOTHOCTHIO U MacC-
COIL 3BE3OBI

M\ i G Fp=
=\ = (4m)Fm [ = S —
P <Tr> iR (n—{—l)[x’

Ilns maBreHUs 3Be3ObI B NEHTDE UMeeM
P, = piGM*? p*3 tme py = (47)'3)(n + 1),uf/3.

Bamernm, uro P. (mpm mammwix M, p.) He 3aBucuT oT K. DTOT pesymbrar
€CTECTBEHEH, €CIIN BCIIOMHUTE, UTO

GM2 2/3 4/3

Ho pacIpenesicHue OaBJIICHUA IIO 3BE30¢ 3aBUCUT OT N, IIOSTOMY BBIDAaXKCHUE OJIA

P, comepXUT CTPYKTYPHBI MHOKHUTENDb pq(n). BBemeMm emre muoxuTens R(n)
TakuM 0Opa3oM, ITOORI

R = Ry(n)[K" G~ M'—"]"/C™",
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Tabauna 1:

6.90 | 2.02 | 54.2 |0.364 | 0.075 —
1497 | 1.80 | 622 |0.315 | — | 0.0517
oo | 1.73 00 0.269 0

n SENZ! PC/PCp Y41 I Rl(n)
0 2.4514.90 | 1.00 | 0.806 | 0.400 | 0.602
0.5] 2.75(3.79 | 1.84 |0.638 — 0.832
1 3.14 | 3.14 | 3.29 | 0.542 | 0.261 | 1.253
1.5 3.65 271 | 599 |0.478|0.205| 2.35

2 4351241 | 11.4 |0.431 | 0.1535 | 7.53

25| 536|219 | 23.4 |0.394 | 0.112 186

3

4

)

B psane ciyuaes (HanmpuMep, B 3aadaX BPAIleHNS ) BaXkeH MOMEHT HHEPIUN 3Be3MbL,
BBRIpaKEHUE IS KOTOPOTO 3alUIIEM B BUOE

I=IMR°.

B Tabnume 1 MBI mpUBOOUM 3HaUeHUS BBEIEHHBIX HaMU CTPYKTYPHBIX BETUYNH
IU1 Hanbollee BaXKHBIX 3HaueHnil n. Bemme (§ 1.7; 1.8) 6bLnin BBeneHB! BRIpaKeHNS
IIJISL TIOJTHOM, TPAaBUTAMOHHON U TEIJIOBON SHepruil 3Be3abl. HTEerpupys >Tu BhI-
PaXkeHUs OIS TOMUTPOIHBIX IIAPOB, MOXKHO MOIYIATE CIEOYIOITINEe COOTHOIICHS:

3-nGM' 3 GM

’ ~ 5—n R’
n GM?

Q_5—n R

O,E[HaKO ecTh Dosee I/I35H_T_IHBII7I CcIIoCcoO BBEIBOOA 3THUX BBIpa)KeHI/IfI C HUCIIOIB30-

BaHNEM COOBpakeHIH PasMepHOCTH U BapHAIHOHHOTO IPHUHIINIA.
Banumem Bhipazkenue anas nonHou suepruu £ B Bune £ = —aGM? /R, roe a

1—mn
3apaHee He U3BECTHO, I NMONCTABUM 3aBucuMOCTb R(M), Torma & ~ GM* 5=n ~

5—mn

5—n

27N o _ 5—n —n_l _ 5—n &
GM5= nmn B nuddepermuanproil popme d& = z=—-GM3 dM = =" 57 dM.
3mece d€ ecTh pa3sHOCTH HHEPIUil ABYX PABHOBECHBIX 3BE3I, MACChl KOTOPBIX pa3-
auuatores Ha dM.

Ho mar moxenm n3mernts &, nobasnsas maccy dM Ha moBepXHOCTH 3Be3msl (T.€.

GM
npu P = 0). Torma d€ = —%5= dM, Tax xax BHyTPeHHSsS SHePrus KyCKa DaBHA
HYJII0, I HI3MEHIIaCh TOJIBKO IPaBATAMOHHad SHeprud. [lomyuenHas KoHGUTrypa-
uns M + dM me sBaseTcs paBHOBeCHOH. TeMm He MEHee COTTTACHO BapHAIIMOHHOMY

OPUHINATY ¢ TOYHOCTBIO mo (dM)? m3aMmeHenme sHeprum 3Be3mbl GE3pa3IndHO K
p Yy p p

TOMY, KaKIM 00pa3oM MeHSeTcs Macca 3Besgnl. llostomy d&; = dE,, oTkyna
5—n & GM ¢ 3—n GM?
— =——— 1u = — —_—
3—n M R 5—n R
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C mpyroil ¢TOpOHEI, IO TeOpeMe BUpUATIA @—_1=2

U 37
3—n ,— 3
c=Q+U=""p=""2¢.
3 n
Taxum obpazom,
n GM? 3 GM?
Q 5—n R’ 5—n R

§ 2.3. UYacTHBIe ciydYau MOJIUTPOMNHBEIX MOAEJIei

1. n = 5. Kax BugHO u3 BBIIle IpUBENeHHON TabIUUEL, IpU 1 = ) Oe3pa3MepHBIT

pamnuyc & — oo. U3 popmyn mma £, (), U BumaO, 9TO KOHEUHBIE 3HAUCHIL

SHEePTUH 3BE3IbI COBMECTUMEL ¢ KOHEYHON Maccoll Tonbko mpu R — oo. Pemenns

ypaBHEHUs JMOEHA € n > D BooOIIe TepsioT OOBIYHBIA GU3HIECKUN CMBICII.
Cnyuail n = 5 uMeeT aHATIUTUYECKOE PEIICHUE BUOA

O=(1+6/3)7"" & = .

Jlerko mpoBepuThH, 9TO HMOIHAS Macca 3Be3Obl KOHeYHa. B camowm mene, npu & —
o0

00 © ~ 1/¢, a Berpaxenne nnsa Maccst M ~ py ~ [ ©° 2 d€ cxonures Ha BepxHeM

0
o0

npenene. Honmsnt MomerT nrepnnu [ ~ [ ©° &' dé ~1Iné — oo, mo I/MR*> — 0,

0
TaK KaK OCHOBHai 9aCThb MacCChl COCPEOOTOYECHA B IMIEHTPE.
2. n=1. ,Z[.TISI OaBJICHUSA B 3TOM CIIy4a€e IMeeT MECTO COOTHOIICHUE

P =K

u, cnegoBatenbHo, p~ O u H ~ E~T ~ P/p ~ 0. Taxum obpaszom, momyaaem
JTUHETHOEe ypaBHEHUE

1 d ,do L0
£2.d¢” dE -
OIHO U3 PEIIEeHNT KOTOPOTO, YAOBIETBOPIIOIIee IPAHNYHEIM yCIOBIUAM, IMeeT B
sin &
0= : i
un obpalmaeTca B HyIb mpu & = T.
B cuny mummeiiHOCTH 3amaum pamumyc
3Be3nel R He 3aBucuT oT Maccel. [lpnm 3
magHoM K Benmwummbl F u H mpo- C3
HOPUUOHAJIBHEL p, U B OOUH OOBEM n_l
MOKHO BIOXKUTH (paBHOBeCHO!) pasHoe D
C2

0 R r

Puc. 13:



KOJIMYECTBO BEIIECTBa. lpu yBenumue-
HOU MacCChl PACTET TOJIBKO IEHTPAIb-
Has INIOTHOCTSH p, (puc. 13).
3amaua. Ilomyumre sTOT pesymnb-
TAT U3 Pa3MEPHOCTHBIX COOOPAKEHU.
YdTuTe mpm 3TOM, YTO Pa3sMEPHOCTH
K 3aBucuT oT mHIOEKCA N.
3. n = 0 — HecxkuMaemas KUII-
kocTthb. Popmanpro mpm n — 0 u3
ypaBuerns cocrosauns P = Kp't'/" cnemyer, uro mamble msMeHeHmS p maioT
Gombinue u3meneHus P. DTo maeT HaMm mpaBO OTOXKOECTBAATH ciydail n = ()
€ HECKUMaeMON OTHOPONHOW KUOKOCTBIO p = const = p.. Tax xax TemmoBas
sueprus F paBHa paboTe, 3aTpavueHHON Ha CKaTUe MAHHOTO Ta30BOTO o0BEMa, B

cnydae HecxkuMmaeMmon xunkoctu E = 0 u, cnegoBarensuo, () = 0. DTo BuOHO
n GM?

n w3 dopmyner Q = =~ “z— nuaa n = 0. Iommas smeprus £, oueBUIHO, paBHA
rpaBuTanuoHHon U.
4. n = 3. Cnyuait n = 3 aBageTcs Hanmbollee WHTEPECHBIM U DU3NYECKN

BaxHBIM. Kak MBI yBHOUM HUXKe, OH OCYIIECTBIILETCA U B O€IBIX KapiIUKaX, I
B GompImmx ropsumx 3Besmax, roe P = ¢/3, P ~ p*? (3mecy ¢ — mmoTmOCTH
sHepruu [3pr/cm?]). U maxe nna Conuna mHamGonee GIU3KH K PeasbHOCTH IOJA-
TPOIHBIE MOOENN ¢ N = 3.

B uwem ocobernocTs 3TOTO cniyuas? Bo-mepBrix, Teopus MOIUTPONHBIX MIAPOB
IpHU DAHHOM yPaBHEHHH cocTosHUs (mpu manHoM K) n mamzon Macce M He mo-
3BOJIIET BHIUUCIUTE Paguyc 3Be3ngsl. KpoMe Toro, nomuas sHeprus 3sesmsl & = 0,
Te. U =—-Q.

[Mouemy sTo mpoucxonut? Pacemorpum mopsnkossie onenku. TemmoBas sHep-
rus Q mpu n = 3 mo mopanky pasHa Q ~ MP/p ~ MKp'/®. IIna rpasuTammon-
HOlt sHeprum Becerma nmeem U ~ —GM?*/R ~ —GM2/(M/p)1/3. [Monras smeprus
£ = Q+U. OueBunmo, uro mis pasusix M sueprug £ no pasgoMy 3aBucut ot p'/>
(pmc. 14). B moboMm ciydae 3aBUCHMOCTD $(p1/3) nuuetinasg. Q4ueBunHO, 9TO NpH
€ > 0 cumcrema IpE MAaJBIX BO3MYIIEHHSAX HA9HET pasneTaTbes (€ cTpeMmTes
YMEHBIHUTECA), a pu & < ( OymeT HEOrPAHWYEHHO CEKUMATHCH (KOIIAICHpPO-
BaTb). PaBHOBecme Bo3MOxkHO Tonbko mpu £ = 0, mms 5TOro ciiydas mMeeTcs
TOIBKO OOHO OMPENETICHHOE 3HAUCHNE MACChI:

e 3/2
KM = GM® — M ~ &
G
TO‘IHOG Bpra}KeHI/Ie
4/11 I{ 3/2 .

Taxum O6_’pEL30M7 PaBHOBECHAA MOOEJIb C Nl = 3 numeeT TPH BaXHBIX CBOHCTBA:
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1) paBHOBeCHE BO3MOKHO TOJIBKO IPU OZHOM OIPENENICHHOM 3HAYCHNH MaCChL
(ecnmn K ¢uxcuposano), 2) nonsas sueprus € = 0, 3) paguyc 3Be3nsl R Moxker
OBITH JTIOOBIM, T.€. paBHOBeCHE Oe3pa3yImIHOoE.

n<3

0 1/3 \\
ra) \
P N n>3
U=p"
M>M,, R\
\
\
Puc. 14: Puc. 15:

Paccmorpum xpatko, kak BemeT cebs momHas SHeprus & B 3aBHCHMOCTH OT
mnotHocTn npu n 2 3 (pume. 15). B cmywae n < 3 HaGop KpUBBIX IS pa3HBIX
MaCC UMeeT MUHEMYM, a Ipu n > 3 MakcumyM. QueBUgHO, 9T0 TOUYKH 8378/3 =0
SBIISIOTCS TOJIOKEHUSIMU PABHOBECHUS, HO TIPU 1 < 3 TO PABHOBECHE YCTONUUBO,

a Ipu n > J HeyCTOHYINBO.

§ 2.4. Teopusa 6eJabIX KapJIUKOB

W3 mabmoneHnil m3BeCTHO, 9TO MACCHL OENIBIX KapJINKOB MOPSOKA COJIHETHON, HO
Pa3MepBL COCTABIIAIOT JINIIb COTYO 9acTh COITHEYHOTO PAInyca (1 qaxke MeHbIIE),
T.e. bernble KapIuKu TPeOcTaBISIOT COOOHM 3BE€3IBI ¢ YePE3BRIYATTHO OOIBITON IOT-
HOCTBIO BemiecTBa p ~ 10°-10Y r/cm®. B raxom cocTosHmu OGBIYHBIE ATOMBI
Pa3pyLIalOTCs, a BELIECTBO COCTOUT U3 sIOEep U CBOOOMHBIX 3JIEKTPOHOB, KOTOPHIE
nogunHoTCss cratuctuke Pepmu—Iupaxa.

[lomyunm ypaBHEHUmE COCTOSHUS OJII BEIECTBA OENIBIX KapPIIUKOB.

B uMIyIbCHOM IIPOCTPAHCTBE YUCIO KIETOK (cocTosauil) B 1 cm® pasrO dn =
d3p/(27rh)3, rme (27T7i)3 — obbem omHOll kneTkm ((asoBoil sueitku). CormacHo
cratuke Pepymn—dupaka B ODHOM COCTOSHIU MOKET HAXOOUTHCS TOJIBKO ONUH
3JIEKTPOH, U IOJHOE YICIIO IeKTPOHOB [V, 3aKkIioueHHOe B a30BoM obbeme V), =
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Pr
f 4 pde = 4% p:, C y9€TOM CIIMHa PaBHO
0

2
N=—-=V,.
(27rh)

3meck pp — rparmunsil uMoyiasc Pepmu, Britie kKoToporo mpu I = () Bce ypoBHE
cBoOomHBI. Tax, 4ncmo 37IeKTPOHOB B OOHOM KyOMUeCKOM CaHTUMETPE

2 47‘("3 1

(2r h)® 3 3m2h3

Y mobHO BEIpaXaTh pp B €OUHUIIAX M.C, BBOOS Oe3pasMepHEBIN mapaMeTp T =
3

MmeC o

gﬂ; }.33 x®. TlapameTp ¥ ABIfeTCS MepOH pPeIATUBU3IMA:

npu ¢ < 1 31€eKTpPOHBI HEPENATUBUCTCKUE, IPA T > 1 yIbTpaperaiTHBACTCKUE.

Kaxoin mnorrOCTH BEIMIECTBa COOTBETCTBYET ,E[aHHBIfI x? O603Han/IM uepes e

pp/mec. Torma N =

MOJIEKYJIIPHBIA Bec Ha ONUH 3JIEKTPOH, T.€. CPEOHEe YICJIO HYKJIOHOB Ha ONUH
3IIEKTPOH (,ue = 1 mna Bomopoma, pe = 2 mig ‘Hey, u pe = 2,2 mis 56F626).
Torma p = pe - 1,6 - 107N = . - 10°2° [r/em?]. Orcroma cremyer, aro npn
p < pte - 10% v/em® mmeem x < 1, T.e. pr < MmC, U BTEKTPOHBI HEPETATUBUCTCKHE.
Opu p > pe - 10° v/em®, pp > mec.

s Bomopoma « = 0,1 ocymecrBusercs npu mnotaoctu p = 1000 r/CM3 (,mm
PFeys 310 coorBercTByeT p = 2200 r/cm®). PepMu-3HEPrUsa SIEKTPOHOB B HTUX
yenosuax Er = p? /2m. = 5-107%m.c* = 2500 5B, 9T0 B mecaTku pa3 IpeBLIIIaeT
SHEPIUIO CBA3U 3JEKTPOHOB aToMa Bomopoma (Ecs = 13,6 3B). Taxum obpasom,
mpu x > 0,1 yXe MOKHO HOIB30BAThCSI TEOPUEN BEIPOXKIEHHOTO 3JIEKTPOHHOTO

rasa.
Pacemorpum mepenstuBucTckyio obmacts 0,1 < = < 1. Cpenuss smeprus
_ 2 _
ar 3 _ 3 3 P 2
3MEKTPOHOB B Imape ¢ obwemom — pp pasHa F = ¢ Fy S oy T Bo~oat

5 5/3
bl

I[aB.TIeHI/Ie P ~ pE ~ T o~ P T.€. XOJIOOHOE HEPEIIATUBUCTCKOE BEIIIECTBO

IpencTaBiIgeT coOON ra3, MOTUNHSIONINECS YPaBHEHNIO COCTOSHUL C Y = O / 3:
P = Kp°/3,

Crarucruka ®epmu (mpurnun [Taymun) onpenenser korcTanTy. ng uneamsHOrO
(mexBaHTOBOrO) rasa K MoxeT OBITBH mM0OBIM. Ecan oxmaxmaTs ropsdmit ras mo
remuepaTypsl I' = 0, To K mmer He B HyIb, & CTPEMUTCSI K OLNPENEIEHHOMY
upeneny. PepMu-gBUKEHNTE 3IIEK TPOHOB UT'PAET POIb TEMIEPATYPHL.

3 anaua. [lonyunre TounyIO DOPMYILYy OIS DAaBIEHUS BBIPOXKIEHHOTO He-
penaTuBmcTcroro raza P = 10%%2° spr/cv® u maitnurte Bhipaxenne maa K uepes
byHIaMeHTaIbHBIE KOHCTAHTEL.

Benomunas obmmme ¢gopMybl, BRIBEOEHHBIE 1S TOIUTPONHBIX KOHPUTYPAIIil,
mveeM (n = 1,5):

M ~ :ES/Z, R~ $—1/2 ~ M_1/3.
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[Ipusenem XxapakTepUCTUKU TUMUYHOTO GETIOTO KapInKa, COCTOAIIETO U3 TeTUs
(e = 2) ¢ maccoit M = 0,25My = 0,5-10% r; p. = 2,5-10° r/em?®, p =
4-10*r/em®, R=1,4-10° o

CTporo roBops, mosIydYeHHbIE BBIIIE PE3YILTATHI OTHOCATCI K aDCOIIOTHO XO-
JIOMHOMY BeILIECTBY. BeriecTBO 6ebIX KapInKoB, KOTOPBIE Mbl HAOIIOMAaeM, IMEIOT
oTnuuHyo oT Hyus TeMmueparypy (omm cersar!). Ho remmeparypa maxe B He-
CKOITBKO MIJITMOHOB TPAIyCOB MaJla TI0 CPABHEHUIO ¢ XapaK TEPHON (hepMu-3Hepruei
snexTpoHoB (kT < Ey). IlosTomy TemnoBoe nBHKeHHE IIa3Mbl He CYIIECTBEHHO
OpHU pacdeTe PaBHOBECHS W yCTONYUBOCTHU GENTBIX KapJIUKOB, XOTS IJIS pacdeTa
X OXJIAXKIEHWS OHO BaJKHO.

C yBenmuenmeMm Macchl H6EI0TO KapiInKa PacTeT &, U TPU HEKOTOPOIl BEJTMIIHE
M x oxasbiBaeTCa GOTBINE €NEHNUIIH, SJIEK TPOHHBIN a3 OKa3bIBACTCS PETITUBHUCT-
ckuM. MIMIynibe 57IeKTpoHa CBA3a €O CKOPOCTBIO W3BECTHBIM COOTHOIIEHUEM

a SHEPruga 3JIEKTPOHaA

E, = \/(mec2)2 + p?c? — m.c? = mct(V1 + 22 = 1).

IIpu maneix z, korma /1 + 22 ~ 1 + ”'"2—2, MONIYUNM YKe U3BECTHYIO GOPMYITY
yx? B p?
2 2m,.

E, =m.c

Ipu z > 1 (ocTaBmss TOIBKO DIIABHBII WIEH B PA3/IOKEHNN) SHEPTUSL OLHOTO
snekTpora B = m.c’r, crenoBaTensHO, SHEPrus emeHus Macchl B o~ x ~ p'/3,
a masnenne P ~ pE ~ z* ~ p*/3.

Taxum o6pa3oM, yIbTPapeTITHUBHCTCKUN BBIPOXKIEHHBIH 3I€KTPOHHBIA a3
HONUHUHIETCS YPaBHEHHUIO COCTOSHUA ¢ HoKazaTerdeM ¥ = 4/3 (HHIEKC TOMUTPONLL
n =3).

Hawm yike m3BecTHO (CM. BEIIIE), 9TO OPH N = 3 PAaBHOBECHOE COCTOSHEE BO3-
MOXKHO TOJIBKO IIPU ONHOH OompeneneHHon Macce. 11 BEIpOKIEHHOTO PeIITUBICT-
cxoro BemecTBa (2.1) maeT 5To 3HaYEHHE MacCHL

3,75
MCh = 2 M@.

e

s pre = 2, Moy, = 1,44 Mg, IIna Bcex IpOMERYTOUHBIX CITydaeB HMEIOTCA
TOYHBIE YUCIICHHBIE pacdeTsl (puc. 16).

N rak, ojsa xomomHOTO BelecTBa pe-
IIeHUe CyIIecTByeT ToubKo npu M < M
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MCh (MCh — Ha3BIBAIOT YaHIpPace-
KapPOBCKHM IIpenesioM Maccer). W3 Ha-
OTIOIeHNN MBI 3HaeM, UTO €CThb TOops-
qme 3Be3OblI C MacCOHU, HoIbIeit MCh'
B pesyabTate 3BOMIONUN IpH OCTHIBa-
HIW TaKWUX 3Be3[ HOIKHA IPOUCXOOUTH
HOTeps YCTONIMBOCTH B KOILTAIC (OBI-
CTPOE CIKATHE) 3BE3MBL.

B #pooTOHOBCKOI Teopum Gomee
KECTKoe ypaBHEHHE COCTOSHUS (Ha-
IpuMep, OTTAIKHBAHUE SOEP) MOLIIO
6Bl cmacTm 3Be3my oT kommamca. Om-
Hako B OTO mpm moboMm ypaBHeHUN

COCTOSAHUA PEIATUBUCTCKUE BQ)(I)GKTLI BCE€TOa IIPUBOOAT K HGYCTOfI‘II/IBOCTI/I n HE-

OTPaHUYEHHOMY KOJIJIAIICY.

Monyunwm, cnenys E.Connurepy, BhIpakeHue i NPeOeTbHON MacChl GEI0TO
KapJIuKa depe3 yHIaMeHTaIbHbe GU3HIeCKe BeIHUNHB My, h, ¢, G, uin, opy-
TUMH CTIOBaMU, HallleM IpeieIbHOe THCI0 HYKITOHOB N (o}, , 1714 KOTOPBIX FPaBUTa~
IUs YPABHOBEIIUBACTCA AABIEHUEM BEIDOKIEHHBIX 371eKTPoHOB. Mmeem My =

mP‘NCh'

N3 xouctanT G, my,, h I ¢ MOKHO COCTaBHTH TOJIBKO ONHO Oe3pa3sMepHOe
: 2 -38 . o 2
TUCTIO: Gmp/hc ~ (0,710 (aHaIOr MOCTOAHHON TOHKOH CTPYKTYpHL €°/hc).

Ilo onpenenennio Ny, Gespasmepro 1

MCh = mPNCh = my

Kax manitu o? Bocmoms3yeMmcs O 5TOTO ypaBHEHUEM COCTOSHUS YIbTPapemd-
THBHCTCKOTO BEIlECTBa U HAlleM HMOCTOSHHYI0 K (IpHGIMKeHHO)

E, =cp =chn'’®, P = nE, = chn*/, p = myn,

ch
EVER

T.e. P = chh/sp“/?’ n K =
p

p

- 3/2 ’d
s nommrponst n = 3 Beime mul noxyaunu M ~ (K/G) /2 Moncrasnas K,

nmMeeM

312R3/2

= G3/2m3 Mp
p

M

:mP

OKOH‘IELTG.TIBHO

Mey, ~ mp(10°%)*%, Ny, ~ 10°7.

Taxoe 60IBIIOE YUCIIO O6YCJ'IOB.TI6HO T€eM, YTO KOHCTaHTa I'PaBUTAIIMUOHHOTO B3a-

I/IMOJIefICTBI/Iﬂ MaJIa.

Gm
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§ 2.5. Topsauue 3Be3abI

Teneps paccMOTpPUM OpPYTOR TPEOeTbHEIN CIyYail, B KOTOPOM I'IaBHYIO POJIb UTPAeT
[aBIIeHNe M3y UYeHN.
HanmoMHUM ypaBHEHUE COCTOSHUS OIS MOEaIbHOTO T'asa

RT
P =—0/p,
7
30€eChb U — MOJ'.[GKyJ'I)IprIfI BE€C BEIIICCTBa, T.€. BCJIMYNHA, KOTOpad IIOKA3BIBaECT,

CKOTIBKO €UHUI, ATOMHOTO BeCa IPUXOAUTCI Ha ONHY 9acTHHy (oTamdafiTe f1 OT
pe!). Hampumep, py = 1/2, 50 prey = 1, 1 [iHes = 4/3, peme = 2 u r.m. llpm BRICO-
KUX TeMIepaTypax, KOTQa Ta3 HOTHOCTHI0 NOHU30BAH U SBIISETCS OTHOATOMHBIM,
TEIIOBas SHEPTHs TPaMMa BEIeCTBa PaBHA

C mpyroft ¢TOpOHEL, P BBICOKUX TEMIEpPATypax B TEPMOOWHAMUIKE 3BE3IBI BCE
GOTBIIYIO POIb HAUNHACT UTPATh HaBJeHUe u3aydeHus. g m3nydeHums, Haxo-
ISIIErocs B TEPMOATHAMEYIECKOM PABHOBECHHN (ILTAHKOBCKOTO U3JIy9YEHNS ), ILITOT-
HOCTB SHEPIUU ONHO3HAYHO ONPENENIeTCs TeMIepaTypoll (cM. Huxe § 3.3)

g, = 7,56 - 107" T* = aT* spr/cm®.
Iapnerue mpu 5TOM
P, =¢,/3=2,52-10""" T* 5pr/cm®.

B mabopaTopHBIX yCIOBIAX U3MEHSIIOT HE IJIOTHOCTS &,, & MOTOK JIyIHCTOR YHEp-
ruu g (ITowemy?), KOTOPEIT CBA3aH € &, TPOCTON 3aBECHMOCTBIO

q=¢.c/d

(IlonyunTe xo3dpdunuent 1/4 B stoit dopmyne.) Taxum obpasom, ¢ = 5,67 -
107°T* = oT* (3axor Crepana—Bomsumana). Ilo dopmyne DitHmTeiina mwioT-
HOCTB MaCChl U3ITy YCHUS

pr =&,/ v/em’.

Nmeercs mupokas 061acTh acTpOPU3NIECKUX yCIOBUM, KOT oA OaBICHUE U HEP-
IUs U3IYYeHUd U BellecTBa CPaBHUMBI, HO IINIOTHOCTB MaCChl U3JIyUeHUA MHOTO
MeHBIIle IIIOTHOCTH MACChl BEIIECTBA (P, < pr,). BBIIHIIEM Temepsb BhIpaikeHNS
OJIs IIOJTHOTO NAaBICHUS BEIlleCTBa U U3IYUCHUSI

T T4 2107 T
P:R p+a :8,3 0°Tp
I 3 I

+2,5-10—15T*.
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Pacemorpum Momenb 3Be3mbl, B KOTOPOH CBA3b MEXKIY INIOTHOCTBIO M TEMIIE-
paTypoil maeTcsa ¢popmyIon

T = 7',01/3,

rIie T — NOCTOSHHBIN MHOXuTeIb. Torma naBnerue BettecTBa P, ~ pT' ~ p4/ 3
maBjeHne u3aydenus P, ~ T4 ~ p4/ 3, T.€. B TAKOW MOIEJIN OTHOIICHUE TaBIICHUI
U3IyYeHUs U BeIeCTBa MOCTOSHHO TO 3Be3e 1

8,3 . 107Tp4/3
M

OTmernm, uTo B 5TOM ciiyudae sHTponus S Mersercs (Kax? Pacrer unu mamaer

P= (1431072 pur?).

Hapyxy?). Beemem Benuuuny
y=r1°/3-10"3y,

TOTOa

P — 27 7 i 1015 ILL—4/3y[1 _I_ y3]p4/3.

[MapameTp y umeeT mpocToit cmuic: y° = P, /Py,
Takum obpazom, P = K;p*/?, m MBI mMmeeM yixe 3HAKOMOe HaM ypaBHEHHE
monuTponsl 7 = 3. MbI 3HaeM, 4TO B 5TOM ClIydae paBHOBECHE BO3MOKHO TOIBKO

IpHU ONHOM 3HadeHnn Macchl. [loncrasnas K B dopmymy (2.1), nomyamm
-2 3 3/2
M = 19Mop[y(1+y7)] "

Ucnons3ys 53Ty dopMyay, MOKHO OLUEHUTH POIIb MABITHUS U3JIYUYeHUS IS 3BE3ObI
ImaHHON Macchl (cM. Tabi. 2, B koTropoi npuaaTo 4 = 0,5).

Ta6.m/1ua 2: Poct OaBJICHUAI B 3aBHCUIMOCTHI OT MaCCHhI 3BE30bI (,u = 0.5)
y 005] 01 07 1 2 10
M/M, 085 ] 24 | 70 | 2155800 | 7.6 - 107
1-3=P/(P,+P,) | 107*[107°[025] 0.5 | 0.89 | 0.999

N3 Tabnuusr 2 BumHO, UTO 3Be3ma ¢ Maccon 215 Mg gBmgeTcs rpaHUYHON
(y = 1). Kax noxaszan A.DnouerToH, 0y 3Be3n ¢ Maccoll mopanka 1 Mg poas
MaBJIeHNS W3IydeHUs npeHeOpexmuma, a mias 3Besg ¢ M ~ 100 My masmenue
U3JIyYEeHNs SBIAETCA JOMUHUPYIOIITIM.

[IpumennM TeopeMy Bupmasia K MOCTPOEHHON Beiine Momeian. C yueToM m3iry-
YEeHHS TEIJIOBas YHEPTUs 3BE3[Ibl

Q= /<3R p+3P>dV.

IIo TeopeMe BUpPHUaJla I'PaBUTAIUMOHHAI SHEPTUA 3BE3ObL

U:—3/PdV:—/< RTP—|—3P>dV
7
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IMonuas sueprug 3Be3nel & = Q + U

—_ [ 2
& 2MPV’

T.€. 3B€30a I'PAaBUTAIUOHHO CBA3aHa, HO 3Ta CBA3b PaBHa TOJIBKO TON OoJIe S3Hep-
I'mm, KOTOpas OIpene/IsseTCs BEIIIEeCTBOM

mosTomy mpu 3 — 0 & — mano. B 5Toit Momenun Mbl HCKYCCTBEHHO BBEITH TOIIN-
Tpomy n = 3, HO SHTPONHUs He MOCTOSHHA IO 3Besne (ecnm S = const mo 3Besge,
rompu n = 3, & = 0). IomuepkHeMm pasHHIy MexIOy HmokasaTeleM aAnabaThI
v u mokazateneMm moauTponsl 1 + 1/n. BossMeM omHOATOMHBII HEPETATUBUCT-

5/3 TlycTs pacupemenenne SHTPOLIH

ckmit raz (y = 5/3), mns xoroporo P ~ e5p
0 3Beslle OUMpemeTseTca 3aBICEMOCTBIO €7 ~ p®, TOTHa maBJeHWe U MIOTHOCTD
CBSI3aHBI COOTHOIICHTEM
P~ pg"'a.

CrpykTypa 3Be3Osl GyIeT OmpeneSTCs MoKasaTeleM IOIUTPOIH! (3mechk 5/34+a =
1+ 1/n), a ycTONYHBOCTD 3aBHCUT OT HOKa3aTells aguabaThl, T.e. OT YIPYTOCTH
BelllecTBa (B Hamreil Momenu v = 5/3).

3a cueT pacmpemeneHnsa SHTPONIH MBI MOXKEM IOIYYIATE YCTONUNBYIO 3BE3MY,
HampuMmep, ¢ n = 4. B paccMmarpumBaemoll BhIle Momeam n = 3, HO HOTHAS
SHEepPTud 3TOH 3Be3Obl He pPaBHATACh HYIIO, TaK KaK MOOETh HEM33HTPONNTHA.
YceTofamBoCTE 3Be30BI ONpenenseTca He pacOpeneldeHneM BeIllecTBa, a TeM, Kak

OHO BefeT cebs IpU CKaTuu (T.€. €ro yupyrocThio!).

I'masa 3. IIEPEHOC MU3JIYUHEHNA B 3BE3ITAX

§ 3.1. Beenenue

B mpempimymimx rimaBax mM3ydasoch MeXaHHYeCKOe PAaBHOBeCHe 3Be3n Oe3 ydera
IIPOLIECCOB BBIOEJIEHUS HEPIUM B HeOpaxX 3Be3Obl U mepeHoca ee Hapyxky. Ceil-
Jac, He paccMaTpHUBasd IOKa NCTOYHUKN SHEPIUNU, BBIOEIAIOMeca BOIN3N IeHTPa
3Be30bl, 0OpaTUMCA K IpolleccaM IlepeHoca SHePIUH U3 Hedp 3Be3Ibl K ee IOBepX-
HOCTH. B 3aBumcEmMOCTE OT QU3HYECKUX YCIOBHH STOT HEPEHOC OCYIIECTBIIIETCS
mu6o m3mydeHueM (GhboToHaME), IHGO SIEKTPOHHON TEIIONPOBOLHOCTBIO, JIHGO
KOHBeknueil. B GonpmmHCTBE cilydaeB OIS HOPMAJIBHBIX 3Be3[ IEPEHOC HHEP-
IUH OCYIIECTBISETC JIyYUCTON TEeNIONPOBONHOCTBIO (IVIMHA CBOGOMHOTO IIPO-
Gera GOTOHOB MHOTO Gonbne npobera 31eKTpoHoB ). Tumnanas 3Be3na (Hanpumep,
Conrne) co ceerumocTsio 4 - 10%° spr/c morepsra 6ul 3amac TemwoBoil sHeprun ()
3a Bpems mopamka 2 - 107 mer. C Opyroif cTOPOHBI, CBOGOOHEIN GOTOH IpOIeTaeT
paccTosHue, paBHoe panuycy Commira 3a 2 ¢, T.e.,eciu OBl 3Be3a OBLITa MIPO3pavHA

36



OTHOCUTENTBHO U3ITy4YeHHs, OHa MTHOBEHHO OBbI MOTEPSIIa 3aIachkl CBOEH TEITOBOI
sHeprHum.’

Takum 006pasoM, MEPEHOC TEIIOBOI HEPTUU — 5TO He IBUKEHHE (POTOHOB
IO IPSIMOH, a MeIJIEHHOe IPOCAYNBaHue dHeprun HapyxKy. CpemHsas ckopocTs mo-
CTYNATEIbHOTO OBUKEHUS HOTOHOB COCTABIIAET HUUITOXKHYIO OO OT CKOPOCTH
cBeTa ¢. bBosee Toro, GOTOHBI HE COXPAHAIOT CBOKI “HHOUBUOYAJIBHOCTH , T.€.
IPHU CTOMKHOBEHHSX C BEIIECTBOM (HPOTOHBI POKTAIOTCA W YHHUTOKAIOTC.

MennerrOCTD poLEecca BHIXOOMA SHEPTUN Hapy Ky ObIerdaeT perenne 3agadqn
JTYyYHCTOTO TEPEHOCa. B TaKuX yClIOBHSIX MOKHO BBECTHU TIOHATHE JOKATBHOTO TEP-
MOOWHAMIYECKOTO PABHOBECH.

B m3onmmpoBamHOM coCyme MOKET OCYIIECTBAATCS TTOTHOE TEPMOITHAMIYECKOE
paBHOBecHe, T.e. TaKoe COCTOAHUE, MPU KOTOPOM ITH000M GU3HUecKuil mporece
CTPOTO YpPaBHOBEIIEH O6paTHBIM. B yCIOBUAX TEPEHOCA SHEPTHUN TOTHOE PaBHOBE-
cHe HEBO3MOKHO, TaK KaK MOTOK SHEPTUU CHU3Y BBEPX HE PAaBEH MOTOKY, IIYIIEMY
cBepxy BHEU3. Ha caMoll TOBEPXHOCTH 3Be30BI GOTOHEI JIETAT TOIBKO HAPYKY, T.€.
TaM TepMOOUHAMUYECKOE PABHOBECUE CUIIBHO HapYIIAeTC .

BuyTpnu 3Be3mbl MOTOKYW MOYTHU PABHBL U YCIOBUSA MAJI0 OTJIMYAIOTCS OT TIOJI-
HOTO TEPMOOUHAMHUIECKOTO paBHOBecHus. [lo3ToOMy MBI OymeM cY4uTaTh majee, 4TO
B KaXK[OOH TOYKE OCYIIECTBIIIETCS IOMHOE TEePMOOMHAMIYECKOe paBHOBecme: 1)
PaBHOBECHE MEXKIy M3JIyI€HHEM U BEIIECTBOM; 2) PAaBHOBECHE BEIIECTBa (Bce pac-
npeneneHns GoIbIMaHOBCKHE H T.1.). Huxe OymeT maHa OmEHKa TOTO, ¢ KaKOI
TOYHOCTBIO OCYIIECTBIAETCA 5TO IPUOIHKEHNE.

§ 3.2. OcHOBHBIE NOHATUS TEOPUU PABHOBECHOTO U3JIyUYeHUS

[Iycts n — awmeno GoToHOB B KiaeTKe Pa30BOrO TPOCTPAHCTBA, T.€. THCIO 3al0-
HeHUsA, KOoTopoe Gespasmepro. g “smmka” maHHOTO 00BEMa MOXKHO TOBOPUTH
0 uncie cocTosHuN. Ecan cocTosHul MHOTO, TO YHCIIO YPOBHERN B obbeMe V u B
IMITyThCHOM obbeme d°p ecThb

V d3p/(27rh)3.
Torma mIOTHOCTH YuCTa GOTOHOB

2 Solem™
N = W nd’p| ], (3.1)

0

rae KoO3QOUIUEHT 2 YUNTHIBAET OBa BO3MOXKHBIX COCTOSHUSA C PA3HBIMU TOIAPU-
3QIIUSIMU.

2Ha caMOM [ejle TeIIOBas DHEPIHs GOJIBIINHCTBA 3B€3l[ COCPENOTOYCHa B BEIeCTBE, HO B
[peAIIoJIOKeHnH abCOIIOTHON IPO3PAYHOCTH 0TGOD YHEPI UK U3JIY YeHUEM IIPOMCXOAUT 33 BpeMs
-10
~ 10 C.
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R
N3BecTrO, 9TO MMIYTBC GOTOHA P CBA3aH ¢ BOTHOBBIM BEKTOPOM k GOpMYIOn
He Bporitns
R
p = hk.
Honcrasnas sTo BEIpaxeHme B ¢opMyry (3.1), momyumm 6onee HarIsmHOE
BBEIpasKeHUe g IIIOTHOCTH Yncia (hOTOHOB

N = 2/nd3k/(27r)3.

Hockoneky |k| = 27 /A, oueBnmra pasmeprocts N ~ 1/XA3 ~ cm™ m, kpome TorO,
ncuyeszaeT noctosHHas [lmaHka h, xoTopas ObLTa BaXKHa TONBKO HPHU MOACUETE
YHUCIa COCTOSHUM.

B chepuueckoit cucteme KoopamHaT

&’p = p*dpdQ (p=|p)).

B cnyuae chepuueckoit cummerpun f dQ)=4r u

1 o0
N = /npzdp,
0

m2h3

roe n — QYHKIOUI TOIBKO OT p: n = n(p).
[Tockonbky sHEprus omaOro GOTOHA

Eppn=hw=hv =cp,

TO IIOTHOCTH SHEPTUN H3IydeHns ((HhOTOHHOTO rasa)

o0

__°C 3
& = 573 /np dp.

0

Kpome nmmoTHOCTH 5HEPrUE £, BaKHON XapaKTePUCTUKON ABII€TCS CIEKTPaTh-
Has MHTeHCHBHOCTH manyuenus F, ([F,] = spr/cm® cT'merep) — Benmumumna, Ko-
TOpas TpHU OTCYTCTBUHU HOTJIOMICHAS WA PACCEMBAHNS HE 3aBUCHT OT PACCTOAHUS
mo uctounnka. I3 mabmonernit Becerma moxydaerca F,, a B GU3nKy mema BXOOAT
YUCIIO 3aIOTHEHUS 7.

[Momyunm cBsa3p mexny F, u n:

2¢ 5 dp 2np’c  2nhv

Fl,:i’n,’ —Ccp =
ernp L dv T T oan? T N

(mpu sToM MBI Hcmonb3oBanu, uto dp/dv = 2wh/c). F, mMeer cMBICI 5Heprum,

IpoXonmAIteit Yepes MOMamkKy A’ B eIeHHIy BpeMeHH B eIeHNTHOM HHTepBaJe
wqacToT, mostomy [F,] = spr/cm? ¢ Tm.
B o6mem caywae (1 mpm 0TCY TCTBEE paBHOBECHS) CBA3Bb Mexny €, u F,, maercs
dbopmymon
1
er=— | F,dvdQ.

[
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§ 3.3. Kuneruka d¢otonoB u popmysa Ilimanka

PaccmoTpum Temeps, xak MeHseTCs QYHKIUS pacupeneIeHns GOTOHOB € yUIETOM
UX B3aUMONENCTBUSA C BelllecTBOM. llycTh mMeeTcs cpema u3 aTOMOB, KOTOpPBIE
MOT'YyT HaXOOUTHLCSI TOJBKO B OBYX COCTOSHUIX — B OCHOBHOM U BO30YKIEHHOM,
U pasHOCTH MeXIy S>TUMHU yPOBHAME paBHa hv, U mycTh uMeeTcs N aToMoB/cm” B
ocHOBHOM cocTosHuu u N* — B Bo30yxmeraoM. Torma KuHeTHYeCKOe ypaBHEHTE
OIS IUCIA 3AIOIHEHHA MOJKHO 3allICATh B BHIE

dn

E:Nw—nNac, (3.2)

TOe NePBBI UiICH B IPABOH YAaCTH YUUTHIBACT yBeJWUCHHE UHCIa KBAHTOB B pe-
3yJIbTaTe UX HCIYCKAHNI BO30YXKICHHBIMI ATOMaMH ¢ BEPOATHOCTBIO W, a BTOPOU
4jIeH — yMeHbIIEHHUe 1 TPU TMOTJIOMIEHNT IX HeBO30Y K ICHHBIME aTOMaMI, 0 [cM?
— ceuenne Bo30OyxmeHusa. /I3 kBaHTOBON MeXaHUKHU U3BECTHO, UTO BEPOATHOCTH
HOTJIOIIEHNS. 0 ¢ TOXKAECTBEHHO PaBHA BEPOATHOCTH UCILYCKaHUS w (TaK KaK Ips-
MOI M OOpaTHBEII IPOLECCHl ONUCHIBAIOTCH OOHAM MaTPHYHBIM 3JIEMEHTOM). B
KIHETHIeCKOM ypaBHeHHN (3.2) HCIycKaHUe KBAHTOB OMPENeeTCs TOIBKO CBOI-
CTBAMIU BeIecTBa U ero cocrtosauneM. OOHAKO CYIIeCTByeT BBIHYKICHHOE, WUIIN
WHIOYIUPOBAHHOE, HCIYCKAHUE: BEPOITHOCTD UCIYCKAHUS KBAHTOB B KaKOE-TO CO-
CTOSHIE IPOIOPINOHAIBHO UNCIYy KBAHTOB, yKe MMEIOIINXCI B 5TOM COCTOSHUM.
Kax roBoput Teopus (I OIBIT), HOTHAS BEPOITHOCTD UCIYCKAaHNA ecTh w(1+4n), n
C yYeTOM BBIHYXKIEHHOTO M3JIyYeHNI KHHETHYIECKOe YpaBHEHNE 3aIINIIeTCsI B BIIE

v =w[N*(14+n)— Nn] =w[N"—n(N — N")].
dt

Ormernm, wro mpu N* > N BO3MOKEH 9KCIOHCHINAIBHEIN POCT IIOTHOCTH U3y -
weHns (MasepHBII 30deKT). A B acTpodU3NIECKUX yCIOBUAX TaKasd HEPaBHOBEC-
Hasg CUTyalls MOXeT BCTPEYaThCA TOIBKO B Ta30BBIX TYMAHHOCTAX (MCTOYHUKN
OH u T.1.).

B ycmoBuax JI0KaIBHOTO TEPMOOUHAMHUYECKOTO PABHOBECHS, KOTOPOE OCYIIe-
CTBIIAETCS BHYTPHU 3BE31I, HIUETO TONOOHOTO OGBITH HEe MOXKET, TaK KaK Paclpere-
JIeHWEe aTOMOB TIO SHEPTHUAM OHHUCHIBaeTCs dopmyronn Bompumana:

N* = Ne PIFT,

[Mockonsxy E = hv

d_n — W] —hv/kT n(1 e—hu/kT)].
dt
B paBmoBecun
dn 0
— =0mu
dt



1

nNn = ——fp7"7T
chv/kT _ 1’

sTo popmyma [lnanxka.
Jlerko ybemuThes, 9TO paBHOBECHE yCTONYUBO. SAIUINeM ypaBHEHNUE KUHE-
THUKN B BHUOE

dx
= a — bx.
dt
d
Beemem y = = — a/b, Torma d—‘; = —by, u oflIllee pelleHne eCcTh
a
r=—+ ke

b Y
x = a/b — >To paBHOBECHOE peImeHnue, a obIiee PEIIeHNe OMICHIBACT MPUOIHKe-
HHUe K HeEMY, 9YTO U JOKAa3bIBA€T yCTONYUBOCTb.
Pacemorpum npenensubie ciaygan popmynst [Inanka.

1. Poaeti — Huwcuncoscrag obaacms. v = hv/kT <« 1. Ucnonwsys pasmo-

xeume € = 1 + x + ..., HONyYUM /I YUCTA 3aIOTHEHUA: 1 = % = % > 1,
a OJsg mHTeHcuBHocTH [, = 2’;\};“ = 2/(“—2T Kax BummMm, B mocmemnee BhIpaie-
2kT

HHUE ImocToAHHaf llmaHKa He BXOOHUT. CDopMyna F, = BVE IIEPBOHAYAJIBHO OblLiIa

HOJIyYeHa B KIIaCCHIECKON Teopun. KomebaHns 571eK TPOMAarHUTHOTO MO MOKHO
IPEeaCTaBUTh HaGOPOM OCIUIIATOPOB, KaXKIbII U3 KOTOPHIX uMeeT sHepruio k7.
Acro, uro popmyna Panes — [xuHCca HempuMeHHMa OPH MaJBIX A H3-3a pac-
xomumoctu urTerpata [ F,dv (ynaerpadmoneroBas xaTacTpoda). Kpome Toro,
npu hv/kT > 1 oma He cormacyerca ¢ omeitom. Ho mpum hv/kT > 1 cremyer
HCTOB30BaTh APYTOE MpeneabHoe pajokerue hopmyns [Inanka.

2.Bunoscrag obaacmn: hv[kT > 1, n = e~m/*T

umeeT Bun popmyinsl boabmmana. Ee Mbr nomyunnu 6v1, ecnu 6b1 mpeHeOperan

< 1. DTo pacupeneneHne

B KMHETUYECCKOM YPAaBHCHUU HMHAOYIUPOBAHHBIM HN3JIYy4YC€HUEM (TaK Kak n << ].)
Tounoe BEIpaXKE€HNE OJIAd IIJIOTHOCTU SHEPTUU

o0 o0

¢ p>dp

cp =
m2h3 | err — 1

C

m2h3

Er = np’dp =

KT\' ¢ [ 2%
=|— ¢ /:n ’ = 7,56 - 107°T* 5pr/cnm®.

c m2h3 et — 1

3,71er HICIIONB30BaH TaOINYHBIN THTErpadJl:

o0
x3dx at

—— = — ~6,49.
e —1 15 ’
0
MaxcumyM QYHKIIUU pacOpeneleHus >HepTUH [0 YacTOTe MPUXOOUTCI Ha T ~

2,7, r.e. hv =2,7kT.
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Bameuanne. Ormerum, uto dopmyna Bunma ouens ymobHa mias npubnuxes-
HOT'O BBIYICJIEHUS NHTETPAIBHBIX BeIndunH B Teopunu usdnydenus. Hanpumep, mpu

- 3
BBIYICIICHAN TIOTHOM HEPIUH TOYHOE BBIpaxkeHHe [ :zf“{ MOZKHO 3aMEHUTH IpU-
6rmxeHHBIM mETerpanoM | e “z’dz. B sToM ciydae Tmax = 3, a HHTerpai
o0
fe_“’m?’dm = 3! = 6 (cpaBHmMTEe ¢ TouHBIM 3HaueHmeM 7'/15 = 6,49). Bunos-
0

CKoOe HpI/I6JII/I}KeHI/Ie ABJIAETCA IEPBBIM YJIICHOM B Pa3JIOKECHUU q)y}IK]_[I/II/I IInanxka:

]' _ -z ]‘ _—x+—21+—3x+
er—1 C T—ew © TO T
u 3
/u:/e_x.r3dx—}—/e_zxde;c—{—---:
e — 1
1

24 " 31
DTO BBIpakKeHWE HATJLAOHO OEMOHCTPHUPYET POJIb OCTAIBHBIX UIEHOB, KOTOPHIE
AT BKJIAI OKOJIO 7.

Ncnonp3ys BuHOBCKOE NpUOIMKEHNE, JIETKO BEIUUCINTD, KaKasl OOJIL SHEPIHUH
U3IIyJaeTcs B O0MACTH 9acTOT OOMBIINX HEKOTOPBIX. Hampumep,

x >3, hv>3kT —60%

>4, hv>4kT — 40%

x>10, hv > 10kT — 6%.

OTMeTnM, 94TO HECMOTPS Ha SKCIOHEHIINABHBI MHOKUTEIEL CYIIECTBEHHAS
nomns sHeprun (6%) msnyuaercs mpu x > 10.

Panee B xumHeTHUECKOM ypaBHEHUN %’; = N*w(l + n) — Nocn, w = oc¢, ME
MpeNIoIaraii, YTO W — BEPOITHOCTD MepPexoma ¢ OMHOTO YPOBHA Ha Apyroil. B
IEfCTBATENBHOCTH YPOBHHE HMECIOT HEKOTOPYIO IIMPHUHY (Pa3MbITHL), I IOTIHASL
BEPOATHOCTH Tepexofa ompenenseTcs maTerpaiom (Pasmeprocts [W] = ¢! B
otamuane oT [w] = cm® - ¢71)

Z /J(l/, Q, r)p*dpdQ,

r=1,2

W . C
~ (27h)?

rmoe E YYUTBIBACT OBa BO3MOZKHBIX COCTOSHUA IOJIAPU3ALIAN. Pacqu CEYCHUA
T:],?

o (kmaccugecknit, Tu60 KBAHTOBOMEXAHUYIECKHN) HaeT GOPMYILy

(W/2)?
(w—wo)? + (W/2)?

0 = Omax (dbopmyma Jloperna).

HO,E[CT&B.TISIE[ 3TO BbIPaXKE€HUE B MHTETrpaJl IJId .[/.V7 KOTOprfI 3aIlIuIreM B BUOe
! d
W = F a (1/) v,
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HOTYYUM, UTO Tmax = A2 /.
PaccmoTpuM mpuuuHBl pasMbITOCTH ypOBHeR. B HymeBoM mpubnmkeHUu 1o
KBAHTOBOI T€OPUU BO3MOKHBI TOJIIBKO CTPOLO OIPeIesIeHHbIE YSHEPTeTUYECKUE Y POBHI.

B cnemyromem npubinkeHnn MOABISETCS BO3SMOKHOCTD IEPEXOIOB MEXK Iy SHepre-
THYECKUMI COCTOSHIAMI aTOMa, I B CIJIY HECTAIMOHAPHOCTH COCTOSHUAN yPOBHI
SHEPIUU OKA3bIBAIOTCS Pa3MBITBIME — [0 IPUHIUILY HEOIPEIEJIeHHOCTH Ha BEJIN-
unay AE ~ hW. Ucnyckaemble KBaHTH GyOyT UMETh Pa3MBITOCTh Topsaaka W

O 9acToTe.

BepoaTrocTn pacnama MOryT OBITH pasHbIMEU. Hampumep: mepexom ¢ ypOBHS
2P B 0CHOBHOE COCTOSHEE aTOMa BOIOpoma IpoucexonuT 3a 1,6-107% ¢, B To Bpemsa
kax B jquEEE B 21 cm 3a 10° mer. BaxmO, 9TO mpm 3TOM m3MEHAETCH TOTBKO
IIEpUHA O, IPONOPIUOHATbHAL W, HO Beera Omay = A*/m (pme. 17).

Bce 5T0 BepHO miIsS OMHOTO M307H-
POBAHHOTO aToMa. B meilcTBUTETbHO-

0)

CTH aTOMBI B3auMOmeRcTBYIOT. B pe-

______ O =MTT

AJILHOM Ta3e CyIIeCTBYET P IPUINH,

II0 KOTOPBIM CHEKTpaJIbHBIE JINHUN
pacmupsaioTCa: CTOIKHOBECHHUSA TaCTHII, %O-max _____
momnmiep-3bdexT, mrapk-sddext. [Ipn
5TOM MOXKET CIYYIHUTBCA, UTO Omax

okaxeTcs MeHbire. Hampumep, m3- W W
3a pommiep-addexkTa HOIKEH CcoXpa-

HATHCA UHTETPa fadw U Omax CHI- Puc. 17:

KaeTcs.

CremyeT MOMHUTb, UTO €CTECTBEHHAS BHICOTA CEUCHUS Omayx = A% /T coOXpams-
€TCsl, eCIII HeT Pa3MBIBAIOIINX €r0 MEXaHN3MOB. B KauecTBe mpuMepa MOXKHO pac-
cmoTpers sddext MeccGayspa. Ecnn npuaars coorBeTcTByomue Mepsl (rpy6o
TOBOPS, 3aKPENNTH aTOMBL B KPHCTAIIHNIECKON PeIleTKe ), TO MOKHO HaOIIOoaTh
PE30HAHCHBIE JUHNN Y- U3Ty<IeHns Amep, IPH 5TOM CedeHne Kak pa3 paBHO A /m.

§ 3.4. Topmo3sHoe M3/IydeHUE 3apAIOB

Bapsan (57eKTPoOH), OABUKYINUIACS PABHOMEPHO U IPIMOIMHENHO, OUEBHIHO, HIU-
Yero He W3IydaeT (YTOOBI B 5TOM yOeOUTHCHA, HOCTATOUHO IEPEHTH B CUCTEMY
oTcueTa, The OH mokontTcs). M3 xmaccuueckoll 5IeKTPONUHAMUKE H3BECTHO, ITO
KOJIMYeCTBO >HEPIHUHU, W3JIy9aeMON 3apAloM B €IEHUIY BPEMEHW, ONpenesIseTCs

€ro yCKOPEHUEM:
Q= g i 2
33
[MomuepxueMm, uTo 5Ta GopMyTa OTHOCUTCI K OODHOMY 3apiamy. Ecim yckopsioTcs
IIBa JKECTKO CBA3AHHBIX 3JIE€KTPOHA, TO () BospacTaeT B 4 pasa (Tak kKak () ~ 62).

Takum 06pasoM, HEIB3S IPOCTO CYMMUPOBATH () OT Pa3iInYHBIX 3apSOOB.
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Huxe Mbl Oymem paccMaTpUBaTh U3IIyUeHIE €K TPOHA MPHU Y CKOPEHIH €10 BO
BHEIITHEM 3JIEK TPUYECKOM MOJIe, CKaZkeM, B KYJIOHOBCKOM IIOJIe MOHA. Brmamm smek-
TPOH OBMKETCS IPAKTUYECKH C MOCTOSHHON CKOPOCTBIO. ¥ CKOpEHHE 3JIEKTPOHA
MaKCHMaJIbHO IIPU MPOJIeTe Ha MUHIMAJIBHOM PacCTOSHUEN OT moHa. QueBumHO,
IpU 5TOM MaKCUMalbHO U m3nydernue. Hac OymeT mHTEpecoBaTh U CHEKTPaIbHEIN
cocTaB usnydenus (), ~ €2$12, /c®, rme &, — dyphe-KOMIOHEHTa YCKOPEHNA.

Baiimemcs U3MyUeHeM IIUHHBIX BOIH. @yphe-KOMIOHEHTA YCKOPEHUS

Ecan |t.ut| <1 (JI.TII/IHHBIG BOHHH)
&, = [ #dt = Az,

T.€. LZ:"l, PaBHO U3MEHECHHNIO CKOPOCTHU 3a BpeMd IIOJIeTa U HE 3aBUCUT OT V. TOI",E[&
Ipu OOHOM CTOJIKHOBEHIHU B €OCHUYHOM HMHTEPBAJEC TaCTOT U3JIYYaCTCA SHEPIrUuig

opr] 4 (A 53

Qu F—H 3 63

[MomuepkreM ertie pa3, 9TO 3TO BRIPaKEHNE CIPABEIJINBO TOIBKO Ipu w < 1/7, roe
T — IJINTENbLHOCTH COGBITHS (CTONKHOBEHN) (paccMaTpUBaeM AINHHEIE BOIIHEL).

3ameTum, 4TO pa3mMEpPHOCTH B dopmyre (3.3) m3mernmack Ha ¢ Mo cpaBHEHNIO
) p p v pMYy p

C Pa3sMEpPHOCTHIO () [”%r , TaK KaK MEI [IePeIIN CHadalla Ha €NeHNYIHBIN NHTep-
BaJI 9aCTOT U, KPOME TOT'O, pacCMaTPUBAEM SHEPTUIO, N3IYUEHHYIO HE B CEKYHIY,
a 3a Bce BpeMs IIPoJIeTa.

Jlerxo momcunTaTh M3MEHEHUE UM-
IyJIbCa 3JIEKTPOHA, IPOJIETAIOIIETO B
TIOJIE MOHA, MEPBOHAYAIBHO MMEIOIIETO

CKOPOCTB ¥ U TMPUIETbHBIN TapameTp b

(pmc. 18):

Ze* b
b—j o= Fdt = A(mv) = A (mz),
OTKyIa

Puc. 18: Ze?

Az =

mbv’
[IycTs Ha MOH ¢ GECKOHEYHOCTH MadaeT MYydOoK 3JEKTPOHOB €O CKOPOCTBIO v
un maoTHOCTRI0 N, Yepes kombno miomansio 2mbdb 0okono momda moHa ITPOXO-
muT N v2wbdb 57k TPOHOB B ceKyHOy. KaXOBIll 13 HUX B €OeHUYHOM HHTEPBAJIe

3

qacTtoT m3nydaer (Q,. Ecmm B 1 cm® maxomurces Nz MOHOB, TO TMOMHBIT MOTOK
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SHEPTUH, U3JIyYaeMbIll B €IEHUIy BPEMEHN, OY€BUIHO, PABeH HMHTErpaily (Iora-
pubMHIIECKUI MHOKHUTEND OILY CKAaeM)
o0

2 2 2 6
g, = [ A N Ny~ £ NN
0

C C m-v

W3 xBaHTOBOW MEXaHUKHW WM3BECTHO, YTO KBAHT YaCTOTOH I MOXKET MOIYyYUTh
TOTBKO 3MEKTPOH, IMEIOIINil SHepruio 6ombine mv?,. [2 = hy. Tlostomy B momHOe

BRIpaXKEHUE BOUOET MHOXKUTEND e—hv/kT

I = 327 (27 m 12 NN, Z%b o spr

3 3kT m2 3 cvdel'm

(dbopmyma Topmosaoro mnu f f-usmyduenus). B sToll dopmyne yaTeHO, 9TO 57I€K-
TPOHBI IMEIOT MaKCBEJNIOBCKOE PacIIpeneeHne 0 CKOPOCTAM ¢ TemmepaTypoi T .
Kak Bumum, uncio kBanToB ¢ hr > kT 5KCHOHEHIIMAIBHO Majio. JTO CBA3AHO C
TeM, 9TO GOIbIINE KBAHTHI U3Ty4YalOTCa 3ICKTPOHAMHI ¢ GOIBIIIMHI SHEPTUAMIA,
COCPENOTOYEHHBIMI B “XBOCTe” MaKCBEJIOBCKOTO PACIPEIECTCHU.

[Ipr mamrOM OOBeMHOM KO>(dunuente .J, m3MeHeHme WHTeHCUBHOCTH F), B
IPO3PadHOll cpene, OYeBUIHO, ONPENeIIeTcs ypaBHEHIEeM

dF, _ J,
dr  4r’

roe r — KOOpOUHaTa BOOJIBb IPOU3BOJIBHOTO HAIIPABIICHUL 72. Hp03paquH7I NCTOY-

(nV EF,) =

HUK ( MaJIbl HOTJIOIEHNE U HHIYUPOBAHHOE U3IIy9eHNE) DAaeT ONHY U TY JKe OCBe-
IIEHHOCTD B TIO00N TOUKE cPePHI ¢ PAORYCOM MHOTO OOIBIIE Pa3MePOB NCTOYHIKA
HE3aBUCHMO OT GOPMBI HCTOUYHUKA. B 06IlIeM cIydae ¢ y4eToM WHIYIIUPOBAHHOTO
U3IyYeHUd U IOTJIOIICHUA HM3MEHEHUE MHTEHCUBHOCTU BOOIb ONpeNeleHHOTO Ha-
IpaBlIeHUS BBIpaXaeTCa ypaBHEHUEM

dr, J, J,
=—+ —n—a,F,,
dx 47 4w
-1
Toe a, [CM ] — KO3 GUINEHT IOTIOMICHN.
[Ipn TOTHOM TEPMOOMHAMIYECKOM DaBHOBeCUH 1 = —pm—, F, = F,qq ~

ekT —1

dz
U3IIyYeHns BellecTBa J, K ero Ko3QpPUIueHTy HOIJIOMIEHHS 4, €CTh YHUBEPCaIb-

Haz ¢ymknusa v u T (3axor Kupxroda):

hv
3/ (eW — 1) , v — . [omywaeM, 4TO OTHOIICHIE OOBEMHOTO K03GbMUIIEHTa,

J,/a, = 8m hv? e“g_iy"/CQ.

Takum obpasom, ecnu BoruuciaeHo .J,, TO @, HAXOOUTCSA 3JIEMEHTAPHO, W IS
cBobonaO-cBOGOnHEIX ( f f)-mepexonoB momywaem

L
4 27 2 e8Z2°NyN,  3,7-10*Z*NyzN,

a,, = —

3\3kTm hem v3 3T

[em™].

44



O6bemeHuM B mpaBoil 94acTH YPaBHEHUS IEPEHOCA UIEHBI, OTBEYAIOINE UHIY-
[IPOBAHHOMY W3JIyYEHUIO U IOTJIOIIEHNIO, TaK KaK 00a OHU IIPONOPIMOHATILHEL
HEU3BECTHON (QYHKIUH KOOPOUHAT — HHTEHCUBHOCTH M3IydeHus F, (mockombky
n ~ F,). B unene unnynupoBarsoro ucnyckanus .J,n /4w Beipasum .J, depes ko-
5GGUIMEHT MOTIIOMIEHAS d,,, TOTOa TpaBasd 9aCTh IPAMET BH/I i—;—al,(l—e_ Z_;) F,.

Orcroma BUOHO, 9TO BEIHY KICHHOE UCITY CKaHIE MOKHO TPAKTOBATH KaK HEKOE
YMEHBIIIEHUE TOTJIOMIEHNS: YaCTh KBAHTOB KaK OBl TIOTJIOIMIAETCSA W TYT K€ UCITY C-
KAeTCS ¢ TOH 2Ke 9acTOTOM I B TOM e HAIIPABJICHHH ¢ BepoaTHOCTHIo ¢~ "/KT | dy-
3UYECKN TaKWe akThl HUKaK ce0s He TMPOABIAIOT U UX MOKHO BOOOIIE UCKITIOUNTD
13 PacCMOTPEHU, BBOMS

12 hy

a, = a, (1 — e7*7).

YpaBHEHHE MEPEHOCA IPUHIMAET BHI
dF, ],
= .,
dz 4 v

n BBaHMOHeﬁCTBHe U3JIYYCHUSA C BEIIECTBOM MOXKHO IPEOCTaBUTh TaK, KaK 6y,E[TO

CYIIECTBYyeT TOJIBKO CIOHTAHHOE HCIyCKaHNe I 3¢PdeKk THBHOE IOTJIOIEHNE, OIN-
CBIBaeMoe KO3(DOUIIEHTOM a,.

KosdhdunuerT mcTUHHOTO MOTJIOMeHnd a, ~ v~ >, Ho npu hv < kT sddex-

THBHOE IIOTJIOIITCHUE Cl;, ~ I/_Z I B PaBHOBECHUU >5TO OaeT pBHeﬁ—HX{HHCOBCKYIO

dopmymy nna mHTeHCHBHOCTH Foq ~ a‘]—;’ ~ v? (kosddunuenT usnydenns [, npm
" Jv 1
hv < kT daxtuueckn moctosser). Mcmompsys 3axon Kupxroda & = alF, o,

3aIIuIIIEeM B O6]'.T_'[6M ClIy4d9a€ YpaBHEHUE TIEPEHOCa B BUOE

dF,
dz

BTO YPaBHCHHUE 3allUCaHO OJIA KOOPOMHATEI, H3M6HﬂIOLT.I€fIC5I BOOJIb JIYyYa 3pe-

=al, (Fyeq— F.).

uusg. 13 mero BumuO, uTO, ecnm npu x = 0 F, = 0, To cHauama, Ipu MaJIBIX
x < 1/d,, F, ctpemurca x F, oq manenno: F, = a/ F, cqv, a 3aTem mpn = > 1/d,
OBICTPO yCTaHABIUBAaeTCs paBHOBecue, mpu kortopoMm F, = F, .. Ecam pas-
MepBI I3y qaloero obmaka (cnos) rg MeHbmme 1/al,, To OHO ABIIETCS ONTUIECKH
TOHKIM W WHTEHCHBHOCTH €r0 M3JIyYeHHWs BCETAAa MEHBINE DAaBHOBECHOH B al,xg
pa3. IlomHBI TOTOK SHEPTHUHU, M3IydaeMOl TaKUMHU OOJTakKaMU, TPOHOPIIOHATIEH
F = fF,,dl/ =z, fa:,Fl, eqdv. BBemem cpenHuit K03POUNUEHT MOTIOIECHNS

_ fa:,Fl,eqdy
B [ Fyeqdv

a

TOToa

F =azxoF,.

CpeﬂHHfI KOF)(p(pI/IIII/IeHT IIOTJIOIIICHU A OJIA TOPMO3HOTO MeXaHU3Ma, O4YeBUOHO, Pa-
BEH

NP,NZ

~24 72
afg=6,5-107"2 T

[CM_I].

45



COOTBGTCTBYIOLT_Iaﬂ CpeOoHAA OJINHA CB060JIHOFO Hp066]."'d CpOTOHa

7/2

1
lyj=—=1,5-10"———
=y Z2N,Ny

[cm].

[Ipwaem, ecnm maa3Ma CONEPEUT CMECh MOHOB € 3apamaMu Z; U aATOMHBIMEI MaC-
camu A;, To
X, Z;
A; 7
(3

N.=6-10"p

X7}

2 _ 23

roe X; — BecoBad OOJIA JaHHOIO HMOHA.
Paccvorpum mpomece  ycraHOBIIE-

HUS PABHOBECHSA MEXKIY BEIECTBOM U E

U3IyYeHUeM OJIS3 OODHOPOOHOW Heorpa- v beHKEV'_ﬂ_ MnaHka

HUYEHHOH Cpenbl, B KOTOPOH B Hadailb- // \\
HbII MOoMeHT t = () m3mydeHme OT- Vs

CYyTCTBOBAJIO, a BEIIECTBO OBIIO MIHO- // \
BEHHO HarpeTo OO0 TeMIepaTypsl 1j. \

OTIGBI/IJIHO, YTO IpexKOe BCETO 3TO paB-

HOBECHE YCTAHOBHTCS Ha HHU3KHX da-
croTax, Tak Kak a, ~ 1/v°. C Teue-
HIEM BPEMEHH DaBHOBecUe OyIEeT yCTa- b

nc. 19:

HABJINBAThCA IPU OONBIINX 3HAUCHUAX
v (cM. puc. 19).

§ 3.5. PaccesHue usjrydeHus Ha CBOGONHBLIX 3JIEKTPOHAX

PaccmoTpum mBukeHme 53meKTpoHa B IIOCKOW 3I€KTPOMArHUTHON BomHe: F, =
Ey cos wt, pacnpocTpaHSOeics BOOIb OCH 2. Y PaBHEHNE OBUKEHUS 3JIEK TPOHA!

mix = eEy coswt,

U HEprud, n3jlydacMas TaKIM dJIeK TPOHOM,

Q=

2 ¢*i? 2 ¢'Ef cos’ wt
33 3

c 3 m2c3

CBonx MCTOYHUKOB 5HEpPruU y 5JeKTpoHa HeT. PaxTudueckm OH mepemsiydaeT
(paccemBaer) 5HEPIHIO MANAOIIEH 3IeKTPOMATHUTHON BONHBI B OPYTUX Halpa-
BJIEHUAX, TaK 9TO

Q = Woaor [BpI‘/C],
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roe W [3pr/CCM2] — TOTOK TMafaioiell YHEPTUn:

E? + H? Eg cos? wt
=c

W:C )
8 47

I CcedeHue pacCCeTHU I

4
8
UTZQZS—7r ‘ :—WTS[CMZ]

|74 3 m2ct 3

3HaMeHuTas dopmyta Tomcona. Bernunna
ro = e*/me?* =2,8-107"% e

Ha3BIBAETCS KJIACCHIECKUM PAIIyCOM 3JIEKTPOHA.

[Ipu mpeobramatommeil PoIN 31K TPOHHOIO PacCesHus (IPOLECCHl IOTIOMIEHNS
U3IIyUeHUs HECYIeCTBEHHB) M3MeHeHNe MHTEHCHBHOCTH F), B MOHOXpOMaTHde-
CKOM IIy4uKe (POTOHOB, OUCBUOHO, PABHO

dF,
dx

= —O'TNBFI,.

MoxHo BBecTH KOo3ddUnneHT “noriomerns” P TOMCOHOBCKOM PACCESHAN (XOTS
PEabHO MOTJIOIEHNS SHEPIUN U HET):

1
ar = orN. = — e,
lr
rIe OJuHa mpobera
1 2,5
lp = — = —— [em].
ar p

WNuTerpupys ypasuenue mis F,,, momydaem

pdz

F,= Fye‘f 25pe

2 o
T.e. 2,5 r/cM’ BomopomHOW mmasmel (g = 1) ymembmator F, B € pa3s 3a cuer
3IEKTPOHHOTO PaCCesHUL.
B acTpodusuke 06BIIHO NOMB3YIOTCS HE KOYPPUIUEHTOM HOTIIOIEHAS A7, Ay,
a TaK HA3BIBAEMOHN HEIPO3PATHOCTHIO

Ky = ay/p [em® /).
Taxum 06pa3oM, HEIPO3PAUHOCTH 3a CUET PACCESHUS
wr = 0,4, [ev®/r].

3 anmawu 1. Jana Bomoponuas (Z = 1) mmasMa co 3HAUeHHIME IIOTHOCTH
p = 1076 107*, 1 r/cm®, Temmeparypoit T = 108, 3-10°, 10° K. Ina = =
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hv/kT = 1072, 107", 1, 5, 20 mafitu v, A, K4, k7. B nepemennsx lgT — lgp
HallTH KPUBYIO, Ha KOTOPO# K = Kr. llogcuuraiire J,.

2. IlycTe B kax OOl TOYKE 3BE3MOBI IFIOTHOCTH U TEMIEPATYPa CBI3AHBL COOT-
nomenneM p = coust - T, rie const 3apanee me mssectra. (Torma P ~ T* ~ pt/3,
T.e. mEAEKC HoauTponsl n = 3.) Ilag 9mcTo BONOPOMHBIX MOZENER 3Be3f ¢ Mac-
casmu M = 1, 10, 1005 n meETpambELX mIoTHOCTER p. = 100, 1 m 1072 r/cn®
HaliTu pamuyc R, TemmepaTypy B neratpe 1. u nonayoo saepruio &.

3. IlycTs pacmpeneneHne MIOTHOCTH MO 3BE3A€ ONPENENISETCI 3aBUCUMOCTBIO
p=pell =
v g

MycTs sHeprus enennmns: Maccs E cBazana ¢ p cooTromenmsv: a) B = Ap'/3
b) E = Ap'/%. (Kaxoe mpu stom P = P(p)?)

[Ipu Tex xe pacmpemeneHusSX MWIOTHOCTU HAllTH cBA3b Mexkny M u A u3 ycmio-

(r/R)*)’, tme g = 1, 2, 3. HaiiTu rpaBUTanNOERYIO SHEPTHIO 3BE3IHI
K,, T.e. maiitn K.

BUSI MUHUMYMa HOJHON >Heprun £.

I'nmasa 4. TEOPWUY ITEPEHOCA (ITPOOOJI2KEHWE)

§ 4.1. TlepeHoc M3TydyeHUS MPU paccesTHUU

B Hpe,[[bl,[[y]’.'l’.'[eﬁ TIaBe OBITIO IIOJIYYIECHO YpaBHECHNE OJId N3MEHCHNA MHTCHCUBHOCTHI
IIPU TOMCOHOBCKOM PaCCESHNU

dF, 2
:_%TPFIH J'f”r‘:()aél/,ule %
dx r

Taxum 06pa30M, UHTEHCUBHOCTb U3IYYEHHUS YOAJEHHOTO TOYEYHOTO MCTOYHUKA
OpHU MPOXOKICHUN Yepe3 PacCemBaloIyio cpeny yMmeHbImaeTcs. OmHako BHYTpH
3Be3[] B YCIIOBUAX JIOKAJIBHOTO TepMomuHaMudeckoro paseoBecus (JITP) usmyue-
HHUe WOeT cO BCeX HallpaBlIEHWH, TaK YTO XOTH 9acTh JIydYell YXOOUT ¢ DAHHOTO
HaIpaBJICHUA 3a CUET PAcCCesHH, 3a CUeT TOTO JKe PACCEeSHUS MPUXOOAT JTYUM C
Opyrux HampasieHuil. [TosToMy ypaBHeHNe epeHOCA MOKHO 3alUCAaTh B BUE (IIO-
CKOTBKY 9acTOTa IpH paccesHun He msMeHsercs)(CedeHne paccesHms cumTaeM
He 3aBUCAIINM OT yTja, TaK KaK TOMCOHOBCKOE C€UeHUe PACCeSHNS CHMMETPUYTHO
OTHOCHTENBHO paccesHus Ha yrnel 7 1 m — O 1 0(0) = o(m — 0). Iosromy B
TeOpHUU HEePEHOCA €T0 MOKHO 3aMEeHHTh Ha 0 = const. )

dF,
y —Fsepp+ <F,(0)> 3p,
T
roe <F,(0©)> — ycpenHeHHas IO yTIIy HHTEHCHBHOCTH H3ILYYCHHS.

Hac nmHTepecyeT IMOTOK SHEePrUl N3JIYyYCHNUA. HOCKO.TH:Ky IIOJIHOT'O TepMOOUHA~
MIYECKOTO paBHOBECUI HET, B Ka)KI[OfI TOYKe JOJI2KHa OBITH 3aBUCUMOCTD Fl, oT
HallpaBJI€CHUA (aHI/I3OTpOHI/Iﬂ>. O,E[HaKO 3Ta aHU30TPOINUA BHYTPHU 3B€30bI MaJla, 1
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[PU YCPEMHEHUN IO BCEM HAIIPABICHUSIM MBI Oy UM BEIUYUHY , MATIO OTINIHY O
OT PaBHOBECHOH,

<F,(0)>=F, .
B ycaoBuax JITP TemmepaTypa mmasMel cOOTBETCTBYeT TeMIepaType £, cq 1 F) o
ABIIAETCA B cepPUIECKON 3Be3ne QyHKIMER TOIBKO paaumyca

Fyea=Fueqlr).

[TosToMy mpu paccesHHU ypaBHEHHE MEPEHOCA UMEET TOT K€ BUI, YTO U IPH
TOTJIOIIICHN N :

dF,
dz

Pasunma 3axmowaercsa B obmactu npuMmeHmMocTHu. s TOPMO3HBIX IIPOIECCOB
IOCTATOYHO TOJIBKO paBHOBecHA IIJIA3MBI, a M3JIYyY€HHNE MoxeT OBITH CylIlle-

= prty (Fyeq — F)). (4.1)

CTBEHHO HEPaBHOBECHEIM U ypaBHerue dF),/dr = ps(F), .q— F, ) npumennmo naxe
BOMu3M kpas 3Be3nnl. s paccesHums m3mydeHne OOMKHO OBITH HOYTU PABHOBEC-
HBIM, IIO3TOMY y Kpas 3Be3Obl, TOe CUIbHA aHU30TPONUSI M3JIyYeHUI, YPaBHEHUE
(4.1) menpumernmo. Urak, BEyTpH 3Be30EL

dF,
dz

- p%tot(Fu eq — Fl/>7 (42)

roe
Mot = Hfp + .

B mpyrux ycmoBusx MOryT UrpaTh poib U OPYTHE MEXAHU3MBI HEIPO3PATHO-
CTHU, HO 5TU OCTAIOTCSI BaKHBIM.

Kax pemrats ypasrenme mepesoca (4.2)? B ycmouax JITP mpemmaraercs
CIHEOYIONINT METOI TMOCIEIOBATENBHBIX IPUOINKEHNI.

l-e mpubnuxenune: F, = F, .4(z) (B onTuueckn Torkon mnasme F, < F, o).

2-e mpubIUKeHNe: HAEeM MaJible OTKJIOHEHUSA OT MOJIHOTO TePMONMHAMUYIE-

cxoro pasHoBecus. [loncraBnss F, .q(7) B neByto wacts (4.2), nMeem BOOIB Tyda

7
¢ KOOPOAWHATOR

Fu: veq —

Benuuuna [ = 1/5p, oueBunno, ecThb
IUIHHA ¢BOGOMHOTO mpobera KBaHTa hu.
Opennmomaras, 9to F,eq = Fyeq(),
nMeeM

aFue
Foeqlz +a)=F,eq(z) +a 87(1.

Conocrasinsga 5Tu gBe GOPMYIIbI, MBI
BunuM, ato F,(z) ects F, o B TOUKE,

“orcraromen” oT T Ha IJITHY CBOOOI-
BOrO TIpobera dorora (cM. puc. 20):

F, = F, eq(z —1).

Puc. 20:
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§ 4.2. KosdbdpunuenT TemsionpoBoaHocTu. PoccesranmoBo cpeaHee

3aiiMeMcs BaXHOW MJIs TEOPUU 3Be3[ 3alaveil — OmpemenuM Ko>hdhuineHT Te-
ILJIOIPOBOTHOCT.

F, oq aBNI€TCA GYHKIHMEN TOIBKO TemmepaTypsl. llycTs TemnepaTypa MeHs-
eTcs BOOMb KoopauHatH z, T = T'(z), x — mro6as ock B IPOCTpaHCTBe, 1 O —
yron mexny ocamu (z, x). Torma

dFyeq(z) _ dF, dT _dF, dT

dr  dT dx ~ dT d=

T.e. dF), oq/dz 3aBucHT OT yria O, m Mg WHTEHCHBHOCTH MMEEM COOTHOIICHUE

dT dF,
F (0, z) = F, () —1 - 7

cos 0.

HOJICTII/ITaeM THOJTHBIA TOTOK SHEPruum, HpOI/IHTerI/IpOBaHHBIfI IIO BCEM YaCTOTaM.
IIo COO6pa)KeHI/IﬂM CIMMETPHUHU IIOTOK HAIIPAaBJIEH BIOOJIb OCH Z:

H, = /Fl, cos © dQ dv [spr/c em’].

NuTerpan mo df) GepeTcs mo BceM yriam, T.e. TMONHBIA MOTOK €CTh PAa3sHOCTH
TIOTOKOB CJIeBa HallpaBoO U cipaBa HaseBo. [lomcraBum F,, B BhIpaxenue mus H,:

dT dF, . .
H, = /FyeqCOSGCleV— . ll,Tq cos? O dQ dv.

Besnme mmxe O6ymem mumcats F,, nmorumas monm >tuMm F, ... Ilepoiil umen B
IpPaBOil YaCTU ypPaBHEHUS TOCJIE MWHTErPUPOBaHUA 10 df) obpailaeTcsas B HOMb, a
BO BTOPOM 3aBHCUMOCTH cos® @ mact 47/3. B mTore momHBI TOTOK paBeH

dT 4w dF,
H=———|[1,—dy,
dz 3 dT
IIe BeanumHa X f 1, % dy maserBaeTca KO3OPUIUEHTOM JIYIUCTON TEITIOIPO-
3 V4T Yy p
BOOHOCTH (HaHOMHI/IM, 4TO B 00IIIeEM ciIydae K03GDUINEHTOM TeIIONPOBOOTHOCTH

Ha3bIBACTCA BEJIUYUHA, CTOAIAA IIPHA VT) ?)aHI/IHIeM BBIDAXKECHUE OIS Hz B TOM
XKe Bupaoe, 94To 1 B KIHETUYECKON TE€OPUH I'a30B. Panee mur OIIpeOEININ IIJIOTHOCTD
U3IYYCHUA B Ka)KJIOfI TOYKE KaK

4[
Ep = T/Fl,dl/.
c

dFl,d _ d ce,
ar T AT 4n
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Beemem cpemuioro mnmuay mpobera

v dr

dF, :
o7 dv

l dF”d
T K%

BTEL BCJIMYNHA HA3SBIBACTCA POCCEIaHOOBBEIM CPECIOIHUIM. TOI‘JIEL

dT 47 ¢ de cdTl
Hz = - [ 055 ~ = -1 055 o .
dz "3 4r 4T foss 3 dz

Urax, H = —DVT, rne D = ¢l/3 — xosdpdunuent nuddy3un Takoil ke, Kak
B KMHETUYECKOW TEOPUHU Ta30B. ['NMaBHBIA BKJIal B POCCETAHIOBO CpeOHEE MAioT
KBaHTHL ¢ dHepruell hv ~ 4kT', T.e. OCHOBHYIO POIIb B IEPEHOCE SHEPIUU UTPAIOT
KBAHTHI C OOIBIION YHEPrHUEn.

B onTuueckn TomcTOM Tese ¢ HCTOYHUKOM TEIlIa BHY TPU BO3HUKAET IPALUEHT
TeMIepaTyphl, I IOTOK TeILIa OIpenesIeTCs 30HaMu Ipo3padrocTtu. Onruaeckn
TOHKHI TOpAdYuil cioil m3iayvaeT (mo 3akony Kmpxroda) To xe, 9To oH morio-
man Obl TIpu BHeIHeM oOaydeHun. Taxum ob6pa3oM, GOIbIIE BCETO TAKOH CIION
u3IydaeT TaM, IOe BeJInKa HEIPO3PAadHOCTDh, HAIIPUMeED B JIMHUSIX.

ITpuwmepsn. l. Ilycrs uMeeTcs TOIBKO TOMCOHOBCKOE PacCesHUE, T.e.
[ = 1/3pp. Yemy paBHO lRyss? OueBnnno, lpyss = [, Tak xak [ He 3aBUCAT OT V.

2. IlycTh HEmpO3paduHOCTH T, 3a-

OaHa B Bume TpebeHKN (pI/IC. 21) C b
mIuHON 3y6buoB b — a, b > a m
IMIPUHON 3yOIOB, PABHOM PacCTOI-
HUIO MEXIOy HEMHU. Torma, O4eBHIHO, Kv
lRoss =~ 1/2ap, T.e. B 3aladax IIe-
PEHOCA WM3IYYeHUs BeCh MOTOK IOCTY- a — A

maeT B “OKHaX OOIBIIEN MTpPO3pavHO-
ctn” (oTBer He 3aBucutT ot b!). B 3a- U
madax 00 M3IyYeHUN ONTUYECKH TOH-

KOW IJTa3MBL BCE ONPENENsIeTCS BEpPX- Puc. 21

yIIKaMu TPeOEHKH, TOe BEIUKO IOTIIO-

IITeHNEe U BETNKO M3IydeHNue.

B nepBoM npuGanxernn Takas rpeGeHKa (TOMBKO ¢ PA3INTHON MIPUHOM 3y6-
OB U IIPOMEXKYTKOB) MOKET HIMHTHPOBATE yUeT MOIJIOIEHNS B INHUAX IPH IIe-
peHoCce M3ITyUIeHn .

3. Haiimem [p,ss mmst TopMosHOTO TIOTNOIEHus. Umeem

3

I, ~ T —Y

1 — o—hv/kT"

Beenem x = hv/kT, Torma

ZUNT7/2$367, F,~13 ——
et —1 et —1
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dF, vt e’ e
v 2 4

A SV L. S—
T " T (1) (e 1)

WNuTerpupys u BhIMUCHIBasS YUCIEHHBIE KOAGDOUINEHTHI, TOTYIUM

7-10%%p X, Z? X, Z;
i = T Z A T4,
— dopmyaa Kpamepca.
Kak u pambue,
H = __° Ve,.
3¢

OxassiBaercs, 9To s¢fp = 3¢, upu hv/kT = 6, T.e. 53bEK TUBHEIN IEPEHOC TEIa
OCYIIIECTBIIAETCS KBAHTAME OOBIION SHEPTUN. JTO OOBICHIETCS TEM, UTO MaK-

cumyMm BecoBoit dyukuuu dF), /dT mpuxomurcs Ha T & 4, U, KPOME TOTO, TEM, UTO

!/

! o
vy @ @, YOBIBAE€T C JaCTOTOM.

ycpenusaeTcs 1/a

BaMeTHM, 9T0 B GOPMYILY I HEIPO3PAdHOCTH BXOOHT oTHomenme p/T7/2,
C mpyroil CTOpOHBI, Kak Mbl MOKa3anu pasee, p/T> ~ P,/ P, npuuem 53T0 OTHO-
IIIEHIE OIPENesIeTCI Maccoil 3Be3nel. TakuMm o6pasoM, B mepBOM NPUOINKEHNN,
nperebperas pasnmuaneM T7/? u T°, momydun, 9T0 > IPONOPLIOHAIBHA P,/ P, un
TOXKE OMHO3ZHAYHO 3aBUCHT OT MACChl 3BE3IHI.

Ecnu B menmpospausocTH BaKHBI 00a MEXaHU3MA, TO XRoss 7 >ff + ¢ (He
3abBIBaiiTe, uTo ycpenuseM [, = 1/(3¢, + 3¢1)). B xauecTBe ynpamxuenuns noncum-

TallTe B 5TOM CIYYa€ HRoss- MOKHO MOKa3aTh, 4TO

HRoss — 1 f(P/T7/2>

He mapo mpeyBennumBaTh TOYHOCTH BCEX STHX PAacdeToB. Bee, 4TO MBI TOBO-
PHIN, CIPABEIINBO OIS BOOOPOIHON IIJIA3MBbI, HO OJIS PEAJIBHOTO 3BE3OHOTO BeIlle-
CTBa CYIIIECTBEHHA POJIb TAKEIBIX 371eMeHTOB. Hanmpumep, misg xemeza SHeEPrus
cBa31 nocnenuunx K-3mexTpoHOB mopanka 9 k5B m cTeneHs mOHM3ANNM €To MeHS-
eTcsa ¢ raybmuon. Bee oxasbiBaeTcs ropasmo crmoxHein. Heobxogumo yuuTHIBATH
MHOTHE IIPOLECCHI: CBOOOMHO-CBSI3aHHEIE, CBA3aHHO-CBA3aHHBIE (IMHNE) U Op. B
5TOU KHUTE JaeTcCd JIMIIb oOIIas ¢m3mueckas KapTHHA, oblllee IIpencTaBlIeHUE, a
He TOYHBIE MeTOnbl pacdeTa. OOUH BOIPOC O TEIIONPOBOSHOCTH, PACCMaTPUBA-
€MBIfl B COBPEMEHHBIX CTAThIX, MOKET OBITH IIPEOMETOM Leoro Kypca. Hactos-
U KyPC HO3BOJINT HadaTh YTeHNE OPUTMHAIBHBIX CTaTell, HO HUKAK He 3aMEHUT
ux.

§ 4.3. IloBenmeHue p u T B6M3M MOBEPXHOCTU ropAdeil 3Be3HI

3&BI/ICI/IMOCTB p n T OT panlmycCa OIPpEOEIACTCa YPAaBHCHUAMIL:
1) dP __ _Gm(r)

dr r2

p — YPaBHEHHe THOPOCTATHUKH,
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¢ _ 2 ¢ der _ _ 2
2) L(r) = —4nr 52, ‘- — YPaBHEHIE TEMIONPOBONHOCTH, T L(r) = H,4nr
— CBETHMOCTbD, T.e. IIOJHBII IOTOK >HEPTHUH depe3 cdepy pammyca r. Takx Kak

PT = Sr/g, IIEPEIININEM IIOCIIEOIHEEC YPABHEHIE B BIIIC

dP,  xpL(r)

dr cdmr?

Ecnu 6Bl smepHas SHeEprus KaKmol €IeHWUIIHI MACChl 3BE3IbI & (apr / T- C) BBI-

Ienanach OOUHAKOBO, TaK 4To ¢ = const mo 3Besme u L(r) = ¢ m(r), 1o MBI
HOJTy9uiIn OBI, ITO

dP. e

dP ~ cGAr’
[Tockonbky mpuOIMAKEHHO

»x = (P, P), (4.3)

MBI TOJIY9HUM DEIleHNe, HOI0KNIB, HallpIMeED,
P,/P = const.

Hecxonbko mecsaTKoB eT Ha3am, KOTOa Majio 3HAIN OO MCTOUYHUKAX SOepHON
SHEPrHUHU, acTPOGU3NKN 3aHIMAJINCH 33dadaMH IIONOOHOTO poIa, OOHAKO Celdac
ATO IPEeOCTaBAIeT YUCTO UCTOPUUECKUH HHTEPEC.

B6nusu moBepxuoctn 3Bespst m(r) = M, L(r) = L — monmas cBeTHMOCTB
3BE3MIbI 1
dP, »L
dP ~— cG4nr M’

3TO Xopolree TpubInKeHIe IOTOMY, YTO IOCTOSHHO BBIIEJIEHNE SHEPIUNA £, a IO-
ToMYy, 4TO y moBepxHocTtu M —m < M.
Opur =R P, =0, P=0u P, = const - P. 13 (4.3) momyunm > = const, a

U3 YPaBHCHUA T'IOPOCTATUKNA

dP  d(pT .

dr = dr) conshrp
mveem T = const - (R —r). W3 P,/P = const crenyer p ~ T% = const(R — r)°.
Takum 06pa3oM, HE3aBHCHMO OT TOTO, KaK PACIPENENIeHEl NCTOYHUKH SIEPHOI
SHEpPTUN BOMU3M IMEHTPa 3BE3MHl, CIeLyeT aCUMITOTHIECKOe pacupenencane 1 u
p BONIU3U NMOBEPXHOCTH. 3aMeTHM TOIBKO, 4To Ha kpato I # 0, a T — T.yy.
[Mosromy mamm acumnroruku BepHbl npu I > Tosy, roe Topy onpenensercs co-
OTHOILICHTEM

_ 4 p2
L=4rno T R,

T.e. He B aTMocdepe U He B KOPOHE.
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§ 4.4. Kpurudeckas 30 INHT TOHOBCKAas CBETUMOCTD

W3 ycnoBus P > P, cnemyet, 4To ‘%| > ‘% . Boobr11te roBops, He Bcerma MOXKHO
nuddepeHINpPOBaThL HEPABEHCTBA, HO B JAHHOM CIydae HETPYOHO YOenouThCI, ITO

BCE€ B IIOpAIKE. Tenepb O49EBUOHO, 9TO

< 47TGMC.

L

ped

Camast MaleHbKast HEIPO3PATHOCTH — 370 3¢ = 0,4 cm?/r. TlosTomy cBeTEMOCTE
3Be3OBI He MOXKeT HUKOTAA HpeBBIMIaTh Beqmunny 41 GMc/0,4, T.e.

M
L<6,3-10'M =3-10"Ly ( — | = L,
M@

L. — BenuuuHa, HazblBaeMas SOOUHTI TOHOBCKUM MIPENEIOM CBETUMOCTI.
Ormermm, uto mna Commma Lo /Mg = 2 spr/rc, T.e. BhmenseTcs >HEPrum
MPUMEPHO CTOIBKO K€, CKOIBKO MPU THUEHUN OMABIINX JILCTHEB, U OOIBIIAL CBE-
THUMOCTB ONPENeIseTCs TOIBKO OOIBIION Maccoll, HO Bce paBHO Lg < L.
[MogcunTaem >AOMHET TOHOBCKHI IPEOETT eIrle OOHUM TpocThiM cnocobom. [lycTs
Ha HEKOTOPOM PACCTOSHUN OT 3BE3IBI CO CBETUMOCTBIO L mMeeT s OMUH 3JIeK TPOH.
Morox manyuenns H wepes 1 cm? paBen

L
H = = [ hvcos®-p(v, ©)dO dv,
4m r?
rae ¢ — 9UCI0 KBAHTOB B €NWHOTHOM HHTEPBAJE YaCTOT, IPOJETAIOMINX dEPes

1 em? B mampasnernu © 3a OmHY CeKyHIY.

[Ipu cTOTKHOBEHUN ¢ 3IEKTPOHOM ONUH KBAHT OTHAaeT UMIYILC hv/c, u cuna,
IEfCTBYIOMIAs Ha 3IeKTPOH CO CTOPOHEL M3IyUeHNs (MMIIYIbC, IepedaBaeMblil B
eIUHUIY BPeMeHN ),

f:/h—y cosO - pordOdv.
c

Hanpaelimuit pacdeT mpocT. Tak Kax o7 He 3aBHCHT OT YacTOTHI, a WHOIUKA-
TPHUCCa PaCCEIHNI XOTI U 3aBUCHUT OT yIJla, HO TaKOBa, YTO BEPOATHOCTH pacce-
aHus Ha yron m — 0, momydnm

f:%H (4.4)

Taxum obpasoM, Ipu HomcueTe He BaXKHO pacIpenerleHne GYHKIUT ( IO yIIy.
Onuu u ToT Xe pesynbTar (4.4) HOTYIUTCS U BHYTPU 3BE3IHL, TLE ( HOUTH CHM-
METPUYHO, I BHE 3Be3Ibl, Ille KBAaHTHI JIETAT B Y3KOM TejecHOM yrie. lIpupas-
HUBasl 3TO BBEIpAaXKeHUe I [ cuile IPUTIKeHUs, NelCTBYIOEN Ha OOUH IPOTOH,
TIOJIY IHM

c L _Gijp

2

H =

f=

ag
(&

c 4mr? r
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Mer momcraBmiam mg,, TAak KaK CHIa OPUTAKEHHS IPOTOHOB MHOTO GOJIbIIE
CHJIBL 3JIEKTPOHOB. B CTalMOHAPHON KapTHUHE BO3HUKAET SJIEKTPOCTATUUIECKOE
HoJjie, yOepKUBAIoOIee 3JIeKTPOHBL. TakuM o0pa3soM, y 3Be3Obl BOSHUKAET 3api.
(Beruucnure BemmuuHy u 3HAK 3TOTO 3apsfa.)

Nrak,

< GMmyc

or

L = L.

§ 4.5. YcTOMYMBOCTBL TEMJIOBOTO MOTOKA

Pacemorpum mpoctyro 3amagy. IlycTs nmeroTcs nBe mIacTHHEL ¢ 3aJaHHBIME T€M-
nepaTypamu 17 u T, BelecTBO MeXIy HUMU C TEIUIONPOBOOHOCTHIO D) 3aBucs-
et ot T (cm. puc. 22). B cTanumoHapHBIX yCIOBHAX YCTAHOBUTCS HOTOK THIA

dT
H=-D—.
dx
[IycTs B xaxoM-To mmamasoHe TemmepaTyp D ymamer mo myns. Kax msmerntcs
H?

OtBer “H = 0”7 meBepen. B cranmonapuoit xapture H = const

T
[ DdT
H=1
L1 — T2
/1 |
A |
o
I |
\ ! I
\ [ 1
S— | =
LT, T, T, T X
Puc. 22: Puc. 23:
[MosToMy, ecnu mpu HeKOTOPHIX TeMmepaTypax D = 0 (Touree, oueHb Maso), TO
Ty
Hemuoro ymessmutcs | DdT, H cooTBEeTCTBEHHO ymameT, HO He oGpaTHTCA B
T
Hyab. Baxwuo, uro VT momcrpontces tak, uro H = const, nossurcs ckagox T

(cm. pme. 23). Ipyroe meno, ecnu s3amats D xax QyHKOWIO T; B 5TOM Cllydae
TOTOK MOT OBl I 0OOPATUTHCSI B HYIb, TaK KaK B 3TOM CIIydae

T, - T,

H="1_"2
[hde

Te.umpu D — 0u H — 0.

35



§ 4.6. KouBexknus

YpaBHEHUST paBHOBECUS IMO3BOIAIOT UCCIENOBATH YCTONYMBOCTDH 3BE3IBI OTHOCH-
TeIbHO CKATUI UIHN PACIIIpeHus Oe3 MepecTaHOBKU cJoeB. U3 BapHalllOHHOTO
IPUHINIA MBI 3Ha€M, UTO Tpu ¥ > 4/3 sHeprug mMeeT MUHUMYM, 3B€30a yCTOM-
YNBa OTHOCUTEIBLHO TaKUX Bo3MylueHui. Crenyomuil BOIpoc — yCTONYNBA TN
OHa OTHOCHUTEBHO IMepPecTaHOBKU cIoeB. Chepuueckn- CHMMETPUIHBIME JBUKE-
HUAMHI B IpefejlaX THOPOOMHAMUKH HEBO3MOXKHO II€PECTaBHUTBH CJIOH BeEIIECTBa:
nossiaoTcs 6eckoreunsle P, p. [losTomy meobxomumer Gosee CIOXKHBIE OBHUKE-
HIUA.

Pacemorpum, mHanpumep, paBHOBe-
Cue OBYX HECKUMAEMBIX KUIKOCTEN

¢ pPasIUYHON NIOTHOCTBIO (Boma
pTYTH), puc. 24. CuTyamus, B KOTOPOI

H,O Hg

Hg H,O bommee TsKemas KUOKOCTH HAXOOUTCS
CBEPXY, MOXKET OBITh YCTOMYUBOM OT-

yCTON4YMBO HEeyCTOMN4YNBO HOCUTETBHO TIIOCKUX OBUKEHWHN, HO,
paccMaTpuBasg Oojlee IIMPOKHHI Kiacc

Puc. 24: BO3MYIIIEHUN, HAIPUMEDP OMPOKUIBIBA-

HUe, IOy YIM BBIUTPBINI SHeprun. 1a-
KM oOpa3oM, KapTHHa yCTOMYNBa TOJIBKO TOTOA, KOTIa CHU3Y HaXOomUTcI Ooiee
TsXKenas KIOKOCTD.

3 amaaal. IIpoBepbTe 5TO METOMOM MAIIBIX BO3MYIICHUI.

3 amaaa 2 Ipoeepsre, uTo m B ciayuae chepuaecku-CUMMETPUIHOTO
pacCIpeneneHnss HeCKOIbKO HECKUMAEMBIX KUOKOCTEH Pa3HOU IIOTHOCTHU TPaBH-
tanuonsas sHeprus G [ mdm/r MEEIManbHA, KOToa BHYTpHU 6omee MIOTHAI He-
CKUMaeMas KUOKOCTh.

B 3Besmax miaoTHOCTB mamaeT ¢ BHICOTOM. DTO ellle HE 3HAUYNUT, UTO OHU 00S-
3aTeTbHO YCTONYNBEI OTHOCUTENILHO MEPECTAHOBOK cJIoeB. [I1g oTBeTa Ha BOmpoc
00 YCTOMYMBOCTH MBI HOJKHBI IPUBECTH OBa PA3HBIX 3JIEMEHTA K OOUHAKOBOMY
MaBIIEHNUIO U CPABHUTH UX IJIOTHOCTHU. ECiu mpu 5TOM IIOTHOCTS MOTHATOTO Hile-
MEHTa OKayKeTCs MEeHBIIE, TO TaKoe paclpeneeHne MIOTHOCTH HeycTolunBo. Pac-
CMOTPHUM, HaIpUMeED, OMHOATOMHBIN Ta3:

p = e—aS/’R PB/S,
rme S — sHTponusa, R — yHUBepcallbHas Ta30Bas MOCTOSHHaS. KCam mBa Sie-
MEHTa IPUBECTH K OOWHAKOBOMY IABIICHUIO, TO, OYEBUIHO, MEPOH IIIOTHOCTH, &
3HAUUT U BEAUYUHOW, OT KOTOPOHW 3aBUCUT KPUTEPUH yCTORNIUBOCTHU, OYOET HH-
Tpomus S 5Tux 31eMeHTOB. [Ipu agmabaTuueckux CMEIEHnIX SHTPOMUSI COXpa-
HAETCS U paclpefeneHne OymeT yCTOWUYUBEIM, KOTHa S pacTeT ¢ BBICOTOM, Tak
KaK IpPHU 3TOM TONHABIIUHICSI >IEMEHT OKakKeTcCsd TAXKelee OKPYKAIOIero rasa.
Taxum obpasom, mpu dS/dr > 0 xordurypanus ycroiuusa, npu dS/dr < 0 —
HeycTON4YnBa. B wacTHOCTH, m30TepMuUecKkas aTMocdepa Bcerma yCTORUNBa, HO
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anumabatuaeckoe pacupenenerne (dS/dr = 0) HaxomuTCsa Ha TpaHE yCTONYHBO-
CTH.
O6bruro S = S(T, P), T.e. 0 yCTORIMBOCTH HEOOXOMUIMO

is _ (95\ aT , (05Y ap _
dr oT )  dr OP ) dr ’

Orcroma nomywaeM ycIoBue Ha TPaOUEHT TeMIEPATy P

as dP
aT| _ (57) 1 4 dT
d?" (aS/aT)P d?" anuab
HpI/I AJaHHOM YPaBHEHUU COCTOAHUA TeEMIIEpaTypa OOJIXKHa IIadaTh HE CIUIIMTKOM

6eICTPO, He ObIcTpee ammabaTuueckoro rpamuenta |dT/dr| B mpoTusmHOM

annab’
ClIy4a€ 3aM€Ha CJIOEB 3HEPreTUYEeCKU BBITOOHA. Haumenrsiee spauenue a,E[I/Ia6a—
TUYECKUNI T'Paou€eHT OOCTUTaEeT B obrmacTu HNOHU3aIIMN — BCA 3HEPrusd naeT Ha
MOHN3AIIIIO. O6LI‘IHO 5TH 00JIaCTU KOHBEKTUBHO HGYCTOfITII/IBbI.

B O6JIaCTI/I7 rOoe JIYy9uCTOE PaBHOBE-

cue maer dS/dr < 0, BosHmKaeT He-

YCTORYUBOCTD, HMO3TOMY 3aOady IpH- S
XOOUTCS permaTh B OBa mpueMa. CHa-

|
«~23HTponus

TaJla IIPEOIIONIOXKUIM, YTO KOHBEKIINN

I *eeeapert” npv Ny4NCcTOM
HET, PEIINM 330ady O JIYUIUCTOM IIe- A |, hNepeHoce
peHoce 1 HalmeM paBHOBECHOE pacIpe- O6ﬂYaC_Tb R r
meneHne. B pe3ymbraTe momydmM pac- KOHBEKLNU

npenenerne >utponun S(r). B obma-

cTax, e S pacTeT ¢ PamlyCoM, pele- Pmc. 25:

HIEe YCTOMYMBO, HO TaM, TIe S mamaer,

HYZXKHO CKOHCTPYHPOBATBh HOBOE peIleHne ¢ KOHBEKTHBHBIM II€PEHOCOM >HEPIUN
(cm. puc. 25). B obmactn xoBeknuu nmpaxtudeckn S = const.

Bremnsas koHBekTHBHas 30Ha HabmomaeTcs Ha OIMKaliel K HaM 3Be3me —
Comune. Hanmume 570l 30HBI IPUBOOUT K PNy 3aMedYaTelbHBIX sBieHuil. [lo-
SABIIAIOUTNNCS B Pe3ylIbTaTe KOHBEKIINHN MeXaHNYeCKNN MOTOK SHePIUU HarpeBaeT
KOPOHY 10 TeMmmepaTypsl nopaaka 10° K u mpmBomuT k HCTedeHMIO COTHEUHOTO
BeTpa. B3anMmomeicTBIE KOHBEKIINN U BPAILECHUS IPUBOAUT K TeHEPAINN MaTrHUT-
HOTO TOJIs, 06Pa30BaHNIO IaTeH U ak TuBHOCTU COMHIIA. D TU UHTEPECHBIE SIBICHML
COCTABIISIIOT IPEOMET OTIOETBHON HAYKU — (QU3UKHU COJTHEYHOH aKTUBHOCTH, KO-
TOpas BBIXOOUT 3a PaMKW Halero kypca. HyxXHO Tonbko noMHUTH, uto ComHne
— caMas OOBIYHas M OYEHb CIOKOWHas 3Be3ma. Ha mnpyrumx 3Be3max MOTYT mpOHC-
XOOUTH TONOOHBIE SBMIEHUS WU ellle Gosee MoIHble. [lo-BunmmMoMy, HEKOTOpPHIE
U3 HUX MBI HaGIIODaeM B BHIE BCIBIIIEK KaPIMKOBBIX 3Be3l (aHAJIOTHMYHBIX XPO-
MocdepHBIM BenbimkaM Ha ColHIe), HO GONBIINHCTBO U3 HOX HOKA HENOCTYIIHEL
HamuM npubopaM. Pa3Butune HabmomeHUi, HalpuMep, PEHTTEHOBCKON acTPOHO-
MU CKOPO CHeTaeT 5THU IPOOIeMbl HaCYITHBIME OIS GU3UKU 3BE3.
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I'mapa 5. AIJEPHBIE PEAKIIUN

§ 5.1. CapoiicTBa SAepHBIX CIJI

B ocrOBe Teopum smepHBIX peakmumil jrexkaT MPEOCTABICHUS O SOePHBIX CHIIAX,
SIEPHBIX B3aMMOOENCTBUAX. Huke MBI maamM TOT HEOOXOOUMBIN MUHUMYM 3Ha-
HUW O AOEPHBIX IPEBPAIEHUIX, KOTOPHIA MO3BOINT NaTh IPENCTaBIeHUE O TOM,
YTO XKe MPOUCXOOUT B IMeHTPATILHBIX 00JIaCTIX 3BE3IHL.

[To cpaBHEHUIO € OCTAIBLHBIMI U3BECTHRIMI B PU3NKe B3aNMOOEHCTBUSIMH SI€D-
HBIE SBIISIIOTCS Hambojlee CUIBHBIMU. XapaKTepHas SHEpPrus gmepHBIX cui ~10-
20 M>B/myxmon. Oun 6ombime rpasuTanuonEex B 10%Y pas, smexTpomaramTaBIX
B ~100 pa3. dmepHBle CHIBL SIBIIOTCSI KOPOTKONEHCTBYIOIINMHA, WX IOTEHIIIAT
nponopruoraier ¢ “"/r. rome p ~ 10 cm™!) T.e. Ha GOIBIIMX PACCTOAHUAX
(r > 1/p = 107'% cM) oHm yOBIBAIOT SKCHOHEHIWAIBHO OBICTPO, HO Ha MAaJIbIX
panmycax IpeobIamaloT Hafl BCEMH OCTAIBHBIME (cM. puc. 26).

B macrosimee BpeMs HemsBecTHO,

Kak BemeT cebs TOTeHNmanT SOepHOTO

q) B3aUMONENCTBUS Ha MAaJBIX PacCTOf-
Hugax nopu r — 0: 1mubo OH BBIXO-

:--s.\_\(!)a- ﬁg%{.ﬂﬁ;ﬁc"”“ OUT Ha KOHCTAHTY, Tu60 BOOOITIE CUIBI

¢;{ T e - TPUTAKEHNSI CMEHSIOTCS OTTalIKUBa-
g?}"m\\\ aueM. OpmHaxo u3-3a IPUHINIIA He:
33%&03 \ OIPEOENICHHOCTH, B IOTCHINAIbHONU
_\ ¢5{' ﬂg%:ﬁﬁan SIMBI BOJIN3H HYJIS HE OY€Hb CYIIeCTBEH

OJis pacdeTa CBA3AHHBIX COCTOSHUIN.

Hampumep, B aTome Bomopoma BOIU3H

Puc. 26: aOpa KyJIOHOBCKUN IOTEHIINA (Ne/r)

nopsaaxa 10° B, HO ocHOBHOW (caMBbIil
HU3KUIT) yPOBEHDb UMeeT SHepruio ¢Bs3u Beero 13,6 5B. Bonee Huskux yposreti (co-
OTBETCTBYIOLINX MEHBIINM PACCTOSHUAM MEKIY 57T€KTPOHOM U IPOTOHOM) HET B
CUJIy TPUHIUNA HEONPEOEeTeHHOCTH. [J03TOMY meTann moBEeOeHns TOTeHInATa Ha
OYEHBb MAJIBIX PACCTOSHUIX HEBAKHBI.

S mepHEBIe CHIIBI OMUHAKOBEIM 00pa30M OECTBYIOT Kak Ha TPOTOHEI, Tak M HA
HEHTPOHBI. JTO CBOICTBO ANEPHBIX CUJI HA3BIBAETCSA M30TOMUYIECKON MHBAPUAHT-
HOCTBIO. 30TONMMueckas MHBApUAHTHOCTE OTHOCUTCS K CHJIAM, HO BaXKHO YUNTHI-
BaTh ellle U npuenun [laymm, cormacHo KOTOPOMY [BE ONUHAKOBBLIE TACTUILL (IBa
IPOTOHA UNN [Ba HEUTPOHA) HE MOTYT HAXOOUTHCS B OMHOM U TOM XK€ COCTOSHIH.

§ 5.2. IIpocreiiinue npuMepsl

1. dnpo, cocTosinee U3 IPOTOHA U HEMTPOHA —— OEATEPHIL:

pn = 2D Econan = 2, 2 M»B.
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Opburansroro neuxernus get ([ = (), HO CHUHBL p U 1 TapAJUIEIBHEL, CILH AOPA
s = 1 u momusiit MmoMeHT J = 1. DHeprusa cBasu 2,2 M»>B orrocuTensro HeBenuka,
T.€. COCTOSHIE OUeHb MeKoe, 2D — pEIX7ad cIcTeMa.

MoryT nu GBITH B TAaKOM COCTOSHUE OBa IpoToHa He mun npa mefiTpora (mu-
refiTpon)? B onslTax Takux smep He Haunu. M 3To HeymuBuTensHO. B meitTpome
[ = 0 u CIEHBI HapajIeNbHBI, T.e. OBEe Pa3Hble YaCTHIBL (p U N) HAXOOATCA B
OIHOM HTOM e COCTOSHUN, HO [BE TOXKACCTBEHHBIE YacTHUIEL (ABa GepMUOHa —
IBa MPOTOHA WIN OBa HEHTPOHA) B TAKOE COCTOSHUE YIOKHTH Hemb3s. Moxno
6eL10 GBI OOpPA30BaThH AOPO U3 OBYX ToxOecTBeHHBIX dacTur ¢ [ # 0. Ho srto
03HAYAJIO0 OBl MPOJIET OMHOW YaCTHUIBI OKOJIO APYTOH Ha HEKOTOPOM IIPUIETBHOM
pacctosaun. [Ipu s3TOM cpemHee paccTOsSHUE MEXKIY HYKIOHAMHI yBEINUUBACTCL
U sOepHbIe CIUILL OcaabeBatoT. ECTh elte omHa BO3MOKHOCTE: B3ATh SOPO U3 IBYX
HykyioHOB ¢ [ = 0 u s = 0, T.e. ¢ anTHUmapaenbHbiMu ciuHamu. QmHako 3a-
BUCHMOCTE SIOEPHBIX CHJI OT COWHOB TaKOBa, UTO OHU CIJIbHEE, KOTZa CIUHEI
mapalielbHE U clabee B OOpATHOM CiIydae. B ciydae OBYX HYKIIOHOB (KOTIa
SHePTUs CBA3M OCHOBHOTO YPOBHA mpu s = 1 HeBemmka — 2,2 MsB) sro mpuso-
IUT K TOMY, UYTO CBA3AHHBIX COCTOSHUN C aHTUNAPATIICTIBHBIMA CIIMTHAMI BOOOIIIE
Her. He Hamo mymars, 9TO 3TO €CTh Pe3ynbTaT KaKOTO-HUOYOb OTTAIKUBAHUS.
Ha camom mese 3TO elme OmHO IPOSBIIEHWE IPUHINIA HEONPEOETEHHOCTH: IS
CYILIECTBOBAHUS CBA3AHHBIX COCTOSHUI HEOOXOOWMO HOCTATOYHO CHIBHOE B3am-
mozeiicTBue. ccmenoBarne paccesHUs HEHTPOHOB Ha NPOTOHAX W IPOTOHOB Ha
IPOTOHAX IOKA3BIBAIOT, UTO B COCTOSHUU § = () OHH IPUTATUBAIOTCS, HO HE MO-
CTATOYHO CUJIBHO.

2. Tpuruit (°T); pnn, Il =0, s = 1/2, npuueM cOUHBI HEATPOHOB aHTHIAPAT-
menbHbl. JHeprus cBsasu E., = 8,48 M»sB, 1.e. Takyio sHepruo Hy KHO 3aTPATUTh,
4TOOBI Pa3bUTh AOPO TPUTUS HA TPU IACTUIHL.

3. Temmii-3 (*He); ppn, | = 0, s = 1/2. 3pech aHTHIApaTIeIbHbl CHTHbL
npoTonoB, Ecg = 7,72 M»B. B npubnnxenun nsoronndeckoil HHBAPUAHTHOCTHI
saepruu ceas3u ° T u *He 6p11m 6bI paBHLL, HO B CICMYIOMIEM OIPUOINAKCHNIT BINIET
KyJIOHOBCKasf SHEPTHA OTTAJIKHBaHHAMEKITY TBYMS IPOTOHaME B ~He, mo3TOMY
3He me Tax cmiabpHO CBA3aH.

4. Temuii—4 (*He); ppnn, | =0, s =0, E. = 28,3 M>B.

Ecnu ects gBa copra wacTum, TO MakKCHMAaTIbHO MOXKHO UCHOIB30BaTh 4 da-
cTUIBl, YTOOBL CKOHCTPYUPOBaTh aapo ¢ [ = 0 u s = 0. UTobsr oTOpBaTH OOUH HY-
KJIOH, HY2KHO 3aTpaTUTh 5Hepruio mopsaaxa 20 MsB= (28 — 8) MsB. Taxum o6pa-
30M, 5Ta CHCTeMa UPEe3BBIYANHO CUJIBHO CBA3aHa. [lockonbky obomouka [ = ()
sanonrera, aapo ‘He amamormuso XmMmdecknm 61aTOpONHBIM TazaM, THPTHOCTH
KOTOPBIX O0BACHIETCS 3AMOITHEHHOCTBIO 3JIEKTPOHHBIX 000I0UEK.

5. O6pazosarme amep "He, °Li B cBA3aHHOM cOCTOSHWE HeBo3MoxHO. Om-
Hako ects °He ¢ E, = 0,6 MsB u *He ¢ E., = 3,0M»sB. (CymecrsoBanue
“He mssecTro masuO, "He mpemckasan omauM u3 aBTopos B 1960 r. u mmmsb mo-
cie 5Toro oTKpHT Ha onbiTe (cM. A.Ml.Bass, B..T'onsnarckuit, B.3.Tonsn6epr,
91.B.3enpnoBuu. Jlerkue u mpoMexyTOUHBIE SOpa BOIU3U TPAHUI] HYKJIOHHON CTa-
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6umprocTH. M., “Hayka”. 1972).) DTu sopa ycTORYUBEL OTHOCHTEIBHO CUIBHOTO
B3aIMOEHCTBUA (OTHOCHTENBHO paclafa Ha COCTABHBIE YaCTH).

Ecan HeT cmenumanbHBIX IPUYNH U €CIN XBaTaeT SHEPTUHU, TO SOePHBIE PEAK-
IIIH, COCTOAIINE B IIePeCTaHOBKE N I p, UAYT C cedeHmeM o ~ 7r? ~ 10726 —
10724 c?.

Hanpuwmep, peaxrun

2D—I—ZD—>3He—|—n,
D+D 3T +p

CBOOATCS K SHEPreTHUecKu Gojlee BBITOMHON IePEerpynnupoBKe HYKIOHOB. [Ipm
5TOM HHUKaKHe OPyrue B3aUMONENCTBUS HE YIaCTBYIOT H 3amada (QakTHIECKH
SBILIETCS KIIACCUIECKON 3agadell O CTOIKHOBeHNN mapukoB. CedeHne Taxoro mpo-
necca TOpsIKa KBaApaTa pamumyca “mapukos” (B mamHOM ciydae r &~ 10712 cm).
B apepuoit dusnke npuHATa eneHnna cevenns 1 6apm = 10724 ca?.

Korma roBopaT, 9To SOpo HEKOTOPOTO 37eMeHTa, Hampumep °He, He cyIme-
CTBYET, TO 5TO O3HAYAET, UYTO BPEMS CYIIIECTBOBAHIS TAKOTO 3JIEMEHTa He OOIIbIIe
BPEMEHNU HposieTa YacTuisl yepes aapo = 1071 ¢m/10% em/c = 10722 ¢. CxopocTs
10° c¢m/c coorBeTcTByeT sHeprum B Heckombko M»sB, a momyuaroimeecs Bpems

10722 ¢ ecTh XapaKkTepHOE BpeMs AOepPHOTO B3aMMONEHCTBH.

§ 5.3. YueT 3JIeKTPOMarHMTHOT'O B3aMMOIEMCTBUSA YACTUI]

DIEKTPOMATHUTHOE B3aUMOMEHCTBUE UTPAECT POIIb HMONPABKHA K AOCPHBIM CHIAM
— MBI BEOenn 3To Ha npuMepe “He m *T. Ipyroit 6omee cuabHBIN TpEMED: SIPO
8He — cBa3aHO, HO ¢ 3aMEHON OBYX HEHTPOHOB Ha [Ba MPOTOHA, HE CYIIECTBYET
u3-3a KyJOHOBCKOTO oTTankuBanus. C yuerom mpunnuna [laynu maunbomee xoM-
MAKTHO MOXKHO YJIOXKHT SOPO € PABHBIM UHUCJIOM IPOTOHOB U HEWTPOHOB, HO M3-
3a KYJIOHOBCKOTO OTTAJIKUBAHUS BBITOOHee OpaTh HECKOIBKO OOJIbIIE HEHTPOHOB.
Hanpuwmep, ;TU cocroutT u3 146 mHeiiTpoHOB U 92 IPOTOHOB, T.€. HEUTPOHOB B 1,5
pasa 6omnpmte. Ilo sToifl ke mpuumHe TaXKenbIe SOpa HEYCTONYUBEL OTHOCHTEIHHO
TeJIeHns.
Bes xymoHOBCKOTO OTTalKUBaHUSA

IBe “smepHBIE KAl CTPEMIIACH OBl &
crurcsa. O6beMHEBIE SHEPTUE TIPU 3TOM MbB
AYKIOH |

MPOCTO CKITAOBIBAIOTCS, a TTOBEPXHOCT-
Hasg — YMEHBIAeTCsI, TaK KaK II0-
BEPXHOCTEL OOJBIMON KAl MEHBIIE
CYMMBI TIOBEPXHOCTEH MOBYX MAaJThIX.
Ommaxo, BcmegcTBmEe TOTO 4TO KYJIO-

O o N
[edks)

0 40 80 120 160 200 A

HOBCKHE CHJIBI CIaOaloT IO CTeleH- Puc. 27

HOMY 3aKOHY, a SOEpPHBIE — IO 3KCIIO-

HEHITHATIBHOMY, B KPYIHEIX KalliLIX (fapa ¢ 6ombInM Z) gajmekue IPOTOHBL yKe He
OPUTATUBAIOTCA OPYT K OPYTY 3a CIET SOEPHBIX CUI, & TOIBKO OT TAJIKUBAIOTCS 32
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cueT KyToHOBCKTX. TaxmM o6pa3oM, KyJIOHOBCKasS SHEPTHA He OUeHb CyIIIeCTBeHHA
B JIETKWX fAOpaxX U BaxkKHa B TAKEIBIX, BCICACTBHE U€TO AIPa ¢ IPOMEXK Y TOTHBIMIE
smaueruamu Z (Fe) maubonee npouno cessansr (cM. puc. 27).

KonuuecTBenHbIE MONpPaBKU K SHEPTUU — 3TO ONHA CTOPOHa mena. pyroi
BaXXHBII acCleKT ydeTa 3I€KTPOMArHUTHBIX B3aIMONEHCTBUII — 3TO IIPOIECCHI
POXKIIEHNA U MOTJIOMIEHNS GOTOHOB:

ptn—"Dtr,
2D—|—p—>3He—|—7.

Peaxrmua ?D + ?D — 3T + p u momo6HEIE efi HAIOMIHAIOT UTPY B KYOHKHN — OHH
CBOOATCS IIPOCTO K HePErPYNNUPOBKE HYKIOHOB. 30€Ch K€ MPOUCXONUT HEUYTO HO-
Boe — pOXKIeHHe YacTul (dboroHa He GbLIO, HOTOM OH pomuics). M3-3a 3akoHa
COXpaHeHUs >Heprum peakrus p + n — 2D + v He MoxeT mnTu 6e3 mcmycka-
Hust ¢poToHa. [IpuTsaxerne mpoToHa K HEHTPOHY BCErOa €CTh, HO €CIU HYKIIOHBI
COMUKAIOTCI U He POXKITAIOT HUKAKOH YaCTULBI, TO 3HEPTUI COXPAHIETCI U OHU
00OSI3aHBI PA3IEeTETHCS.

Teneps B ceuenne B3anmoneiicTBus p+n = D+ BoimeT BEpOITHOCTS POKIE-
HUA BOTOHOB, T.e. MOABILETCA MHOKUTETDb ¢ /he = 1/137. Pacemorpmm mponecce
poxIeHNs (POTOHOB Ha IpUMepe KIaCCUIEeCKOTO OCHUIIITOpa. g xomebmore-
rocs 3apina e 3HepTHud, BRIIENJIONIaica B eNeHUITy BpeMEHN,

3pT e, efrtwt
Ql—|=z2=—F%—
c c c
Bpemsa mzmydenus ogHOTOo KBaHTa hew
hw

a BepOATHOCTH 3>Toro mpomecca W ~ 1/t, Takum obpaszom, paBHa

1 Q e? r?
V=i he A2

t he

(3mecs A = ¢/w).
ITo mOpANKY BEIMYMHEL 5TO BEIPaKeHHe TOTUTCA OIS TI060H CHCTEeMBl I BepO-
ATHOCTH AICPHEIX IPEBPAICHIH ¢ yIeTOM 3IeKTPOMATHITHOTO B3AMMOICHCTBIA

e? /r\?
~w— =

Wew ()\) '

s mpocToil meperpynmupoBku BepoaTHocTh W ~ 1/t ~ w. Temeps BxOmAT
6espasmepuble Bemmauasr ¢?/he — cuma B3amMonetictsus u (r/))? — oTHOmenme
IJTOITA N “aHTEHHBI K KBAApPaTy MJIMHBLI BOJIHBL. JDTO BEPHO MPU AUMOTBHBIX KO-
nebannax. Ecnn xonebanus nMeoT ApYryio MyIbTHIONBHOCTE, TO BXOOAT Gosee
BEICOKUE CTemeHn (1'/A).
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3 ama g a. UsBecTHO cewenne peaxmunm n + p — D + v,

const
o =——=0,3 6apu
v
mpn v = 2,7 - 10° cm/c (TaKa}I CKOPOCTH COOTBETCTBYET CKOPOCTH HENTPOHOB

IpU KOMHATHOI TeMmepaType). I[Ipu BEIcoKoll TeMmepaType, KOTIa €CTh hOTOHEL
¢ sHepruen 6ombime 2,2 MsB, oueBunno, OymeT nponcxonuTh 1 0OpaTHBIA IPOLIECE
doTonucconuanun OeHTepus, n K3MeHEeHnE KOHIIEHTPAlll JeHTePHS CO BpeMEHEM
ONHUCHIBAETCS yPaBHEHUEM

d[D

D) ool - £(1) (D).
smeck [D] — xommertpanus D, f(T') — mexoropas dyrknus. B Tepmonumammae-
CKOM PaBHOBECHT % =0m

% = F(T) exp(—2,2M5B/kT) .
Hatitu ¢yuknun f(T'), F(T) u ceuerue doronucconnanun DefiTepus B 3aBUCH-
MOCTH OT TEMIEpPaTyPHI.

(Y x a 3 a8 u e nperebpeds enmunneil 8 popmyne Ilmanka, T.e. canTars

(e”’ — 1)_1 ~ e_’”).

§ 5.4. Cmnab6oe B3auMonenicTBue

Tunuusslii TpuMep €I1abOTO B3aUMOOENCTBUSI — IpEBpaIlleHne HENTPOHA B IPO-
TOH € UCIIyCKAHUEM SJIEKTPOHA U aHTUHEHTPUHO V:

n—pt+e +uv.

BsanmopeiicTBue Ha3BIBaeTCa cmabbIM U3-3a MaJIOl CKOPOCTH pachama. Bpems
KU3HU CBOOGOMHOTO HeRTpOoHa nopsanka 10 mua. Beime Mbr paccMaTpuBanu peak-
mUu ¢ XapakTepHbIME BpeMmeramu 10722 ¢ mmg umcTo amepHOTO B3amMOmelicTBIS
u 107'% ¢ ¢ ygacTueMm 3meKTPOMarHITHOTO B3aUMONEHCTBHUSA, T.€. C UCIHYyCKaHIeM
~—KBaHTOB.

[MomuepxkHeM, UTO TPU CTaOBIX B3aUMONENCTBUAX, KaK U TPHU >TEKTPOMArHUT-
HBIX, PEAKINN UAYT ¢ POKIEHUEM HOBBIX YaCTHIl, T.€. YACIO YaCTUIl HE COXPaHI-
erca. Hu B xoeM ciydae Helb3S CYNTaTh, 9YTO €~ U U “cuAdaT’ B HEHTPOHE, UTO
HEATPOH e€CTh CBI3aHHAsi CHCTEMa U3 IPOTOHA U 3JIEKTPOHa. HelTPoH Tak xKe site-
MeHTapeH, Kak I IpoToH . YacTumsl meficTBUTEIBHO POEKTAIOTC. 3Iech MOKHO
IIPOBECTH AHOJIOTUIO CO 3BYKOM: KOCHEMCS CTPYHBI — POXKOAIOTCA (POHOHBI.

3CJO]".J'[&(‘,I—IO COBpeMeHHOﬁ Teopun HeﬁTpOHBI, IIPOTOHBI N BCE [Ipyrue CT/IJTBHOBI%FLI/IMO]]EﬁCTB}’—
oIue YacTUIbl COCTOAT M3 KBapKOB. OHH&KO Ha (I)W3VI‘IGCKI/IX mponeccax B 3Be3gax 3TO He
CKa3bIBaeTCs.
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B PEaKIMAX TaKOI'O POOda MOZKHO IIEPEHOCUTD 9aCTUNY CIIDaBa HAJIEBO U CJIEBA
HallIpaBO (C 003aTEeNbHON 3aMEHON YaCTHUIOBI Ha aHTI/IT-IELCTI/IIIY)Z

et+n2p+v,

v+nZ2p+e ,
p<:’n+e++1/.

Yem oTamuaeTcs aHTUHEATPUHO U OoT HenTpuHo v?! g v m v Macca TOKOS
m = 0, sapan ¢ = 0 u, xazanock Obl, pasnuumit Mexmay HuMu HeT. OQTianmua-
IOTCS OHU IO TUIY PEaklnil, B KOTOPBIX y4acTBYIOT. Hampumep, BOmm3m peax-
TOpa 3KCHePIMEHTAIBHO HabMIoaIach peaknus U + p — n + et u mHeT peaxmmn
v+n — p+ e, Tak KaK PeaKTop maeT TOIBKO aHTHHeATpuHO. Ecnu 661 5T va-
cTUNB GBIIIN TOXKOECTBEHHBI (Kak GOTOH U aHTU(GOTOH ), TO HIYTO HE MEIIaso Obl
Oy YUTh peaknuio v+n — p+e~ . Tax xe no Tuny peaxnuit OBLIO OTKPBITO, ITO
HEUTPHHO OBIBalOT OBYX COPTOB: HEHTPUHO 3JIEKTPOHHOE IV U HEHTPUHO MIOOHHOE
v,. locmenHne y49acTBYIOT B peakKIuax TUIA

p—{—ILL_—)n—}—VH,

roe u- — MIO-Me30H".

Crenyommuii BaxXHBII MOMEHT CIa0BIX B3aMMOOCHCTBHN: KaK MOHIMaTh Peak-
muio p — n + et + v? Bems mporor crabmmen. Mbl mmcanu peakIum TOIBKO
C YyYETOM 3aKOHOB COXPAHEHHS 3apiamoB. Ho HYKHO Takke yIOOBICTBOPHUTH €Ile
n 3aKOHYy coxpaHeHms sHeprum. OmHako coxpaHeHHe 3apsama — abCOTIOTHO, a Ha
SHEPTHUIO CHCTEMBI MOXKHO BO3IEHCTBOBATEH M3BHE.

Macca meiTpoHa paBHA

my, = My + 0,78 MsB = m, + m. 4+ 0,78 MaB ,

rme My — wMacca aToMa BOIOpOma

C13 E(ClZ) N13 (}ICHO, qTo MH =my + Me, IIOCKOJIBKY

SHGPTMeﬁ CBA3U 3JICKTPOHA B aTOME BO-

nopoma ~13,6 5B MoxHO mpeHEOpeUs ).

Eca(n) . ECB(p) IMosTomy peaxmus p — n + et + v

(e ’V) P B cBOGODHOM COCTOSHUN HATH HE MO-

n / KeT — He XBaTaeT dHepruu. Ho BO3b-

MeM CBA3aHHBIE N W P B CHCTeMaX:
BC = 12C4num BN = 12C+p (o
Puc. 28: puc.28). o spepabiv cunam 2C onw-

HAKOBO B3aUMOOEHCTBYYET KakK C P, TaK

4B nocnennme ropl 0TKpHITA elie GoJiee TsKeAs YACTUIA, TOIOGHAS € W [ TTI0 CBOUM CBOT-
cream —1E. Tlo-BrmMoMy, ecTh U ellle OIMH TUT HeHTPUHO vy, OTIWHAOMHNCS OT Ve 1 Uy 7
COOTBETCTRYIOMEE eMy U, (mofno6Ho Ve u v, ). TlonpoGree cm. § 7.4.
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U ¢ 1, HO KyJOHOBCKOE OTTAJIKUBAHNUE YMEHBIIACT YHEPIUI) CBA3M NpoToHaA. CBs-
samEE B aape '*C IPOTOH Ppound OKazalca “Tazmesee” CBA3aHOTO HEHTPOHa, IO-
5TOMY MOXKET UOTH PEeaKIusI BN — 13C —+ et + v, T.€.

+
Pvound — Mbound +et+uv.

CrabunbHOCTH TPOTOHA W HECTAOUIBHOCTH HENTPOHA B HEKOTOPOM CMBICIIE
VCIOBHBI, TaK KaK B CBSI3aHHOM COCTOSHHUU CTaOUMIBHBIM MOXKET OKa3aThCs Hell-
TPOH, a He IPOTOH.

TloitmeT mm peaknus p + et — n + v? Bemp m, > my + m. u HeUTPOH
MONIKEH pacHanaThca. B cuIy 5Toro HepaBeHCTBa peaklus He MOWOeT HU B aTOME
BOMOpONa, HN B IIa3Me MaJoif MIOTHOCTH W TeMIepaTypsl: p < 107 I‘/CMB, T <
10° K. Omraxo peakmms moiimeT aubo B coydae, KOTa HEHTPOH CHIBHO CBA3aH,
60 KOTIOa 37IeKTPOH IMeeT GOTBIIVIO AHePrmio. THInIHb TpuMep: ' Be 4 ¢~ =
"Li+ v, mefirpon B Li kpenko cBs3an. BoIbimas SHEPIHUS SIEK TPOHOB MOKET OBITH
obycmoBneHa mubO BRICOKON TeMIEPaTYpPOl, TuO0 WX BRIPOXKAECHUEM TPU OOIBITON
mwroTHOCTH. Hampumep, B BBIPOXKIEHHOM Ta3€e MPU BBICOKOM MAaBICHUU DEAKIU
p+ et — n+ v umer npu depmu-sHepruu snextporos E; > 0,78 M»B. B
5TOM CIydae 5Ta peakius HOCUT HaszBaHWUE DPEaKINN HeHTPOHM3AINN BellleCTBa
— TJIaBHBIA MOMEHT B TE€OPUH MYIbCAPOB M HEATPOHHBIX 3BE3.

Taxue peakiuu MOTIu OBI UATH U B TOPSUEN MTa3Me, KOTIa SHEPTUSL 3JIEKTPO-
HOB JOCTATOYHO BBICOKA: HO TaM eCTh Homee 3hdeKTUBHBIE PEAKIINN ¢ UCIYCKa-
HIEeM ~y-KBAHTOB, KOTOPBIE OBICTPO OTHHMAIOT 3HEPruio ¥ 371eKTpoHOB. [losTomy
B Pa3pekXeHHOU IIa3Me HEHTPOHU3Anus IpeHeOpexnMa u3-3a ¢I1aboCTH B3auMO-
neticrBuia. K Tomy ke HENTpOH pacmamaeTcs oOpaTHO Ha IPOTOH U 3JIEKTPOH (¢
obpasoBarmeM /). VIHTepecHO 3aMeTHTB, ITO B TOH XK€ TOpsAdedl IIasMe, KOIOa
BBIXO[ U3JIyY€HHS U3 CHCTEMBI 3aTPyNHEH (6obinas HeIpo3paYHOCTh BEIeCTBA),
IPOIECCHL ¢71ab0TO B3aUMONENCTBUS ¢ 0OOpa30BaHIEM HEUTPOHA U UX PACIATOM MO-
myT 5GGhEeKTUBHO OTBOAUTH SHEPIHUIO Yepe3 UCIyCKaHUe U U U (Tak Ha3blBacMBbIE
YPKa-IIPOLECCH, cM. § 7.4).

Crabble B3auMOmEcTBUS HA3BIBAIOTCS YETHIPEXDEPMUOHHBIME, TaK Kak B Pe-
AKIIIAX YYACTBYIOT 4 dhepMu-uacTHIbL co cnmHoM s = 1/2.

BepostHOCTE B3anmMompeBpallieHns 9acTUIl 3a cYeT CIaboro B3auMOOENCTBIS
IO AHAJIOTUHU € TEOPUEN 3IeKTPOMATrHUTHOTO U3TYUeHNs 3alNChIBAETCA B BUIE

_2m AN - _,
W=—IH]— ["],
h dE
rome dN / dE — 4mcmo KOHEYHBIX COCTOSHUN Ha €OUHWYHBIN MHTEPBAJI SHEPTUN,
a H — MAaTPUYHBIN 3JIeMEHT TaMUIbTOHTAHA B3aUMOOENCTBUSA, OMPEIETISIONINN,

TakuM 06pPa30M, KOMIUIEKCHYIO aMIUINTYIY BEPOATHOCTHU IIpolecca. B mpocreii-
el Teopuu CIadbIX B3aUMOOENCTBUHN MOTATaiOT, ITO

1 =y [ vozomnav.

64



rme ¢ — TMOCTOSHHasS CIaboro B3amMONEHCTBHS, a Un, Up, e, Y, — BOIHOBBIE
dyrxnun wacTui. B 970 BeIpakeHne HeOOXOOUMO MONCTABIIATE ¢ Win ¢* (comps-
KEHHYIO BOJIHOBYIO GOYHKINIO) COOTBETCTBEHHO TOMY, YHHUTOXKAETCS WIN POXKIa-
eTcs YacTuna. Beipaxernne H' Hammcano Mg pacmafa HEUTPOHA 1 — P+ €~ + Ve,
nosToMy Mbl numeM 7. 1. BonnoBas dymxums mefiTpumO 1), mmmercs Ges
3BE3[OYKH, TaK KaK POXKOCHUNE aHTUHEHTPUHO Ve SKBUBAJICHTHO YHUYTOKEHUIO
Ve. Baxnbrl MomeHT — pasmepHOCTH ¢g. Tak kax pasmeprocTs [H| = spr, a
[V =1, e [¢] = em™3/2 10 [g] = apr - e
3MEKTPOMArHUTHOTO B3ammonericTBus e¢?/he = 1/137 6espasmepna. B cucteme

CGS uncnenno g = 1,4 - 107* spr - em®. Bmas ¢ (13 omelTa), MOXKHO Ompe-

. BaMeTI/IM, 9YTO KOHCTaHTa

IEeMUTh BEPOATHOCTH pacmama n — p + ¢~ + v. IlycTs sHeprum BBIOETMIOCH
MHOTO, TOTa 3IeKTPOH €~ — PeIATUBUCTCKUI, U M, HE NOKHa BXOOUTH B OT-
BeT. BeposTHocTs W mponoprmonadbHa KBampaTy MaTPUUHOTO SJIEMEHTA, T.€.
mpomnopnuoHatbHa ¢, Heobxommmo momobpaTh Takyio KOMOMHAIMIO cTeneHein F,
h m ¢, 9T06B MOTYUUTE pasMepHOCTH [W] = ¢

W~ g2E" ™ &

24n+m=20
1004+2n+4+2m+p=0
—4—-2n—-2m—p=-—1,

oTkyman =5, m = —7, p= —6.
Tounas dopmya uMeeT BUI
1 g*E’
6073 RS
rre xosddunment 1/607> momyuen m3 KOHKpETHOTO pacueTa.
3amaual. PacemoTpuMm peaknuio

e +p—on+tv.

[IycTte smeprus smextponoB 5 MsB < E, < 100M»sB. Torma npoton m Heii-
TPOH MOKHO CUATATH MOKOAIUMUCA. [[oCTPOUTH MO PasMEPHOCTH BBIPAKEHUE
ona ofem?]:

o(E) ~ g’E"h"cP .

3 amaua 2 HaiiTu BepoITHOCTh HEHTPOHW3AIUU B BHIPOKIEHHOM Ta3ze
PETATUBUCTCKUX 3IEKTPOHOB

(Ep — moporoBas 5HEPrus HEHTPOHU3ALNH).
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§ 5.5. SnepHble peaknuu B 3Be3gax

DUHIITENHOBCKOE COOTHOIIEHNE MEXIY MacCOil U SHeprueil BelecTBa F = mec?

MOKA3bIBAET, UTO AIEPHBIE PEAKINN MOTYT ObIThH MCTOYHUKOM SHEPTHUU 3Be3m. B
CaMOM IieJle, Macca IeTHIPEX IMPOTOHOB GOMIBINE MACCHI aopa remus: 4m, > mie,
u ob6pa3oBaHUEe TOCTEOHETO B Pe3yIbTaTe CIUAHUA YeTHIPEX MPOTOHOB MOTOKHO
IPOUCXOOUTH ¢ OTPOMHIBIM BBIOEJICHUEM SHEPTUU, PABHBIM PA3HOCTH MAaCChl —
nedpexty macc AE = (4m, — mpe)c*. Ommako monroe BpeMs [0 HOABICHUS
KBAQHTOBOI MEXAHUKH Ka3aJloCh, YTO TeMIepaTypa BeIlecTBa B LEHTPE 3BE3MHI,
T ~ GM/(RR) ~ 1 k5B, cnumkom Huska. 11 npeomoneHns KyIoHOBCKOTO OT-
TAJIKUBAHUA IPU CTOJKHOBEHHN OBYX IPOTOHOB HeOOXOOMMa SHEpPrus mopsanka 1
M>5B. IIpu MakcBeIIOBCKOM pacupeneeHnn ¢ TeMuepaTypoi ~1 k5B sHepruent B

1 M5B obnamaer mosis gacTuir ~ exp (— %) ~ 1000 ~ 1()—430 (OTMeTHM,

gto B Commne Bcero 10°7 wacTuim, T.e. KIacCHYecKas BePOSTHOCTH B3amMOIEH-
CTBHS OBYyX HPOTOHOB HUYTOXKHa). €M He MeHee OOMH M3 OCHOBaTelell TeopHu
BHY TPEHHETO CTPOEeHn 3830 A. DIUHT TOH, MEPBBIl YKa3aBIIUil Ha BO3MOKHOCTH
peaxtmu H — *He, me cmaBamcs, Korma eMy yKa3bIBall Ha MalIyio BEepOATHOCTH
n3-3a HEIOCTATOYHO BBICOKON TeMIepaTyphl, m ToBopmi: “IlommmTe-ka MecTo mo-
ropsuee!”.

C pasBuTumeM KBaHTOBOW MEXaHWKU CTajl0 ACHO, YTO JDOUHTTOH mpas! Bepo-
ATHOCTD AHEPHBIX PEaKINil YBeIUunBaeTCa GIaromapsa MOmbapbepHOMY MEPEXOMY
(TyHenbHEIN 5bdexT).

O1meHnM CKOPOCTH AMEPHBIX PEAKIUil ¢ YIETOM 3aKOHOB KBAaHTOBON MEXaHUKMH.
Hamomunm m3sectroe cootromenne e Bpoitns, cBsasbiBatoliee OJIMHY BOJIHBL A
(BommoBOEe umcno k = 27/A\) m mMuynsc wactunsl p: k = p/h. Buxenuto c

ikx ol

— eF mm enJpdT

UMIIYJIBCOM P COOTBETCTBYET BOJHOBASI (QYHKIUI €
p ABgeTca GyHKnued xoopmmHatT. ag wacTHm ¢ Maccoll MOKOS 1M UMIIYJIbC P
HallIleM W3 3aKOHa COXPaHEHUS SHePTrun

, ecIn

PZ/(zm) - EKHH — EHOJIH -U = E() —-U.
Orcoma
pP= \/2m(EO — U) .

I[.J'UI ABYX YaCTHI C 3apAadaMNI Zl, ZQ SHEPIrud OTTAJIKNBAHUIL
U = Zl 2262/7' .

B xmaccuueckoit Mmexanuke wacTuma ¢ sHeprueil F npu OOCTUKEHUEH TOYKH T,
roe p = 0, T.e. 1y = Z,7Z,/F, noBopaunBaeT u OBUKETCA B OOPATHYIO CTODOHY.
B xBanToBOll Teopun mpu r < r; p = iy/2m(U — Ey), u B BOIHOBYIO (QYHKINIO
YACTUIBL, UAYIIEN ¢ OECKOHYHOCTH, BOMOET MHOKUTETD

1
-5 [NU=Fq dx

€ 3
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1

—L [VU=Eq dz

T.e. CYIIeCTBYeT KOHEUHas BEPOATHOCTDL 2 ~ e = 7 MIPOXOKICHUSA da-
CTUIBI B 001aCTh 1 < 7 (CM. puc. 29).
Paccvorpum naTerpan

r1 1 9
P \/U—Eodr:Q/\/Qm @—EO dr =
T
0 0
T d
:2T1\/2mE0/ n_; 4
r 1
0

r
™ d 1
x=r/r, /1/:—1—174—74:/
0 o

HpI/I r—0 IIOOBIHTETr PAJIbHOE BEIpaXEeHNEe — OO, OOHAKO MHTErpaJl CXOOUTCI:

/ /1
T
0

OTMeTI/IM, YTO CXOOMMOCTBH HHTETpPaJla IIO3BOJISLAET HaM BECTHU MHTETPUPOBAHUE

Mycrs

OT HYNA, a He OT PaAWyca SOEPHOTO B3aUMONEHCTHSA Ty, KOTOPBI COCTABIIET
~1073r;. ScHo, uTo Taxoe npubIUKeHNE (3aMeHa ry — () HacT MUIb HeGOIBIION
HOTMPABOYHBIN MHOXKUTETh.

[Ipu TOYHOM BBIYUCIECHUN BEPOATHOCTH Mepell SKCIOHEHTOH eCTh eIlle CTeme-
HBEIe MHOXKUTENIN, KOTOphle MBI He yunThIBaeM. I;14 Hac ceffdac BaxkHA TOIBKO
5KCTIOHEHTA.

Urax, ¢?(0) = ™%, roe

_\/§7TZ12262 mc2
SO - hC EO '

Beimmre npenmonarasock, 9TO OMHO U3 AOep HOKOUTCS (m2 = oo) Ha camom meme
IpU pacuyeTe B CUCTEME EHTPa MacC BMECTO M ClIeoyeT, KaK OOBIYHO, TIONCTAaBUTh
. Torma

mi1m9

IPUBEICHHYIO MACCy fi =

B 217, 7,62 pe? B 27, Z,e?
L he EO N h’UO ’

TIe vg — OTHOCUTENbHAs CKOPOCTH YacTHUI[ Ha GeckoHeuHocTu. B Takom Bume
BEIHA 6e3pa3sMepHOCTD ¢ (aHAJIOTHTIHO 62/(73,c)).
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|

|

I knaccuyeckas

| 4Yacrvua oTpaxaeTcsa X
|
|
|

mp>

oT 6bapbepa

E‘-IaCTI/ILI,bI EOIT

|
|
L
|
KBaHTOBada — |
npoxoanTt 1
|

|

|

non, 6apbep

E0 min Eo

Puc. 29: Puc. 30:

Mzr IIOJIVINJIN BEPOATHOCTDH Hon6apbepHoro cOMMKeHna JaCTHIl C HaHHOfI

/A 2 72 72 .4
o -/ 5 PR SV AAT
sumepruein Ey: ~e VFo rme A= Ay - A‘iij my (Ay, Ay — aTOMHBIe MacCHL

amep). B TennoBoMm paBHOBecun (npu TemmepaType T') KOINIeCTBO TaCTHIL C SHEP-
o _Ey
rueit Fy IponopnuoHaIbHO €~ 7 U MOJIHAasS BEPOATHOCTH

/A E
uJN/e_XdEO,rJIeXZ E_+TO'
0

®yrxunna y(Ep) nMeeT MEHEMYM IPU HEKOTOPOM 3Ha9eHUN Fg min (cM. puc.30).
OueBnnuO, 9TO 001aCTH MEUHUMYMa OACT [JIABHBI BKJIAI B MHTErPAJl, TaK Kak
€™X B 3TOH TOYKe MMeeT OCTPHII MakKCHMyM. BrlUmcieHme Takxmx HHTErpaioB

IIPOBOOUTCA METOOOM II€EpEBAJIaA. CI—IELT-IEL.TIEL HaXOOonMM SKCTPEMYM:

2/3
dy 1\/Z+1_0E _[TVA /
dEO_ 2E3/2 T_ 9 0 min — 9 )

O " (3)1/3
.min T T bl

B 277!'2 Z-12Z22€4 A1A2 2
“TTY T(he? A+ A,

1/3
=4,25.T;'/" ( Ay Zfzg) .

o=

(7)

T A+ Ay

Bmecs Ty = T/10° K — TemmepaTypa B MIpI. TpamgycoB. Temeps MOKHO Pa3io-
xuTh X(Ey) B pan Teitnopa B okpecTHOCTH TOUKE Ej min'

1 9%y 0F
( = Xmin A Ey—E min 2 5 =
X = Xmin + 2 8E§( 0 0 min) (0)( )
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o2
UTak, w = € Xmin ¢ HEKOTOPBIM MHOXUTEJEM, MOIYYalOMIMCI OT WHTETPUPOBa-

o0
HHA BTOPOIO WieHa, KOTOPOe CBOOUTCI K HHTErpAILy BHOA f e~ dx (mpoBenuTe
-0
510 mHETerpupoBanue!). Tax MBI HAIIN TOIBKO BEPOATHOCTH CONMKECHUS ATED.
[Tostras BepOATHOCTD PEAKIINH MOy IUTCS MOCIIE YMHOKEHNS Ha BEPOITHOCTH CO-
OTBETCTBYIOIIETO B3anMOOEHCTBUS.

[lepeiineM K KOHKPETHBIM PeaKIUAM.
l) p+p=D+et +u.

Brinenenue suepruu B 5Toil peakmun ) = 1,442 M»B, B Tom uucme ~ 0,25 M»>B
YHOCST HEHTPUHO.
Yucro amep meiitepus D, poxpatommuxcsa B 1 cm® Ha 1 ¢, paBHO

dD] 1 n?) —15m=2/3 —338/Ty"° [ =1 _3
T 256-1023'472'10 Ty “Pe338/To [C CM].
BBoms BecoBBIE MOMW TS XUMUYECKUX 3JIEMEHTOB
v — mpn;A;  nA,
o p 6102
MOy IIM
dX - /
dtD — 4’2 i 10_15PXEIT9 2/36—3,38/’1—3 3 [C—l] .
2) D+p—"He+vy, Q=25,494 M5B,
dXs e - /
T = 3,08 10° - X Xpply e T[]

YxkaxeMm Ha GONBINTYIO Pa3HUILY (1018 par—s) B OTHOIIEHUN KOAPDUIMEHTOB B TIEP-
BOI W BO BTOPOW peanknm. ITO OOBICHAETCS TEM, 9TO MepBas Peakius UIOET CO
cITabbIM B3aUMOOENCTBUEM Ha JETY, a BO BTOPOHN BCE OMPENeNnIeTca 3IeKTPoMar-
HUTHBIM B3amMomeicTBueM. QOTMeTHM Takike, UTO BTOpasd PEakIlnsd B yCIOBUAX
3EMHBIX MOpell I OKeaHOB “3ape3aeTcda’ SKCIOHEHTON, HeCMOTPS Ha GOIBIION MHO-
KUTENb, CTOSININN Tepen Hel.

3) °He+’He — *He+2p, @Q = 12,86 M>B.
CxopocTs peaknum:

dX 12,28
4 —
= 1,310 X7, Ty e B [

3meck MHOKUTEND e11le 60bIne, TaK Kak Peaknus UOeT MO CHIBHOMY B3alMOIEN-
CTBUIO.

Nrak, MB BHOUM, YTO Olaromaps Iemouke peakmuit 1), 2), 3) BO3MOKHO
IpeBpallleHue 4YeTBIpeX gOep BONOPOHma B SAOPO Telnusd C BBIOEJIECHUEM >HEPIUN
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(mf, — 4mu)c®. DTa memouka peaknuil MOXKET HOTH IPU NOCTATOYHO BBICOKOI
TeMmIepaType B abCOTIOTHO YHCTOM BOOOPONE M Ha3bIBACTCS MPOTOH-IPOTOHHBIM
(unu pp—) nukmoM. BosMoxHEL u Opyrue MenoYku IPOTOH-IPOTOHHOIO IUKIIA.

Pacuer mokaseBaeT, uTo npu Huskux Temmeparypa (11 < 2 - 10" K peaxmum
UOYT B OCHOBHOM IIO OBYM CJIEOYIOIIUM CXEeMaM:

p+p=D+et +v 1,3-10" ger mpu
D+p="He+~ 6c p =100 r/cv’
“He + *He = *He + 2p 10° meT T=1,3-10"K

3He + “He = 7Be+fy
Be+e” — Li+v
Li+p — 2*He

CuopaBa yka3aHO XapakTepHOEe BpeMS peakIiui (KaK OHO BquI/ICJIeHo?).

Acro, uTO Oe3 yuacTus cimaboro BzammomeicTBus Bomopon B He He mpeBpa-
THTH, TaK KaK U3 IPOTOHOB HAOO HOJIYUTH HEWTPOHBI. CBOOOOHBIN IPOTOH B
HEUTPOH HE NPEBPAIIAETCSI — 5TO BO3MOXKHO TOJIBKO B IIOJIE OPYTOTO IPOTOHA,
KOTOPHIHl ero mogxpaTeBaeT. Ha omao ampo ‘He momxmo mpoiiTm mee peaxmmm
p+p—D+et +v. Ha xaxayo peaknmio p + p BO BceM pp—IIHKIe BhIIEIICTCI

13,086 M»B suepruu.

Bropas menouka mETEpecHa TOTOMY, 4TO HaeT MOOOUYHBIE MPOMYKTHL:
7 8
Be+p— "B+,
8B — ®Be + et + 1.
[Mocmenuuit pacman 3aMedaTeeH TeM, YTO OH HaeT HENTPUHO BBICOKON YHEpruel,
B cpeneM E = 8-9 M5B, koTopble MOXKHO HE€TEKTHPOBATH Ha 3eMite (CM. HEXKe).
OueBumHO, YTO CKOPOCTH BBIAEIICHUS SHEPTUE B pp—IUKJE PaBHA CKOPOCTH, C
KOTOPO! UOeT TepBas Peakius:
_ +
p+p=D+e" +v.

HefiTepuit TyT %e BCTYIAeT B PEAKINIO ¢ IPOTOHOM. [105TOMY OH He HaKaIlJnBa-
eTcd U cTaIllMOHapHAsS KOHIEHTPAIns

6c
~1,3-101° ger

Brimnmem IIOJTHYIO CKOPOCTH 3HEPTOBBIOCIICHUA B PP—ITUKJIE:

e = pXii €o(T/To)" [opr/(r - ¢)]

T0/106 €o n
1 4.10° 10,6
3 1,8-1073 | 5,95
10 6,8 1072 | 4,60

Xp Xy=10""Xy.

15 0,377 3,95
20 1,09 3,64
30 4,01 3,03
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[Ipu TeMuepaTypax Gomee BHICOKUX, 9€M CONHETHEIE (B GoIee MACCUBHBIX 3Be3-
,D:aX), noeT CNO*III/IK.T[ (OH BO3MOXKEH TOJIBKO B IIPACYTCTBHUU KaTaJIN3aTOpPa yIJie-
pora)

b

204 p N4y e/
BN - BC 4+ et +v 10 mum,

B0 4 p 5 14N 4 5 ~ om137/T3 07
N 4 p — 15C + ~ 6—15,2/’@1/3
50 - B"N+4et+v 120 ¢,

BN 4 p— 12C 4+ ‘He ~ o=15.2/T, %

O6paTuTre BHIMaHUe Ha TO, YTO B MOCHEIKHEN PEaKINU CHOBa 0OpasyeTcs Sopo

b

b

1200, ¢ xoToporo HaumHamach mepBas peaknua. OTMeTHM, UTO B OTIUUNT OT pp—
IWKJIa 3I0ech cllaboe B3amMOIeNCTBIe UOET Ha JIETY, T.e. cIadope B3anMOIeHCcTBHE
u nonbaprsepHsLil nepexon pasgenessl. [lockonsky B8 CNO-1ukiie yuacTByOT aapa
¢ boJlee BBICOKUM 3apimaMu, OH HIeT IpH Oojee BBHICOKOW TeMIepaType, IpudeM
3aBHCUMOCTH OT TEMIEPATYPHI 00Iee KPyTas, YeM B pp—IIUKie. JHEPTOBBIICTICHNE
Bo Bcem CNO-nmkne B pacuere Ha ogry peaknuio N + p (camyio mennennyo)
pasuo 24,97 M»5B. Bemumem nonayio ckopocts saeproeimenenns 8 CNO-muke:

g = SOP_XH_XCNQ(T/T())n [f—)pl“/l“ C]
To/10° €o n
6 9-10- [27.3
10 |3,4-10—4 | 22,9
15 1,94 19,9
20 | 4,5-10% | 18,0
30 | 4,1-10° | 156
30 6,2-10% | 13,6
100 | 1,9-1012 | 10,2

3amgauum.
1. IoncunraTs, mpu Kakoit TemmepaType D Boiropaet 3a 10° met. To xe maa

3He.
2. Hafitu ycaoBus, npu KOTOPBIX SHEPTOBBIOEIICHNE
ECNO = Epp-
3. BuruumcnuTs cxopocTh peaxnuii:
a). 3He—|—p=4He—|—e+—|—1/
(B 5TOl peaxnuu BBEIEIAIOTCS BBICOKOYHEPIUYHbBIE HEITPHHO),
6). SHe+e¢~ — T+ v
(yxasaHHe: ICHOTB30BATh SKCIEPUMEHTANbHEE HaHHBIE H0 pacmany T + 3He +
e~ + v: smeprusa (He Bkmouas m.c?) 0,0186 M»B, spemsa xusum 12,26 net. Pac-
CMOTPETh PABHOBECHE C HEBBIPOXKICHHBIME 3JIEKTPOHAMIU MPU BEICOKON TeMIIepa-
TYDE),
B). T+p— ‘He+~
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§ 5.6. Iloucku cosTHEUHBIX HENTPUHO

Korma P. IsBuc npucTymaa K TPOBEIEHNIO CBOETO SKCIEPUMEHTA [0 PETUCTPAIINN
HernTpuHo oT ComnHIla, acTPOMOU3UKT HE OXKUTAIN HIUEro ceHcannornHoro. Cunra-
JIOCh, UTO 5TOT ONBIT MO3BOJUT IPOCTO YTOUYHUTH MapaMeTphl Momenu ComHma,
Tak Kak Ojaromaps HEATPUHO MBI MOXKEM “3alIfHYTh B CaMble HeIpa HAIIero
cBeTtmwia. OmHAKO pe3ylbTaThl OMBITA OKA3a/INIb CTOJIb OIICIOMIISIOIIIME, YTO
MHOITE TOpAYEe TOJIOBBI CTAJIM YKa3blBaTh Ha HUX KaK Ha O0Ka3aTeIbCTBO OT-
cyrcrBusa anepHbiX peaknuil Ha Commnme. Ha camom mese mpumxomuTh K TakuMm
PaOUKaJIBHBIM BBIBOOAM Ha OCHOBE €OWHCTBEHHOIO, OY€Hb TPYIHOTO U TOHKOIO
SKCIEePUMEHTA, KOHEYHO, IpexaeBpeMeHHo. Ho mOHmMaTh CyIIHOCTH IpobsIeMBI
COJIHEYHBIX HEATPUHO HEOOXOOMMO KaiKOOMY, KTO XO4eT U3ydaTh GU3UKY U DBO-
TTIOTAIO 3BE3I.

s permcrpanun HeATpuHO B onbiTe [leBmca NpUMEHAETCS XJIOpP-apTOHHBIM
MeTom, npeminoxenunii eme B 1946 r. B. [lorTexopso. [lon meficTBueM HERTPUHO
MPOMCXOMNT PEAKITAS

1) v 43101 = 3Ar + e,

[Topor sToit peaxnun 0,814 M»sB. Baxk, comepxarmmit csoire 600 T mepxaops>Tu-
nera (C,Cly), momemen Ha riybuse okomo 1,5 kM B maxTe. DTO CHeNaHO NI
TOTO, YTOOBI M30aBUTHCA OT GOHA KOCMHUUECKUX JIYUeil, POXKMAOIINX MPOTOHEL,
KOTOpPHIE TOXKe MPUBOIAT K 06pa30oBaHMIO °'Ar:

2)  p+°Cl—>Ar+n.

O6pasyrormuiicsa B mpouecce 1) aprol — 5TO HHEPTHEIH ra3, OH He BCTYIAeT B XH-
MHYecKHe peaknuu. UTo6bl ero U3BIeUb, B 6ak NOOABIEHO OYeHb HEMHOTO (3 - 10"
aTOMOB) H30TONNYIECKH YUCTOTO %Ar. Ilpu mpomyBanmn Gaka reImeM IIy3BIPBKH
ra3a 3aXBaThIBAIOT apTOH (Kak 36Ar, Tax m 37Ar), KOTOPBI 3aTe€M OTOEIIOT
oT mapoB rejusg u mapoB C,Cly B CI0XKHOI cucTeMe HH3KOTEMIEPATYPHBIX KOH-
IEHCATOPHBIX JIOBYIIEK, GUILTPOB U T.I. B pe3yiabTaTe ymaeTcsa U3BIE€YDb OKOJIO
90% aproma, KOTOpBIl HOMEIIAIOT B MUHMATIOPHBII MPONOPIUAHAIbbHBI CIeT-
ank (mpubop Tuma cuerdnka [eiirepa) ¢ kamepoll Menbe 1 v, DTor cuerTunx
I TIO3BOJISET 3apPETICTPHPOBATH IPHCYTCTBHE > AT, Tak KaK 3TOT M30TOI apTOHA
HecTabIIeH: OH 3aXBaThIBaeT K —3II€KTPOH, IPeBpaIasch cHoBa B °'Cl, cormacHo
peaknuu 1), e CTPENOUKY CIIELyeT HOBEPHYTh B OOPATHYIO CTOpOHY. llepmorn
OJTy PacIama 37At cocTaBnger 35 mHeil. Perucrpamnus K—3axBaTa BO3MOXKHA TO-
TOMY, 94TO B OCBOOOmUBINEECs COCTOAHUE B K —000/I0UKe MEPEeXOmuT SIEKTPOH ¢
BEPXHETO ypoBHA. JIlumb B 7% ciIydaeB 5HEPrus 5TOro 3JI€KTPOHA YHOCHTCA (o-
TOHOM, a B 93% — ellle OOHUM 3/IEK TPOHOM, HOKUAAOIIUM aToM (3bdexT Oxé).
Nmenno stu Oxe-371€KTPOHBL U MO3BOJIAIOT OTOXKECTBUTH OTCUETHI, CBA3AHHEIE C
pacmazoM 37Ar, Tak Kak OHI IMEIOT XapakTepHyIo sHeprmio 2,8 k3B. Taxoil MeTon
HO3BOJIZET OGHAPYEKUTH Ar, €ClII ero BO BCeM OTPOMHOM Gake ¢ IepXiIopI THie-
HOM Bcero 10 aTomoB.
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Pasbepemcs Temepb, UTO XKe OXKHUOAIU MOAYUYUTH OT STON ycTaHOBKHU. [Ipe-
BpallleHIe BOOOPOOA B Telnil He MOXeT 0O0NTHChH 6e3 ciaaboro B3auMOmenCTBU,
TaK KaK Ipu 0OOpa30BaHUU AOpa Tefusd 2 IPOTOHA HOIKHBI MIPEBPATUTHCA B HEll-
TpoHBL. TakuMm 06pa3oM Ha KakKOoe AOpO TeIus MOJIKHO BBIOCIUTHCA 2 HEHTPUHO.
Kakue u3 Hux Moryt B mpuHnume HabmiomaThbes B ombiTe [IsBuca? Pacecmorpum
OCHOBHYIO IIETIOYKY MPOTOH-IPOTOHHOTO IIUKJIA:

p—{—p—)D—{—€+—{—V7
D-I—p—)SHe-I—’y,
3He+3He—>4He+2p.

B crammaprroit monemn Conana (macca = Mg, cBetumocts = L), pamuyc = Rg),
mons Taxenslx sneMenTos Z /X = 0,019, Bospact = 4, 7-10” net) no sToit nenouke
obpasyerca 86% u3 Bcex BHOBB co3maBaeMbIX anep rennsa. OmHako MaKcHMaIbHAS
SHeprusd HeXTpuHO B mepBoil peaknuu Beero (0,420 M»B. [IpaBma ¢ BeposTHOCTBIO
0,0025 BMecTO mepBOR peaknuy MOXKeT IOUTHU IPOIECC:

p+e +p—D-+r.

3meck v Beimensercs GakTudecku ¢ noctosauon sHeprueit 1,44 M»sB, pasroit pas-
HOCTH Macc Hokos D u 2p + €7, KoTopas yike IPeBOCXOOUT MOPOT peaknuu 1).
[Tpu mammoir cBeTumocTu CoOMHIA MOTOK 3TUX HEHTPUHO MPAKTUUECKN HE 3aBU-
CHT OT MOIENN (KOHEUHO, B IPENNOTIOKEHNN, 4To cBeTuMocTh ComHmna obycio-
BIIeHa TE€PMOANEPHBIM TOpeHHeM BONOpOma). Braromaps HOTOKY 5THX HEHTPHHO
Ha xaxmoeiit aToMm °'Cl mHa 3emme momxuOo mpomexomuTs 0,3 - 10736 peaxmmit 1) B
cexyrny. Beamunry 1073 3axBaToB Ha aTOM MUIICHN B CEKYHOY CTaJl Ha3bIBATh
E€OUHUIEN COTHEYHBIX HEHTPUHO (SNU). UyBCcTBUTEBIHOCTL ycTaHOBKE I[3BuCa
HeOOCTaTOYHa mjid um3Mepenus moTokoB mopanka 0,3 SNU. Ecmu 6sr moTok oxa-
sasicsa Menbie 0,3 SNU, MoxHO ObLI0 OBl HOCTABUTH ION COMHEHUE TEPMOAIEPHOE
roperne, win ucTouHnk cBetumocTu Conama. Ha camom xe meste o mamasiv 1978
r. 3apeructpuposad noTok 1,2 £ 0,3 SNU. Uro xe HEOKUTAHHOTO 0Ka3al0Ch B
pesynbraTax IsBuca? Bee memo B ToM, 9TO HMOMTYYEHHBI TMOTOK CIANITKOM HE30K
[0 CPaBHEHUIO cO cTaHZapTHON Momenbio ComHila.
B 14% cmayuwaes B aToit Momenn BmecTo cnusEng ¢ CHe agpo *He coumBaercs ¢
‘He u umeT menouxa
3He + *He — 7Be%—’y,
"Be+ e — 7Li—}—1/,
Li+p— 2'He.

N3 momyuwaembrx 3mech “Gepmnnuessrx” menTpuao 90% mMmetor smeprmio 0,861
M5B u Toxe MoryT 6bITH 3apeructpupoBassl (y 10% smeprus 0,383 M»sB), ma-
Basg B cymme ¢ pep—HeiTpuro okoio 1,2 SNU. Eme npumepro 0,1 SNU mator v
or CNO-uukma, KOTOPHI IOTKEH UTPATEH COBCEM HE3HAUUTEIHHYIO POIIb BHY TPHI
Comuma. Bee 1o emte He mpoTtuBopeunt omwiTy I3BuCA.
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[IpoTuBopeune HacTymaeT B TPEThell MEMOUKe PP—IIUKIIa, KOTOPas MPOTEKAET
Bcero B 0,02% cmyqaes:

Be + p— 8B + ~,
*B — ®Be* + e + 1,
8Be*+ — 2*He.

DTa menmouka BakKHa OJIg OmBITa Jl[»Brmca m3-3a OONBINON SHEprum “GOPHBIX
HENTPUHO: MaKCIMYyM HEIIPEPBIBHOTO CIIEKTpa 3Tux v cocTaBiuser 14,06 M»>B. Us-
3a 6oJIee BHICOKOW YHEPTUU CEUEHNE B3aNMONENCTBUI OOPHBIX HEHNTPUHO B CPETHEM
Ha TPU MOPSIOKa BHIIIE, deM y pep—HeiTpuro. [lo pacueTam, mpoBemeHHBIM OO Ha-

.

vaia ombiTa l»Buca, momydann, uTo 6opHble HenTpuHOo mamyT 3070 SNU, n

TONIBKO TOCTE MEPBHIX pPe3ylIbbTaToB l3BHca ymanoch “yxkaThb 5TOT MOTOK OO
4,3 SNU (r. e. Bcs crammapTHas Momens maeT 5,6 SNU). ITouemy xe Bosmo-
KeH Takoll pa3bpoc B mpenckasaruax’! Iego B ToM, 4TO MOTOK GOPHBIX HENTPIHO
OYEHb PE3KO 3aBHCUT OT TEMIEPATYPhL: Mg TeMmiepaTyp meHTpa ComHia npu-
mepHO T8 (aTo BBI3BAHO, IJIABHBIM 00pa3oM, OOIBIINM KYJIOHOBCKUM OapbepoM
peaxmun 'Be (p, ’y) 8B). [TosTomy HEGOIBIIIE Bapuallil B HEIIPO3PATHOCTH, YPaB-
HEHUU COCTOSHUS, B OIUCAHNN KOHBEKTUBHOTO IIEPEHOCA MOTYT CJIETKA M3MEHUTH
TEMIIEPATYPY B IEHTPE, ITO MOKET CHIIBHO OKa3aThCA Ha MOTOKE HENTPUHO OT
pacmama ®°B. Ho muxaxmm cmocoboM B paMKaxX OOBITHBIX IPEICTaBICHII 06 3BO-
momuu ConHna He ymaeTcs 00bACHITH HaOMIOOAeMBbIl HU3KAN MOTOK.

Pesyaprarer IsBuca moponmwinm OrpoOMHBIN MOTOK PabOT, MBITAIOIIMAXCA CBe-
CTH KOHITBI ¢ KOHIIaME B 3Tol mpobieMe. PaccMaTpuBaiach BO3MOXKHOCTD MEpe-
MemuBauusa CoJHITA, €r0 HEOMHOPOMLHOCTD [0 IEPBUYHOMY XHMUAYECKOMY COCTaBY,
pacman HeATpuHO u T. A. HaMm mpencTaBigeTcs, YTO pa3yMHO HE CIEIINTH C BbI-
BOIAMU, HOXKOATHCI PE3YIbTATOB OPYTUX HAOIIOIEHNH.

[IpuanUnUIanbHOE 3HAUEHNE UMEIIO OBl UCIOIb30BAaHIE TAJLILEBOIO JIETEKTOPA
IU1s perucTpanun peaknun (npennoxersoe B.A Kyspmuneim)

v+ "1TGa — "Ge+e .

opor sToit peaxmun Bcero 0,233 MaB, Bpemsa monypacmama '+ Ge 11 mreit, Taxmm
06pa3oM, 3Ta peakIus IyBCTBUTEIbHA K CAMBIM TJIABHBIM MPOLIECCAM pp—IIHKJIA.
3necs B crapmaprHon Monenn oxumaerca 90 SNU (ramnuessrx), npuaem 63 SNU
OT TEpBON pp—peaknuu. TpymIHOCTh TEXHHYECKOTO OCYIIECTBIEHHS 3TOTO YKCIIE-
pUMEHTa CBA3aHa, B 9ACTHOCTH, ¢ HMEHOW rajmms. dTobbl mmeTsh 1 cobbiTHE B
cyTku, HEOOXONUMO 0K0mto 50 T ramamsa. DTo O6ymeT CTOUTH OeCATKHA MUJLIHOHOB
nomapos (unu py6mneit). Ho HayuHOe 3HaweHEE 5TOrO ONBITA OYEHB BENIIKO M €0
nposenenne wianupyercs kak B CIITA, rax u 8 CCCP. A rannuit B koHIIe KOHIIOB
He TpomafeT U He ucnopTuTcs. [lo OKOHUaHUM >KCHEpUMEHTa ero MOXKHO OymeT
MYyCTUTh Ha HYXKIBl TPOMBINIICHHOCTH.
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I'maBa 6. CTPOEHUE N YCTOMUMUBOCTH 3BE3]]

§ 6.1. YpaBHeHHUS 3Be3d0l CTPYKTYPHI

B camoii o0rieil mOCTAHOBKE pacdeT BHYTPEHHETO CTPOEHUS 3BE3I CBOOUTCH K
MHTETPUPOBAHUIO YeThIpeX nuddepeHnnalbHbIX yPaBHEHNN, KakIoe U3 KOTOPBIX
MBI TOOPOOHO pAacCMaTPUBAJIN B IPEOBIAYIIIX IJIaBaX. BeinumeM cefiuac ux BMe-
cre.

1. ¥YpaBHeHUE MacCHh:

dM,
dr

2
=4nrp un

M, = /47Tp 2 dr.
0

2. ypaBHeHI/Ie TIOPOCTATUIECKOTO PABHOBECHU:

dP_ GM,
dr ~ r2 p-

3. YpaBHenue nepenoca sHeprun B nuddy3noHHOM OTPUOINKEHUN:

de,
dr’

L, =—4xr* D

roe ¢, = aT* — mnorHOCTH mMyumcron sHepruum u D = cl/3 = ¢/(3kp) — ee

xosddurnuenT quddy3nu.
[Tepenumem 5TO ypaBHEeHUE B BUIE

dT 3 kp L,

dr ~  4acT34nr?

4. YpaBHeHUe >HEPTETUYIECKOTO OaaHCa:

dL,
= 4nr? pe
dr P,
rze € [3pr/cr] — CKOpOCTH BBIOETEHNS SHEPTUHL.

OTu gubdepeHnuaNbHBIE YPABHEHNS CIIEAYET NOMOIHUTH YPABHEHUEM COCTO-
SHUS

P=P(p,T,X,Y,2)

U BBIDaKECHUAMHE 71 HETIPO3PAYHOCTH U CKOPOCTH BBIIEJICHUS SHEPTUN
_ %
k=k(p,T,X,Y,Z),

e=¢(p,T,X,Y, Z).
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Bemnuunut X, Y, Z — Becorle momu snemMerToB: Bomopona (X ), remus (YY) u opy-
rux (Z). OrMeTnM, 9T0 B COBPEMEHHBIX PACUeTaX BBIPAKEHUE [JLL > UCIOIb3Y-
eTcs B BUAE Ta0JIUI, XPAHAINXCI B HaMATH MAIINHBL. Y paBHeHHe (3) cmpaBen-
JWBO TOJBKO M1 JIyIUCTOH TEIJIOMPOBOTHOCTH. B 00/1acT KOHBEKTHBHOTO Hepe-
HOCA YHEPIUH HEOOXOMUMO HCIOIb30BaTh yCiIoBue u3sHTponuarocTu (dS/dr = 0),
KOTOPO€e Yepe3 TeMIepaTypy 3alllCBIBAETCA CIAETYIOMIM 00pa3oM:

dT ] 1\ T'dP

dr v) Pdr’
[Ipu pacuerax OOBIYHO HIPUHUMAIOT CJEOYIOLIHI MEPEXOOHBIN XMUYECKUN COCTAB
s3Besmel: X ~ 0,7; Y ~0,28; Z = 0,02 mya 3Be3n rajak THYECKOH IJIOCKOCTH 1
7 = 1073 mna 3Besm HMIAPOBBIX CKOIJIEHUI.

Tonbpko 4T0 060COOUBIIYIOCS B pe3yiIbTaTe KOHOCHCAIIUN MEXK3BE3IHOIO r'a3a
3BE3MY Pa3yMHO CYATATh XUMHYECKH OMHOPOOHON. Kak MOKa3eIBalOT pacdeT, 5BO-
IO 3BE30bI UACT PA3IHYHBIME IIYTAMHA B 3aBHCEMOCTH OT TOTO, OCTAETCS JIN
3Be3Ia XUMHUYECKH OTHOPOMHON WM K€ M3MEHEHHS XUMHUIECKOTO COCTaBa MPOMC-
XOOAT TOJIBKO TaM, TIe MPOTEKAlOT AIEPHBIE PEAaKINM, T. €. B €€ IMEeHTPAIbHBIX
obnacTax. Y MaJOMaCCUBHBIX 3B63,E[(M < 0,5M ®) KOHBEKIINEN MOXKeT OBITH OXBa-
yeHa OOJIbIasg 9acTh 3BE3ObI, IOYTOMY 30€Ch MEPEMEIINBAHIE MPUBOAUT K TOMY,
YTO XUMHUYECKHUI COCTAaB MEHAECTHCA ¥ BCEll 3Be3Ibl B IIEJIOM. Y 6Ojee MaCCUBHBIX
3Be31 KOHBEKIUS OTCYTCTBYET BoOOIIE OO0 MPONCXOOUT B HEGOIIBIION IEHTPAIb-
HOW 9aCTH, IM€ BBIOEIIETCI SHEPT U, U Il HIX N3MEeHEeHIe XIMUYECKOTO COCTaBa
ABIgeTCS QPYHKIUEH TOIBKO JIarPAHKEBON KOOPAUHATHL U MPOIOPIUOHAIBHO CKO-
POCTU BBIOEJICHUA AOCPHON SHEPIUN:

ox
at |,

>

= —Ae.

B mampmeitiem 6ymeM paccMaTpu-

A BaTh Momenu Oe3 kKouBexnuu. UTax,

T uMeeM UYeTHIpe nOuddepeHnnaaTbHbIX

¢ T ypaBueHus mis Beauund M,, P, T u
L, ¢ rpaHUYHBIME Y CIOBHSIME:

M,.=0,L,=0 mpur =0,

P=0,T=0 Ha TOBEPXOCTH.

" Ar YT B nenTpe MOXHO BapbUpPOBATH OBa
mapamerpa P, u T,.

Puc. 31: Ecnu temeps MBI Gymem mHTerpn-
pOBaTh 5TU YPaBHEHUAME C (QUKCHPO-
BaHHBIMI HadaJ bHBIMU MapaMeTpaMmu, To He Bcerma P u T obpaTaTca B HYIb Of-
HOBPEMEHHO Ha HoBepxHOCTH (puc. 31). Do yenosue (To = 0, Py = 0) Hakmzansr-
BaeT momonHuTenbHoe orparndernne Ha P. u T,. TlosTomy cemeiicTBO permernuii 6y-

IeT OMHOMapaMeTPUIECKUM (no P, unu Tc). [Tpu mamuom P, ects omuo T,, Takoe
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ato Py = 0, Ty = 0. Urax, upu yuere storo ycnoeus T, = T.(P.), M = M(P.).
Ecan 681 MBI paccMaTpUBaIN TOIBKO MEXQHIIECKOE PABHOBECHE, TO MOXKHO OBLIO
OBl BapbUpPOBaTh OBa mapaMerpa (ckaxem M u S). Ho eme meobxomumo, 11006
BBLIEJIEHNE SHEPIUH I €€ OTBOL, KOMIIEHCUPOBAJIN APYT APYTa (YCIOBUE TEMIOBOTO
GamaHca). JTO MOMOIHHUTEIbHOE YCIOBHE OIDAHHYMBAET KOIUICCTBO DEIIeHHIL:
it maHHoro P. ecTh eNWHCTBEHHAsS MOIENIb C ONHUM 3HAYeHIEM MAacChl, CJIENO-
BAaTEJbHO, IJIS DAHHON MaCChl €CTh ONpENeNleHHoe 3HaueHue P, u onpenencHHas

CBeTI/IMOCTb5.

§ 6.2. CooTHollIeHNE Macca-CBETUMOCTb

Bun ypaBHenuit mo3BosnseT HallTU PAO COOTHOIIEHUH OIS MHTETPATIBHBIX Xapak-
TKPUCTHK 3Be3[ (Macca, CBeTIMOCTD, DAIUyc), He Pelllas TUCIEHHO CUCTeMY. JTO
MOXKHO CIeIaTh B TOM CJIydae, KOIOa HEIPO3PadHOCTDH > U YHEPLOBBIOCIICHUE &
CTemeHHBIM 00pa30M 3aBHCIT OT IVIOTHOCTHU U TeMuepaTypsl. Ha camom merme stum
3aBHCHMOCTH Pa3INIHBI OJIS PA3INYHBIX CJIO€B, 1, 60jIee TOro, B HEKOTOPBIX CIIy-
JasX BOOOIIe HEIb3s NPUMEHITH CTENEHHYIO allllPOKCHMAnuio. Tem He MeHee s
IIIPOKOrO Kjlacca “TIIaOKUX MOMeNel IOIIydalounecs COOTHOIIEHNUS MONTBEp-
KIOAIOTCS IPAMBIM YHCICHHBIM PaCIeTOM.

B BeIpaxeHusx mis Hempo3padHOCTU OyHeM HOIB30BATHCS MPH HU3KUX TeM-
nepaTypax 3akoHoM Kpamepca:

~7/2
= »pT r
a IPU BBICOKUX — TOMIICOHOBCKOH HEIIPO3PATHOCTHIO:

3 =3 = 0,4 e’ 1.

HpI/I OOEHKaXxX 6y,E[eM IIPOU3BOOHBIC 3aMEHATH Ha OTHOIICHUSA THUIIA:

dM M dP P
~ — — ©uT. O

& R’ 4 TR

TOI‘JI?L IIEPBBIC TPpU YPAaBHCHUS JAaIOT CIICOYIOINUE TPU COOTHOIICHNI:

dM,
= d4nr’p — M = R’p,,
dr
dP GM, GM )
ar LMy _ M /3 .4/3
dr rz P P R’ GMTEP
d(aT* T
L, = —4TFT2DM — L~ R— ~ RT"?p-2.
dr »p

5B npunnume Mpu gaHHON MACC MOTJIO GbI GHITH HECKOJILKO PEIeHNil, HO QaKTHUecKn 3TO He
Tak (GopMasibHO, BIIPOYEM, MOKHO GbIIO Gbl TOBOPHTH O XOJOLHOM PeIIeHHN Kak PaBHOMPAB-
HoM). HanoMeum, 9T0 MBI MMeeM 16710 ¢ 3a[aHHBIM XWUMIYECKAM COCTABOM, TAKUM, U4TO TPH

BBICOKOM TeMTIepaType uayT aAepHbIC DEAKIINU C BbIIECJICHUEM 3HEPTUN.
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[Ipu Takmx onmeHKax YnucIeHHBIE KO3POUIUEHTH! omycKkatloTca. Ncnonb3ys mepBoe
COOTHOILICHNE, MOIYyIUM OIS CBeTHMOCTH

L ~ M1/3T15/2p_7/3,
a YpPaBHEHUE COCTOIHUIA IOCAJIBHOTO ra3a P = %pT oaeT
T ~ GM2/3p1/3.

Taxum obpasom,
I ~ G15/2M16/3p1/6_

Amanornuso 3aMeHseM YpaBHEHUE OJI SHEPTUN:

dL,
dr

= dnr?pe — L = R’pe = Me.

Ins 5HEproBBIOETEHNS MMeeM BbIpakeHHe (ANIPOKCHMEUPYIOIINE TOUHBIE (op-
MymsL 5.5):

Y

rone v =4 npu T ~ 13-10° K (8 ciywae pp-unxna) n v = 15+20 npu T ~ 20-10°
K (CNO-nuxn). Hanbme orparmanmes cryaaem pp-unkina (v = 4). Torma

4 4 11/3 7/3
L~MpT*~ GMY3)3,
I/ICK.]'IIO‘IaSI IIJIOTHOCTBH U3 OBYX Bpra}KeHI/IfI TJIs1 L OKOHYAaTEJIBHO IIOJIYYNM
L~GeM>

0,07
R~ M7
qu) ~ M,

OTMeTuM, 9TO UNTCICHHBIe pacueThl maiorT L ~ M* (nns 3Besm ¢ Maccoll mo-
panka 1 Mg). CrenyeT o6paTuTh BHEMaHNe Ha CUIBHYIO 3aBICHMOCTD CBETHMO-
CTH OT TocTOgHHON TaroTerns L ~ G78. 13 reosorun n3BecTHO, YTO CBETIMOCTD
Commma He MeHATACH, O KpaliHell Mepe Ha TMPOTIKEHUU TOCIETHUX TPeX M-
AUAPOOB JIET. DTO TOBOPUT O TOM, UTO TOCTOSHHAS TATOTEHUS HE MOTIIa CHJIBHO
MEHSTBCSA C BO3pacTOM BceneHHOI.

B ciywae TOMICOHOBCKOI HEIPO3pavHOCTH (BBICOKHE TE€MIIEPATyPHI)

%:%Ty

L ~ RT4[)_1%_1 ~ M1/3T4p4/3 ~ Ml/3(f1'v/p1/3)4 ~ G4M11/3,

T. €. BHEPTOOTBOI HE 3aBUCUT OT p. [l sHepTOBBImENeHNS TPU GOIBIINX TeMIIe-
paTypax mMeeM

L = MpT" (CNO-unxmn),
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YyTO JaeT

p~ M—4/3G—11/6
R~ M

[IpuBemem Tabnuity 3, MONMYUEHHYIO MyTeM UNCICHHBIX PACUETOB I BEPXHEN
YacTH IIaBHON mocnenoBaTensuoctu (M > Mg, Z = 0,02).

Tabaumna.
MO,E[G.T.[I/I 3BE31I ].".T.[ELBHOfI ITOCIIEIOBATEIIBHOCTHI

M/Mg 25| 5 10

L/Lg 20 | 300 | 3000

R/Rg 1,6 | 24| 3,6
pelrem™] | 48 | 20 8

§ 6.3. TensoBas ycTOMYNBOCTL 3Be3

Pambme Mb1 paccMaTpuBaIm BOIPOCH MEXaHIYECKOTO PaBHOBECHS 3Be3md. 1emepb
Hac OymeT MHTepecoBaTh UX TEINIOBasg YCTONYNBOCTD, T. €. MBI TOMBITAEMCS TI0-
HATH, nouemy ComHIle 1 Apyrue 3Be3mbl, o0mamas OTPOMHBIMI 3alacaMi B3DBIBO-
OITACHOTO BEIeCTBa, BECbMa, “pa3syMHO” PaCXOOyeT ero Ha MPOTAKEHUN MUJIINO-
HOB U Jake MIJITHAPIOB JIET.

TemmoBoe paBHOBecHe BOOOIIE OMpENENAeTCsS PABEHCTBOM CKOPOCTEN MPOIEC-
COB DHEPrOBBIAE/ICHNS U 3HeprooTsBoma. CucreMa ycTONYNBa B TEIJIOBOM OTHO-
[IEHNN B TOM Cjydae, KOrfa Ipu HeGOIBIIOM BO3MYIIEHHH TeMIEPaTypPhl 5TH
IPOIECCHl MEHAIOTCS TaK, YTOOBI JINKBIAUPOBATH HaUaIbHOE BO3MYILICHIUE.

[IycTes B menTpe 3Be3mbl “roputT’ BOMOPON U BBLOC/IAIONIAACA YHEPTHUA OTBO-
OUTCS TEIJIONPOBOMHOCTHIO. UTO mpon3oimeT npu HeGOIbIIOM H3MEHEHUH TeMIIe-
paTypsi’?

3 ypaBmeHns nudgdysum nU3IydeHHs DOIydYaeM, 9TO OTBOL TeIla (CBETH-
MOCTB 3Be3IBl) CIEAYIOMIM 00pa3soM 3aBHCHT OT (QU3MIECKUX BEIIHUHH:

T7’5
" RF

IpU KPaMEPOBCKOM 3aKOHE HEIIPO3PAYHOCTH U
T4

L7 ~R—

P

IpU KOMIITOHOBCKOM paccesHnu. B »>Tu dopmymsl BxonuT R, a He R?, m3-3a rpa-
OUEHTa IJIOTHOCTH JIYyYUCTON SHEPTUH, BXOOAIIIETO B ypaBHeHHUEe Ouddy3uu:

drt T4
VTt=—~ — L ~ R*VT* ~ RT*.
dr R
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Pamuyc R, cpenune 3sHaueHNS TeMuepaTyphl ' U IITOTHOCTH p OIS 3B€3OBI TaHHOH
MaCCBL He ABIIAIOTCSI HE3aBHCHMBIMU:

M~ Rp, T ~GMJR

(B ,E[a.HBHef/iLT_IeM G CUnTaeM IIOCTOSHHON 1 He BIUCBIBAEM B (bOpMy.TIbI). C yY49€TOM
STHUX COOTHOIICHUI IMEEM CIICOYIOIINEe 3aBUCUMOCTH OJIA OTBOOA TeEILJIa:

5~ M e~ MV,
LT ~ M"py ~ M*T°

(B KawecTBe yIpaXKHEHNS HalluTe MOKa3aTend d;, ;). Takum oGpasom, B ciyqae
KPaMePOBCKON HETIPO3PAYHOCTH SHEPTOOTBOL OT TEMIEPATYPHI 3aBUCUT €1abo, a
IPU KOMITOHOBCKOM PAaCCESHUN HE 3aBUCUT OT TeMIEepaTyphl BOOOIIE.

Kax o6ctonT meno ¢ momsomom Temna LT7 U3 momyueHHBIX B MpembITyIeM
maparpade COOTHOIIEHNN MMeeM:

4 e
L;'p ~M pT* ~ MT (pp—nuxm),
LgNO ~ M ,oT]5 ~ MIT'® (CNO-nunxmn)

(aHamOTMYHO mpomEIaHHOMY BEINIE HallinTe mokasaTenu ¢ u d). B Bepaxenmsax
IIsL TEIIOOTBONa p U 1 BXOOAT KaK B YHCIIUTENb, TaK U 3HAMEHATENb, TO3TOMY
OHI TOYTH (WUIH COBCEM) COKpaImaloTcs. B dopmyny mns LT n mmoTHOCTS I TeM-
mepaTypa BXOOAT € OOHOHN CTOPOHHI.
Hogemy 8 LT mI0THOCTS p BXOMUT B TepBoil cTenern! BepoaTHOCTH mpomecca
Ha aTOM IPOMOPINOHATRHA p, Ha equHUIY obbeMa ~ p . CrmemoBaTemsHO, IO Beelt
Macce 3Be3nbl LT ~ Mp.
B CNO-mukme ects mpomeccs

A tuma ?N — 3C + et + v, Bepoar-
]:pp ! HOCTH KOTOPBIX HE 3aBUCHT OT p, HO
L 1 - oHn ObIcTpPEL (CcM. 5.5), a mpomecchr
L L THIa CTOIKHOBEHUII (B KOTOPBIE p BXO-
/ nuT) MenseHHBL. VMeHHO mocnenHue n
I II\ L+ Hocne JIUMUTHPYIOT BBIOEJIEHUE >HEPIUM, T.
A BLIFOPAHUS €. OHU ONPENENSIOT CKOPOCTh MOABOMA
,// : Bofoposa TeHIJan' P
P | Tak, B paBHOBecuu LT = L~ mpu
.I'.O T» HEKOTOPOM (GUKCHPOBAHHOM 3HAUCHUH

TeMmepaTypsl (cM. puc. 32).
ABnsgeTcs 3TO paBHOBecHe YyCTOM-
Puc. 32: ynBeiM? Ha mepswiil B3rmsam xaxercs,
9TO HEOOJIBIIOE yBeIUYIeHNe TeMIepa-
TYPHBI IPUBeOeT K BO3PaCTAHUIO >HEPTOBBIAETICHNI, ITO B CBOIO odepenb IONHHU-
MaeT TeMIepaTypy Halbllle U BedeT K B3PBIBY 3Be3Obl. llpu yMmeHbIIeHUU TeM-

IepaTypel OTBOO SHEPTUU CTaHOBUTHCA 6OJIBI_T_Ie, YeM ee BbILOCJICHUE, U, Ka3aJIOCh
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OBI, 3Be30a JOMKHA OCTHITH. [lomobHad CUTyalnsa BOSHIKAET IPH HEY CTOMYHBOCTH
roOpeHns OOBIYHBIX BEIIECTB Ha 3eMIIE.

Opmaxo 3Besmbl ycToiumBel. ['me ommbka B Hammx paccyxmeHuax! Mser me
yain GakT, 9TO 3Be3[a UMeeT OTPHUIATEIbHYIO TEIJIOEMKOCTD. B obmeM ciaydae
3MeHHe TeMIEPaTYPhl CO BpPEMEHEM OIPeNeiaeTcs ypaBHEHIEM

dr
“at

rmge ¢ — TEeIIJIOEMKOCTBb CICTEMBI. HpI/I MaJIbIX BOSMYVILICHIAX OTHOCUTEJIIBHO TOYKN

It -1,

paBHOBecus T, paszmoxuM Bepaxenns LT u L~ B pan mo crenensm T — T, orpa-
HUOYUBASCH JTUHEHHBIMUA YJICHAMU:

dT-T,) ., dL™* _ dL~
cidt =1L (To) + W(T - TO) - L (TO) - W(T - T0)7
orkyna (mockonsky Lt (Ty) = L™(Ty))
d dL* dL-

Scuo, uro mpm dLt/dT > dL~/dT m ¢ > () Manmele BO3MYIIEHWS HPUBEOYT K
HEYCTONYMBOCTH:

(6.1)

dLt dL~
T — Ty = const - exp /c

dT  dT

s 3Be3mbr nomHas SHEprus £, KOTOpas ABISETCS CyMMON TPABATAIMOOHON SHEP-
run U u rennosoit W = ¢, MT, orpunarenbua:

U = —2W (reopema Bupmama; cu. 1.8)

E=U+W=-W<O0.

Takum o6pasom, TemmoemkocTs 38e3nsl ¢ = d€/dT = —c¢,M < 0, T.e. popmyna
(6.1) mokaselBaeT, 9TO BOSMYILIECHHS 3aTyXalOT, HOTOMY 3Be3la U HAXOLUTCI B
YCTONYUBOM TEIJIOBOM PAaBHOBECHH.

Crenyer mOMHUTB, 9TO 5TH PACCyKIOCHUS CIPABEIINBBEI TOIBKO B TEX CIIy-
9asfxX, KOT[a, BO-IEPBBIX, IPH MAalbIX BO3MYILCHHAX 3Be3da paclmpseTcs (min
CKUMAETCs) KaK Ieoe U, BO-BTOPBIX, TelnoBas 5Heprus W mponopnuoHambHa
TemmepaType T, T. e. Korma 3Be3a HEBRIPOXKIEHa. IKorma 5TH yCIOBUS HE BBI-
HOJTHAKOTCSA, TO MOKET BOSHUKHYTH HEYyCTOMYMBOCTS.

PaccmoTpum Temeph, Kak HM3MEHSETCS €O BPEMEHEM TMOJIOKEHHE TErI0BOTO
pPaBHOBECHUS TO Mepe BHITOPAaHUs BOMOpoma. YICHO, UTO ¢ yMeHbIEHUEeM OOIIEro
KONII4YecTBa BOIOPOLa B IeHTpe kKpuBas L1 Oymer co BpeMeHeM NOHIKATHCA (CM.
puc. 32). Kak Bunzo, TeMmepaTypa B LEHTDE MOCTEIEHHO PACTET, YBEININBA-
eTcs MeHTpalbHasd IIIOTHOCTD 3BE3IbI, PACTET CBETUMOCTD. Kak TOKa3BIBAIOT Pac-
YeTHI, PAIUYC 3BE3ObI U3MEHIETCA B TY WIN OPYTYIO CTOPOHY B 3aBUCUMOCTH OT
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HAIINYWs TEPEMENIUBAHNUL. B OTCYTCTBUM KOHBEKIUHU, KOTIa 3BE3da CO BPEMe-
HEM CTAQHOBHUTCS XUMHUYECKH HEOMHOPOIHOW, pasMephI €€ YBeIUYUBAIOTCS, T. €.
3Be3ma mocTeneHHO “pasbyxaer”. OmHako MO TeX MOp, MOKAa BOOOPOX, HE BEITOPUT
B IIEHTPE, BCE 3TU U3MEHEHUs CTOJIb MEIJIEHHBI U HE3HAUNTEILHEI, 9TO B IIEPBOM
IpUOINKEHNE MOXKHO CYNTATh 3Be3qy HouTH HemsMeHHOH. [lockonbky xamopmii-
HOCTH BOLOPOLA BeJMKa, 3Be3da HOJITO HAXOOUTCSA B COCTOSHUU TOPEHUS BOIO-
poma B ee MEHTPAIbHBIX YaCTAX. B 3TOM COCTOSHUE TPOXOOUT GONbINAs TacTh
ee KU3HU, UMEHHO MMO3TOMY Tpeobiiagaoree GOMbIINHCTBO 3BE31 CKOHIIEH TPUPO-
BAaHO Ha TJIABHOW MOCIIENOBATEIBHOCTH AuarpaMMel | epmnpysara—Peccema. [Ipu-
BelleM BpPEMsl JKU3HU B TOAAX Ha TIIABHON MOCIIEOOBATETBHOCTH O HECKOIBKUX
sgauennit macce 3se3m: M = My, T =10 M =3M,, T =2-10% M = 15M,,
T =107,

§ 6.4. Dposonus 3Be3 IJIaBHON MOCJIeAOBATEILHOCTU

HpI/I JOCTaTOYHO OOMBINMNX Maccax

X‘ (M > 0,5Mg) HeT ra06amIbHOTO mEpe-

Z=0.02 MEIUBAHUs, TIO3TOMY BOIOPOIN B II€H-

98% Tpe MOCTENeHHo HeTommaeTcs (puc. 33).

0% H Co BpemeHeM B smpe BOOOPOL HCUe-
o — —\— — —

3aeT IOJHOCTHIO U 3Be3Ha BCTyIaeT B
KadeCTBEHHO HOBYIO (a3y CBOEW 3BO-
He JIOIAN — TOABJISIETCS CIOEBOW MCTOY-
Huk dHepruu. [lockoabky B meHTpastb-

HBIX 00JIaCTIX SHEprud OOJIBIIIE HE BBI-

28% — — A~ — >

-1 _ _ _1

I-/R> menseTcs, TeMIepaTypa TaM BBEIPaB-

HUBAETCI — 3Be3Oa IpuodpeTaeT m30-

Puc. 33: TepMEYecKoe TelneBoe Anpo (puc. 34).

C mosBIEHEEM CIOEBOTO HMCTOYHUKA

3Be3fa HauMHaeT ObICTPO pa3byxaTh. OdeHb OBICTPO MPOUCXOOUT MEPECTPORKA

3Be3MBI, IPU KOTOPOR ee paanyC yBeIUUNBAaeTCsI B OecaTKU pa3. Ha pacmuperne

BHEITHUX YacTel 3Be30bI 3aTPAdYNBaETCI SHEPI UL, UTO IPUBOOUT Haxke K HEKOTO-

poMy TOHMXKeHUIO ee cBeTuMocTH. Ha nmarpamme [eprmmpyrra—Paccena 3Besnma
mepexonuT B 00/IacTh KPACHBIX THTAaHTOB.

[MocMoTpuM Ha pesynbTaThl YHCIEHHBIX DAcueToB I 3Besnbl 5 Mg (pmc.
35). IlpaxTuaecknm HEBO3MOKHO Ka9eCTBEHHO OOBACHUTH HOIHBIN TPEK 3BE3IEL
Ha puarpamme ['eprmmnpynra—Paccema. Ha cranmm cioeBoro roperuns Bo3HUKaeT
KOHBEKIIWS, IPOUCXOONT CKaTUe TeJINEBOTO saapa U pacmmuperune obonouku. [Ipu
CXKAaTHUU SOpa TeEMIepaTypa IOBBIMIAETCI OO TOTO MOMEHTA, ITIOKa He CTaHET BO3-
MOZKHBIM 3aTOpaHUe Tenns. ¥ 3Be3n onpeneneHHOHT Maccel M < 2 Mg koHBekImsI
He BO3HUKAaeT, T. €. SOPO HOJITO OCTaeTCd M30TePMUYeCKNM, I II0 Mepe TOpEHUL
BOINOPOZA MeNJIEHHO HapacTaeT €ro Macca (DpHdYeM TeMIepaTypa M IOTHOCTH
nouTn He MeHaoTcs ). OmHAKO 5TO He MOXKeT IPONONKATHC CIUIIKOM HOJTO, TaK
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\
A f“%
T‘ CNoeBoe ropeHue g L SO
\ Boaoposa ’E@ 2+ /)chf%\ 2.25 MO
®
! Qoi%\ \
: SN
| OF %,;99\ Mo
I %,
| N
: -2 1 1 1 1 Al
—— R - 4.4 4.0 3.6
N30TEepPMMYECcKoe I laT
He—anpo g ad
Puc. 34: Puc. 35:

KaK TPHU JOCTUKEHUE ONPEOeICHHON HOIN MaCChl 3BE3IbI (M;[/M ~ 10 — 15%)
H30TEPMUIECKOE IO YKEHE MOKET HAXOAUTHCA B PABHOBECHN ( TaK Ha3bIBAeMBIIL
npenen Illenbepra—Yaropacekapa, He myTaTh ¢ aHIPACEKAPOBCKUM IIPEIETIOM
Genbix kapnukos). [Tocne mocTuxerns 5Toro mpenena Sqpo HaYMHAET CKIMATHCL
U pa3orpeBaThCA 3a CUET BBIOEJECHNS IPABUTANMOHHON HEPTUU [0 TeX IOp, HOKa
HE 3arOPUTHCS TeJIHil.

§ 6.5. T'openme resus: 3a—peakuus

lNoperme renmmsa 3aTpymHEHO TeM 0OCTOATETBCTBOM, 9TO OTCYTCTBYIOT yCTONYM-
BEIE AApa ¢ aTOMHBIM Becom A = 5w A = § (ecnu GBI OHE CyInecTBOBaNN, TO OBLIX
661 BosmoxHEE peaxnnn ‘He+"H 4He—l—“He). Opmaxo cnusgHWE TPeX anep TeTms
maeT ycToiramBoe ampo ¢ aToMEEIM BecoM 12: 34He — 12C. IlosToMmy mamnHeii-
I1ast SBOJTIONKS 3BE3IbI OMPEIETIIeT s STON TakK Ha3bIBAeMON 3a-peaknumein. A mopa
811 n ®Be meycTounBEl 1 6BICTPO pacmamaioTca. Hampmmep,

811 - ®Be 4+ e¢™ + v,
8Be — 2%He (1~ 10_16(:).

Tem me MeHee TOT GaxT, 9TO aOpo “Be XOTH W HeycTOHUMBO, HO BCE XKe CyIIe-
cTByeT B Teuenme Bpemenn nopanka 107'%c, okasnBaeTcs cymecTsenrsM. Bepo-
STHOCTH PEaKINN PN TPOMHOM CTOJIKHOBEHUN ('—IaCTHUI C IPON3BOIBHEIMU SHED-
TUIMH HaMHOTO MEHBIIIE BEPOITHOCTH TOTO, UTO OBE O'—IaCTUILI IMEIOT SHEePTUIO
KaK pa3 TaKylo, ITO OHH (XOTS I HeHamoiro) obpasyior cuctemy “Be. Takas cu-
cTeMa — aapo ©Be B momaBIfioeM GOMBITIHCTBE CIIydaeB paclagaeTca o6paTHO
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Ha B O—JaCTHUILI, HO BCe ke M3pelKka MPOUCXOOUT CTOTKHOBeHHe SBe ¢ TpeTeit
a—JacTuneit, mpusonammee k obpazosarmio '2C. IIpm Gompmmx TeMmmepaTypax B
TepMOIUHAMITICCKOM PAaBHOBECHH MMeeTCi HeKOTOpasd KOHTeHTpammsa amep - Be,
onpenensemas dopmyiaon Caxa:

[SBe] ~ [4He]2€—0,3 MC—)B/kT'

Cronxuoserme amep ‘He ¢ ®*Be mpmsomuT x obpasoBammio ampa '*C. Tax xax
BEpPOATHOCTD IIPOTecca IPONOpPIIOHaIbHA Ipom3BeneHnio kormenTpanmit ‘He m
®Be

[4He] [8Be] ~ [4He]36_0’3M3B/kT,

TO CKOPOCTDb PEAKINU ~ p°, €ClII PacCUNTHIBAThH €e Ha eIUHUIY o0beMa, Wil p?
— Ha emumEUNy Macchl. OmHaKO HE CTOJIKHOBEHHE 3(v, HH CTOJIKHOBeHHE °Be ¢
a camo 1o cebe He MPUBOOMT K 0Opa3oBaHMIO cTabuibHOro ampa *C, moxa cu-
creMa He m30aBUTHCs OT juinHedl SHepruu. V30BITOK SHEPrum Tpex MOKOMIIIXC
a—vactun Han sHeprueit 12C pasen 7,28 M»B, mag ropaumx o-9aCTHII OH eIre
6ombme. [Ipu 5TOM dHepruo He MOXKET YHECTH HEHTPOH WM NPOTOH — Ha 3TO
SHEPTUHU He XBaTaeT, Aa u nomyumicad 6er 'B mwmm ''C, a me *C. 3maunt smep-
ruio yHOCAT GoToHB min napsl et e” (cm. Hnxke). CHOBa BEpOATHOCTD Ipomecca
YBEJINUUBAECTCS, €CIIH CUCTEMa JOJITO KUBET B JAHHOM COCTOSHUU , T. €. €CJIH MBI
IMeeM Oeso ¢ ONpeneeHHBIM BO30YKIeHHBIM cocTosameM anpa -C, a He cucTe-
MO, cocTosIel u3 6 IPOTOHOB 1 6 HEXTPOHOB (WK 3 —YACTHULL) € IPOU3BOIBHOM
3HepTuell, He PaBHON SHEPIUH KaKoro-1ubo Bo3by:xmerHOTO cocTogama '2C.

YpPOBHU 3Hreprum 9.6291(2_010
anpa C'*(MaB) (3):0
A CnoeBoe ropexune
7656:0007| T |
0+; 0 I sonopona
AN
7.2753£0.0014 |e|e y : |
4 4 2 I
He+He+He :
4.430 |
I
250 W—’I _
12 + N30TepMUYECcKoe r
C 0 ; 0 2P0 (C12+O16)
Puc. 36: Puc. 37:
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dnpo *C obmamaeT GonbmuM KomumuecTBoM yposrei (puc. 36). Onusr u3 ypos-
Hell ¢ sHeprueirt £ = 7,66 M»B maxonurcs B pe3oHaHCe ¢ TpeMs sSOpaMu Tejms
— 3'He, obnamarorormumu m30bITKOM KuHeTmaeckoi suepruu (7,66-6,28=0,38)
Mb5B. D10 B030yXmEHHOE COCTOSHHE, TAK K€ KaK U OCHOBHOE, IMEET CIUH § =
0.IToaTomy mepexon ¢ yposas 7,66 M>B B ocrorOE cocTogame '?C He MoxeT miITH
¢ HCIyCKaHUEM ONHOTO Y-KBaHTa (cnmH koToporo paseH 1). Hambomee Bepost-
HBIM SIBIISIETCS TEPEXOI ¢ UCIY CKAHUEM SJIEK TPOHHO-TIO3UTPOHHON Maphl

120* N 1ZC+€+ +€_-

CusaTue Bo36y KOeHUA MOKET MIPOUCXOOUTE TaKKe ¢ UCIYCKAHTEM KBAHTOB Uepes
npoMexyTouHbl ypoBenb F = 4,43 M»sB. [lonras BeposSTHOCTH peakiium Ha eu-

—AE[kT —4,4)T,

HUY MacCChI IIDOIIOPONOHAJIBHA [)26 ~ p2€ CpaBHI/IM Ka.]'lOpPIfIHOCTB

3C¥—peaKHI/II/I C pp—IOUKJIOM!:

4p — “He + 26 M5B,

1
‘He — 3 12C 42,4 M5B,

T.e. BBIOEJIEHNE YHEPTUU Ha TPAMM B JO—peakIuu Ha HOPIOOK MEHBIIE.

[TocTenenno renuit B meHTPe TOXKE BBITOPAET —— BO3ZHUKAECT TENHEBBIN CJIOE-
BOW MCTOYHUWK, & BOOOPON IPH STOM IPOHOIXKAET TOPETH BO BHEUTHEM CJIOEBOM
ncrouruke (puc. 37). Ha cramnu reameBoro croeBoro MCTOUHHKA CUIBLHO BO3Da-
CTaeT CBeTUMOCTD 3Be3MIbI, YBEINUNBAETCA ee paanyc, n Ha nuarpamMme I'P 3Besma
momamaeT B 00IacTh KPACHBIX CBepXTUraHToB (puc. 35). B manbefimem (B mo-
CTATOYHO MACCHBHBIX 3Be3laX) 3aropaeTcs yriaepon. Homxeo moru obpasoBaHme
Gomee Taxensix smeMeEToB O, Mg, Ne u T. m. Bo Bce yIOBICTPSIOIIIEMCS TEMIIE.
N maxomer, Taxas 3Be3ma OOIXKHA JOCTUYL COCTOSHUSI, IPU KOTOPOM TEPIETCS €€
ycroiianBocTh. OmHAKO MOKa He CYIIECTBYET XOPOIINTX PACUYETOB, MOBEOEHHBIX
mo xoHna. [lomoxeHne nen ycmoxHIeTCS HalndueM OOJIBIIOTO YUCIIa CIOEBBIX HC-
TOYHUKOB U AOEPHBIX PEAKINil, CKOPOCTH KOTOPBIX IJIOXO M3ydeHbl. Kpome Toro,
BO3HUKQIOT TEIJIOBBIE HEYCTOMYMBOCTHY, BCOBIIIKY U T.1I. Bee 3T0 3aTpynusaT mpo-
BellcHIE OeTalIbHBIX PAacIeTOB.

Huxe MBI 06cymuM psam XapakKTePHBIX MOMEHTOB, KOTOPBIE BO3ZHUKAIOT MPH
PacgeToB 3BOMIONUHN 3BE30 U NMEIOT HOCTATOYHO IPOCTOe (PU3MIECKOe HCTOIKO-
BaHNE.

§ 6.6. OmnpenesieHue Bo3pacTa CKOMJIEHUN

OcTarmoBEMCS BKpaTIle Ha OOHOM U3 PE3yIbTATOB TEOPHH BHYTPEHHETO CTPOE-
HIA 3BE31I, CTaBIINM KJIACCHUIECKIM — OIPeIeseHNe BO3PacTa MapOBLIX CKOILIE-
mnil. Juarpamma I'P mapoBeix cxomneHnmit mMeeT XapakTepHbl Bun (puc. 38).
OT rnaBHOHI MOCTEmOBATEILHOCTH B TaK HA3BIBAEMON ‘TOYKe TMOBOPOTa  OTXO-
IUT BeTBb KPACHBIX TUTaHTOB. MOXKHO IPEONmoNoXKUTh, YTO BCE 3BE3IbI IIapo-
BOTO CKOILIEHUS 06pa30BalliCh OMHOBpeMeHHO. Torma HabIomaeMyo OuarpaMMy
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I'P monyuator crepgyrommm cnocobom. BoseMem HaGOp 3Be3m pasHBIX MacC U HO-
CTPOUM I HIX 3BOJIONUOHHEEBIE KpuBsble (puc. 39). 3Besnbl 60IbIIoN Maccel (T. e.
GOIBIION CBETUMOCTH) SBOJIOLNOHAPYIOT OBICTPEE I CTAHOBATCSI KPACHBIMU IH-
FaHTaMH, TOKA 3BE3IBI MAJION MACCHL €IIle OCTAIOTCS Ha IJIaBOI IOCIeN0BaTEILHO-
ctu. CoenuHUB TOYKH PaBHOTO BO3pacTa (KUpHasi KpuBas Ha puc. 39), mowydum
HabmomaeMmyo nuarpamMmMmy ['P. OToT mMeron mosBomser ompeneaunTb He TOIBKO
BO3DACT CKOIUICHUN, HO ¥ HAYaJIbHBIN XUMHOUYECKUN COCTAB UX 3Be3M, TaK KaK OT
HETO 3aBHCUT BUp noiydaemoil muarpamMmsel 1 P. [onyuenme mauwansrOTO comep-
KAHUS Teus O4eHb BaXKHO IS KOCMOJIOTUU. Bo GpUOMAaHOBCKON KOCMOIOTUN B
Teopun ropaueit Beemernolt momxHO 6BITH OKom0 25-30% He.

CxomabiM 00pa3oM OmpemensioT W BO3PACT pacCesHHBIX ckomaenmit. Cyime-
CTBEHHas Pa3HUIla — 3TO NPAKTUUYECKN MOJIHOE OTCYTCTBUE BETBU TUTAHTOB B
MOJIOIBIX PACCESHHBIX CKOIIeHnsX. QOBACHIETCS 5TO MPOCTO — B CTAOUU KPac-
HOTO THUTAHTa 3Be3a XWUBET OUEHBb HENOJITO B PACCEIHHBIX CKOIICHUAX 00IIee
YUCIIO 3BE30 B COTHU Pa3 MEHBIIE, YeM B IIAPOBHIX, a “NPEOTUTraHThl B HUX Mac-
cuBHee (Tak KaK pPacCesHHBIE CKOIUIEHHS TOPA3N0 MOJOXKE) U 3BOIONHOHUPYIOT
6eicTpee. I[lo sTuM mpmumHAM BEpOSTHOCTH 3aCTaTh 3BE3Oy B CTAOUN TUTAHTA
oueHsb Mana. Ho “rouka moBopoTa’ u 34€ch BHOHA — 5TO TO MECTO, TH€ TJIaBHASL
MOCTIENOBATEIBHOCTD PE3KO OOPBIBBACTHCA.

[IlapoBoe ckorreHue M3

0—T=0 (rraBHAsZ HOCAEAOBATEALHOCTE)
Ll 1-T=0.510"eT
2-T=1510"aer
3-T1=2.210"rer
FOpVI30HTaJ1bHa9I
OF 0
rMraHTbl
My
2t 1r
TO4YKa
nosopota
rnaBHasa
41F nocnegosa—
TeNbHOCTb OF
1 1 1 1 1 1 1
0 0.4 0.8 1.2 4.0 38 3.6
BV
Puc. 38: Puc. 39:

NuTepecHO 3aMeTUTH, YTO B PACCEIHHBIX CKOIIEHUSX BUOHEL O€JIble KapJImKH.
Ix maccel 3aBeDOMO MeHbIe JaHIpaceKkapoBckoro npenerna (1,4 Mg ). Habmoma-
1oTcs 6ensre kapiauku okoso 0,7 Mg, XoTs 3Be3nbl 605Iee MaCCHBHBIE CHIOAT €Il Ha
riaHol nocienoBaTenbHocTu. Hanpumep, B ['mamax ects Gonbime mecsaTka Gemnbix
KapJImKOB, a Touka moBopoTa ~2 Mg. B Ilnesmax malimen omus Oesnblil Kapiinuk,
XOTs Ha TJIABHOH MOCIEOOBATENBHOCTH €Ille eCTh 3Be3nbl ¢ Maccoil 4-6 Mg! Dru
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CpaKTbI TOBOPAT 00 MHTEHCUBHON IoTepe MacCChl 3Be€30aMU IIOCTIE LJIABHOI IIOCTIE-
OJOBATECJIBHOCTHU U IIepen KOHIIOM ZKU3HI.

§ 6.7. KauecTBeHHas KapTUHA 5BOJIIONUU 3BE3IbI

OBomonus 3Be3n ¢ Maccoll 6ombine u Mmensmte 2.5 Mg umer mo-passomy. Ilpm
M > 2,5 M; B m30TepMIYECKOM Te€INEBOM SOPE PACTET TEMIEPATYPA U B IaJlb-
HEMIIEeM BO3MOKHO 3aKUTaHUe U CIOKOWHOe ropenue renust. s 3Be3n ¢ MeHbInen
MaCCOH B M30TEPMUYECOM SOpE HACTYIaeT BBIPDOXKIEHUE, IPU KOTOPOM CHiIa TS-
KECTH YPaBHOBEIINBAETCS MaBICHUEM BBIPOXKIEHHBIX 3JIEKTPOHOB. ECIn B TakoM
SOpe HAYHyTCS SOepHBIE PEAKINN, TO IPU €ro OJOCTATOYHO OOIBIION Macce MO-
XKeT IPOU30HTH TEPMOSIEPHBIN B3PHIB, TaK KaK MOBHIIIEHNE TEMIEPATYPHI TOUNT
He OyIeT CONPOBOXKIATHCI OMHOBPEMEHHEIM MOBBIIIeHNeM naBienus. [Ipu maccax
4 My < M < 8 Mg HacTymaeT BEIPOXKIEHNE yIepona B IeHTpe. Bo3MoXHEI ycito-
BU, KOTHa YIJIEPOMHOE SOPO 3BE3OBI CTOPAET MOUYTU MTHOBEHHO U MOMXKET OBITH
nocTurayTa cBeTuMocTh ~10'° L. Taxoit B3pEIB MOXKET GBITH OTOXKICCTBICH CO
BCITBITIIKOW CBEPHOBOM.

B sToM pasmene MBI XOTHM Ha IPOCTHIX GOpMyTax (XOTS I NPUOINKCHHBIX )
MOKa3aTh, KaK B pe3yJIbTaTe 3BOIIONNN, U3-3a BBIPOXKICHUS B HEHTPE, TEILIOEM-
KOCTB 3B€3IbI MOKET CTATh MOJOKUTENHHON, I BOZHUKAET TEIJIOBas HEYCTONIN-
BOCTB.

Bes cyTh B TOM, UTO MBI pacCMaTpPUBAEM SBOTIONNIO 3BE3IBI ¢ TAHHON MacCOil,
npuueM P u p cBI3aHBI MEXIY cOOOH YCIOBUIMH IIPOCTATUIECKOTO PABHOBECHS.
DBomonus MOCTeneHHO MeHsAeT cBA3b Mexny P u p. IIpm sTom Henb3s 3a6bIBaTh,
YTO 3Be3Na SBIIETCS TPOTAXKEHHON, HEOOQHOPOOHON CHCTEMOIN, IOTOMY HEOOXO-
IUMO TOBOPUTH JIUOO O cpeOHUX 3HaueHumaXx <P > u <p >, mubo o 3HaAUeHUIX B
nentpe P. u p.. Huxe nng onpenenerrocTn 6ymeM paccMarpuBats P u p..

CrpyxTypy 3Be3mbl MOKHO HpHOINKeHHO onmcaTh nonurponoi. [Iycrs mn-
nmexc nonuTponsl n = 3. Torma

P(r) = P.(p/pe)*”,

P. = P, GM?™/3 pi/3,
N——’

a

<P>= == Pes
p>=p

Huwxe unnexc ¢ 6ynem onyckars. Araxk,
P = (1[)4/3

roe a ~ M?/3.
Paccmorpum cravaia mpemebHBIN CIydall BRIPOKICHHOTO 3JIEK TPOHHOTO Ta3a
¢ T = 0. Torma maBaeHme CBA3aHO € IIOTHOCTBIO TO HOPMYIIE

P = coust - p [((mecz)z + pf‘,cz)l/2

Er

—mecz] ,
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roe pr = mecx, r = (p/pe - 106)1/3. (OTa dopmyna me Tounas! Ho ora npasmmsro
HepenaeT aCHMITOTHKY YPaBeHHN COCTOSHIUS BEIPOXKACHHOTO rasa.) BuouMm, 1To

npu & = 1, pg = MeC, CIEOOBATENBHO, & = | OTMeYaeT IPAHUILy PEeIATUBU3MA
(cm. 2.4). Urax,

P~p [((mecz)z + bp2/3)1/2 - mecz]

YuTeMm Temeph BKTal MABICHUS TEIJIOTO IBUKEHUS YAaCTUI, BBOOA (QYHKITHIO
f(T), Takyio aro

P~p [((mecz)z + bp*® + f(T))]/2 — mecz] = ap'/?. (6.2)

Bnecs f(T) — pacTymas GyHKINS TeMmepaTyphl, IPHYEM B He PEISTUBUCTCKOIM
obnactu f ~ T, a B yapTpapensTuBuctckoit ~ T?. ITlepemmuieMm cooTHOIIEHME
(2) B BumE

(mec®)? + bp3 + F(T))"* = yp'/* + moc?,

roe y ~ a — HEKOTOpasd HOBajd KOHCTaHTa, I BO3BEOCM IIOCJIeOHEEe COOTHOIICHUE B
KBaOpaT. TO]."JIEL (mec2)2 COKPaTUTCA, I MBI ITOJITYyYIHM

F(T) = 2yp'Pmec + (y* = b)p*°.
Opu p — 0 (mepenstusucrckas obmacts) f(T) ~ T u orciona
T ~ p1/3M2/3,

HOCKOTBKY § ~ a ~ M?/3. TTax, MBI DONY9NIN OOMH U3 BAPHAHTOB TEOPEMEL
BUpUAJIA.

[Ipu Gonbmux MWIOTHOCTAX MOBEOEHUE TEMIEPATyPhl 3aBUCAT OT TOTO, OO0
xurensaa win p*/°. Eenn y? < b (T. e. Mmacca Mama, y ~ M?/® u cxobka orpm-
IaTelbHA), TO JIETKO YBUOETH, UTO CyIlecTByeT paBHoBecue mpu T =0, p # 0, n
KPOMe 5TOTO eCTh MaKCUMyM TeMuepaTypsl (puc. 40). Jlerko HalTu cooTHOmeHNE
MeX Iy MaKCHMAIbHOR MIOTHOCTHI (I = () I HOITHOCTBIO, COOTBETCTBYIOLIEH

: ~ L ( /3 _ 1.1/3 ). Ta-
MaKCHMYMy TeMOEPATYDPHL: Prmax =~ gP|p_, (TAK KK Primax = 307 |1_,). Ta
KuM 00pa3oM, MBI BHAUM, UTO IPHU MOCTENEHHOM CXKATHUH TeMIepaTypa pacTeT,
MOCTUTaeT MaKCUMyMa, a 3aTeM yourBaeT. Hatimem acuMnToTuky Tnax OIA MAJIBIX
macc. Umeem

plr_o ~ (y/b)* ~ M?,

OTCIOLA

Tmax ~ ,01/3 ~ M2/3.

KouxpeTHbIe pacueThl TOKA3bIBAIOT, UTO 01 Macc, MeHbmuX YeM 0, 08-+-0, 10 Mg,
MaKCHMaJIbHO BO3MOKHAs TeMIepaTypa HUXKe 3HAUeHHUs, IPU KOTOPOM HaUMHAET
ropeTh BOOOPOL. DTOT Ipemes cIabo 3aBHCUT OT XUMHIYECKOTO COCTABa 3BE3MBL,
TaK KaK OH IOIyYaeTcs U3 OOIINX TePMOOUHAMUYECKHUX COOTHOImeHun#. MoxuHo

88



Taxxke HaliTH, 9¥T0 01g Macc M < 0,35 M He 3aropaeTcs renmii, T. e. He UOeT
3a-peaxnna 3*'He 2 C, a npu M < 0,8 My e roputT yraepon (B peaxiun
2C 4+ 12C 2 *Mg). Hanmune MakcuMyMa TeMIEPATPHI BaXKHO I B APYTOM OTHO-
mennn. Amenno 6maromaps 3aMeIJIEHIIO POCTA TEMIEPATYPHL B MAJIOMACCUBHBIX
3Be3aX ¢ POCTOM IEHTPAILHON IIFIOTHOCTH 3Be3Ia MonagaeT B 00IacTh BEIPOXK Ie-
Hus (cM. puc. 40). Ecnu 570 mponcxonuT mpu OCTATOYHO BBICOKOR TeMIEPATYPE,
TO B3PBIB HEM30EKEH.

f(T)

T A

=
w

Tmax _____

BbIpOXAEeHne

BblpOXAeHne
i

|

w

1/
P
Puc. 40: Puc. 41:

pu y? < b (M < Mey, = 1,4 Mg) obpasytorcs Gensle kapauku. Maccsr
HabmIogaeMbIX Oensrx kapaukoB ~0, 6 Mg . Ho 3Be3ma ¢ maccont ~0,6 My xuser
Ha TJIaBHOM TOCTIenoBaTelbHOCTH OKoso 3 - 10'Y mer, T.e. 6ombmme BozpacTa Bee-
JIEHHOM. DTO eIlle OOUH apTyMEHT B MOJIB3Y TOTO, YTO HabIIomaeMble ceiuac Gerbie
KapJIIKH IPOM3OULIN U3 O0Jlee MaCCHBHEBIX 3Be3I, KOTOPBIE B IPOLEcce 3BOTIOINN
HMOTEPSIN 3HAYNTEIBHYIO 9acTh CBOel Macchl. Kpome ToOro, mMeroTcs OBOWHBIE
3Be3Ible CHCTEMEBI, cOCTosAmme 3 6enoro kapiauka ¢ Maccoil mopsnka 0,6 Mg, n
3Be3IbI [JIABHON MOCIIENOBATEIBHOCTH ¢ Maccoll mopsanka 2 Mg. Taxoe coueranne
00BEKTOB BO3MOKHO TOJIBKO JIUIIL B TOM CJIydae, €CJII Ha MecTe 0eloro KapiIiumkKa
pasee Oblita Oojlee MacCUBHAs 3Be3a, MOTEPSBINAs Ha CTAOUN KPACHOTO TUTAHTA
6OIBIIYIO YacTh cBOel Macchl. [louTn Bes yTepsiHHas Macca MOXeT OBITH 3aXBa-
YeHa BTOPBIM KOMIIOHEHTOM.

Teneps paccMorpmM caydait 6ombmmx mace (y? > b, M > 1,4 My — qann-
pacekapoBckuil npenen). s sTux Mace B paMKaX HAaInX OPUOIHIKEHHBIX Pac-
9eTOB HET OTPaHNYEHUI Ha POCT INIOTHOCTH U TeMmepaTypsl (puc. 41). 3aropa-
Hue Taxenslx sneMerToB (C, O, Mg) HaunHaeTCs B BEIPOKIEHHBIX ycaoBuax. Ho
clenyeT MOMHUTH, UYTO MBI IPEIIOIaraIn IOCTOSHCTBO UUCIa 3IeKTPOHOB, HEM3-
MEHHOCTB XUMHUUIECKOTO cocTaBa, He yunn >dpdexter OTO. Ha camom mene m3-3a
3TuX 3GHEKTOB IPU JOCTHKEHNN HEKOTOPOH KPUTUIECKON MIOTHOCTH HAUHY TCA
KaTacTpobudeckue cOOBITUS.
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Bapaua. Pacuer xocMmonornueckux Momeneil maeT comepikKaHue OENTEpus OT-
HOCHTeTbHO Bomopoma 1073-107*. HaiiTm 3mauenme Macchl 3Be3IBI, IPH KOTOPOIt
IIOUOEeT peakIus

D—{—p—>3He+”y,

(T. €. HyHO IPOBEPUTH HE TOIBKO, CMOXKET N HAYaThCA PEAKIus, HO U yCIeeT
JU OHa TPOHTH IO CPABHEHMIO CO BPEMEHEM OCTHIBAHUS, 3a0ePKHUT JIN OHa OCTHI-
BAHUE).

I'maBa 7. HOBBIE ®PU3NYECKUWUE ®PAKTOPBLI. MEXA -
HNUYECKAS YCTONMUMNBOCTH 3BE3]]

§ 7.1. O6mas Teopus orHocuTeabHoctu — OTO

Bespe BhImme MBI TOTIB30BAINCH HBIOTOHOBCKON T€OPUEN TITOTEHUS, yCIOBUE IPU-
MEHHMOCTH KOTOpOil |p| < ¢, BBemeM moka GpopMaabHO NOHATHE IPaBATAIMOH-
HOTO pajuyca 1y — BeJINYHHBL, IPU KOTOPOH MapabonmdecKas CKOPOCTh yoeranms
¢ MOBEPXHOCTHU CTAHOBUTCI PABHOU ¢ B PaMKaX HBIOTOHOBCKOH TEOPHHU:

GM & 2GM

= — oTKymar, =
2 ¥ g c?

Tg

Yucnenso r, = 3-10° (M/My).

KauectBerno sdpdpextor OTO MoxHO yuecTh ciemyrommm o6pa3soM: TaM, Iae
B HBIOTOHOBCKOH Teopum cmia TsaxecTn nponopunosamsia GM/R?, 8 OTO sta
cuma ~ GM/(R(R — r,)), T.e. cuma TAroTeHHs obpalaercs B GECKOHETHOCTD Ha
ry. Hafimem Temeps BemmuuHy cpemHeidl IIOTHOCTH, Ipu kKoTopol sddextsr OTO
CTAHOBATCS BaKHBIMU:

) M M e [ Mo\? 5
pcr:?<T:2'10 —_— I‘/CM.
?Rg ?Tg M

Orcroma BeIBOIm: 9eM GOIBIIE Macca, TEM MPU MEHBIIEH IIOTHOCTH JOCTUTAFOTCL
pensTusncTekme s3ddexTer. Hampumep, nias xBazapos M ~ 10® Mg onu crano-
BATCSH BaXKHEI P Per ~ 1 T/CM", T.€. BEIIECTBO JOKATBHO HAXOMUTCA B OOBITHOM
COCTOSIHUY, & PEISTUBUCTCKUE 3DDHEK TR MOSBIAIOTCI MPOCTO U3-3a TOTO, UTO €T
MHEOTO. JI71s OGBIYHEIX 3Be31 por ~ 10'® r/cM’, m 3mech cHawama GyoyT DpoABILTH
cebs cmenuduueckue 5pdeKTH BelllecTBa (HeNTPOHM3AINS, JUCCOMUANNS SOep I

op.).

§ 7.2. HeniTponuszanus

Bossmem obmacTb, Toe kT < mec?* m p > 10° y., T.e. TemmepaTypa HmU3KaA, a
IJIOTHOCTH Benuka. [Ipu 5ToM TemmoBhle NBMKEHUS HEPETSITUBUCTCKUE, a IPUH-
nun [Taymu m3-3a BBICOKON MIIOTHOCTH 3aCTaBIISIET SIEKTPOHBI IBUTATHCA C PETIs-
TUBUCTCKUMHU CKOPOCTIMU. C TOUKU 3pEHUs W3IYUEeHUs 5TO BEIIECTBO XOJIOMHOE,
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TaK KaK HUXKHNE COCTOAHUA 3aHATEI, HO C TOYKHU 3PEHNUA AOCPHBIX peaK]'_[I/Iﬁ 3TO Be-
IIIeCTBO ropa4dee, TaK KaK 9aCTHUIIbI MOT'YT HCY€3aTh BU OTOaBaThb CBOIO SHEPI'UIO
B IIpomeccCax CJIEOYIOIMIETro THIla:

3He—|—e_—>3H—|—1/,
4He—l—e“—>4H+n—|—1/7
%Fe + ¢~ — *Mn + v .

Taxme mpomecchl Ha3BIBAIOT HEATPO-
HU3aImel BerecTBa (CM. § 5.4). Herii-
TPOHHU3AIUA —— IOPOTOBBLIA IMIPOIECC M

U OjId Pa3HBIX 3JIEMEHTOB IIPOMCXO- IgP 3

OUT IPU Pa3HBIX SHEPIUAX SJIEKTPO- Mz
HoB. Hampumep, misa mepBoil peakiun
mopor He#nrporusanun 18M»>B, mua
Bropoit — 20 M5B, mna Tpersein — Ml
4 M»B. Tak xax rpanuuHas SHeprus
®epmu omHO3HEAYHO CBA3aHa € INIOTHO-
CTBIO, TO COOTBETCTBEHHO HENTPOHM- 4/3
3aIMs BEIECTBA I Pa3INYHBIX HJIe-
MEHTOB HAUNHAECTCS P PA3HBIX IJIOT-
HocTax. Hampumep, mepBas peaxius

6 3
MoxeT uaTu u npu p < 10° r/em’, /
a BTOpag muOeT TOIBKO Ipm p > / |gp
11 3 C
10" r/em”.

K uemy Bemet meriTponusamus’? Mut Puc. 49:
BHONM, 9TO B HTUX PEAKIUIX yMEHB-

[IA€TCS KOIUIECTBO 3IEKTPOHOB, CO-

XPaHIeTCs 9HCIO SOep, HO UX 3apsin yOblBaeT. 3mech MBI IMeeM HEJIO0 ¢ OYeHb
TOHKUM PaBHOBECHEM.

Ha rpaduxe lg P — g p xpuBas ypaBHEHUs COCTOSHUS BEIECTBA B HEPEISTHU-
BHCTCKOR 0OmacTu uMeeT HakioH D/3, a B pemnstuBucrckoil 4/3 (cm. puc. 42).
Bymem ma sTom ke rpaduke manocuts npsmeie P, = P GM2/3,03/3, KOTOpBIE TI0-
JAY9alOTCs U3 YCIOBUS THAPOCTATHIECCKOTO PABHOBECH. TOUKN UX mepecedeHns ¢
IpEenBbIOyInell KPUBOM MaayT MONOKEHUs PAaBHOBECUS IS Pa3audHbiX Macc. Quae-
BHUIIHO, B HaYaJle TOYKA MEPECEUEHNs IBUKETCI MEIJIEHHO ¢ YBEINYeHIEM MaCChl,
a 3aTeM — O9eHb ObIcTpO. B mpeamprOM ciydae (T.e. Ge3 yuera sbdexror OTO
u HellTpoHusanun) p — oo npu M — M, (warmpacexapoBckuil mpenen).

N3-3a mediTpoHusamum Ha KpuBoil 1g P — lg p mosBIAIOTCA M3TOMBI, Tak Kak
3JEKTPOHBI, KOTOPEIE O0ECHEUNBAIOT YIPYTOCTH BEIIECTBA, ‘BOABINBAIOTCI B
anpa.

Hefirponusamus — 5To $a3oBwIil TEPEXOI IEPBOTO POHA, IPU KOTOPOM IaBIIe-
HIEe 3aBUCHT OT INIOTHOCTHU TakK, Kak 3To m3obpaxkeno Ha puc. 43. Mur Bummm,
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I/bl P> Inp, I/ lgp,

Puc. 43: Puc. 44:

YTO €CJIH PAHbBIE PABHOBECUE MACCHI eIlle OBIJI0 BO3MOXKHO, TO TEelephb 3TO He Tak,
r.e. npu My, < M, mporcxonur noreps ycTORINBOCTH.

C mpyroir croponsr, spdpextor OTO u3z-3a Toro, uro maBneHume umeer “Bec’,
I3MEHSAIOT yCJIOBHS THAPOCTATHIECKOTO paBHOBecH. Tak Kak Temepb CUIa TakKe-
ctu nponopnuoransHa GM/R(R — ry), ycloBue paBHOBECHS Telepb 3alUIIETCS
B Bume P = ap?/?t® rpe a > 0, r.e. maknon npameix My, M,, Ms mapacTtaer ¢
yBenunueHneM « (puc. 44).

Yamapacekap orpaHnymI 3Hadenne Macchl M, a p MOTIo GBITH GECKOHEUHBIM.
Teneps MBI BUOUM, UTO €CTh U IPEOEIbHOE 3HAUCHUE p.

Bce sTu s¢dex s npuBonaT k nsrubaM kpusoit M (p.), 9TO B KOHETHOM HTOTE
IPUBOAUT K MOTepe ycToidumBocTH (puc. 45). PopMaIpHBIN pacueT ¢ pasHBIMI
3HAQUEHNAMHU p. OaeT MaKCUMaIbHOe 3HaueHne MacChl My, u mpu M < My
IBa PELICHUS ¢ PA3INYHBIMU 3HAUYEHUAMHU p.. Pemierne ¢ GOIbILIEH ILIOTHOCTHIO
(p2 > pxp Ha puc. 45) oxassBaerca HeycToiauBeiM. Kax 5To MoxHO mokasaTs?

Mgl BummM, 9TO OIS OMHON MaCChI
M, cymectyer nBa pemenus. MoxrO — M/M
CYMTATh, YTO ONHO U3 TUX PEIICHUIT M.,

(ckaxeM ¢ p. = pg) ABILETCI BO3MY-
IIleHIeM OPYToro (p. = p1). DTo 3Ha-
YUT,9TO

ra(m) = ri(m)+ér(m), 0<m <M.

B obmiem cinyuae cobcTBeHmbIe DYHK-
UM YpaBHEHUS IS MaJIbIX BO3MYIIIE-

92



HUH OOJIKHBI UMETh BUI

or(m,t) = e“or(m).

Takas 3amuch BO3MYIIEHNS ABISETCA BIOIHE €CTECTBEHHON. D TO CIEICTBUE TOTO,
YTO B pPEIICHUN HE HOIKHO OBITH BBIICICHHOTO MOMEHTa, T.e. CABUT IO BPEMEHN
MOIIKEH NMPUBOOUTEL K peleHuto. Kpome Toro, 3amgada JUHEHa, T.e. peIleHNe,
YMHOXEHHOE Ha KOHCTAHTY, TOXKE ABIIAETCS pEIIeHHEM. JTH YCIOBUSA OIPEe-
JIAIOT 3aBHCHUMOCTH BO3MYILEHHS OT BpeMeHH. OHHU HAlOT KCIOHEHTY, TaK Kak
TOJIBKO [JIS HEee COBUT [0 BPEMEHN SKBHBAJICHTEH YMHOXKEHHUIO Ha KOHCTAHTY,
T.e. Fwlttto) — Aei“’t, rme A = e,

B mammem ciayuae 6r ot t He 3aBucur, T.e. w = 0 B o6mem pemennu. [lockonpky
MBI 3HAEM, ITO IPH p < pPxp MOLEIHN ObLIH yCTONYUBBIMHE, OJIf HUX ObL10 wi > 0.
Opu p = pyp MBI noxyaman, 9o wi = 0 nua mexoToporo k. g dusmka >ToOro
y&Ke [OCTaTOIHO, ITOOBl yTBEPKOATH, YTO HPH p > pyp wi < 0, T.e. ér ~ eM,
a 5TO U O3HadaeT HEyCTOMYMBOCTh. KOHEYHO, MOKHO YOEIUTHCA B 3TOM I Gomee
CTPOTO, HAPEMED, €CIIH HCCIeNoBaTh GOpMY SKCTpeMyMa SHeprun. [lpu p < pyp
SKCTPEMYM, COOTBETCTBYIOIINI PABHOBECHIO, SBIISETCA MUHIMYMOM, a IIPH p >
Pxp — MAKCHMYMOM.

[Ipu ocreiBarum 3Be3nsr ¢ M > M., mpu HEKOTOPON TeMIepaType MPOUCXO-
ouT cpbiB. [JO 3TOro MOMEHTa 3BOMIONEUA OIPENEIACTCA CKOPOCTBIO OCTHIBAHNA,
3aTeM MPOUCXOOUT MOTEPS yCTONYUBOCTH ¢ XaPaKTEPHBIM THAPONMHAMUIIECKIM
BPEMEHEM.

§ 7.3. JIBa TMna sHepreTUYeCKuUxX MOTEPD

O6brunas 3Be3ma HAXOOUTCA B THAPOCTATHIECKOM PABHOBECUN, IPU KOTOPOM CHJTEI
TATOTEHUs yPABHOBEIIEHBI IPAIUEHTOM OaBileHnus. EcIn HeT BEIpOXKOEHNS, TO Oa-
BireHnue TertoBoe. [loTepu sHeprum 38e3m0i TPUBOOAT K TOMY, YTO COCTOSHUE PaB-
HOBecus Bce BpeMs m3MeHseTcs. [Ipu sTom Hamo pasnnyaTs nBa OIPUHINITAIBHO
Pa3HBIX THUNa 3HEPTeTHYIECKNX IOTeph — OOpaTHMble I HeOOTaTHMEIE.

1. IIpomeccer, mpu KOTOPBIX NPOUCXOMAT OTHOKPATHBIE IOTEPU YHEPIUM, T.€.
IPOLECCH THUTA HOHT3AINN, TUCCONTAIINT, POKICHNE Tap €1, € U T.I. ABITIOTCA
obparumbiMu. [lociae TOro kax mpom3oIo mpeBpallleHne, TOTEPU SHEPTUU IIpe-
KpaIaroTcs. Takme MPOMECChl MOKHO XapaKTepu3oBaTh Benmumuoil E [spr/r],
T.e. KOIUYEeCTBOM SHEPT UK, KOTOPYIO HYKHO 3aTPAaTUTh, YTOOBL IepeBECTH Bellle-
CTBO B HOBOE COCTOSHHE.

2. IIpomeccer, mpu KOTOPBIX 0OPA3YIOTCS TACTUIBI, CIOCOOHBIE YXOOUTH U3 CU-
CTEMBI I YHOCUTD SHEPTUIO, IBILIOTCI HeoOpaTUMBIMU. THIHNYHBEIME IPUMEDPAMI
SBIIAETCS POXKIEHHE Iap 7y -KBAaHTOB B OCOOEHHO IIap HEUTPHHO-aHTHEHNTPHUHO.
3Be3Obl MOYTH Beerga IpaeTHIECKN IPO3PAYHbL A1l HedTpuHo. Ha xoHeuHBIX cTa-
OUSIX 3BOJIONHUHU IOTEPH 3HEPIUU depe3 HeHTPUHHBIE IPONECCHl ABIAIOTCI IPeod-
mamatomuma. [[porneccsl Takoro THma XapakTepu3yooTcs BenmauHol () [spr/r-c,
T.e. PHEpPTUeH, TepaeMOl TPaMMOM BeEIleCTBa B CEKYHIY.
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Pacemorpum 6omee mompobHO O6GpaTUMBIE TIOTEPU. DTOT THUI MOTEPH JIyUIIle
Ha3BaTh HE MOTEPIMHI , & OCODEHHOCOSMU YPaBHEHUS COCTOsHUI. PaccMmorpmm
ypaBHeHue coctosuus P(p,S), rne S — ymenbHas SHTpONUs NI UAEILHOTO Tasa,
COCTOAIIETO U3 aTOMapHOTO BOIOPOLA.

Ipu muskoin remuepatype (T < Tuonns)

S=-R lnp—}—;R InT + Ky,

R — yHuBepcanbHas Ta30Bas HOCTOSHHAS, a i — Tax Ha3blBaeMas XIMUYeCKas
KOHCTaHTa BOIOPOOA.

[Ipu BBICOKOI TeMmmepaType, KOra BeCh BONOPOL MOHU30BAH, a3 COCTOUT U3
IBYX KOMIIOHEHT — IPOTOHHOM u 3rrekTporHOn. [lockonbky sHTponus anutusHa,
noJIydaeM

3 3
S=—-R ln pe—{—ERln T.+ K. —R In pp+§731n T, + K,

roe K. n K, — xuMniueckne KOHCTaHTHI 3JIeKTPOHHOTO I IPOTOHHOTO ra30B. Tak
KaK cTaTHYecKne I aToMHBIe Beca H u p moutn paBmeI, nmeem K, ~ K.
13 mepBoro COOTHOIIEHUS MBI BHOUM, 4TO

T — JKu/R 25/3R 2/3

p

Takum 0b6pasom, Ipu MOCTOSHHOR 3HTponuu 1 ~ pz/ 3 a maBieHme

RpT .
P=2CP _ B B B~ R, (7.1)
o
C mpyroit ctoporsl, mpr T 3> Thouna

b

P=DBy"?  By~er®

T.e. €CTh U [0 U NOCIe HMOHW3AIUMU HAKJIOH NpPAMON B mepeMmeHHbIX lg P — lgp
onur n ToT xe u paseH H/3. Ho B mpomexyTodnoll 06IacTH MBI IMEEM IOYTH
H30TEPMUYIECKH yIacToK, rae P ~ p (puc. 46). Mornsanns npoucxonut B y3KoM
UHTEpBaje TeMIEpaTyp , HOCKomabKy mo Caxa

[plle”]/[H] ~ e™"/XT,

roe J — HmoTeHINaJI NOHU3AIINM.
ITo mpyromy 5T0 MOXKHO MOHATH, €CITH BCIIOMHUTD, UYTO B HEHOHM30BAHHOM Ta3e

Cyvdl = —-PdV, E =CyT, orkyna

2

P=_°- .
3pCVT
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IgP

Puc. 46:

Hocne nornsanun E = CyT + J/m,. U3-3a Toro, aTo yacTh paboTE yXOOuT Ha
HOHHM3AINIO, JaBICHNE OKa3bIBaeTCA HUXKe, deM mo dopmye (7.1).

Teneps 3aitMemcs GUTypaMu paBHOBecHI. PaccMOTpUM BOIOPOTHYIO CaMOTpa-
BHTHUPYIOLILY0 KOHGUTyPALNIO, KOTAa HOHN3ANNS €Ille He IPOU30ILIa (MOIEeNb Ipo-
TO3Be3nbl). SICHO, 9TO Ipu STOM IPOUCXOOUT CXKaTuWe, n Ha rpaduke lg P —1gp
HOABIAIOTCS TPU PABHOBECHBIX PEIICHUS, OBa U3 KOTOPBIX YCTOWYUBBI, a OTHO
meycToitanso (cm. puc. 47) . Ilpm emme 6omee Hu3KEX >HTpommax ( MeHbMAX Ss3)
0CTaeTCa OOHO YCTOMYUBO COCTOSHEE. YICHO, 9TO Tepexon U3 OMHOTO yCTONITBOTO
COCTOSHUA B IPYTOE MPOUCXOMUT CKATKOM.

Bce »To mpomcxomuT npu Temmepatypax ~ 10*K ~ 1 3B, T.e. mpu Teme-
paTypax, TOpa3sno MeHBIINX HoTeHnuana moHmsanuu (J ~ 13,6 5B). B dopmyme
Caxa 5KCTOHEeHTa Masla, HO BEJTUK TPEI>KCIOHEHIITATBHBIN MHOKATED.

Tenepb paccMOTPUM OPYTOH MeXaHU3M TOTEPHU YCTOHUYUBOCTH, KOTOPHIT Ba-
xeH npu TemmepaTypax ~ 0,5 MsB. Dro mexarmsm doTommconmanum xemesa,
BIIepBHIE paccMOTpeHHBIN Xoiaom u Daymepom:

v+ 56Fe — °2C1 + a.

Ecnm yx magamacs mucconumanms xemesa, TO Pa3BaInBalOTCA U APYTHE SJIEMEHTHI,
BIUIOTH 00 renusa. Ha wacTumy mpum sToMm mormommaeTcs >Heprus ~7 MsB. Beero
noxywaercs 17 wactun (13 ‘He + 4n). Taxmm o6pa3oM HONHAS SHEPTUS IUCCOLH-
armum coctasngeT J = 1 x 7 = 120 M»B ma angpo "°Fe. Ommaxo dboTmucconnamus
HaumHaeTCs Tpu TeMmmepaTypax kT <« J omaTs ke m3-3a GOJBIION BETMUNHLI

GCpeﬂHee pelreHne HeyCTOﬁqHBO, TaK KaK cxXaTue 3Be3/1bl (T.e. pocT IT.T[OTHOCTI/I) npuBoaANT
K JaBJIEHN, MEHbIIIEMY DPaBHOBECHOTIO.
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IPEOSKCIOHEHIINAJIBHOTO MHOXKUTEIA B CpOpMy.He Caxa. GTOT MHOXKHUTeIIb, KOTO-
prfI OIIICBHIBAET CTATUCTUYECCKHUI BEC AUCCONUMPOBAHHOI'O COCTOAHNA, BEJINK, TaK
KaK 06pa3yeTCﬂ MHOT'O 9aCTHII.

B xauecTse IIpUMEPa IIPpUBEICM OBa 3HAYCHUA T,nnc IIPU PAa3HbIX IIJIOTHOCTAX:

p (F/CMB) 103 104
Tone (K) | 4-10° | 5,8 10°
Towe (M5B) | 0,3 0,5

B pesynpraTe hoTomucconmanum Kemesza TpORCXOOUT TOTEPS yCTONIHBOCTH I
3Be3[a HAUMHAET OBICTPO (33 FEAPOAUHAMEIYECKOE BDEMS) CKUMAThCL. JTOT IPO-
necc momoGeH B3PBIBY, HO OBUKEHUE BEIECTBA HAIPABICHO BHYTPb, O3TOMY OH
Ha3bIBa€TCI UMILTO3Hell (B oTimane oT obbrasoro B3puBa “explosion”). Kpusere
Ha mwiockoctu 1g P — lg p mpu 3ToM nonoGEB m306paxkeHHbIM Ha puc. 47.

[Tockonpky BO BHEIIHUX CJIOAX 3BE3OBI MOTYT OCTABAThCS HECTOPEBILUE SJIE-
merTH (C, O u mp.), a IpU UMIIO3UN IPOUCXONUT CUILHBIN HArpPEeB BEIECTBa,
TO BO3MOYKHO BBILEJICHHUE ANEPHON SHEPLHUU, IPU KOTOPOM HMILIO3US CMEHIETCS
OOBIYHBIM B3PBIBOM, HAIIPABIICHHBIM HapyXky. PaHblle IyMain, 4TO TOT MeXa-
HI3M MOXeT O0BACHUTH B3pHIB 3Be3n ¢ Maccoil M > 10 Mg xax cBepXHOBBIX,
OOHAKO CaMBIE MOCIEIHUE PACYETHI MOKA3BIBAIOT, YTO MMILIO33US HE CMEHIETCS
B3PBIBOM. JHEprus yXOOUT W3 3Be3Obl B Buze HelTpuHo (cM.§ 7.4).

B saxmiouenmm paccMOTpUM ClIydail, KOTJla B T€PMOOUHAMIYIECKOM PABHO-
BECUU MOKET HaXOOUTHCSA GOBINOE KOJTHYECTBO SJIEKTPOHHO-TIO3UTPOHHBIX Tap.
OycTs nasnaerme uznydenns ~aT? muoro Gombme masnenus semectsa RpT, HO
IJIOTHOCTH BEIIECTBA BCE €Ie GOIIbINe IIOTHOCTHU W3JTYyYEHNUS:

p>aT*/c.
3 TepMOOEHAMIYECKOTO COOTHOIIEHTS

4¢T? dT 4qT* 1

TdS = + d| -
P, 3 yar
Haiimem ymenpHyo SHTPOIIIO
4 aT?
S=-—
3 p
Urax,
A 1/3
3 a
1 A 4/3
poltapio @290\
3 3\3 a

T.€. OJII YACTOTO U3JIYYCHUSI IIPpU HOCTOAHHON SHTPOIINN P~ p4/3.
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IIpu temmeparypax kT > m.c?
HAQUMHAECTCS UHTEHCUBHOE DOXKICHUE
nap (ete”). B mpemenbmoM cimywae
ET > mec® xpoMe W3IydeHHS HMe-
€TCS PABHOBECHBIN PEJIATUBUCTCKUI
3K TPOHHO-TIO3UTPOHHLIN ra3. [lom-
Has TJIOTHOCTH SHEPTHUH TIPHU 3TOM

7 11
E =aT*+ ZCLT4 = ZCLT4'
IaBmenue
p— EaT‘l, Puc. 48:

12

U SHTPOMUSA
g taT’
3 p

Taxum obpasom, pu kT > m.c? croBa P ~ p4/ 3. HO B TPOMEXKYTOUHOM CIIy-
wae HaKJIOH KpuBoll Ha rpaduke lg P — lg p nonxen GeITh Mensbte 4/3 (cM. puc.
48). IIpu oTHOCHTENBHO HEGOMBIINX INIOTHOCTSX, KOTIa HaBIEHNE ONPEIENIoch
(bOTOHHBIM ra30oM, 3Be3ma yxKe Oblla Ha TpaHune ycromausBoctn (P~ p4/3). [To-
5TOMY IPH IOAXode K OOTaCTH POXKOCHUA 3JIEKTPOH-IO3UTPOHHBIX IIAp YXKe HeT
cocTossHUA paBHOBecus. [losToMy HET ceBpXMaCCHBHBIX 3BE3LI.

§ 7.4. Posap HENTPUHO B 3BOJIIONUN 3BE3[

Brime MBI y&Ke OTMedann KavecTBEHHOE OTIIMYHE IPOLECCOB ¢ POXKICHAEM Hell-
TPHUHO OT OPYTHX MEXaHU3MOB LOTEPh SHEPIHUU. POXmasch HEUTPUHO HpaKTHYe-
CKM GEeCIPEnsSTCTBEHHO YXOOAT U3 3BE3ObI B HaBCETIa YHOCAT ¢ COOON SHEPTHIO.
Kax n ocrampHBIe mpomecchl (OUCCONMANUS SOeP, POXIEHUE Iap U Ip.), Hell-
TPHUHHBIE TIPOLECCHI COMPOBOKIAIOTCI 3aTPATON SHEPTUH U MOHMKEHUEM TaBIie-
Husa. O@HAKO ecnm paHbBIIEe MBI HMETH TOTBKO H3MEHEHHUE COCTOAHHUE PABHOBECHS
U3-3a POKAEHUS HOBBIX YaCTHUIl, TO TENEPh BCIACACTBUE SHEPTETHUECKUX HOTEPH
[OITHOTO PABHOBECHOTO COCTOAHUS BoobIie HeT: 0.5/0t # 0 (S — saTponus). Du-
Tponus mHOrAa mamaeT! B 3ToM HeT mpoTWBOpeuns: mamaeT SHTPONUS BEIIECTBA
B IEHTpE A0pa, HO BO3HUKAET SHTPOMHSA HEHTPHUHO, YIETEBIINX OT 3BE3MILL.

Ho menonmuoe paBHOBecHE TOXKe MOXKHO W3TydaTh. Hampumep, rpeMydnii ras:
H; 4+ O, — MBI MOXKeM paccMaTpPUBATh €O PacCIIUpeHne, CKaTue U Ipodee, IPH-
YeM BCe 5TU HPOIECCH OyoyT PaBHOBECHBIMH, KPOME OSHOTO — IIPOLECCa CTO-
parus. To ke MOXKHO cka3aTh u 0 m0boll cMecn BemiecTs (Hampumep, H + He,
ecJI UMEeTh B BUIY AfepHBIE DEaKIUN ), TaK KaK HOTHOe PAaBHOBECHE — 3TO AOpa
Kenesa.
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B cocTogHUN TOMHOTO TEPMOOMHAMUYECKOTO PABHOBECUSA KOHIIEHTPALNS Heil-
TpuHO mpomopunonansHa 1°. IInoTHOCTE Heprmm m masmenme ~T*. Ommaxo B
3Be3faxX HEHTPUHO POXKOAIOTCI U yXOOAT, MOPTOMY UX MCTUHHAA KOHIEHTPAIIU
ropa3smao MEHbIIE PABHOBECHOI.

[Ipu paccMoTpeHHU TOpeHHs BOOOPOLA MBI yKe YUUTBIBAIU POXKICHHUE Heil-
Tpuso. Ho Torma yuer HeATpPHOH CBOOWICA NPOCTO K 3bGdEKTUBHOMY yMEHBIIE-
HUIO KAJIOPUITHOCTH SIEPHOTO TOIUTHBA. HampuMep, eciium CKOPOCTh PeaKIun

4H —* He paBHa ( [axTOB/T - |,
TO HaIPeB
dsS
T% = gAmc*(1 — a),

roe Am = 4mp —mpe — nedekT Macc, a (« — O0JIL YHEPTUN, YHOCHMON HEXTPIHO
(o ~0,05=0,1).Ho ecTs u mpyroil myTh poxaeHNsI HEITPUHO — ypPKa-IPOIECC,
BrepBhle paccMoTpeHHBI ['amoBeim u [lenbeprom.

[Iyctes mmeeTca crabumsroe anpo “He. Smpo ¢ Tem xe AmepHBIM BecoM —
SOPO TPUTHUS — HEYCTOWYMBO U PACHATAETCS IO cXeMe [—pacmana,

SH—-3He+e 4+ 70

¢ EPHUOOOM IOJIypaciaia (BpeMﬂ }KI/I3HI/I> 12 ner. [Ipu sTOM BBIOENIETCA SHEPTrUA
~18 x5B. Korga MoxeT unru o6paTHBIT IpoOIeEce

e~ +3He — 3H + ?

dcro, uTO BHEpTUA SIEKTpOoHaA HOoMXKHA OBITH Gombie 18 xk5B. CkopocTs 5TOro
nporecca ¢ nponopnuonanbaa E. = (E — 18 x3B)*:

oo
_E

q= e *T(E — 18 x»B)*dE.

18 k»B

FnmaBHYIO POIBH HIPaeT SKCHOHEHIUATBHBIN MHOXKHTens exp(—18 xsB/kT),
T.€. IpH KOMHATHOI TeMIepaType B CKOPOCTh 3TOT0 IPOoNecca BXOAUT Tucio €~ 19,
Ho mpu Temneparype mopsaaxa 10 k3B (~10° K) nponecc moxer maru. Omxrako

OMHOBPEMEHHO B TaKOM BEIIleCTBE TPUTHUN ONATH paclalaeTCs:
3 3 -~
H—"He+e +v,

U omATh obpasyoTca V. Takum o6pa3oM, U MPU MPIMOM U THUP OOGPATHOM TIPO-
recce TPOUCXONAT HeOOpaTUMBbIE TIOTEPH SHEPTUN 33 CUET U U UV, T.€. HE3aBUCUMO
OT TOTO, BBIOENSETCS SHEPrus WIN HeT (B KakKIOM OTOEIBHOM IIpOIecce), Hefl-
TPUHO U aHTHUHeHTpuHO yxomaT. [Ipomeccwsr Taxoro poma "'amoB m masBam ypxa—
nponeccamu. ITockombky ckopocTh peaknun oGpasoaBrms tputus ects ¢(T'), B
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CTAIMOHAPHBIX YCIOBUAX OOTKHO 6LITI>(KOHI_I6HTpaHI/II/I obo3HaUaeM KBaIpaTHBIMI
CK06KaMI/I):

o(T)PHe] = ~ ['H],

rme 7 — BpeMs xusHn Tputug “H. [IycTh B Hawase BEIIECTBO COCTOSIO TOTBKO
n3 anep “He c¢ xommentpamuent [*Helo. Torma mpm mexoTopoit Temmepatype T
YCTAHOBUTCS CIEOYIONIAsS CTAMOHAPHAS KOHIHHTDAINS TPUTHUA:

3171 _ q(T) 3He
=y g e

BepostrocTs pacmama W (1/cm®-c)

1

W= T51/7q

PH] = © PHely

S| =

Ha mepsoiit B3rsism kaxkeTcs, 9TO CKOPOCTB YPKa-MPOLECCA BBIXOOUT Ha KOH-
cranTy (mraro) mpu T — oo (¢ — oo mpu T — 00) HU3-3a OrpaHUYECHUS
HepHONOM Hoypachmana TpuTuils (puc. 49).
[Ipu BBICOKMX TeMmepaTypax, KOra yX&e HeT saep, YPKa-IpoIlecc NOeT TaKIM
obpazoM:
e +p=n-+v,
n—p+e +u.
Heittpon taxemee mporoma ma 0,8
M>sB. Hosromy mnato W = [n+ p]/10°

W ¢ mocturaiocs Oer mpu T > 0,8 M»B.
Onnako [lunaeB 3amermn, uto mpu Ta-

KX TeMHepaTyan IIOSIBJIAIOTCA IIO3M-
[Hey, naaTo

+

TPOHBI €' U HaduHaeT 3(GEeKTUBHO

UOTHU IPOIECC

et dn—p+v (T >10"K).

BCHGJICTBI/IG 3TOr0 dYHCIIO HefITpOHOB

IpubIN3UTETBHO PABHO YUCIY MIPOTO-
HOB (6€3 ydeTa HO3UTPOHOB GBLAM GBI
Puc. 49: TOIBKO HeHTpoHEHI). SlcHO, 4To mpm
5ToM mwraTo ucdesaeT u xpusas W(T)
UmeT BBEPX.
Brinuiem 6e3 pacueTa BeIUUNHY SHEPTOMOTEPD, CBA3AHHBIX € 00CY K IaeMBIME
IpoIecCaMu:

Q~8-10"pTy =8-107*pT® [spr/cm - cm®].
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B mmoTHOCTS BelllecTBa p MPHU BBICOKON TeMIepaType TIaBHBIA BKIAL OAOT HEl-
TPOHEI I TPOTOHEI' . OGBACHIM Temepb, HOYeMy CKOPOCTH SHePreTHUeCKIX IOTePh
nponopunoratbaa 1°. Bo-mepseix, npu kT > m.c? KOHIEHTpaIUn 3IeKTPOHOB
I TIO3UTPOHOB IPUMEPHO PABHBI U HPOMOPIHOHATIBHEL 1 (IOCKOIBKY Maccoit €~

I/I€+

MOKHO Tperebpeus, ux umuyiasc p = E/c ~ kT /¢ ~ T, a xornenTpanus
n ~ p° ~ T?). Bo-BTOpBIX, CE9eHNE PEAKIUI O - = O+, ~ I'*. B obmell Teopun
(em. § 5.4) 0 ~ (H')*dN/dE, rne H' — maTpmasbIil 37€MEHT, KOTOPHI TOCTO-
SHEH, TaK KaK 3TO TodeuHoe B3ammonmeiicTsme, a N = 4/37P?/(2rh)? — «ucno

BO3MOXKHBIX COCTOAHHIHI C IMITYyJIBCOM MEHBIIE p B €OJUHUIE obbeMa. I/ICHO.TIBE&_YSI

COOTHOIIICHUE
2 202 | 2 2
E? = (m.c®)* + ¢*p?,
nMeeM
2
E dE = c*pdp
u
dN ~ p* dp ~ p E dE,
T.€ AN
— ~pE~E*~T~
dE
Kaxmoe mefiTrpuno yHocuT ¢ cobont suepruto E, ~ T'. IlosTomy okoHUaTEIBHO
QN‘]’LO'EVNT3T2T:T6_ W‘
He’, H° T®
Y HEKOTOpPBIX sImep MOXKET HaCTYIUTH ’
HACBHIIIEHNE, & 3aTeM YK€ CTENeHHON a)
poct (puc. 50). CymecrBoBaruE ypKa-
IIpOLECCOB HeCOMHEHHO. Kpome sToro
€CTh €eIlle MPOIECChl APYTOTO THUMA €
o —
y4acTueM HeHTPUHO, CBI3aHHBIE C TH- T
moTe3aMn, KOTOpPHIE IMOKa HE IPOBe-
€HBI SKCIEePUMEHTATBHO. W A
P P npouue sapa
g o6bsacHeHNS BCeX YKCIEePUMEH- (X BENMKo) T
TQJIBHBIX IPOSBIIEHNN CIa0BIX B3am- 5
MOINEHCTBUN 1O HEOABHETO BpEMEHN )
IOCTATOYHO OBLIO CYUTATH, YTO BCE
YACTHOBEL B3aIMOOEHCTBYIOT B ONHOH
—

TouKe (IpHYeM B3aUMOREHCTBYIOT —
5TO 3HAUUT U poxmatorcs ). Hanpumep:

e +p=n-+r.. Puc. 50:

“Mpbl paccMaTpuBaeM TaKylo TEMIEpPATypy U ILIOTHOCTb, IPH KOTOpOH umciao e~ u et
6oJibllle Yncsa MPOTOHOB U HEHTPOHOB B enmHuUIle 00beMa, HO 00Iasi IJIOTHOCTH BCe ellle OIpe-
JesisieTCsl TPOTOHAMH ¥ HETPOHAMH.
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MoxHO CUUTAaTh,9TO B 3TOM IIpoLeCC€ B OOHY TOYKY IIPUXOOAT OBE€ YaCTUIIBI,
13 TOH K€ TOYKHU BBLIETAIOT OBE€ HOBBIC YaCTHIIBI. BepO)ITHOCTb 9TOTO IIpoueccCa
OIINCBIBACTCA MATPHUYHBIM 3JICMCHTOM I'aMIJIbTOHHUaHA (CM. §54)

H' =g [ g, dV.,

3

roe g = 1,4-107* spr - em® — mocroammas cmaboro BzamMoneiicTsus. Mul 3amm-

mreM CaMyIo CYIIECTBEHHYIO YaCTh TaMU/IBTOHHAHA CHMBOJINYECKH CJIEMYIOIITIM
obpazoM:

H = (pn) (eve) + (pn) (eve). (7.2)
Bmecw 3HaK ~ (Tmiabma) ofo3HaYaeT aHTHUYACTHUILY, a CKOOKH OOBENWHSIIOT da-
CTHUIBI, BXOAAIIUE B PEAKIUIO BCETTA 110 ONHY CTOPOHY OT CTPEIOUKH. 3anuch (2)
pPacIII@pPOBBEIBACTCA TaK: €CIU BCTPEIAETCI CUMBOJ HEKOTOPON YaCTUIBL, TO 5TO
0603HauaeT rubeab OAHHOH YacTHILEL, IU00 POXKACHUE e aHTHIacTHIB. Hampu-
Mep, HMEPBBI WieH B (2) CHMBOIU3EPYET PEAKIHIO

p+n—e +r.
(AHHUTUIANMS HYKJIOHOB), a TaKiXKe:
n—p+e + e (3-pacnanm meiiTpoHa),

a BTOPOIl, COMPAKEHHBIN U/IEH, CAMBOJIU3APYET OOPATHBIE TPOIECCHI

p+e —n4r, (HeﬁTPOHH3aHMﬂ>,

p+n— et + v (aEHUTHIATHS ).

B meficTBUTENBHOCTH €CTH €Ille PeAKIIUU ¢ MIOOHOM (i B MIOOHHBIM HEATPHUHO
vy, HallpUMEP, paclagbl
B —>e_—|—1/e—|—1/u,
pt — et + v + 0,

UIN 33aXBaT MIOOHA HYKJIOHOM:
- +p—n+ vy

n 1.0. Bee 5T nponeccs MoxkHO onucars ravunbrormasom H = g[(pn) (eve) +
(pn)(pvy) + (fivy)(€ve) 4+ conpaxennsie unensl]. Bee oHn xapakTepusyorcs KOH-
crarToit ¢ = 1,4 -107* spr-cm®. Tor dakT, 9TO 3Ta KOHCTaHTa pa3MepHa,
npencraBiageTcs youBuTeabHBIM. OH MOXKET 03Ha9aTh, 9TO IMPOIECC CIaboro B3a-
IMONENCTBAS HE ABIAETCSA SJIEMEHTAPHBIM W Ha CAMOM JeJle MTPOTEKaeT B IBa
3Tama ¢ o6pa3’oBaHIEM MPOMEKYTOYHON YaCTHUIbI, KOTOPYIO TIOKa He HabIomamn:

n—p+W~, W~ — e + 1.
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s COXpPaHEHUA MOMEHTa ACHO, UYTO 3Ta YaCTHIla OOJI2KHa UMETh CIIUH S — ]_, T.e.
OOJIZKHa OBITE OO30HOM. HpOHeCCbI C W*6030HOM AHAJIOTUYHBL 3JICKTPOMAaTrHUT-
HBIM IIponecCaM C (I)OTOHOMZ

p—=pt+y, 7v—e fe

Teopus W—6030Ha npenmosmaraeT, 9To0 OH BO BCeM, KpOMe OOIIBIION MaCChl, HO-
x0x Ha QoToH. B sTOoM ciyuae smemeHTapHBIE B3amMmomendcTBusL ¢ W—-6o30HOM
XapakTepusyloTcsa TOH ke be3pa3MepHON KOHCTAHTOU, UTO U 3JIEKTPOMATHUTHOE
B3aUMOZEHCTBUE (IIOCTOSHHON TOHKON CTPYKTYDHI):

e? 1

S Pt

a “cmabocTh’ €1aboro B3aUMONENCTBUS OOBACHAETCA TEeM, UTO MPHU OOBIYHBIX
sHepruax W—6030H HOABIIIETCA TOIBKO BUPTYAIBHO U3-3a CBOEH GOIIBIION MACCHL.
3uauenne maccel W—-6030Ha My MOKHO OIEHHTH U3 3KCIEPUMEHTAIBHOIO 3Ha-
YeHUS MOCTOSHHOHN €1ab0ro B3aUMONENCTBUSI ¢ M Pa3MEPHBIX COOOpaKEHUI:

B2
g = a -sueprus - (nmmma)® = o My c?) Y ,
wce
OTKyIa
FLS 1/2
My =(*=)  ~30T5B ~ 30 m,
gc

Paccrosane, xoropoe mpoxomur W-6030H mo pacmama, MOXHO OIEHUTH U3
COOTHOUIEHNUS HEOIpeNeIeHHOCTEN

z ~ h/Myec~10""" cm.

MamnocTs 3TOTO PaCCTOSHU A (Ha ABa IIOpAOKa MEHBIE padlycCa IOEePHBIX CI/IJI!) n
IIO3BOJIAIa CTa,pOfI TEOPUNU CHUTATh crnaboe BSaI/IMO,E[efICTBI/Ie TOYECTHBIM.

KBanToBoMexaHndeckas AMIIIIITYOa IIPOIECCOB C POXKICHUEM W—6030Ha JOJIZKHa
IMETHh BILL

J = (pn)W + (eDo)W + (Jiv,)W.

[To obrmM npuHINTAM KBAaHTOBOR MEXAHUKH MOJTHAS aMIUIUTYIa IPOLECCOB, Uy~
X Yepe3 IPONeXyTOUHBIH W—-0030H, paBHA IPOM3BENEHIIO aMIINTYOBL 0Opa-
30BaHud, .JJ, Ha ammaunTyny pacumama W, xoTtopas, ogeBummHO, paBHa J*, T.e. co-
npsxeHHa J:

Tt = W (pi) + W (@ve) + W (jiv).

lNaMmuneToRNAH Ha6.]'.[IOJIa€MBIX IIPOTECCOB TOTOa BBITJIAONT CJICOYFOIITIIM 06pa—
30M.:

102



Hyasn = JJ" = (pn)(pn) + (pn)(eve)+

+ (eve)(eve) + (pn)(pvu)+

+ (pv) () + (eve)(fivy,) + conpsaxeHHBIE TIeHBL.
[Mpomssenenne WW, obosmauatoriee poxmenne m rubens W, BoimeT mpocTo B
KOHCTAHTY CJIa00T0 B3aUMOIEICTBUSA ¢, KOTOPYIO MBI OITYCKaeM B CHMBOIMYECKOM
3aliCcl TaMWIbTOHUAHA. [IpOIecchl, cToAIme B MPaBOM CTOJOIE 3TOTO BBIPaKe-
HIUs, DJAaBHO yKe HaO/IomaIuck B gJabopatopun. B mociembee BpeMs 0OHapyKEHbI
I IPOLECCH, 3alliCaHHBIE B JIEBOM CTOJIOIE.

Oponecc (pnr)(pn), T.e. p+n 2 p+n — 5To paccesHue HYKIOHOB 3a CIET CJIa-
6oro B3zaumopeiicTBus. Ero HabmIomaTh TPYOHO, TaK KaK €CTh PacCesHne 3a CUeT
cubHOrO B3amMomelncTug. Ho ciaaboe B3amMomelcTBUE NPUBOOUT K HECOXPaHe-
HUIO YeTHOCTH, B B 3TUX IPOLECCaX, HAIPUMED, OOJIKHBL HOABIITCS Y—KBAHTHL C
KPYTOBOI TMOJIAPU3AIIHEN.

Hponecc (ev.)(€v.) — paccesHue HEITPUHO Ha 3IEKTPOHAX:

e +uv.2e +ur..

Mul MoXkeM IepecTaBlIsaTh YacTHUILI CIpaBa HaJIeBO ¢ 3aMEHON X Ha aHTHYa-
CTUIIBL:
e Het 2+ Ve,

et 2 e 4+ .

[Mpomece
e +rv. 2 e+,

HabMOOaTh OYeHb TPYIHO, TOPa3lo CIOXKHee mpuecca v, + p &2 n + et, KoToperit
yxe HabIomaacs.

Nurepecto, uro Paiirec B cBoe BpeMs max mms mpomecca (er.)(€ev,.) skcmepn-
MEHTANbHOE 3HAUCHHE CEUEHUS Ooxen = 000 Oreop, HO 5TO OKA3aOCh € OLIMOKOLL.

Ceiruac
Osken = (1 + 1) Oreop-

Ecmu 681 651510 Goken = 500 Opeop, TO 3TOTO He momycTuiIa OBl acTPOdU3UKA.
[Ipomecc
e —e +vrv+v
HE UIeT Ha CBODOMHOM 5/IEKTPOHE IO 3aKoHaM coxpaHerus. OH maeT B mose ampa:

e+ 7 —-Z4+e  +v+v

U YHOCHUT 5HEPTUI0, TaK KaK VU YIeTaioT.
Ecau “packaumBaTh” Kycok BelllecTBa, TO 3JIEKTPOMATHUTHBIE BOHEL OH W3-
Iy4aTh He OymeT, Tak KaK BEIIECTBO /IEKTPOHEH TPAILHO, HO TAHHBIN HEUTPUHHEL
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AIIporiece MOKET UATH, TaK KaK OH He KOMIIEHCUPYeTCs IPOTOHAMH, T.e. TIPH KO-
neGaHUN BEIecTBa BO3HUKAET HEITPUHHOE M3JLyIeHHUE.

ITaHHBI BII B3aNMONEICTBHA IPUBOLUT K TOMY, ITO MEXKY JIFOOBIMI IBYMS
TelaMH €CTh NAJIbHONECNCTBYIOMIAs CUIa, MOTEHOWAT KOTOPOI IPONOPIUOHATICH
w=1/r".

B ramMunbTOHmAaHE €CThH WICH

gleve)(eve),

rme g = 1,4-107* spr-ca® — xoHCTaHTa CTabOro B3amMONENCTBHA, T.€. SHEPTUA
HEHTPUHO 3aBHCUT OT IUIOTHOCTH 3JIEKTPOHA B HaHHOM MecTe. lloTeHnumanbaas
AMa, PACCINTAaHHAS Ha ONHO HEHTPUHO, COCTABUT (IJI1 CBUHIA)

U=gn.=1,4-10"* [spr - em®] - 5 10** [em™?]
~ 107%* 5pr ~ 107" 5B

J

T.€. MOSABIAETCA KOYDPUIUEHT IPETOMIICHNS BEIIECTBA ISl HEHTPUHO.

EcTb u mpyrue mponeccsl ¢ u3inydenneM HEUTPUHO. D TO ITa3MEHHBIE Koeha-
HUS C UCIYCKaHUEM HeHTPUHHO-aHTUHEN TpUHHLIX map. Ha cTamuu roperuns yrie-
poma HeUTPUHHOE U3ITydYEeHUEe MOKET OBITh PaBHO GOTOHHOMY .

Hakoren, npu Beicoot Temnepatype (T > 10" K) caMbIM riaBHBIM cTaHO-
BuTca mpouece et + €7 — v + U (0H ocTaeTcs CPaBHUMBIM € YPKa-IPOLECCOM
Munaesa).

[Taper v B 5TOM TpoIEcCe POKITAIOTCI € BEPOATHOCTBIO TOPA3I0 MEHbBIIEN,
YeM maphl Y—KBAHTOB B IPOIECCE

+

e'e” = v+,

HO IOCJIEOHUN IPOIecC UAeT B IPAMYIO I OOpaTHYIO CTOPOHBI U He BIUIET Ha Be-
POSTHOCTE TepBoTO. [Ipu 0ueHb BRICOKUX TeMIepaTypaX CKOPOCTH SHEPTonoTePh
OIIpenesseTCs BhIpaKeHUEM

15 9 3
Q ~4-10" Ty [spr/c-cem”].
JIerxo moHATH, OTKYOa MOABUIACH BBICOKAS — AEBIATAsA CTENEHb TEMIEPATYPHL:
Q ~ ne-ne+c E ~T*T*T*T =T°,

[Tpu HU3KOHI TeMmepaType

Ne-ner = [e¥][e] ~ exp(—2m.c?JkT) ~ e™'*/To,

OTMeTnM DPUHIUNNATBHO HOBBIE PE3yNbTaThl CEMUIECIATHIX TONOB B 00Ia-
CTH €1abOro B3aHMONEHCTBUL U UX acTPOdU3AIECKOE 3HAUCHNE.

B 1974 r. 6bIT OTKPBIT TPETH WIEH PANa, MEPBBIE ABa KOTOPOTO MPENCTa-
BIISIOT COBOIT SIEK TPOH U MIOOH. JTa 4acTHIla 0003HAUAETCA T I Ha3BIBAETC Tay-
nentor. Pusmka BCTymaeT B IPOTHBOPEYUNE C (GUIOIOTHEI: JENTOH MO-TPEYeCKN
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* u p*. Macca

3HAUUT “JEerkuil’, U 5TO OBLJIO MPaBUIBHO MPUMEHUTETHHO K €
7 paBHa 1780 M5B, T.e. om B 1,9 pasa Tsxernee mpoToHa, JETKUM €ro Ha3BaTh
Henb3s. Ho cBoficTBa 7 momoGHEL cBoiicTBaM € u . llosaTomy, mpummaBas cIoBY
“/enTOH” HOBBIN CMBICIT — “epMuOH, 00mamabIinnil ci1abbIM U 3JI€KTPOMarHUT-
HBIM, HO He CHJIBHBIM, B3aUMOINEHCTBUSME , MBI Ha3bIBaeM T JenToHOM. [Ipenmo-
JIaraeTcs, ITO CYLUIECTBYET U COOTBETCTBYYIOIIEE 3TOMY JIEITOHY HEHTPUHO, Vr,
a TaKk’XKe ero0 aHTHIACTHNA Uy, TONOOHO TOMY KaK MIOOHY COOTBETCTBYET Uy, U Uy,.
CrenoBarensHo, pacmanel T HOYT Tak: 7° = p~ + vy + v, mwmm 77 = 7t + vy
Pacnanm ¢ obpasoBanmemM MHOHOB M OPYTUX aAPOHOB HEBO3MOXKEH IJIS MIOOHA, HO
BO3MOXKEH IS Tay-IeNToHa Omarogaps OOTBIION Macce YTON YaCTUIIHL.

Bropoe otkpeiTme — cylecTBOBaHME HEMTPAIbHOTO TOKa. llpomeccsr, mpo-
TeKaloIle Yepes MOCPENCTRO IPOMEKYTOUHEIX 6030HOB W, HasmBaioT 3aBHCH-
MBIMI OT 3apsIKEHHOTO ToKa. PEeHOMEHOTOTUIECKN 3T MPOIECCHl 3allUCAHbl Tak,
YTO KaXKOBI UI€H B BEIPAXKEHHUN I TOKA (B HAIINX OGO3HAUEHHIX OIS AMILIN-
Tynel J ) MeHsSeT 3aps Ha eQUHNIY, a OOLINI 3PSl COXPAHIETCS, IOTOMY UTO Ta-
MIUIBTOHUAH COOEPKUT MPON3BeNeHNE IBYX TOKOB, OMHOTO YMEHBIIAIOIIETO I IPY-
roro yBenumuusaroiero 3apsan. Ho B reopun Canama—Beitnbepra npegnomaraercs,
aTo Hapamy ¢ W cymecTByeT amamormuHbI TAKeNEIH BeKkTopHLI (cmmHE 1) mpo-
MEKy TOIHEL (B ¢77ab0M B3auMONEICTBUR) U IpUTOM HeliTpanbusil Z° 6030H. By-
OYyYl HEUTPAJIbHBIM, OH JOTIKEH PACIaOaThCs Ha Maphbl HENTPUHO—aHTUHENTPUHO
UIN Taphl 3apAXKeHHBIX YaCTHI WK aHTHdacTu: Z° 2 v, + v, Z2° 2 et +
€~ ... AHaJOTHYHO >TOMY IPOUCXOOUT U B3amMmomelicTBme ¢ ampoHamu®. Kak
BCerga B Takux GOpMyIaX MOXKHO MEPEHECTH aHTUYACTHUILYy CIpaBa HEJIEBO, IPe-
BpaIllasg ee B YacTHUI. Y caMoro Z'-6030Ha HeT aHTHWYACTHIBI, WX TOIHEE OH
caM SBIAETCA cBOeH aHTHYaCTHIeH, Tak Kak Z° WCTHHHO HeHTpalleH, Takke Kak
PoTOH.

Ha ombiTe mpm sHeprusax, HEMOCTATOYHBIX /I PEaTbHOTO poxaeHns Z —6030Ha
(Takas cHTyanus IPOAINTCI BepOoaTHO H0 1985 r.), HabIIOmaoTCA IPOLeCChl THIIA
paccesuns: v, +p — Z° — v, + p. IpenckassiBaeTcs Takxe craboe B3amMomeii-
CTBHE 3JIEKTPOHOB C AOpPaMU, KOTOPOE OOHAPYKUBAECTCI IPU PACCEIHUH PETIITH-
BHCTCKIX 3JIEKTPOHOB, a TAaKXKe B ONTUYECKOM MOBEIEHUN ATOMOB. DTO B3aHMO-
IellCTBHE KadeCTBEHHO OBLIO IpenckasaHo ogHuM u3 aBTopos (. B. 3eapnoBuuem)
eme B 1958 r. B HacTodIee BpeMs €ero MOKHO CUUTATh IOKA3aHHBIM.

KaxoBsl acTpodusuueckue caencTBus CyImecTBOBAHIS HEHTPATBHOTO TOKA !

C omHOI CTOPOHBL, PACIIUPIIOTCA BOZMOKHOCTHI ITPON3BOACTBA Tap HETTPIUHO—
aHTUHENTpUHO. Temnepb BO3MOKHBI IPOIECCHI

- + 0 ~
e +et = 7 — Uy + Uy,

e +et -7 5 v 4 0.

8]'—‘:1"0 MOZKHO paccMaTpuUBaTh KaK B3FLI/IMO,Z]P,I7[CTBV[6 C KBapKaMu, N3 KOTOPBIX COCTOAT aApPOHBI,
HO 3TO He TTOBJUYIET Ha uaﬂBHeﬁmee.
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BosmoxHO Takxke poxmeHme map v, U IPU COMKHOBEHUPHU AIpPOHOB MIIH BO30Y-
KIOEHHBIMHI cocTosHuaMu smep A* — A + 7Y 5 A+ v+7v (1/6, Vy, Vr — C
OOMHAKOBOH BepOATHOCTHIO). C OPyroit cCTOPOHBL, MOABIIIETCI HOBBIH KaHaJ pacce-
SHEUA HEHTPUHO Ha 3JIEKTPOHAX U , TJIaBHOE, HOBHIN IPOLECC PACCEAHUI HEHTPUHO
Ha sapaX. B sToMm mpomecce paccesHme Ha BCEX HYKJIOHAX MOXKET MPOUCXOOUTH
KOTEPEHTHO, IIPU 3TOM aMIUIATYIa PAaCCESHHON BOJHBI IPONOPUUOHAIBHA UUCITY
HYKJIOHOB, a CEYEHUE PaCCesHUS OKa3bIBa€TCs IPOMOPIHOHAIBHO KBaOpaTy HUH-
Ca HYKJIOHOB. TakmMm 0Opa3oM yBEIMYHBAECTCH HEIPO3PAYHOCTD INIIOTHOTO Be-
IIECTBa, COCTOAIIECTO W3 TAXKEIBIX W CPEOHUX SOep MO OTHOIIEHUK K HEATPHHO
BCEX COPTOB. JTOT GakKT UrpaeT OGONBIIYI POIb B TEOPUHU B3PBIBA CBEPXHOBBIX
3BE3I.

KakoBa pons HEITPHUHHBIX IPOLECcCOB B »Boionun 3Be3n Boobmie?! Ha cra-
IUY TJIaBHOW MOCIEOOBATEILHOCTU HEMTPUHHOE W3IydeHNe, Ka3aaoch OBI, MaJo-
cymiectBerHo. OmHAKO HENMb3d 3a0BIBATh, UTO, BO-IEPBHIX, 6e3 c1aboro B3amMo-
MENCTBUA, a 3HAUUT U Oe3 M3JIydYeHns HeHTPHUHO, BOOOIIE He BO3ZMOKHO TOPEHHE
Bomopoma. A, BO-BTOPHIX, HEITPUHO MO3BONAET B MPUHIAIE 3ar/ISHYTh B CaMble
IeHTpaIbHBIE O0OTAaCTH 3Be3I U IpoBepuTh Hamu Teopun. g ComHIila 5To yixKe
nemaercs (onslTel sBuCa).

Ha mosmHmX cTamusax SBOMIONUN HEHTPUHHOE H3JIyYEeHHE MOXKET HIPaTh pe-
MIAIOIIYIO0 POJIb, MOCKOIBKY MOCTHTAIOTCA BBICOKHE TEMIEpPATyPhl, I HEATPUHO
5dHEKTUBHO OTBOOUT TEILI0. be3 HeMTPUHO TPYOHO OOBICHUTE 0Opa30BaHUE ILIa-
HETAaPHBIX TYMAHHOCTEN, B3DBIBBI CBEPXHOBHIX. HeATpUHHOE H3/IydYeHNE CUIBHO
YCKOPSAET OCTBIBAHUE TOPSYIUX OENIBIX KapJAnKOB M HEHTPOHHBIX 3Be3d. l[losToMmy,
CpaBHUBas NPENCKa3aHUSA TEOPUHU SBOIIONNE 3BE3I, PACCINTAHHBIE ¢ YIETOM I
6e3 ydgeTa HEHTPUHO, ¢ HaOTIOOEHNAME PEealbHBIX OOBEKTOB, MOXKHO IIPOBEPHTH
TEOPHIO CITaOBIX B3aUMONENCTBHAM, T.€. YCTAHOBATH HAJIWYHNE B IIPUPOLE TEX IIPO-
IIECCOB, KOTOPHIE B JTabOpaTOPUHA MOKa HE HAOITIOMAIICh.

I'masa 8. BBEJIEHWE B OBIIYIO TEOPUIO OTHO-
CUTEJIbLHOCTU

[Tocme oTkpBITHSA KBa3apoOB, MYIbCAPOB U KOMIIAKTHBIX PEHTTEHOBCKUX HCTOYHU-
KOB HeJb3s4 M3Yy4YaTh ABONIOLNUIO 3Be3ld, HE O3HAKOMHUBIIUCH ¢ TeOPUEH CHIBHOTO
rpaBUTanuOHHOTO mossg. C cp3maHmeM CHEenuaIbHON TEOPUU OTHOCHUTETBHOCTHI
CTAJIO ACHO, YTOO TeOPHs TATOTeHUs HBI0TOHA ¢ MTHOBEHHBIM IaIbHONHICTBUEM
HYXKOAeTCSI B MIePecTPOHKe U UTO HeOOXOOUMa HOBAS PEIITHBUCTCKAS TEOPU
TATOTEHUs, IPUTOM TaKas, KOTOpas cofepkaia Obl Teopuio HpOTOHa Kak mpe-
IEeIBHBIN caydail. BO3HHKIO MHOTO HONBITOK HOCTPOUTHL TAKYI TEOPUIO; 3TH
MONBITKY IPONOJIZKAIOTCS N0 ceromHsainHero Bpemenn. Onrako Hambosee mpuBiie-
KaTeJIbHON OCTaeTcs Teopus TAroTeHns A.DHAHImTelHa — 00Ias Teopus OTHOCH-
renpHOCTH (KkpaTko OTO) — oHa mpekpacHO YHOBIETBOPAET BCEM SKCIEPUMEH-
TAJIBHBIM JaHHBIM U, KPOME TOTO, B CYIIIHOCTH SIBIIIETCS caMoll mpocToil. B namem
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Kypce MBI TIO3HAKOMUMCS ¢ GU3NKON OOIIell Teopuu oTHocuTeabHocTHn. OmHako,
IJIsL TOTO 9TOOBL B TIOJTHON Mepe OBIAIeTh MaTePUAJIOM MOCIEY FOIIX KNIl He-
00XOOMMO HPOLITYAUPOBATDH IOMHBIA KypC TEOpUHN DMHINTENHA — JIyYIle BCETO
“Teopuio mona” — JI. II. [lagmay u E. M. Jlupmnia.

§ 8.1. UVnes uckpuBJIEHHOI'O NPOCTPAHCTBAa—BpeMeHU

Bce Tema HesaBHCHMO OT WX MacChl HaJalOT ¢ OOMHAKOBBIM yCKOPEHHEM — 3TO
61710 W3BeCTHO co BpeMmeH [amumes. Ho umerHO 5TOT GakT cTaa ompenearonInMm
Ui DUHIITedHa IPHU CO3MaHUN OOIEN TeOPUU OTHOCUTEIBHOCTH (OTO). 3axon
rarorenns HproToHa o4eHb OX0XK Ha 3akoH Kynona. Onaako B 3akoH HeoToHA B
KaduecTBe IPaBATANMOHHOTO 3apada BXOOUT BeJIMUYNHA, IPOIOPIHOHAIbHASL THEPT-
Holl Macce. [louemy ke Tsarorenus cBsa3amo ¢ uHepTHON Maccoin! C Touku 3peHuHs
HBIOTOHOBCKOH TE€OPUU 5TO HEKOTOpas ClIydaiHOCTh. OOHAKO UMEHHO OT 3TOrO
OTTONKHYJICA DUHIITENH, KOTIa €My IPHIILIa B TOJIOBY HIES HCKPUBICHHOTO IPO-
CTpaHCTBa.

B miockom 4eThIpeXMepHOM Hpo-
cTpaHcTBe (T, Y, 2, ) IBHKEHHIO IO
OPAMOI COOTBETCTBYET PaBHOMEPHOE
IpAMOJIIHEHOE OBUKEHne. B miockom
[IPOCTPAHCTBE IpsAMas — 5TO KpaT-
qalllllee pPacCTOAHNE MEXKOY OBYMs
TOYKaMU, T. €. 3KcTpeMas. Unes Jitn-
ITelHa 3aKII09aeTCsa B TOM, YTO U B
II0JIe TATOTEHNUS BCE Tejla IBUAKY TCA IO
SKCTPEMAIIBHBIM (TEONe3NIeCKIM ) JIH-
HIAM B IIPOCTPAHCTBE-BPEMEHH, KOTO-

poe, oOoHakKo, yXke He ILIOCKOe, a MC-
kpusnernoe. [IpocrparcTBo-Bpems mc-
KPHUBISIOT MacCChl, CO3OAIOIIHe IOoJIe
TaxecTu. Ecianm mpocTpaHcTBO UCKpU-

BIICHO, U BCE Tejla ABUKYTCA TO Teome-

3UYECKUM, TO 3TO O3HAUaeT, UYTO Tela

Puc. 51: pa3HOI TPUPOOBI OYAYT OBUTATCSI IIO

ONWHAKOBEIM TPACKTOPUAM, T. €. eCTe-

CTBEHHO OOBACHAETCH HE3ABHCHMOCTDH yCKOPEHUS CBOOOTHOTO MAIEHWS OT IIPH-
pOmBI Terna.

Yro Takoe mCKpUBIEHHOE TPOCTpaHCTBO! IIpole Bcero 5To MOHATH Ha TPH-
Mepe IBYMEpHOTO CIydas. PaccMOTPUM TOBEPXHOCTH mmrapa 2 + y? + z? = R2.
“IpaMmbiMu” Ha 5TON MOBEPXHOCTH OYOyT OyTH GOIBIIOrO KPyTa, TaK KaK UM
COOTBETCTBYIOT KpaTUalllline pacCTOSHUS Ha moBepxHocTH. CyMMa yIiIOB Tpe-
YTONBHUKA y&Ke He paBHa T. PaccMOTPUM TPEYTOIBHUK ¢ BEPIINHON B MOTIOCE U
IOByMs BepIINHaMH Ha 5kBaTope (puc. 51). CyMMa yIiloB B 5TOM TPeyTOIbHUKE
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paBHa T + a. Il7omans TpeyroapbHUKa paBHa oRZ.

B nBymepHOM Ciiydae MOKHO IPENCTABUTH KPUBOE IPOCTPAHCTBO BIOKEHHBIM
B TpeXMePHOe IPoCcTPaHcTBO. OMHAKONPOCTPAHCTBO TAaHHOR Pa3MEPHOCTH MOZKHO
U3y9aTh U HEMOCPEOCTBEHHO, IO BHYTPEHHUM CBOUCTBaM, He OOpalllaich K maee
BrIoKeHus. Hampumep, TOYKn mOBEpXHOCTH ITapa MOKHO XapaK TEPU30BATh IBYMI
HE3aBICUMBIME KoopAuHaTaMu § u ¢ (mmuporoit u moiroroit). Moxuo HallTu BEI-
pakeHUe OIS AJIEeMEHTA OJINHBI Ha IOBEPXHOCTH IIapa

ds? = Rz(daz +sin’ 4 302).

ITamee MBI 3amaeMcs yCIIOBIEM, 9TO @ U (27 — ) IPH OAaHHOM 6 ONECBIBAIOT ONHY
u Ty ke TouKy, a § mensercs ot 0 mo 7. (3mech MBI He BHaeMcs B BOIIPOC O TOM,
KaK CBSA3aHBI 3TH IO CyHIECTBY TONOJOTUYECKNE YCIOBUS ¢ BUIOM BRIPAXKCHUS NI
dsz). Bce cBoiicTBa chepnr 3TuM 3amaHbL.

Isist 5meMeHTa OIUHBL B IZIOCKOM ABYMEPHOM IPOCTPAHCTBE MOXKHO 3allCaTh

ds* = da? + dy* = RQ(dG2 + 62 dgoQ)

(R — macmTabrbi daxTop). 3neck koopauHaTa § MoxkeT MeraTcs oT () mo oo B
ornnune ot chepsl, rae § Mersercs ot 0 mo 7 (Tak xax sinf = 0 mpu 6 = ).

WTak, oTanune XpuBO# TOBEPXHOCTH OT IIOCKON MOXKHO OOHApPYKUTh, UCCIIE-
Oys TeOMEeTPHIO CaMOI OIBYMEPHOH IIOBEPXHOCTH, O€3 BIOKEHUS.

Ob6paTumMcsa Kk TpexMepHOMY CIIyYaio.

B miockoMm mpocTpaHcTBe KBagpaT 3I€MeHTa MINHLL dS MeXKOY OBYMs GEeCKo-
HEUHO GIM3KMME TOUYKAMIU 3aluchiBaeTcs B Bume (dz, dy, dz — COOTBETCTBYIO-
IIue PA3HOCTH KOOPIUHAT)

ds? = dz* + dy2 + dz2.
Beenmem HOBBIe KOOpmuHATEL, £, 77, ( CIeOyIOIMM 00pa30M:
T = x(f? 777 g)?

y=y(& n,¢),
z=z(&, n,Q).

Torma
ox ox ox
dL—af §+—d7]+acf
Jy Jy
dy = + cl + —=d(,
y 855 gé“’
0z 8
dZ:8§ f—l——dn—l—acdﬁ
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KBaJIpaT 3JIEMEHTa OJIMHBI B HOBBEIX KOOPOMHATaX 3allICBIBACTCIA B BUOE

ds? = gnd€® + giadédy + ...

roe
ozr\° ay\* 9z\*
gi1 = 6_5 + 8_5 + 8_5 5
Jx Jx Jy Jy 0z 0z
f2=\ae ) \ay) "\ae ) \ay) "\ae ) \ay
u T.0.

[Toxa MBI TOIBKO IUIIB B HOBOM BUIE OMUCAIN IIOCKOE IPOCTPAaHCTBO. VUMeem
9 Belm4uH ¢;), , U3 KOTOPBIX TOIBKO 6 HE3aBUCUMBI, TaK KaK Gk = (ki - MOXKHO mO-
Ka3aTh, YTO B IIJIOCKOM IIPOCTPAHCTBE CaMU BEJINYUHEL ;i , IX IEPBBIE U BTOPHIE
IIPOU3BOLHBIE ONPENESIEHHBIM 00pa30M CBA3aHBL. Y MECTEH BOIIPOC, YTO OyIeT, eciin
BEIOPATH @k, YTOOBI 3THU CBI3U HE BHINOIHSINCH! Torma OKaXXeTcs, ITO TaKas
MeTpHKa ONUCBEIBAET HMCKPUBIIEHHOE IPOCTPAHCTBO, KOTOPOE YiKe€ TPYIHO IIpem-
cTaBuTh HarianHollpu s3ToM ¢ ompemensioT Kak KOOPOUHATHYIO CETKY, TaK I
KPUBU3HY IPOCTPAHCTBA.

3meck yMECTHO cmemaTh mcTopumdeckoe 3aMedanue: JlobGaueBckuint u Bomban
PAacCMATPUBAIU IPOCTPAHCTBO, KPUBU3HA KOTOPOTO Be3le MOCTOsHHA. He BhIpa-
JKas 3TOW MBICIH B SIBHOM BHIE€, OHU HCXOOUIN U3 HOEH, 9TO CYLIECTBYIOT abCo-
JTIOTHO JKECTKUE Tesa. TaKoe Teno MOKeT HePEMEIIAThC B IIPOCTPAHCTBE TOCTO-
SIHHOW KPUBU3HBI.

XapaxTepusys TPOCTPAHCTBO METPUUECKUMU KO3POUIUEHTAMU (i, SABIIIO-
IIUMUCS TPOU3BOIBHBIME GYHKIUSIMEU KOOPOWHAT, PIMaH BBET B pacCMOTpEHUE
IPOCTPAHCTBO, KPUBU3HA KOTOPOTO MEHSIETCS OT TOUKU K Touke. B sToT Ke me-
pUOO BO3HUKAIOT IEPBBIE UOEU O TOM, UYTO KPUBU3HA IPOCTPAHCTBA MOKET OBITH
cBa3aHa ¢ pusmueckumu daxTopamu. OTKa3 oT umen abCOMIOTHO KEeCTKOTO Tela
CTaJl BIOJIHE €CTeCTBEHHBIM II03Ke, C Pa3BUTHEM 3JIEKTPOHHOU TEOPUU U OTKPHI-
THeM JIOPeHIIeBa COKPAIICHNS TeJl.

B uckpuBieHHOM IPOCTPAHCTBE MOKHO OIPENENIATh KPUBYIO, JAIOIIYI0 MUIHI-
MYM PACCTOSHUHUSA MEXKIY OBYMSI TOUYKaMHU:

&ama (o
l19 = ds = min (o Bcem myTam u3 1 B 2).

&imG

B mmockom ciydae cpasy momydaeTcs

T = a; + bit,
y = ay + bat,
2z = az + bst,
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T. €. MapaMeTPUUECKOe BEIpaKEHHUE TPAMOM.

B obriem cirydae mCKpUBIEHHOTO IPOCTPAHCTBA TAKON MPOCTON 3aBUCUMOCTH
He OyIeT; MOXKHO HAIICAaTh TOIBKO TuddepeHnnaIbHble YPaBHEHNSI — yPaBHEHN
reome3ndecKon.

Haxonen, cnemyrommil mar 3ak/I0dYaeTcs B TOM, YTO PaCCMaTPHUBAETCI Kak
HCXOOHOE, YeThIPEXMEPHOE IIPOCTPAHCTBO MUHKOBCKOTO, WK, OPYTUME CJIOBAMU,
KOMIIJIIEKC, COCTOSINNN W3 BPEMEHU U TPEXMEPHOTO MPOCTPAHCTBA (B Y3KOM CMBI-
cie cno:Ba).

Do "werhpexmepHOEe MHOTOOOpasme mpeobpasyercsa mo JIpermy, a me mo [Na-
JIUIEI0, T. €. TaK, YTO OCTAETCSI NHBAPUAHTHBIM

2

2,2 2
s“=c"t"—=x

2 2
- Yy — <,

U B MaJIOM
ds® = ¢ dt* — dz® — dy® — d2*.

[Ipu mepexome oT OmHOW CHCTEMBI KOODOAWHAT K OPYTOW, OBUKYIIEHCS OTHOCU-

o t—Bzx/c
TEJIBHO IIEPBOU CO CKOPOCTHIO U, MEHAECTCA TaKXKe BpEeMsI t, = %/2, roe ﬁ = ’U/C.
1-8

Taxyio MeTPUKY —— He €BKIIUIOBY, A ICEBIOECBKINIOBY (BCIENCTBUE PA3HOTO 3HAKA
y dt n dz, dy, dz) Hamo cmenars “KpuBoil”, BBOAA ¢, GYHKIUN KOODIWHAT U BpeE-
MEHH.

§ 8.2. IlapasisteTbHBIN TEPEHOC BEKTOPOB

Yro Takoe mapasielbHBI MEPEHOC B eBKINIOBOM IPOCTPAHCTBE, BCEM HOHSATHO:
[IpPU IEPEHOCE OOIKHBL OCTABATCS MOCTOSHHBIMIA KOMIIOHEHTHI BEKTOPA B JEKaPTO-
BRIX KoOpauHaTaX. QOHAKO yXKe B IIOCKOM MPOCTPAHCTBE, HO B KPUBOJIUHETHBIX
KOOpOMHATAX, HAIPUMED, B HOISIPHBIX, 3TO HE TAaK IPOCTO OMPEOETNTD.

[Ipu mapamnensHOM HEpEHOCE B INIOCKOM IPOCTPAHCTBE COXPAHIETCS HAIpa-
BIIEHHE BeKTOpa. B wacTHOCTH, COXPaHIIOTCS YT, 0Opa3yeMble BEKTOPOM C TIPs-
MOTI (T. €. TeOme3UTECKOll ), COETUHSIOIEN NCXOTHYIO I KOHEUHYIO TOUKH IIEPEHOCA.
[Tpu obxome 3aMKHYTOTO KOHTYpa MOTOXKEHNE BEKTOPa COBIAOAaeT ¢ UC30OHBIM. B
UCKPUBIEHHOM NMPOCTPAHCTEB 5TO He Tak. Jlerue Bcero 5To MOHATH Ha IpUMepe
cheprr” (cm. puc. 51). Brifimem m3 momoca cBEKTOPOM, HAIPABIEHHBIM IO MEPHIH-
any. Hofmem mo sKBaTOpa U MEepeHeceM BEKTOD MapasliIeIbHO caMoMy cebe BIOb
SKBATOpa, MOCIE Uero BEPHEMCS IO OPYTOMY MepuauaHy Ha momooc. QueBumHO,
YTO KOHEYHOE TOJOKEHIEe BEKTOPa He COBIANAET ¢ UCXOMHBIM U yTOJ IOBOPOTA
paBeH Kak pa3 m30BITKY yriioB TpeyronbHuka Ham 180°. Ilpm mamsix o

AA| = |Aja = |A|S/R,

QB 06H_[6M CJIydae KpUBOT'O MpoOCTpaHCTBa HE TaK IMPOCTO OCBOUTH MOHATHE TapaJlJleJIbHOT'O
nepeHoca. Hmpak TIOJIB3YeTCHA OJId 3TOTr0 npeAcTaBIeHneM KPUBOTO MTPOCTPAHCTBA KaK TUIepro-
BEPXHOCTH B IIJIOCKOM NIIPOCTPaHCTBE DOJIBITIOTO uncIa I/I3MepeHV[T7L TTocae OquT/I,ZIHOﬁ ornepannn
nepeHoca Ha MaJioe pacCTossHue ds TTPOU3BOANTCHA TPOEKTUPOBaAHUE BEKTOPA Ha TUNEPTIOBEPX-
HOCTH, I TaK MaJbBIMU ITaTraM/ MTPON3BOIUTCSA HapaﬂﬂeﬂbeIfI MEPEHOC Ha KOHEYHbIE DACCTOAHUS.
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rme S — MmIoIagh TPeyTOIbHUKA.
— —
[Ipuparienne BexkTopa AA L A, Tak kak mJImHa BEKTOPa HE MEHAECTCS.
Kpususua mByMepHOH NOBEPXHO-

< CTH XapaKTepHU3yeTcsd TOIBKO OIHUM
A qUCIIOM  (HApUMep, PALULYCOM KDPU-

Bu3HEL R). Hamo nomummars, uTo
I 5Ta KpUBU3Ha HE 00y CIOBIIEHA PaccMa-

/ TPUBAHUEM €€ U3 TPEXMEPHOTO MHUpA.

/ DTo umcmo xapakTepusyeT BHYTPEH-

HIOIO TEOMETPHUIO OBYMEPHOH IOBEPX-
HOCTH.
Hampumep, mNOBEPXHOCTH IUINH-
Opa ¢ TOYKHU 3peHHsd TPeXMepHOTO Ha-
R.,=00 6mromaTens uckpubieHa. Ee BHemrHsas
TeOMeTpHsA XapaKTepU3yeTcsS IOBYMSI

pamycaMu KPUBHU3HBI: ONHUM KOHEU-

BeIM R u gpyrum R, (puc. 52). Ho

Puc. 52: C TOYKH 3PEHU OBYMEPHOIO CYILIECTBA

Bce TeoMeTpuUecKkue GUIypPhl Ha HTON

HOBEPXHOCTHU UMEIOT T€ XKe CBOICTBaA, 9TO U GUrYPHI Ha IIOCKOM JHCTE (CyMMa

YIJIOB TPEYTONBHUKA PaBHA M U T. IL.). TakuM 00pa3’oM, DUWINHLID SBIAETCL IPH-

MEPOM IITIOCKON MOBEPXHOCTH (OT OOBIYHON ILTOCKOCTH OH OTIMYAETCA TOIBKO
Tonosoruet).

Hpyroit npumep — koryc. KoHnueckas MOBEPXHOCTH Be3le IIOCKas, KPOME
OIHOI TOYKH, HO B TON TOUKE KpUBU3HA BemeT cebs nonobuo o-dyukuun. [losTomy
TaM, TJe BXOOAT UHTETPAbl OT KPUBU3HBI, MbI MOJIYYaeM KOHEUYHBIN BKIIAL OT
5TON OODHOU TOYKMH.

.

[Ipupamtenue xomnoreHT BekTopa A = (A, Aj) mpm mapaiienbHOM Iepe-
HOCE II0 OECKOHEYHO MaJjIoMy KOHTYPY miomann A f Ha HOBEPXHOCTH B HEKOTOPOI
CHCTeMe KOOPOUHAT T, T3 MOKHO 3allCATh B BUIE:

AAl = K A2 Af,

AAQ = —K A2 Af,

0 =«

T. €. MAQTPHUIQ YTOrO IPeoOpPa30BaHUA UMEET BT L 3mech K — BHY-
—K

TpPEeHHAs KPHBHU3Ha HoBepxHocTH (Ha chepe k£ = 1/R). Takoll Bun MaTpunsl

npeobpa3oBaHUA CBI3aH C yCJIOBHEM COXPAHEHUS OJINHBI BEKTOPA.

B TpexmeproM (u Gosee o0iieM) ciiydae H3MEHEHNE KOMIOHEHT BEKTOPA U
NapaJlJIeJIbHOM IIEPEHOCE 3aBUCUT TaKXKe OT OPUEHTAUN SJIEMEHTAPHBIX IIJIOMIa-
IIOK, OLpeNesieMbIX KOHTYPOM IIyTH mepeHoca. llosToMy m3MeHeHme KOMIIOHEHT
BEKTOpa IPU Napallle/IbHOM IepeHoce IO KOHTYPY, OrPaHHYUBAOIIEMY MalIyio
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IBYMepHYIO IoBepxHOCTh A f™ omucerBaeTcs dopmyioit

1
/ o ¢ k A flm
AA" = BY m AT AL
roe R;,,, — Tak Ha3bIBaeMBIil TeH30p KpHBU3HBI. Kak 5To IpHHATO, 30ech mompa-
3yMEBaeTCA CYMMUPOBAHEE TI0 TIOBTOPSIOIINMCS UHIOEKCaM. B cuiay cBOWCTB cuM-
MEeTPHHI B YeTHIPpEXMepHOM ciydae [}, umeeT 20 He3aBHCHMBIX KOMIIOHEHT.
Temsop R, BEIpazkaeTcs depe3 METPHKY gk, TOUHee TOBOPA depes i, g/
n 82gl-k/8:c’8:cm.
[TosToMy, ecnm m3BecTHA METPHKA (i, TO H3BECTHA U KPHUBH3HA B KaXKOOH
i
Touxe. I HaobopoT, ecim M3BECTEH TEH30p KPHBU3HBL [t , TO T€OMETpPHI IPO-
CTPAHCTBa MOJIHOCTHIO U3BECTHA. 3aMeTuM, 4To ecau R, =0, To mpocTpaHCcTBO
IJIOCKOE, U CYIIECTBYET TAaKOe IPeobpa3oBaHme KOOPOUHAT, KOTOPOe Ipeobpasyer
BeIpaxenne ds? = gipde’de® x nceBmoeskmumoBy Buny: ds? = §'*dxidat,

§ 8.3. ®usuka UCKPUBJIEHHOTO MPOCTPAHCTBa—BpeMeHU

B orcyrcTBuHe rpaBuTannoHHOrO mosis GU3NKa pa3’BOPAUMBAECTCS B IICEBIOEBKIIN-
IIOBOM HPOCTPaHCcTBe MUHKOBCKOTO ¢ METPUKON

ds* = dt* — da* — dy? — dz°.

[Ipu wamwuun rpasutauuu, T. e. B8 OTO, Gymem cumTaTh, 9TO TPOCTPAHCTBO
HCKPUBICHO:

ds® = gi(x) dz'dz®, gix = g (8.1)

(110 TOBTOPAIOMIIMCS HHAEKCAM IPEANOIaraeTcs] CyMMUIPOBaHNE ).

Ecnu saman mMerpmueckuil TeH30p ¢ (IJIS KpaTKocTH OyoeM TOBOPHTH “Me-
Tpuka” @i ),TO MOKHO HallTH TE€ONE3HNIECKIE B IPOCTPAHCTBE-BPEMEHN, T. €. OIpe-
OEeINTh OBUKEHUE YaCTHUI B TPaBUTAlNOHHOM IIOJE.

B mamnO#l TOuke KBampaTudHyio Gopmy (1) MOKHO OHATOHAIN30BATH U LPU-
BecTH: ee X MeTpuke Murkosckoro',

B obumem ciryuae MOKHO Pa3siIoXUThH ¢k B pan Telgopa B OKPECTHOCTU TOYKH

Zo
_ 9gik 1 0%gi,
git(x) = gin(xo) + 5 Ax + 3 92

Hp606paBOBaHI/IGM CHCTEMBI KOOPpONHAT B ,D;aHHOfI TOYKE BCEr'da MOZXKHO 06pa—

(Ax)2 + ...

THUTE B HYJIb II€PBBIC IIPOU3BOOHEBIC (k. ,H.TI}I 5TOr0 OJOCTaTOYHO HepeﬁTH B CBO-
6OILHO IIa0a0IMy10 CHCTEMY OTCHETA. Ho IIPOU3BOJIBHYIO COBOKYIIHOCTBH BCEX BTO-
PBIX IIPOU3BOOHBIX (;r; HUKAKIMN npeo6pa3013aHI/151M1/I CHCTEMBI KOOpONHAT YHU-
YTOXHNTDH HEJIb34.

10510 yenoBue Hak/anbIBaeT ONpeC/ICHHBIC OIPAHUYEHNS HA T€ ik, KOTOPbIE Peajm3yloTcs
B mpupozne. Hanpumep, HeBO3MOXKHO, 4T0GBI Iie-To 66110 ds? = —c2dt? — da? — dy? — d22.
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Ecmu paccmaTpuBaTh kBamgpaTuuHble >GdEKTHI, HAIPUMED, OTHOCUTETbHEIE
YCKOPEHHS YOAJIECHHBIX YaCTHUIl, TO MOXHO 3aMEeTHTh NPUINBHBEIE cuibl. HeBeco-
MOCTD CYIIECTBYET JIAIIb €CIU OFPAHHYIUTCA HepBhIM mopankoMm mo Ax. Taxum
00pa3oM, OmHa YacTHUIla “He YyBCTBYET TIPABUTALMOHHOTO IOJA, HO CHCTEMa C
Pa3sHECEHHBIMHI MaccaMu “4yBcTByeT . ['7106aibHO IpaBUTAIMOHHOE IOJIE BCETOA
MOKHO OOHapyXKUTh.

Taxum 0o6pazoM, B 4iIeHaX TMEPBOTO MOpAnKa o Ax 3GGeKT rpaBUTAIIIT KOM-
HEHCHPYETCs yCKOPEHNEM CBOOOMHOTO TMAEHNS — B TOM U COCTORT TOYHasA Hop-
MyJIIpPOBKa IPUHINIA SKkBuBaneHTHOCTH. (Bonee rpy6as dopmymmposka: “Cumnbr
HHEPIUH SKBUBAJICHTHEL HEKOTOPOMY IOJIIO TATOTEHNS . )

Nrax, xpuBu3Ha TPOCTPAHCTBA XapaKTEPHU3YETC A OBANNATHIO HE3aBICAMBIMNI
uncmavu Ry, . EcTecTBenmo cBa3aTh RY;  C BeIecTBOM.

B HBIOTOHOBCKOII TeOpUU MOTEHNWAJ TPABATAIMOHHOTO TOIA OMPEIeTIeT s
MIOTHOCTBIO BemecTBa p [r/cm?]. MoxHO TepeBecTH MIOTHOCTH BEIeCTBa p B
IIOTHOCTD 3HEPTHUn & = pc’. B cmenmamabHOR TEOPUN OTHOCHTENTBHOCTH & SBIIA-
ercsa 00—KOMIOHEHTON TEH30pa YHEPTUU-UMITYIIHCA

e N J2 I3
To=| 7
Lo
Tensop T;r cocTOUT U3 BEeIWYNH, KOTOPBIE MO OTHOIIEHUIO K TPEXMEPHBIM, UH-
CTO MTPOCTPAHCTBEHHBIM MOBOPOTAM BedyT ceOd KaK CKAIp €, BEKTOD j (HOTOK
SHEPTUN-UMIYITBCA Ha eIUHUITY 06T>e1v1a) I TpexXMepHBII TeH30p HaTsxeHHH Ty g,
MUaroHalbHBIE YJIEHBI KOTOPOTO XapaKTePU3yIoT TaBleHNe, a HeUaroHalIbHbIE —
BA3KOCTB.
MBI BI/IJII/IM, 9YTO BEIIEeCTBO XapaKTepI/IFSyeTCﬂ TeH30pOM BTOpO]."O paHra.
DSUHIITENH TOMYYNI YPaBHEHNUS TOIA B BUIE

1 1 8r G
Ri, — _gikR = —HTz’k, K = i
2 c?

c2

roe R, = glle,;mk,, R = gikR,;k. I3 5Tux ypaBEeHHil cremyer (B caydae crabbx
nomell) 3aKoH TAroTeHns HbIOTOHA I, KPOME TOrO, aBTOMATHYIECKH BBIIOIHIIOTCAL
3aKOHBI coXpaHeHHa''.

B smexTpoMarEuTHON Teopunm 3apsAml COXpaHAETCA, HO OBUKEHUE 3apama IPo-
n3BonbHO. B OTO T;, He MOoxkeT OBITH MTIOOBIM — IOBUZXKEHHE HOIKHO COOTBET-
CTBOBATh 3aKOHAM MEXaHWUKM, T.e. 3aKOHAM COXPaeHHUS SHEPTUU U UMIIYIIbCA.
Her meTpuku, rme BemecTBO cHavajla HMOKOMIOCh, a MOTOM BCE B IIEJIOM CaMO-

IPOM3BOIBHO HAYaJIo OBl OBUTATHCA. KpoMe TOro, OKa3aloch, YTO U3 ypaBHEHUN

N3pamennToiii MaTemaTuk 'ManGepT NOTydns MpaBUTLHBIN B yPABHEHUH MPAKTHUECKN
onHoBpeMeHHO ¢ Ditairreiinom. Crarhs 'mikGepra marupoBana Hemesiell paHbIilie, HO B 9TON
cTaThe ecTh TpuMedanne ['mibbepTa, 4To NMPaBUITHLHBIA BUIL yPABHEHW TTOJISI OH Y3HAJ OT DiiH-
mretina. [Ipn sTom I'mnebepT BBIBEST ypaBHEHUS M3 BapMAIMOHHOTO IIPUHIINTIA.
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OTO mnomywatoTcs He TONBKO 3aKOHBI IBHKEHHS MaTepPHAIbHEIX TOUEK (T. €. 3a-
KOHBI MEXAQHWKH ), HO ¥ (¢ HeGOIBIINM IIPOM3BOIIOM ) 3aKOHBL CBOGOIHOTO 3JIEKTPO-
marEuTHOrO mons(ypasreHus Makcsemma). DTo moponmio B cBoe BpeMs Maccy
Hagexn. Kasamock, uTo Bcio dusuky MoxHO BhiBecTu n3 OTO. Omraxo nonbiTku
CO3MaTh €OUHYIO TEOPUIO IHOJA K YCIEeXy He IPUBEIN.

Yucmo ypoaBHeHn#n DUHINTERHA PaBHO YNCIY KOMIIOHEHT TEH30pa BTOPOTO
paHTa, a HOJIHOE ONUCAaHUE IPOCTPaHCTBA 3a0aeTCA TEeH30POM YeTBEPTOrO PaHTa
Ri, . B OByMepHOM W TPEXMEPHOM MPOCTPAHCTBE-BPEMEHNU 3amanue R, OmHO-
3HauHO ompemenseT Ri, | B UeTEIPEXMEPHOM MUpe 3TO He Tak: ycmosme R = 0
coBmectmmo ¢ R, 2 0. DTo 03HAwAeT, UTO IPABUTAIMOHHOE TIOJE MOXKET CYIIIe-
CTBOBaTh U 6€3 HCTOYHUKOB — 3TO, HaIpUMEpP, IPaBUTAINOHHBIE BOJIHEL.

Emte anrmmiticknit matemaTux Knnddopn BeIcKazal umeo, 9TO y TPOCTPaH-
CTBa JOTXKHaA OBITH COGCTBEHHas YIPYrocTh. B #exoTopoM cmbicie OTO apngerca
pasBuTHeM 5Toil mmen. B marpamxnan L BxommT kpmBusHa R = ¢'F Ry

cd

= — d
167 G RdV,

roe V' — uernipexmMepHslil 06beM. (Ecian 3amaThes TaxuM marpaHKIAHOM I Ja-
TPAaHXKMAHOM OPYTHUX IOJIEH W YaCTHUIl, TO IPU BapbUPOBAHUU METPHUKN MOXKHO
norxyuuts ypasHerns OTO, uto u coeman 'unsbept.) MoxHO HarmanHo mpencra-
BUTH cebe, uTO L OmucBIBaeT yupyrocTh MPOCTPAHCTBA, “CTpeMiIeHne” TpOCTPaH-
cTBa ocTaBaThcsa miIockuM. KorcTanTa ¢ /167G, xapakTepusyromas yIpyrocTh
BaKyyMa, BeIUKa, I IPOCTPAHCTBO UCKPUBIEHO €1abo, M3-3a TOTO, YTO BEIUKA
€T0 YyIPYyTOCTh.

MoxkeT cMyTUTBb TO 06CTOSATENBCTBO, UTO KOHCTaHTa ¢ /167G pasmepHa, mo-
5TOMY HEMOHSTHO, OTHOCHUTEIBHO Yero OHa SBiIseTcs Oombmoi. B Gespasmep-
HOM BHIE CHIY TPABUTAINOHHOTO B3aUMONEHCTBUSI XapaKTepU3yeT KOHCTAHTA
Gm?[he, amamorndHas KOHCTaHTE 57T€KTPOMaTrHUTHOTO B3amMomneticTeus e’/he =
1/137. U3 Buma KOHCTAHTHI cpasy TOIydaeM Maccy, XapaKTEPHYIO IJIf TpaBU-
TAI[MOHHOTO B3aHMONEHCTBUA (Tak HasklBaeMas [IaHKOBCKAs MAacca, CPaBHITE
AQHAJIOTUYHBIE PACCyXKOEHUS O caaboM B3amMmomenicTBum um o Macce W-6030Ha B

§7.4):

he
o —10-5
Mpl = rei 107 r.
XapakTepHas KBaHTOBas IINHA 3TON MaCChI:
h Gh a3
Iy = =4/ —5 =107" cm.
M€ ¢

Jlerko y6emmuTcs, 4To [, coBHamaeT KakK pa3 ¢ IPaBHTAIHNOHHBIM DaIIyCcoOM Iy
M1 TIaHKOBCKOM Macchl. TakxuMm o6pa3oM, UCKPUBIEHNE MPOCTPAHCTBA BEIUKO
Ha PACCTOSHUH [, OT Macchl my;. IS M3BECTHBIX 37IeMeHTapPHBIX YaCTHIL M ~
107 < my, [ ~ 107" cm < Iy, T. €. 5hdeKTH TpaBATAINN U MCKPHBICHUS
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TPOCTPAHCTBa B OOBEME M3BECTHHIX 3JIEMEHTAPHBIX YaCTUIl UPE3BBIUAITHO MAJIHL.
D70 u moka3biBaeT OOJIBLIYIO YIPYTOCTH BaKyyMa.

Henp3s nu monyuurs ympyrocTh OPOCTPAHCTBA U3 KAaKUX-TO Oosee oOIInX
coobpaxkenuii? U3 kBaHTOBOI Teopuu MBI 3HAEM, UTO BaKyyM 00/IagaeT HYIeBEIMA
Kose0aHuAMI, KOTOpPhIE, B YaCTHOCTH, HAfOT MONPABKU B YPOBHAX aTOMa BOLOPOLA
(IIsm6oBcxmit coBur). Moxer 6bITh Taxme 5PGEKTH IPUBOMAT U K YIPYTOCTH
Bakyyma’? Takoll mogxon ymanochk coOpMyInpPOBATh, HO TPHU 3TOM OKa3aJd0Ch, 4TO
B TEOPHUIO HEOOXONUMO BBOLUTH YACTHIEL ¢ MACCOM 1My

Taxum 06pa3oM, ecTh OBa TPUHIUNAATBHO PA3TAIHBIX HATPABICHINS:

1) U3 TeOpUU TATOTEHUS BBIBECTHU CYLIECTBOBAHUE YACTHIL C Mp[.

2) u3 Teopuu wactun noryanTs koEcTaHTy G. (Ilonpobree cm. xaurn A. B. Bens-
mosuua u U. II. HoBukosa “Penstusuctckas actpodusuka” u “Teopus Tarorenus
I 5BOMIONUS 3Be3n” ).

§ 8.4. TI'paBuTanuMoHHOEe KpacHoe cMellleHUe. 3aMejieHe BpeMeHU

B mpempioymmx pasgemax mer yBumenu, uto ocHoBHas umes OTO o nBuxenun
TeJl B UCKPUBIEHHOM NPOCTPAHCTBE-BPEMEHH IO TeOHe3MYECKUM O3HAdaeT, U4TO
BCe Tella MamalT B IPABUTAIMOHHOM IOJIE IO ONUHAKOBBIM TPACKTOPUIM C OIU-
HAKOBBIM yCKOPEHHEM.
Tloxaxewm cetiaac ¢ momornsio OTO u xkBaHTOBOU Me-
XaHUKH, YTO B TPABHTAIMOHHOM IIOJI€ MIPOUCXOOUT 3a-
@ + V - p N MenieHne BpeMeHu. 11 3Toro paccMoOTpuM OOUH IPO-
€KT BEYHOro nBuratess. Ha ycTaHoBKe m3 nByX GIOKOB
(pmc. 53) GymeM momHMMAThH Anpa OEHTEpHUs, a OILyC-
KaTh IPOTOHBL U HEMTPOHHI.
P, N [IycTe BHU3Y TPOTOOHBI pearupyioT ¢ HENTPOHAM,

- g a obpa3yoIuecs Y-KBaHTBI HCIOIb3YIOTCS HaBEPXY
y mis gucconuarnun gewitepusa. Macca D ma 2,2 M»sB
MEHBIEe Mmp + My, TO3TOMY TOO OEHCTBUEM OOIbITEH
T D TIKECTU P-N CUCTeMa OymeT oTImaBaTh SHEPTUIO, CO-
BEPIIATh BEUHOE MBUKEHUE.

OI_T_II/I6Ka 3TOTO IPOEKTa B TOM, YTO B ,E[efICTBI/ITeHB—

HOCTU 7—KBaHT HE IIOTJIOTUTCI, TaK KaK YaCTb €Tr0o
SHEpPruu yfmeT Ha TIpeonoJI€eHNE CUJIbI TAXKECTH!:

o v 62 v

Puc. 53: /

Omeprusa y-xBanTa E,—p,. ockomexy E < E,, To

w' < w, T. e. vacTOTa GOTOHOB MCIBLITHIBAET KPACHOE

CMeIlleHNe B TPABUTANMOHHOM TOe. DTOT >hdekT yxe HaGMIOOAICS Ha 3eMie ¢
nomosio 3ddexta Meccbayspa (onsrr [Tayrna uw Pebkn).
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B 06]'_'I'_'[6M cnyqae MOXKXHO HaIlIliCaThb
Ap

c?

Whpun = Wucn 1+

roe Ay — pasnuune rPpaBUTAINOHHOTO MOTEHINAIA B MECTAX UCIYCKAHUS U IPU-
eMa. 9TO COOTHOIIEHNE BEPHO M (GOTOHOB JTIOOBIX YacTOT. B maHHOM MecTe ua-
cToTa GOTOHOB 3aBUCUT TOJIBKO OT CBOUCTB MCITY CKAIOIIINX NX aTOMOB (I/IJII/I ;mep).
Ha sTux xe cBoiicTBaX OCHOBAHO U U3MEPEHNE BPEMEHH B MTAHHOM MECTE (aTOMH:bIe
qacm). [TosTomy mHabmIOmaTENh, HAXOOAIIUNCS B TOYKE ¢ OPYTUM T'DaBUTAINOH-
HBIM IOTEHIINAJIOM, OyOeT HHTEPIPETUPOBATEH COBUT YAaCTOT KaK U3MEHEHNE XOOa
BpPEMEHU:

Ay
ATopun = ATucn -— - (8.2)
c
Pampme mbr roopunu o6 m3Mmene-
HUU B TPABATAINOHHOM TOJE METPUKHT X0 |
BoOOIIlEe, a Temeph BUOUM OOEee KOH- |
KPETHO, YTO U3MEHAETCS TeUeHne Bpe- L Ax
MEHH B Pa3HBIX TOYKAX. JTO MOXKHO
UHTEePIPETUPOBATH KaK W3MeHEeH!e KO-
sddunmerTa goo IPU BPEMEHHON KOOD- AXC {
OoumHaTe B MeTpuke. PaccMoTpeB Kak

U3MEHACTCA oo B CaboM mose (T. e.

HBIOTOHOBCKOM CIIydae), Mbl YBHIUM,

YTO (oo UTCPAET POJIb HBIOTOHOBCKOTO I I, r
HOTEeHIUala 011 MeIJIeHHBIX JaCTHII.
Pacemorpum cratmueckoe rpasm- Puc. 54:
rarnuonHoe noine. [lo ompenenenuro sTo
3HAQYUT, YTO METPHKY MOXKHO HAllUCATh B BUIE

ds® = goo(do)® + gap da®da” (a,8=1,2,3),

IpuUYeM HE (oo, HA (oo HE 3aBHCAT OT BpeMmeHHON xoopmmHaThl z'. IlycTs B He-
KOTOPOI TOUKe 7| HCIIyCKalOTCA IBa CBETOBLIX CHATHAaNa ¢ 3amasmeiBaameM Az m
IPUHUMAIOTCS B TOUKe 1y (cM. puc. 54). [Tockombky gir o1 2° me 3aBUCHUT, MEpOBas
JIIHNASL BTOPOTO CHUTHAJIa OTJIHYAeTCA OT IEePBOU TOIBKO COBATOM IO KOOpOHHATE
2° ma Az°, T. e. 3ama3mEIBaHWE CWTHAJIOB B TOUKE IpHEMa IO KOODINHATHOMY
Bpemern Toxe 6ymer Az’. Ommaxo HabmomaTems IONb3yeTca He KOOPIMHAT-
HBIM, a COOCTBEHHBIM BPEMEHEM T. JTO COOTBETCTBYET TOMY, 9TO OH B CBOEN

OKPECTHOCTH TIOIb3yETCA METPUKOM
2 231 2 2
ds® = c°dr* — dl”.

WNuTepBan Mexny nByMs COOBITUSMA — MPUXOOOM CUTHAJIOB B TOUKY 7'y — UHBA-
pHaHTeH (He 3aBHCHT OT BEIGODA METPHKH), T. €.

V 900(2) Az’ =¢ ATy,
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OTCIO,E[& nm 13 (82) HOquaeM CBS3b goo I HBIOTOHOBCKOTI'O IIOTEHIINAJIA SOZ
2¢
GJoo = (1 + 6_2 .

I'maa 9. CHMJIBHBIE 'PABUTAIIVMOHHBIE I1IOJIS
CTPOEHUME PEJIATUBUCTCKUMUX 3BE3]]

§ 9.1. Pemenne MIBapnmumabaa

PaceMoTpuM chepraeckn-cuMMeTPIYHOE I CTaTUYECKOE PEIIeHne YpaBHEHT DITH-
mreliHa. BBeneM chepudeckue KOOpOMHATHL, 3allICaB BEIpakeHNe /I HHTepBasla
B BUIE

ds® = goo dt? — g1 dr* — 922(d02 + sin? 6 dapz).

Bun yrmosoit wactn merpuxm (df? + sin® § dp?) cmemyer m3 TpeboBamma cde-
pudeckolnl cmmMeTpun. I3 TpeGoBaHUA CTATHIHOCTH HAXOOUM, 9TO (oo §11 U §22
MOJKHBL OBITH GYHKIUAME TOJIBKO 1. KpoMe TOro, momxHO ObITh (o = 0, nHage
He OymeT obpaTuMocTn Bo BpeMeHH. OTCyTCTBYIOT TaKXkKe WI€HBl THIA §r, N3-3a
chepuIecKoil CUMMeT DU,

Ompenenmnm pannmambHYIO KOODANHATY ' TakK, ITOOBI oy = 712

. IIpm Taxom
OTIpemieNIe NN padmyca IIoManb chepsl paBHa 4712, a IJIMHa OKPYKHOCTH C TeH-
TPOM B Hadaje KoopamHaT paBHa 27r. OOHAKO 5TO He 3HAYUT, YTO TOYKA, MMe-
IOIasd KOOPAUHATY I, yOajdeHa OT IEeHTPa Ha PACCTOAHUE T, TaK Kak FeOMeTPU
Tenepb HEeBKIIUIOBA.

Beenem ¢ymknun v(r) m A(r) Tak, aro

Ar)

Yoo = eu(r)’ gi11 = € )
T. €. METpHUKa MpuobpeTaeT BUI
ds? = —e’)dt? L A gp? 1 rz(dGZ + sin? b dgoz).

W3 ypaBrenuit JiiHImITeina

1 TG >
RF _ Z§*R = Tk = Z Tk
) 91 A : 2
ITocJie JOBOJIBHO OOJITUX BbIIII/IC.T.[eHI/Iﬁ ]._.[O.T.[yIII/IM
!
(v 1 I
€ <7+T_2> _T'_2_ c_2T17 (91)
L (. VE U N N o, Hoa ‘
—3¢ ( tot ) m k=gl (9:2)



>
= 1. (9.3)

Bce ocramprbie ypaBEeHnms obpamarorca B ToxnectBa 0=0. He mmaromanmpmbre
KOMIIOHEHTBI TEH30pa SHeprun-uMiynbca (tuma 1Y u T. m.) ofpalaorcs B Hyilb
BCIIEAICTBHE CEePUIECKOll CHMMETpUR (5TO O3HaYaeT, 9TO HeT CKIaBaOIIUX Ha-
npsxennit). OTCyTcTByeT Takxke KOMIOHEHTA Ty, Tak Kak 3TOT WIEH COOTBET-
CTBYET MOTOKY SHEPTUU IO PAOUYCy, & MBI PACCMAaTPHBAEM CTATUYECKHUE PeIlle-
HUA.

MBI BCIONMB30BAIN CMEITaHHBIE KOMIIOHEHTBI TEH30Pa Tz-]C . B Beipaxenne T}y
un T BxomaT merpuueckue xosdbunuerTsl. IlycTs y Hac ecTh MeTpHKa

dI* = a*dz* + b*dy?* + *d=?, (9.4)
KOTOpaid SKBHUBAJICHTHA METPHUKE
di* = dz" + dy"” + 2", (9.5)

roe adr = ', bdy = dy', cdz = dz'. OxaswiBaeTcsa, uTo BeIpaxenus maa 11,
HanpuMep, pasusie B (9.4) u (9.5). B cmemannsie koMmnorenTs Buna T} kosd-
bunuenTH @, b, ¢ He BXOOAT, MO3TOMY OHU ONUHAKOBHEI B UCXOMHOW CHCTEMe I
JIOKQJIBHO-JIOPEHIEBOI (€C/I NCXOMHAA CHCTEMa yKe NTarOHAJIbHA ).

Haurem ¢ Toro, uto 6ymem mckars pemenue ypasrernit (9.1), (9.2), (9.3) B
myCcTOTe BOKDYT 3Be3mbl (T. e. momoxmm 1% = (). Beemem f = e~*. Torma

_)\I e—)\ — f/

X =—f/f.

Teneps mus ypasrerus (3) nMeem

f=1-a/r,a— const, T. e. g;; = &* = f~'=1/0-9/") Brramras us ypapmenns
(1) ypaBrenue (3), momyunm

vV 4+ XN =0= v+ )= const.

Bribop const mpocTo onpenmensier macmTab Bpemenn. [losTomy 3amamumcs ycemo-
BUEM, UTO BOaiaum OT Tema, rae A = 0, Takxke n v = (, T. e. mepeMeHHas t ecThb
BpeMs U3MEHEHUs MaJdeKuM MOKOAInMcs HabmonaTemeM. Torma momyanm

v+A=0

Orcroma
e’ =gopo=1—a/r.
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Mg momyunian msBecTHoe perteHne IIBapummiabma Ijs IyCTOTO MPOCTPAHCTBA
BOKPYT cHEpUIECKOr0 CHMMETPUIHOTO TeIa:
a dr? .
ds? = —¢* (1 — ;) dt* + 1_a + 7'2(d02 + sin? Gdgoz). (9.6)
IIpu r — oo 5Ta MeTpHUKa HepeXoouT B MeTpuKy MUHKOBCKOTO.
I3 Beipaxenus (6) BuaHO, 9To npu 1 = a kKo3ddunuenT npu dt* obpamaercs
B HYIb, a Ipu dr? — B 6ECKOHETHOCTS.
HabmogaTens Ha HEKOTOPOM pammyce r HOIb3YEeTCS JIOKaIbHO-JIOpe HIEBOI
CHCTEeMO OTCUIeTa:
ds? = —c*dr? + di*.
Hns mokosierocs zHabmomaTens B obenx cuctemax dr, de,df = 0 u dl = 0.
[Mockombky ds? — MHBapHAHT, HOTYTHIM

dr? = (1 _ 3) dt?.

r

Bmamu, mpu r — oo

dr = (1— Qi) dt.

r
Tak xax MBI YK€ BBIACHUJIN CBA3E IIOTCHIUAJIa C 3aMEOJICHUCM BPEMECHH (§ 84),
MBI BUONM, 9TO

a ¥
2r 2’
re ¢ — HBIOTOHOBCKHI MOTEHNHWAN (MBI yOEOUMCS B 5TOM eIle pa3 HHXKe, pac-
CMaTpHUBas OBHKEHNE TACTHUL), HO
GM 2GM
p=———,T..0a= =Ty

Benmuuny r, = a Ha3BIBAalOT TapBUTANUOHHBIM panuycoM (mmm panmycom IIBap-
I.I]JII/IHBJI&). s 3Be3ner conrevnont maccer M = Mg = 2- 10%% 1; rg =3- 10° cm=3
kM (momesno 3anomenTs!). s Comrna merpuxy IIBapnmunnsna MoxHO HpmMe-
HATH 10 moBepxHocTH 7y = 7 - 1010 cm, T. e. ry/r Beomy Mano. s HeHTpPOHHBIX
3Besq ry/r mocturaer 0,1+ 0,2. Ilns wepHoil (HeBparmaomeiicsa!) IBIPbI MeTpUKa
[MBapummuibma TpuMeHIMa KO BCell HabIIOmaeMoll 00IacTh IPOCTPaHCTBa, T. €.
BINIOTh 00 r = r,. Ilodemy oGmacTs r < r, He HabmIomaeMa (U3mamm) OymeT
00BICHEHO TIO3IHEee.

§ 9.2, JIBuxkenHme yactun B mosie llIBapmmuianga

Tenepb PaCCMOTpPHUM OBUXKEHUE YaCTHUIl B 3TOM IIOJIE. IIo HBIOTOHOBCKOI TEOpUN
I 9aCTUL, IMOKOAIITUXCS Ha 6eCKOHeTE[HOCTI/I, HUCIIOJIB3Y A 3aKOH COXPaHCHUSI SHEP-

rmm, mMeeM




v’ = GM]/r.

Onpenenum HauBHO 1y Kak panuyc, rae v = ¢. Torma (cp. § 1.7)
_2GM
=~

DToT pesynbrar nomyunn eme Jlamnac. [loguepkaem, omaaxo, 4To 510 HEe HonbIIe
yeM MHeMoHTYeckuil mpuem. QueBumuo, uTo Hel0TOHOBCKas MexaHUKaA HempuMe-
HUMa IPH U ~ C.

Teneps HanumeM cTPOro ypaBHeHNE NBUKeHNA YacTull B moste [[IBapummisma.
B meTpuxe, He 3aBuCAIEll OT BpeMeHHU, COXPAHAETCS SHEPTHUA, T. €. KOMIOHEHTA
Po (IMEHHO ¢ HIXKHUM HHIOEKCOM) 4-BEKTOPA MMITYIbCA IacTHIHL:

dx®
ds

2
Po = —Mmc goo
B CTaTHNYECKOM II0JIe
d32 = goodtz — dlZ

nJInm

ds = dt +/ 1 dr
s = Goo 900 di2

Benmuunna

dl v
\/goodt c

5TO CKOPOCTH, U3MePeHHas JTOKaJIbHBIM HabmomaTeneM. Torma nvmeeM
2
mc=4/goo
Po = —F————
1 —v?/c?

(3TO COOTHOIIICHUE HE 3aBUCUT OT HAIIPAaBJICHUI U).

= const

Oycts npun r — 00 (goo — 1) v — 0, T.e. py = mc’. B stom cayuae
BCerma
2/ 2 2 2
l—v¥/c*=goo=1=ry/r, v=cry/r,

T.e. B OTO umeeT MecTo cBA3L MEXKOY v U © B TOYHOCTU TaKasd, KaK B HBIOTO-
HOBCKOH MeXaHHKe I TeOpPHH TIroTeHusd. B wacTHOCTH, ry — 5TO Kak pa3 TOT
pammyc, rme v = ¢, ecau opu r = o0, v = ( B Takoil teopun. Ecim v # 0 Ha

66CKOI—IGT-II-IOCTI/I7 TO
2

Ch Tg V3,
1- 2 o 2
c T c
Taxmm obpasom, B Tounolt Teopun B OTO v = ¢ Tonsko Ha 1y HE3aBUCHMO' 2 OT
3HAUYCHUSA U = Voo OPU 7' = OO.

128 mptoToOROBCKOI TeOpHH B 3TOM ciTydae v 6BIIO GBI PABHO ¢ TIPW T = Tg-
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Emte pas momuepkeMm, UTO v — 5TO CKOPOCTb, U3MEpEHHAS JOKATBHBIM Ha-
OIromaTesIeM.
B mampreitmmem monmoxum ¢ = 1. [Ipu nBuxennn mo pamuycy B ciydae v = 0

opur — o0
dl . v i1 ClT‘ . T‘g

U:E_q/goodt_ T'.

Torma, ucmonb3ys BeIpaxkeHUe O goo U §11,

dr— [ry (1_rg>
dat  \r r/’

; -1
t:/ /L( -
T‘g T

R

[Ipu mamenun ¢ xoreuynoro R 3TOT MHTerpas JOrapudMUUecKn PACXOQUTCS TPU

r — ry. Ormernm, 9To dr/dt IPOXOOUT Yepe3 MAKCHMYM M CTPEMUTCS K HYJIIO
npu r — r,. KoHewHO, B MIBapUIINIBLIOBCKOM ITIOJe HET OTTAIKMBAHUSA, XOTS
dr/dt — 0 mpu r — ry, Tak kak dr/dt — 5T0 He CKOPOCTb.

CymectByet xoportree cpaBaenne. Ecian Mel 6ymeM 6pocaTh 9acTUIBI Ha Uep-
HYIO OBIPY, TO MBI YBUONM, UTO OHU 3aMEIJISIOT OBUKEHNE U CKYUYNBAIOTCA BOIN3N
ry. OTa OCTaHOBKA HE COOTBETCTBYET MOJIOXKEHMIO paBHOBecus. [Ipencrasum cebe,
YTO CHEUMAETCS Ha KUHOIIEHKY MPBITYH, a MOTOM IIPH IPOCMOTPE 3aMENISeTCs
CKOPOCTH NBUKEHUS TJICHKN, TaK 9TO B HEKOTOPBI MOMEHT OH OCTAHOBUTCA. 10
XKe caMoe TIPU OBUKEHUN JacTull. ECan yeTaHOBUTH YaChl Ha YaCTULNAX, KOTOPHIE
IENCTBATETBHO OCTAHABIINBAKOTCSA B TIOJIOKEHAN PABHOBECHS, TO JaChl BCE PABHO
umyT. B criydae OBIPBI 9aCTHUIBI OCTAHABIUBAIOTCS, HO OCTAHABIUBAIOTCS U YaCh
Ha HuX. [0 COBCTBEHHOMY BPEMEHH HUKAKUX OCTAHOBOK He mpomexomut. IIpo-
CTO € TOUKU 3PEHUS YOATEHHOTO HabIIOOATEeNs Yachl 3aMEIJISIOTCA M3-3a, JOTLIep-
sbdexTa U U3-3a BANAHUS TPABUTAINOHHOTO MOTEHIINAIIA.

[Ipencrasum ceGe mamenme raza, COCTOAIIETO U3 OTHENBHBIX YACTHIL ¢ TOUKH
3peHns gajnekoro HabmomaTend. OKasslBaeTcs, UTO Ta3 CKAILINBAETCS BOIU3N 1,
HO HE OTHaeT CBOIO KMHETHUECKYIO SHepruio. HecMoTps Ha To, YTO KOITHUIECTBO
CKONUBIIIETOCS Fa3a HEOIPAHUUEHHO BO3PACTAET € TeUYeHHEeM BPEMEHH, €ro II0T-
HOCTb, U3MEPEHHAL B COOCTBEHHON cucTeMe (HabIonaTens, JUAKYIIerocs BMECTE C
rasoM), OCTaeTCs KOHEYHOH B KaiKOOH TOYKE MPOCTPAHCTBA, B TaCTHOCTH BOIM3H
Tg.

Bamaua. PaccanTaTs pagmanpHOe OBHKEHHE Oi1d cBeTa ((DOTOHOB) B METPHKE
[MBapmmuisga.

§ 9.3. Coepuuecku-cuMMeTpPUYHOE I0JI€ BHYTPU 3Be3bI

BaiimeMcs Temeph ypaBHeHISIMH B BelllecTBe. Haunem ¢ ypasrenus (3) § 9.1. Omo
comepxuUT Tonbko A. IlycTs 3amano T(?(r).
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W3BecTHEBIT MeTOnm pellleHns HEOOHOPOOHBIX YPAaBHEHUN — MeTOI BapUallNm
koHCTaHT. MuI 3HaeM, uto f = 1 —a/r yHmoBneTBOpsAET OMHOPOTHOMY yPaBHEHUIO.
Bymem Temeps cumTarh, 94TO @ He sBigeTcs KOHCTaHTOH. Torma mocie momcra-
HOBKH f B HEOOHODOOHOE YDABHEHHUE BCe WIEHBl, He comepxarnue da/dr, coxpa-
TATCA, & MBI IIOJIYIUM

1 da
_Lda o
rZ dr
ITo ompenmemenuio

T? = —pc* = —¢.

Torma
8t
a(r) = c4 ertdr.
0
Beenem Benmmauny m(r), raxyo, 9To
_ 2Gm(r)

m(r) =4n | pridr.
0

Pesyaprar nomyumncs Bpome Obr TpuBmanbHbBI. Ho Ha camom meme sTo He
Tax. DeMeHT o6beMa Boce He paseH 4mr?dr. TTockombKy MeTpuKa HeeBKIIUIOBA,

paccTosHme MexIy paBHo He dr, a eM2dr, T.e. dr/ /1 — L, Tak 94TO

4mridr
o)
Taxum obpasom,
m(r) < [ pdV.

0

Ilonmag Macca ecTh 3HaUYeHHNE M Ha KPOIO 3BE€3ObL

R R
M =dn [ pridr < [ pdV.

0 0

Ilommas macca MeHbIIE CYMMBI MacCC OTOCJIBHBIX qacTen 3B€30bI, TaK KaK OHa
CKJIaOBIBACTCA U3 MacCC, KOTOPEBIE BBaHMOHGﬁCTBymT I'PaBUTAONOHHO.
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Ecnu oTmenbHble KycKu BelllecTBa (Tak e CKaThle, Kak B 3Be3le) Pa3sHECTH
majeko OpYyT OT Opyra, TO UX HOIHas Macca Oblia OBl paBHA

pridr

R
r_ _ _
M = [ pdV =4n 2]

0 0 re?

BrerancimmMm nomsoe wncio 6apI/IOHOB B 3Be3e

R 2d
N /n@#_
1 _ alr)
0

T

3,[[6(,']) 7 — IINIOTHOCTB YHNCJIIa 6apI/IOHOB. Tenepb OonIpenesinM Maccy Mo, PaBHYIO
.ZWO = moN,
roe mo — MacCcCa dOpa XKeJe3a 56F€, OeJIEHHasdI Ha 56, T. €. 3TO MaccCa 6apI/IOHa,

CBA3aHHOTO B Hambosee yCTONUUBOM SIpe.
(My — M')c* — »T0 MEUHEMaIbHAS SHEPTUL, HEOOXOOUMAS OIS TOTO, ITOOBL
“pacnbLIuTh’ 3Be3Oy Ha OECKOHEYHOCTH.
[InoTHOCTH BemecTBa
p > n - mo,

TaK KaK IIPDH CXKaTHHU IIPUXOOUTCA 3aTPATUTH SHEPIHUIO. Cpasy HEJIb34Ad CKa3aTbhb,

4TO OONIBIIE
R

M =d4n | pridr

nJIin
R

M0:4'/T

mon r2dr
1—a(r)/r

Tax Kak p > mon/(1l — cz/r)l/2 > 1.
[TosTomy B mpuHNUIE SHEPTHUS CBSI3U 3BE3[bI

S = (M - M())C2

MOXKeT OBITH HOJOXKUTETLHON ,E[a)KelB B HOK&HBHO—paBHOBeCHOfI CUCTEME I B pa3-
HBIX MOOEJIAX MOXeT IMEThb paSHHﬁ 3HaK. C 3THUM CBA3aH U BOIIPOC O TOM, CKOJIBKO

Bpn oTcyreTBUN JOKAILHOTO paBHOBECHST BOIMOKHOCTH £ > ( TpUBHAIbHA: TaKOBA, Ha-
npumep, curyanus gias Cosrita. 9 To 03HAYAET JIWITh, YTO IHEPTUsI SJIEPHON PEAKIMY TTPeRpa-
[IeHWs BOAOPO/Ia M TeJIMs B JKeJe30 IMpPeBbIaeT OTPUIATEIbHYIO JHEPTIUI0 T'PaBUTAIIMOHHOTO
B3anmozeticTBusi. CostHile He B3PHIBAETCS NOTOMY, YTO sifIepHAs Peakins WiaeT MeIJIEHHO W Te-
IO OTBOIUTCA M3JIydeHUEM.
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BBIAEIACTCSA SHEPruu npu obpa3oBaHUM 3Be3Obl. MBI MOMYyYNIN, YTO Maca TaKOM
3BE3MIbI

M =d4xn | pridr,

1 IIOJIHad MacCa 6apI/IOHOB TOT'O K€ BEIIIeCTBa Ha OEeCKOHEUHOCTH

M = 47r/m0nq/g11 ridr

rme my — Macca GapuoHa B aape xkeneda. Kak yxke rOBOPUIIOCH, B IPUHINAIIE MO-
ryT ObiTH pemenus ¢ M > My, XoTs UX TPYOHO HNOIYYUTH B MPUPOLE, TAaK Kak
171 mX 06pa30BaHUsI HEOOXOMUMO 3aTPATUTh SHEPTHUIO. JTH PEIIEHUs HEeYCTONTN-
BBIOTHOCUTENIBHO pa3fieTa Ha O6ECKOHEYHOCTh. Y CTOMYMBEI JIN OHU OTHOCUTETHHO
MaJIBIX BO3MYIIIEHNUIT — CKa3aTh HEMBb3s Oe3 monpoOHBIX pacueToB. [lo-Bummmonmy
€BTBb HEHTPOHHBIX 3Be3n Mamoil Macskl M < 0,2Mg umeer £ > 0, HO ycToliunBa
OTHOCHTENIBHO MAJIEIX BO3MYIIeHn (cM. Huxe). Pemenns ¢ oTpunarensHoil sHep-
rueit ceasu (M < Mp) MOryT mOmyduTCs B pe3yiIbTaTe €CTECTBEHHON 3KBOIIIO-
nuu. Mer yBuouM mo3xe, OMHAKO, UTO BCE PEIIEHUS HEYCTONYIUBBL OTHOCHTEIHHO
00pa3oBaHUs YEPHOH OBIPHI, HO IO OTHOIIEHUIO K OOJIBINNM BO3MYIIEHHIM.
3anmmeM BBIpaXkeHUE I MaCChl 3BE3OBI B BUIE

M = My +4r | pridr —4r | nmoy/gi; ridr.

O6o3raunm gepes

drny/gir ridr = dN

qucio 6apuoHoB B cioe (r, r + dr).
Brenem
m=p/n =my+ B/,

roe E — mobGaBounas sHeprus, 3aTpadeHHas npu cxkatun. C >TuMn ob6o3HaueHT-
MU

M=My+4r | prPdr— | mdN+ [ mdN — [ mgdN =

medeKT MaCChl BHYTPEHHSISA HYHEPTUL

= My + [ 47p(1 — \/gi1)r*dr + [ (E/c*)dN.

C TOYHOCTBIO OO BEJINYUH IIEPBOTO IIOPIAOKA

Gm(r)
=14+ —=+ ...
Vg11 + o + ...,
e Gmd 1
M=M—- [ 22— [ EBdAN £ ...
c3r c?

124



[Monyuennoe cooTHOmEHNE GBITIO TOUYHBIM BBIPAXKEHUEM IJIS MOJTHON SHEPTHUH

3Be3Ibl B HBIOTOHOBCKOW Teopuu. 1lo mopsanky Beamdambl
2
LV VA S VR S VALY
R R

T.€. MOXKHO CKa3aTh, 9TO TOYHBIE [JIg HBIOTOHOBCKON TEOPUU COOTHOIICHUS SABIISA-
IOTCS JINIIb IEPBBIME WICHAMI DA3JI0OKCHHUS [0 CTeleHaM r,/R mua smeprunm
3Besnel B OTO (no Teopeme BEpmama TemnoBas SHEPIUsS UMEET TOT XK€ HOPSIOK
BEJIMYWUHEL, YTO I IPABATALUOHHAL).

B cnenyomenm nmopsanke moseigercs wien ~ (ry/R)?. Mel yxe 3maem, ato
npu 7 — 4/3|Epas| = Erenn, T-€. wien ry;/ R ncuesaer, u mua poacaera ycToll-
YUBOCTH CTAHOBATCA BaxkHBI nonpasku ~ (r,/R)?. Dddexter OTO npusomar x
TOMY, 4TO IPHU HEHTPATBHON IIOTHOCTHU 3BE3IBI OOIBIIE HEKOTOPOW, MacChl He-
JIBIX KapPINKOB Ha4MHAIOT yOBBaTh (cM. puc. 45). Baxen Takxe yuer OTO mus
CIIydas CBEPXMACCHBHBIX TOPAYNX 3BE3M, TAE W3-3a POIU MaBICHUS U3JLYUCHUS
HoKa3zaTenb anunabaThl Takxke cTpeMures k 4/3.

He pemas moka ypaBHeHms D#HmITEdHA OO KOHIA, MOHPOOYyeM yxe celdac
BEIICHUTH HEKOTODHIE CBOHCTBAa METPUKH BHYTpH 3Be3mbl. 3-3a chepumueckoit
CHIMMETPHU [OCTATOYHO PACCMTPETH TEOMETPUIO ONHOH “INTIOCKOCTH , IPOXOMSI-
el depe3 IEHTP, YTOOBI OXapaKTepu3oBaTh Bce Tpexmepue. Merpuka Takoi
IIOBEPXHOCTH TaKas ke, KaK B IJIOCKOM TPEXMEPHOM IPOCTPAHCTBE Ha U30THY TOR
noBepXHOCTH BparteHus (“rapenke”, cm. puc. 55a). s Taxoit moBepxHOCTH

di* = r*de* 4 gy, dr?,
roe
g1 = cos % a.

Beiscaum acumnroruky mpu 1 — 0, T. e. B nerTpe. llycTs nerTpambHas mioT-

HOCTB p. KOHETHA. Tor,ua m(r) ~ T'3 u, UCIIOIB3Y A

2Gm(r) !

gu = |1 - 2 )

rc

TTOJTY IUM
g11 = 1 + const - r.

C mpyroit ¢TOpOHEL,
gn =14a?

a ~T.

[TosToMy B IeHTpe UMeeM OOBIKHOBEHHYIO TOUKY (KacaTelIbHas TOPU30OHTANbHA).
B mpurnune moxer 66ITH 0coboe pelieHme

p~blrt, ma~r, g — const#1,
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Puc. 55:

T.€. B ICHTPE HOABIIACTCA KOHIYECKad TOYKa C OEeCKOHEeUHON KpI/IBI/I3H0ﬁ (pI/I(' 55b>
— 3TO pelIeHne ABIIeTCA ACUIMITOTHYECKON Ccepun HeECUHT YIISAPHBIX peI_T_IeHI/IfI upu
pPi —— OQ.

PaCCMOTpI/IM TENIEPDh aCUMIITOTUKY IIPU ' —— OO,

m = M = const.

Nmeem
g1 =1+ const/r =14+ ozz,

o~ — — 0,
N
T.€. Ha OECKOHEYHOCTHU IPOCTPAHCTBO ONATH IIIIOCKOE (XOT BBICOTA “Tapenku’ u
OeCKOHETHA).

[Ipononxum pemenne ypapreruit. o cux mOp MBI ICIOIB30BAIINA TOIBKO OIHO
ypasrerne OTO, xyma BxomuT creBa g7 (I He BXOOUT (gp), a B IPaByIO 9acTh
T ~ p.

Ouensb BaXkHO 3aMETUTH, YTO IO CHX IOP HE MOAPa3yMeBaIOCh, YTO PaCIPene-
JeHne IIIOTHOCTU paBHOBecHO. HeoGxommm Tombko moxoit (A, v = 0). Cxopocrn
PaBHBI HYJTIO, a YCKOPEHHSI MOTYT OBITH JTIOOBIMI. Y CJIOBHE PABHOBECHS MBI HUTIE
He MCIONb30Baan. [lo3ToMy HoIydeHHoe BhIpakseHue miaga M ynobHO B majibHel-
IIIeM UCIIONIb30BaTh IS UCCIEHOBAHNS YCTONYNBOCTH 3BE3IHI.

Bepremcs k paBHOBecHBIM 3BesmaM. Cremyiomnne ypaBHEHHs (BMeCTe ¢ yCIIO-
BUSME CTAIlMOHAPHOCTH A, v = (), KyZ[a BXOOUT OaBIEHUe, DamyT YCIOBHE PaB-
HoBecug. OrpaHnynMcs caydaeM HacKaJeBON KUIKOCTH

T11:T22:T§}:P

B ypasmenmn (1) § 9.1 BxomuT Tombko dv/dr, a B (9.2) eme d*v/dr®. Ind-
dbepernupya mepBoe ypasHeHue, uckmodad dv/dr?, dv/dr, d\/dr, v m )\, nocme
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anHeOpanvecknX IpeoOpPa3OBaHUN IOIyYaeM YpaBHEHNE THIPOCTATIUECKOTO PaB-
HOBECHSA

ip Glp+5) (m+anPy)

d?" - 7'2 (1_2Gm)
C2T
HamoMmamM, 9TO B HBIOTOHOBCKOH TE€OpUN
dP Gp
dr 72

Ornnuns OTO or HBIOTOHOBCKOI Teopuu TakoBh: 1) BMecTo p Bxomut p + P/c?,
T. €. HaBleHNe “BecuT’; 2) CHIa OIPUTSKEHUS 3aBUCUT HE TOIBKO OT M, HO U OT
P:

m —s m + 47TPT3/C2

(ficHO, 9TO >TH HOMPABKH CyINEeCTBEeHHHI, Korna P/c¢? cpaBHUMO ¢ p, T.e. O pe-
JATUBUCTCKOTO BelecTBa); 3) upu r — ry(r) mmeem dP/dr — oo, yckoperue
g — 00, Tak Kak B 3HaMeHaTejleB ypaBHeHuu pasHoBecus B OTO crout r(r—ry)
BMECTO HBIOTOHOBCKOTO 72,

Hapo mveTs BBuoy, 4T0 Qundeckuil rpaaileHT TaBICHUS PABEH

dP dP 1

- Vaidr - \/1 —rg/r’

[O3TOMY yCKOPEHHE pacTeT He Kak (1 — rg/r)_l, a mo sakony (1 — rg/r)l/z. Ha

Halllell IBYMePHOH MOBEPXHOCTH, “H300paXkalomieil”’ MeTPHUKY, IPH I = Iy CTEHKN
“rapenku” cTaHOBATCS BepTuKanbHbIME (puc. 56).

BamaBmmch ypaBHEHHEM COCTOS-
Hus P(p), MOXHO UHTErpPHPOBATH
ypaBHEHNE DPaBHOBECUS U ypaBHEHUE
MenpPepPLIBHOCTH

dm = 4mpridr

PN TPOU3BOJIBLHO BHIGDAHHOM 3HaUe-
HUU B IEHTPE P U COOTBETCTBYIOIINM I
P.. Tlpu nmooboM pasyMHOM ypaBHe-
HOU COCTOSHUS MBI TOJIYYUM Iagak)-
IIlee pelenne, uayirnee B Hyllb Ha KPako
3BE3IbI.

Yro Oymer, ecnm LeHTpaabHAas
IIIOTHOCTH OYEHBb BEIHKa (p. — 00), Puc. 56:
He MOyunTCs MU OeckoHeuHas Macca!
Bossmem cTemennoe ypaBHeHHe cocTosHuSI. [IycTh n — MIOTHOCTH GAapUOHOB,
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v = 1/n, E — sueprus Ha Gapuon. B mssaTponuueckom ciayuae dE = —Pdv.
Hocxomsxy E = pc?/n,

2 PN _ l _E,
¢d(Z)=—pda(-) = dn.
Orcoma
P\ dn
dp=1|p+—)—.
¢ n

Ecmu p = AnF, o

P=ck—-1)p= (k-1

3mech MBI BHIIECAIH O0llee cTemeHHOe ypaBHeHue (k = 4/3 — yaprpapeniTu-
BUCTCKHUII Ta3, k = 2 — OpPeNeNbHO KECTKOe yPaBHEHHE COCTOAHUSA, TaK KaK B
3TOM ciTydae ckopocTs 3Byka (OP/dp)'/? = ¢).
Oycts p = b/r?,
P =c*(k—1)b/r%.

Torma
2Gm STb@GE

= const = a =
cr c?

[TogcraBnss p, P u m B ypaBHeHHE
PABHOBECHSA, MOy IUM M

o k2

l—a 4(k-1)

T.e. CYIIECTBYeT pelleHue, TAe “Ta- Ivllim
penka” umeT Ha KOHYC, HO IS Ka-

KIOT0 moKas3aTels k KOHyC IMeeT CBOM

HAKJIOH.

Texyrmras mMacca m ~ r, HO 5TO

1
CIIPDaBE€OJINBO TOJIBKO B obmacTu 60Ib- 14 16 18 20 Igp
mmx l'LTIOTHOCTGI‘/‘I7 3aTeM p CliagaeT OBI- ¢

crpee, gem 1/r%, m m craHOBHTCA KO-

HeuHBIM. Takmm 06pasoM, maxe mpu Pumc. 57:
pPe — OO Macca OCTAeTCsS KOHEYHOM!
ITpm sToMm obrmas Macca 3Be3OBI 3aBHCAT OT TOTO 3HAYEHUS IUIOTHOCTH pj, IPH
KOTOPOM ypaBHEHHE COCTOSHUS IepecTaeT OBITh CTENeHHBIM, T. €. I'e Hapylla-
eTCs NPONOPUUOHAIBHOCTE P 1 p.

AmanuTuueckoe mccmenoBaHUE NS CTENEHHBIX YPABHEHUN COCTOSHUSA U UU-
CIIEHHBIE PacueTHl IOKA3bIBAIOT, UTO 3aBHCHMOCTE M (p.) Bemet ce6s kax Ha pIHC.
57, T. e. mOCIIe IEPBOTO MaKCUMyMa BO3HHKalOT kKoleGarus xpusoit M (p.). Ana-
73 TMOKA3BIBAET, UTO BCE PEIIEHUS 3a MEPBBIM MaKCHMYMOM HEYCTOMUMBEL. 3Ha-

YeHUe MaKCUMAaIbHOM MacChl M,y TOTyUaeTCss pa3sHBIM IPU PA3HBIX YPaBHEHMIX
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coctosamg. g rasa cBoGoxuBIX HeTponoB Omumenreiimep u Bomkos momyumnn
Myax = 0, 7M. CoBpeMerHEIE pacTeThl, yINTHLIBAIONIIE MEKHYKIOHHLIC B3al-
MOIENCTBUA, HAIOT OJIA HEXTPOHHBIX 3Be31 Myax = 1,8+2,4 My . Eme pas namo-
MHEM, 9TO Macca 3[0eCh MOHUMAeTCd KaK MCTOYHUK IPABUTAIMOHHOTO IOJIS [IJISL
BHeItHero HabmonaTens. Macca Toro xe dncia 6apmoHOB CyIECTBEHHO GOIIBIIE
Mo max ~ (2,2 +3,2) Mg, Tak 4T0 3Heprus CBA3U OTpUIjaTeNbHasd. HelTpoHHEE
3Be3Ibl GONIBINON MACChl YCTONYUBBI OTHOCUTEIBHO pa3iieTa Ha OGECKOHEUHOCTS,
opu uX o6pazoBaHUU BhiOedgeTca sHeprus ~ 20% HavanbHON SHEPrUEM MOKOL,
T.e. BEIMUMHA, BO MHOTO Pa3 MPEBBIMIAKINIAL SACPHYIO SHEPTHIO.

Bamaua. M3BecTHO,9TO TPENENbHO KECTKOM ypaBHeHIH cocTosuns P = pc? =
const-n? (9. B. BenpnoBud) B HBIOTOHOBCKOR Teopuu Macca 3Be3nbl M — 0o mpn
P. — oo. C momorsio ypaBHEHHS THAPOCTATUKE moka3aTh, uTo B OTO maxe
B CIyYae HecEKHMaeMoll xkupkocTu (P — oo, n = ng =const) Macca ocraercs
KoHeuHON pu P, — 00.

§ 9.4. OOiue cBolicTBa paBHOBeCUs PeJIATUBUCTCKUX 3Be3N

Pacemorpum HEkoTOpBIE 00IITHE CBOMCTBA YTUX PEIICHUN [/ PABHOBECHBIX PEJis-
TUBHCTCKEUX 3Be3d. Mexanumueckoe paBHOBecHE COOTBETCTBYET MUHUMYMY SHEP-

ruu (T. e. Maccm) — B 00IIIEM ClIydae SKCTPEMYMY IPU DAHHOM KOJINYeCTBe Oa-
PHUOHOB U MAHHOM pacIpemejeHnn SHTponuu mno GapmoHaM. B wacTHOM ciiydae
XOJIOMHOTO BEIIECTBA YHTPOINNS Be3le paBHa HYJIO. PelieHne, ycTORYNBOE OTHOCH-

TeIbHO PAANAIBHBIX IEPEMEIEHNN, IPU 3TOM BCera 6€3Pas3IniHO OTHOCUTETHLHO
KOHBEKITUN.

1. IlycTh maro HEKOTOpPOE pacipeneneHue >HTponun S. B chepuuecku-cuMmmerpuaaomM

caydae S gaBageTca GyHKIHEHN TEKYIEero 9mucia GapuoHOB:

F = [ ny/—gudmr*dr, F(R)= N.

0

F — marpamxeBa KOOpOMHATa, MOSTOMY IpH Beex Bapmanuax S(F), B oTmm-
ame ot S(r), Bcerma ¢uxcupoBara. CoCToSHIE PABHOBECHS COOTBETCTBYET MU-
mumymy M npm mamsom S(F') mpm Bapmanusax n(F) (mwmm r(F)). (Bompoc o
KOHBEK THBHOIl yCTOMYNBOCTH 30€Ch HE CTABHTCAL. )

2. Ilycts 3Be3ma m3saTponuuna: S =const. MoxuO 1 B 5TOM ciaydae OeicTBO-
BaTh NO-IIPEXKHEMY, T. €. HaxoguTh MubuMmyM M npu Bampanumax n(F) n ¢uxcn-
poBarHOM N, HO Temepb MPOSBISIETCS €Ille OOHA CTEHEHb CBOOOMBI: MBI MOXKEM
MEePeCcTaBIITh TaCTUIL MeK Oy JTobbiMu crnosmu. [Ipu mepectanoBke sHeprus He
IOMXKHa MeHATcH (B mepBoM mopsanke). OrTcioma cpasy momydaeTcs yCIOBHe Ha

MTIpn 5ToM yumTHIBaeTCs, UTO HEHTPOHBI SBASIOTCS (EPMUOHAMU, W PACCMATPUBACTCS
XOJIOMMHBIM BBIPOKJIEHHBINT HEWTPOHHBIW Ta3. B IeHTpambHON 0b6JIacTH HEWTPOHBI YMepPEeHHO
PeAITUBUCTCKNE.
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XUMHUYECKUI TOTEHINA BEIeCcTBa (U
pe’!? = const (9.7)

IIO 3Be31e. XI/IMHOTCHIII/IaH OoIIpeneIdeTCcda KaK IIPpUpallleHne SHEPTUN CUCTEMBI IIPU
,E[06'dB.TIeHI/II/I COMHNIIBI MaCCBhI ITOKOS!:

p=c dp\ _petP
dpo ) 4 mon

Taxoil Bum BeIpaxkeHus s (i OOBICHAECTCI TEM, 9TO €C/II BHYTPH 3BE3IBI IIOME-
CTHUTB 571eMeHT Macchl Arng, To pabora Am ~ Armgp/po + (paboTa mo pasneu-
raEmio OKpyxaomero semectsa) ~ AmgP/py. Muoxurens ¢”/? mrpaer poms
IPABHTANNOHHOIO HOTEHONANa (paboTa M0 HEePEHECEHNIO GAPUOHOB U3 GeCKOHed-
moctn pasra A Mye’®)/2). Koncranty B (9.7) merko maiito u3 ycmosmit ma mo-
Bepxaoctu. Tam P =0, p =0, u = ¢,

Nrax,

,U,GV/Z — 02

[TpenmonoxmmM, 9TO MBI XOTUM IO~
CYNTaTh, KAK M3MEHUTCI MaCCa 3BE3 b
M npm usmMeHeHunm umciaa GapUOHOB, nA
T. e. pu m3menenun My. Ing sToro
HaM HYXHO CPaBHUTBL OBa OIN3KUX,
HO DPa3HBIX PEIleHUA. JTH IBa Pelle-
HIUS Pa3IndaioTcsa BO BeexX Toukax. Ho

U3 IPUHNONUIA SKCTPEMyMa SICHO, UTO pobaska
MOZKHO CHadasla H0OaBUTH OAPUOHBL Ha

nosepxaocTH (cM. puc. 58). Ilpu sTom, 0 1 —
BO-IIEPBBIX, N3MEHUTCI Macca R r

u(R)
M, = My + A Mye™= . Puc. 58:

Bo-BTopeix, 5T0 pemenne me paBHOIBecHO. llosTOMy 3Be3ma mepectpomTcs. Ho
U3MEeHEeHNe MacChl IPHU IePeCTPONKe OKOJIO PABHOBECHUS UMEET BBICIINI HOPSIOK
MaJIOCTH, HO3TOMY B IEPBOM IOPANKE MacCa H IIOCIe LIepecTpPoKm Ta ke (Cp.
§ 1.7, 1.8). B pesyaprare nmeem

dM v(R) rg>1/2
= < 1.
(1-%

ar, ¢



M
M=M,
MO
Puc. 59: Puc. 60:
CnemoBaTesbHO,
dM  dM, v/2
= 02
dp. dp.

T. e. skcTpemyMmel kpuBsix M(p.) m My(p.) coBnamator (pmc. 59). Matepecso,
YTO NpU HEKOTOPO# p. Benuunua M crasoBuTcs Gombuie M. Kax sto mMoxer
nomyunrcs, ecnmu dM/dM, Bcerna menbie emuauns! Bee obbacusercs mpocTo:
kpuBas M (M) ue rmankas (puc. 60), mo>ToMy OHa MOXKeET Iepecedb GUCCEKTPUCY

M:Mo.

§ 9.5. YcToNYMBOCTH PEJIATUBUCTCKUX 3Be3

Touno Takxke, Kak U B cIydae GEIBIX KapiIUOKOB, MOXKHO IOKa3aTh, 9TO MEPBBIN
mMaxcuMyM Ha kpusoil M (p.) coorBercTByeT ycroiuusoctu (cMm. § 7.2). Onmmaxo
nossrerne MuauMyMa M (p.) 3mech yxe He o3HadaeT BO3BpaTa K yCTONYHBOMY
cocrosamio. OKa3plBaeTC, 9TO B n-0M dKcTpeMyMe kpusoit M (p.) Tepser ycroli-
YUBOCTH 1~ COOCTBEHHAS MOOA PalMalbHBIX KOTeOaHUI.

Y CTONUUBBIME OKA3BIBAIOTCS TOJNBKO 3BE3IOBL € P. < P max- OIHAKO OHH
YCTONYHUBBI TOIBKO OTHOCHTETBHO MasblX Bo3MyImenuit. Ceflgac MBI HOKaxkeM,
YTO OTHOCHTETBHO JOCTATOYHO GOMBIINX BO3MYIIEHUN HEyCTONYIHBO JTHI0O0€ pPaB-
HOBecHe (TeopeMa 3elbIoBHYA ).

Korma MBI TOBOpUM, 9TO IPU HEKOTOPOM Py PABHOBECUE 3BE3IIBI Y CTONIHBO, TO
5TO 3HAYMT, YTO TI0ObIe HEPABHOBECHBIE KOHGUTYPAIIIH C TEM K€ THCIIOM Oapho-
HOB (T. e. ¢ TeM xke Mj) uMetoT B okpecTHOCTH Haero petnerus M (p.) > M (peo)-
[Mokaxem, 9TO Tpu GOMBIIUX p. €CTh KOHQUTYPAIIMM C OYEHB MaJOl MacCOI:
M < M(peo) (mpu Toit e My), T. €. OTHOCHTEIBHO GONBINNX BO3MYILEHHI BCe-
raa ecTh HEyCTONYNBOCTD.
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Hanmimem BBIpaxeHme OIS MacChl 3Be3ObI, KOTOPOE, KaK MBI yKe TOBOPUIN,
BEPHO W M1 HePaBHOBECHBIX KOHDUIYpaIni:

R
M= /47rp'r2d'r.
0

Yucmo 6apuoHoB
R
2d
47r/n('r)#
0

C‘II/ITaeM, qTO OJId 6apI/IOHOB CIIpaBE€OJINBO YPpaBHEHUE COCTOAHUS YIBTPAPEIATN-

BICTCKOI'O r'a3a:

p~ i3

[IycTs
p = A/r®, ciemosatensro, ry(r)/r = 8T AG/c.

Teneps momyaum, 4TO
M = const - N3/2A1/2(1 — 87TAG/02).

Bunno, uto Becerma moxuo BeIOpaTh A Tak, wTo M cxome yrogro mMano: M — 0
upu p. — o0. Ho ACHO, 4TO IpU KOHEYHBIX P, HOIKHBI OBITH TOYKH ¢ MaJIBIM
M, 410 1 moKa3BIBA€T HEYCTOMUUBOCTH JHOHGOTO COCTOAHUS.

OuenunmBenuunny Gapbepa, KOTOPBII HAO IPEONOIETh, YTOOBI 3BE3ma MOTe-
pala ycToldmBocTh. Bymem paborars B cucreme emmuun b = ¢ = 1(G # 1).
B sTux emumHuIAaxX pasMepHOCTH MINHBI COBIAMAET C Pa3MEPHOCTBIO OGPATHON
MaCCHI:

pal = [ = [meal,  [a] = [h/me] = [1/m].
(Brepras] = [E] = [mc?] = [m] = [1/a], [Gm] = [¢*] = [Ex] = [+°],

7. e. Gm? B »>TUX enmHUIIAX 6e3pasMepHo.

B ynerpapenstuBmcrckom rase saeprus wactunsl F = cpp = n1/3, crIemoBa-

TeNbHO, SHEPIHs 3Be3Obl (Macca)
M = EN = Nn'/?,

a pamguyc
R~ (N/n)'/*,

Teneps MBI XOTUM, YTOOBI PAAUYC KOHGUTYPAIIUN, COCTOAIIEHR U3 TaHHOTO YUCIIa
06apmoOHOB, PABHAJICI I'PABHTAINOHHOMY PaguyCy 3Be3ObI

rg=GM = G]\/'(n)l/3 = N'/3p='3 = R,
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n=NT'G™?

LITO62bI CXKaTh BEIIIeCTBO OO TaKOfI l'LTIOTHOCTI/I7 HaIOo Sana,TI/ITB 3HepPI/IIO
AM = N3G="* _ Nm,.

Orcrioma Bugao, uto mpu N = prm(sz)_B/z G6apsepa BooOIIe HET. DTO KpU-
THYIECKOe YHUCIO OApHOHOB COOTBETCTBYET MaKCHMAJILHOI pPaBHOBECHON Macce,
Tak KaK OHa MOXKeT CKOJIAICHPOBaTH Ges Gapbepa (cp. § 2.4). Ins mambix
N < Ngpur OTHOCHTeNbHad BeTUdINHa Oapbepa pacTeT:

AM [N\

-1
M, N

pmmep 3emmm: Mg = 3-107° M. Ina Toro, 9Tobbl mepeiiT 6apbep, He0b-
XOMUMO 3aTPaTUTh 3Hepruio okomo 100 Mg c?.

Omrako B mEfCTBUTENBHOCTH 5Ta OLEHKa Oapbepa He mMeeT CMbIcTa. Ma
ONpENENNIN BEJIMINHY Oapbepa U3 cooOpax)eHuNl momobus, T. €. CIUTal, ITO
3XBe3Ha CEKUMAECTCS TOMOJIOTHYecKH. A 5TO BoBce He 00A3aTEIBbHO. JDKOHOMHEE
CXKATh B IEHTPE MAIYIO 9aCTh U 3aCTABUTh €€ CKOIIIAICHPOBaTh. [loToM Ha obpa-
30BABIIYIOCS YEPHYIO OBIPY YIAIET BCE BEIIECTBO. Beps Bce MEHbIIEE KOIMIECTBO
BEIIIECTBA, HEOOXOOUMO 3aTpaduBaTh BCE MEHBIIEE KOINIECTBO YHEPTUH, ITOOBL
3aCTABUTH €0 CKOJLIANCHPOBATH.

XOTs 018 MaJIBIX MacC SHEPTHUI Majla, YTOT PE3yIbTAT HeJlb3s HallTH MEeTOOOM
MaJIBIX BO3MyIeHuil, Tak Kak 0 F/E cranoBuTca Bee Gombiue u Gombie. Eme pas
HOBTOPUM, UTO IJIOTHOCTB, OO KOTOPOH HAMO CXKaTh BEIECTBO, C YMEHBIIEHIEM
MacChl BospacTaeT (cp. § 7.1):

p=2-10"°(My/M)? [r/CM3].

Taxum obpasom, B kmaccuueckoin OTO Gapeep cBomuTea x mymo. Omrako, Kax
OOBIYHO CYUTAIOT, KBAHTOBBIE 3QEKTH CTAHOBATCS BaKHBIME IIPH 7'y < 10733 cm,
T. e. m ~ 107 r. 3mecw Gaprep ~ mc? = 10 spr = 10° Ik (370 He Tax Mamo).
Opzaxo TPpymHOCTH 30€Ch HE B SHEPTUH, a B TOM, 9YTOOBI CO30AaTh CTOIb MaJIbIl
panuyc. Hanmo pasnmuaTs sBneHns Heobxomumble (T. e. HensOexKHBIE) I BO3MOK-
HBIEe, IO KpallHell Mepe, B mpuHIume. Kosmame XOTOmMHOTO BeIecTBa € MacCCOm
M > 2 M, meobxommMm, T. €. MacCCUBHBIE 3Be3IbI HOIKHBI KOJIAICHPOBATE IO-
cJle UCYepmaHnus AOepHOro Topoodero. MoXHO COMHEBATHCS, CKOIBKO UX B HAIEH
DamaxTtuxe: 10% uan 10°. Ho B mpuHNuUIDe OHNM MOMXKHEL CYIIECTBOBATD.

Te mMamoMaccuBHBIE YepHBIE OBIPBI, O KOTOPBIX MBI BBHINIE TOBOPUIN, HE OOS-
3aTENbHO CYIIECTBYIOT, TaK KaK OHU HE MPOJIYUAIOTCA B PE3yIbTATE SBOIONNN
3Be3n. OmHako OHEI MOTYT B MPUHINIE 00Pa30BaThCS Ha CAMBIX PAHHUX CTAINIX
paciupenus BcemeHHON U3 MEPBUYHOTO BEINECTBA W MPUBOOUTH K MHTEPECHBIM
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KOCMOJIOTHUECKUM CAeacTBUAM. Kak moka3an XOKWHT, TaKue YepHBIE OBIPHL 3a
CYeT KBAaHTOBBIX IIPOIECCOB UCIY CKAIOT TEIUIOBOE U3y deHne ¢ 3hdeK TUBHON [IH-
HOH BOIHEL r'y. llpu sTOoM WepHas OBIpa, Tepas Maccy, “HcmapgeTcs .

Hns gepubIX Obip 3BesgHOro npoucxoxpenus M ~ Mg sddext ucmapenus
HEUTOXKEH, yBEJIMUCHNE MAaCChl B Pe3yIbTaTe MPOLECCOB aKKPEIUN OKPY KAIOIIETO
rasa ropasmo cuibHee. 4 MajblX YepHBIX OBIP, B OCOOEHHOCTHU NEPBUYHBIX,
5hdEKT BEMNK, BOSHIKAET MHOKECTBO HWHTEPECHBIX BOIMPOCOB, KOTOPBIE OMHAKO,
JeXKaT 3a IpefelaMy TaHHOW KHUTH.

§ 9.6. Hecdepuueckue mosis TATOTEHUS

Haubonee xapaxreprnoe cBoiicTBo moss IlIBapmmmiabma — To, 9TO Ha HEKOTO-
poMm paccrosHuu (r < r4) HeBo3MoxkeH nokoil wactun. Coepa [MBapumunnsma
KacaTelbHa CBeTOBOMY KOHyCy (cM. puc. 61), mosToMy HuKakme gacTHOBL (B TOM
9HCIIE B yIBTPAPEISITUBUCTCKEE ) He MOTYT BBIITH U3-II0A PafUyca I'y, T. €. chepy
[MMBapmmmnbma MOXKHO mepecedb TOMBKO CHapyxu BHYTpb. Pemennme IIBapir-
[MIIIbIA OTHOCUTCS K CIIy9aio chepuIeCcKn-CUMMETPUYHOTO PACIPEIETICHIS BEIlle-
cTBa. MBI 3HaEM, 4TO UOCATTBHBIX CHEPUIECKA-CAMMETPUIHBIX OOBEKTOB HE CYIIIe-
cTByeT. [JosTOMY BO3HUKAET €CTECTBEHHBIN BOIIPOC — HACKOIBKO CBOMCTBA 3TOTO
PELIEHNs YCTONYNBEL OTHOCUTEIBHO BO3MYILICHN chepuIecKol cuMMeTpun !

Y CcTONYNBOCTD IMIBAPIIINIBIOBCKON CUHTYISPHOOCTU OTHOCUTEIBHOO MAaJIbIX
BO3MYIIEHIN MeTpuku uccienoBain Pemxe m Yumuep. OHu npumim x BeIBOLY,
YTO OIS CTAIMOHAPHBIX BO3MYIIEHUN €CTh IMOJOM TOJIBKO OBYX THIIOB — C OCO-
6eHHOCTBIO Win Ha noBepxHocTHu [IBapmmmnsma unm Ha 6eckoneunoctu. Cpasy
BO3HHUKAeT MONO3PeHne, 4TO HoBepXHOCTh [IBapuimmibna MoxeT GBITH HEyCTOM-
qUBa.

Meronom Pemxe—Yumepa MoxHO

t HCCIIEIOBATh  YCTONYMBOCTD — TOJIBKO
OTHOCHUTEIBHO MAaJIbIX BO3MYIIICHUI.

Hpyron nyTh (HO3BOH£IOU_{I/II7I UCCIeno-
BaTb GOJBIINE BO3MYIIEHUSI) — 5TO
MOy YeHNe TOOUHBIX PEIIeHUN ypaBHe-
unit OTO, B xoToprix cuato Tpebo-
Bauue chepuueckon cummerpun. Cra-

4 4
" N / \\ /’ TUYECKUe pPeEIeHns OJId OCeCUMMe-
~ N g 4
S N, N2 TPUIHOTO pacOpeneleHus MacC OYeHb
rg\ | / r maBHO monyumn Beins. B sTom pe-
CBETOBOWM IMEeHUN MNCTOYHUK IIOJII (T. €. HeKO-
KOHYC TOpOE Teﬂo) OpennoaaraeTcsa OrpaHn-

Puc. 61 yeHHBIM. [lo3TOMYy Ha GECKOHEUHOCTH
uc. 61:
MeTPUKa HOTKHA IEPEXOMUTH B €BKIIN-
noBy. Pemenne Beitns B wacTHOM Ciy-

Jae COBIIadaeT C pEIICHUEM HIBapu:r_m/me:[a (CTpOl"O TOBOPs, €70 MOXKHO ITIEPEBECTNA
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B pemrerne [IBapnmmiabna HEKOTOPEIM IPeoGPa30BaHIEM KOODAUHAT).

A B ofmeM ciydae CymecTByeT KBaAPYNOJIBHBIN MOMEHT I'PaBUTALUOHHOIO
mosns. B sToMm pemeHnn moBepxXHOCTH oo = () obmamaeT coBceM OPYTUME CBOM-
crBamu, deM chepa IBapummasna (rme goo = 1 — ry/r = 0 mpu r = ry). B
YACTHOCTH, Ha IOBEPXHOCTH Gog = () €cTh HCTUHHAS 0COOEHHOCTH MPOCTPAHCTBA-
Bpemenu. B merpuke [[IBapumuinbna nHBapuanT

C = Rim RF™ = 12/7"; opur = ry,

T. €. ICTUHHON OCOOEHHOCTHU HET (XOTSI gi1 = (l — T'g/T'>_1 — 00, OMHAKO B Oeh-
CTBUTENTBHOCTHU MPOCTPAHCTBO TIIAOKO — €CTh CHCTEMBI OTCUETa, TOE BCE (i —
DIagKue [0 IMEHTPa; 5TO 3HAUYUT IPOCTO, 4TO MeTpuka llIBapumunboa B 0OBIU-
HOOW 3alMcy He TOOUTCS M OMUCAHUSA TPOCTPAHCTBA TIPH 1 < rg). B pemenun
Beiing C umeer ocobeHHOCTH Ha MOBEPXHOCTHI (oo = 0:

C=A¢ gy +12/r) + ...,

rme ¢ — KBaOpymolabHBIH MoMeHT. Kpome Toro, B ornuume ot mons I[sapu-
IINIbOa, CBET HOCTUTAET TON MOBEPXHOCTH 3a KOHEUHOE BpEMS. JTO OTpakKaeT
CBOHCTBa, HalineHHBIe Penxe n YuiaepoMm: Te BO3MKINEHNs, KOTOPhIE KOHEYHBL HA
OECKOHEYHOCTH, IMEIOT OCOOEHHOCTH Ha IOBEPXHOCTH Goo = 0.

DTH BBIBOIBI HE SIBISIOTCS CBOHCTBOM CIENUAIBHO KBAAPYIOIBHOIO OTKIIOHE-
Hus oT chepudeckon cummMeTpun. MoXHO TOKa3aTh, 9TO OHU SBILAIOTCS OOIITIMEI
I JTF000TO CTATUYEeCKOIO aKCHAIBHO-CHMMETPUYHOTO PEIIeHN .

MoryT am peanbHBIE Tena co3maTh mone Beitns Bo Bceln obmactu gog > 07
Kaxk yxe roBopmnoch, Ha 6GeCKOHEUYHOCTHU, B €BKIXOOBON oOmacTu, mome Beiins
COOTBETCTBYET I'PABHTAINOHHOMY IIOIIO CTATHYECKOTO Tejla ¢ HEPABHBIM HYITIO
KBaAPYIOJIBHBIM MOMEHTOM. QOHAKO cTaTHY4eckoe TeIo He MOKET HaTh TaKOe
[oJie BILIOTH OO HMOBEPXHOCTH (oo = 0 yke moTomMy, 4T0 TOorma obparaercs B bec-
KOHEYHOCTH IPABHTALNOHHAS CUIa. JTO ObL1o BepHO 1 B noste [Bapmmmisoa, HO
MBI 3Ha€M, YTO €r0 MOXKHO Pealli30BaTh HECTATHICCKNIMH TeJIaMU, OIBUKYIIIIMHUCT
chepuIecKn-CUMMeTPUIYHEIM 00pa3oM (KosLmamcap).

Henw3sa au peanusoBats pemenne Being secTarnueckumn Teaamu! OxasbiBa-
eTCs U 3TO HeBO3MOXKHO. MoxKHO moka3aTh, YTO IPHU KOJJIAICe B COIMY TCTBYIOIIEH
CHCTeMe OTCcUYeTa MOMEHT Iepexola TPaHHIE Tela MOBEPXHOCTH (oo = ( HudeMm
He BBIOENIEH: B ATOT MOMEHT Ha HMOBEPXHOCTHU Teja HET MCTUHHBIX 0COOEHHOCTEN
npocrparcTBa-BpeMeru (C # oo), a B pemernnn Beitng orn ects. rax, mossme-
HIEe NCTUHHON OCOOEHHOCTH B 3TOM PEIIEHNH 03HAYaeT, YTO TaKOe PACIpeneIeHne
MaCC Peasn30BaHO OBITH HE MOXKET. DTO CBA3aHO C TEM, 9TO yPABHEHUS TOJIS OI-
HOBPEMEHHO SBIFIOTCS YPABHEHUAMH IBUKECHUA.

CoBepimeHHO Tak &Ke MOKHO YOEOUTCSA, UTO PACCMOTPEHNE CTaTUUECKN MAJTBIX
Bo3MmyteHun pemenus [IBapmunsnoa, mpoBenernoe Penxe u Yumnepom, ToBOpUT
HE 0 HEYCTOMYUBOCTH 3TOTO PEIIeHUT, a O GU3NIECKON HEBO3MOXKHOCTHI PEAIN30-
BaThb TaKWe BO3MYIIleHUs. [ 0uHee TOBOPS, CTaTHUYeCKHe Bo3MyIeHus noss [IBap-
ITUIBOA MOKHO MOIYYNTh, TOMBKO moMecTuB chepy lIBapiimunboa Bo BHeIITHEE
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BO3MyIaorree moie. B pemennn Pemke-Yumepa 5To COOTBETCTBYET BO3MYTIIe-
HESM KOHETHBIM Ha 'y M PACXOMSIIIMCA Ha OECKOHETHOCTH.

Nmerores ocecummerpuunsle pemenus ypasaeruii OTO B Bakyyme (Rjp =
0) u mpyroro tuma — sto peemnue Keppa. IIpusenem merpuky Keppa B Buze,
maaHOM Boeiipom u JlurnksucToM:

2mr
rZ + a? cos? 6
dr?
— (r2 + a? cos? 6) ! + d#?

r2 — 2mr + a?

ds? = di? — (,,.2 + a2) sin? 6 dgoz — (dt + asin’é dtp)z—

(9.8)

Mgl 3anucanan BeIpaKeHUe TS ds? B Taxux equuHnax, uto ¢ = 1, G = 1. Cmbica
CUMBOJIOB M U @, KaK BCETMA, HAXOOUM WNCCIETOBAHWEM MTPENETBHBIX CIYUaEB.
Cpasy Bummo, uto mpu a — 0 Mmerpuka Keppa mepexomut B permenue [IBap-
OIMUIbOa, T. €. M MOXHO MHTEPIPETUPOBATEH Kak Maccy Tesa (B HaIIIX €IUHI-
max ry = Qm). CMBICT cMMBOa @ BBIACHSETCS IPHU Mepexone K OeCKOHEeUHOCTH
r — oo. QueBumuo, TOrmA

_ -1 _
goo = —g1; =1-— Tg/ra
Tak Xke Kak mjs nons [Isapmmunbma. Ho ects m omaO cymecTBerROE OTIMYmE:

2am

.2
go3 = Grp = — sin“é  (mpur — o0),
T. €. HeIMaroHaJbHasd KOMIOHEHTa METPUKH (o3 oTamuHa oT Hyas. B OTO mo-
Ka3bIBaloT (cM., Hanpumep, “Teopmo nons” Jlarnay u JluBmnna), 9ro B craGom
nome (T. e. mpu r — 00) Yy BPAINAIOMIETOCS Tella ¢ MOMEHTOM BpameHus K
MOABIISIETCA KOMIIOHEHTA (o3 UMEHHO TaKOTO BUIA:

2K
Go3 = — sin? 4.
r

DTo mo3BOMLET CUMTATh, UYTO METpPHUKa Keppa ONUCHIBaeT BHEIIHee TOJE Tena,
BPAIIAIOIIETOCA ¢ MOMEHTOM
K= —am.

[Ipw momyueHNN BEIpaKeHWUS OIS (o3 B CIydae I — 0O MBI IO CYIIECTBY Beln
PA3NoEKEHNe O CTEMEHIM /1, TO3TOMY 5TO BRIPAKEHUIE OCTACTCA CTIPABHITHBHIM
I B CWJIBHOM IOJE BIUIOTH H0 1 — 14, ecnmn @ — 0. Merpuxka, 3anucanzas B
Buge (), mmeer cmbicn Tonbko npu 0 < a < m, T. e. @ = M COOTBETCTBYET
MaKCHMaIbHO BO3MOKHOMY MOMEHTY HEeHTPanbHOTO Tena (T. €. Kpax = m? nmm
B OOBIYHBIX eqUHANAX Kmax = Mecr, /2 = GM?/c).

Ecmn moncunraTh cxamap kpuemsEE C, TO OKaxeTcd, 9TO METPHKa HMeET
0cobeHHOCTD TombKo pu © = (. 3TO HaTaJKuBaeT Ha MBICIL, 9T0O MeTpuka Keppa

B OTJINYNE OT METPUKN Beina moxeT 6BITH peain3oBaHa pPeaJIbHBIMU TeJIaMU.
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PaccmMoTpuM, Bo uTO mepexomuT mMoBepXHOCTH IlIBapummiabma B MeTpuKe
Keppa. B mBapunmmnsnoBckoMm ciydae chepa r = ry oOIamgata OBYMs [IIaBHBIMI
cBOHCcTBaMU: Ha Hel ¢oo = ( m, kpoMme Toro, ee xacajcs cBeToBoll komyc. M3-3a
BTOpOro cBoiicTBa cdepa lBapummibna sBisiachk Kak Obl “KiamaHoM : HUKaKUe
YACTHOBEL HE MOLJIN Iepecedb ee M3HYTPH HapyXky. DTOT KJIAlaH, T. €. HOBEPX-
HOCTB, KaCaTEeJIbHYI0 CBETOBOMY KOHYCY, Ha3bIBalOT “TOPHU30HTOM coObITHI . B
MeTpuke Keppa okasbiBaeTcs, 4TO MOBEPXHOCTD (oo = 0 U TOPU3OHT cOOBITHI HE
coBmamatoT. MoXHO HallTH, 9TO TOBEPXHOCTH (oo = () ompenenseTcs BEIpaKeHTeM

rm = m +VvVm? —a?cos? 8,

a TOPU3OHT COOBITUN

Trop = M + Vm? —a?.

OueBUnOHO, 9TO Ty > Trop. Tak xe xak B noie [IBapummmnsna ycaosue gog > 0
OrpaHUIUBAET 00IaCTh, Iae MOKHO mokouTcs. Oguako B MeTpuke [lIBapumuisma
I'm = T'rop- 1IO3TOMY WacTHUIEL € " < I'y MOTVIM OBHIATHCHA TOIBKO K IEHTPY. Te-
Hepb YaCTHIEL € 7 < Ty, HO I' > T'rgp MOTYT OBUTATHCA IO PAIUIyCy B TIOOYIO CTO-
POHY, B YaCTHOCTH, MOXKET OBITH 7' =const (XOTE[ IJISL HUX HEBO3MOKHO ¢ =const,
OHU OOSA3aHBL IBUTATHCI IO ¢ B Ty XKe CTOPOHY, 9TO BpalllaeTCs Teno). O6nacTs
T'rop < 1 < Ty HA3BIBAIOT 3Procdepoi.

Kak 6ymeT MeHATHCS MeTpUKa B IPUCY TCTBUU CBOOOMHO MaHAOIIHX TACTHIIL!
YacTuusl, KOTOpPhIE OBUKYTCI HABCTPEUY BPAILICHUIO Tejla, 3aXBaTHIBAIOTCS PAHbIIIE.
[TosTomy, ecniu Ha IEHTpaJIbHOE TENO MAaAl0OT YaCTUIBI, HIMEIOIINE N30TPOIHOE
pacIpeneseHne mo CKOpoCTAIM Ha OeckoHeuHOCTH, TO MeTpuka Keppa Tepser mo-
MeHT u mepexomuT B MeTpuky lIBapummisma, a ob1ako dacTun npuobperaeT
MOMEHT (TaK KaK JaCTHUIbl 3aXBaTHIBAIOTCA BEIOOPOUHO).

[TpuBemem BeIpakeHWe Jig TPUIETBHOTO IMapaMeTpa TPABUTAIUOHHOTO 3a-
XBaTa YaCTUIBI, IBUKYINEACT B 3KBATOPUATBHON TIOCKOCTH:

a) IPH Ve K C:
lal 1/2

¢
l=— (14 |1&£

— 'm
Voo m

(BBIGOp 3HaKa 3aBHCAT OT HANPABIECHHS MOMEHTA YAaCTULIB OTHOCHTEIBHO MO-
MeHTa meHTpanbHoro Tema). Hpw a = 0,1 = (2¢/va)ry: 6) mpu vy = ¢
(3mech Toke BaiKeH 3HAK MOMEHTA TACTHUIEL):

1
I, = 4cos® §(7r — arccos |a/m|) | T,

1
I_ =4cos® 3 arceos la/m]|| ru.
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3aBucuMocTH mapaMeTpOB 3axBaTa B
meTpuke Keppa or 3HaKa MOMeHTa UH-
TEepecHO MPOABIIIeTCI B Clydae IHUC-
KOBOH akkpenuu. TOpH HOKa3al, 9ITO
npu a < m CBeT, W3JIy4YaeMbIl Be-
IITeCTBOM IIPU aKKPEINH, IOTJIONTaeTCsI
YepHON OBIpoil Tak, 9To a — m. Omn-
HAKO, €CIIU ¢ TOYTH PaBHO 1M, TO MO-
MeHT oTbupaeTcs. Y CTONYnBOE 3HAUE-

Hue a = 0,948 m. pacnag
[Terpoys mokasam, 4TO €CTh BO3-

MOXHOCTH WU3BIIEKATh HHEPTUIO U3
monsa Keppa. Bpocum wactumy rak,
4T0OBI OHa B 3procdepe (rmp < r <
Fm) Ppaclafialack Ha [OB€ YaCTHUIHL.
[IycTs omHa m3 HOBBIX YacCTUI yHAmeT Puc. 62:

ION TOPU30HT, a BTOpas BBIIETUT U3-

HOL Ty (puc. 62). MoxHO oCymecTBATH 5TOT HPOmECC TaK, 9TO BEPHYBIIAACI
YaCcTHIA IPUHECET SHepTuu OoJbllle, WeM OTIpABIeHHAs. YICHO, 4TO mpm 3ToM
YMEHBIIIAETCSI SHEPTHUS IEHTPAIBHOTO TEA.

Bosruxaer 3amada: CKOIBKO SHEPIUH MOXKHO OTHATH ¥ Y€PHON OBIPEI! XOKWHT
IIOKA3aJI, YTO €CTh HEKOTOpas HHBAPpUAHTHAI Macca, KOTOPYIO IPOIeCCaMl TaKOTo
poma Hemb3s yMeHbIIHTh. B MeTpuke [MIBaprmmasna miomans chepsl r = rg
paBHa

S = 47r'r§ = 167m?.

B merpure Keppa MoxHO momcunTaTs miomans TOPU30HTA COOBITHUIL:

S = /\/ G22433 da dS@ - 47T(Tr‘op + (J,2> - 47T|:(777 + (m2—
_ a2)1/2)2 + a2] = Smm[m + (mz . a2>1/2] .

Teopema XokuHTa COCTOUT B TOM, UTO S HE MOKET YMEHBITATHCA. D TO MO3BOIIET
OIIpeNeNnnTh NHBAPUAHTHYIO MAacCy YEPHON IBIPHI

S =16mmi, .

[TomobHBIE MCCTENOBAHUA MOKA3AIN, YTO NPHU OYEHb OOIIUX MPEINONIOKEHUIX
€IWHCTBEHHBIM TOYHBEIM OCECUMMETPUIHBIM PENIeHNEM C OTCY TCTBUEM CHHTYIIAP-
HOCTH Ha TOPU30HTEe COOBITHi sBisgeTcs pemnerune Keppa. MoxHo mokasaTs, 9T0
IIPHU KOJITIAIICE 0L I'pop JIOOOTO BPAIIAOIIETOCS Tella MeTpuka Keppa Bo3HUKaeT
KaK IpemenbHas Ipu t — 00 IJIL BCeH 0OIaCTU BHE I'rop. DBce 3TO MO3BOIIET
CUUTaTh, YTO MeTpuKa Keppa ommchiBaeT mose 000N BPAILAOLIENCsS TepPHON
neipel. OTMeTnM, YTO peasibHas YepHas ObIPa OOIKHA HIMeTh MOMEHT BPAIllCHII
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a cxopee 6muxke ¥k @ = m, yeM kK ¢ = (. B pasmepHBIX emumHUIAX @ = M COOT-
BeTcTByeT MoMenTy K = GM?/c. IIna M = 1 Mg >To maeT 3HaueHHe TOpIIKa
moMeHTa Bpartenus Comnumna. Ho Comane — 3T0 04eHs MemIeHHO Bpalaoasacs
3Be3ma. Y MACCHBHEBIX 3Be3[ yOEIbHBI MOMEHT BpAIEHHUS MOXKeT OBITH Ha IBa
nopsanka OoJbIe.

I'maa 10. HABJIIOOATEJIBHBIE ITPOABJIEHWUSY PE-
JIATUBNCTCKUX 3BE3]]

§ 10.1. Ilynabcapsr

[lepBoie HabOMIOmATENBHBIE CBEOEHUS O IyJIbCapaX OBLIN IOIYyYEHBI IO X HM-
MyJIBCHOMY CTPOTO MEPUOAUIECKOMY U3y deHutO. {1 mepBoro OTKPBITOTO Iyilb-
capa CP 1919 nepuon crenoBarus mmmyabcos cocTasiasan 1,33 ¢. Cefiuac m3BecTHO
oxono 150 mymscapoB ¢ mepuomamu ot 0,03 ¢ mo 3,8 ¢, mpuyeM TOYHOCTH ompe-
nenerns nepuoma cocTasnger 107%-107". Tlepsoie xe HabmIOOEHUA TyTHCapOB
Ha PA3INYHBIX 9aCTOTaX OOHAPYKWIM COBUT IO YaCTOTE BPEMEHU MPUXOOAa OT-
IelbHBIX IMIYIbCcoB (puc. 63). CTporas mepuoguIHOCTD B HAOIIOMAEMBbIH COBUT
OBLIIN HACTOIBKO BIEYATIISIONINMI, YTO BHAYAJIE STH CUTHAJILL IPUINCHIBAIIN Je-
ATEIBHOCTU pasyMHBIX cymiecTs (little green men — ompemenenue, manHOe OT-
KpBbIBaTeLIME IIyiIbcapoB). Ho ¢ yBeamueHmem dmcita HabIIOMAEMBIX IIyIbCAPOB
1 0cOOEHHO ¢ OTKPBITHEM IIyibcapa B KpaboBunHol TyMaHHOCTH, T € TOCIE IPAH-
nuosHoro B3peiBa CeepxmoBoil 1054 BeAkas pasyMHas KU3HB ObLia IOXOPOHEHA,
TUMOTE3a UHTEIUIEK TYAIbHON AeITeIbHOCTU Oblila 0TOPOIIEHA.

DddexT 3amasgbIBaHUS CUTHAIOB
JIETKO OOBACHAECTCS PACTIPOCTPAHECHIEM
PAOUOBOIH B mTazMe. [lpu Hamudume B F Vl
MEXK3BE3MHON Cpelle CBOOOMHBIX HITEK-
TPOHOB TPYIIOBas CKOPOCTH PACIpPO- : :
CTPAHEHUs CTAHOBUTCS PAaBHOM I |

| |

d* == (w/v)’),

roe vy = (47rn62/me)1/2 — cobcTBeH-
Hasl 9acToOTa KOMeOAHWN 5SIeKTPOHOB

>
[y S —
—~t+

B IIlIa3Me (HeHI‘MIOpOBCKaﬂ 1ZE[E:LCTOTE:L>.
TToaroE BpeMdA 3alla3dbIBaHUI IIPUXOOA

CATHaJIa OJIAd IIEPBOTO IIyJbCapa OKa3a-

mock 0koi0 80 ¢. Kax Bumno, 0o6cyxma-
eMbITl 3)dEKT TPOMOPIMOHATEH IOJ-
HOMY YHCIY ST€KTPOHOB Ha JIyde 3pe- Puc. 63:

Husg. Pusndexn 3ama3nbiBaHme OOBICHAETCS UHTepdepeHnei Geryien u pacce-
SHHOI BOMH. Brmaromaps sToMy 5d@ekTy myabcaphbl MO3BOIUIN YTOUHUTL Cpem-
HIOI0 KOHIIEHTPAINIo 31eKTpoHoB B [amaxtuxe: n, ~ 0,05 — 0,1 car3.
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[Mepuomsr mynscapoB mMansl. QHE ABHO He XapaKTEpHBI I GONBIIUX 3BE3I.
cpa3y OBLIN BBICKa3aHBI IPEOIOIOKEHUS, YTO 3TO WIN Oesible Kap/IuKd HJIN Bpa-
IIIAOIIIes] HeATPOHHEBLE 3Be3nbl. OHOCEKYHIHBIE IEPUONLI MaJjIbl IJIs IyIbCAIINN
GenbIX KapIUKOB Ha OCHOBHON dacToTe (M TeM (oiiee He MOOXOOUT BpallleHue Oe-
JBIX KapJIHMKOB), IO3TOMY BHAdalle PACCUYNTHIBAINCH MONETIH OeNbIX KapJIUKOB,
Kosebmiomuxcs Ha Oosiee BBICOKUX rapMoHuKaX. Ho mociie OTKpBITHS myibcapa B
Kpabe ¢ mepuogom 0,033 ¢ BBIKMITa TOABKO TUMOTE3a BPALTAIOIIUXCS HEMTPOHHBIX
3BE3 .

HabmomaeMBIit TOTOK paanon3IydeHns TPH N3BECTHOM PACCTOSHUN 10 UCTOY-
HUKa W TPEINoIaraéMBIX €r0 pa3’Mepax JaeT BO3MOXKHOCTH BBIYMCIUTEH TaK Ha-
3BIBAEMYIO APKOCTHYIO TeMmepaTypy m3nyuerus: 1. Ecnm mpurEMaeMbIil moTOK
F,, To mpu hv < kT, umeem

T

DTa TeMmepaTypa oka3ajgach HEOOBIUAHO BBICOKOM: Tak, Mg myidbcapa B Kpabe
T, = 10%% K, uto coorBeTcTByeT smepruam 1022 5B.

Ecan B3aTh XaoTmueckm OBUKY-

PyHKUMa MnaHka muecs 3JIeKTPOHBI, TO IPU MajoM KO-

IgFV Anst Ty, =T JIMYECTBE 3IE€KTPOHOB (MaJIoN OnTHde-

CKOH TOIIIE) NHTEHCUBHOCTD BBIXOMS-

IIETO W3IIYYEHUS PACTET MPONOPIIIO-

HAJIBHO TOJIIE. 3aTeM HAaCTymaeT ca-

3 MOTIOTJIOIIIEHTE, KOTOPOe HaeT Ipenest

3aBUCUMOCTHI UHTEHCUBHOCTH OT TeM-

nepatypsl (puc. 64). Taxmu obpasom,

/_1\ UHTEHCUBHOCTH OTpaHNYEHa PaBHOBEC-

lav HBIM ITAHKOBCKUM H3JIydeHHeM, 3aBH-
,>T,>T,

S

CAIUM OT TeMIEePaTyPhl 3IEKTPOHOB.

Baxno, uTo mpu 3TOM pacmpeneneHune

Puc. 64: 3JIEKTPOHOB IO SHEPTUIM — MaKCBEJI-

jgoBckoe. Eciau Obl Habmaomaemoe pa-

OUOW3IYYeHNEe UMENO TEINIOBYIO MPUPOMY, TO OOIKHBL OBITH JIEKTPOHBL ¢ SHEP-

rueit 1022 5B. Takme 31eKTPOHBI HEBO3MOXKHO yIOEpXKaTh HUKAKIM MaTHUTHBIM

OJIEM, KPOME TOTO, MOJIZKHO IPUCYTCTBOBATE MOIITHOE JKECTKOE PEHTTEHOBCKOE I

ramMMa m3iaydeHue. JcHo, 4To HabmogaeMoe paIuon3ilyYeHne IMeeT HETEILIIOBY )

IPUPOLY, O YeM NOMOIHUTEIBHO CBUIETEIBCTBYET U €r0 CTEIEeHHON cinekTp. Bee
9TO YKa3bIBA€T Ha KOJUIEK TUBHBIE MEXAHU3MBbL BO30Y KICHUSA PaAUOBOIIH.

B macTosimee BpeMsa M3BeCTHBI qBa THUNA OKTEPEHTHBIX MEXAHU3MOB M3ITyde-
HIUS, KOTOPBEIE MOTYT HATh OONBIIYG SPKOCTHYIO TeMIEPATypy (MHTEHCUBHOCTS)
U3IYYEHNs TPU YMEPEHHOM BPEMEHN KU3HU U3IIYUYAIOIINX 3IEKTPOHOB. [lepBhIit
— Ja3epHBI MeXaHW3M, paboTalolInil TP WHBEPCHOW 3aCEIeHHOCTH >HEPreTH-
YECKUX YPOBHEN CUCTEMBI ATOMOB. BTOpOil — aHTEHHBIN MEXaHU3M, IPU KOTOPOM
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I3IYYIal0T HE OTIOCIIBHBIC aTOMBI, a IEJIbI€ I'PDYIIEI, TaK YTO BCE€ aTOMBI I'DYIIIIBI
n3JIy49arT B (1)&36 I IIOJIaHA MHTEHCHBHOCTB IIPDOIOPIONOHAJIBHA KBadpaTy YH-
CJla 9aCTHUIl B I'PDYIIIIE. HpI/I 9TOM HET IIOJIHOTO TEPMOOMHAMUYCCKOI'O PaBHOBECCHUA
MEXKOY MAKPOCKOIINYECKUIM 1 MUKPOCKOIIMYIECKUM ABUKECHIEM YaCTUII.

PacnpeﬂeneHﬂe QaCTUIm B IIPOCTPAHCTBE OKOJIO IIYJIbCapa, UX IIJIOTHOCTH B
CUJIBHOU CTeleHN OIIPEnC/IAIOTCA SJICKTPOMATr HUTHBIMMU ITIOJIAME, KOTOPBIC TCHEPU-
PYET BpalllalOIIlasigCa 3aMarHUYCHHAA HefITpOHHaﬂ 3Be3Ia. HOBTOMy Hallle pacCMO-
TPEHHUE IIYJIBCAaPOB HAYHEM C U3YYECHUA 3TUX HOJIen.

§ 10.2. DJrekTpoamHAMMKA IIyJIbCAapOB

Kaxkoro mopsamka MarHETHOE TOJIe MOXKHO OXHUOATh Ha MOBEPXHOCTH IIyibcapa U
ero okpecTHOCTU! Y OOBIUHBIX 3Be3n HabmomatoTcsa o nopanka 1-100 Te. Heir-
TPOHHAA 3BE3M1a POXKITAETCA B PE3yIbTaTe KaTaCTPOPUUECKOTO CKATHUA OOBIUHOM
B3e3[Bl (BCIBIIIKY CBEPXHOBOI) MOCTIE MOTEPU TUAPOCTATHIECKON YCTONINBOCT.
N3-3a BMOPOKEHHOCTH] MOJIA IPU CKATUN COXPAHISIETCA MalHITHBIN MOTOK Yepes
[IOBEPXHOCTh:

d = HS ~ HR? = const.

Tunuuasle pasMepsl OOLIYHBEIX 3Be3m ~ 10° xm~ 10" cum, meitTpommEIx — 10
kM. TaxkuMm obpaszoM, I8 HEHTPOHHBIX 3Be3n cienyeT oxumath H ~ 10'* Tc.
OTmernMm, uTo cefiuac yiKe U3 HaHHBIX O MyJbcapaX MOJYYaioT TaKue MOJIA.
Kaxkosa xorduryparmus mong BokpyT myiabcapa! 1g cTaTmaeckoro HeBpaiia-
OIIIETOCS MAarHTHOTO OUIOJIS ¢ MOMEHTOM (i B cepUIecKUX KOOPOUHATAX IMEEM

H,R?

2
H,,:—/;cose, H‘g:f—?’sine, p=—

r

PaCCMOTpI/IM BpaLT.IaIO]’.T.[PIfICﬁI AUIIOJIB ¢ MarHUTHBIM MOMEHTOM, IIEPIICHOUKY AP~
HBIM OCH BpPAaIIICHUI. Taxon OUIIOJIB TePpAET 3HEPIUIO CO CKOPOCTBIO

2002, dii _ s
N = = - 22104
Qlarp/c) = 5705 - = [l
d*ii
T — 0%
dt Iu’7
rme () — mukanueckas dacToTa, ) = 27y = 27r/P, P — mepmon BpalieHus.

[Moncrasnas H ~ 10" T'c, momyuamm
Q ~3-10% P4,

To m3nyueHme, NHTEHCUBHOCTH KOTOPOTO cefyac ObITa BBEIUUCIIEHA, HE SBIIS-
eTcs M3TyYeHneM, KOTOpoe MBI HabmiomaeM. Takme BOJTHBI He TPOXOOAT Uepes
3Be3MHYIO TIasMy, Tak kKak v <K vy ~ 10 ¢! Hamn GopMymsl JaroT XOpOTYIO
OIIEHKY HEPreTUYECKNX NMOTephb IyIbCapa, HO HYXKHO eIlle IIOOyMaTh O TOM, Kak
5TO W3NIyUYeHUe IepepadaThIBaeTCA B PAONO, ONTUKY I PEHTTEH.
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Bremem xapaxTepHEI paguyc CBETOBOTO IIUINHAPA, T. €. PACCTOSHIE OT Y Th-
capa, Ha KOTOPOM IIPH TBEPHOOTEIBHOM BpAICHUN HOCTUTACTCA CKOPOCTH CBETa
c

v=rd=2mr/P = ¢
rp = cP/27 = ¢/Q.

IOpu P =1c¢, 1 =5-10° cm. Benmunra r; Ha3eIBaeTCA CBETOBBIM paamycoM. B
bnuxafmell 30He r < 77 CyLIECTBYET CTATHYECKOe OUIoiabHoe mose. Ha Gomprmmx
PACCTOSIHIAX IMeeM IOJIe PACIPOCTPAHSIONINXCS BOJIH:

|E| = [H| = Hiri/r,

¢ motokoMm sHeprum nopsanka ¢ = (E? + H?)¢/8w. CmmBas moms Ha CBETOBOM
panmyce r = 17, MOXKHO IOy 9N Th GOPMYILY IJIs HOTePh dHepruu () (momydure >Ty
dopmyy). Bénusu B mepom npubnuxernn E = 0, HO B TOYHOM pacueTe HapILy
C MaUHHUTHBIM IIOJIEM €CTh TaKXke U 3JICKTPHUIeCcKoe NoJe, BEJINIHHY KOTOPOTO
MOJKHO OLEHHTH U3 YCJIOBHH pPaBEHTCBa MOMEHTA 3JICKTPOMarHUTHOHU CHIIBI Ha

Pa3IMYHBIX PACCTOTHUAX:
2
H - E'r = const.

SlcHO, 9TO mpH moJe CYIIECTBEHHO MEHBIIE MAaTHUTHOTO:
E' ~ Hr/r (mpm r < 1q).

Kpowme Toro, ects eme u nonomunTenbroe MarauTHoe nosie H'. MunomsHoe moste
ABIIsSIETCS GECCUIIOBBIM, IOATOMY IPH pacdeTe CUI HyXKHO m06aBiiaTs emme H'.

[Tomyuum Temeps 3axoH yOBIBAHWUS YaCTOTHL BPAILEHUS IyIbCapa. 3amac YHEP-
THHU IOYJIbCapa COOEPKUTCI B BHEPTUU BPAILICHUS:

1
Ek - 5[92
MoxHO cumTaTh, 9TO MOMEHT WHEPIHUH 3Be3Obl | HE MEHIETCS CO BPEMEHEM.
Torma
dv 2 u?
_ 9.2 _ 4. 4
E, =27 Iz/a = —gc?(QW) 7
uin
Ldv
v dt
NuTerpupys, momyunm
1 /1 1
- —=——= | = At,
2 \v?
2o _ 1
2At + 1/12°
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rie vy — HadaJbHasd 9acTOTa BpallleHnd. Ecim 6bl 3aK0H OBLIT SKCIIOHEHIINATHHEBIT
dv/dt = —Av, To v = yyexp(—At) n Bcerma ocTaeTcs 3aBUCAMOCTH OT Vy. B
HaIlleM CJIydae 3aKoH yObIBaHUS HEJIUHEHNHBIN, U, KaK BUIHO, JOCTATOYHO OBICTPO
MOXKHO IpeHeOpeUs Vy:

v? ~ 1/(2A¢).

DTa dpopMyia maeT BO3IMOKHOCTE MIPOBepUTH Teopuio. g mynscapa B Kpabe
U3BECTEH €ro BO3pacT t, KpoMe TOTo, Mbl 3HaeM Bemmaury A ~ p?/I. Hpu I ~
10% r-cm? monyuaem P = 1,4 - 1072 ¢. B meficTBUTENBHOCTH Ke HabOIIOmaeTCs
3:107% ¢, T. e. cormacue memaoxoe. g mMyIbCapOB MOXKHO O9€Hb TOYHO MEPUThH
HE TOJIBKO 9acTOTY (IEepHOn), HO B CKOPOCTb, C KOTOPOIL IyIbCap 3aMeNIIIeTCA:

1dv B 1
vdt 2t
s Kpaba
1dv 1

vdt 21250 mer
WcTunusiil Bo3pacT myabcapa, COTNIACHO KUTAlCKuM jleTonucsaM, okoiao 1000 mer
(CBerOHBa}I Ha MecTe KpaboBumuoit TyMaHHOCTH BenbixHyTa B 1054 r.), TaK 4TO
corJlacue HEeIJIOXOe.

Braromaps 6ombmon TouroCTH yia-
eTcs HabmonaThk MHorme meTamnn. On-
HUM U3 UHTEPECHBIX (GEHOMEHOB SBIIS-
I0TCS OBICTPHIE CKAUKN (chIBLI) nepu-
OIIOB BPBIIIEHUS (pI/IC. 65), KOTOpPBIE Ha-
O6momaTCcd Y OBYX TYIbCapoB — B
Kpa6be u B Iapyce. Cmauama, mocme
CpBIBa, TYJIbcap BpalllaeTcs ObICTpee,
OMMHAKO 33 BpeMsd TOpANKa MecAla OH
OMATH BRIXOOUT Ha MPEXKHUN TEMI 3a-
MeIJIeHUA. DTH IBICHUS CBA3BIBAIOT C

HaOu4ueM B HEHTPOHHOW 3Be3Oe TBeEp-
OOM KPUCTAJIMUECKON M KUOKOU ¢as.
IiIs mOMHOCTBIO KUOKOTO IyJIbCapa
OpH 3aMemJIeHNU BpallleHus ero ¢u-
rypa MOCTENEeHHO MOOCTPAUMBAETCA IION HOBOE PABHOBECHOE COCTOAHME. B Kpu-

Puc. 65:

cTajle IePecTPONKa IPOUCXOOUT JINIIh TOTIOA, KOTOa MOCTEIEeHHO PAacTyIIue Ipu
3aMeIJIEHNN HaTSKEHUs ITPEBOCXOOAT npenen mpognocTu. [lepecTpoiika mpoucxo-
IOUT Ipak THIeCKH MPHOBEHHO (“3Be3moTpsaceHme” ), I MOMEHT HHEPIUH KPUCTAla
MeHsieTcs ckaukoM. [lasee, m3-3a BA3KOCTH MeXOYy KPUCTAIIMYECKON M KUIKON
dazaMyu TPOUCXOOUT BBIPABHUBAHUE WX YTJOBBIX ckopocTei. Cremye MOMHUTS,
YTO HEUTPOHHAL KUIKOCTH MOXKET HaXOOUTCI B CBEPXTEKYUeM COCTOSHUMI, I BI3-
KOCTH TaM He COBCEM OOBIUHAL.
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Hamwite Hac 6yOyT MHTEPECOBATH ABJIEHUSA, MPOUCXOMAIINE CHAPYKHU IIYITh-
capa. Kak OymyT B3anMomelc TBOBATH HI3KOYAC TOTHBIE MATHITONUIOIBHELE 3JIEK-
TPOMArHUTHBIE [OJIL € OKPYKAIOIEN 1a3MOi! DIIeK TpOMAarHUTHEIE BOIHBL, a-
CTOTa KOTOPBIX MEHBIINE TaCTOTHI JICHTMIOPDOBCKUX KOJeOaHHUHI IIJTa3Mbl, OyIOyT
OTPaXkaThCs OT IUIA3MBL. DJIEKTPOHAM IPH 3TOM IEpPeNaeTCs NMIYIbC U IIa3Ma
BBITAJIKIBACTCS.

Pacemorpum, uTo mpoucxomuT, Korga 9acTOTa Majla M MOXKHO U3ydaTh OBU-
KEHIe KaX[IOTO 3IEKTPOHA B OTIOEIBHOCTHU, HE3ABUCUMO OT APYTUX. Y PaBHEHUE
OBUKEHUS 3IIEKTPOHA B HOJE INIOCKOHN 3JIEK TPUUECKON BOMTHBI 3alUIIETCS B BIIE

mdv/dt = eE = eEy coswt .

OTxyma cxopocThb

(:’EO .
v = ——sinwt.
muw

Takum obpazoMm, aMIInTyOa v 3aBHCAT OT w. llpm Masmoil 4acToTe mOse HOJITOo
TAHET 3JIEKTPOH B OOHY CTOPOHY, U aMmiaunTyma pacteT. QueBumHO, mBUKEHUE
3NEKTPOHA CTAHOBUTCS PEIITUBACTCKUM IPH

eFy = mwe.

Teneps Bmecto m dv/dt myxuO mucats dp/dt. Kpome Toro, Hemp3s mpemeGpe-
raTh MarHUTTHIM TojeM. Haiimem rpaHuny obiacTu peasaTuBu3Ma. llepemuriem
yCIIOBUE B BUIE

eEoc  eEo)/2m

2 2

=1

wmec
OTMeTI/IM, 9TO 5Ta KOM6I/IHa]'_'[I/I£ OKa3bIBacTCI HOpeHH—HHBapHaHTHOfI. HpI/I OBII-
KEeHUN B ,E[perfI cucTeMe oTcdeTa A I F U3MeHToTCA TaK, YTO UX Ipom3BeOe-

mc

Hre Fy)\ okaselBaeTCs MOCTOSHHBIM (5TO BUOHO OIS INIOCKOH BOMHBL). Ims myms-

capa ¢ mepuomoM Bpamiesns P = 1c A =310 cm m eEy = 107* 5B/cm, T. e.

Ey=10"* B/cm = 3-1077 CT'CD, mnm, urto To xe, H; = 10'* T'c, a Ha cBeTOBOM

mumampe Hy ~ 10° T'c. Taxum o6pa3oM, Dalexo 3a CBETOBLIM IHITHIPOM BOIHA
CHJIbHALL.

3amaua Jerko perraeTcs OIS 3JIEKTPoMar-

A HUTHOW BOJTHBEI, MOIAPHU30BAHHON MO KPYTY, KO-

o ria OBUKEHUE 3IeKTpoHa kpyroBoe. Cremyer

3aMETHTh, 9YTO PETATHBUCTCKAsA 3adada HeJIn-

HellHa U He CBOOUTCI K CyMME OBYX ILIIOCKOIIO-

IeHU CIICOYIOIIad: YUNTBEIBACTCI PEaKINa 13-

|

|

| .

I ngpusoBanubIX pemenuit. Obmas MeToguka pe-
I

I

I

JIVUCHUA 1 MUIIETCA, UYTO U3JIYICHIE PaBHO pPa-

Eo E 60Te 3IeKTPOMATHUTHBIX CUJI. 3amdada 00 m3ITy-

YEHUN PETATUBUCTCKUX BIEKTPOHOB, MTBUKY-

Puc. 66: IIUXCA TO KPYTY, PellleHa B TEOPUU CHUHXPO-

TPOHHOTO U3Iy4YeHusA. Pe3ymbTaThl TaKOBBI, UYTO B OCHOBHOM PEIATUBUCTCKUI
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3IEKTPOH M3JIydaeT B IUIOCKOCTH BPAIIEHUS HA YACTOTE Vmax = Vpp?y~, DOE
v = E/moc® — daxTtop Jloperna. Cedenne paccesHmsa cHadala pacTeT IO 3a-
KoHY 0 = o[l + (E/Eg)2], a 3arem mamaet (puc. 66). Takxoe noBenenme ceuenus
00y CIIOBJIEHO H3MEHECHHEeM PaOOTHl CHII 3JIEK TPUYECKOTO MO BOIHBI, KOTOpasd 3a-
BHCUT OT OTHOCHTEIBHON OPUEHTALNU BEKTOPOB CKOPOCTH U H 3JIEKTPUIECKOTO
nons E. [TomobHuyto 3amadwy MOKHO TaKXkKe PEMINTDH IPU HAJIMYIUN IPONOILHOTO
MATHUTHOTO TOJI.

§ 10.3. Maraurocdepa nysabcapa

Nrak, paccmaTpuBas MarHUTOOUTIONb-
HOe H3JIydeHHe HakKJIOHHOIO poTaTopa,
MBI IIOKa3aJIl, ITO TAaKOH IOOXOH HaeT

NPaBUIBHYIO 3HEPreTHUKY, 3aKOH 3a- Q
TYXaHHUA BpAIlEHNUSA, NIPUTOK SHEPTUHU

B OKPYXKAIOIIYI0 TYMaHHOCTH, HO BCE I:i
ATO €eIlle DAJIEKO 0T HabIIooaeMon Kap-

TUHBL IIyJIbcapa. Bo-mepBhIX, HU3KOYa-

CTOTHOE M3IIydeHHe He IPOXOOUT de-

pe3 Mex3BesmHyo cpemy. Ho camoe

TJIaBHOE — MATUHHUTHBII OHUIIOIb HE MO-

JKeT BpalllaThCA B BaKyyMe He H3-3a

OKDPYXKaIoIell cpensl (ee OH BBITAIKI-

BA€T), & 3a CYeT TOrO, ITO MHIYIIPO-

BaHHBIE 3JICKTPUYECKHE IO BBITATHU-

BAIOT C MOBEPXHOCTH 3BE3IBI SJIEKTPH-

YeCKH 3apAXKeHHBIE JaCTUIBL, KOTOPHIE

3aTeM YCKOPAIOTCA I MHKCHIPYIOTCT B

OKPYKaloIee TPOCTPAHCTRO.

PaccMmoTpuM Bparmarommiics Mar- Puc. 67:

HUTHBEIl OUNONL (IIAPUK) C OCEBOM
5

cummetpueit: (i || © (puc. 67). ng AUDOIBHOTO MarHUTHOTO MONISKOMIOHEHTEL
nons B chepuueckuxX KOOpANHATAX IMeeT BUI:

H, = 2—'gcos f, Hy= %sin@. (10.1)
r r

Taxoe mone, ectecTBenHo, 6beccunosoe: rot H=0. CnparmusaeTcs, uto 6ymer, ecian
BpaIAIOINCS IMapuK MeTatndeckuil. Hac nHeTpecyeT BHY TPEHHOCTD IIapuKa.
[ToBepxHOCTD MIapuKa — 3TO KOHTYP, OABMKVIIANCA B MATHITHOM IIOJIE CO CKOPO-
cTeio v, = QR siné (v, = vg = 0). B TaxoMm ciyuae mosBIgeTCA NOpEHIEBa CHIA
~Tx H , OEHCTBYIOIIas Ha 3JICKTPUYECKNE 3apsiObl. JTO NPUBOOUT K pasmdeiie-
HIIO 3apAO0B U K MOSBICHUIO IOMOTHUTEIBHOTO 3IEKTPUYECKOTO IMOMA. 3apsaibl
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IepecTaHyT OBUTATHC IO IOBEPXHOCTH JINIIL TOTA, KOTIa BO BPAIIIAIOIIENCS CH-
cTeMe KOOpOUHAT CyMMapHas CHUja, OeHCTBYIONIad Ha 3apAnbl, OKaKeTCsI paBHOU
HYJIIO, T. €. HoTpebyeM, ITOOBL paBHAIACh HYIIIO 3.1.C. B 3TOH cCICTeMe KOOPDOUHAT.

YTo0Bl HallTH OKOHYATEIBHOE PACIpENeNIeHNe 3apsOoB, OIPENEINM IIOJIe BO
BHEITHEM IIPOCTPAHCTBE, IPU KOTOPOM Ha IIOBEPXHOCTH

E0 = <'U¢/C)Hr + E0 premn = 0.
[oka canraem, uro cHapyxu BaxyyM u nore H munomsroe. Torma (1) maer

2u)
—

sin 8 cos 6.

EG BHEITH —

XapakTepHO, UTO B 5TO BRIpakKEHUE BOIILIO TpousBenenne sinf X cosf, T. e. kBa-
npat ¢yuknun §. Takum o6pa3oM, MBI IMeeM IeNI0 O BTOPOH MapMOHUKOM, T. €.
MHOYIUPOBAHHOE 3JIEKTPUUECKOe IoJle NOIKHO IMeTh KBaIPYIOIbHBIN XapaKkTep:

6 X 9 1
Eg:—gcosé?smé?, Er:—i] cos’f— =),
r r 3
rae KBaIpyIOIbHBIA MOMEHT
_LuRQ 1upR?
1= 3 C B 3 T ’

PaccmoTpennoe sBieHne HasbBaeTCs YHUNOISPHON mHAyKIuein. BonsrMeTp,
IPUCOCONHEHHEIN CKOMB3AIIIMI KOHTAaKTaMHU K IONIOCY U 5KBaTopy (pmc. 68),
noKaXeT Pa3sHOCTh HOTEHIINAIOB

o~ Huwle.

Pammamsras xoMIoHeHTa HHOYITUPOBAHHOTO 3JIEK TPUUECKOTO MO Ha TTOBEPX-
HOCTHU He CKOMIICHCUPOBAaHa, UTO MIPUBOAUT K MOSBICHUIO TIOBEPXHOCTHOTO 3apsIa.
SameTum, 4TO, MOGABIAL SAECKTPUIECKUN 3apAn (), MOKHO MEHITE MOTHBIN 3apa
IIapWKa U PaauaJbHOe ToJe Bo BHemHeM npoctpaHcTse E. ~ @ /r. Ho pasrocTs
3apAmOB B IBYX TOYKAX IJIS MOBEPXHOCTH IMIAPUKa OCTAETCSI BCETIa MOCTOSHHOMN.
B na6oparopun moxuo noctuus momeit H ~ 20000 'c. Ins mapuka ¢ pammycom
R = 1 ¢M MakcmManmbHas CKOPOCTH BPAIlEHNs Ha MOBEPXHOCTH U = 3 KM/C cO-
OTBETCTBYET TEOPETUUECKOMY TPEHETy MPOYHOCTU. B 5TOM ClIydae MaKCHMAIbHO
BO3MOKHOE 3JIEK TPUUECKOE TOTe

E~ H (v/c) =60 B/cm

Taxas BeauunHa WO B TabOPATOPUU HE BBI3OBET SMUCCUU 3JIEKTPOHOB U3 XO-
JIOMHOTO MeTallla, U NPUOINKEHNe YHUNOIIPHON WHIYKINHN SBISETCI XOPOIINM
npubianxeHneM.
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Puc. 68: Puc. 69:

Nuas curyanusa g 3aMarHUYEHHON HEATPOHHON 3BE3IIHI:
H~10"Tc, P=0,03c¢c", R=10°cm.

Honcrasnas >Tu 3mauenus, moayunm £ = 0,6 - 10'° CTCO= 2 - 10'2 B/cu! Ta-
KO€e TIONTle MTHOBEHHO MOHU3YET BEIEeCTBO (B aTome Bomopoma F = 13B / 10~% eMm
= 10° B/cMm). I camoe rmaBHOe, smekTpuueckas cuna eE B corHE pas m Go-
Jlee TPEBBIIIACT CUTY MPUTIKEHNS TPOTOHOB K 3Be3me. TakuMm obpasoM, MOIKHA
MPOUCXOONTH MHKEKINSA JaCTHUI. Y KaXKeM Ha IBe Pa3IudHble CUTYaIlll: B 3aBU-
CEMOCTH OT OTHOIIECHNS HAIPABICHUH MAarHUTHOTO NOJS [{ U YTJIOBOH CKOPOCTH 0
¢ HOJIIOCOB MOTYT BEIPBIBATCS JIHOO IPOTOHEL, THGO 5meKTpoHsl (puc. 69). 3rakn
[ mam 0Os OTHETBHOCTU HEe UMEIOT GU3UYIECKOTO CMBICTA, TaK Kak 3aBHCAT OT
TOTO, B CHCTEME KaKON OPUEHTAIINI MbI Ha6monaeM IpaBoil Win 1eBoil ([ u 0

nceBnoBekToper). OnHako nponsseneHne (,uQ) YK€ UMeeT UHBAPUAHTHBIN CMBICI.
MareuTHBII MOMEHT /i CO3MAETCS TOKAME ([BHKEHHIEM 3JIEKTPOHOB). BermecTso
3BE3MIbI IPU BPAILEHUN MOXKET IBUTATHCSI B TYKE CTOPOHY, UTO U 3IEKTPOHBL, UIN
B npyryio. UuTepecHo 6bI7I0 OBl BRISCHUTH, KaK HOJIKHBI PA3INIaTCI B HaOIIOOe-
HUAX 5THU OBa TUIA MyIHCAPOB.

MaxcuManbHO BO3MOXKHAS SHEPTHS YaCTUIl, YCKOPAEMBIX JIEKTPUUECKUM IO~
nem mymnbcapa, eruka. Ing Kpaba ¢ ~ ER ~ 10'® 5B, 1. e. MoryT monyuaThcs
KOCMUYECKUe JIyun, B 0OJiee MOJIOOBIX MyIbCapaX MOKHO OXKUOATH SHEPTUH IO-
pAOKa 102" 5B.

[MosBrenne snexTpuUecknx 3apgmoB BOKPYT MydbCapa TPUBOOUT K MOSBIIE-
HUIO JOTOTHUTENBHBIX TOJel, 1 B O0IIeM CIIydae OOMKHA PEIaThCsd CaMOCOTIIa-
COBaHHAs 3aflada ¢ yaeToM >Tux noneil. [loka paspaboTana mumis TpubanKeHHAs
vomens Fuana-Tonapeiixa, B KOTOPON MPEmOIIaraeTcs, 9TO BOKPYT MyIbCapa
CYIIECTBYET BPAIAIOIIAACS TBEPOOTEIBHO MaTHUTOCHEPA ¢ SIEKTPUIECKUAM O~
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JIeM, YIOOBJIETBOPSIOIINM yPaBHEHNIIO

—

E=(Vx H)/e.
[I70THOCTD 3apsma HaXOTUM U3 yPaBHEHHA

= _2H9Q 1

1
p=div B = -3,

cos?— = | r

¢ 1—wv2/c? 3

Taxum 06pa3oM, IMEIOTCA 30HBL (KOHyca) C PA3IHYHBIMU 3HaKaMHI 3apSO0B (ypaB—
HEHIe pa3mesfiomniell mopepxaoctu cos § = +1 / 3). I8 OIUOoIBbHOTO MO IIIOT-
HOCTBH PACXOOUTCA Ha CBeTOBOM Iumiamaape. Ha camom mese BOIU3H CBETOBOIO
OUJINHIPA BPAIAIOIINECT 3aPAabl NCKaXKaT NCXOOHOE MAarHUTHOE IIOJIE:

rot H = 3, = pv,.

HeﬁCTBy& IIocCJIe00BaTECJIBHBIMI 1'[]_:)1/I6.TII/I}KGHI/IFJIMI/I7 MO2KHO IIOKa3aTb, 9TO HOO-
OaBKHU B IIOJE IO IOPAOKY BEIINYUNHBL

H1 ~ H()(T'/T'l)2.

Ectp eme omao BaxHOe orpaHmYeHme Ha ONHCHIBaeMyIo Kaprury. s cumio-
BBIX IOJIEN, He BBIXOMAIINX 3a CBETOBON HUIMHID, BO3MOXKHO CTATHIECKOE PaB-
HOBecume. OmHAKO BIOIb CUIIOBBIX JIMHUN, IEePECEKAOIINX [UINHID, TAKOe PABHO-
BecHme HEBO3MOXKHO — YaCTHUIBI MOJIZKHBL YXOOUTH Ha OECKOHEYHOCTH. 3Be3ma C
TAaKUM HCTeUYeHHeM OyIoeT TepiaThb SHePTUU IPUMEDPHO CTOIBKO XKe, CKOJIBKO OH-
[OJIb B BaKyyMe, HO SICHO, YTO MEXaHU3M IOTEPD 30eCh COBCEM MHOI.

K coxanenmio, noka oueHb Majio pa3paboTaHBI KaPTUHBL PACIPENETICHNS 3IIeK-
TPOMATrHUTHBIX NOJIEH ¢ yYeTOM UCTeYeHNs IJIsl HaKJIOHHOTO qumnois. AMeercs He-
CKOJIBKO MOZETeN, MPeanoIaralolinX, YT0 BEIeCTBO HAKAIINBACTC S Ha 3aMKHY-
THIX CUJIOBBIX JIMHUSX BOJIN3M CBETOBOTO HIUINAPA M BPALAETCI CO CKOPOCTBIO
nopsanka 0,8-0,9 c¢. B Takoil xkapTuHe BO3MOXHO HAIIpaBIEHHOE IMITYJIBECHOE M3-
JIydYeHUe CT'yCTKOB ILIa3MBbl, HAPABIEHHOCTh KOTOPOTO 00y CIOBIeHa abepparuei
CBeTa, QHAJOTUIHO TOMY KaK 5TO IPOUCXOOUT IPU BPAIIEHUU 3JIEKTPOHA B Mar-
HUTHOM IIOJI€.

§ 10.4. Axkpenus Ha pPeJIATUBUCTCKUE 3Be3IbI

B mauane 70-x rogoB mHTeHCHBHBIE 3aaTMOCHEDPHBIE UCCIECOOBAHISI B PEHTTEHOB-
CKOM [UAIIa30HE 3IeKTPOMATHUTOTO CIEKTPA, KOTOPBIE IPOBOOUINCEH ¢ IOMOIITBIO
paxeT U CHeNUATN3UPOBAHHBIX CIYTHUKOB, IPUBEIN K OTKPBITHIO HOBOTO KIIACCa
ACTPOHOMUYECKIX OOBEKTOB — KOMIIAKTHBIX PEHTTEHOBKHX HCTOYHUKOB B CO-
CTaBe TECHBIX OBOWHBIX cucTeM. Cpemnm HUX BCTPEYAIOTCS KaK PEHTTEHOBCKUE
IyIbCcaphl, T. €. HCTOYHUKHU, N3IyUEeHNE KOTOPBIX IEPHOOUYECKH IPOMOLYINPO-
BaHO BO BPEMEHN,TaK U MCTOYHUKHU, MJII KOTOPBIX XapaKTEPHBI XaOTHUYECKUE Ba-
puanuu HabIIOOAeMOro TMTOTOKA U3IyUeHnss. AHAIN3 TUHAMUKN OBOWHBIX CHCTEM,
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BKJTIOYAIOIINX PEHTTEHOBCKUE HCTOYHUKN, ITOKa3all, YTO UX MacCChl THIIMYIHO 3BE3-
nele. KOMIakTHOCTH PEHTTEHOBCKUX MCTOYHUKOB MAeT OCHOBAHUE CUNTATH, ITO
OHHU NPEOCTaBIIIOT COOOH HEUTPOHHBIE 3BE3Obl M, BO3MOXKHO B HEKOTODPBIX CIIY-
YasX, YepHble OBIPEL. {1 OONBIMNHCTBA OTOXKIECTBIIEHHBIX ONTHYECKIX KOMIIO-
HEHTOB d9THX CHCTEM YCTAHOBJICHO, YTO OHH HHTEHCHUBHO TEPAIOT BEIIECTBO CO
cBoell moBepxHOCTH. (UEeBUOHBIM HCTOYHIKOM SHEPTUH IS PEHTTEHOBCKUX WC-
TOYHUKOB B TAKUX YCIOBUIX SIBIAECTCS aKKPenus — GU3NIECKUN TPOIECe 3aXBaTa
U aOeHUS BelleCTBa B IPABUTAIMOHHOM IIOJIE TATOTEIOMIEH MACChl, COIIPOBOXKIA-
I0IIIeecs BhIOEETHIEM IDAaBUTAINOHHON SHEPTUN.

CrobGomHoe mameHnme XOIOOHOTO BEIEeCTBa Ha YEPHYIO OBIPY IPOUCXOOUT Oe3
BBIOETICHUS YHEPIUU, TaK KaK y YePHON OBIPHI OTCYTCTBYET MOBEPXHOCTD, YOAPI-
ICh O KOTOPYIO IaflafoIllee BeleCTBO MOTJIO OBl OCTAHOBUTLCSI U BHIIEINTH SHED-
ruo. OmHako B OBOWHOW CHCTEME BEIECTBO, UCTEKAIOIIEE € MOBEPXHOCTHU HOP-
MaJIBHOW 3Be3IEl U ITaJalolllee Ha YePHYIO OBIPY, 00IamaeT OTHOCUTEILHO IOCIen-
Hell MOMEHTOM BPAIIEHNI, NPENITCTBYIOIINM CBOOOOHOMY IaIeHHUIO BeIleCTBa.
Haubomnee BeposaTHON ABISeTCS KapTHHA aKKpelnn ¢ 0Opa3oBaHUEM OUCKa BOKPYT
YepHOW OBIpHL. BelllecTBO B AuCKe B IEPBOM IPUOIMKEHUN BPAIA€TCS IO KPYTO-
BBEIM K€IJIEPOBCKUM opOuTaM. Biaromaps TpeHmIO MeXIy COCEIHUME CIOSIME Be-
IIIeCTBO KaZKIOOTO CJIOS OTOaeT CBOM MOMEHT BpAIlleHHS BHEITHUM IIO OTHOIICHIIO
k cebe cmosM u npubimxaeTcs K depHoil meipe. llpm sToMm BeImenmsercs rpaBu-
TaIlMOHHAS SHEPIrus, 9acTh KOTOPOU AT Ha YBeIWYeHNe KNHEeTHIEeCKON YHEPIUN
BpalllcHUA, a Opyras 9acTh, IPEBpalllaich B TEIJIOTY, N3JIydaeTCd C IOBEPXHOCTH
nucka. BHyTpeHHss rpaHuia nucka R; coBmamaeT ¢ MOCIemHEN yCTONYNBOR KPy-
rooit opouroit. B merpuxe [IBapmmunena R; = 3Ry, 8 MmeTpuke Keppa ¢ max-
CHMAJIBHO BO3MOXKHBIM MOMEHTOM BpallleHnus depHoil neipel R, = R,/2. Makcu-
MyM H3IIYy9aeMOT0 IOTOKa SHETPUHU NOCTUTAETCS BO BHY TPEHHUX O0IaCTIX OUCKA
Ha paccrosHusx (10-20) R, oT 4epHOR OBIPHI, IAe BBLOENLETCS MaKCHAMIIbHAS
rpaBuTannoHHas sHeprus. OOliee >HeProBBIOETIEHNE, & TAKKE BUI CIEKTPAIb-
HOTO pacupelelIeHNd BBIXOOAIIETO H3JIYYeHHU IIPeXkOe BCEro OIpenessdeTcCs CKO-
POCTBIO AKKPeNuu, T. €. TeMIOM MOCTYIJICHNs BEIIeCTBA B NUCK. XapakTepHBIM
IapaMeTPOM SBIILeTCS KPUTUIECKUN NOTOK BemecTBa M., mpu KoTopoM mosiHas

CBeTUMOCTH Oucka L = nchz PaBHA IpeNeIbHON 3OOUHTTOHOBCKOW CBETHMOCTH
L. = 10%(M/Mg) spr/c, rme n — >3dGeKTHBHOCTS HepepaboTKH IPaBHTAIN-
OHHOII Hepruu (I HEBPAILIAIOIIECs 9ePHOI OBIPEL, KOTOPAsA ONHCHIBACTCA Me-
rpukoit HIBapmmunsna, n=0,057, B merpuke Keppa ¢ MakcuMaabHO BO3MOKHBEIM
MoMeHTOM Bpatmerus 1 = 0,42). _

[Ipu cymecTBeEHO JOKpUTHYecKnx noTokax M ~ 10712-101¢ M@/ro,u CBETH-
mocTh mucka L o~ 10%*-10%¢ spr/c. Makcumanbras TemMnepaTypa qucka B 06IacTH
MaKCHEMaJIbHOTO 5Heprooigeensns 1.y ~ 3 - 10° — 10° K, u sreprus mamywaercs
TJIaBHBIM 0OPa30M B HENOCTYIHBIX I IPAMBIX HAOIIOOEHUN YiIbTPaduoIe TOBOM
I MITKOM PEHTTEHOBCKOM nuama3oHax. C yBemeueHmeM akKKpenuu JINHENHO pa-
CTET CBETUMOCTD, MOOHUMaeTCI dPpPeKTUBHAI TeMIepaTypa U3IyIeHnus, U IPI
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moTokax M ~ 107°-10-83 M@/ro,u YepHa AObIPAa OKA3BIBAETCS MOIITHON pEHTTe-
HOBCKOI 3Be3moit co ceermmocThio L ~ 1037-10% spr/c u sddexTusrON Temme-
parypoit maayuerns T.; ~ 10°-10° K. Ecam xe mOTOK BermecTBa, BTEKAIOIIETO
B IUCK, IPEBBIIMIAeT KPUTHUIECKOe 3HaUEeHHUE, TO W3 BHYTPEHHHUX OOlacTel OUCK
oI OeHCTBUEM MaBJICHUS W3IyYeHNs HauMHAETCA OTTOK I'a3a NepHeHINKYIIIPHO
[IOBEPXHOCTHU OUCKA. PEHTTEeHOBCKOE M3IIydYeHNe IeHTPAIbHBEIX 00IacTell OucKa
HOLJIOLIAETCS B OTTEKAIOIEM Ta3el mepepabaThiBaeTcs B O0Iee MATKHE KBAHTHL,
u upu M > M, yepHas nbipa 6ymeT HaOIIODATHCA KaK ApKas ONTHYECKas 3Be3[a,
CBETUMOCTH KOTOPOR 6rmu3ka K L.

Cpenu u3BeCTHBIX OBOMHBIX CHCTEM, COOEPKAIINX PEHTTEHOBCKHIE NCTOYHUKH,
Haubosiee UHTEpEeCHBIM sSBseTcs ncTouHuk JlebGens X-1. Ilo nmerormmes maHHbIM
Macca PEHTTEHOBCKOTO UCTOYHUKA C 3TOH cucTeMe mpeBwimaeT 6 Mg, T. e. B He-
CKOJIBKO pa3 0OMbIle KPUTUUIECKON MacChl HEMTPOHHON 3Be3Obl. [Ipennomaraercs,
YTO 3TOT OOBEKT — UepHasd ObIpa.

Axkpenus Ha HEHTPOHHYIO 3Be3dy CONPOBOXKIAECTCS BHIIEICHUEM >HEPTHH,
paBHOU TpaBuTanuontoMy motennuainy GM /R, na nosepxuocTn 38e3mbl. Habmio-
maeMble TIPOSIBIICHUS B IBOWHBIX CHCTEMaX aKKPEUUPYIOUTNX HEHTPOHHBIX 3Be3M
063 MarHUTHBIX IIOJIeHl IPaKTHYECKN He OTINYaeTCI OT ONMCAHHOM BBIIIE Kap-
TUHBI OUCKOBOI aKKpenuu Ha depHble nblpbl. OOHAKO aKKpenus Ha BPAIlaioIly-
10CS HEUTPOHHYIO 3Be30y ¢ MarHUTHBIM IIOJIEM, HallpaBJIeHNEe KOTOPOTO He COBIIa-
IaeT ¢ OCBIO BPAIllEHNI, MOXKeT IPUBECTU K PeHOMEHY PEHTTEHOBCKOTO IIyIbCcapa.
Kaprusa nuckoBoll akKpenuu Ipu HaJINYIHN Y 3BE€30bI MOIITHOIO MAarHUTHOTO OIS
HapyLIaeTcs Ha PAaCCTOSHUU, TOE INIOTHOCTH SHEPTUH MATHUTHOTO OIS CPABHU-
BAaeTCS € IVIOTHOCTBHIO KHHETHYECKON SHEPIUU aKKPEUUPYIOIIETO MOTOKA BeIle-
crBa. Ha Gomee 6m3kux OT HEMTPOHHOON 3Be3ObI PACCTOSHUAX MAUHUTHOE IOJIE
KaHAII3UPyeT aKKPENNUio, HAIPaBiILsd MMamafolllee BEIIeCTBO B 00IaCTh MAarHUT-
HBIX momiocoB. [lameHme rasa Ha MOBEPXHOCTH 3BE3Obl HPUBOLOUT K IMOSBIIEHUIIO
yOApPHOU BOJIHBI U W3JIyYE€HUIO 3HEPIUH KOMIAKTHBIMH 30HAMHU BOJIN3H IIOIIOCOB.
Ecan marsEuTHAs 0ch HEHTPOHHON 3BE3OBI HE COBIANAET C €€ OCHIO BPAILEHUS, TO
9TO NPUBENET K IYJIHCAUIM HaOIIOOaeMOTo U3IIydeHns. 1akas 3Be3ma HabIoma-
eTcs Kak myibcap. [lamatorree B 0651acTh MAarHITHBIX IIOIIOCOB BEIIIECTBO IPUHOT-
CHT ¢ cOOOR BpalllaTeIbHBIM MOMEHT, KOTOPHBIN OHO IMeJIO Ha BHY TPEHHEN I'DAaHUTIE
nucka. PesyabTaToM sSBSeTCs yBelWYeHNEe MOMEHTA BPALIEHUS 3BE3IOBI U YCKO-
peHns ee BpaleHus. IToT 3PpPekT HabIImaeTcss ¥ PEHTIEHOBCKUX MYIhCAPOB B
IBOMHBIX 3BE3OHBIX CHCTeMaX. HamoMHUM, Y4TO IS OODUHOYHBIX PaIUOIyIECAPOB
HCTOYHUKOM SHEPTUU SABISETCS KMHETHYIECKas SHEPTUsl BPAIeHUs HeHTpPOHHOH
3BE3MbI, MOYTOMY y TAKUX MyIbCAPOB HaOIIOMAETCA 3aMEIJICHUE BPAIEHUs. JTO
YKa3bIBAaeT Ha IPUHIUNHAIBHOE OTINYNE IPUPOOBI PEHTTEHOBCKUX IIY/IHCAPOB B
OBOMHBIX CHCTEMaX OT OOWHOYHBIX NYIHCAPOB U SIBIIETCSI CUIBHBIM arpyMEHTOM
B TIOJIB3Y AKKPEINH KAaK OIPEHENIIONIero NCTOYHNKA SHEPTUH U3TYUeHNsS PeHTTe-
HOBCKUX MCTOYHUKOB B IBOWHBIX CHCTEMAX.
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