IIpeancaosue

BBenenmne

dusudeckue n aCTpOHOMMNYEeCKNEe KOHCTAHTbI

['paBuTanmonnas nocrogunad G = 6.67 - 1078 cm® 271 ¢ 72

Cxopoctb cgeta B Bakyyme ¢ = 3.00 - 10 cm/c

[Tocrosnnag Ilnanka h = 6.63 - 10727 spr-c

[Tpuseennas nocrosunas [Lnanka h = h/27 = 1.05- 10727 spr-c
Baps siekTpona u npotoHa e = 4.8 - 1071 ex. CI'CE

Macca smaekTpona m, = 9.11- 1072 2

AroMmHas euHmIIA Maccel M, = 1.66 - 1072 2

Knaccudecknii pajuyc snekrpona 7. = e2m_'c2 = 2.8- 1071 cm
ITocrognnas Bosabnmana k = 1.38 - 10716 spr-K

[Tocrosanas Credana-Boabmyana o = 5.67 - 107° spr-cm2.¢ LK
VuusepcanbHas razosas nocrognaag R = 8.31 - 107 spre—! K1
Macca Commna Mg, = 1.99 - 103 2

Pamuyc Comnna Re = 6.96 - 1019 cum

Ceserumocts Comana L, = 3.83 - 10%3 ape/c

Macca 3emmn Mg = 5.98 - 10%7 2

1 mapcek 3.09 - 10'® cum

198 =1.60-10"'29pr = 1.16 - 10* K
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Puc. 1: Criektpsr 3B€371 ¢ pasnndnoit 3pHeKTUBHOI TeMiepaTypoii. 3amMCTBOBAaHO C caiiTa

Tx. L = 4nR%0T};, o mummua 1gL = 41gT,; + const - ecTh JHHAS TOCTOSHHOTO

paJjmyca.

Nnrepdepomerpuueckue namepenus [32], Bbinosnenubie B mepuos ¢ 1993 1. no 2009
r. Ha Jymne Boyinbl A = 11.15 MKM, mokazaju, 9TO JaMeTp KPACHOTO CBEPXTUTAHTA
Berenbreitze 3a sror nepuon ymenbimics Ha 15 % — em. Puc. 5. Tlpuanna 9Toro ssjiennst

IIOKa He€ IIOHATHAa.

HD 12993
HD 158659
HD 30584
HD 116608
HD 9547
HD 10032
BD 61 0367
HD 28099
HD 70178
HD 23524
SAO 76803
HD 260655
Yale 1755
HD 94028

SAO 81292
HD 13256
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I'maBa 1

Mexanndeckoe paBHOBecue 3Be3]]

3Bezna — nebecroe Teso ¢ M ~ 0.1 — 100 M.

st mByx potonos Fxyi / Frpas ~ 10%°. Ho mo Mepe yBeIMYeHHS MAcChl TeJI POJb
rpaBUTAINNA BO3PACTAET, T.K. TeJIa B IIEJIOM 3JIeKTPOHEHTPaJIbHBI, & OTPHUIATEILHBIX MaCcC
He cyriectByeT. Y HebecHbIX Test ¢ R > 1000 KM CBSI3b YaCTHUIL B €UHOE [IJI0€ TTPOUCXOIUT

BCJICZICTBUU I'PABUTAIIlMOHHOI'O B3&HMO,ZL€EICTBHH — CM. 3a/la1y I.1.

Tabmuna [.1: CpaBaenne xapakTepUCTHK JIEKTPUUECKOIO U I'PABUTAIMOHHOTO TI0JIst

DJIEKTPUTIECKOE I10JIe

['paBuTarmonnoe moJie

Toueunnre 3apA bl

By = 000/1* - (/1)
B =q/r®- (/1)
E=YE;

E=-Vo, o= Z q@'/'f’z’k
i,ik

Fpym = —Gmem/r* - (r/r)
g=—-Gm/r*(r/r)
g=).8i

g=-Voy,p=— Z Gmi/rik
ii£k

Crutonnast cpejia

pg =dq/dV; divE = 4mp,
JE-dS = 4mq
E=-Vey, o= [p,dV/r

p=dm/dV; divg =4nGp
[g-dS =4nGm
g=-Vo, p=—G[pdV/r

U=05[ppdV U=05[ppdV
Ap = —4mp, Ap = 4nGp
em?
G~6.67-107° —.
2-c

Bakon Kysona-Hbiorona
Harmpsizkennoctsb 1moJist
AU TUBHOCTD

ITorenmuanbHocTn

Wcrounuk moJia
Teopema l'aycca
IlorennmaabHOCTH
[Torenmuaibnasa sueprus

Ypasuenue [lyaccona
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I.1 Cdepnuyecku cuMMeTpUYIHOE I10JI€

[Tyctb V' — ofbem wacTu 3Be3jibl BHYTpH HeKoToporo pajuyca r. Torma V = 47r3/3,
dV = 4mr?dr, u 3aKoH coXpaHeHUs MACChl 3AIMIIETC B BUJIE:
dm

gl 47r?p. (I.1)

B ciyuae ojrOpo OO mMapa, Korjga p(r) = const = py,

4
m(T) = _WT?’POa

3

DTO COOTHOIIEHNE HE IIPUMEHUMO K PEAIbHBIM 3BE3/aM B IIEJI0M, OJHAKO OHO CIPABEIJINBO
B MaJIoil OKPECTHOCTH IIEHTPa JTI000H 3Be3JIbI, Te, TAKIM 00pa30M, m o< °.

B nasbreiieM crpodnbie OYKBbBI I 1 M Beerja Oy lyT UCIOJb30BaThCA JIJIst 0003HAYe-
HUS TEKYIIUX 3HAYEHUN pajimyca U Macchl, a JIJIs PRJIUYCa U MacChl 3BE3/IbI B 1IEJIOM MbI
Oy/1eM UCIIOJIB30BATh POIKCHBIE OYKBbI R 1 M.

[lycrs p(r) = m/V = 3m/4mr® — cpejiee 3HaYeHUE IJIOTHOCTH BEHIECTBA 3BE3/IbI
BHYTpHU JlaHHOTO pajmyca. [lo nmpuamnam, CBA3aHHBIM ¢ KOHBEKTHBHON YCTOWYIHMBOCTHIO
(em. TimaBy VIII), BHYTpH 3Be3jpl IWIOTHOCTH He BO3pacraeT Hapyxy, T.e. dp/dr < 0.

Herpyno BueTh, 9TO B TaKOil cCUTyaIun

p(r)=p(r), (L.2)

IpUYeM PaBEHCTBO MMEET MEeCTO JIIb B TOM (HEPeaTHCTHIeCKOM) ciaydae, Korma p (1) =
const. Orcrofia ciiejtyer, 9T0O B 3Be3J1e U CPEJIHsIs JIOTHOCTD p (') He BO3pacTaeT HAPYKY.
HeiicrBuresbro, ¢ yaerom (1.1, 1.2), mveem:

dr A [p(r) = p(r)] <0, (1.3)

dp 3 { 1 dm 3m]
pUYEM PaBEHCTBO UMeET MecTo, ey p(r) = const.

Taxum obpazom:
3m 3M
= D > 0 = —

OTKY/Ia TOJIyYaeTCd HEPaBEHCTBO, KOTOPOE B JIAJILHEHIIIEM MbI Oy/IeM HEOJHOKPATHO UC-

II0JIB30BaTDL. 13
1 1 (M

HanpsizkeHHOCTb TPaBUTAIIMOHHOIO 10/ & — 3TO YCKOPEHUe CBOOOIHOTO A IeHUsT, YUC-
JIEHHO paBHOE CUJIe, JeHCTBYIONIEl Ha TeJI0 eJMHIIHOM Macchl. B cdepudeckn cuMMeTpud-
HOM CJIy4ae BEKTOP g HAIIPABJIEH 110 PaJUyCy K IEHTPY 3BE3/IbI, T.€. 00pasyeT ¢ HOPMAJILIO
K BHEIITHEl moBepxHocTu cdepbl yro 180°, kocunyc KoToporo paser — 1. Tora ucnosb3ys
cepy ¢ paguycoM r < R B KadecTBe MOBEPXHOCTH, Y€Pe3 KOTOPYIO BBIUUC/ISIETCH TOTOK
HalpsizKeHHoCTH, 13 TeopeMbl Laycca (cm. Ta6m.1.1) nomyunm: —4rrig = 4xGm(r), r.e.

Gm

9=-"5" (L5)
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Takum oOpazoM y chepudecKrn CUMMETPUYIHON 3BE3/IbI HAIIPAXKEHHOCTD OIS Ha Pac-
CTOSHUY T OT TEHTPA OIPEJIC/IACTCA BHYTPEHHUMU CJIOIMU U HE 3aBUCUT OT BBIIIEICKAIITIX
obsiacreit. OTCIO/la, B 9aCTHOCTH, CJIE/LyeT, UTO B IEeHTpe 3Be3/bl g = () — pe3yJsibrar oue-
BUJIHBIN U3 COOOPAaXKEHWI CUMMETPHUH, €CJIU TPAKTOBATH ¢ KaK CHJLY, JIEHCTBYIONLYIO HA
IpoOHOE TEJI0 €IMHUYHOM Macchl. K ToMy ke pe3yJsibTaTy MOXKHO IIPUJITH, YIUTbIBas, YTO
BOJIM3H TIEHTPa m o 7

Gm
gO r—0 Tz ) ( )
Ecnu B Teopeme ['aycca B kauecTBe BHeIHel TOBEPXHOCTU BHIOPATH cdepy ¢ r > R, TO
IIOJIYIUM, 9TO HaIIPAXKEHHOCTDb I'DaBUTAIIMOHHOI'O II0JIA 3a IIpeaejiaMKi 3BE€3Abl TaKad 2Ke,

KaK OT TOYKHU ¢ maccord M :
GM

[Tosyunm Terepb BbIpazKeHUe I T'PABUTAIIMOHHOIO TOTEHIUAJIA 3BE3JbI, MOJIarasd,
YTO OH paBeH padoTe 6HEWHUT CHJI TI0 TEPEMEIIEeHNI0 TPOOHOTO Tesa €IMHUYHON MacChl
13 JAHHOI TOYKM IPOCTPAHCTBA Ha OECKOHEYHOCTBh. TaKoe ompejeseHrne O3HAYAET, UTO
[IOTEHIMAl Ha OECKOHEYHOCTH Yo, MBI IIPUHUMAEM pPaBHBIM HYJI0. B cdepudecku cum-
METPUYHOM CJIydae BEKTOp V( UMeeT TOJBKO paJinasbHyio KoMioHenty dy/dr, mosromy
obrriee Bbipazkenue jjist  u3 tabur. [.1 cBopuTes

dyp —Gm/r* mpur<R;
g = gT’ = T 3. = 2 (17)
dr —GM/r* upur>R.
NuTerpupyst 5T0 BhIPAsKEHUE MOJTydaeM st obgact 1 > R :
GM
="
r
a s obsactr 1 < R (em. 3agaqay 1.3):
[a Gm [ Gd
cp(r):—/—TdT:——m—/ T <o (1.8)
r r r

Herpyaao Bujierh, 9ro 3aBUCHMOCTH (1) JJisi BHYTPEHHUX M BHEIIHUX OOJIacTeil IIaBHO
[IePEXo/IAT JIPpYT B Apyra npu r = R.

Yobeaurech caMOCTOSITEILHO, UTO JIJIsI OJTHOPOJIHOIO Iapa obIinee BbIparkeHue JIjsl 10-
TEeHIINaJIa HpI/IHI/IMaeT BU/JI:

GM/2R-(r*/R*—3) mpur < R;
—GM/r upu r > R .

B srom wactHOM cirydae ¢ B eHTpe (110 Mojysi0) B 1.5 pa3a MeHblIIe, YeM Ha HOBEPXHOCTH.
Ucrionb3yst obriee BbIpaykeHue ISk TPABUTAIMOHHON ([TOTEHINAILHO) SHEPIUH 3BE3-
ger w3 tabsrl.1, momyanm (em. Samaay 1.4):

1 1
U:§/pg0dV:§/<pdm:—/Gdem < 0. (1.9)
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[Toceiaee paBEeHCTBO TIOKA3BIBAET, UTO I'PABUTAIINOHAS] SHEPTUsT 3BE3/IbI — 9TO pabora,
KOTOPYIO JIOJIZKHBI COBEPIITUTH BHEIIHUE CUJIbI MPOTHUB CUJI TsiroTerus (3uak "mumyc" ),
9TOOBI PA3pyIIUTh 3BE3/Ly, IIPEBPATUB €€ B 00JIAKO rada OECKOHETHO OOJIBIIOTO pasMepa.
JlelicTBUTEIBHO, €CTM YHHITOXKATH 3BE3/Ly MOCJIEI0BATEILHO Yia/lsds Ha OECKOHETHOCTD
ee TMOBEPXHOCTHBIE chepuieckne 000JI0UKU ¢ Maccoit dm, To paboTa 10 pa3pynieHIio Beei
3Be3JIbI JOJIKHA OBITH paBHa HOCeHeMy Bbipazkeruio B (1.9).

DTO BBIpaKEHNE MOYKHO 3aIMCATh B BHJIE:

1

-GG (B e =G

rje k — Ge3pasMepHoe UHCIIo, BEeJIMYUHA KOTOPOIO OIPENessieTcsi 3aBUCHMOCThIO 1/ R =
f(m/M), T.e. B KOHEUHOM cUeTe pacHpejie/ieHueM IIOTHOCTU p(T) BHYTPHU 3Be3/bl. dyTh
HO3/IHee Mbl YOEIUMCsI, 9TO B IPEJCTABJIAIONINX MHTEpeC ciydasax k ~ 1 u Bcerma > 0.6
(em. Bamaqy 1.9).

I.2 Mexanndyeckoe paBHOBecU€ 3Be3/Ibl

Cwta TATOTeHHsST CTPEMUTCS C2KaTh 3BE3/Ly, & JaBJIEHNE C2KATOTO BENIEeCTBa STOMY IPersaT-
cTByeT. Bajsanc cuyi rpaBuTaluid M JABIECHUS OOECIIEUMBACT MEXaHUIECKOE DPABHOBECHE
3BE3/IbI, 110 CYTHU Jeja, TaK»Ke KakK »KUJIKOCTH B cocyze. [lo 9Toit npudmnHe cOOTBETCTBY-
Olllee YpaBHEHNE HA3BIBAIOT YPaBHEHUEM THIPOCTATHYECKOIO PABHOBECHUSI, U BBIBOINTCS
OHO aHAJIOTTIHBIM 00pPa30M — CM. JIEBYIO MaHes b puc.].1.

Mpbic/IeHHO BBIIEIMM BHYTPU 3Be37bl (HA PACCTOSHUU I OT ee IMEHTPA) IUUIHHJIP C
IO IbI0 ocHOBaHuA d.S u BbICOTOH dr Tak, 4TOOBI €ro ochb OblLIa HallpaBjeHa BIOJIb
paauyca. N3 coobpazkeHuit CMMMETPHH MOXKHO IPE/IIOJIaraTh, 9TO CUJIbI JaBJICHUs, Jeii-
cTBYyIOIIHE Ha OOKOBBIE CTEHKHU IUJIJINH/IPA, B3AUMHO YpaBHOBEIUBAIOT APYT Apyra. Cuia
F,, ¢ KxoTopoit InIMHP TPATATUBACTCA 00TACTBIO 3BE3/IBI, JIeXKallell HUZKe HeTo, PaBHa

P+dP 8

|

dr

| ]

P

Puc. 1.1: K BoiBogy coornommenust 1.12 (jreBasi mamesib) W MUTIOCTPAIHs, MTOSCHSIIOIAN
OPUYXHY T.H. PHIPOCTATHYECKOrO MapaJjoKca (IpaBas MaHesb).



I'maBa I. Mexanmdeckoe paBHOBECHE 3BE3I] 11

pdrdS - g = —pdrdS - Gm/r* (npursaxenue Bblmenexamux objacreil pasuo 0!). Pas-
HOCTb CHJI JIaBJieHUs (BBITAJTKUBAIOINIAs I apXuMeoBa cusa Fy) HalpaBieHa HADYKY
u paaa PdS — (P + dP)dS = —dP dS. Torua Bropoit 3akon Hbrorona st s ipa
MOXKHO 3ammcarhb B Buge: d?r/dt? = F, + F,, oTKyza nosydaem

_ 14 om (L11)

[Ipu pasnosecun d?r/dt* = 0, HosTOMY HCKOMOE ypaBHEHUE I'MJIPOCTATHYECKOTO PaB-
HOBECHAd MMEET BUJI.

dP Gm
=g = —p—— [.12
npudem, corsacao (1.6),
dpP
— =0. [.13
dr J,_, (1.13)

Mozxker mokazarbest, uto npu BbiBoge (1.12) myst cdepudeckn ciMMeTprIHOi 3BE31bI
IpaBUIbHEl ObLIO OBl 3JIeMEHT 00beMa BLIOUPATH HE MUJLIMHIPUIECKON (POPMBI, & B BUJIE
cermenTa I1mapa ¢ ocuoBanueM dS = rdf x rsinf d¢ n nporsaxKeHHocTbIO 110 pajauycy dr,
rje r, 0 u ¢ — chepudeckne KOOPIUHATDI 9JIEMEHTa 00beMa OTHOCUTEIHLHO IEHTPA 3BE3/IbI.
B [2] npuBeieHbl BHIK/IQIKH, IOKA3LIBAIOIIUE, YTO U B 9TOM CJIy9ae IMOJIyIaeTcs COOTHOIIIE-
aue (1.12). Ilo cyTu mesa, oMMHAKOBBIE PE3YJIBTATHI MOIYYAIOTCS IO TON YKe HPUIUHE, 110
KOTOPOII B COOOIIAIOIIUXCS COCY/IaX IUATUHIPUIECKON 1 KOHMYIECKO (DOPMBI JTaBJIeHNE
JKIJIKOCTH Ha JIHO COCY/a OJIMHAKOBO U PABHO pgh, ecjiu He yIuThIBaTH aTMOCchepHOe JTaB-
serne P,. CyTb 9TOro sBjieHus, Ha3bIBAEMOI'O I'UIPOCTATUIECCKIM T1apaJI0KCOM, B TOM, UTO
B IUIJINHJIPUYIECKOM COCYJIE CUJIA JIABJIEHUs YKIJIKOCTU Ha JHO COCYyJla PaBHA ee Becy, a B
PaCIIMPSIIONIEMCs K BEPXY KOHHYECKOM cocy/ie (eM. mpaByto manesb puc. [.1) Menbiie Beca
3a CYET BEPTUKAJLHON KOMIIOHEHTDI JIaBJICHUS OOKOBBIX CTEHOK Ha YKUJKOCTL. [losiezno
TaKKe OTMETUTH, YTO €CJIU B KA9eCTBE 3JIEMEHTAPHOIO 00 beMa BhIOpaTh He chepuiecKuii
cerMent, a cepudeckyio 060/104Ky, To BMecTo (1.12) mosrydnm HeBepHBIA Pe3yIbTaT — CM.
zajgaay 1.5.

Buax munyc B (1.12) mokassiBaer, uro masienue rasa P(r) B 3Be3/¢ MOHOTOHHO yBe-
JIMYNBAETCS ¢ TIIyOMHOI OT HYJIEBOTO 3HAYEHNsI Ha TOBEPXHOCTH

P(R) =0 (1.14)

JI0O HEKOTOPOI'0 MAaKCUMAJILHOTO 3HaYeHUA Py B IEeHTPe, KOMIICHCUPYsT HAPACTAIONINI Bec
BBIIIIE/ICKAIIUX CJIOEB.

[Ipeamosoxkum, 9TO U3 TEX WM UHBIX COOOPAXKEHUI MbI Pa3Je/IMIf 3BE3/ly Ha JIBe
obstactu: BHyTperHo0 obsacth (0 < 7 < Re, 0 < m < M,) Oynem Ha3bIBATH siPOM (110
AHIJIMICKU — core), a Bblmesexkarue cjion (R, <1 < R, M, < m < M) — obosoukoii. 13
(I.12) ¢ yaerom (I.1) mosmyuaem, aro gasienue B ocnoBamnu (bottom) 060I0UKH PABHO:

R M

M
B pGm pGm (dm - Gm
P, = P(R.) = / 3 dr = / o (5) dm = pp— dm. (I.15)

c M, M.




I'maBa I. Mexanmdeckoe paBHOBECHE 3BE3I] 12

[omyamnm orenky Besmauust P,. C yaerom nepasencrsa (1.4) uz (1.15) maxommum:

M

M 4/3 M2 M 2/3 '
Pb>/ Gim (—) dm = 3¢ 1-( ) — prin. (L.16)

drR* \'m 8w R4 M
e
Taxum oOpa3oM, JaBjieHne B OCHOBaHUN OO0JI0UKH He MOXKET ObITh MEHbIIIE HEKOTOPOT'O
MUHUMAJILHOTO 3Havenns P, koropoe 3apucut oT Besuand M., M u R. DToT pesysibrar
Oymer ucnosb3oBan B pazzese XI1.3.2 npu obcyxenunu 1.1, HeycroitunBoctu [1IénGepra-
Yanapacekapa.
BruocsiesictBun Ham TakzkKe MOHAI00UTCA 3aIUCh YCJIOBUS THIPOCTATHICCKOIO PaBHO-
Becus B hopme:
1dP dy
pdr  dr’
KOTOpOe TIojtydaercs: u3 coorHorrerust (1.7).
OrmeTuM, 9TO ecjid 3Be3Jia He sABJsgeTcs chepruiecKn CUMMETPUUHON, TO ypaBHEHUe

(1.17)

JIBUZKEHUsI U THIPOCTATHYECKOIO paBHOBecHsl OyyT UMeTh BuJ [7):

d?r VP VP
— = —— — Vo, — = —Vop.
17 p @ p @
B srom obieM ciiydae BMECTO 3aKOHA COXPAHEHUs] MacChl CJIEAYeT HCIOJIb30BATh ypaBHe-
rne Ilyaccona (cm. TabmI.1):
Ay = 4AnGp.

I.3 Koopaunarbl Jitjepa u Jlarpanka nmpm onucaHumu
CTPYKTYPbI 3Be3/1bl

B mporiecce sBostionun y 3Be37bI MEHSIETCSI Macca, CTPYKTypa W xumudeckuii coctas. C
MATEMATUIECKON TOUKU 3PEHUs 3TO 3HAYUT, UTO KaxKjiasd u3 pusndecknx Bejuydun f, xa-
PAKTEPU3YIONIas CTPOEHUE 3BE3/Ibl, 3ABUCUT HE TOJILKO OT IIPOCTPAHCTBEHHBIX KOOP/IUHAT
I, HO u OT Bpemenu t. BripodeM, moka MbI pacCMaTpuBaeM CHepUIecKr CUMMETPUIHBIE
3Be3JIbI, HAM JIOCTATOYHO OJHOI MPOCTPAHCTBEHHON KoOpaumHAThl 1, Tak 4rto f = f(r,t).
B repMmHax MexaHUKHU CILIOIIHBIX CPEJI TAKOW IMOJIXOJ K OMUCAHUIO CTPYKTYPBI 3BE3IIHI
cJIe/lyeT Ha3bIBaTh METOO0M Diijiepa.

Oj1HaKo 9acTo BMECTO © B KadecTBe HE3aBUCUMOI IepeMeHHoil ObIBaeT yjao0Heil uc-
[OJIb30BATh MACCy M, BEJIMYUHA KOTOPOM (/I PA3HBIX CJIOEB) MEHSIETCsI B MHTEPBAJIE OT
0 1o M,. Ilpu takom nogxozne f = f(m,t). Ciaeayst TepMUHONIONMN MEXaHUKH CILIONTHBIX
cpeJt IepeMeHHYI0 M Oy/IeM Ha3bIBATH JIarPAHYKEBOI KOOPIUHATON, XOTd, KAaK OTMEIEHO B
[7] na cTp.19, Takoe HasBaHUe HE COBCEM KOPPEKTHO.

[Ipu bukcupoBaHHOM ¢ IIEPEXO/T OT SMIEPOBBIX KOOP/IUHAT K JIATPAHKEBBIM OCYIIIECTB-

JIAETCA TPUBUAJIBHO!
OFN _ (9 (9
om/), \or), \om),
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[ToscTaBuB B 9TO COOTHOIIEHHE BMECTO f BEJIMYMHY M U UCIOJB3Yys paBeHcTBO (I.1)
IIOJIyYNM BBIPAXKCHUE JIJId 3aKOHA COXPAHCHUA MACCHI B JIAIPAHZKEBBIX KOODJIMHATAX:

or 1
— ) =—, [.18
<0m) . 4mr?p (118)
YTO MO3BOJISIET MEPEIICATH MCXOIHOE COOTHOIIEHNE B OKOHIATEILHON (hopMe:
0 1 0
ory _ 1 (ory. 110
om ), Amrip \or)/,

B wacrHoctn, 3amenus f nHa P, u3 coorHomenus (1.12) momydaem ypaBHeHHe THIPO-
CTATUYECKOTO PABHOBECHUS B JIArPAHKEBBIX IEPEMEHHDIX:

oP Gm
(8—m>t T 4t (1:20)

[Tosyunm Temeps COOTHOIIEHHE, CBA3bIBaloImlee mpoussonusie (Of/0t), u (Of/0t), .
SaHI/H_HeM OJHO M TO 2Ke€ IIpupallcHue BEJINYIHNHDLI f CHa4YaJIa B SﬁﬂepOBbIX, a 3aTeM B
JlaI'PaH2KEBbIX KOOpJAMHATaX:

o= (Y s () = (%) s (2 am

[TosokuB B 3TOM cooTHOIIeHHMH dm = 0, T.€. IIpUHAB T = CO’I’LSt, IIOJIy9UM HCKOMYIO

CBA3b: 8f - 8f af
(a)m - (a)r v (E); (1.21)

Buecs v = (0r/0t),, — 9T0 CKOPOCTH JBUXKEHUS BHEIIHEH IPAHUIBI 00IACTU C MACCOH M.
OrmerumM, uTO 1pu paciiupenuu obsactu v > 0, a upu cxxkarun v < 0.

Ypasuenue jprxkenns (1.11), HamumcaHHOE HAME B JIATDAHKEBBIX IIEPEMEHHBIX, B Jii-
JIEPOBBIX II€PEMEHHBIX IIPUMET BUJI;:

v ov 1dP  Gm

t

BoiBejieM rerepb napy COOTHOIIEHH, KOTOPbIe HaM [oHa 005 s B Oy ryiem. CHadasa
BeIOepeM B KadecTsBe f Besmaumy m. Ilockonsky (Om/0t), = 0, To ncnosbsosas (1.18)

HOJTY IUM:

m= (8—m) = —4nr?pv. (1.23)
ot ),

Hanmune 3naka "Munyc" B BbIpazKeHHHU /I OTOKA MACCHI 17, 9€pe3 BHEIIHIOI TPAHUILY

00J1aCcTH €CTECTBEHHO: Macca 00JIaCTH YBEJIMYNBAETCS, KOIJIa BEIIECTBO BTEKAET B 00J1aCTh

dYepes ee BHEMHIOW rpanuily (v < 0), n yMeHbIIaeTCst, KOTJia BEIECTBO Yepe3 9Ty TPaHMUILY

JBIKeTCA Hapyxy (v > 0).

Bropoe unrepecyiomiee HAC COOTHOIIEHNE OTHOCUTCS K CUTYAIUsM, B KOTOPBIX U3Me-
HeHue BEIMYMHBI f Ha JaHHOM paJpyce MPOMCXOJUT OYEHb MEIJICHHO, YTO IHMO3BOJIAET
npenebpeus Besnuunoit (0f/0t), B (1.21) no cpaBHeHMIO ¢ APYTUME Y/I€HAME. Y YUTHIBAs
(I.23) B 9TOM Citydae T.H. KBa3UCTAIIMOHAPHO SBOJIIOIUI HMEEM:

(). =-+(%).
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I.4 Teopema BupuaJa

TomHoxKast 06e yacTu ypapHeHHsl rujpocraTudeckoro pasHosecus (1.12) ma 47r® u un-
TErpupysd JIEBYIO 4HacThb IMOJIYYUBIIETOCd PaBEHCTBA 110 YaCTAM IOJYYUM COOTHOIIEHUE,
Ha3bIBaEMOE TEOPEMOil BUpHaJa:

43 P(r) — 3/P Arr?dr = — / GTm dm. (1.25)
0

0

s 3Be3npr B 1esiom, ¢ yaerom P(R) = 0 n Beipaxkenus (1.9) jyis rpaBurarmontoit
sueprun U, Teopema Bupnasa nprobperaeT BUI:

M
P
U=-3 /—dm. (1.26)
p
0

PaccemorpuM 3B€3/1bI, KOTOPBIE COCTOAT U3 MOJTHOCTHIO HOHU30BAHHOI'O UJICAJHLHOTO I'a-
za. B mmase III Oyner mokazano, 4TO TeIIOBasg SHEPrUsl OJIHOIO I'paMMa TaKOTO ras3a
E = 3P/2p, a 3aBucuMoCTb JaBjieHHsi OT IJIOTHOCTH U TeMmIieparypbl 1 OnuchIBaeTCsI
ypaBHenuem Kraitnepona-MemnieneeBa:

pRT
P=—

0
rae i~ 8.31 - 107 apr/2/K — ynusepcasbHas ra3zoBas IOCTOSHHAs, a MOJICKYJISPHbIA Bec
L — BeJIMYUHA, KOTOPas 3aBUCUT OT XUMUYIECKOIO COCTaBa rasa u Jiid 38e3.1 Tuia CoJHia
~ 0.6.

[Moxcrasnsst Boipaxkenune it E B (1.26) mosydnMm, 9To B paccMaTpuBaeMOM Cirydae
TEILIOBast SHEPTUs BCeil 3Be3/bl () U ee IPABUTAIMOHHAs SHEPIUsl IPUMEPHO PABHBI JIPYT

APYTY:

% (1.27)

M
U:—Q/Edm:—QQ, nan Q=—
0

Takum 0O6pa3oM moJHAA SHEPTHUA 3BE3/IbI, COCTOLAIICH U3 UJI€ATHHOI0 MOHM30BaAHHOI'O
rasa,

W=U+Q=U/2 (1.28)

orpunaresbua. C jipyroit croponsl, nojinas sueprust W xostogaoro objraka KOHETHONR Mac-
cbl 1 6€CKOHEYHO OOJIBIIIOr0 pa3Mepa, OYeBUIHO, PABHA HYJIIO, & €C/in 00JIaKO pa3jIeTaeTCHd,
to W > 0 3a cuer kunerndeckoit suaeprun. CjegoBaTe/bHO, YTOOBI IIPEBPATUTD 3BE3/Ty B
00JIaKO pa3JIeTaIoNIerocs ra3a, Hy»KHO J00aBUTh 3Be3je suepruio ne menee | U | /2. Pas-
PYIIUTDH 3BE3/y MOTYT JINOO BHEIIHUE CHUJIbI, HAIIPUMED, IPUJINBHOE BO3JICHCTBIE 3BE3/IbI-
CILyTHUKA, JIN0OO BbIJIeJIeJIEHUE JIOCTATOYHO OOJIBIIIONO KOJIMYECTBA TEPMOSJICPHON SHEPIUT
BHYTPHU CaMO#l 3BE3/IbIL.

Teopema Bupunasa (1.26) m03BoJISIET MOTYYUTH ONEHKY CpeJHel TeMIepaTypbl TAKIX
3Be3]1, mojlaras, uTo pu(m) = const u ucnonbsys Tor dakt, uro —U > 3GM?/5R (cm.
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Bamaqy 1.9):

M
— 1 P w U GMpu
TE—/Tdm —/— = > (1.29)
M p " MR3 7 SRR
0

Cpeansas remneparypa Commna (Mg = 1.99-10% 2, Ry = 6.96 - 1012 cm), nampumep,
nostydaercs > 2-10% K. Ilpu takoii TemuepaType BoJOPO 1 I'eJinii, U3 KOTOPLIX, B OCHOB-
HOM, COCTOAT 3B€3/Ibl, HOHU30BaHbI IPAKTUYECKH IIOJIHOCTBIO, 9YTO, 110 KpaliHell Mepe, He
MIPOTUBOPEYUT BO3MOYKHOCTH MPUMEHATH NCXOHBIE MTPEIOJIOXKEHNS B JIJAHHOM C/Iydae.

[To Toit miu UHON NPUYMHE Y 3BE3JIbI B MPOIECCE IBOJIIOIUN OBIBAIOT ITEPUOBI, KO
MOIIIHOCTb TE€PMOsIJIEPHOTO SHEPrOBLIJICICHNS B €€ IMEeHTPAJIbLHBIX 00/IaCTIX MHOIO MEHb-
II1e CBETUMOCTH 3Be3/Ibl L, T.e. KOJTUYECTBa SHEPIUH, U3JIydaeMOil B €JIMHUILY BPEMEHH C
IIOBEPXHOCTH 3BE3/IbI B OKPYzKalolee MMpocTpancTBO. Ha 3Tux sranax 3Bosionuu moJiHas
sHeprus 38e3/1bI W 10/KHA yMEHBIIATHCS, TTO9TOMY

M M
dWw 1dU d Gm dr G’m Jdr\ G’m
= — = = —dm = d

- = e |
dt —2dt  dt) 2 ), o2 T\ 22
0

(1.30)
13 9TOr0 COOTHOIIEHNUS CJIE/IYET, YTO U3JIyI€HNe SHEPIHN C IOBEPXHOCTH 3BE3/Ibl, HE CKOM-
[EHCUPOBAHHOE BBIJEICHUEM $IJICPHON SHEPIUH, MPHUBOJAUT K H3MEHEHUIO 3aBUCHMOCTI
r = r(m) ¢ TedeHneM BpeMeHH, T.e. K [ePeCTPOiKe CTPYKTYPbI 3BE3JIbl, IPUIEM, B CPe/l-
HEM, 3Be3/ia CKHUMaeTcst, HockomnbKy (dr/dt), < 0.

Takum 06pa3oM, B pacCMaTPUBAEMOil CUTYAIIMN U3JIYyIaeTCsl SHEPIUs, KOTOpasl Bbl/le-
JFETCsT B pe3y/brare paboThl CHil TArorenus npu cxkarnu 3se3ibl. Cormacuo (1.30), mpn
sTOM Besimunia —U Bo3pacTaer, 0JJHAKO U3JIyUeHe YHOCUT TOJIBKO IIOJIOBUHY 3aIacaeMoit
norennuaabaoit sneprun (L dt = —dU/2), a Bropas mI0JIOBUHA HJIET Ha yBEJIUUICHIE Tell-
JIOBOII SHEPrUM 3BE3JIbl, YTO TakK:Ke BUJIHO U3 coorHorrenus (1.27), ecim 3ammcarh ero B
sugie dQ) = —dU/2. [leiicTBuTebHO, B MPOIECCe CXKATHsT BO3PACTACT HE TOJBKO CPEIHSIST
IUIOTHOCTB, HO ¥ CPEJIHsIsS TEMIIEpATypa BEIeCTBa 3BE3/bl — 9TO CJIEAYET U3 TOrO, |TO,
cornmacuo (1.29), T oc —U. Tlomydaercs, 9To Tepss SHEPTHIO, 3B€3/1a HE OXJIAXK/IaeTcs, a
narpesaercs! CToJib HETPUBHAJIBHOE HOBEJICHIE 3BE3/IbI 3aC/Iy KUBaeT O0sIee MoIPOOHOrO
aHaJIM3a, KOTOPBIH MbI OTJIOXKUM J10 pasjeia XI.2.

[ToguepkueM, uro Bupuasbisie coornonenns (1.25), (1.26) me 3aBucar ot ypasHenns
COCTOSIHMS BEIeCTBa 3Be3JIbl, T.e. OT KOHKpeTHOro Buja 3asucumoctu F = FE(p,T) n
P = P(p,T), onHako Bce HOCIE/YIONIE KOMMIeCTBEHHbIE BLIBOJIBI 9TOTO Pa3/ie/ia oIy de-
HBI JIJTA 3B€3J, KOTOPBIE COCTOST U3 MEaIbHOI0 HOHN30BAHHOIO Tasa. Brocsie cTBum Mbl
YBUJIMM, 9TO €CJIN PACCMATPHUBATH BEIECTBO C JAPYIUM YPaBHEHUEM COCTOSHUSA, TO B 6OJIb-
[IKHCTBE CJIy4aeB I0JIydeHHble COOTHOIIEHNST U3MEHSITCS TOJIBKO KOJIMIeCTBEHHO, OJTHAKO
B PsiJIe BaXKHBIX CJIyIaeB HEKOTOPBIE BBIBOJBI MOI'YT KAU€CTBEHHO M3MEHUTCSI: HAIIPHMED,
U3JIyIEHIe C HOBEPXHOCTHU OeJIbIX KAPJIMKOB 1 HEHTPOHHBIX 3BE3]1 IPUBOJUT He K HAIDEBY,
a OXJIAZK/ICHUIO BHYTPEHHUX 00JIacTell STHX 0ObEKTOB.
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I.5 BpemenHble MIKaJjibl OCHOBHBIX IPOIECCOB B 3Be3JIe

Mexanuteckoe paBHOBECHE 3Be3/IbI — PE3Y/ILTAT Oajanca CUJl TATOTEHUS U JIaBJIEHUs Be-
IIIECTBA, C’KATOI'O BECOM BbIIIEIeKaImX cj10eB. Cujia TAroTeHns B KaxKJIOH TOUYKE MOYKET
ObITH HalleHa, eCJIN U3BECTHA 3aBUCUMOCTD p(T), HO YTOOBI ONPEJIETUTD JIaBJIeHNe B JIaH-
HO# TOYKe KpOoMe IJIOTHOCTH HYKHO 3HATH TaKyKe TeMIEePaTypy W XUMHUIECKUH COCTaB
BemecTBa. ['pa/ineHT TeMIrepaTyphbl BHYTPU 3Be3/IbI 00ECIIeUnBAET MEPEHOC TeIlia OT 00-
Jlee TOpAYuX CJIoeB K 0oJjiee XOJIOJIHBIM ¥, B KOHEYHOM HTOIEe, K ITOBEPXHOCTHU 3BE3/IbI:
[I03/IHEe MBI YBUJIUM, 9TO IOTOK TEILIa IIPOIOPIIMOHAJIEH IPAJIMEHTY TEMIIEpaTyphl, a KO-
3P bUIUEHT TPOIOPIMOHAIBLHOCTH — CJI0KHasA PYyHKIUSA p, T 1 XUMUIECKOIO COCTaBa ra3a.
B cBoto o1epesib, TOTOK TerIa BHYTPU 3BE3/IbI I CBETUMOCTD Ha €€ TIOBEPXHOCTH JTOJIZKHBI
COTJIACOBATHLCA C MOIMHOCTHIO MCTOYHUKOB SHEPrOBBIJICIEHNS BHYTPU 3BE3JbI — pabOThI
FPABUTAIIMOHHON CUJIBI U TEPMOSJIEPHBIX PeaKIuil, MHTEHCUBHOCTD MIPOTEKAHUS KOTOPHIX
TaKzKe 3aBUCUT OT ILJIOTHOCTH, TeMIIepaTyPhl 1 XUMUYECKOI'O COCTaBa BeIecTBa. |

Ecnu y 3Be3/bl HeT OJIM3KOIO CIIyTHUKA, TO U3MEHEHHE €€ BHYTPEHHEIrO CTPOEHUs C
TedeHNeM BPEMEHHU, B KOHEYHOM CYeTe, MPOUCXOJUT WM3-3a TOrO, UTO 3BE3Ja W3JIydaeT
SHEPTHIO B OKPY2KAToIee MPOCTPAHCTBO. Ha 3BOIIONUIO CTPYKTYPBI 3BE3/IbI TAKKE CKa3bl-
BaeTCs M3MEHEHNE XUMUYIECKOTO COCTAaBA BEIIECTBA, 00OYC/IOBIEHHOE TEPMOSIECPHBIMEI Pe-
AKIUSAMHU, TIepeMellInBaHueM B KOHBEKTUBHBIX 30HAX U IporieccoM auddys3un B 001aCTsIX,
rjie KouBekimu Her. Hakoner, BecbMa BazKHYIO POJIb UI'PAET YMEHbBIIIEHIE MAaCChl 3BE3/IbI
B TIPOIECCE IBOJIIOINN, BBI3BAHHOE HMCTEUYEHNEM BEIEeCTBA BHEITHUX CJIOEB B OKPYIKA0-
Imee IPOCTPAHCTBO, MMPUYEM CKOPOCTh IMOTEPU MaCChI M =dM /dt mensiercs ¢ TedeHnem
BPEMEHN B 3aBUCUMOCTH OT U3MEHEHWs MHTEIPAJIbHBIX ITapaMeTPOB 3BE3bl, BKJIIOTAST X~
MUYECKUIl cOCTaB Ha MOBEPXHOCTH.

Taxkum 0OpazoM, CTPOEHUE U SBOJIIONUS 3BE3JIbI OIIPEJIEISIOTCS PSIJIOM IIPOIECCOB, TVIAB-
HbIE U3 KOTOPBIX — COXpaHEHNe MEXaHNIeCKOTO PABHOBECHS 3Be3JIbl, IEPEHOC TeIlla B ee
BHYTPEHHHUX CJIOSIX, PACXOJI 3aIlaCOB SIJEPHOrO TOILINBA U M3MEHEHWe MAacChl. BayKHbIH u
BeCbMa TMOJIE3HBIN apaMeTp KayK/IOTO MPOTEecca — XapaKTePHOe BPeMsI ero MPOTeKAHUs.
B uacrHocTH, cpaBHeHrne XapaKTepHBIX BPEMEH Pa3HBIX ITPOIECCOB C MPOJIOIKUTETHHO-
CTBIO TOT'O WJIM WHOTO SIBJICHUS B KU3HU 3BE3JIbl YACTO MO3BOJISIET IMOHATL €r0 MPUINHY
n duznveckyo cymnHocTh. Ceif1ac MbI MMOJIYIUM OIEHKY XapaKTEePHOTO BPEMEHU IIPOTe-
KaHUsI TJIABHBIX JIJIsT 3BE3JIbI MIPOIECCOB, HAYaB C MPOIECCa YCTAHOBJICHUS MEXaHUIECKOTO
PaABHOBECHS.

Ecin BHe3amno ucuesner rpajMeHT JiaBJieHusi, BHEITHIEe 00JIaCTH 3BE3/Ibl HAYHYT CBO-
Gomno najarh (free fall) x ee nenrpy ¢ yckopenuem g = GM/R?. Yro6bl npoiitn paccTo-
siHUe TOPs/iKa R BHEIMHUM CJI0SM HEOOXOMMO BpeMsi

, 2R [2RS [ 3
" g VaMm  \2rGp
rje p — CpeaHdd IJIOTHOCTH 3BE3/bI.

[To Mmepe czkaTus 3Be3/IbI YCKOPEHME CBOOOIHOTO Ma/IeHNsI Ha ITOBEPXHOCTHU OyJIeT yBe-
JIMYUBATLCA, II09TOMY IOJIyUeHHOE COOTHOIIEHHE 3aBblaeT Beaunauny trp. OgHaKO ecTe-

1 T17151 IOJTHOTBI KAPTHHBI MOYKHO OTMETHTH, YTO BpAIEHNE 3B€3/Ibl U €¢ MATHUTHOE HO0JIE TAKKE MOTYT
OBITH BECbMa BaXKHBI, 0COOEHHO Ha, 3aKJIIOUNTE/IbHBIX 9TallaX BOJIOIIN MACCUBHBIX 3BE3J1, OJHAKO ceifuac
MBI 9TH (PaKTOPBI pacCMaTpUBATh He OymaeM.



I'maBa I. Mexanmdeckoe paBHOBECHE 3BE3I] 17

CTBEHHO OKUJIATh, UTO 3HAYUTEIbHA JIOJIA OOIIEro BPeMEeH! CXKATHUS HPHUIETCS Ha Hep-
BOHAYAJIBHBII PA3TOH BEIIECTBA, KOTOPBIN JTOI7KEH HEIIOXO OMUCHIBATHCA (POPMYJIOi paB-
HOYCKOPEHHOT'O JIBUKEHIs. TaK OHO U €CTh: TOYHBIH pacueT BPeMeHU tyf JaeT 3HAUCHHE
(1.47), ormanoe ot naedi onenku Beero wa 30 % (em. 3agaqy 1.10).

K ornenke Bpemenu ycTaHOBJIEHUsI T'HJIPOCTATUYECKOIO PABHOBECHUS MOYKHO ITOJONTH
¢ Jpyroit cTopoHbl. MaJible BO3MYIIEHHUS JTaBJIEHUs] PACHPOCTPAHSIOTCS B BEIIECTBE CO
CKOpOCTHhIO 3ByKa V. 1loaTroMmy eciim paBHOBecHOe paciipejiesieHe JaBJIeHU B 3BE3€e 110
KaKoii-1nb0 Ipu4uHe HapyIIUTCs, TO YTOOBI €r0 BOCCTaHOBUTL HOTPEOyeTca BpeMd lpyq,
3a KOTOpPOE 3BYKOBasl BOJIHA IIPOfiJeT paccrosHue ~ R, ciaegoBaresbHo th,g ~ R/Vi. B
cJlydae T0JIHOCThIO HOHU30BAHHOIO MJIEAJILHOTO Ta3a |7|:

5P\ /5RT\V?
v,=(22) = (2%
° 3p 31
C yuerom Beipaxkenus (1.29) quist cpejiHeii TemiiepaTypbl BHYTDH 3Be3JIbl, COCTOSIIIEH 13
TaKOI'o Fa3a, HOﬂyqaeM:

o (_BUNT  (5GM\ 9R® \ '/ 27 \"?

s R — ~ _ = t ~ o m— = —_—
oM OR e\ BGM 20rGp

Boipazkenua jjid typ U tpyq IPAKTUYECKU COBIAJIAIOT U3-3a TOrO, YTO I'DaBUTAI[MOH-
Has U TeIJIOBas SHEPrus 3Be3/bl MMEIOT MPUMEPHO OJUHAKOBYIO abCOIIOTHYIO BEJIUYUUHY
(Ho pasmble 3HakN). Bripeib xapakTepHoe BpeMsl YCTAHOBJICHUST THIPOCTATHIECKOTO PaB-
HOBeCUsI MBI OyJIeM HA3bIBATb I'MJIPOJNHAMUYECKUM BPEMEHEM U HCIIOJIb30BATH JIJId HErO

OICHKY
bt ~ (1.31)
hyd ~ \/G—, . .
p

B kadecTBe OlleHKH BpeMeHH, XapKTePU3YIOIIEro IIPOIECC IepEeHoca Telia B 3Be3/le
(TertoBoe BpeMst), TIPUMEM BEJIUNIUHY

%7
KOTOpas MOKA3BIBAET 38 KaKOe BPEMs BBICBETHUTCS BECH 3aIlaC TEIIOBOI SHEPTUN 3BE3/IbI.
B ciygae 3Be371, KOTOpBIE COCTOAT U3 UIEAJTBHOTO ra3a, () ~ —U, mo3ToMYy JIJTst HIX MOXKHO
Hamucarh: Ly, ~ GM?/RL.

Bpewmsi, 3a KOTOpOE MCUEPIBIBAIOTCS 3AIIACHI SJIEPHOTO TOILIUBA Lyye, MOKHO OIEHUTD
u3 ciaeyomux coobpazkenuii. O603HATNM Yepe3 ¢ SHePruto (KOJIMIECTBO TEIJIOTHI), KO-
TOpas BBIJEIAETCST B MPOIECce TpeBpalleHns: OJHOro rpamMma saemerTa A B sjement B
— aHAJIOT YJIeJIbHOW TEIIOTHI CTOPAHUsT XUMUIECKOTO TormBa. [lycts ¢ — 1o/ Macch

tth ~ (132)

3B€3bl, B KOTOpOﬁ Ha pacCMaTpuBacMOM 3Talle 9BOJIIOIUU ITPOUCXO/IUT AJCPpHad PEaK-
JRR50%E A — B. TOF,H& T.H. dA€pHOE BPpEMA, XapaKTEPU3yrouiee 1MpoJoJI2zKUTE/IbHOCTb 9TOI'O

3Tala,
qCM
Fre ~ (1.33)
L
OTrmeTnM, 9TO, 110 CYTH JIeJIa, BETUIUHBI Ty, U . ONPEIENISIOTCI U3 COOTHOIIEHMI, aHa-
JIOTHYIHBIX OIEHKE BPEMEHHU, 3a KOTOPOe OIlycTeeT OacceilH m3BeCTHOro oObeMa, eCinu U3
HEro €XKEeCEeKyH/IHO BBLIUBAETCS L JIMTPOB BOJIBI.
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AnanornaabiM o6pa3oM (3arac, JeJeHHbI Ha eKeCeKYHJIHBIH PacXojl) eCTECTBEHHO
ONPEJIEIUTh ¥ XapaKTEPHOE BPEMsl U3MEHEHUsT MacChl 3BE3/Ibl, 00YCIOBIEHHOE 3BE3/HBIM
BerpoM (wind):

th—..

B kauecrBe mpumepa oreHHM XapaKTepHble BpeMmeHa st CoJiHIa Ha CTa U TJIABHOM
[IOCJIEI0BATEILHOCTH, T.€. B TOT IIEPUOJI, KOIJIA €I0 CBETUMOCTD II0/IJIEP:KUBAETCs IIPEBPa-
meHueM Bojiopoja B reqmit. Ha srom srane Lo &~ 4 - 103 spr/c, M ~ 1074 M, /rox,
¢ ~ 0.1. Yuarem Takzke, uro corsacio Tabmu. V.2, g _pme ~ 8- 10'® spr/z. Coorsercreento
MeeM:

thya ~ 30 MumH, tin ~ 3-107 JIeT, toue ~ 1010 er, tw ~ 101 jer.

Taxmm obpaszom jya ComHIa B HEMOM thyg K tip K tpye < . B mambmeiimem
MBI YO€JIUMCs, 9TO €CJIU PacCMaTPHUBATDL JIIOOYIO 3Be3/y KaK €JIUHOE IIeJI0e, TO BCerja
thya < tin, @ Ty, MOKET OBITH KAK MHOT'O MEHBIIE t,,,., TAK U CPDABHIMO C HUM.

DTO 3HAYUT, YTO BHYTPEHHEE CTPOCHHE 3BE3/I OIIPE/IE/IAETCs, TUIABHBIM 00Pa30M, YCJI0-
BUEM THIPOCTATHIECKOM PaBHOBECHsI, U CBOMCTBA 3BE3J B IIEPBOM IPUOJIMKEHIN MOYKHO
MOHATH 0€3 aHanu3a UX TEPMUYECKON CTPYKTYPhI U UCTOYHUKOB SHEPrOBBIIC/ICHUA.

VY 3Be3/1 ¢ Maccoit OJIM3KOI K COJTHETHOH Ha IJVIABHOM IIOCJIEI0BATEILHOCTH Ty > thye,
HO CTQHOBUTCA ~ tp4e, KOTJIA OHU MPEBPAIAIOTCSA B KPACHBIX TMIAHTOB, & Y MACCUBHBIX
3Be3, Beeraa t,, ~ tnue. VIHBIME cJIOBaMU, U3MEHEHUE MacChl UI'DAET BayKHYIO POJIb JIJIst
3Be31 Mox0KuX Ha COJIHIIE TOJIBKO B KOHIIE MX *KU3HEHHOI'O IIyTH, a JIJIT MACCUBHBIX 3BE3/T
noTepsl MacChl BazKHa Ha BCEX CTA/IUAX IBOJIIOIUU.

Hakonen, u3 ycnosud tpyg << ty, MOXKHO CJleJIaTh BBIBOJL O TOM, YTO €CIH B 3BE3-
Jie BO3HUKAIOT MaJible OTKJIOHEHUS OT T'UJPOCTATUYECKOI0 PABHOBECHUS, TO MOCHE/IYIONTYIO
[IEPECTPONKY CTPYKTYPBI 3BE3/IbI MOXKHO B IIEPBOM IIPUOJIMKEHUH PACCMaTPpUBATHL O€3 ye-
Ta U3MEHEHUsI TeIIoBoro OaJsianca. MHbiMu ciioBaMu, MaJjible BOZMYIIEHUST MEXaHUIECKO
CTPYKTYPBI MOKHO B TIEPBOM IPHUOJIMZKEHUN PACCMATPUBATD KaK anabaTudIecKue.

1.6 Ilokazarenab ajimadaThl 7y

B T'mae III 6ymer paccMoTpen BOIPOC O TEPMOJIMHAMHYCCKHX CBOWCTBAaX BEINECTBa, U3
KOTOPOTO COCTOAT 3Be3/1bl. Ho erre 10 9T0ro HaMm MpUIeTcs NCIOIb30BaTh T.H. TIOKA3ATEeTh
anmnabaThl 7Y, KOTOPBI XapaKTepu3yeT CBOMCTBA BEIIECTBA TP aInadaTHIECKOM ITPOTIECCe,
[IO9TOMY MBI BKPATIIE HAIIOMHUM, YTO 9TO 3a rnapamerp. [ljist IpocToThl B 9TOM pa3jieie Mbl
Oy/eM 10JIaraTh, 9TO XUMUYIECKHII COCTAB BEIIECTBA, XapaKTEPU3YEMbIHl OTHOCUTEILHBIM
COJIepKaHleM PAa3UIHBIX 3JIEMEHTOB X, BCerjia OJMHAKOB.

Kak m3BecTHO, ajmabaTndecKuM HA3BIBAETCs MPOIECC, B XOJ/I€ KOTOPOIO HE MEHSIeT-
cst sHTponUs S paccMmarpuBaeMoii cucremsl, T.e. S(t) = const. B xome sroro mporecca
JIaBJIEHUE ¥ IJIOTHOCTH BEIIECTBA CBA3AHBI COOTHOIIEHUEM:

Pi) _ [e®)]"

—~ = |—%| wwm P =Ky, tne Ky = Fy/p} = const, (1.34)
Ry Po
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B KOTOPOM BEJIMYMHA 7 HA3bIBAETCs MTOKa3aTeseM ajuabarhbl: deM GOJIbIe 9Ta BeJTHIIHA,
TeM ObICTpeli pacTer (Maaer) JaBjeHne NPy yBeJndeHnn (YMEeHBIIeHNH) TIOTHOCTH.

PaccmorpuM mpocreiimuii cirydail, Korja MOXKHO CIHTATb, YTO BHYTDEHHSSA SHEPIHS
OJIHOTO I'paMMa BerecTBa F crpemuTes K nysmo npu p — 0, a y = const. Torma u3 BToporo
3aKOHA TEPMOJIMHAMUKH, 3aIMCAHHOTO /I | TpaMMa BeIecTBa, MMeeM:

1
TdS=0=dE+Pd(=~]),
p

OTKY/la IIOJIydaeM:

E = P 5pr/T. (1.35)
(v="1p
HOCKOHbe yﬂeﬂbHaH TEeIlJI0Bad SHepFI/IH — BEJIMYUHAQ HOHO}I{I/ITeﬂbHaﬂ, N3 9TOT0 Bpra)Ke—
HUS cJlejlyeT, 4To Hac OyjleT HHTepecoBaTh JIMIIbL CIydail, Koraa 7y > 1.
IIycTh v - cpeinuii 1o 3Be3jie MoKasaTeab auabaThl, T.e. IIOCTOAHHAd BeJndnHa. B
STOM IIPOCTEIIeM ciIydae TeopeMa BUPUasa IPUMET BIJL:

M

U= -3(y— 1)/Edm = —-3(y-1)Q. (1.36)

Hanpumep, jis nossocthio nonnsoBarnoro rasza v = 5/3 (em. Dimasy I11), mostomy y
3BE3]I, KOTOPhIE COCTOSIT U3 TAKOI'O BEIECTBa, JOJXKHO BBIIOJHIATHCA yeaopue: U = —2(0),
T.C.

Q=-U/2. (1.37)

I.7 HeobxomuMoe ycjioBue yCTOMYMBOCTH 3BE3/]

Paccmorpum 3Be31y, KOTOpast HAXOAUTCA B COCTOAHUM T'MIPOCTATUYCCKOTO PABHOBECUS U
[IPEJIIOIOKKUM, YTO BEIECTBO, U3 KOTOPOI'O OHA COCTOUT, XapaKTEPU3YeTCsd MOCTOSTHHBIM
nokasaresieM ajauabaTel y. Byjer jim Takoe paBHOBecue ycroitumsbiM? [Ipu kakux yciio-
BUSIX MaJible BO3MYIIEHUsI CTPYKTYPbI 3BE€3/Ibl, BOBHUKINUE 110 TO¥ WM WHON IPUIHUHE,
HPHUBELYT K HEOOPATUMOMY HApYIIEHHIO MEXaHUIeCKOro pasHoBecus! Boobme rosops,
BOIIPOC TOT SBJISETCA BECbMa CJIOKHBIM, OJIHAKO OJHO BEChbMa 00IIee HeOOXOIMMOE YCIIO-
BUE YCTOWYUBOCTU MOXKHO TIOJIYYUTh JIOBOJIBLHO IIPOCTO.

Jluist oncanust CTPYKTYPbI 3BE3/1bl KCIOJIB3YEM Ho/X0 1 JIarpanzxKa, B paMKax KOTOPOI'o
TeKyIIe 3HAYeHUsl pajuyca r, IJIOTHOCTU ra3a p U ero JapjeHue P paccMaTpuBaroTCst
kak dynkmun Maccel m (0 < m < M). JInsg ucxoqHoro cocTosnus 3Be3asl 1 = 7¢(m),
p = pe(m) u P = P.(m), nie WHIEKC € TOIIePKUBAET TO 0OCTOSATENBCTBO, UTO 3BE3/IA
HAXOJIUTCS B MEXaHUIeCKOM paBHOBecuu (1o aHrmiicku equilibrium).

[TpeioioKuM, 9T0 B UCXOJHON CTPYKTYpe 3Be3/bl 10 TOH WM WHOW IpUYNHE BO3-
HUKJI T.H. TOMOJIOTHYECKIE BO3MYIIEHHUsI, T.€. 3B€3/la PACIIMPUIACH (I CKAJIACH) TaK,
YTO PaJIMyC KazKJION ee TOUKHU YBeJnInicsa (YMEHBIIUIICs) B OJMHAKOBOI CTEleHN:

r(m) =&re(m), tme &(m) = const. (1.38)
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I[OHO.HHI/ITG.HBHO IPEAIIOJIOZKHUM, 9TO 3TU BOSMYUICHUA ABJIAIOTCA a,ZLI/Ia68JTI/I“IeCKI/IMI/I, T.C.
paclIinpeHre njan CzKaTue 3Be31AbI IIPOUCXOJUT TaK, ITO

P(m) = P,(m) - | 2

pe(m) (1.39)

PaccmorpuM Terepb COBOKYITHOCTH TOMOJIOTUYHBIX T'a30BBIX IIAPOB, KaXKIbIi U3 KOTO-
PBIX XapakTepusyercs mapaMerpoMm & > (), U BbISICHUM, KaK B 3aBUCUMOCTH OT BEJIMIHMHBI
& Oy/IyT MEHATBCS CUJIbI, KOTOPbIE 00ECIIEINBAIOT MEXaHUIECKOEe PABHOBECHE 3BE3JIbI.

N3 3akoHa cOXpaHeHUsT MACChI CJIEJLYEeT, YTO IIPU TOMOJIOTUYHOM U3MEHEHHH Pa3MepPOB
KazKJIOTO CJIOS 3BE3/bI IVIOTHOCTD B KayKJIOH TOUKe JIO/ZKHA M3MEHUThCd B £ pas, T.e.

p(m) = M (1.40)

&3
i i dr./dm =1/4 2
HeiicTBuresnbro, s ucxonnoit koudurypanun umeeM dr./dm = 1/4wp.r:, a 171 BO3My-

HICHHOI:
dr 1 dr. 1 1 & 1
Sam =2 It o, Ty
dm & dmrgp pe  &p

oTkyna u cieayer coornomenue (1.40).
Torna uz (1.39) u (1.40) caenyer, aro

dm 4dmrp

Fpa,ZLI/IeHT IL&BJIGHI/IH, T.€. BbITAJIKUBAIOIIIAAd (apXHMeILOBa) CuJ1a Fa, ﬂeﬁCTByIOH[aH Ha
1 Cl\/13 BGH.[GCTB&, N3MEHUTHCA B BOSMymGHHOfI 3BE3/1€ II0 CpaBHeHI/HO C HCXOILHOfI B f3’y+1
pa3:

dP 1 dP, 1 (dP\ _ F¢
Fa = g — ST’Y dr — 5374»1 E = 5374»1 . (142)

€

C 1pyToii CTOPOHEI, CHJIa IPUTzKeHns 1 cM® BerecTBa HUKEICKAIIIMHI CIOAMI Fyrav
NOJIZKHA N3MEHHTLCA B £° pas, MOCKOIBKY

pGm 1 p.Gm g, .

I grav — — —

(1.43)

IlepBonadasbHO 3Be3/1a HAXOAUIACH B MeXaHH4eCKoM paBHoBecuu (Fy/Fyq, = 1), HO
[OCJIE TOMOJIOTUYIECKOTO PACIIUPEHUs (CoKATHS )

Fy

— 2 1.44
P 3 (I.44)

Eciu v > 4/3, To nokaszaresib CTelneHn B NpaBoii gactu 1oro coorHomenus < 0.
CrieioBaTe/IbHO TP pacimpenun 38e3/61 (£ > 1) cuia TaroTeHust craHeT 0OJIbINe apXu-
Me,[LOBOI“/I7 9TO 3aCTaBUT 3B€3;Ly CXKUMATbCA, T.€. BO3BPpalllaTbCAd K I/ICXO,HHOMy (paBHOBeC—
HOMY) COCTOsIHUIO, a npu cxKatuu (£ < 1) apxumesoBa cuia, HA0OOPOT, CTaHET OOJIbIIe
CHJIBI TATOTEHUSI, W 3Be3/a OyIeT BbIHY2KICHA PACIIUPUTHCS, T.€. OISTh-TAKH, BEPHETCS K
HCXOJJHOMY HEBO3MYIIEHHOMY COCTOSIHUIO.



I'maBa I. Mexanmdeckoe paBHOBECHE 3BE3I] 21

Ecmu v < 4/3, 10 aHasormydHble paccyKJIeHUs MOKA3bIBAIOT, YTO OasaHc cui Oymier
TaKOB, YTO IEPBOHAYAIBLHOE pACIIUPEHUE WA CKaTue OYIYT NPOIOJIKATHCHA, T.€. 3BE3-
Jia ere OoJibiiie OYJEeT OTKJIOHATCHA OT MCXOJIHO, paBHOBecHO# KoHdurypamuu. Takum
00pa3oM MbI MOKA3aJIM, YTO JIJIs YCTOMIUBOCTH MEXAHUIECKOIO PABHOBECHS 3BE3/IbI HEOO-
XOJIUMO, 9TOOBI yIIPYTOCTD BEIIECTBA, U3 KOTOPOI'O OHA COCTOUT, ObLIA JTOCTATOYHO BEJIUKA.
KOJII/I“IGCTBGHBIM BbIpazKeHHNeM HeO6XOILI/IMOI‘O ycioBud yCTOfI‘H/IBOCTI/I ABJIAETCA HEPpaBCH-
CTBO:

v > 4/3. (.45)

[ToguepkHeM, 9TO 9TO YCIOBUE YCTOMIHMBOCTU SIBJISIETCS HEOOXOIUMBIM, HO OTHIOJAb HE
JIOCTATOYHBIM, ITOCKOJIBKY MBI PACCMATPUBAJINA YCTONINBOCTD JIUIIH OTHOCUTEHLHO OTHOTO,
CIIENUAJIBHOTIO THUIA BO3MYIEHU (a1abaTnIecKu-roMOJIONIIHbIX ).

[Ipu BBIBOJIE KPUTEPHSA HEYCTOWIMBOCTHU IIPEIIIOIATAIOCH, YTO BEJIUINHA Y OJINHAKOBA
BO BCeX 00/1aCTdAX 3Be3Jibl. B peasibHOil cuTyalmu 3Be3/1a TepsieT YCTOWIMBOCTD, KOTJa Y
CTAHOBUTCA < 4/ 3 B obstactu ¢ Maccoit 6osee 10-20 % M,. VIMeHHO 9TO 06CTOSATEIHCTBO
[IPUBOJIAT K THOEJIN JIOCTATOYHO MACCUBHBIX 3Be3/1 1 (peHOMEeHy CBepXHOBBIX. [lo31HEeEe MBI
06CyIMM TIPUYUHBL, BCJIEICTBAE KOTOPBIX 7y MOXKeT craTh < 4/3.
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Sagaan
3apgaua I.1. Onennre, 1pu Kakux pasmepax HEOECHBIX TeJT IPABUTAINSA 3aMETHBIM 00pa-
30M BJIMAET Ha UX BHYTPEHHEE CTOCHUE.

3apaua 1.2. Oupejiesinre MAaKCUMAJILHYIO BBICOTY A TOp Ha IUIAHETAX, & TAKKe OTHO-
menne h/R, tae R — paauyc mwianersl. Caurarh, 9TO IJIAHETA HE BPAIAETCST BOKPYT OCH.

Bamadva 1.3. [Momyunre coornomenue (1.8):

M
Gm Gdm

plr) = - - [ 22,

3amaua 1.4. [Tokaxxkure, 94TO
M M
Gm
L= | edn=-2 | —dm,
r
0 0
T.e. JIOKaXKUTe CIPABEJINBOCTD OJHOTO M3 PaBeHCTB B cooTHomennn (1.9).

3amaua 1.5. [lokaxkure, 94TO €cjm MPU BBIBOJIE YPaBHEHUS TI'MJIPOCTATUYECKOTO paB-
HOBECHs B KAYECTBE 3jeMeHTa 00beMa BhIOpaTh chepruiecKyio 060JI09KY, TO COOTHOIICHUE
(I.12) momyuants He ypacres. [Touemy?

3amaua 1.6. [lokazaTnh, 4To
3GM?* 3Gm?
8rR* 8mrd

Yrasanue: ¢ momompio coornomrennii (1.1), (1.12) u (1.2) onpegesmTs 3naK TPOU3BOI-
noit bynkuuu f = P + 3Gm?/8rr?.

P(r) > (1.46)

Bamaua 1.7. Ilpumem, uTo cpeqnHee 3HadUeHHe JaBjieHusi P, 3eMHOI aTMocdepbl Ha
ypoBHe Mopst paBHO hy = 760 MM pryrHOro crosiba, pajauyc 3emiaun Rg = 6400 kM, a
IIOTHOCTH PTYTH prry ~ 13.6 2/cm®. Onennre maccy 3eMuOl aTMocdepsr.

Bagadga 1.8. Vcnonbays coornomienue (1.16) HaiiTi HUKHUIT npe/est 1aBJICHUST B TI€H-
tpe Comumna Fj.

Bamaua 1.9. Vcnonssys vHepasencrso (1.4) mokasars, 1ro
3G M?

U<
SR

Banaua 1.10. ITokazaTs, 9T0 Bpems ¢ sy, 38 KOTOPOE COXKMETCA 3B€3/1a, ecin " BBIKIIO-
9uTh" TPOTUBOMENHCTBYIONIEE TPABUTAIINN JTABJIEHNE,

3T
trp = ”32—Gﬁ (1.47)
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riae p=3M/ 47 R? — cpeqHAs IJIOTHOCTD BEIIECTBA 3BE3IHL.

Bamaga I.11. Iloxyunts neobxomumoe yeimosue ycroiiansocru (1.45) 3 smeprernde-
CKUX COOOparKeHHil.

3a,z;at1a 1.12. HOKaBaTb, 9TO IIpU I'OMOJIOTUYIHOM C2KaTHUW WUJIX PACIINPEHUUN 3BE3JIbI
OTHOCHUTECJIbHaA CKOPOCTb U3MEHCHUA PaJuyCa OJMHAKOBa JIJIf BCEX CJIOEB, T.€.

; = const(m). (1.48)

3amaua 1.13. [lokazaTb, 4TO IPU NOMOJIOTUYHOM CYKATUU WUJIM PACITUPEHUN 3BE3JIbI,
NPU YCAOBUU COTPANEHUA 2UIPOCTNAMUYECKO20 PAGHOBECUA, OTHOCUTEIHLHBIE CKODOCTH H3-
MEeHEHUs IUIOTHOCTH U JIABJIEHUS OJMHAKOBBI BO BCEX CJIOAX U CBA3AHBI COOTHOIIEHUEM:

p P 7

BpZE: r’

nJIn

(1.49)

geliacE
ol
> I
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IloauTpornbie 3Be3 bl

Ha jgaHHBIN MOMEHT JIJIst OIIMCAHUS CTPYKTYDPBI 3BE37IbI MbI MMeeM J1Ba jnddepeHnaib-
HBIX YPaBHEHHUs, BBIPAYKAIOIINX 3aKOH coxpaHeHusi Macchl (1.1) u ycioBue rugpocraTmde-
ckoro pasaoBecus (1.12), myist Tpex HemssecTHbIX (yHKIMi pajguyca: P(r), p(r) u m(r).
CrezioBaTe/IbHO, CHCTEMa He 3aMKHYTa U PENIUTH TOCTABJICHHYIO 33/1ady IT0Ka HEBO3MOXK-
HO.

ononurenbable ypaBHEHUST, KOTOPBIE TIO3BOJIAT 3aMKHYTh CUCTEMY, OY/IyT BBIBE/ICHBI
B nocJieytonux riasax. OJHAKO JKeJATeJbHO yiKe cefiuac MOIyduTh MpeIBapuTeTbHOe
KOJIMYECTBEHHOE IIPEJICTABIEHNE O BHYTPEHHEM CTPOEHHUH ¥ XapaKTepe SBOJIIONUH 3BE3/I.
DTO MOXKHO CJIeJIaTh, MOCKOJIBKY B pazjese 1.5 Mbl OPUILIA K BBIBOJLY, YTO OCHOBA Cy-
IIECTBOBAHUS 3BE3/bI — IUJIPOCTATUIECKH PABHOBECHAS CTPYKTYPa C COOTBETCTBYIONIM
pacupezeserneM P(r), p(r) u m(r). IlosroMy Ha BpeMst MbI OTJIOZKHM PACCMOTPEHHE Tell-
JIOBBIX ITPOTIECCOB M 3aMKHEM CHCTEMY yDAaBHEHUIl, BBEJisi HEKOTOPYIO MOJIEJBHYIO 3aBUCH-
MocTh P(p), 9T0 TO3BOJIAT CJIeIaTh 3a/[ady KOPPEKTHON ¢ TOYKM 3PEHHsI MATEMATHKY.

Brepsbie Takoil mosxos ObLIT IPEJIOXKEH elie Bo BTOpoii mosoBune XIX Beka B pa-
6orax JIsua (J. Lane), nopaa Kenpsuna (W.Thomson), Purrepa (A.Ritter) n Dwmuena
(R.Emden), xorjia npakTudecKu HHYEro He OBLIO U3BECTHO 00 MCTOMHUKAX SHEPIHH, Me-
XaHWU3Me [epeHOca TeIIa U CBOCTBAX BEIECTBA 3BE3J — HCTOPUIECKU ACIEeKT TI0POOHO
ommcan B Kuure Yanmpacekapa [12|. B pamkax sToro mojxona peasbHas 3aBHCHMOCTH
P = P(p) Bosb pajimyca 3Be3/Ibl alliPOKCUMUPYETCst cTereHHoi dyHKIweit. VIHbIME ¢10-
BaMU MBI OyJIeM IPEIOIAraTh, ITo

1
P(r) = K-[p(r)]"™™ wm log P=(1+ =) logp+ const. (IL.1)
n

ECJII/I BEJIMIUHY K BBIPa3UTL 4Yepe3 IJIOTHOCTL U JaBJICHHE B IIEHTPE 3BE3/Ibl
—(1+1
K = Pyp, "™, (11.2)

TO IOJIUTPOIIHYIO 3aBUCUMOCTH MOZKHO 3alluCaThb B BU/IE:

P 1+1/n
- (ﬁ) . (IL3)
P Po

[lokazaresib creneHn n TPUHATO HA3bIBATH WHJEKCOM IIOJIMTPOINBI, & 3aBUCUMOCTH
(I1.1) — nosmrpornHoit, niau npocro nosurponoit. Kak suguo w3 Puc.Il.1, mosmrpona ¢ un-

24
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JIEKCOM 1 &% 2.5 HEIUIOXO alllIPOKCHMUPYET PeasibHyIo 3aBuUCcHMOCTh P(p) B cirydae CorH-
na. Eme pas ykaykeMm, 9T0 pedb HJET O TOM, KaK CBsSI3aHbl U3MEHEHWs BeJuduH P u p
6doav paduyca 36e30b, — HUKAKKUX JIOIOJHATEILHBIX IIPEIIOI0KEHN O TePMOINHAMITIE-
CKHX CBOMCTBaxX BEIECTBa, XapaKTepU3yeMbIX, B YaCTHOCTH, IIOKa3aTejeM ajauadarhl, He
siestaercs!

Puc. I1.1: Annpokcumarus ucrunnoit 3asucumoctu P(p) mis CosHia (IIyHKTHPHAS JIH-
mnst) 3akonoM (II.1) ¢ n ~ 2.5 (crurommas jmunsg). TpeyroJbHIKOM OTMEUeHA TOUKA, B

kotopoit m = 0.99 Mg, r = 0.80 R,

Ecin nepermcars (11.1) B Buze:

p= (= : (I1.4)

TO CTAHOBUTCS sICHO, UTO IIpn —1 < n < 0, IJIOTHOCTH ra3a B 3Be3Je JI0JKHA BO3PACTATh
OT IIEHTPa K KPalo, YTO BJIOJIb BCEll 3BE3/1bI HEBO3MOYKHO U3-38 BOSHUKHOBEHUSA KOHBEKITHHI
— cm. IimaBy VIIL Coydgait n < —1 Tak:Ke He IMPeJICTAB/IIET WHTEpPeca B (DU3NKE 3BE3/I.
B uacraoctu, ecsin 3Be31a cocrouT u3 "oObraHOro" raz’a, MOMIMHSIIONIErOCH YPABHEHUIO
Kuaitnepona-Mengieneesa, (cm. Imasy III), To npu n < —1 memneparypa raza T, mpo-
HOPIHOHATBHAsT OTHOIIEHNIO P/p, Gyner Bo3pacTaTh OT MEHTPa K KParo, 9TO HUKOI/IA He
peayim3yercst BHYTPH BCell 3BE3/bI, XOTsI MPU HAJTUIUN WHTEHCHBHOTO HEHTPUHHOIO U3JTy-
YeHUsI TAKOe BO3MOXKHO B HEKOTOPOil ee JacTu.

[To sTuMm mpuumnHam B JaJbHefilieM Mbl Oy/JeM PacCMATPUBATDL JIMIND TOJUTPOITHBIE
3Be3/Ibl ¢ UHJIEKCOM 1 > (), y KOTOPBIX Ha BHEIIHEH IpaHuIle 3Be3/Ibl B HOJIb 00PAIaeTcst
He TOJILKO JIaBJICHUE, HO U IJIOTHOCTD, T.€.

p(R) = 0. (IL5)

U3 onpenenennst (I1.1) caeayer, aro ¢ popmanbHOIT TOUKH 3peHUsT HHJIEKC MOJATPOIIbI
He MozKeT ObITh pasabIM Hy 0. Ho u3 (I11.4) BugHO, uro ciyyaii n = 0 cooTBETCTBYET CUTY-
aluu, KOrjla N3MeHeHNe JTaBJIeHNs B BEIIECTBE He IPUBOJINT K M3MEHEHHIO €ro IJIOTHOCTH.
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Uubivu cioBamu, cirydait n = 0 onucbiBaeT HECKUMAEMYIO XKUJIKOCTh: p(1) = po = const,
rjie po — IEeHTPATbHAs [IJIOTHOCTb.

[onaras p(r) = const moxkno npounrterpupoBath ypasuenus (I.1), (.12) u maiitn,
qTo

4 2
m, = gﬂporg, P(r) = By — g?TGpO’FQ. (I1.6)

B zakmouenne srtoro pasziena oOpaTUM BHUMaHWE Ha clefyforiee. B mpempliyTieit
IJIaBe MBI YK€ CTaJKHBAJUCh CO CTENEHHOU 3aBUCHMOCTBIO MEKIY JaBJIEHHEM U TLIOT-
HOCTBIO, KOTJIa TOBOPUJIN O IOKazareyn ajuadarsl . KakoBa cBa3b MeXKy v U HOKa3a-
resieM 1 + 1/n? Crporo roBopst, HUKAKOi#l CBI3U HET: [TOKA3ATeIb alrnadaThl ONUCHIBAET
B3aUMOCBA3b P 1 p 6 npouecce auabaTUIeCKOro CXKATUs WJIM PACIHIUPEHUs BEIIeCTBa,
T.e. XapaKTepu3yeT ero cBoicrBa (OJMHAKOBBIE B 3Be3Jie U B JaOOPATOPHBIX YCIOBHSIX),
a MOKA3aTeJIb MMOJIUTPOIBI — ITaPAMETD, XapaKTepU3yolmnil, KaK CBI3aHbI pacnpedesetus
BesiauH P U p BIOJIb pajinyca 3Be3/bl. TeM He MeHee, BO3MOXKHA CUTYallusi, KOTJIa BeJIH-
quHbl Y U 1 + 1/n paBHBL IPYT APYyTY, XOTS U XapaKTepU3YIOT Pa3HbIE CYIIHOCTH — 9TO
caydail 3Be3/1, y KOTOPBIX BJIOJIb PAJNyCca IMOCTOSTHHBI XUMUYECKHUI COCTaB W SHTPOIIHS.

Y100BI TOHATH TO, BCIOMHUM, UTO SHTPOINUS, KaK W JaBJIEHNE BEIIECTBA ABJISIOTCS
dbyuxImsivMu Temiiepatypsl T, IIIOTHOCTH p U xuMudeckoro coctaBa X, 1.e. S = S(T, p, X)
u P = P(T,p,X). Uckimouyast T u3 9Tux 3aBUCHMOCTEIl KaK MapaMeTp MOJIYUIHM, YTO
P = P(p,S,X). B agnabaruaeckom mporecce, T.e. npu S = const (M Ipu HEM3MEHHOM
XHUMCOCTaBE), 3TO MO3BOJISIET MOJyInTh 3aBucuMocThb (1.34) Mexky HavaJbHBIM (UHIIEKC
0) 1 KoHeuHbIM (MIIEKC 1) COCTOSHUEM BEIecTBA:

n (Y

Py Po

Tenepb PaccMOTPUM HOJUTPOIHYIO 3BE3y, B KOTOPOH 3aBUCHMOCTb P OT p BIOJIb

paJiyca 3Be3/[bl OIUCLIBAETCS COOTHOIIEHUEM
Pl o1 1+1/n

Fy Po
rie rerepb uHjeKe ) OTHOCUTBCS K IEHTPY 3Be3/bl, a 1 — K TOUKe, yJaJIeHHON OT IEeHTPa
Ha paccroguue 7. e MBICIEHHO TIePEeHeCTH, CKAaYKeM, OJIMH TPaMM BeIIeCTBa U3 IEHTPa
B TOYKY 7', B KOTOPOil Takue e 3HadeHuss S u X, KaK B HEHTPE, TO 06a COOTHONIECHUS
JIOJIZKHBI JIABATH OJIMHAKOBBII PE3YJIBTAT, HO JIJIS 9TOI0 HeoOXoaumo, 91ober v = 1+ 1/n.
CoorsercrBenHo ecim S u X IOCTOSTHHBI BJIOJIb BCefi 3B€3/bl, TO BeJmuuHbl v u 1 + 1/n
OyLyT paBHBI BO BCEX TOYKAX — YTO U TPeGOBAIOCH J0Ka3aTh. 1lo3/Hee Mbl yBUIAUM, 9TO
B cirydae GeJIbIX KapJIMKOB U 3Be3J HUKHEl 4acTu IJIaBHOI [0C/Ie/[0BATEIbHOCTH YCIOBUS
S(r) = const u X (r) = const BBIIOJHAIOTCSA C JOCTATOYHO BBICOKOH TOYHOCTHIO, UTO O3~
BOJIAET aIlllIPOKCUMHUPOBATb CTPYKTYPY 9TUX O6T>€KTOB C IIOMOIIBIO TE€OPUU ITOJIUTPOITHBIX
3Be3/I.
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II.1 IHaTerpajibHble COOTHOIIEHUS JJid IOJUTPONHBIX
3Be3/1.

B srom pasgesie OyayT 1moJIydeHbl siBHbIE BbIPAYKEHUsI JIJIsi SHEPIUU [TOJTUTPOIHBIX 3BE3/I.
Haunem ¢ rpasuranmonnoii suepruu U, = U(n). B mepByto o4epeib paccMOTPUM TAPHI

C MOCTOSIHHOM IIJIOTHOCTBIO, YTO cOOTBeTcTBYyeT ciydato n = (. Vcnosib3yst mepsoe u3
pasencts (I1.6) npounrerpupyem coorromenue (1.9) u moayanm (em. 3amaay 11.1):
3G M?
Uy=— . I1.7
,= -2 (17

Tentepy paccmoTpuM nosmuTporiabie mapsl ¢ 1 > 0. JIuddepennupyst coorHolenue

(I1.1) naxoswm:
P =Kn+1)-d(p”/")=(n+1)-d (5). (I1.8)
p p
Torna m3 ypaBHeHHs] T'MAPOCTATHYECKOIO paBHOBecHd, samucannoro B ¢dopme (1.17), ¢
yaerom ycsosus (I1.5) m npunsaroit HopMupoBKH ToTeHermata ¢(oo) = 0, ciaeyer, 9To
HOTEHIMA I'PABUTAIIMOHHOTO [I0JIS BHYTPH IIOJUTPOIHON 3B€3/bI MOKHO IPEJICTABATH B

BHJIC:

GM P(r)
on(r) = ——— —(n+1) : (IL.9)
R p(r)
C nomorpio (1.26) u (I1.9) 510 BRIpazkeHue MpeodbpaszyeTcsi B COOTHOIIEHUE
T GM?
1 n+1
Un—ﬁ/godm——QRjL 5 U,,

0
KOTOpOE TIpejicTaB/isieT coboil anredbpanydeckoe ypasuenus s U,. Pemus ero mosy4aem:

3 GM?

U, = —
5—n R

(11.10)

JIrobombiTHO, uTO hopMyJIa Jaer npaBmiIbHbIT oTBeT — Bhipaxkenue (11.7), u korma n = 0,
XOTsl BBIBOJIMJIACH OHA IIPH yCJI0BUH, 4TO N > (.

Cornacuo (1.9), U nomk#o 661Th < 0, MOTOMY U3 MOJIYIEHHOIO BBIPAYKEHUS CJIEJYeT,
YTO IOJIMTPOIHBIE IAPHI ¢ 1 > D He IPEJICTaBJILAET JIJIs HAaC nHTepeca. B ciemyiomnem pas-
JleJie Mbl YBHJIUM, YTO HOJUTPOIHBIN IIap ¢ n = 5 uMeeT OECKOHEYHO OOJIBINOI pajuyc,
HO KOHEYHYIO Maccy u KoHeuHoe (orpuriaresnbHoe!) suadenne U (cm. 3amaay 11.4), ciaeno-
BaTEJILHO, JJId TMOJUTPOIHBIX 3B€3/] UMEET CMbIC/I paccMarpusarh unrepsai 0 < n < 5.

C nomortpio Teopembl Bupuasa (1.36) mosydaercs cieyroriee BbIpazKeHHe JJist TEILIo-
BOIl SHEPI'UU MOJUTPOIHON 3Be3/bI (cM. 3asady 11.5):

M 1 GM?
QE/O Edm:(v_l)@_n) = (IL.11)

B unTepecytomem Hac ciaydae n < 5 sta popmysta gaet i () MOJI0KuTe/IbHbIe 3HATEHUSI,
ITOCKOJIbKY, KaK ObLIO OoTMedeHO B pasiese 1.6, mokazaresab aanadaThbl BEIIECTBA 3BE3IbI
yAOBJIETBOPSET YCJIOBUIO ¥ > 1.
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[Tonmag sHeprus MOJUTPOITHON 3BE3/IbI:

(4-3y) GM?
(v=DG-n) R

W=U+Q= (IL.12)

/13 1m0J1y9eHHOr0 BBIPAsKEHUS CJICIAYeT, 9TO JIJIs IPeICTAB/ISIONUX NHTEPeC UHICKCOB I10-
murponbl (n < 5) 3Be3na Gy/ieT IpaBUTAMOHHO cBsi3aHHOI (ycimoBue W < 0); ecin BbI-
HOJIHAETCsT HeOOXOMMO€e YCJIOBUe yCToiauBocTu: y > 4/3.

I1.2 CrpyKTypa HOJUTPOIHBLIX 3BE3/1

PaccmoTpuM Temneph 3a/1atdy 0 CTPYKTYPe HMOJUTPOIHBIX 3Be3/l, MMes BBULY, 9To 0 < n <
5. s ee perieHnst MBI IMeeM CJIEJTYIONIYIO CUCTEMY YpPaBHEHUIL:

P — Klerl/n
P = —pGm/r? (I1.13)
m’' = 4nrip

C yuerom (I1.8) u3 ByX 1EPBBIX ypaBHEHUI CHCTEMBI MOYKHO OJIYIUTh:

Kn+1)r* d

G T (p/™) = —m. (I1.14)

Ecim npoauddepenimposarh 06e 4acTu 3TOr0 paBeHCTBA U BMECTO M’ I0JCTaBUThH
[paByio 9acTh Tperhero ypashenus cucrembl (11.13), To momyuanm mauddepennumanbroe
ypaBHEHUE BTOPOrO MOPSIKA:

Kn+1) d [ ,d yny |

Permrenne sroro ypaBnenus, T.e. 3aBHCUMOCTD p = p(T), MOZKHO HaliTH 3a/1aB 3HAYCHUS
p u dp/dr B menTpe 3Be3/b! (HaYATIbHBIC YCIOBUS):

d
P = Po, d—f =0 upu r=0. (I1.16)

Bropoe nagasnbioe ycmosue ciemyer u3 coornomenust (11.8):

dp _ n _1yp 4P

= — — I1.17
dr  K(n+1) P dr ( )

¢ yaerom pasencrsa (1.13).

Hamomuum, uro npu n > 0 BHemrHeil rpanuiieil 3Be3/Ibl sBjgeTcd TOYka r = R, B
KOTOPOIl IJIOTHOCTH Ta3a CTAHOBUTCs paBHOi Hyso — cM. yeaosue (I11.5). CiemoBarenbHo
uarerpuposarh ypastaerne (I11.15) Hy:KHO BIUIOTH J10 3HaUeHus 1, upu Kotopom p(r) = 0.
WHbiMu cjioBaMu, pajidyc 3BE3/IbI OLPEJIEIAETCA B PE3YJIbTaTe WHTEIPUPOBAHKS.
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[Tocsie Toro kKak Haiijena yHKIWs p(r) 32aBUCHMOCTD M(1") MOKHO OIPEJIEUTh JHOO
[IyTeM WHTErpUPOBAHUsI TPEThero ypapHeHust ncxouoi cucremst (11.13), 6o ¢ momorpio
coornomenus (I1.14), nepernucas ero B BuJe:

_K(”JF 1)r? 1/n—1 dp
nG P dr’

Bropoii crtocob ropasz;io mpoiiie, MOCKOJIbKY B IIPOIECCe UHTEIPUPOBAHUS YPaBHEHUS (H.15)
BBIYUCISACTCA HE TOJBKO (DYHKIINA p(r), HO W €€ NPOU3BO/IHALA, YTO MO3BOJACT HEIIOCPE/I-
CTBEHHO HAXOIUTh m(r). Takum obpasoM, moTHAs Macca 3Be3/bl, KaK U €€ PAJIyC, Olpe-
JleJIgeTcs OCjIe 3aBepIICHd NHTEIPUPOBAHUI.

[Ipu dbukcupoBaHHOM 7 peleHne ypaBHEHU (11.15) 3aBUCUT OT JIBYX CBOOOJIHBIX IIa-
pametpoB: pp u K. CiemoBarebHO, YTOOBI IPU JAHHOM HHEKCE MOJIMTPOIBI TOCTPOUTH
MOJIe/Tb 3BE3/IbI ¢ MHTEPECYIONMMU Hac 3HadeHUuAMU pajmyca R m maccesl M Heobxou-
MO MHOT'OKPATHO IIPOMHTEIPUPOBATL YpaBHEHUEC (H.15) C Pa3HBIMU 3HAYEHUAMU py U K,
[TOCTEIIEHHO TOJ0UPas HY>KHbI€ BEJIMIUHBI STUX IaPaMETPOB.

O1HAaKO MOYKHO 3HAYUTE/IHLHO YIIPOCTUTH PEHIeHNEe 33249l O HAXOXKICHUU CTPYKTYPhI
3BE3/Ibl 338/IAHHON MACChl U PAJIMYCa ITPU (PUKCUPOBAHHOM MHJIEKCE TOJTUTPOINDI. [lj1s 9T0T0O
cJIeJTyeT UCI0JIb30BaTh Oe3pa3MepHble epeMeHHble § 1 &, KOTOpbIe MbI BBEJIEM C IIOMOIIBIO
COOTHOIIEHUI

1/n 1/2
_ (P r (n+1) K (1—n)/2n
9 it — ) I1.19

(po) € ro’ e o { 4G Po ( )

(I1.18)

m =

Torna u3 ypasuenusi (11.15), ommceiBatorero 3aBucuMoctb p = p(r), MOJyduM JIJIst
dbyukuun 0(§) muddepennuansroe ypasuenue JIsna-Dmena:

1 d Qde) 2
— — — | +60" =0, i " +=0"+0" =0 I1.20
£ d¢ ( d¢ § (11.20)
C HAYaJILHLIMU yCJIOBUAMMU:
0 =1, 3—2 =0 pu £=0. (I1.21)

HepBoe 13 HadaJIbHbIX yCJIOBI/Iﬁ HEIIOCPEJACTBEHHO BbITEKACT U3 OIIpEJAE/ICHUA IIEePEMEH-
HOI 0, a BTOPOE II0JIYyHJa€eTCd U3 COOTHOIIECHUA

@ _ o ap
d¢  npy dr’

C y94eTOM paBeHCTBa HyJI0 Besmansbl dp/dr B rieHTpe 3Be37p1, T.e. ipu 7 = £ = 0.
Hauasbubie yesosus (11.21) garor BosamoxKHOCTH niponaTerpupoBarh ypasuerue (11.20)
or Touku & = 0 10 & = &,, e &, — 3uadenue &, onpejiesgeMoe B IIPOIECCe UHTErPUPO-
Banus, ipu koropom 0(&) = 0. Tem cambim MbI onpejiesinm 3aBucumocts 0 = 0(&). Enun-
CTBEHHBIM TIAPAMETPOM yPABHEHUsT B 9TOM CJIyUae SABJISIETCA WHIEKC TOJTUTPOIBI 1, U JIJIsT
pazimumbix ero suadennii pemmenue (I11.21) 6pw10 mosytdeno eme B XIX Beke.
Eciu BBectu "6e3paszmepmyio maccy" 2 ¢ MOMOIIBIO COOTHOIIEHUST

m(r) = z(§) - mo, mg = 4ar po, (I1.22)
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To u3 ypasaenust (I1.18) mosryamm mpocToil aJropuT™ ee BbIYUC/IEHUs:

dé
z=—£—. (11.23)

dg
OjuH pa3 pacccauTaB I MPEJICTABIISIIONIMX UHTEpeC 3HadeHuii n 3apucumoctu (&)
u z(&) MoxkHO ¢ omorbio mpeobpazosanuii (11.19) maiitu coorBercrBenubie "pazmepHbie”
dbyukuun p(r) u m(r). Ecim usBecTHBI pajiyc u Macca MOJUTPOITHON 3BE3/Ibl, TO HEOOX0-
JIUMBIE JIJTsT TIepeXojia K Pa3MEepPHBIM ITePEMEHHBIM 3HAYeHUd pg U K MOYKHO OIpee/nTh,

BBIPA3WB UX U3 COOTHOIIEHMI:

(n+1) KT 1
- . 11.24

R:gn-[

3/2
M = 2 dr {L“)K } =m0

I1.2
47TG p(] ) ( 5)

rje &, U 2, — 3HAYEHUs BeJIMINH { U 2 HA BHEIIHEH rpaHulle 3Be3/(bl COOTBETCTBEHHO.
Takum obpazom, mepexoJ; K 0e3pasMepHbIM IEePEeMEHHBIM CAea 3a/ady U3ydeHust
CTPYKTYPBI HOJIMTPOITHBIX 3BE3/1 rOpas3 1o 60Jj1ee MpOoCTOoil 10 CPAaBHEHHIO C UCIIOJIb30BAHUEM
"pasmepubix" mepemenubix u ypasuenus (11.15).
[Ipu n > 0 ypaBuenune JIsna-Dmjiena umeer aHaJIUTUYECKUE PEIIEHUs, YIOBJIETBOPSI-
fonue HadaabHbIM yeaoBuaMm (11.21), korga n = 1 nim n = 5.
Ecau n=1, To
sin &
g Y

nostomy 6 = 0 ipu & = 7, OTKy/1a CJIeJyer, 9T0 U 2 = 7.

3 1/2 gz 3/2
05 = (3+§2) , oz = \/§<3+§2) . (I1.27)

CiiesioBaTe/IbHO, MOJIMTPOIIA ¢ UHIEKCOM 1 = 5 uMeer Geckonevnbiii pajuyc (05 = 0 upu
¢ = & = o0), Ho Komeunyio mMaccy 25 = z(00) = /3, T.e.

2 9K3?
M5 = \/j i (I1.28)
T G3/2p,

[Ipu npyrux n ypasuenue (11.20) unrerpupyercst anciento. Yrobbr n36exKaTh CUHTY-
ssipaoctu nipu € = 0, uuTErpupoBaTh HaUMHAIOT He ¢ (), & ¢ HEKOTOPOI'0 MAJIOI0 3HAYEHUST
&, yaurbiBasg, aro npu { < 1 cupaseymBo passoxenue (cm. 3ajaqy 11.6):

2 4
n§
O~1— >+ — — ..
6 * 120
CTpyKTypa MOJUTPOIHBIX 3Be3]T IIPU PA3HbIX 3HAUEHUAX N moKaszaHa Ha Puc. [1.2. OT-

METHM, 9TO MOCKOJIBKY 10 OCH abCIMCC 9TOT0 PUCYHKA OTJIOXKEHO oTHoIteHue /R, orob-
pasuTh HA HEM CTPYKTYPY 3BE3JbI C N = 5 HeJIb3sd, 100 B 9TOM ciiydae R = 0o.

0 —

z=s8in& — £cosé, (I1.26)

Ecau n=5, To

(11.29)
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p/p.
1
n=0
I n=15
05
[ n=3
- n=4
| I |
0 0.5 1 0 0.5 1
r/R r/R

Puc. I1.2: CtpykTypa HOJIMTPOIHBIX 3BE3/I ¢ PA3HBIMU 3HAYEHUSIMU N.

Uckimouas K u3 coornormenuii (11.24), (I11.25) mosyanm Beipazkenne Jyist HEHTPaIbHOM
IUIOTHOCTH 3BE3JIBL p 9€Pe3 ee MacCy U Pauyc:

g oM _ g .
po—g'ng'l)a (I1.30)
rJie p — CpejiHssl III0THOCTH 3Be3bl. OrHorerue p/pg npusegero B tabsuie I1.1. 113 tab-
JHIBL 1 IpaBoii manesn Puc.I1.2 BujHO, 9T0 10 Mepe yBeIrmdeHus 1 pacTeT KOHIEHTPAITHST
MAacChl K IEHTPY 3Be3J1a.
Ecin nozncrasuts Boipazkenue (I1.2) B coornomenns (11.24), (I1.25), a 3arem nckio-
YUTh U3 HUX o, TO IIOJIYIUM BBbIDazKeHHe [JIs JIABICHHs B IEHTPE 3BE3/IbI:

&n GM?
dr(n+1)22 R*

Py = (I1.31)

Dopmyiia, 0JHAKO, HE PaboTaeT IIPH N = 5, HOCKOJIbKY &5 U R OECKOHEYHO BenKH, B

pe3ysbTaTe Yero BO3HUKAET HEOLPEIeJICHHOCTh Buja 0o /oo. Ho Beipasus K u3 (11.28) u
6/5

noxcrasus B coornomenne Py = K pb/® Moo momyaurs ansrepaarnsiyio GopMyiy:

1/3
pn=5 _ (L) M2/3 43

B zaxutiouenue sroro pasesa ormeruM, uro u3 coornorrenus (11.24) cienyer, aro mpu
n = 1 pajuyc HOJUTPOITHOI'O IIapa He 3aBUCUT OT IEHTPAJILHOI IJIOTHOCTH pg, XOTS Macca
zaBucuT. A ipu n = 3 cuTyarusa oOpaTHas: PAJINyC 3BE3Jbl 3aBUCAT OT Py, & Macca He

3aBUCUT U paBHa
4 K\ /2 K\ /2
My = =2 (-) ~ 4.56 (E) . (11.32)
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Tabuma I1.1: TlapaMeTpbl TOJUTPOIHBIX MOJIEIEiH
n gn Zn, ﬁ/pO fn
0 | 2451490 1.00 2.88

1.0(3.14 | 3.14 | 3.18-1071 | 4.29
1.51]3.65|2.71 | 1.67-107" | 4.86

2.0 |4.35]241|8.77-1072 | 5.39

3.0(6.90|2.02|1.85-1072 | 6.39

4.0 (15.0 | 1.80 | 1.61-1073 | 7.39

5.0 oo | 1.73 0.00 8.65

I1.3 DBouaronus IeHTPAJIBHBIX 00JIacTeil MOJUTPONHBIX
3Be3/]

Pacemorpum 3Be3/ibl, eHTpaIbHbIE 00JIACTH KOTOPBIX COCTOST U3 ra3a ¢ YPABHEHUEM CO-
crogaaug Knaiinepona-Memnjeneesa:

_ pRT
o

P

Y

rje R — T.H. yHUBepcaJbHas ra30Basl MOCTOSTHHASL, & [ — MOJIEKYJISIPHBIN Bec rasa (1moapob-
nee cM. [masy III).
B stom ciyuae u3 (11.2) cremyer, aro:
. 9%jﬁO —1/n

K , 11.33
1 Po ( )

a u3 coornomenuii (11.24), (I1.25) nosyaaercs cie/yioniee BbIpaykeHne JJist IEHTPATHHON
TeMIIepaTYPBI 3BE3/Ibl Yepe3 ee Maccy U Pajuyc:

_Mo & GM
R n+1)z, R

T, (I1.34)

B uacrHOoCTH, ojicTaBss napamerpbl Costaia it n = 3 u g ~ 0.6 (em. ¢rp.50) 10-
JIyYUM T0® ~ 1.2-107 K, uro Becero na 30 % MeHbIIIe 3HAUCHUA, HOJIyYEHHOIO U3 YUCICHHBIX
pacdeToB.

OTmeTrM, 9TO eC/iM 3aMEeHWTh B yPaBHEHHH IuIpocTaTmydeckoro pasaobecust (1.12)
dP/dr na Py/R, a pGm/r? na py GM/R?, to moxno nosyuurs coornommenue (11.34) 6e3
MHOYKHUTEJICH, 3aBUCIHUX OT N. *

'B ompeeseHHOM CMBICJIE TaKOe COBIAJIEHHE MOYKHO Ha3BaTh CIAYVUAMHEIM, O UeM OyIeT CKa3aHO B
KOHIIE 9TOl riaBbl. Bes crpykrypubix koaddurmentos coornomenue (11.34) cBomuTcs K yTBEpKIEHUIO,
aro Ty o« M/R, koTopoe, HaupuMep, He II03BOJISET MOHATDH, II0YEMYy Y KPACHBIX MTAHTOB € Maccoil 1
M TemmepaTypa B IEHTPe Ha TOPSIOK Bbimre, dyeM y CoOJHIA, XOTd WX PAIAyC Ha TOPSIOK OOJIbIre
COJIHEYHOI'O, W, Ka3aJI0Ch OblI, COOTHOIIEHNE MEXK]y UX IEeHTPAJBHBIMU TEMIIEPATYPAMH JIOJI?KHO OBITH
[IPOTUBOITOJIOZKHBIM.
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Uckmouass R u3 coornomennit (11.30) n (I1.34) maxommm, 9r0 1t 3Be3/bl JAHHOM
MAaCChl U3MEHEHHE TEeMIICPATYPDI U IJIOTHOCTH B IIEHTPE CBA3AHBI COOTHOIICHIEM:
1/3
(4m)*G

1/3 i3 (M 203
Ty=—2 — M?3 ~3.10° — 11.35
0 %fn MO pO pO M@ Y ( )

2/3
rae f, = (n+1) zn/ — MHOXKHTE/Ib, BEJITYMHA KOTOPOro, Kak BUJAHO n3 Tadsuinl 1.1,
MeHsieTcsd Bcero B 2 paza npu 1 < n < 5. Jljng qucienHoii onenku npuudarto f, = 6.2,
Mo = 0.6.

10

lg T

0 3 6
lg p.

Puc. I1.3: Iamenenne napaMeTpoB B IEHTPE IMOJUTPOITHBIX HEBBIPOZKIEHHBIX 3BE3]1 pA3HOI
Macchl. TpeyrojibHIKOM TOKa3aHbl apaMeTpbl B rieHTpe CoJtHIla, COOTBETCTBYIOIIUE T.H.
CTaH/IaPTHOI MOJIEIN.

I1.4 W3orepMmuveckue miapbl 13 UAeaJbHOTO ra3a

PaccMoTpuM map, COCTOAIIMI U3 ra3a ¢ ypaBHEHHEM COCTOSTHUS
pRT
o

(moppobuee cm. pazzen 111.3). [Ipeanosoxkum, aro remmeparypa 1T’ 1 MOJIEKYJISIPHBIA BEC
raza ft He MeHI0TCS BJI0JIb pajmyca. /laBjienne u mI0THOCTD BJOJIb PAJIIyCca TAKOTo Iapa,
KOTOPBIH MBI JIJIsT KPATKOCTH OyJIeM Ha3bIBATH N30TEPMUUICCKUM, CBI3aHbI COOTHOIIICHUEM:

P (I1.36)

T
P =Kp, K= RT = const, (I1.37)
i
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970 (HOPMAIBLHO COOTBETCTBYET IIOJUTPOIIE ¢ UHIIEKCOM N = 00 — cM. onpenesenne (11.1).

Mpr1 yzke oT™Medasid, YTO P 7. > 5 MOJUTPOITHBIE IAPhl KMEIOT OECKOHETHO OOJIBITYIO
Maccy, T.e. OHH HE MOT'YT OBbIThb MOJIEJISIMU PeAJbHBIX 3Be3j. [losroMy cTpyKTypy mn3o-
TEPMUYECKOr'0 IIapa MMeeT CMBICJI PAcCMATPUBATHL JIUIIb B CiIydae, KOIja Ha KAKOM-TO
PACCTOSTHUM OT IEHTPA K IOBEPXHOCTH Iapa IPUJIOXKEHO BHelHee japienue P, o0y-
CJIOBJIEHHOE OKpYyKalolei cpejioii. Takas curyarusi BO3HUKAET IIPU POXKJICHUN 3BE3/T U Y
3BE3/] IPOMEXKYTOYHBIX MacCC IIOCJI€ BbI'OPpaHUsA BOJIOPOJa B MX HEHTPAJIbHBIX O6JI&CTHX
— oM. [nmaser X u XII coorBercrBenno. B mepBom ciiydae BHelTHee JIaBJICHHE CO3/IaCT
MEK3BE3/IHBII Ta3, OKPYKAIONMINI 3aPO/IBIIT 3BE3/Ibl, & BO BTOPOM — BEC BBIIIEJIEXKAIIIEi
(memzorepMuaeckoii |) 060/10UKM 3BE3IbI.

Beenem Gespasmepubie niepementbie — cpasaute ¢ (11.19):

& =r/ro, § =12 <0, z:ﬂ, (I1.38)
Po mo
rjae po — LeHTpaJibHad IIJIOTHOCTD, a
Ko\ /2 3/2

TO — mo —= 47‘(‘7"ng —= (II?)9)

\ 47Tp0 03/2 .

Torma TakuM ke IIyTeM, KaK ¥ B CIydae KOHEUHBIX 71, U3 3aKOHOB COXPAHEHHs] Mac-
Cbl U I'HJIPOCTATHYECKOIO paBHOBecHs IoJydaercs "mzorepmudeckoe" ypapuenue JIsnHa-
OMIeHA:

47TGp0 ’

1d [/ ,dd 9 2
—— (&= )+ =0, w0+ 50+ =0, (I1.40)
£2dg \ 7 d¢ §

koTopoe ormaercs ot (I11.20) zamenoit wirena 0" na e’. Hauambnbie ycioBus s 3Toro

YPaBHEHUA:

0
6 =0, d_§ =0 pu =0,
a HAXOUTh Oe3pa3MepHYI0 MaccCy, KaK W IIPU KOHEIHBIX 7, MOXKHO 10 (hopMmyie
a9
_ 27
z=— A&
Eme DMien nmokasas, 4o
2 4 3 5
0 P § §
O I S S <1 I1.41
¢ T 6 "1 ¥y s w8 (IL41)
P2 26 £>1 (I1.42)
— =, z upu . )
Po &2

U3 (I1.42) ciiejryet, 9T0 Ipu yBEJUUEHUN PAJIINYCA H30TEPMUIECKOTO Iapa IIIOTHOCTD
u JaBJICHHE Ha €ro I'paHule MOHOTOHHO y6bIBaIOT, ACUMIITOTNYECCKN HpI/I6HI/I}KaHCB K O, a
Macca HEOTPaHHYIEeHHO Bo3pacTaeT. Pesynbrarsl unciaeHnoro perenns ypasaenus (11.40)
nokazanbl Ha Puc.I1.4.

PaccMoTpuM COBOKYIIHOCTD M30TEPMUYECKUX MUAPOCTATHYECKU PABHOBECHBIX MIAPOB,
y KOTOPBIX OJMHAKOBBI Macca M u ornomenue 1/, T.e. Bemanna K. Dtu mapsl OyiayT
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Puc. I1.4: Pesynbrarer unciennoro pertenusi ypasuerust (11.40). Ilyakruproii iuameit mo-
kazanbl acumiroruku (11.42).

UMETh PA3JINIHbIe PAJUYChl R, BeJIMIMHA KOTOPBIX 3aBUCHT OT IEHTPAILHON IIOTHOCTH
po. I3 coorromennit (11.38) u (I11.39) cremyer, aro

K322
= 11.43
P = G (11.43)
ITofcTaBUB 9TO BHIPArKEHNE B OIPEJICJICHIEC BEJIMUMHBI 7' MOy IHM:
GM
R= g RQ, RO = —, (II44)

K

JlaBjierne raza Ha MOBEPXHOCTHU IAPOB OTJIMYHO OT HYJIS U MOXKET OBITh 3allUCaHO B
sugie: P, = Kp, = Kpge?. Tlostomy, ¢ yaerom (I1.43), mmeem:

z

ZZeG K4
Py =ps - P, rae Ps = —/— Pogw-

4’

BaBucumoctb p; = ps(€), BbIYUCIEHHAS [0 PE3YJIbTATAM IHCIEHHOIO WHTErPUPOBAHMUST
ypasuenusi (11.40), nokazana na Puc. I1.5. XapakrepHoii ocoberHocTbi0 byHKIIE Py(&)
SABJIIETCA HaJIM4Iue MakcuMyma pi ~ 1.398, koropslit jJocturaerca npu £ ~ 6.45 n 2* =
2(€*) = 15.7. lnst "pasmepHbix" MEPEMEHHBIX COOTBETCTBEHHO MOJIYYUM:

(11.45)

13 GM K*
*
R*= > Ry~ 041 —/, P ~1.40 rRYR (I1.46)
2y K G3 M
[lenTpasbHas IJIOTHOCTH IIapa, COOTBETCTBYIOIIas 3TuM 3HadeHusM, cornacHo (11.43),
paBHa:
3,2
P K2z
0= T a5
ArG3M?
Nzorepmutieckuii mmap Oy1er HAXOUTCHA B PABHOBECUU, €CJIH JABJICHAE HA €0 IPAHUIE
P, paBHO BHemHeMy JaBJieHUIO Pp,;. [losromy Tor dakt, uro dyunus pg(£) orpanndena
CBEPXYy O3HAYAET, YTO NPU (PUKCUPOBAHHOM 3HadeHun K M30TepMUYIECKUil map ¢ Maccoit
M mozket cymiecTBOBaTb, €CIM BHEIITHEe IaBJeHue He IPeBbImnaeT sesnauny Poidt = pt-F.
Ecm xe P, > P'¢*, To map Ha9HET CKUMATbhCHA, a €ro CTPYKTypa JOJ?KHA IepecTpo-
ATHCS 32 THIPOJINHAMUYIECKOE BPEMH.
Ho nmouemy naBiienne rasza Ha BHENTHEN rpaHUIle M30TE€PMUYECKOrO Mapa JaHHOW Mac-
Cbl HE MOXKET ObITh CKOJIb yrojuHo OosbinuMm? Kazasoch Obl, yBe/induBasi HEHTPAJILHYIO

(11.47)
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Puc. I1.5: 3aBucuMocTb CTPYKTYPHOTIO MHOXKUTEJISA Pg OT &.

IJIOTHOCTH MOYKHO HEOTPAHUYIEHHO YBEJIUIUBATH U JABJIeHHe Ha MoBepxXHOCTH Tmapa. Oj1-
HAKO CJIEJIYET YUIECTh, 9TO 9eM OOJIbIIE Py, TeM ObIcTpee Oy/eT YMEHBIIATHCS JIaB/ICHIE
(M IIOTHOCTB) TIO Mepe yiajieHusi OT IeHTpa Imapa, mockoabky dP/dr = —pg. Ckopeit
BCEr0, UMEHHO 3TO OOCTOSITEILCTBO IIPUBOJAUT K TOMY, UTO IIPU JIOCTATOTHO OOJIBIIUX pq
yBeJNYIeHNe TeHTPAJIBHON IIOTHOCTU COITPOBOK/IAETCS YMEHBITEHNEM BeJIMInHbI Py, T0,
B CBOIO 0Y€pe/lb, U O3HAYAET, UTO y 3aBUCHUMOCTH Ps(pg) UMeeTcss MaKCUMyM.

Bupouewm, npusejiennoe "obbsacuenne" — ne 60s1ee uem mpaBaoo100HOE pACCyKICHIE,
[OTIBITKA Ha KAYeCTBEHHOM YPOBHE IOHSTH PE3Y/IbTAT, YZKe MOJy9IeHHbI U3 IUCIEHHBIX
pacUIeToB.

II.5 CocraBHble TOJUTPOITHbIE KOH(MUTYPAIIAN

Cutryaruu, KOrja CTPYKTYPY BCeil 3Be3/IbI MOXKHO AIllIPOKCUMUPOBATD €JUHON IOJIUT-
pormoii 3asucumoctbio (I11.1), Berpeuatores pesiko. Harne okasbiBaeTcs, 4TO JJI OMUCA-
HUA PA3/IUIHBIX 00JIacTell MOIX0IAT TOJTUTPOIIBI C pa3HbIMU UHJIEKcamMu n. B dacTHOCTH,
MBI YK€ YIOMUHAJU 3BE3JbI, Y KOTOPBIX MEHTPAJbHbIE 00JACTH (sPO) M30TEPMIIHBI
(n = 00), a BHemnue (060s10uKa) — HEeT. JIpyruM nNpuMepoM MOTYT CJIY?KUTb MACCUBHBIE
3Be3/Ibl Ha HAYAJbLHON TJIABHOI IOCJIE/IOBATEILHOCTH: MO3/HEEe Mbl YBUJIUM, UTO UX SJI-
PO XOpOIIIO OIUCHIBAETCH MOJUTPOIOH ¢ n = 1.5, a oboJjiouKa — HOJIUTPOIoit ¢ n = 3.
Paccemorpum sror citydait 6osiee 1mopooHo.

BnauaJje npe/rmoiozKuM, 9To0 HaM H3BECTHA Macca NEeHTPaJIbHOTO djiapa M., a Takxke
IUIOTHOCTH Py U jJaBjeHue Fy B mentpe 3Be37bl. [lokaxkem, 9T0 9TH JAHHBIE MTOJTHOCTHIO
OIIPEJIEJISIIOT CTPYKTYPY 3BE3JIbI, BK/IIOUAs €€ MOJIHYI0 MACCy U PAJINYC.

Y100bI permuTh MOCTABICHHYIO 3a/a1y HepeiigemM K O0e3pa3mMepHbIM repeMeHHbiM. Jis
sJIpa 9TU IePEMEHHbIC BBOJATCS TaK Ke, KakK JJIsi 3B€3/Ibl, OIUCHIBAEMOI €JIMHO 1O IHT-
POIHOI 3aBUCHMOCTBIO ¢ 1 = 1.9 :

§=—, 0=\— , z=—", (11.48)
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rie

1/2
Kc - PO pa5/37 Toe = (%) p81/67 Moc = 47TTScp0,
a MHJIEKC ¢y BeqmuuH K, 1o U mg yKa3bIBAeT, YTO OHU OTHOCATCA K SIJIPY.

B pesynbrare jis sapa nonydaercs ypasaerue JIsna-Omaena (11.20) ¢ n = 1.5 u Ha-
vasbabiMu yestoBusivu (11.21), mosromy cTpykTypa sijipa onuceiBaercs dyHKiusiMu JIsna-
Omaena 0 = 015(€), z = z1.5(€). Dro pemenne ciemyer 060pBaTh Ha HEKOTOPOM 3HAUE-
HuK &,, KOTOPOE COOTBETCTBYET I'DAHUIIE $JIpa U JIOJZKHO OBITH MEHbBINE BEJIMIUHBI &1 5
n3 Tabmn.1l.1. [lockombKy Maccy gapa Mbl CIUTAeM M3BECTHOMN, BeJIMYWHA &, OIPeIeIsaeT-
cst (HestBHBIM 00pas3oM) u3 ycsoBust z. = M./mo.. [Ipu 9T0M cTAHOBSATCS M3BECTHBIME U
snadenus 0. = 015(&.), 0. = 0] 5(&), 4T0 nO3BOIsIeT Haiitn n "pasmepuble" 3HAYCHUS

C
pajuyca R., moTHOCTH p. U JlaBjienns P, Ha BHeIIHEN TI'DaHUIle sjpa U3 COOTHOIIEHU

(I1.48).
Y106k omrcaTh cTpyKTYpy obosiouku (envelope) ¢ n = 3 BBeJieM Ge3pasMepHble mepe-
MEHHBIE CJIEJTYIONUM 00pa30M:

3
§=—, :<p>, b= (11.49)

rie

o\ /2
Ke = Pcpc_4/3a Toe = (71’5) ,06_1/3, Moe :4777“86%-

B pesynbrare s dyuknun 0 = 0(£) nosmyunthest ypasuenue JIsna-Omuiena (11.20)
JIUISE TIOJIUTPOIBI ¢ MHJICKCOM 71 = 3

2
0" + ¢ 0 +6° =0. (I1.50)

OHaKoO ero perieHue i 000/J109KU He dBjsieTcst pyHkimeit JIsna-Omgena f3, MoCKOIbKY
rerepb ypasuerne (11.50) moskHO permaThest ¢ HAYAJIbHBIMA YCIOBUAMU:

d0 0, upn & =¢&, (I1.51)

0=1 — =
Y dé— €

koTopsie oramvatorcs ot (I11.21).
Buadenns &, u 0, oupenensioTcsa u3 TPpeOOBAHNS HEIPEPBIBHOCTHA BeJIWIHH 7, m, P u
p B Touke "cumBku" sapa n 060710YKH:

Pc = chi/?, = Kep4/3 Rc = TOCSC - TOegea Mc = MocZe = MyoeZe-

C Y

[Tocste mpeobpazosanmii ¢ yuerom (I1.23) u3 srux ycioswii mostyaaem: K, = chi/ ‘u

&= \/g 0t g, 0= \/g 0%/ - 6. (IL52)

OtmeruM, 9TO Oe3pas3MepHbIe IIepeMEHHbIE B TOUKE CIINBKU TEPIST Pa3pbiB: B YaCTHOCTH,
JIETKO BUJIETH, 910 &, < &, 0. > 0.
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[Tpounterpupyem ypasuenue (I11.50) ¢ nauambabivm yeaosusamu (11.51) BrtoTs 10 To4-
ku { = &, B koropoit dbynkrus §(§) cramer pasnoit 0. [Ipu sToM Ham cTaHeT m3BeCTHA
Besmanna 2y = 2(€y), 4ro no3sosmuT u3 coornomenuit (I1.49) maiitn He TOILKO pajuyc
3Be3/ibl R, HO u ee nosinyio maccy M. Te ke cooTHOIIEHUs TO3BOJIAT ONPEIETUTL "pas3-
MepHble" 3Havenust PU3NIECKUX BEJIMYUH B JIIOOON JIPYroil ToUKe 0O0JI0UKU.

Tem caMbIM MBI JJOKA3a/TM UCXOTHOE YTBEPXKJIEHNE O TOM, UTO 3aJIaB TPHU HapamMeTpa
(Py, po 1 M.) MOXKHO MOJHOCTBIO OIPEJEJUTh CTPYKTYPY ¥ MHTErpaJbHble TapaMeTpbl
3BE3/Ibl, COCTABJICHHON U3 JIBYX MOJUTPOIL ¢ Ny = 1.5 1 ny = 3. BMecre ¢ Tem, U3 cOOTHO-
mrerwust (11.52) coreyer, 4o jiist onmcanust CTpyKTYPbl TAKOM JIBYXIIOJUTPOIHON KOHMUTY-
paruu B 6e3pa3MepHBIX [MePEMEHHBIX HeOOXOIMMO 3a/IaTh BCEro OJUH HnapameTp — &., KO-
TOPBII OIpeiesieT MeCTO CIUBKE mommTporr. OTCo/a cienyer, 9To ec/in 3a(puKCHpPOBaTh
9Ty TOUKY, TO JJISL 3B€3J C PA3JIMIHBIME 3HadeHusMu [y, po orHomenne M./M = z./z;
Oy/JIeT OJIMHAKOBBIM.

PaccunraB cepuio mojeseii paccMaTpUBaeMOro THUIIA C PA3JIMYHBIMUA 3HAUYEHUAMU &
MOKHO YOEIUTLCs, 9TO BeJUIHHA Z./Zf, T.e. OTHOCUTE/IbHAS MACCa APa, MOHOTOHHO BO3-
pacraer ot 0 o 1 mo mMepe Toro, Kak Touka . cMmernaercst or meHTpa (§, = 0) 70 Mak-
CUMAJIbHO BO3MOYKHOTO 3HadeHus &, ~ 3.6, COOTBETCTBYIOIIET0 I'PAHUIIE MMOJTUTPOIBI C
n = 1.5 — em. Tabu. I1.1. Orciona cremyer, uro 3amas Beawaunny M./M MOXKHO OIHO-
3HAYHO OIPEJE/IUTD MOJIOXKEHUE TOYKH CIMUBKU ., UTO OJIHO3HAYHO OIPEJIEIseT U BCIO
6e3pa3MepHyIo CTPYKTYPY 3B€3/Ibl, BK/IIOYasd HapaMeTpel 8., 2. 1 zy.

[To sroit mpuuwnne jJBe 3BE3JbI ¢ OAMHAKOBBIM OTHOImeHueM M, /M Oyayt umersb onu-
HAKOBbIE OTHOCHTEJIbHBIE PAJINYCHI, T.e. pacCMaTpUBaeMasl COCTaBHasI KOHMUryparms o0-
JIaJIaeT CBOMCTBOM MOIOOUS TOTO ¥Ke THIIA, KaK U OJiHOYHast nosmTpora — M. (XVI.2).

CiuBKa JBYX IOJUTPOIHBIX PEIICHU ¢ JIDYTUMU 3HAYEHUSIMU UHJIEKCOB N1, Mg IIPO-
U3BOJIUTCS aHAJIOTUIHBIM criocobom. OJIHAKO, ecyin B paccMOTpeHHoM ciydae (n; = 1.5,
Ny = 3) OTHOCHTEIbHAS MACCa SJIpa MOXKET UMETh JIFo0oe 3HadeHue B uaTepsasie or 0 jo 1,
TO B 00IIIeM cirydae 9T0 He Tak — mojpobuee cM. [19]. B wacrroctu, B pazmesre XI1.3.2 mbl
YBUJIAM, 9TO MACCa N30TEPMUIECKOTO SJIpa, COCTOSIIIEr0 U3 UILATbHOI0 OOTBIIMAHOBCKOTO
rasa, He MOXKeT TpeBbimarh 10 — 15 % maccsl Beeit 3Be3/1blI.
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Sagaan

Bamaua I1.1. [Tosyuanre BbIpakenne /i IPABUTAIIMOHHON SHEPTUH TOJUTPOIIHOTO IITapa
¢ ungekcom n = 0, T.e. coornomnienue (11.7).

Bagaua I1.2. Y6eaurech, uro Besmuauna ro B (11.19) umeer pasmepHOCTH JIJTMHBL.

Bamaua 11.3. [lokasaTh, YTO MOJUTPOIHBIE 3BE3/bI C OJMHAKOBBIM WHICKCOM ITOJIUT-
POIBI 72 TOMOJIOTUYIHBIL.

3amaua I1.4. [TokazaTh, 9T0O IrpaBUTAIIMOHHAs SHEPTUs TOJIUTPOITHOTO IIapa, ¢ NHJIEK-
COM 1 = 5 UMeeT KOHEUHOe 3HaUYeHIe

1/3

Us = T 37/3910/3

~GM5/3/)8/3.

Bamaua IL.5. [Toayunts Beipaxkenne (I1.11) mas TemoBoit SHEPruM MOJIUTPOIHOL
3BE3/IbI.

Bamaua I1.6. [Tosnyunre pasnoxenne (11.29). Vkasanue: npeacrasuts 6 B BUjie psiia

6
=1 + Z Cigia
=1

nojcTaBuTh 10T psajt B ypasaenue (11.20), a 3arem, npupaBaas K03hOUITHEHTHI IPU OJIH-
HaKOBBIX CTEIeHAX &, ONPEJIEIUTh BEJTMIUHBI C;.

Banmaua I1.7. Ucnonssys acumnrorukn (11.41), (I11.42) y6enurecs, uro npu & — 0 u
¢ — 0o oTHOIIEHHE £ /2 CTPEMHUTCA K 00 U 1/2 COOTBETCTBEHHO.

3agada I1.8. Ilokazkure, 4TO BhIpasKeHUE JJI ITPABUTAIIMOHHOI sneprun By nzorep-
MHYeCKOro mapa ¢ Maccoit M u pagnycom R (nasienue na BHerHeii rpanuie > () MOXKeT
ObITH 3alCaHO B BUJIE:

rae k, — Ge3pasMepHbIil MHOXKUTENb, npudeM Kk, ~ 3/ u kg ~ 1.0 mpu £ < 1 u £ > 1
COOTBETCTBEHHO.

Banmaua I1.9. Ucnomnssys acumuroruku (11.41), (I1.42) ma msorepmurdeckoit cdepor
nokKasarh, 9ro 1npu & — 0 u £ — 00 Besm4mMHA Py CTpeMuTCd K 3HadeHnsM 0 u 2/71 ~

0.64 coorBercrBerno. CpaBHUTE TOJIyUeHHBI pe3ysnbraT ¢ rpadukoM dyHKImn ps(§) Ha
Puc.IL.5.

3aza4ga I1.10. Ilomyunte npubanzkenHble 3HadeHnA R* n P 171s 130T€pMIYIECKOit
cepbl ¢ IOMOIIBIO TeOpeMbl BupuaJa, 3anucannoit B gpopme (1.25)

3apgaua I1.11. PaccMoTpuM COBOKYITHOCTD 3BE3J1, S/IPO KAaXKJIOM U3 KOTOPBIX MOXKET
OBITH OIUCAHO MOJIUTPOIIO ¢ ny = 1.5, a 000J104Ka — IOJUTPOIIOit ¢ ny = 3. [Ipenonmoxkum,
YTO COCTOSIHHE BEIeCTBa B spe ONNCHbIBaeTCd ypaBHeHHeM Kiaitepona-MeneneeBa c



I'mapa 1I. IlosmmTponHbre 3B€3/b1 40

ITIOCTOAHHBIM MO.HeKyJIHprIM BECOM IU/ HOK&S&TB, 9TOo ecJin y ITUX 3BE3 OTHOCUTCJIbHAA
macca siapa M./M oauHakoBa, TO
a) HA TPAHMUIIE sIJIPA CIIPABEJJINBO COOTHOIICHHE:

T3
~< = const - M?, (I1.53)
Pe
6) 3HAUYEHUs TEHTPATBHON IJIOTHOCTH Py M TeMiepaTypbl T 3aBHCAT OT MACChl 1 Pa-
JIAyCa 3BE3/bI CJEAYIONIM 00Pa30oM:

M M
po = const - 7R Ty = const - = (I1.54)
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YpaBHeHNE COCTOSIHUS 3Be3HOI0
BeIlecTBa

III.1 O TepMmoamHaMMYECKOM pPaBHOBECHUN B 3Be3/1aX

Kak m3BecTHO, 110025 N30/ IMPOBAHHA CHCTEMa II0OCTIE PeJIAKCAIIMH MEePEXOIHBIX IPOIEC-
COB IIPUXO/JUT B COCTOSIHME TEPMOJMHAMHYECKOro paBHOBecud. lcrosb3ys ammapar co-
BPEMEHHO! TEPMOJIMHAMUKY M CTATUCTHYECKOH (DU3MKU B TAKOil cucreMe MOXKHO BbIpa-
3UTDH BEJIMUUHDI, XaPAKTEPU3YIOIIIE CBONCTBA BEIECTBa (/1aB/IeHIe, BHY TPEHHsS SHEPIHs,
HoKazaTe b aJuabdaTsl W T.II.), depe3 TePMOMHAMUYIECKNE HapaMeTPhl CUCTEMbI (ILJI0T-
HOCTb, TeMIlepaTypy U HeKoTopble Japyrue). OJHAKO MOXKHO JIM TPHMEHSITh B 3BE37aX
COOTHOIIEHUHA, IIOJIYYE€HHbIC IJId TE€PMOJNHAMUYICCKN paBHOBeCHOfI CUTyalluu, YIUTbIBad,
YTO 3BE3/[bl 32B€/I0MO He SIBJISIOTCS H30/IMPOBAHHBIMU CHCTEMAMI: OHH H3JIyYaioT SHEPIUIO
B OKPY2KaIOIllee IPOCTPAHCTBO, & C UX [IOBEPXHOCTH, KAK IIPABUJIO, IIPOUCKXO/IUT HUCTEUEHIE
BEIIECTBA.

OxasbIBaeTcs, Jla, MOYKHO, HO TOJIBKO JIJIsI CJIOEB, HAXO/ISAIINeECs HUKe yPOBHS (HOTO-
cdepbr 3Be3/bI. B 9THX €/I0gX XapaKTepHoe BpeMs PeIaKCAIIMOHHBIX ITPOIECCOB, TTPUBO-
JIAIAX K YCTAHOBJICHUIO PABHOBECHOT'O pPACIPee/ICHUS JaCTUIl U (DOTOHOB 110 SHEPTHAM,
HOHOB 110 CTa/IUsIM UOHU3AIUH U T.II., FOPA3/[0 MEHbIIIEe BDEMEHH, CBSI3aHHOI'O C IIEPeCTPOii-
KOl CTPYKTYDBI 3BE3JIbI BCJIEJCTBUAE M3JIyUCHUS TEIUIA U/HMIH YMEHBIIEHHS MAacChl — CM.
pazmen 1.5. ¢

Ho kax ke OBITb C T€M, YTO TEPMOMHAMUYECKN PABHOBECHASI CHCTEMA JIOJIZKHA XapaK-
TEPpU30BaTbCA OJHUM €IMHCTBEHHBIM 3Ha4Y€HUEM TEMIIEPATYPhbI, a B 3B€3/1aX TEeMIIEpaTypa
najiaer OT HEHTPa K KPalo, IIOCKOJIbKY C HOBEPXHOCTH 3BE3/IbI IIPOMCXOJIUT U3JIyHdeHUe
SHeprun? DTy TPYJHOCTH OOXOJAT, HCIOJIb3Ys TUIIOTE3Y O TOM, YTO B 3Be3/aX HMeeT Me-
CTO T.H. A0KaAvHoe mepmodunamuseckoe pashosecue (JITP). B pamkax sToif rumoresst
npezaroJsiaracrcd, 9To B Ka}KﬂOIU/I TOYKe 3BE€3/1bl UMeeT MECTO TEPMOINHAMNYICCKOE PaBHO-
Becue, COOTBETCTBYIOIIee JIOKAIbHON TeMIlepaType.

B 3Be31ax HIPOUCXOIUT MHOKECTBO Pa3sHOOOPA3HBIX IIPOLECCOB, B XOJ€ KOTOPLIX B3a-

' Mo>XHO HpOBECTH TaKylo aHAJOTHIO: eCIIH 3a BpeMs, HeobXOIIMoe /I HePeHOCKH BeIpa OT KOJIOIIA
JI0 JIOMAa, 9epe3 MBIPKU BBLINBAECTCS IIPEHEOPEKNMO MaJjiasg JaCTh BOJbI, MOXKHO CUHTATD, YTO JBIPOK B
Bezpe HET. Bommpoc o ToM, 9TO canTaTh NPEeHeOPEKNMO MAJION JaCThIO, 9KBUBAJIEHTEH B TAHHOM KOHTEKCTE
BOIIPOCY O TOYHOCTH, ¢ KOTOPOI HEOOXOIUMO 3HATH YPABHEHUE COCTOSTHUS.

41
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uMoJieificTBre JIBYX WM OOJIBIIEro YUC/ia YacTUIl TPUBOJIUT K O0OPA30BAHUIO YACTHIL, OT-
JIMYHBIX OT MCXOJHBIX. BysiemM 00OOIEHHO HA3bIBATH TAKOI'O POJIA IPOIECCHl PEaKIIUAMHU.
[Ipumepom TaKMX B3aUMOJEHCTBUN MOTYT CIY2KUTh XUMUYECKUE DEAKITII

2'H2+OQ—)2'H20,

AJEPHbIE PEAKIINU
2C 4 1He — 10 4, (IT1.1)

IIPOIECChl NMOHMU3alIMU BOJIOPOIa (1)OTOHOM
H+v—=p+e, (I11.2)

WJIN 3JIEKTPOHHBIM YIaPOM
H+e —p+2-e, (I11.3)

7 T.JI. U T.IIL
B 06H_[eM BUJI€ BCE 9TU PEaKIIUN MO2KHO B CUMBOJIMYECKOM BHUJIE 3allUCaTh CJICAYIOIUM
obpazoM:
Il'A1+12'A2+... — Jl'B1+J2'B2+..., (1114)

rae A; n B; — 970 cuMBOJIBI, 0003HAYAIONE UCXOIHBIC JACTUIILI-PEAreHThl U JacTUIIbI-
HPOJIYKThI PEAKIMU COOTBETCTBEHHO, a Kodddunuentsl I; u J; — uncia, Koropble HOKa-
3BIBAIOT, KAKOE KOJIMYECTBO YACTUIL JIAHHOTO COPTa Y4YacCTBYET WJIM BO3HUKACT B OJIHOI
peakiuu, T.e. B OJJHOM aKTe B3aumojeiicrBus. YucsioBbie KOIDOUIMEHTHI 0 I0MPAIOTCS
TaK, YTOObI BBINOJIHSINCH 3aKOHBI COXPAHEHUsI, HAIIPUMED, MAcCChl. B NpUBEIeHHBIX BbI-
me npumepax I; u J; Beszne paBHbl 1 3a HCKJIIOUEHUEM IIEPBOI U HOC/IeAHEH peaKIuil, B
koTopbix Iy = 2, J1 =2 u Jy = 2 cooTBeTCTBEHHO.

B cumBosmmdeckoit 3ammcn peakinn CTpesika yKasbiBaeT HalpasieHue mporecca. O
HAKO, B IIPUHIIMIIE, BCE PEAKIIUU MOLYT IPOTEKATH KAK B MPAMOM, TaK U B OOpaTHOM
HAIpaB/enusax. UTo uMeHHo OYJIEeT IMPOUCXOUTH IIPU 00PATHON PeaKIUu MOYKHO HOHSATD,
U3MEHUB HAIPABJIEHUE CTPEJIKM B 3aIlUCU PEAKIUU Ha IIPOTUBOIIOJIOXKHOE, W IPOIUTATH
3aIiCh crpaBa HajieBo. OOpa3HO MOBOPsI, CJIEAYeT 3aCHATH BUICOPOJIUK MIPSIMOi PeakIn,
a 3areM "TPOKPYTUTH KUHO HAoOopoT'.

OcobeHHOCTD NO0AH020 TEPMOIMHAMUIECKOIO PABHOBECUS B TOM, YTO CKOPOCTDH IIPO-
TEKaHUs JIIOOON NPsIMOil peakiuu, T.e. YUCI0 aKTOB B3auMojieiicTBus 3a 1 cexyniy B 1
cM®, paBHA CKOPOCTH IPOTEKaHUs OOPATHON peakluy — T.H. HPUHIMI JeTaJbHOIO paB-
HOBECHs. DTO IMIPUBOIUT K TOMY, 9TO KOHIIEHTPAIUU peareHToB [NV; U MPOJyKTOB PeaKInn
Nj; ne apisiorcs HezaBucUMBIMU. VIHbIMI ciioBaMu, CyIIeCTByeT COOTHOIIEHUE, CBA3bIBAIO-
mue sesndunel N; 1 N, KOTOpoe 3aBUCUT OT TePMOJIMHAMMYECKIX IIapaMeTPOB CHCTEMBbI,
[JIABHBIM 00pPA30M, OT TEMIIEPATYPbI — MOJAPoOHee ¢M., Hanpumep, [6]. B obmem cirydae 3To
COOTHOIIIEHNE HA3BIBAETCA 3aKOHOM JleficTByIonux Macc, u B pazzene 111.3.1 6yner npu-
BeJIeHa ero KOHKpeTHas (popMa Jjisd IPOIECCOB, OIPEIEISIONINX NOHU3AIMOHHbBIN OaIanc
raza — T.H. popmysa Caxa (M.Saha, 1921). 2

2He ciejyeT IyTaTh HOHATHE T€PMOIMHAMIYECKOTO PABHOBECHUS C HOHSTHEM CTAIIMOHAPHOCTH, KOTO-
poe siBjisieTcst boJiee obmuM ycsioBueM. Hanpumep, B Koporne CoJIHIIA MOHU3AIMST BOJIOPO/IA TPOUCXOIUT,
[JIABHBIM 06pa30M, 3JeKTpoHHBIM yiaapoM 1o cxeme (I11.3), a pekoMOuHaIMsI, B OCHOBHOM, B pe3yJbTaTe
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[M'unoreza o naymmaun JITP Br/IOUaeT B cebst PEIIIOIOKEHHE O TOM, YTO ITPOIECCHI,
yCTAHABJIMBAIONINE PABHOBECHDBIE KOHIICHTPAIIUU YaCTHIl, ITPOTEKAIOT HAMHOTO ObICTpee,
YeM M3MEHEHUs JIOKAJIbHLIX 3Ha4YeHWil TemiiepaTypbl 1 U IJIOTHOCTH ra3a p, 00yCJIOB-
JIEHHBIE 9BOJIIONMEl 3Be3/bl. Takoe JomyieHnne mo3BoJisieT He PACCMATPUBATL KUHETUKY
MHOKECTBaA Pa3JIMIHBIX PEAKIIUil, a UCII0/IHL30BATH COOTHOIIIEHIE, BLIPAXKAIOIIEe 3aKOH JIeii-
CTBYIOIIUX MACC IPH JIOKAJbHBIX 3HAYCHUAX BEJIMIUH T’ U p, 9TO CYIIECTBEHHO YIIPOIIAET
BBIYUCJICHUS.

He ciienyer 3abbiBarh, uto runore3a o Hagmauu JITP — 310 umenno runoresza. Moxk-
HO MOKA3aTh, UTO JIJI PACIETOB XUMUIECKUX PEAKIUil, CTeIIeHN JUCCOIUAIINNA MOJIEKYJI U
MOHM3AINY T'a3a B CJIOSX, JIEYKAIUX HIZKe 3Be3/IHBIX (poTocdep, ruroreda o najnauu JITP
siBJiieTcsi onpapaanuoii. C npyroil ¢CTOPOHBI, NMEIOTCsS POIECCHI, JIsT KOTOPBIX ITPHUMe-
HATH 3aKOH JICHCTBYIOIIMX Macc, KaK IIPABUJIO, HEJIb3d. Pedb uieT 0 A/IepHbIX PeaKIusdx,
KOTOPBIE MEHAIOT XUMUIECKUI COCTAB 3BE3JIbI.

Hanpumep, upu temueparypax ~ 3 - 108 K, npu KoTopbIX B 3B€3/1aX IIPOUCXOIUT pe-
akius npesparienne yriaepojga B kucsopo, (111.1), kosmuectso doronos, obamarommx
SHEPrueit, J0CTaTOYHON JIjIg TOro, YTOOBI BBIOUTH W3 sjIpa KUCJIOPOJA (-YaCTUILy, T.€.
OCYIIECTBUTH OOpATHYIO PEAKIINIO, HUYTOXKHO MaJjio. B pe3yibrare CKOPOCTh MPsMOii pe-
aknuu (I11.1) B 3Be3maX OKa3BIBAETCSI MHOTO 0OOJIbIIE, YeM OOPATHOM, YTO, COOCTBEHHO, 1
[PUBOJUT K M3MEHEHUIO OOUJIUS YIACTBYIOIINX B PEAKIIUU IJIEMEHTOB.

Takum 06pa3oM, B OTJIMYHNE OT CTEIIEHN NOHU3AINH, HAIIPUMED, OTHOCUTE/ILHOE 00U
9JIEMEHTOB, T.e. XUMUYECKUN COCTAB BEIECTBA B PA3HBIX 00JIACTIX 3BE3/IbI OIPEIE/IAeTCs
He JIOKAJIbHBIMU 3HAYEHUsIMU p 1 1) & TPeJIImecTBYIOMUME saepHbiME peakiusmu. Cytie-
CTBYIOT M UCKJIIOUYEHUA U3 3TOTO IIPpaBUja, O KOTOPBIX OyJIeT cKa3aHo B riiaBe VI, ojHako B
I0/IABJISIIOIIEM OOJIBIITMHCTBE CJIYYIAEB [IPU PACUETAaX TEPMOIMHAMUYIECKIX (PYHKIINI BeIe-
CTBa 3Be3Jibl (JaBjIeHNe, BHYTPEHHSISI SHEPIUS U T.II.) €r0 XUMUYECKUIl COCTaB SIBJISETCSI
HE3aBUCUMbBIM TIAPAMETPOM, JIOMOJHUTEIbHBIM K Besmauaamu p u 1. Ilpu stom xumu-
YeCKUIl COCTaB BEIECTBA CJICAYeT PACCUYUTHIBATD UCXOJsd U3 KUHETUYECKUX YpaBHEHU
COOTBETCTBYIONINUX SJIEPHBIX PEAKINii — cM. pasjen V.

I11.2 OO6miue BuIpakeHnd JJIsi TEPMOJIMHAMIYIECKNX ITPO-
M3BOAHBIX

[Ipusenem 6e3 BBIBOJA COOTHOIIEHH, KOTOPBIE IIPU M3BECTHBIX 3aBUCHMOCTSIX JIABJICHI
P = P(p,T) n Terosoii sueprun E = E(p,T) 1M03BOIAIOT BBIYACIUTH T.H. TEPMOITHA-
MHUYeCKIe TIPOU3BOJHBIE: TEIVIOEMKOCTH IPU HOCTOSHHOM 06beme Cy U HOCTOSHHOM J1aB-
smennn Cp, moKazaTe/ b aanabaThl 7y, a TaKXKe T.H. aJnadaTuIecKuil rpagneHT V q. YKa-
3aHHBIE BEJMYUHBI Mbl HEOJHOKPATHO Oy/IeM HCIOJIb30BaTh B jajbHeiinem. EcrecTBenHo,

uporiecca, obparsoro (I11.2). Takum o6pa3oM, B JAHHOM CJIydae CKOPOCTH IPSAMBIX 1 OOPATHBIX PeaKIuii
HEe paBHBI JAPYT Jpyry, 4To cBst3aHo ¢ orcyrcrBueM JITP B kopone Cosana — cMm. paszgen VII. Ecaum or-
BJIEYBCS OT COOBITHI THIIA COJTHEYHBIX BCIIBIIIEK, TO MOYKHO CYATAThH, YTO CTEIIEHb NOHU3AINY BOJIOPOIa He
MeHSIETCsI CO BpeMeHeM (ycjioBue crarmoHapHocTH). [103ToMy 9TOGBI OJIyYATh BBIPAYKEHNUE, CBSI3BIBAIO-
1ee KOHIIEHTPAIUIO IPOTOHOB, JIEKTPOHOB U aTOMOB BOJIOPO/Ia B KOPOHE, CJIEAYET MPUPABHATH CKOPOCTD
MOHU3AINN JIEKTPOHHBIM y/IaPOM K CKOPOCTH PaInaTUBHON pekoMmOnuammu. CooTHOIIIEHNE, KOTOPOE IIPU
9TOM TIOJIYYIAETCs, CYIECTBEHHO oTanmdaercst oT dopmyss Caxa.
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pesuuniabl P u F 3aBUCAT TakxKe OT XUMUYECKOIO COCTaBa BenieCTBa, HO yKa3bIBaTb Ha
9Ty 3aBUCUMOCTDL B ,ZLaﬂbHefH_HeM MBI 6y;LeM TOJIBKO TaM, I'I€ 93TO HGO6XOILI/IMO.

BI)IBO,ZL Bpra}KeHI/Iﬁ JJId TEPpMOJINHAMUYIECCKUX ITPOU3BO/IHBIX MO2KHO HaﬁTI/I, HallpUMeED,
B y‘{e6HI/IK€ [6], a 3J€Cb MbI JIMIIIb OTMETHM, 4YTO IIPpU BBIBOJE CYHIIECTBCHHDbLIM 06pa30M
UCIIOJIb3YETCA HepBbeI 3aKOH TEPpMOJIVMHAMHWKU:

5Q = dE +6A = dE + PdV, (I1L5)

rjie 0Q) u dE — u3MeHeHne KOJUYEeCTBA TEILIa U BHYTPEHHEH SHEPIUU pacCMaTPUBAEMON
objractu, 0 A — paboTa, coBepiTaeMasl BEIIeCTBOM 3Toit obnactu, a P u V — maBiienne u
06beM 06/1acTH COOTBETCTBenHO. ° HampuMmep, eciim MBI paccMaTpuBaeM 00beM, COOTBET-
crytormuii 1 2 Bemecra, To V' = 1/p, a Benmunsbl () u E — KOJMIECTBO TEIUIOTHI 1
BHYTPEHHSIsI S9HEPI'Us B paccuere Ha 1 .

Eciu BBecTn obo3HadeHus:

oP oP
K, = (—) . K= <—) , (IIL6)
ar ), op )+
TO MHTEPECYIONUE HAC BEJUINHEI MOTYT ObITH BBIYHCICHBI CJICIYIONIM OGPA3OM:
oF T K?
_(9E O — LSy 117
Cy (0T)p’ P Cv+p2 s ( )
In P K
y= (OnPY G phs (IIL8)
Olmp /), Cy P
OlnT K
V= (222 ) = 21 (IIL9)
Oln P IS Yp CV
CKOpoCTb 3ByKa B BeHIeCTBe V, TakyKe BbIparkKaeTcd 4epe3 TePMOJAMHAMUYICCKHUE IIPO-
u3BojHbIe [7]:
OP P
v, = (—) S (IIL.10)
op ) s p

Ncnonb3ys cBA3b MEXKLy TEPMOJIUHAMUYECKUMU ITPOU3BOHBIME IEPBBII 3aKOH Tep-
MOJIMHAMUKN MOKHO 3alucaTh B popMme:
T K,
0Q =Cpdl — ——dP. (111.11)
2 K
1Y 2
Ecnau B (111.5) HE3aBUCUMBIMHU II€PEMEHHBIME OBbLIM TeMIlepaTypa U 00beM, TO B HOBO
3alcu — TeMIlepaTypa U JlaBJIcHue.

3HamoMHIM, UTO UCIIOIF30BAHNE CHMBOJIA, § JJIsT MAJIBIX IPUPAIe N BemnanH Q u A CJIy»KUT HAIIOMHU-
HaHUEM O TOM, ITO STHU BEJIUINHBI HE SIBJISIOTCA PYHKITUEN COCTOSIHUS CUCTEMBI, B OTJINYNE OT BHY TPEHHEH
SHEPI'UH, JJIs TPUPAIIEHUS KOTOPOIl NCIIOIb3yeTcst cuMBOJI Auddepentmaa d.
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II1.3 Oo6aactp "Beicokux" Temmeparyp

Jlnarmazon temiepaTyp, XapakKTepHBIX Jjis BHyTpeHHUX obJiacteil 3Be3j; — orT coren K
(ITOBEPXHOCTHBIE CJIOW KOPUYHEBBIX KAPJIMKOB) JIO HECKOJIBKUX JIECATKOB MILIHapoB K
(meHTpasIbHBIE 06IACTH HEHTPOHHOI 3B€3/bl B MOMEHT €€ POXKJICHNUS ).

[Toz2ke MBI MOSICHUM, TI0 KAKOMY MPHWHIIAITY ITPOU3BOINTCS JIeJeHrne Ha 00/1acTh "BbI-
cokux" u "HuzKMX" Temmeparyp.

I11.3.1 Kuaaccuyeckuii naeaJjbHblii ra3

[Ipn HaTUYUU TEPMOJIMHAMIYECKOIO PABHOBECHS B KJACCHYECKOM Tras3e pacIpe/iesieHue
YaCTHI 110 TOTEHINAJILHON SHEPIrUN OIMChIBaeTCA 3aKOHOM BosbliMaHna:
Ni g E; — E;

— ==exp| —— |, (IT1.12)
Nj g KT
rje k — nocrognnasd Bosbimana, N;, N; — 9muciio 4acTull B eJJMHUIE 00beMa Ha YPOBHSX
c sueprueil F;, I; U cTaTUCTUYECKUMH BEeCaMU g, J;.

Konugecrso wactuin dN, B eguauie odbema, CKOPOCTb MOCTYIATEILHOIO JIBUXKEHUS

KOTOPBIX JIE2KUT B MHTEpPBaJi€ OT U J10 vV + d v onuceiBaeTca paciipeae/icHueM Maxcsesuia:

dN,(v) m \3/2 mo?\
—N = 4 (m) exp (——) v°du, (IT1.13)

e m — Macca JacTuilbl, I’ — Temreparypa raza, a N = f N, dv — ob11ee 4uCIO YACTHIL
0
B eJIMHHAIe 00beMa.

B nasbneiiineM Ham 1oHaJI00UTHCS TakxKe (DYHKIUS PACIPEIC/ICHIS YaCTHUIL 10 KH-
HETUYECKUM SHEPTUAM MOCTYHATETLHOIO JIBUKEHUA, KOTOpas MOXKeT ObITh IOJIydeHa U3
pactpejesieanst Makcesesia (1o CKOpoOCTsIM):

dNg(E) 2
.

Bamernm, 9TO 9TO BBIparKeHue, paBHO Kak u pactpesenenue (I11.13), npumennmo mpu
YCJIOBUH, UTO CPEJIHAA CKOPOCTH YACTHUIL MHOTO MEHBIINE CKOPOCTU CBETA, KOIJIA SHEPTHS

E
(kT) 2 E'? exp — ) dE, (I11.14)

1 CKOPOCTb CB#A3aHbI coOTHOMeHueM £ = muv?/2.

Boobie rosops, ra3 B 3B€3/1aX IPEACTABIAET COOOM CMeCh MOJIEKYJI, ATOMOB M MOHOB
PA3/IMYHBIX 3JIEMEHTOB, & TaKXKe 3JIEKTPOHOB. DTY COBOKYIIHOCTb MOXKHO PacCMaTpPUBATh
KaK CMECh I'a30B, KaXKJblif U3 KOTOPBIX COCTOUT M3 OJMHAKOBBIX YacTHIl. B paMkax ru-
nore3pl 0 Hagmauu JITP MBI TOJZKHBI cunTaTh, 9TO BCE STU Ta3bl UMEOT OJIUHAKOBYIO
temmeparypy. Toria jlapjienne u BHyTPEeHHs SHEPrus eJMHUYHOTO obbema (3prem )
Kazkoro raza i (i = 1,2, ...) MoxkeT ObITh HaifiJleHa U3 CJIe/YIONMX COOTHOIIEHUH — cM. [6]:

P, = N; kT, (111.15)



I'naBa III. YpaBHeHHe COCTOSIHUS 3BE3/IHOIO BEIIECTBA 46

DHTpONNS raza, COCTOAIEr0 U3 JACTHI] COPTA i, B pacdeTe Ha cM® :

2mm;k
s; = kIN; glnT—lnNi+Ci , Ci:§+1ngi+;1n %

III.1
; (IL.17)

rje m; U g; — Macca U CTATHUCTUYECKUN BEC YaCTHUIIbI COOTBETCTBEHHO, & h — mocrosHHast
[Inanka. PasMepHOCTL BeMauHLL 5; — aprem > KL,

JlaBjienue, SHEPrust U SHTPOIUA €IUHUAILI 00beMa — aJJIMTUBHBIE BEJIMYUHDI, T.€. JIJId
CMeCH HECKOJIbKUX T'a30B:

P=%P, E=%YE, s=23s. (111.18)

ILioTHOCTD Ta3a Oolpeje/IdeTcd HyKJIIOHaMU 4 , BXO/JIAINMMU B COCTAB AJEP XUMNYICCKUX

QJIEMEHTOB, U3 KOTOPbLIX COCTOUT BEIIECTBO 3BE3/IbI:
P = My Npuc, (I11.19)

rie Nypyue — KOHIEHTpaIms HYKJIOHOB, a m, = 1.66 - 1072* 2 — aroMHad eJIMHUIA MacCh,
KOTOpas, 110 olpejieiennio, pasha 1/12 maccst gapa 2C.

Kak npaBuio, 371eKTpOHBI BHOCAT B 00IIIee JIaB/I€HUE CYIIECTBEHHbIN, a B 00JIacTX, T/1e
BOJIOPO/I, ¥ T€JINI TTOJTHOCTHIO HOHU30BAHBI, OIIPEIe/IAIoONnil BKaa . /leficTBUTE/IbHO B 9TUX
0obJracTIX KOHIEHTPAIIUs 3JIEKTPOHOB [N, IPEBBINIAET KOHIEHTPAIio saep N;, Mo3ToMy
u3 (I11.15) crenyer, uro P,/P; = N./N; > 1.

B makpockonmaeckux mMacirrabax BENecTBO 3Be3/1bl JIEKTPOHERTPAIBHO. DTO YCIOBHUE
II03BOJISET CBSI3aTh KOHIIEHTPAIUIO 3JIeKTPOHOB N, 1 KOHIIEHTPAIINIO BCEX UMEIOIINXCA B
rase HOHOB, 3apsJ KOTOPLIX Z; = € - j, IJle € — 3aps/Jl 3JeKTPOHAa:

Ne=> Y "j-Ny. (I11.20)
i

Boob1rie roBopsi, HOHBI MOT'YT UMETb U OTPUIIATEILHBIN 3aPsJl, IIO9TOMY UHJIEKC J MO-
KeT npuHUMaTh 3HadeHust < (. Takue MOHBI BCTpEYaloTCsd BO BHEITHUX O0JIACTAX XOJIO/I-
HBbIX 3BE3J1 1 KOpI/IquBBIX KapJH/IKOB. I/IX BKJIa/I B CyMI\I&pHOe JaBJICHUE 1 BHyTpeHHIOIO
SHEPIUIO r'a3a CPABHUTEIBHO MaJl, OJHAKO OTPHUIATENbHBIN BOIOPO/Ia, HAIPUMED, SBJIfA-
eTcst JOMUHHUPYIONIUM HCTOYHHKOM Herpo3padnoctu B ¢orocdepe CosHIla — cM. pas-
nes VII.O.1.

Obo3HAYINM Yepe3 (i cpejHee YNCI0 HYKJIOHOB, TIPUXOISIIUXCA Ha OJIHY YaCTHILY, T.€.

N’I’L'ILC
N )

I (II1.21)
rje N — KOHIIEHTPAIUs BCEX COPTOB YaCTHUIl (MOJIEKYIIbI, ATOMbI, HOHBI U 3JIEKTPOHBI ). To-
riaa N = Npe/ [, OTKy/Ia moJydaeM yzKe He pa3 ynoMUHaBIIeecs: ypaBaenue Kiaiinepona-
Meneneena;:

_ pRT

i

P , (111.22)

4HanmoMHIM, YTO HyKJIOHOM HA3LIBAIOT YACTHUIIEI, BXOJSIINE B COCTAB ATOMHBIX sep, T.€. IPOTOHEI 1
HeiiTpousl — cM. IaBy V. Hampuwmep, B siipe m3oromna “Hey ueTsipe HYKJIOHA, a B siIpe M30TOIA YPAHA
238Ugy — 238 HYKJIOHOB.
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e R = k/m, ~ 8.31-107 spr/2/K — yuusepcasbhas razopasi HOCTOsiHHAdA. B cucreme
enuunt, CU onpeenennast rakum obpazom seamanna | = 8.31 [Ix/ke/K.

Bo usbexkanme HeopasyMeHHil ¢IeaeM JiBa 3aMEUYaHUsl [0 TTOBOJLY OTJIMYUs HAITUX
orpeJie/ieHuil BeJImIuH m,, U RN OT TeX, KOTOPbIE MPUBOIAATCI B yICOHHKAX XUMUH U MO-
JIEKyJIApHOi (busuku. Bo-1epBBIX, U3 9UCTO MPAKTUIECKUX COODPAXKEHUIT XUMUKHU OIIpe-
JIEJISTIOT MOJIEKYJISIDHBIN Bec (MOJIEKYJISIPHYIO Maccy), KaK Maccy BeIeCTBa 6 2pamMMaL,
YUCJIEHHO PABHYIO YUC/IY HYKJIOHOB B siJp€ COOTBETCTBYIOIIETO aTOMa, MJIA MOJIEKYJIbI. A
€CJIN TI0JIL30BATHCS HAIIUM OIIPEJICJIEHUEM [, TO B CJIydae, KOIjia ra3 COCTOUT U3 HeUOHU30-
GAHHHLT ATOMOB UJIU MOJIEKYJT OJTHOT'O COPTa, (i IPOCTO PABHO YHC/IY HYKJIOHOB, BXOJIATIIIX
B cocTaB sijiep aTux dactui. Hampumep s reust g = 4, a jiyist moJsiekyiisl HoO, B coctas
KOTOpOit BxoauT m3oton Kuciaopoaa 80, u = 18. Ilpu sTom B cucreme eqmann CU macca
BBIPAKAETCA B KUJIOIPAMMAX, TOT/Ia KaK B OIPE/IEJICHNE [, IPUHITOe B XMMUU, Macca Oe-
percs B rpammax. HeTpymHo Bujiers, 9To B pesynbrare "xumudeckoe" [ M0/KHO OBITH B
1000 pas MeHbIIIe, YeM y Hac, T.e. JIJIs TeJIdd 1 MOJIeKYJIbl BOAbI 4 paBHo 4-1073 u 181073
COOTBETCTBEHHO.

Bo-BTOpPBIX, OTMETHM, 9TO ¢ TOYHOCTBHIO Jydme 1 % m, paBHO Macce aToMa BOIOPOJIA
my. Ho 1 rpamm (omsite rpamm!), JieJieHHBI Ha My — 9TO, 1O ONPEIEICHUIO, Tuca0 ABO-
rajipo Ny4. [losromy npuBogumoe B y9eOHUKAX XUMHUU U MOJIEKY/ISIDHOI (bU3UKe OIpe/ie-
JICHHE YHUBEPCAJIbHO ra30Boil MOCTOSHHOM, Kak mponsseieHust kN 4, TOIKHO OTINIACTCS
OT IpHBEJIeHHOro HaMu He Ha 1%, a Ha Tpu mopsKa, ecim 00€ BeJMIMHbI U3MEPAIOTCS
B oziHOI cucteme ejuaumil, Hanpumep, CU! Keratn ckasars, pazmeprocts "xumudeckoit”
ra3oBoOil MOCTOAHHOM He Takasd, Kak y Hac: [R] = JIx/xe/K/Mob.

[IpuBesem BbIpazkeHue Jjisl T.H. XUMIIECKOTO TOTEHIHA A Ta3a, KOTOPBI paBeH padbo-
Te, KOTOPYIO HEOOXOMMO COBEPIIUTD, YTOOBI M3 CHCTEMbI ¢ (DUKCHPOBAHHON TeMIepaTy-
poif, 00bEMOM U XUMUYIECKUM COCTABOM U3BJI€Yb (MU JOOABUTH) OJHY YACTUILY. XUMUAIE-
CKUIi TIOTEHIMAJL 1) B PACUeTe Ha OJIHY YacTHIly copTa i (cM., Hampumep, [6] ):

h2 3/2

R |
5 = - In _— .

+¢;, 9pn. (I11.23)
B § 101 Toro ke yuebuuka [6] mokazano, aro s peaknun (I111.4) npu mamuaun rep-
MOJMHAMUYECKOIO PABHOBECUS BBIIIOJIHAETCS YCIOBHE:

[1 *Na, + [2 *NA, + ... = Jl By + JQ * 1B, 4+ ... (IIIQ4)

Coornomenus (111.15), (II1.16), (I11.19), (I11.20) u (I11.24), mapsmy c ycmoBum ajim-
tusHocTr (I11.18), MO3BOJISIIOT TIpU 3a[aHHOM XMMCOCTaBe ra3a ONPEJIEJIUTh 3aBUCHMCTH
JIABJIEHUST W BHYTPEHHEl SHEPIuM OT TEMIIEPATYPhl U IJIOTHOCTHU, T.€. YPABHEHHE COCTO-
staug. [locse sroro, ¢ momormbio dopmya (I111.7)-(II1.9), MoKHO TOIYyYUTH BBIpAsKEHUsT U
JUIS TEPMOJIMHAMUYECKUX IIPOU3BOIHBIX Cyr, Cp, Y UV gq.

[MosicanM cka3aHHOE HA IPUMEPE YACTUIHO NOHU30BAHHON BOJIOPOJIHON JIa3MbI, KOTO-
past TpeJicTaBysgeT coboil cMech TpeX COPTOB YaCTHUIl: aToMOB H, IPOTOHOB ¥ 3JIEKTPOHOB.
[Tpumem, 4TO BHYTpEHHssI SHEPIUs CBOOOJHBIX IIPOTOHOB W 3JIEKTPOHOB PABHA HYJIIO, a
BCE aTOMBI BOJIOPO/IA HAXOJATCS TOJBKO B OCHOBHOM COCTOHUH. Torjia

51:56207 €0 = —XH,; 90:.96227 gl:la



I'naBa III. YpaBHeHHe COCTOSIHUS 3BE3/IHOIO BEIIECTBA 48

e xg ~ 13.6 3B — norennuas nonusanuu BoI0POIA.
COOTHOIIIEHNST, OMUCHIBAIOININAE YCIOBUE 3JIEKTPOHEATPATLHOCTH U CBSI3b IJIOTHOCTH 1
YUCJIa YaCTHIl, UMEIOT TPOCTON BUJI:

N1 :Ne, P =My, * (N0+N1) (11125)

CiieoBaTesbHO,
3
P = (N0+N1 +Ne)k’T, pE = §(N0+N1 +Ne)kT_NOXH (11126)

OTcioia, B 9aCTHOCTH, CJIE/LYeT, 9TO

RT Ny + N- k
P:p—, e [ = 0+ M1 nf=—
]

—or- ~ 8.31-107 K I11.27
N, T oN, - apr/r/ ( )

i peakmun
H+e<—p+e+te

(I/IOHI/IBaLLI/IH 3JIEKTPOHHBIM yJIapPOM <— TpeXdacCTUIHasd peKOM6I/IHaLLI/I${), COorJIacHO (III.24),
nMeeM:
Na +Me = m + 27, T.C. Mg = N+ Ne. (I11.28)

Orciona, ¢ yaerom Boipaxkenus (I111.23), mosnyuaerca dopmyna Caxa (M.Saha, 1920),cBs-
3BIBAIOIIAs KOHIEHTpanuu aroMoB H, mporonos u ssekrporos (cm. Samady 111.2):

NN [ 2mmekT\*? i
¥ :( = ) exp(—k—T). (II1.29)

Beegem napamerp z = Ny /(N + Ni), XapakTepusyoIuil CTeleHb HOHU3AIMNA BOJIO-
poma: 0 < x < 1, tak uro ciydait £ = () cOOTBETCTBYeT HEHTpaIbLHOMY ra3y, a Cjydail
x = 1 — mosmocrsio nonusoBannoii miasme. Torma ¢ yaerom (I11.25) mosrymm:

x 11—z
[ VR S Gl )V (I11.30)
mu mu
Crenosarenbno, cormacHo (I11.27) mostekyasgpHbIi Bec cMecn aTOMApHOrO W MOHU30BaH-
HOT'O BOJIOPOJIA
_ No+ N1
= N0+2N1 o 1+.'L"

T.e. 4 = 1 Ui HEATPATBHOrO BOIOPOJA U (1 = 1/2 JJIsi TIOJIHOCTBIO HOHU30BAHHON BOJIO-
POJIHOM II7IA3MBI, YTO, BIIPOYEM, HEIOCPEJICTBEHHO cieyer u3 onpesenenns (111.21).
Ecisin mogcrasurs (111.30) B hopmysy Caxa (I11.29), To mosryunm BeIpazkeHue, KOTOpoe
B HESIBHOM BHJIE 33/[aeT 3aBUCUMOCTD & = x(p,T"). DTO MO3BOJISET BBIYUCIUTH TPOU3BOJI-
upie (0x/9T),, n (9x/0p)y.
C mpyroit croponsl, nojacraHoBka coorrorennii (111.30) B BbIpazkeHust Jyist JaBIeHUsT
u BHyTpeHHeil sHeprun jaer Ham 3asucumocts P = P(p,T,x) u E = E(p,T,z). Teuepn
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1o obmmM popmysiam pazzesna [11.2 MOKHO OJTyIUTh BbIpaKeHUs JIjIsd TEPMOIUHAMUYE-
CKUX TIPOU3BOJIHBIX B CJIydae JaCTUYHO MOHM30BAHHOI'O BOJOpOja. B gacTHOCTH, MOXKHO
nokazarh (cm. 3amady I11.3), aro ecim 0603HATHTD:

XH z(l —x)
B=15+= =
TO 9 1
5 4¢ (xu/kT) p 20 xuy 1+B1]
v VAV v . A I11.31
77373 31282 5 TS W 1+ Bo (11.31)

Tak kak ¢ > 0, B > 0, mosydaeM, 9T0O B 30He HEMOJIHO noruzanuu vy < 5/3, V4 < 0.4.

lg P

Puc. I1I.1: KadecTBeHnnblii XapakTep U3MEHEHUS ITOKa3aTe s aanadaThl Y B BOJIOPOJIE IIPH
u3MeHennn crerenn nonmsaruu r = Ny /(N7 + Np).

Kak y:ke oTMedasioch, BEIeCTBO 3BE3/Ibl IIPEJICTAB/IsIeT COOOM CMeCh ra30B Pa3/JINIHBIX
9/IeMeHTOB. B OCHOBHOIT Macce 3Be3/bI 3TOT ra3 MOYTH MTOJHOCTHIO HOHI30BaH. [loyanm
BBIPasKEHUsl JIJIT HEKOTOPBIX TEPMOIUHAMUYIECCKUX BEJIMIUH JIJIsi CIydas ITOJHON MOHU3a-
TN,

IIycte Xp, Yp u Zp — macca H, He n Taxennx sgementos B cv®. Bemmanmnr X, Y
U Z XapaKTepusyloT OTHOCHTEIbHOE cojiep:kanue (00u/Ire) COOTBETCTBYIOMIUX JJIEMEHTOB
B BemecTBe 3Be3/bl. OTHOCUTE/IFHOE O0M/INE KaKOro-JIMO0 U3 JIEMEHTOB TsIzKesiee T'eJIus
oyaeM obo3HaUATh OYKBOH X ¢ HUZKHUM HUHIEKCOM, COOTBETCTBYIOIIUM XUMUIECKOMY CHM-
BOJIy 9TOrO 9JIEMEHTa, Tak 4ro cymma X; pasHa Z. Hanpumep, B dorocdepe (!) Comrra
X =070,Y =028, 72=002 Xc~4-107% Xp~8-107%, Xp, ~3-1075.

MaccoBoe obuiie 3jiemenTa X; CBsA3aHO C KOHIIEHTpallfeil sigep 9Toro sjeMmenTa [V;
COOTHOIIEHUEM:

pXi
Aimu ’
rje m, — aTOMHas eJIMHUIA Macchl, a A; — T.H. MaccoBoe 9nC/I0, paBHOE YUC/TY HYKJIOHOB
B fJIpe COOTBETCTBYIOIIETO dJIEMEHTa — CM. cTp. 64.

Y 571eMEHTOB TszKeJiee Tesiist HanboJIbIlee 00M/Ine UMEIOT U30TOIIbI, B SJIpaX KOTOPHIX
YUCJI0 HEHTPOHOB M IIPOTOHOB JINOO OJUHAKOBOE, JINOO IMOYTH OJinHaKoBoe. Ecim maccoBoe

N; =

(111.32)
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YHUCJI0 TAKOTO si/ipa paBHO A;, TO IpH TOJHOW noHM3anuu mosiBisiercst A; /2 cBoOOIHBIX
371eKTpoHOB. KoimdecTBO 4acTull B OJTHOCTHIO HOHM30BAHHOM T'a3e MOXKHO OIPEJIC/IUTD C
[IOMOIIIBIO TIPUBEJIEHHON HUKe TaOJIUIbI, B KOTOPOit OYKBoit A 0603HAaUEHO cpejiHee Mac-

COBO€ YHUCJIO: X
A=3"4"0
247

KOTOPOE 3aBUCHUT OT OTHOCHUTE/IHHOIO OOMJIHS TAXKEJIbIX 9JIEMEHTOB B BEIECTBE 3Be3/bl. B
yacraoct, 1 Commma A ~ 16.

Tabauma I11.1: Yucmo gacTull mpu MOJHONR MOHH3AIIAN
DJIeMeHT H He Teaxkesnie 371eMeHThI
Yucio anep | X(p/my) | Y(p/4my) Z(p/Am,,)
Yucimo e~ | X(p/mu) | 2Y(p/4my) | AJ2-(Zp/Am,,)

Eciim npenedbpeds BKJIAJIOM siJIep TS2KEJBIX 3JEMEHTOB, UTO OIpPaB/IaHO, HAIIPUMED,
JIJIS 3BE3J1 IVIABHOM 1OC/Ie/I0BATE/IbHOCTH, TO U3 TAOJIUIILI TOIydaeM, UYTO

pRT 1

P=— = : I11.33
v P T OX 1075 1057 (IL.33)
[Tockosbky X + Y + Z = 1, BbIpaxKenue JId (4 MOYKHO II€PENcaTh B BUJIE:
4
S — I11.34
N 335x -7 (IIL.34)

B wacTHOCTH, ecin IPpUHATH OOM/INE 3JIEMEHTOB TaKMM ke, Kak B dporocdepe CosHIla,
To 1~ 0.62.
WNuorna ObiBaeT y00HO pas3ieanThb BKJI 3JIeKTpoHOB U sjep. C momorpio TadsrI11.1

IIOJIyIYUM:

2
N.=L (x+05y+052)=—L— L (I11.35)

My Mufle 14+ X
HerpymiHo BHIETD, UTO [, — 9TO YHUCJIO HYKJIOHOB (p/m,,), IPUXOJAIIEEC HA OJUH SJIEK-
Tpon. [lannoe BbIpazkenue ajid N, dABJIAeTCA YaCTHBIM CIydaeM ypaBHEHHUs 3JIeKTPoHeil-
rpasnbrnoctn (I111.20) B npesesne mosHoi noHU3aMN.
Temnepn BbIpazkenue sl JTaBIeHIA OOJIBIIMAHOBCKOIO 3JEKTPOHHOI'O ra3a MOXKHO 3a-
nmcaTh B BHJIE:

T
P, = N1 = 2L (111.36)

He

Anasornuneiv 06pasom ¢ nomornibio TaburI11.1 mostyanm, 4T0 1pu HOJIHONE HOHU3AIINH
JIABJICHHE ra3a siep (HOHOB) 3aIlUIeM B BH/IE:

pRT 4

P= e
n M=13x -2

(111.37)

[Tosmoe masrenne P = P+ P., nosromy, cpasnus (I111.35), (I11.37) ¢ (I111.34), mosyamnm:

1 1 1
e (LIL38)
2 2% He
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OTMmernM, 9TO €c/in ypaBHEHUE COCTOSTHUS BEIIECTBA B NOAUMPONHOTU 3BE3/IE OIUCHI-
Baercs 3akonoM (I11.33), To mepemennast 6 = [p/ po]l/ " IponOpIUOHAIBbHA TeMIEpaType
raza, a rounee semaune T'/p. Jeiicrsurensno, u3 coornomenuit P o< p' /" u P oc pT/
caemyer, aro T/ oc pt/™ = pé/ "0. Taxum ob6paszoM B cirydae ypasHenns cocrosuus (I11.33)
¢ {4 = const MOJUTPOIHYIO 3aBUCUMOCTH MOYKHO 3aIlUCATH B BHJIE:

T 1/n CUn
— = (ﬁ) ,owm T=Kp", e K =Typy'". (I11.39)
1o Po

I[IpuBejieM BbIpazkeHue Jyis YIeIbHON (T.e. B pacuere Ha 1 2 BeliecTsa) SHTPOLUH NoA-

HOCTDI0 UOHU3068GHH020 DOTBIIMAHOBCKOT'O I'a3a, COCTOSIIEr0 U3 CMECH Ia30B Pa3IMIHBIX
9JIEMEHTOB U Ta3a 3JCKTPOHOB. [lj1g suTponmu gaep mmeem:

Sion = % : ;Sia

rje cymmuposanue Boipazkenuii (I11.17) jyist Bestuaun s; JIOJIZKHO IIPOBOJIUTHCS [0 MOHAM
BOJIOPOJIa, MeJIMS U TsKeJIbIX 3/ieMeHTOB. [loc/ie TpuBUaIbHBIX BBIK/IAI0K Oy IUM:

xR T3/2
Sion = — In (—) + Cion - (II1.40)
i p
BJech p; — MOJIEKYJISIpHBINA Bec cMmecH, BbrauciseMbrit mo dopmyste (II1.37), a Ci,,

KOHCTAHTa, BEJIMYNHA KOTOPOW OIPEJIeJISIeTCsT XUMIIECKIM COCTaBOM cMecH (cM. 3ajia-
qy 111.6).

Boipazkenue Jijist yIeJIbHONH SHTPONUY GOJIBIIMAHOBCKOTO ra3a 3JIEKTPOHOB HEIIOCPE/I-
crBenHo nosydaercs u3 dopmydst (I11.17) ¢ yuerom coornomenust (I11.35):

3/2
L <T—> +C,, (I11.41)
fle p

C yuerom (I11.38) BbIpazkeHme Jisi MOJTHON YI€JIbHON SHTPOIUU MOXKHO 3alliCATh B
BH/IE!

R T3/2
S =Sion+S.=—1In <—) + const . (I11.42)
I P

[Ipu HeobXoMMOCTH aHAJIOITIHBIM 00PA30M CJIe/IyeT YIeCTh BKJIA[ HeRTPaIbHBIX aTO-
MOB 1 MoJsieKyJ1. 1o dopme mosyauBieecss Beipaxkenue He Oyner oramudarbest or (111.42),
HO MOJIEKYJISIDHBIIT BEC CMECH [i CJIeJlyeT PacCuuThiBaTh 1mo obmieit dpopmye (I111.21).

I11.3.2 UYepHoTeabHOE M3JIyUeHUE

B mempax 3Be3[| u3ydeHne MOXKHO PACCMATPUBATH, KAK TEPMOJMHAMUYCCKE DABHOBEC-
HbII Ta3 GPOTOHOB, KOTOPBIE IPECTAB/IAIOT COOO KBAHTBI SJIEKTPOMAIHUTHOIO H3JLye-
HUsl. DHEPrHus KBAaHTa C YacTOTON v paBHa hv, a pacupejesieHHe KBAHTOB IO YacToTe,
T.e. KOJUIECTBO KBAHTOB B €IMHHUIIC 00bEeMa ¢ 9acTOTON OT v 10 v + dV OIHCHIBAETCI
cratuctukoit boze [6]:

4m B,

l/d -
T Q¥ chv

dv, (I11.43)
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e B, — dynknua [Lnanka:

. I11.44
? exp(hw/kT)—1 ( )

Unrerpupys (111.43) o Bcem gacroram ot 0 10 00 HOJIYYIUM, YTO MOJHOE THCIO (HDO-
TOHOB UePHOTEILHOTO M3/IydeHns B 1 ¢M® paBHO:

N, ~217°. (I11.45)

Eciu mporHTErpupoBaTh 110 BCEM YacTOTa IIPOU3BE/IeHne hv - M, a TOJIyIeHHbIl pe-
3yJIbTAT PA3/IEUTh HA IJIOTHOCTD, TO TTOJIY IMM BbIDasKeHUe JJist YIeIbHOM (3pr/ 2) sHeprun
YEPHOTEIBHOIO U3JTY I€HHUST: \

B =4 (II1.46)
p
riae a ~ 7.55- 1071 sprem 3 K4

BuyTpu 3Besj Beerna E,/c? < p, T.e. OCHOBHON BKJIaJl B IJIOTHOCTD JIAIOT HYKJIOHDI,
a He m3yydeHne. Bmecre ¢ TeM, BOSMOKHBI CHTYAINN, KOIJIa KOHIEHTpalms (hoToHos N,
GoJibIne, YeM cyMMapHas KOHIEHTDAIus HyKJIOHOB ® ajektpornos N = p/u/m, — cM.
(II1.19) u (II1.21). IIpumepoM MOXKeT CIyKUTH HEeHTpaJbHas 00JIACTH 3BE3/IbI ¢ MACCOi
130 Mg — ybeaurech B 9TOM CAMOCTOSATEIHLHO, ONPEIEINB ¢ HoMoIbio Tadbsuipsl [11.2 or-
nomrenne N/N., B 9TOM Ciydae.

JlaBiieHne 9epHOTEIHLHOTO U3JIyYeHUsT PABHO:

P. = -T% (T11.47)

a yaeJIbHad SHTPOIINA " XUMUYECKUMN IHoreHmuaJr COOTBETCTBEHHO PaBHBI (CM. Bagaqy
111.10) :
4aT°
S, =
3p

ﬂﬂﬂ CMECH I'a3a XU 9YEPHOTEJIbHOI'O U3JIYICHUA NMEECM:

. . =0. (I11.48)

pRT  aT* _3RT N aT*

P=P +P =—+ , E=FE,+ E, I11.49
O6o3uaanm
Py
g+ Pr
Torma BHe 30n nonnsaruu (1 = const) :
2 (4 —-3p3)° 5 4
3P 3R 4aT?
-2 (8—_7 1) =2 = = ) I11.51
Cy 5T (8-178), — Cy(1) 30 Cv(0) P ( )
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. 3P qu 9 B 5K B 4(1,T3 16&2T2,u
Cp = 2T (8 - 7ﬁ)+MT2 (4-38)?% = Cp(1)= o Cp(0) = o
(T11.52)
_ 2(4-3p) 2 1
Va=3"om5 32— VYel)=g Va0 =7 (IIL53)

CkopocTb 3ByKa B Tase, COCTOAIIEM U3 cMecu dactull u ¢dporonos, cormacuo (111.10),

_ 5_ 1Py _ ﬂ_vs(l)
s V7' _\/6,0 o BT S

rie V(1) — ckopocTh 3ByKa B rase, cocrosiieM Tojbko u3 dactur. U3 (I11.54) cremyer,
qro ecim 5 — 0, 10 V() — 00 1 MOXKET NPEBBINATL CKOPOCTH CBETA. DTOT PE3YJILTAT
HPOTUBOPEYHT CIENUAILHOM TEOPUU OTHOCUTEIHLHOCTH U ABJISETCH CIEACTBUEM TOIO, YTO
upu BbIBOJE (DOPMYJ/IbI MBI IpeHeOperin BKIaJA0M (OTOHHOIO Ta3a B ILIOTHOCTL — CM.
Sagaay II1.11.

Yenosmo Py = Py, re. f=0.5 (upu p = 1) cooTBeTCTBYeT IpaHuUIa;

paBHa:

1
3T =750+ 5 lgp. (11L.55)

Yem Gosibilie Macca 3Be3JbI, TeM OOJIBIIYIO POJIb UIPAET JIaBJICHHE M3/IYUYCHHUS B ee
HeHTpaJibHbIX obstactax. leiicrsurensuo, u3 coornomenuii (11.30) u (11.34) cremyer, aro
po o< M/R® u Ty o M /R, nostomy

3
(i) x T o M?. (I11.56)
P 0 £o

g

Tabmuma 111.2: I[aBﬂeHHe; nzydenus B nentpe 38e37 HI'TI ¢ X=0.7 u Z=0.03

M/Mg | T., 10°K | p., v/er’ | P,/P Ccblika
1 1.4 90 < 0.001 Iben 1., ApJ 147, 624, 1967
5 2.7 18 0.02 Iben 1., ApJ 143, 483, 1966
15 3.2 5.3 0.10 Ziolkowski J., Acta Astron. 22, 327, 1972
60 3.9 2.0 0.36 Ziolkowski J., Acta Astron. 22, 327, 1972
130 4.3 1.3 0.52 Apenzeller 1., A&A 5, 355, 1970

TemoBaga QHEPI'ud 3Be3/, COCTOAIINX M3 HEBLIPO2KICHHOI'O Ir'a3a €CThb

M
Q= / <—3%T + 3&) dm.
/ 24 P



I'naBa III. YpaBHeHHe COCTOSIHUS 3BE3/IHOIO BEIIECTBA 54

N3 teopembl BupunaJa

M M 5
Uz—3/£dmz—/<3—T+3i>dm.
/P / 1 p

[TosToMy TO/THAST SHEPTUA 3BE3IHI

3RT 1-
Eip=Q+U=— | ——dm = -pU,
2u 2

T.€. 3B€3/Ia I'PABUTAIIMOHHO CBs3aHa, HO 3Ta CBA3b OIPEJIEISeTCs JINITh BEMECTBOM — 3TO
caecTBue yeaoBus Frqq/c? < p.

I11.3.3 OO6pa3oBaHnE 3JIEKTPOH-IIO3UTPOHHBLIX MHap

Korma T cramoBuTcsa ~ m,c? Jk~6- 10° K, BosmMozkeH mporiece 7y <— e~ + e’
YpaBHeHue 3J1eKTPOHEATPATLHOCTY IPUHUMAET BUJL;:

p
muﬂe

= N_— N,. (I11.57)

Ecm f<1uT>6-10°K, o N.~ N, n

111 7\ aT*
Py = (g + E) aT*, E,.,= (1 + Z) “7; (IT1.58)

Beisos sToro coornorenus npuse/eH B [6], cm. Takxke ¢rp.60 mike.
[Tpu poxiernn nap y cranoButcst < 4/3 — 9T0 OCHOBHAs HPUYIKHA, 10 KOTOPOH HEBO3-
MOJKHO CyIIecTBOBanue csepxmaccuBubix (M ~ 10% M) sBesn.
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Sagaan

3apgaua II1.1. OupesiesiuTsb CPeHIOI0 CKOPOCTH TEIIOBOTO JIBUXKEHUS ITPOTOHOB U dJIEK-
Tponos B nentpe Cosmna, npungas Ty ~ 1.5 - 107 K.

Banmaua II1.2. Bosectn ypasuenne Caxa (I111.29)
Bamadga II1.3. Besectu coornomenns (I11.31)

3amaua II1.4. [TokazaTh, 4TO MOJIEKYIIPHDIN BeC ra3a, COCTOSIIEIO U3 CMECH aTOMOB
BOJIOPO/Ia U TeJINs, a TaKKe MOJIeKYJ Bojopoa Ho, Beraucaserca mo dopmyse:

41+
Pty +a)

(111.59)

e X u Y — maccoBoe obujIMe BOJOPOJIa U T'eJidsi COOTBETCTBEHHO, a X — JI0JIs BOJOPOIHBIX
MOJIEKYJT [I0 OTHOIIEHUIO K OOIIEeMy YHC/Iy YacTHIl BOJIOPO/ia (ATOMOB + MOJIEKYI).

Bagaua II1.5. OupeenuTsb 06bLEMHYIO KOHIIEHTPAITIIO 3J1eKTPoHoB B enTpe Coutnia,
nonaras py ~ 100 2/cm®, Xo = 0.5.

3apaua II1.6. [lokazars, uTo suTpoIus 1 2 MOJTHOCTHIO HOHU30BAHHOTO I'eJTis PABHA

T3/2
S:ﬁm<——)+@” (111.60)
1 p

rae u = 4/3 - MOJIGKyJIHprIfI BeC reJjivd, a BeJIMYrHa Ca OolpeJesideTcd COOTHOIIEHNEM:

5 3 2rk 9 3
C=%* §+ln2+lng+§ln(?) —|—§lnma+11nme

Bagaua II1.7. Ucxons us seipaxkenust (111.42) st ynenbHOit SHTPOIINN GOIBIMAHOB-
CKOI'O T'a3a C IMOCTOAHHBIM MOJICKY/ISPHBIM BECOM [4 TIOKA3aTh, YTO OKA3aTe/b a/InadaThl
TaKoOro rasa y = 5/3.

3amaua II1.8. /lokaxkure, 9TO y HOJUTPOIHBIX 3BE3/I, COCTOSAIINX U3 ra3a C ypaBHe-
muem cocroguust (I111.49) u nocrosmuoit Besmaunoit i, otHomenne 6 = P,/ P, yOpiBaer or
IeHTpa HAPYyKy pu n < 3 U BO3pacTaeT mpu n > 3.

Bamaua I11.9. Vcxong us seipaxkenus (I11.48) myist yesibHO# SHTPOIMU 9epHOTEI b
HOT'O M3JIyYeHHUs TI0KAa3aTh, 9TO MOKa3aTesb ajauabarsl (pOTOHHOTO raza y = 4/3.

Bamadga II1.10. C nomormpio coornomenns (I111.24) s peaknmit (I111.2) u (I11.3) mo-
KayKIUTE, 9TO XUMUICCKHUI MOTEHINAJ YePHOTEILHOrO N3y denus pasen 0.

3amaua 111.11. [loka3arh, YTO CKOPOCTb 3BYKa B (POTOHHOM Ta3e

2
VS:§C.

Bamaua I11.12. Ouennre HaNGOBIMYIO MACCY H30TEPMUIECKOTO MeJIMEBOTO siyipa, (core)
3Be3ibl M| HizKe KOTOPO# pacuer MakcnMmaJsbHoro jnasienus (11.46) wa Brentreit rpa-
HUIIE s/Ipa BO3MOKeH 0e3 yueTa BKJIa/a U3JIyIeHUs.



I'maBa IV

YpaBHeHNE COCTOSIHUS 3Be3HOI0
BeIlecTBa

Ob6aactp "HU3KHX" Temmeparyp

BprO)KJ]eHI/Ie QJIEKTPOHHOI'O rasa

Pe3onno mpemosioxkurh, 9T0 KOIjia CpejHee PACCTOAHUE MEXKJIy JIEKTPOHAMHU CTAHeT
MeHbIIle BeJTMINHBI, CPABHUMOIT ¢ 1mnHO BostHbL jte Bpoitns ssekrpona A (L. de Broglie,
1923), Ha HOBe/ICHIH SJIEKTPOHHOIO I'a3a CTAHYT CKa3bIBATHCA KBAHTOBbIE 3derThr. Otie-
HUM, TP KAKUX YCJIOBUSIX 3TO MPOU30MJIET, PACCMOTPER Ta3, B KOTOPOM 3JIEKTPOHBI JIBH-
JKYTCsI CO CKOPOCTSIMU MHOT'O MEHbIIIe CKOPOCTHU CBeTa. B 9ToM citydae Macca MOKOs My, UM-
y/IbC P U KMHETHYECKask SHEPrHsl € 3/IeKTPOHA CBA3AHbBI COOTHOMICHUEM: € = p2/2m,. Ilpn
9TOM JIJISl CPEIHErO 3HAYMEHUST KHHEeTUIECKO SHEPrun nMeeM cooTHomtenune: € = 1.5kT, mo-
3TOMY CPEIHUIl UMITYJIbC JIEKTPOHA P ~ (3mekT)1/ e NpyToii cTOpoHbI, ecam B 1 cm?
nmeetca N, 9JIEKTPOHOB, TO CPeHEe pacCcTogHue Mexk iy HuMu [ ~ N, 1 3, WA, C YIETOM
(II1.35), I ~ (pemy/ p)l/ ? Tomarast, 910 KBaHTOBbIE 3(b(HEKTHI HATHYT CKA3BIBATHCS, IPU
I < X u3 coornorenus Heornpeesiernoctu eitzenbepra (W. Heisenberg, 1927) p- A > h/2

IIOJIyIYUM:
1/3
p 2p (3m.kT)'?

CitejtoBaTeIbHO, KBAHTOBBIE 3(DEKTHI CJIe/lyeT YIUTBIBATE, KOIJIa IIPHU JAHHO IJIOTHOCTH
TeMIepaTypa JIEKTPOHHOI'O ra3a MeHbIle T.H. TeMilepaTypbl Pepmu:

72 2/3
TSTFQ7-<£) |

12m. k:mi/ 3 He

Baberasi Briepe/| OTMETUM, YTO [OJIydeHHast OlleHKa T, IPAKTUIECKH COBIIIAET C TOYHBIM
suaderneM (IV.11), koropoe GyieT MOTyIe€HO TyTh MO3/HEE.

ITosscauTh Ha ITaJIbIlaX, IIOYEMY IIOABJIAETCA BbIPO2KIECHUC. BprO}K,ZLeHHbIﬁ — degenerate.

[Iycrs fo = f.(¢) — BepositTHOCTH OOHAPYKUTD SJIEKTPOH B sideiike (ha30BOTO MPOCTPAH-
CTBa C 3Hepruei .

26
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Ecmu T=0,10 fe=1upun e < e™® = FEp, u f. =0 upu € > Ep.

B sTom citydae 9uciio 3/1eKTpOHOB paBHO UNC/TY SHEPTETUIECKUX COCTOSTHUN B 3JIEMEHTE
¢da30BOro MPOCTPAHCTBA:

2 2
N AV = 7 dp.dp,dp. dV = s 4p? dpdV. =
e, .
P 2 T3
Mt / pp T T gt
0
L 3o \/? b \3
_h ~mee- (—2—) . V.1
Pr 5 (ﬁmu,ue meC 106 e ( )
pr )
P, = / vamﬁllﬂdep, (IV.2)
0
e,
p-E,= /eﬁ Ampdp, (IV.3)
0
riae p = mev (1 — 1)2/02)_1/2 ue=(p’c*+ mgc4)1/2, upudeMm p,v, = pv/3 — cM. 3ajady

IV.1.
Eciun obosnaunts © = p/me.c n xp = prp/mec, 10 v = cx/+/ 1+ 2. Torga

TP
8rmic® xt
P, = - dr = P?. , V4
e | e = B S 4
0
e
o Tmicd 5 > 5
P’ = TR flx)= (22 = 3z) V1+ua +3ln(x+\/1+x>

Jlns nac namboJiee MHTEPECHDBI IPEJE/IbHbIE CIydan 3TOrO BbIpaxkenus npu rp <K 1
(HepestsITUBUCTCKUN ciiy4ail) u xp > 1 (yaprpapengaruBucrckuii ciydait). Herpymano mo-
Ka3aTb, 4TO

82°/5 mpn x <K 1;
fle)=4. 4
2x mpu x > 1.

C yuerom (IV.1) nmeem:

9.9-10'2 (p/p.)**® 1pu p/pte < 10° (HepeNATHBHCTCKOE BBIPOKICHHE):

< {1.2 10" (p/pe)*®  1pu p/pe > 108 (yIBTPAPEIATUBICTCKOE BHIPOZKICHNE).
(IV.5)

Ecim v = p/m, u € = p?/2m, (HepensituBucTCKumii ras), To

prow 81 _ o gg.q0n (2" (IV.6)
o T s PP pe) '
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3 P,
nont — 3 (6e3 maccenl ToKost! ) (IV.7)

p

Ecimu v &= ¢ u € = pe (yaIbTpapesaTuBUCTCKUil Tas), To
2mc P 43
P =" pp=12-10" ( = V.8
e 3h3 Pr Lhe ’ ( )
Prel
B =3 ——. (IV.9)
p

Prenm = pPrelypu p/pe = 10° r/en®.
[Moncrasiss B (I1.11) moyunm npegenbryto mMaccy Gesoro Kapsmka (BK):

5.75
MCh - FMQ

s He, Cu O po =2 — My, = 1.44 Mg, {na Fe p, = 56/26 — MES = 1.24 M.
Us (I1.9) caemyer, aro npu lg p. < 7 msa xononabix BK

M o< \/pe,  Roc1/pl®.
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IIpu T> 0 cpemnee unciIo 3am0IHEHNS d9eeK (a30BOro MPOCTPAHCTBA

-1
E—n
=|1l4+exp|— ,
rJe 1) — XUMUYEeCKHUil TTOTEHIA JIEKTPOHHOT'O Ta3a.
Torma

87T T 2 87T i 2 87T i 2
Ne=+3 / ferrdp,  Pe= 5 / fepop™dp,  E. = o / feep™dp.  (IV.10)
0 0 0

Taxk xak N, = p/myp. = F1(T,n), P. = F5(T,n), T0 Mbl uMeeM apaMeTpHIECcKOe
3ajianme ypasHenus cocrostaust P, = F(p/pe, T).

Y106HBIE [T PACIETOB alIPOKCUMAIMOHHBIE (bOPMYJIbI IpUBe/ieHbl B pabore [15]. B
yOIMKAIIIE MMEeeTCsT HECKOJTBKO OTIeYaTOK, CIIMCOK KOTOPBIX mpuBejieH B [16].

Beipoxkienne cranosurcs cymiectBeHHbIM ipu T > Trp = ep k.

J1J1s1 3JIEKTPOHOB: B HEPENATHBUCTCKOM ciydae (ep = p%/2m,) :

B2 3 2/3 2/3
Tr ( p) z3-105(ﬁ) K, (IV.11)

B 8kme \ My fhe LLe

a B YJIBTPAPENSITHBUCTCKOM (Ep = CPF) :

L 1/3 1/3
T = (3P ~6-107( 2) K, (IV.12)
2k T e He

Orcro/1a, B 9aCTHOCTH, CJIEIyeT, 9TO Ta3 3JIEKTPOHOB B MeTaJlIaX BBIPOKIEH MIPU KOM-
HATHOI Temreparype!

st iporonoB u HeiirponoB Ty =~ 1.6 - 103p2/ 3 K = B 3Be3/ax p-ra3 He BBIPOK/ICH!

PaccMoTpuM HECKOJIBKO YACTHBIX CJIYYaeB, KOTOPBIE MOTYT OBITE HOJIy9€eHbI U3 OOIIIX
Beipazkenuii (IV.10)

IIpumep 1. Temmneparypublie nonpaBku mpu cuibHOM Bbipoxaerun (T > 0, T/Tr < 1).

B HEPEJIATUBUCTCKOM CJIydac:

5/3 2 2
5% T

P~99-102 (2 1+ 22 (=) . V.13

(Ne) [ * 12 <TF) ( )
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B yabrpape/iaTUBHCTCKOM cirydae:

4/3 2

T

Po~12-10" (ﬁ) 1+ 27 <—) . (IV.14)
e TF

Bblpa}KeHI/IH JJIgd SQHTPOIIMU U TEIIJIOEMKOCTHU JIEKTPOHHOI'O I'a3a B HEPEJIATUBUCTCKOM
1 B YJIBTPAPECIIATUBUCTCKOM CJIyYdasdX UMEIOT OILHH&KOBbeI B!

T
S.~Cy~Cpr WQE (—) , (IV.15)

ozHaKo Belpazkenns Jyis T s otux ciayvaes pasusie — (IV.11) n (IV.12) coorBercrsen-
HO.

OrMernM, 9TO €C/iu 3JIEKTPOHHBIN Ia3 CHIIBHO BBIpOKIeH, T.e. T < T, TO ero naBie-
Hue P, HaMHOrO IIPEBOCXOJUT JaBJieHue rasa suep P;. B camom fese, naxke korja sex-
TPOHHBII ra3 He BeIpoKAeH P, > P; — cM. ¢1p.46. C 1pyroit CTOPOHDI, UCHOJIB3Ys OIIPE/Ie-
nenvie Tp, Boipaxkenus (IV.5) mist P, mpu T' = 0 MoKHO niepernucaTh B hopMe ypaBHEHUsT

Kanaitnepona-Memniesreena:
KT
Pe =0- P F7
He
rje 0 = 2/5 B HEpeJSITUBHCTCKOM cjiydae u § = 1/4 B yJbTPapeasTHBUCTCKOM CJIydae.

Otrciona u ciesyer, uro upu 1y > T naBjenne 3J1eKTPOHHOTO Ta3a OyJIeT MHOrO OOJIbIIe,

qem P

OIHAKO TeIJIOEMKOCTh BEIECTBA TP CHJILHOM BBIPOXKJIEHIE 3JIEKTPOHHOTO Ta3a Orpe-
JIeJISIETCS. IOHHO KOMIIOHEHTOl — CPaBHUTE BBIPAYKEHUS JJIs TEIUIOEMKOCTEl HEBBIPOK-
nennoro rasa nonos (II1.51) u BeIpozkaernOro raza smrexrponos (IV.15). .

ITpumep 2. PaccMOTpuM CHTYAIUIO JJOMUHUPOBAaHUSA €T — e map.
Ipu JITP ny +n- =n, =0, Te. ny = —n_. Ecoim N_ = N, To

o -1 s -1

£=n 2dp — etn 20, 01
/[1+exp( T )] pdp—/[1+exp< T )] pdp; = n=0!
0 0

Torna (e = pe, v = ¢)

[e.e] o

167c? pcN1—1L x3dx
P,=P_ +P.~2P = K (&) P /7
P T meh? / +exp kT prap e 1+ exp ()

0

Awmasornuno nokasbisaercs, uro E, oc T* — . (I11.16).

ITpumep 3. llouemy cymecTByIOT HEHTPOHHBIE 3BE3/IbI!
CBobOo/iHbIII HEATPOH pacrajaeTcs Ha IPOTOH, JIEKTPOH M aHTHHEHTPUHO 3a Xapak-
teproe Bpemsa ~ 10% ¢. Ho korma Ep > (m, —m,)c* ~ 1.3 M3sB, To HOBOMY 3J1€KTpOHY

ner Mecta. J[Is PeIITUBUCTCKUX 3J1eKTPoHoB Ep = pre ~ 5.1-1073(p/ ,ue)l/ 3 MsB. Cite-
JI0BaTeILHO, IPH p/ e > 2+ 107 2/cM3 HeliTpoHbI pacna aThes He MOTYT.
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IV.1 BiugHue KyJJOHOBCKOT'O B3anMO/IeliCTBUs HA Y PaB-
HeHlEe COCTOSTHUSA

IV.1.1 T'a3 HeliTpaJabHBIX YaCTUI]

Bo Bremnnunx obosioukax xosioaabix 38e3 1 u mianer npu T'< 4000 K BemecrBo cocrout u3
cMecu aToMoOB 1 MoJiekyst. [Iycrs N — KoHIeHTparusa 4acTull, a

I~ N2~ 1078/p3 em, 11 ~107% cM

CpeJiHee PacCTOsSTHIE MKy YaCTHIAME U XapaKTEPHBIH pasMep aToMa,/MOJIEKYJIbl COOT-
Bercreenno. Torma npu | < 107y, T.e. mpn p>1073 r/ cM 3 HaJl0 yIUTLIBATL B3AMMOICH-
cTBHE JacTuIl Apyr ¢ aApyrom. C pa3zyMHON TOYHOCTBIO MOBEJEHNE T'a3a B ITUX YCJIOBUIX
OIIMCHIBAETC ypaBHeHUEM BaH-Jep-Baasibca:

N
P=———FkI'—aN,
1—-bN
rjie mapaMeTpbl @ U b BHIOMPAIOTCS U3 yCJIOBUST HAMJIYUIIIEr0 COTJIACUS C SKCIIEPUMEHTOM.
Korma [ cranoBuTcs ~ 17 TPOUCXONT JIUCCOTMAINS, & 3aTeM W MOHU3AIUS B PE3Yilh-
TaTe yMEHBINEHUS HEPIUU CBA3M JEKTPOHa ¢ "pomurenbckum' sapoM — cM. 3aady

V4.

IV.1.2 VYdyer KyJOHOBCKUX B3aUMOJIEICTBUII B MJjia3Me

[Iycrs mmasma cocrout us sifep (A,Z) ¢ kornentpanueir N, u smektporos ¢ N, = ZN,.
CpeziHee paccTostHIe MeXKTy HOHAM

I, = N3 (IV.16)

Ecyin 661 3aps/ibl B 11a3Me ObLIA PACIIPE/Ie/IeHbl PABHOMEPHO, TO B CPEJIHEM KYJIOHOBCKOE
B3uMO/IeiicTBUE ObLIO paBHO (), 1 M1a3Ma ObLIa Obl UJIeaILHBIM ra3oM. OJIHAKO JIEKTPOHBI
KOHIIEHTPUPYIOTCS BOJIM3UM MOHOB, CO3/IaBas 00JIACTL C PA3MEpPOM 1 D (pamuyc [ebast),
BHYTpU KOTOpOfI IIOTCHITAJI (HpI/I CpaBHUTEJILHO MaJIbIX HJ'IOTHOCTHX nMeeT BUI:

1 T
= - —— =/ ——5— ~ 107" /— V.17
=7 ( ’I‘D) ’ e 47TZ€2N p ( )

IJIe € — 3apsijl SJEeKTPOHA. 3apsi/ibl, yIAJTEHHBIE OT HOHA HA I > I'p, MIPAKTUIECKH, HE OKa-
3BIBAIOT Ha HEro BjmaHMA. [[0MepKHEM, 9TO IIPU BBICOKUX IIOTHOCTSX BBIPAZKEHHE JIJIsT
pajuyca Jlebast cylecTBeHHBIM 06Pa30M OTJINYACTCS OT HPUBEJIECHHOIO — CM., HALIPHMED,
§17 B [1].

Mepoii Henea bHOCTH IIA3MBI CJLYKUT Oe3pasMepHoe oTHOIeHHe I TeroBoit sHep-
UM JaCTUIL K 9HEPTUU KyJIOHOBCKOTO B3aMMOJIEIICTBUs MEXKJLy Mapoil COCETHUX 3apsAIOB:

7%e?
l;

Ey = (IV.18)
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CoOOTBETCTBEHHO UMEEM:

7202 1 l; 2 72 pl/3
r=2¢_ (%) x100 2.2
llk’T 4 D A1/3 T

B nenrpe Comnna, nampumep, I' ~ 0.05.
Ecmu I' < 1, To Boipaxkenue it P u E uMmeer BuUI:

3 2
Psz:T(l—gP?’/?), p-E:§NkT<1—TﬁP3/2).

[Ipu I' ~ 1 BermecTBO BejieT cedsA, KaK KUJIKOCTD, & IIPH

ZQ
I >I,~150, renpu T<T,~2-10° yiE p'/3

HMOHBI 00PA3YIOT KPUCTAIMIECKYIO PEIIETKY, BHYTPU KOTOPOi HAXOIUTCS T'a3 CBOOOJIHBIX
ssiekTponoB. Hampumep, B 1nientpe yriuepoguoro (Z = 6, A = 12) Gesoro KapJjmka ¢
lg p. = 9 Kpucrasamgeckoe aapo HadunaeT dpopMuposarhes, ecam 1 < 3-107 K.

10 \ \ ‘ § ‘
Fe->13a+4n
y-et+er
9 — 7<4/3 | —
| v>4/3 : i
|
= L I —
20 8 py |
— Q% 7‘Q‘ 'gl
- Qe IZANC I
R
ERE
7 — ,_‘l.o-c -
23
I o
L =N _
o
Z |
6 ‘ | |
0 3 6

lg p

Puc. IV.1: OrHOCHTEIbHBIN BKJIAI PA3IUIHBIX KOMIIOHEHT B YpaBHEHHE COCTOsiHMA. TakxKe
[IPOBEJICHA JINHUS, BBIIIE KOTOPOIi Y CTAHOBUTCs MeHbIe 4/3 3a cuer obpa3oBaHus nap u
doromucconuanuu Fe.
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Sagaan

Bagadga IV.1. [lokazars, uto B Beipazkenun (IV.2) npoussejenue p, v, MOKHO 3aMEHUTD
Ha pv/3.

Samaua IV.2. Ouenurs, HaunHas ¢ KaKOH MHHUMAJIBLHON MAacChl M30TEPMUYECKOIO
reJIMeBoro gjpa 3ee3 bl MM pacuer makcumaabhoro gasienus (I11.46) na suemneit rpa-
HUIIE gIpa BO3MOXKEH 0e3 ydeTa BBIPOXKIEHUsS JIEKTPOHHOIO rasa. Temmnepatypy aiapa 1’
npuHATEL pasHoit 2 - 107 K.

3apaua IV.3. [lokazarh, 4TO B BHIPOXK/IEHHOM 3JIEKTPOHHOM Ta3e BJIUSHUE KYJIOHOB-
CKOT'O B3AaUMOJICCTBUS HEe BO3PACTAET IPU yBEJUYIECHUU IJIOTHOCTU, KaK B CJIydae OOJIbII-
MAaHOBCKOT'O ra3a, a, Ha000POT, YMEHbIAeTCsl.

Bagaua I'V.4. Onennts crenenb noHU3anN Bo10posia B eaTpe Cotaia mo popMmyiie
Caxa. IIpunsars, aro CoJiHIle COCTOUT TOJIBKO U3 BOJIOPOIA, & TEMIIEPATypa U IJIOTHOCTD
B ero HnenTpe cooTsercTBenHo pasubl 1.5 - 107 K u 150 2/cm®.



I'maBa V

TepmosinepHbIe peakiiiu U S-IIPOIECCHI

V.1 CaBolicTBa aTOMHBIX SJd€p U THUIILI SJEPHBIX peak-
1117071

[IpuBeem BHaTa e 00IIME CBEJICHHUS 110 (DUBUKE ATOMHOTO siJipa, OTChLIad 3a MOIPOOHO-
CTSIMU K ydeOHUKaM 110 sijiepHoil dusuke, Hanpumep, [9).

Anpo copra i xapakrepusyercs 3apsiioM Z; (B eJMHHAIIAX 3apsijia TPOTOHA) U €10 Mac-
Ccoit m; WM MaccoBbIM umciaoMm A; = m;/m,, Tae m, — aroMHas eJIMHUIA MACChI — CM.
cTp. 46. Z; — 1ies10€ 91ciI0, paBHOE MOPSAIKOBOMY HOMEDPY dJ1eMeHTa ¢ B Tabsuie Menernee-
Ba 1, OJHOBPEMEHHO, YMC/Iy IIPOTOHOB B ero sjpe. Benuunna A;, 110 onpeesieHnio, paBHa
12 g aapa éQC, a JIIsI BCeX OCTaJIbHBIX sJIep — He Ie/o9unc/ienas. Keim okpyrmuts A;
JI0 O/mKafiimero meoro duciaa A, TO MOJIyYUM IOJIHOE KOJUYIECTBO HYKJIOHOB B SJIpeE i.
CoorBercTBeHHO pasHocTb A — Z; paBHa 9HCJIy HEATPOHOB B 9TOM sJIpe.

Pasmepbl aTOMHBIX sijiep B JIECATKH ThICAY pa3 MEHbIIIE XapaKTEPHOI'0 pa3Mepa JIeK-
TPOHHBIX OpOUT B aroMe. [loaTomMy npuTszKeHne co CTOPOHBI JIEKTPOHOB HE MOYKET CKOM-
[IEHCUPOBATH CUTy OTTAJTKUBAHUS, JEHCTBYIOILYIO MEXK/Ty OJJHOMMEHHO 3aPsI?KEHHBIMU TTPO-
TOHAMHE B s/ipe. Pa3pyIeHnio aToMHBIX s1/1ep MPEeNsITCTBYeT 0COOBIH BUT B3ANMOIEHCTBUS
MeXKJly HyKJOHAMHU (CHJIbHOE B3aUMOJIEHCTBUE), KOTOPOE IIPOSBIISETCS B siipax Kak CHJIa
IpUTSIKeHNs. Ecu sa1po yeToiauBOo, TO 3TO 3HAYUT, YTO HYKJIOHAM SHEPIeTUIECKH BBITO/I-
HO OBITH CBA3aHHBIME. Bejie/IcTBIE 9TON0 Macca YCTORIMBOTO SJIpa BCETia MEHbIIE CYMMbI
MacC HYKJIOHOB, U3 KOTOPBIX OHO COCTOUT, HA BEJUYUHY HOTEHIIUAILHON SHEPIUH CBA3M
AE;, nenennoit na c¢2. I3 coobpaskennii yno06cTBa B CIIPABOYHMKAX 110 SJEPHOI (hU3HKe
YaCcTO MPUBOJAT T.H. SHEPIUIO CBA3U HA OJIMH HYKJIOH, OIPEIC/IAEMYIO COOTHOIIICHUEM:

- = T e (V.1)

Ee Ttunuunoe 3navenue mnopsijika Heckoabkux MsB —cm. Tabm. V.1.

[Ipu onMHAKOBOM PACCTOSIHUU MPUTSZKEHIE MEXKJIy JBYMs [IPOTOHAMU TAKOE Ke, KaK
MeKJIy JIByMS HEUTPOHAMM, WJIM MEXKJy HEUTPOHOM M IMPOTOHOM — 3TO CBOHCTBO siJIEp-
HBIX CHJT HA3BIBAETCST M30TOMNIECKOM NHBAPNAHTHOCTHIO. CHita s/IepHOTO B3aNMOIeHCTBIS
ropas/io ObicTpee yObIBaeT C YBEJIUYEHUEM PACCTOSHUS MEXKJy HYKJIOHAMU 7, 9€M CHJIa
9JIEKTPOCTATUIECKOIO OTTAJKUBAHUS ITPOTOHOB. B 11epBoM Nnpub/IMyKeHUn SHEPrus B3au-

64
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Tabsuma V.1: Tlapamerpsl HYKJIOHOB U HEKOTOPBIX aTOMHBIX siyep [13]

Uzoron A-Z AFE;/A, MaB  m;/m, Uzoron A-Z AFE;/A, MaB  m;/m,

n 1 0.0 1.008664 || 3,0 8 7.976206 15.994914
H 0 0.0 1.007825 | $-0 9 7.750731 16.999131
H 1 1.112283 2.014101 || §;F 7 6.963731 16.011465
H 2 2.827266 3.016049 | {.F 8 7.542328 17.002095
2He 1 2.572681 3.016029 | ONe 10 8.032240 19.992440
*He 2 7.073915 4.002603 || 32Mg 12 8.260709 23.985041
3Li 4 5.606291 7.016004 | 1aSi 14 8.447744 27.976926
:Be 4 4.941672 8.005305 | i8S 16 8.493134 31.972070
2B 7 6.631264 12.014352 || BAr 18 8.519909 35.967545
6.C 6 7.680144 12.000000 | 25Ca 20 8.551301 39.962590
6.C 7 7.469849 13.003354 || 22Ti 22 8.533518 43.959690
%,C 8 7.520319  14.003241 || f3Cr 24 8.572210  47.954031
[\ 6 7.238863 13.005738 || 22Mn 31 8.738300 55.938904
N 7 7.475614 14.003074 || 25Fe 26 8.609598 51.948113
N 8 7.699459 15.000108 || Z5Fe 30 8.790323 55.934937
%0 7 7.463692 15.003065 || 28Ni 28 8.642709 55.942132

MOJIEIICTBUS JIBYX HYKJIOHOB MOKET OBITH 3allncana B Buje rnoreHmaita KOkaBbr:
Prue X % . exp (—%) , (V.2)

rie r, ~ 10713 cM., ofnako, Ha caMoM Jiesie, XapaKTep AepPHbIX B3auMOJIeHCTBII Topas3 o
6oJtee coKHbBIH — cM. [9].

U3 coornomenust (V.2) ciaemyer, uro npu 7 > 1, ~ 10713 cm sjgephoe Bzaumo/ieii-
CTBHE CTAHOBHUTCS IIPEHEOPE:KMMO MaJsbIM. 1103TOMY HYKJIOH IPUTATHBAECT K cebe JIMIIb
ommKaiimmx coceset, Toraa Kak mpoToH "omrymaer" CHIbl OTTAJIKWUBAHUA CO CTOPOHBI
BCEX OCTAJILHBIX IIPOTOHOB sJIpa. [I0CKOJIbKY HEHTPOHBLI HE MCHBLITHIBAIOT OTTAJIKHMBAHUS,
a TOJIbLKO IPUTATMBAIOT K cebe HYKJIOHBI, X NPUCYTCTBUE JeJIAeT s/pa 0ojiee MPOYHbI-
mu. OJIHAKO, eC/IM 9UC/I0 HeHTPOHOB 3aMEeTHO IIPEBBLIIAeT KOJINYECTBO IIPOTOHOB, S/IPO B
OOBIYHBIX YCJIOBHAX CTAHOBUTCS HEYCTOIUMBBLIM M PACIAIACTCS Ha Apa-OCKOJKH: KJIac-
cHYecKnil IpuMep — A7pa BCeX M30TOIOB ypaHa. *

Ecin upeacrasuts g1po B Bujie cepbl, COCTOSINE U3 IJI0THO YIAKOBAHHLIX MAPUKOB-
HYKJIOHOB, TO BCe 3TU "mapuku' MOXKHO pas3ie/uTh Ha JBe KaTeropuu: BHYTPEHHUE U
HOBEPXHOCTHBIE. BHYyTpeHHIe HYKJIOHBI OKPYZKEHbI COCEJISIME CO BCEX CTOPOH, a Y MOBEPX-
HOCTHBIX C BHEIIHEi cTOpOHBI coceeil HeT. CHIIbI MPUTAKEHN B S/Ipe IeiiCTBYIOT TOJILKO

'O curyammm, B KoTopoit "mepeoboramennble” HeHTPOHAME AApa OKA3BLIBAIOTCS yCTOMUMBBIMH, CM.
PAa3/1eIbl, TOCBAIIEHHBIE OEJIbIM KapJIMKaM U HEATPOHHBIM 3BE37aM.



ImaBa V. Tepmosirepuble peakiiun u 3-11pOIecchl 66

MEZKJTy COCeTHUMU JIaCTUIAME, T0O9TOMY BHYTPEHHIE HYKJIOHBI KPerrde CBSI3aHbI C sIIPOM,
1eM moBepxHOCTHBIE. CJ1e/I0BATEIEHO, €M MeHbIIast JI0JIs O0IIEero KoJIMIecTBa HyKJIOHOB
HAXOJIUTCSI Ha MOBEPXHOCTHU SJIPa, TEM KPEITde siIpO B IIEJIOM.

Ecnn zamenuts cioBo "sypo" na "karis kuiakoctu, a ciaoso "myksion" — ma '"mo-
JieKyma" | TO OKaXKeTCsi, ITO Mbl BOCIPOU3BOIMM PAa3/Ie/l MIKOJIBHOIO yIeOHUKA (DUBUKH,
B KOTOPOM OOBSICHSIETCSI, TIOUEMY V YKHJIKOCTEH CYIeCTBYeT IMOBEPXHOCTHOE HATSIXKEHNE
— CTpeMJIeHNe CBECTH K MUHUMYMY CBOIO ITOBEPXHOCTB. VI3 cxembl, m300parKeHHOl Ha Jie-
Boit mostoBuHe Puc. V.1 BujHO, 9TO paBHOEHCTBYIONIAS CIAJI, TPUIOKEHHBIX K MOJIEKYJIE,
HAXOJIAIIEHCS Ha MOBEPXHOCTH KUJKOCTHU, HAIpaB/IeHa BLIyOb, a Jjid MOJIEKY/ BHYTpU
JKUJIKOCTH PaBHOJIEHCTBYIOMAas paBHa Hysr0. [lo 9Toil npuvuHe, B YaCTHOCTH, JBE CO-
MIPUKOCHYBIMIECST KaIleJIbK BOJIbI CJIMBAIOTCA B OJHY OoJiee KPYIHYIO Kamto. llpormecc
CITUSTHUS KalleJIb COMMPOBOYKIAETCS MIEPEXOIOM YaCTH MMOTEHITUAIBHON SHEPTHH MEXKMOJIe-
KyJISIDHOTO B3aUMO/IEfICTBUS B KHHETUIECKYIO SHEPTHUIO JIBUKEHUsT MOJIEKYJI, T.€. B TEILIO:
TeMIlepaTypa BOJbl HEMHOTO YBEJININBACTCS. AHAIOTHUS C KAIlJIeil BOJbI, IPEJIOXKEHHAST B
1932 r. Hunbcom Bopow, 1103BoJIsI€T TIOHSATD, IOYEMY [IPU TECHOM COJIMKEHNUN JIBYX JIETKUX
sI7Iep MPOUMCXO/IAT UX CAUSHEE, B pe3y/braTe KOTOPOro obpasyercs Dojiee TKeI0e spo
HOBOTO 3JIEMEHTA. DTOT IPOIECC HA3BIBAIOT JIMOO si/IEPHOI peakIiieil cuHTe3a, 00 Tep-
MOSIJIEPHOI peakIfei, 9To0bI TMOAIePKHYTh, UTO CJAUSHUE JIETKUX SIJIeP COMPOBOKIAETCS
BBIJICJIEHUEM SHEPTUU.

O/iHAKO CpaBHUBasI ATOMHOE SIJIPO C KAILIEH BOJIBI, MbI HE YUJIU, UTO /IO UMEET JJICK-
TpUYIECKUil 3apsiyl. UTO MPOUCXOIUT, KOIJIa COIMPUKACAIOTCS JIBE SJIEKTPUICCKU 3apsI?KEH-
vbIX Kamum! Ha npasoit moiosune Puc. V.1 mokasaHo, 9T0 MOKa 3apsj, ¢ MaJi, T.e. MHOTO
MEHBIITe HEKOTOPOTO KPUTUIECKOTO 3HAYEHUS (-, IPUBE/IEHHBIE B COITPUKOCHOBEHNE KAl
[O-TIPEZKHEMY CTPEMSITCS CJIUTHCSI, HO IeM OOJIbIIe CyMMAapHbBIN 3apsiy Kallesiek, TeM boJiee
CILTIOCHYTOM OKa3biBaeTcsi (hopMa 06pas3oBaBIeiicss KAIllid. 9TO CBI3aHO C TEM, UTO CTPe-
MSICh OTOJIBUHYTHCS JIPYT OT JIPyTa OJHOUMEHHBIE 3aPsI/Ibl TAHYT 38 COOON MOJIEKYJIbI BOJIBI,
yBeJMYInBasl IJIOMA/Ib IIOBEPXHOCTN KA. [loaToMmy cimsinme 3apsizKeHHBIX KalleleK y7Ke
HE CTOJIb BBITOJIHO C YHEPreTUIeCKON TOYKHU 3PEHUs], KaK 9TO ObLJIO B OTCYTCTBUE 3apsia.
Boiiee Toro, HaunHast ¢ HEKOTOPOI BEJIMIUHBI 3aPSIJIA e CONPUKACAIOIINECS KAITETbKU BO-
00I11e HE CTAHYT CJUBATHCS, €CJIU TOJIBKO HE MPUJIOKHUTD JIOTIOJTHUTE/IbHBIX YCUJIH, T.€. He
3aTPATUTh HA 9TO SHEPIUIO. A ecyii 3apsiji KalleJeK CIe/aTh eie 60JIbIne, TO BCKOpe o~
cJIe TOro, KaK MBI 3aTPATUB HEPIUIO COJTbEM MaJIeHbKHE KAIlIN, 0OPA30BABIIASICA KAIlIs
PasBaJINThCA Ha (ParMeHThl MEHBIIETO pa3Mepa.

[To cyTn mena, o TeM Ke TPUIUHAM CJAUSTHUE aTOMHBIX SIJIep COIMPOBOXKIAETCS BbIJIe-
JIEHMEM 3HEPIUH TOJILKO BILIOTH JI0 06pa30BaHUsl sjIpa JKeJie3a soke, y KOTOpOro sHeprus
CBSI3W Ha HYKJIOH MaKCHMaJIbHa, & CHHTE3 sijiep 60Jiee TIXKEIbIX 9JIeMEHTOB, HA0OOPOT, OT-
bupaer y rasa TeIoBYIO 3Hepruio. [losroMy siepHble peaknum MOTYT CHAOXKATh 3BE3/Ty
TEIIOBO SHEPTHEll JIUIIb 70 TeX MOP, ITOKa BCe SAPa JIETKUX JIEMEHTOB He IIPEBPATITCS
B sJipa »Keje3a — CBOEro pojia "siepHyto 30i1y". DieMeHTHI TsKesee Keje3a CHHTEe3W-
PYIOTCsl B HEJIpax 3BE€3JI TOJIBKO BO BPEMsi IIPOIECCOB B3PBIBHOIO XapaKTepa, HAIPUMED,
[IPU BCIIBIIIIKAX CBEPXHOBBIX, KOTJA OBICTPOE CXKATHE 3BE3JIbI COIPOBOXK/IACTCS BBIJIE/IE-
HHEM OIPOMHOTIO KoJIm4decTBa Teria. 1Ipojo/kast aHAJIOTHIO sijiep ¢ KAILISIMEU KHUJIKOCTH
OTMETHM, YTO YCTONUYUBBIE siipa CyIIeCTBYIOT BILIOTH 10 Z = 82 (cBuner). Brpouew,
AP0 M30TOMA CJIEIYIONIEro djeMenTa (BucMyT) 20°Bi nMeeT HACTOIBLKO GOJIBIION MepHo
nosypacnaga (~ 2 - 10 jer), 4T0 €ro MOXKHO CUMTATH HPAKTHYCCKH CTAOUILHBIM.



ImaBa V. Tepmosirepuble peakiiun u 3-11pOIecchl 67

Puc. V.1: Kamenbrast Mojienib aromuoro sijipa bopa. IloapobrocTu B Tekcre.

Kak yxke ormedasiocs na ctp.60, cBOOOHBIN HEATPOH — HecTabu/IbHAS YACTUIA: Xa-
paKTepHOe BpeMd ero Ku3nu ~ 10% cexyH I, moc/e 9ero oH PacluaaeTcs 110 CXeMe:

n—pte +U. (V.3)

O/ 1Hako B s/Ipax MHOI'UX JIEMEHTOB HEHTPOH MOYKET CYIIECTBOBATH HEOIPDAHUYEHHO JI0JITO,
XOTs €CTh sJipa, HEeyCTOWdMBbIe 110 T.H. [~ pacmajy, Kak HalpuMep, U30TOI BOJIOPOA
TPUTHNA:

H— *He+ e + 7, (V.4)

9T0, TI0 CyTH JieJ1a, CBOJUTCs K PACIajly OJHOIO U3 HefTpoHOB siyipa 1o cxeme (V.3).
Ecim rosoputs o BpeMenax t < 1032 jet, To mpoToH — cTabHIbHAS YACTUIA, OJHAKO B
sIpax BO3MOXKHBI T.H. ST -pacna/ipl, Kak, HAIIPUMED, B PEAKIUU

"H+'H — 2D +et + 1. (V.5)

CyTb KOTOPOIi — IIpeBpalenue IpoToHa B HeHTPOH, IIO3UTPoH e u neiirpuno. CBoOOIHbIIT
IIPOTOH PAacCIaIaThCd 110 TAKOU cXemMe He MOXKET — 9TO 3allPelICHO 3aKOHOM COXPaHCHUA
SHEPTUU: mp02 < myc?.

Paznuunoe rosejierue cBOOOIHBIX U CBA3AHHBIX B S/IPe HERTPOHOB TaKKe 00bACHAETCS
3aKOHOM COXPaHEHHs SHEPIHH: eCJIH SHEPTUs HCXOIHOTO A1pa M c’ B PeaKkInax THIIa
(V.4) u (V.5) Menble, 4eM KOHEIHOTO Mac?, TO [-paciajl IIPOUCXOUTH HE MOMKET, & eC/Ii
OoJIbIIIe, TO UCXOHOE SIPO HEYCTONIMBO 10 [3-pPaciay.

[Ipu [-paciajie BbIIEIseTCs SHEPTHUsT
Qp = myc® — myc’. (V.6)

B ciywae BT-pacnaa Bemmauny Qg caeyer ysenmauThb Ha m.c® ~ 0.511 MsB, nockoabky
BO3HUKAIONIUI IO3UTPOH IPAKTUYECKU MIHOBEHHO aHHUTIUJIUPYET C 3JIEKTPOHOM OKPYzKa-
Io1Ieit cpeibl — cM. 3aJady V.1
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DHeproBuiAeaeHne B oaHo0i peakiun A; + Ay + ... — By + By + ..., rioe cumBoamu A;
0603HAYEHBI SIPa-PeareHThl, a CUMBOJaMi By, siapa-npoiyKTel peaknun (6e3 GoTOHOB 1
JIEIITOHOB), COCTABJISAET:

Qir = Z ma; — Z mgy. | ¢ (V.7)
i k
Kak u B ciyuae S1-pacnaja seuunny Q; CiejlyeT yBEeJIUUUTDb Ha MeC, €CIN B pe3yJIbTare
peakiuu obpasyercs O3uTpoH e’ kak, nanpumep, B peakiuu (V.5).

[Ipu Q;r > 0 peakiist HA3BIBAETCA IKIOTEPMHUIECKOIL, a mpu (Q;, < 0 — sHIOTEpMUIE-
ckoif. Koryia Mbl TOBOPUM O BBIJIEJIEHUN SHEPIMU B SJIEPHBIX PEAKIUAX, TO UMEEM BBHUJLY
CYMMapHYI0 KHHETUIECKYIO SHEPTUIO sIJIEP-IIPO/LYKTOB PEAKIMHU ILIIOC SHEPIHIO Y-KBAHTOB.
[To nmpuamHaM, 0 KOTOPBIX OYJIET CKA3aHO IM03/[Hee, SHEPIUI0 HEHTPUHO B BeuduHy (i,
KaK IPABUJIO, HE BKJIIOYAIOT.

Komugectso Temna ¢, KoTopoe Boizesiercs rnpu "croparauu" ogHOro rpammva "siep-
HOI'O TOPIOYEro MOYKHO BBIYUC/IUTH U3 CJIEJLYIONMX cooOpaskeHuil. [lycTh B KazK 10l uHTE-
pecyloleil Hac siJIepHOl peakIuy MPUHUMAIOT YIacThe N dJIep W30TOIa 3JIEMEHTa, KOTO-
polii MBI OyieM HazbiBaTh "TormmeoMm". Hamnpumep, eciin B KadecTBe TOILIMBA PACCMATPH-
BaTh m3oron Bojgoposa 'H, To B peakiuu(V.5) n = 2, a B peakiuu (V.8) n = 1. Ilocko/bKy
macca gapa "croparomero" uzorona m ~ A - m,, rae A — ero MaccoBoe UnCJI0, TO B OJI-
HOIl peaknuu OyjeT u3pacxojoBaHo n - Am, 2 TommBa, mosToMy 1 2 paccMaTpUBaeMoro
SIIEPHOTO TOILTNBa, obecniednBaeT nporekanne 1/nAm peaxiwmii. CiieoBaTebHO

Qi 6-10% Qg
nAm, nA

ik =

Bemmuunbl @;, I HEKOTOPBIX SJIEPHBIX PEAKINil, KOTOPbIE MPOTEKAIOT B 3BE3/aX,
npuBejieHbl B Tabsmie V.2.

Tabauna V.2: TeriorBopHas criocOOHOCTD SJIEPHOIO TOILIUBA

zo0Tomn Peakmus, cchlIka q, 10'8 spr/e
H IH - He, (V12) 75
He 3He - C, (VL5) 0.60
120 2C 5 Mg, (VL6) 0.55
M“Si | Si4+ 7He — Fe, (VLT) 2.0
3armch
BN 4+ 'H — *He + 2C (V.8)

skpuBaientia PN(p, a)2C.
Ha Puc.V.2 cxemaTudeckn MmokasaHbl SHEPIETUIECCKUE YPOBHU B COCTABHOM sJIpe.
Peaxuuu tuna 2D (D, p)*T wityT 110 cuiibHoMy B3aumMojieiictsuio. o ~ mr2 ~ 1072% em?.

B peaxuuu 2D(p,v)3He 1010JHATENILHO yUaCTBYeT 3JIGKTPOMArHUTHOE B3aUMOJIEHCTBHE
= BEPOATHOCTH B3aMMOJICHCTBHS JIOMHOMKAeTCs Ha MHOKUTENb €2 /he ~ 1/137.
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Puc. V.2: Cxema snepreTutecknx ypoBHEHl COCTABHOTO sijIpa. 3a HOJIb HPUHATA SHEPIUS
JIBYX TOKOSIIIMXCH sIJIep, OTCTOSAIIUX JPYT OT JIpyra Ha OECKOHEYHO 0OJIbIIOEe PACCTOSHIUE.

Peaknuss n — p + e + 7 — npumep peaknuu cjaadoro B3anmoseiictsus. Ha camom jere,
9TO JIBYXCTYyIeHUYaTas PEAKINs uepe3 BUPTyaabublit W-0030mH:

n—p+W, W —e+v
BepoaTHOCTD ¢1aboro B3amMOJEHCTBIA MaJla u3-3a 6osbmoil Macest W+ u Z° 6osonos
(~ 90 I'sB).
V.2 CkopocTh dJiepHbIX peaKImit

[Ipu onmcanuu B3auMOJEHCTBUN YaCTHUIL JIPYT € JPYTOM U C KBAHTAMU H3JIydeHus (hyH-
JIaMEHTAJIBHYIO POJIb UrpaeT rnouarne "cevenne Bzanmoseiicrsus" . [loscanm dpusmaecknit
CMBICJT 9TOTO TMOHATHSA, PACCMOTPEB CJIEIYIONLYIO CUTYAIHIO.
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Y I A | L
0.3 0.6 0.9 1.2 15

Puc. V.3: BaBucumocts jiorapudpma cevenus peaxuuu 3C(p, )N or snepruu naera-
I0I[ero Ha Mullienb mporoHa. Cedenne BbIpaxkeHo B OapHax, a sueprusg B MsB. Crpes-
KaMM TOKA3aHbI MOJIO2KEHUE PE30HAHCOB — OOpaTuTe BHUMAaHUE Ha y3KWil MUK B paiione
E = 0.448 M»B. [21]. B 3Be3nax jannas peakius nNpoTeKkaer MpH TeMieparypax ~ 2 — 3
K3B.

VMmeercs gacTua-MHAIIEHb, KOTOPas IIPEICTABIICT cOO0# 4aCTh IJIOCKOCTH, ILIOIIA b
KOTOpoii paBHa ¢ — cM. Puc.V.4. CrupaBa HaJIeBO B HAIIPABJIEHUH, IIEPIIEHIEKY/IIPHOM I10-
BEPXHOCTH MMIIEHH, JBUXKYTCS C OJUHAKOBOI CKOPOCTBIO V) JAPYTHe YACTHUIILI, YHCJIO KO-
TOPBIX B eaunuie oobema pasuo Ni. Torma 3a Bpems dt B MUIIEHD IOy T BCE YACTUIBI,
KOTOpPBIE HAXOJAATCSA B IUIMHAPE C ILJIOMAALI0 OCHOBAHUS 0 U BLICOTOM vy, dt, 4ucao KoTo-
puIx paBHO Ny -ovy, dt. CitesloBaTesIbHO, KOJIMIecTBO cTojKHOBeHuit N, qacrun-"cuapsios"
C OJIHOM YACTUIEH-MUIIEHBIO B €IMHAILy BPEMEHU OyJIeT paBHO

Ni = Nyov, ¢ L. (V.9)

B naHHO# cuTyanuy cedeHne peakiuu B3auMOJeHCTBUS (BeJMINHA 0) UMeeT HarJisiji-
HYIO HHTEPIIPETAIIAIO — TO IO b [TOIIEPEIHOIo cevenus dacTuiibi-murnenu. Ho korma
paccMaTpUBaETCs PeasibHOe B3AUMOJECHCTBUE YACTHIL JAPYT C JIPYTOM WJIM C H3JIyUCHHUEM,
nougaTue "MIIONA/Ib MOEePEeIHOro cevenus' | Kak MpaBuo, BOOOIE HE MMeeT CMBICTIA: O
KaKOH IO/ MOXKHO TOBOPHUTH, HAIIPUMED, PACCMATPHUBAs B3aMMOJCHCTBHE JIBYX TO-
YEUHBIX 3aPsJIOB WK (TOYEYHOr0) SJEKTPOHA C IIJIOCKOW 3J€KTPOMAIHUTHASION BOJIHOM
(moma e dpponTa H6eckonedna)? OHAKO /I JTIOO0N CHUTYAIMA MOYKHO TEM WJIA UHBIM
CIIOCODOM OIIpeJIe/IeTh KOJIMYECTBO aKTOB B3aUMOJIEHCTBUS B €JIMHUILY BPEMEHH, a 3aTEM
ucnosb3oBaTh coornomenue (V.9) s Toro, urober BBecTH nonsdTHe "3bdEKTUBHOTO Ce-
geHus peakiun': N

k

Nyvg

HpI/I TaKOM OIIpE€IeJIEHNN BEJIMYNHBI 0 COOTHOIIEHNE (Vg) BbBIIIOJIHAETCA aBTOMaTUY€CKHU,

(V.10)
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Puc. V.4: K BeiBogy coornomenus (V.9).

IO OIIpeIe/IeHIIO. Pa3MepHOCTh ceueHns — cM2, HO 9acTO €ro BLIPAsKaloT B bapHax: 1 6apn
= 107 om2.

[Toy4amM cOOTHOIIEHNUE, CBA3LIBAIONIEE CeUeHNE B3aNMOICHCTBHA C IJTMHON CBOOOIHOTO
npobera l;;,, 110J] KOTOPOIi HOjpasyMeBaeTcs paccTosHue, IIPOXoJAUMoe JacTuleil copra k
MeXKJLy JABYMs IIOCJIeJI0BATEILHBIMU B3aUMOJICHCTBUAMU C YaCTHHAMU-MHUIICHIMEI COPTA,
i. 3a Bpemsa Aty = lix/v), IpOU30iIeT 0JHO B3aUMOJIECTBIHE MEXKJLy STUMU YaCTHIAMH,
O3TOMY yMHOXKHMB 06e dactu pasercta (V.9) Ha Aty nomyunm: 1 = N Aty = Nyovy, -
lik /U, OTKyZA CJIeIyer, 9To

1
Ly = — A1
ik O'Nk;’ (V )
1
Aty = ———. V.12
b aNkvk ( )

[IpescraBienue o jjuHe CBOOOIHOTO MpOOEra CTOJIb YK€ HATVISIHO U UHTYUTHBHO I10-
HSTHO, KAK U O YHCJIe B3aUMOJCHCTBUI B eJIMHUILY BpeMeHu, nmoromy coorHorrerus (V.9)
u (V.11) ¢ paBHBIM yCIIEXOM MOKHO HCIIOJIB30BATD JIJIsl OIPEeIeHUs MOHATHsT cedeHre
B3aumoeiicteus" — cm. 3agaqay VII.1.

Cedenne siIepHBIX PEAKIUil 3aBUCAT OT OTHOCUTEIBHON CKOPOCTHU JIBUKEHUS U SIIEP,
WJIN, JIYHIIe CKa3aTh, OT KHHETUIECKON SHEPTHH UX OTHOCUTE/IHHOTO JIBUKeHns F, mo3To-
My HEOOXOIUMO PacCMaTPUBATh KOJUYIECTBO PEAKIUI OTHOCAIIEeeCs K MHTEPBAJIY SHEPruii
or F no EF+dFE :

AN, =o(E)v-dNy, (V.13)

e dN, — KOJIM4IecTBO sijiep-CHapsI0B B 1 CM3, KUHETUYECKasd SHEPIrusl OTHOCUTEJIBHOI'O
ABU2KEHUA KOTOPBLIX JIC2KUT B TOM 2KE€ SHEPIreTUYICCKOM HNHTEPBaJIe. EC.HI/I pedb maeT o
JIaDOPaTOPHOM SKCIIEPUMEHTe, TO HHTepBal F

- '+ dE u dNj onpenendiorcs ycJioBUEeM
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SKCIIEPIMEHTa, a B Hepax 3Be3 1 Beamanna d N (E) 3a1aercs pacrpeenennem Makcseuia
(II1.14).

Coornorienne (I11.14) crpaBeyinBo B HEPEJISITUBICTCKOM HMPUOJINAKEHUH, UTO OIMPaB-
JIAHO I JJAHHOTO ciiydas. JleficTBUTeIbHO, SHEPTUs TIOKOS 1/Ipa, BhIPAYKEHHAS B €JIMHI-
nax Temneparypbl Am,c?/k ~ A-10" K, Torna kak TemnepaTypa B HEHTPaJbHBIX 00/1a-
cTax 3Be3n Hukorga me mpespimaer 10 K. CreoBaTebno HyKIOHBI I Spa B HEApax
3B€3/] — HEPEJIATUBHUCTCKUE YaCTUIIbI. MHbH\/H/I CJIOBaMU, UMIIYJIbC, KNHETUYECCKasd dHEPI'Ud,
Macca U CKOPOCTh SAJIepP CBSI3aHBI COOTHOITEHUSIMU:

m> P2

p=muv, Ekln - 9 — 2m (V14)

[TocKoIbKY MBI pacCMaTPUBAEM OTHOCUTEILHOE JBUKEHUE SIAED, BMECTO MACCHI 1aCTH-

bl B coorHorenns (V.14) ciemyer mocTaBUTh T.H. MPUBEJIEHHYIO Maccy saiep @ u k, T.e.
[4]:

mimy Ai Ay
m = = My = Ajje My (V.15)
mi +my A+ Ay

S nepHble peakyuyu MOIYT IIPOTEKATH, €CIU JIBa AJipa ¢ 3apsaaMu Z; U Zj,, TPeoJI0JIeB

KYJIOHOBCKOE OTTAJKHBaHUe, cOMM3aTca Ha paccrogame r < 1, ~ 1071 cm. Cormacno

KJIACCUIECKON MexaHuKe, B cydae "/1000BOIO CTOJTKHOBEHHs! 9TO BO3MOXKHO, MIPU YCJIO-

BHUM, YTO KUHETUYECKAs SHEPIusi OTHOCUTEJILHOIO JIBUXKEHUs sjep Ha OeckoHednoctu K

YAOBJIETBOPAET YyCJIOBUIO:

Z; Ze?
E> B0 = 22K (V.16)
T'n
Ecm E < E°, 70 cOM3UBIINCE 0 PACCTOSHUS
Z; Z.e*
rs = sz@ > T, (V.17)

siJipa, OCTAHOBSATCS, & 3aTEM II0JIeTAT B oOpaTHOM Halpasjexuu. [Ipoucxoaur cBoero pomia
YIPYTroe OTPakKeHue CTAJKUBAIONIUXCA YaCTHUI] OT KYJIOHOBCKOTO Oapbepa — cM. Puc.V.5.

Korma ygacrByiomue B peakiuu sgjpa oOpa3yioT ra3 ¢ remieparypoit 1’ cpejiHasa Ku-
HeTnueckas sHeprus dacrul] Fy, = 1.5kT, u ¢ nomomnipio (V.16) MOXKHO OIEHUTH TeMITe-
paTypy, Ipu KOTOPOii B ra3e OyayT MPOTeKaTh SIJACPHbIC PEaKIIIH:

T ZZ'Zk62

nuc . v.18
~ 15kr, ( )

B wacrHocTH, JyIsi TIEpBOii peakIu IPOTOH-IPOTOHHOI 1enoukn (V.5), mporekaroreit
B COJTHEUHBIX Hejpax, nojydaeM (Z; = Zp = 1): Thye ~ 2 - 10 K, uto Ha Tpu nops-
Ka GoJbine nerTpaabhoil Temieparypsl Cosnra. Uarerpupys (111.14) o E B npejenax
ot 1.5kT - 103 10 00 MOXKHO HOKa3aTh, 2 9TO 0/ YACTHUIL, SHEPTUA KOTOPLIX MPEBLIIIACT

2y‘{I/ITbIBa,H, 910 Tpu T > 1

o0 2

2 -z 1
2 qp ~ LE 14+ —).
/e 2 t o2

x
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EO ,,,,,,,,,,,,,

Puc. V.5: K BeiBosty coorsomenust (V.17).

cpeioio B 103 pas, < 107%°. Ho o6mmiee uncio wacrun B cocrase Cosana Mg /my,, ~ 1057,
CJICJIOBATEIHHO, C TOUKHU 3PEHUsT KJIACCUIEeCKOM (PU3NKH, si/IEpHbIE PEaKIIni HEe MOTI'YT CJIy-
JKATh UCTOYHUKOM 3Heprun CoJTHIA: CJAUIIKOM MaJia JI0JIsd TacTHIl ¢ SHEPrueil, MpeBhIIia-
foIeit BLICOTY KyJIOHOBCKOTO Gapnepa EC.

Broixon u3 mosoxkenust ObLI HafijieH mociie Toro, Kak [.I'amos B 1928 1. moka3zaJi, 9410 B
paMKax K6aHmosol MeraHuky B 00J1acTh 1 < 1g, T.e. 3a 0apbep, MOI'YT IPOHUKATH JAZKe
qacTuipsl ¢ F < EY. B paccMarpuBaeMoM ciiydae BepOATHOCTD M0I6aphepHOTO Mepexoia

Pg(E) ~exp | — \/% : (V.19)

2m2etm,,
o=

rJge sHeprud T'amosa
Z2Z Ay, ~1.6-10°22 ZF Ay spr (V.20)

B pamkax KBaHTOBOI MEXaHMKH YACTHUILy, UMIIYJIbC KOTOPOIl paBeH p, CJEIyeT pac-
CMaTPHUBaTh, KAK 00BHEKT ¢ XapAKTEPHBIM Pa3MepOM MOpsiiKa BOJIHBL Je Bpoitis A = hi/p.
[TosTomy st crajikuBatonuxcs sjaep 'monepednoe cedenue' CTOJKHOBEHUSI 0 MOXKHO
OIIEHUTH KAaK:

h)z i (V.21)

~ )\2: — =
7T ”(p 2o A E
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[Toacrasus 310 coorHomenue B (V.13) Mbl Haiiem ckobKO crosikaoBeHuit AN}, B euHUILy
BPEMEHH MCIBITBIBACT OJHO sPO-MUNICHD C SIPAMU-CHAPSIAMI, SHEPIUs KOTOPHIX JICKUT
B unreppajie E + E + dE. Y1obbl y3HATH, CKOJIBKO U3 3TUX CTOJKHOBEHUIN 3aKOHIUTHCS
COIMZKEHIEM sJIep J0 PACCTOAHMI 1 < T, Hy>KHO HojydeHHoe sHadenne dNj yMHOXKUTH
Ha BEPOATHOCTH MojbapbepHoro nepexoaa (V.19).

OnHako ymobHee BKIIOUNTH MHOXKUTENb Pg(F) B BhIpakenue s cedenns (V.21),
KOTOPOE Teleph 3aIUIIeTCA B BUIE:

™ hQ EG

T oA TP\ TV E

(V.22)

[Tocsie Toro, Kak sipa COMU3UINCH 10 PACCTOSAHUI 1 < T, BOBHUKAET KOMIIAYH/I-5]IPO,
KOTOPOE C OIpeJIeJIeHHOIT BeposiTHOCTBhIO Py (F) mpeBpaiaercss B HHTEpECYOIue HAC siji-
pa — KOHeYHBbIe IPOJYKTHI paccMaTpuBaeMoil peakiuu. Hampumep, npu CTOJKHOBEHUHT
nByx anep aefitepua 2H B rase ¢ Temmepatypoit ~ 3 - 10° K npmvepHo ¢ ommnakoBoif
BepoaTHOCTEI0 Py ~ 0.5 MoykeT Bo3HHKATL 60 H + p, mibo He + n.

[Tomo6uo muoxurenio Pg(E) BepostHocTs Py(E) NPUHATO BKIIOYATH B BBIPAYKEHUE
JIUIsl CeveHusi U 3aliChIBATh ero B hopMe:

o(E) = S(EE) exp | — % : (V.23)
rue ,
mh

Kak cieayer uz (V.23) pasmepnocts T.H. S-cbakTopa cm?-3pr.

B npunrune, esmanay S(F) M0XKHO 66110 ObI pACCINTATH TEOPETUIECKH, OJTHAKO, U3-
3a CJIOZKHOCTH sIJIEPHBIX B3AUMOJIEHCTBUI 9TO YJIAETCs CJIe/IaTh C JOCTATOYHON TOYHOCTHIO
TOJIBKO JIJIst camoii tipocroit peakmuu (V.5). st Bcex ocTaJbHBIX peakiuil 3aBUCUMOCTh
S(F) onpezensior u3 j1abopaTopHbix m3Mepenuii. Ho modemy u3 skcrepumMeHTa orpeje-
asior S(E), a ne o(E)?

Hemo B ToM, a0, B coorBercTBum ¢ (V.23) cedenne, a, CiegoBaTeIbHO, U THCIIO A1€D-
HBIX PEAKINil B €JUHUILy BPEMEHH PE3KO YOBIBAIOT C YMEHbBIIEHHEM SHEPIMH CTAJTKIBA-
oruxcs sjep. [osromy maxke Ha ycKopuTeasax ¢ HAMOOJIbINEH WHTEHCHBHOCTHIO TTOTOKA
("myuka) sijiep-cHAPSIZIOB YJIA€TCsT U3MEPSITh CEUEHUsI IIPU IHEPIHsIX, KOTOPbIE, KAK MIHU-
MyM, B JIECATKH pa3 OOJIbIle, 9eM CPeIHS TEeIIOBasi SHEPrusl YaCTHIl B " TepMOsIIepHBIX
kormax" 3Be3q — cv. Puc.V.3 u V.6. 3 Drerpanonsams sKCIepIMenTa bHON 3aBUCHMOCTH
o(F) B 006s1acTh HU3KUX SHEPIHil IPUBOIAUT K OYEHDb OOJIBINON OIITHOKE.

B To ke Bpems, kak Bujno uz Puc.V.7, 3aBucumocts S-akTopa OT SHEPruu OKa-
3BIBAETCs rOpa3/io OoJiee MOJIOroil, MOITOMY SKCTPAIIOJISIUS T€X YKe CAMBIX IKCIIEPUMEH-
TaJbHBIX JJAHHBIX MTO3BOJIAET ONPEIE/INTh BeJIMINHY S, &, CJIeJ0BATE/IbHO, U 0 C TOPa3Ji0
MeHbIIeit omuokoit. [1o sroit npuunHe cevenne u 3amuceiBaioT B Buge (V.23). Orvernm,
kctarw, 9To Ha Puc.V.7 Besmauna S-dakrtopa npuBeieHa B YI0OHBIX JIJIsT SKCIIEPUMEHTA-
TOpOB ejununax: dapu-MsB.

3 T1060IIBITHO OTMETHTD, UTO CeUeHHe PeaKIlmi (V.5) HACTOIBKO MAaJo, 9TO HABJIIOJATH Ty PEaKIUIo
B JTADOPATOPHBIX YCJIOBHUAX JI0 CHX ITOP HE YIAJIOCH.
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Puc. V.6: 3aBucumocts jorapucdma cevenus peakuun 2C(p,v)'N or smeprum nasera-
fomero Ha muieHb nporona [21|. Cedenne o BbipaxkeHo B 6apHax. CTpesKoil mokazaHO
noJiozKeHue pesonanca B paiione E = 0.46 M»sB. B 3Be3iax jjannas peakiiusg MpOTEKAET
Ipu Temieparypax ~ 2 — 3 k3B.

Tenepp MOXKHO OIpeJEIUTL 00lIee KOJIMYECTBO sIEPHBIX PEaKInil, KOTOPbLIEe HPOUC-
XOJAT B BEIECTBE 3Be3/bl 3a 1 CeKyHIy B pacdere Ha OJIHO siAPO-MUIleHb. Jljist aToro
cJIelyeT npouHTerpuposarh Beipazkenue (V.13) mo smeprum B npenesax ot 0 1o 0o, 4ro,
¢ yaerom coornomrennii (I111.14), (V.14), (V.15) u (V.23), naet:

8\ r E EY
N = <7Tmuk:3) 1/2 T3/2 /S XD |~ T i dE. (V.24)
0

DKCIOHEHIUATBHBI MHOXKUTEJb MOHTErpaibHoil pyuknuu B (V.24) umeer 10BOJIb-
HO PE3KMil MaKCUMyM — T.H. UK ['amoBa. OrpannydnMcs pacCMOTPEHUEM CJIydasi, KOrjia B
OKPECTHOCTH 9TOI0 MAaKCUMyMa 3aBHCUMOCTH o (F) He COMEepKUT y3KUX MUKOB, 00YCI0B-
JIeHHBIX pe3oHaHcaMu (HepesoHaHcHast peakius). * Toryia ocHOBHOI BKJajl B MHTErpail
Oy/IeT JlaBaTh 00JIACTb B OKPECTHOCTH MAKCUMYMa SKCIIOHEHITHAILHOTO COMHOYKUTEIS, YTO
[O3BOJISIET OIEHUTh MHTETrPAJI CJIEYIONUM 00pa3oM (T.H. METOJL IlepeBaia).

4Pe30oHAHCHBIE PEAKINH, a TAKKe (-paclajibl I PEAKIHH sijiep ¢ HefiTPOHAME KPATKO PACCMOTPEHBI B
pasnesie V.3.
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Puc. V.7: BaBucnmocts ot sueprun S-daxropa u3 coornomenns (V.V.23) s peakunu
2C(p,v)BN [21]. S B equuunax Gapu-MsB.

[Iyctn

E EJ
Torna
1/2 1/2
f/ o _L + EG/ f// o _3EG/
kT 2E3% © AFEB/?

Oynknug f(F) nmeer makcumyMm npu E = Ejy, KOTOpoe OIPEIESeTcs U3 yCIOBHUSI

f' =0, aro naer:

KT\ */? 1/3 2/3 ,2/3 ,1/3
Ey = (7) Ej" ~20-107" 272" A" spr, (V.25)
_ EG 13 n__ pen 3 2 o/ -1/3
fo= f(Ey) = _3<—4/<;T) , o = f"(Fy) = —1\z7 E. . (V.26)

B oxpecrrocrn Makcnvyma f(E) ~ fo 4+ 0.5 f (E — Ey)*. Torma, nonaras S(E) ~
S(Ey) = Sy (Hepe3oHAHCHAST PEAKIUST ), TTOJIY THM:
] Eg 1/3
AET

(V.27)

8 )1/2 N, So
exp

1/2 ’
AT

Nk2<

T, k3

CumBosoMm [ MBI 0003HAUNIN nHarerpaJi

[e.9]

/exp [0.5 ) (E — Ey)*] dE,
0
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KOTOPBIT mozcTanoBkoit © = /—0.5 f - (E — Ey), ¢ yaerom (V.26), cBoguTcs K BUAY:

[e.e]

I= (1(;50)1/6 (kT)"/C . / exp (—a?) du, (V.28)

—x0

rie

27\ V/°
To = E(] AV —0.5 f” =0.5 < A:T )

Kak npasujio, zo > 1, ® nosromy umknuit npejen B unrerpaie (V.28) MOxKHO 3aMe-
HUTD Ha —O00, U MHTErPaJ MOIydaeTcs PaBHBIM /7. ClieoBaTebHo,

1/6
=7 (16250) (kT)™°. (V.29)

BeHHqHHy Nk IIPUHATO 3allUChIBaTh B BUJE:
Ny = Ny, (o0, (V.30)

T.€. BBLIEIATH U3 BbIpakenns (V.27) muo)uTENb N) U IOIPAa3yMEBATh I10]] BEJMIHHON
B YIVIOBBIX CKODKaX yCpeJHEHHOe 110 pactpejenennio Makcsesta npousseenue ov. C
yuaerom coornomenuit (V.20), (V.27) u (V.29) nmeem:

Z,Z )\ S B 272 4. )13
Az‘k) e (7 ) B=428(22Z3 ). (V.31)

(ov),, ~8.1-10" <

KosmuecTBo siepubix peakiuit Nz, Koropble npoucxogar B 1 eM® 3Be3nuHoro sere-
crBa 3a 1 CeKyHLy, MOKHO HOJTyInTh, YMHOKHUB (V.30) Ha KOHIEHTPAIMIO $1/Iep-MUIIeHei
B ejunuie obbema, T.e. Ha Beamauny N;. Ecim sapo-Muiiens u sapo-cHApPSL ABJISIOT-
sl sIZIPAME OJTHOTO M TOT'O K€ JIeMEeHTa, Kak, HampuMmep, B peaknuu (V.5), mosydeHHOe
sHaderne Ny, cieyer HOmeJuTh Ha 2, WHAYE OJIHO W TO Ke siJIPO MbI OyJIeM YIUTHIBATEH
JIBAZK/IBL: CHavaJsa, KaK MUIIEHb, a MOTOM, Kak CHaps/. UToObl KaxK/blil pa3 He oropapu-
BaTh 9TO 00CTOATEIHCTBO, B 061Ly10 hopmysty BBOgAT MHOKUTETb 1/(1 + &%), 111 0380 —

cumBoJ1 Kponunkepa:
1, ecmu i =k;
Oig = .
0, ecmm i # k.

Takum obpaszoM mmMeeM:
NiNj,
1+ ik
Eciu B onnoit peaxmuu Borgessgercs (g, opr — cM. (V.7), — TO CKOPOCTb 9HEPrOBbLIE-
Jenus B pacdere Ha 1 rpamm Bemectsa (3pre'c ~!) cocraBut:

- :Mink _ Qi N; Ny, (o)., = QinXiXpp
e p p (14 i) F 1+ i) A Ay,

ik (o) - (V.32)

Nalov),,. (V.33)

SV6emuTech camocToATeNbHO, uTo Mt peakimu (V.5) B menrpe Commma zg ~ 103.
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[Tocaearee paserctBo BbiTekaer u3 (I111.32) u coornormenns Ny = 1/m,,, tne Ny — qucio
ABoraipo.

Basucumocts (ov) or T jijist siZIEPHBIX PEAKIHil, IPEeJICTABIISIONINX UHTEPEC JJIs acT-
podusukm, MOKHO HaiiTu, Hanpumep, B Kuurax [1], [34], u na caiire [35]. °

O6benuusia (V.31) u (V.33), Bolpazkenue Jijisi CKOPOCTH TeHEPAIUK $1JIEPHOI SHEPruu
3aluIeM B BUJIE:

B
Emue = 20 X; X # exp <——) = X, X, p Fu(T), (V.34)

YTO II03BOJIAET HALJIAHO IIPOCICAATH 3aBUCUMOCTD Ey,,ye OT IJIOTHOCTHU, TEMIIEPATypPbl U
(MaCCOBoﬁ) KOHIICHTPAIU d]ep, YYaCTBYIOINX B PacCMaTpUBacMOil peakluu, T.€. OT Be-
JIMYNH, XapaKTEePU3YIOIIUX CTPYKTYPY 3BE3/bI.

CpaBauM sHepruio Fy siaep, KOTOpble Jal0T OCHOBHOM BKJIaJ| B SHEPrOBBLIIEIECHUE, CO
cpeaHeit TerioBoit sHeprueit yacrun Ky, = 1.5kT :

E, (Aiszzgy/"’

T (V.35)

e Ty = T/107. Jlns peaxmmm (V.5) B menrpe Commma (A; = 0.5), Hampuvep, nMeeM:
Ey ~ 3, ~ 10~ ®spr ~ 6 ksB.

Uz (V.19) cremyer, 910 BeposTHOCTH Pg 9TUX YaCTUI] MPOHUKHYTH CKBO3b Gapbep
JIOBOJILHO Besinka: ~ 3-107%, T.e. 00baACHUTL HaIMUIe TePMOSIIEPHBLIX peaKluiil B 35e3/1aX,
JIERCTBUTEIBHO, MOYKHO TOJIBKO B PAMKaX KBAHTOBON MEXaHUKU.

V.3 Pes3onaHncHbIe sijiepHbIE peakIiuy 1 B3anMojielicTBIe
Anep C HENTPOHAMM

Kak ye orTMedasnoch, /i MHOTUX peakIuil 3aBUCUMOCTL o(F) COMEp:KUT JOBOJBHO
OCTpbIe WKW, 00YCJIOBJICHHBIE HAJTMINEM BO30YZKJEHHBIX YDPOBHeEl (pe30HAHCOB) — CM.
Puc.V.3, Hanpumep. B sToM citydae MeTO[ OIEHKN BEJIMIUHLL (0V),, , IPUMEHSBIIHNCS JTsT
HEPE30HAHCHBIX PeaKInii, BUIOU3MEHSIOT cieryomuM obpasom. B Bopaxenue (V.23) ajist
0(FE) BKJIIOYAIOT JOMOJHATE/IbHBINA MHOKUTED &(F), onucbiBatomnuii (bopMy pe3oHAHCHO-
ro tmka. Kax npasmio, B kauectse &(E) Boibupaior cooTrorenne Bpeiita-Burnepa:

£ =

&1
(E—E.)" +c¢y

Ouepruio F,., COOTBETCTBYIOIIYIO MAKCUMYMY IHKA, & TaKXKe TMapaMeTPbl ¢; U Cy OIpeIe-

JIIOT U3 9KCIIEPUMEHTA.

OrcbLias 3a MOJPOOHOCTSAMU BBIYUC/IEHUI COOTBETCTBYIOIIErO MHTErpaJia Mo SHEPru-
sM K 0630py [21] u/wnmm kuure [1], npusegem sniib KoHeuHyro (hbOPMyILy JIs yIETbHON
CKOpOCTH 3Heprobbliestenust (3pr 2~! ¢~!) B ciyuae pezoHaHCHON peakiuu:

p B

OB smTepaType MPUHSATO IPUBOIUTH BBHIPAYKEHUs i pouskesienus Na(ov), TI09TOMY 3TOT €IeH u
Bouiesied B dopmyste (V.33).
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B ykazanmnoit urepaType IpUBEICHbI YUCICHHbIE 3HAYCHUs IIOCTOAHHBIX A 1 B j11s MHo-
rux peakrmii. Or anasorndHoro Beipakenus (V.34) /uisi Hepe30HAHCHBIX PEAKIIUil COOT-
Horrerre (V.36) ommdaoT moKa3aTe/d CTENeHN Y TEMIIEPATYPbI B 9KCIIOHEHTE U B IIPE/I-
9KCIIOHEHIUATHLHOM MHOXKHUTEIE.

IIpu remmneparypax T > 10° K BzaumojeiicTBue IPOTOHOB 1 ajbga-4acTHUll ¢ Tsi-
JKEJIBIMA AJIPaAMU IIPOUCXOJAT 4Yepe3 OOJIBIIOe YUCI0 MEePEKPBIBAIOIIUXCA PE30HAHCOB. B
9TOM CJIydae Jijisi BBIYUC/IEHHs BEJIUUUHBI € UCHOJIB3YIOTCS AlllIPOKCUMAIMOHHBIE (hOPMY-
JIbl, IPUBEJIEHHbBIe, HAIIpUMeD, B [22].

OcHoBHast 0COOEHHOCTb B3aMMO/IEHiCTBUS sIJIep CO CBODOOJHBIMU HEATPOHAMEU COCTOUT B
TOM, YTO HEATPOHAM He HY>KHO [IPEOJI0JIEBATH KYJIOHOBCKUI 6apbep. C TOUKHU 3peHus SHEP-
rOBBIICJICHAS, PEAKIIUY ¢ HEATPOHAMU B 3Be3/1aX HE UIPAIOT CKOJIb-HUOYIb CyIIECTBEHHON
POJIM, OJHAKO OHM BayKHBI JJI CUHTE3a MHOTMX M30TOIOB PA3/IMYHBLIX 3JIEMEHTOB. Kak n
JUIST 3apPSZKEHHBIX YaCTHUll, B3aUMOJECHCTBIE sI1ep ¢ HefiTpoHaMK ObIBAeT PE3OHAHCHBLIM K
HEpPEe30HAHCHBIM. Besmduner (0v), /s peaknuii obenx THIIOB MOKHO Hajitu B [21], [23].

V.4 DjaeKTpoHHOe 3KpPaHUPOBAHIE

B nenpax 3Be3;1 cTajKUBAIONIMECS s1/Ipa B3aUMOJIEHCTBYIOT HE TOJIBKO JIPYT € JAPYTrOM, HO
U CO CBODOJITHBIME 3JIEKTPOHAMHU OKpYyzKalomieil ux mia3mbl. B pazzesne [V.1.2 6b110 oTme-
YEHO, YTO B ILJIA3ME IIPOUCXOJ/IUT SKPAHMPOBKA MOHOB O0JIAKOM CBODOJHBIX JIEKTPOHOB.
DTO MPUBOJUAT K TOMY, UTO COJIMKEHNE MOHOB JIO0 PACCTOSHUN mopsaka pajguyca lebast
IIPOUCXOJIUT O€3 3aTpaT SHEPIUH, UTO 00JIerdaeT MPOXOXK/JICHUE KYJTOHOBCKOIO Oapbepa u
YBEJIMIUBACT BEPOATHOCTH SJACPHOTO B3AMMOJICHCTBUA.

B kadectBe npumepa paccMOTPHUM CTOJIKHOBEHME JBYX poToHoB B nenTpe Cosnna. B
pazzese IV.1.2 Mbl HaNLIA, 9TO B 9TOM CjIy4dae KYJOHOBCKUE ITOIPABKU MaJibl, IOITOMY
MOKHO HCII0JIb30BaTh Bhipaxkenue (IV.17), ¢ momMoribio KOTOporo Haxoaum, 4ro mpu 1 =
1.5-10" K u p = 100 2/cm® pajuyc debasg rp ~ 3 - 1072 cwm.

[Ipu orcyTcTBUU 3JIEKTPOHHOIO SKPaHUPOBaHUs KYJIOHOBCKOE OTTAJIKMBAHUE ITPOTO-
HOB MO3BOJIUT UM COJIM3UTHCS JI0 PACTOSHUSA T's, onpejensgemoe coornomienueM (V.17). Ha
cTp. 78 MBI HAIIM, 9TO B CJIydae HMEeHTPaJIbHbIX obsacreit CoJiHila OCHOBHOM BKJIAJ B
SHEProBblIe/IeHNE JAI0T IIPOTOHLI ¢ sHeprueit F ~ 1078 spr, 118 KOTOPBIX Ty II0/IydaeTcs
~ 3107 e

CresioBaTe/IbHO, HAJIMYNe 3JIEKTPOHHOTO SKPAHUPOBaHus Ha rp/rs ~ 1 % yMeHbImaer
PaJIMyC OCTAHOBKH, UTO, KAK IOKA3BIBAIOT PACUYETDI, IPUBOJIUT K YBEIUICHUIO CKOPOCTHU
SHEPIOBBIJEICHUS €y HA HECKOJILKO IPOIEHTOB — CM., Hanpumep, §17 B [1].

OrHotenne rp/rs BO3pacTaer ¢ POCTOM IUIOTHOCTH, YTO CYNIECTBEHHO yBEJINYINBA-
€T CKOPOCTDb sJICPHBIX PEaKIIii, TPOTEKAIONNX Ha IMO3HUX CTAIUS IBOJIONNNA 3BE3JIbI,
OCODEHHO B ee IEHTpaJbHBIX o0acTdax. [Ipu odYeHb BBICOKUX IJIOTHOCTAX JIEKTPOHHOE
SKPAHUPOBAHUE IPUBOJUT K TOMY, UTO CKOPOCTD SIJ€PHBIX PEAKIUil [I0YTU He 3aBUCUT OT
TEMIIEPaTyPhl, 3aTO 0Yehb CHJILHO OT IJIOTHOCTU — TaKHe PEAKIINH HA3BIBAIOT THKHOSIep-
HLIME. B wacTHOCTH, 9TO mpoucxoauT mnpu ropenun yriepoga 2C + 2C — Mg, xorna
IUIOTHOCTH IpUOIMzKaeTcsa K Bemanae ~ 1010 2/ em?. .
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V.5 SBOJIIOI_[I/IEI XNMHNYIECKOI'o CoCTaBa 3B€3/1bl

SlnepHble peaknum He TOJILKO CAyXKAT MCTOYHUKOM 3HEPIMH, HO U MEHSIOT C T€YEHHEM
BpEMEHU XMMUYECKHUIl COCTaB BEIIeCTBa, YTO CKA3LIBACTCS HA €r0 YPABHEHHU COCTOSHIUS
U IPO3PAYHOCTH I U3JIydeHus. B 9Tom paszese OyayT BLIBEICHBI yPaBHEHUS, OIUCHI-
BaOIIUe YBOJIONNI0 XUMUIECKOIO COCTaBa 3BE3/IbI.

[TpeamosozKuM BHAYase, 9TO B 30HE, IIE IPOUCXOAAT AJICPHBIC PEAKINU, OTCYTCTBYET
KOHBEKIsA. B 9TOM cilydae HeT IepeMelnnBaHus BEeIecTBa, I03TOMY XUMUIECKHUNA COCTAB
KazKJ0r0 9JIEMEHTa MacChl MEHAETCA TOJILKO 38 CUeT HMPOUCXOISMIINX GHYMPU HE20 AJIep-
ubIX npespainenuii. IIpocieaum 3a m3MeHeHreM MaccOBON KOHIEHTpanyuu X; OJHOIO U3
JIBYX SI/I€P, BCTYHAIOIIUX B AJEPHYIO PEAKIINIO.

B 1 2 BemectBa copepkutbes X; rpamum sementa i u X;/(A;m,) ero aaep. B xkax i
sJlepHoil peakiun ucdyesaer 1 + d;, saep copra i, T.e. JubO OJHO SAPO, €CIU AJpa i U
k npunajieskar pasHbIM 3JeMeHTaM, b0 JIBa d/pa, eCIu PEeaKIUs IPOUCXOMUT MEXKLy
siIPaAMU OJHOI'O M TOI'O 2Ke 3jieMenTa. 11ockombKy 3a 1 ceKyHay B 1 2 BelecTBa IpOUCXOIUT
Enue/ Qi ATEPHBIX PEAKITHl, TO JIsi U3MEHEHUsT KOJIMIecTBa a/1ep B 1 2 3a Bpemst df MOXKHO
HaIUCATh:

Xi Enuc
d =— 1+ d;) dt. .
Aimy, Qik (L4 %) (V-37)
Torna, nozgcrasiss (V.33), momyanm:
p=l—==) =- e = — e N - V.38
g ( ot )m sz c (1 + 52]4:) Ak A<av>2k ( )

BJiech Mbl BBesIM obozHavenue Ky jyig CKOPOCTH U3MEHEHUs] KOHIIEHTPAIUM 3/IeMeHTa
1 BCJIEJICTBUE €r0 B3AUMOJIEHCTBIA MoAbko ¢ siiapamu sjieMenTa k. Kak npasuiio, K uamene-
HUIO KOHIeHTparuu X; IPUBOJUT CPa3y HECKOJIHKO si/IEPHBIX PEAKIIUil, IIPUTIEM DeaKIuu B
KOTODBIX SJIPO © ABJIAETCA PEArCHTOM, YMEHBITAIOT X, & PEAKIIUH, TJIe TO ¥Ke sAJIPO sABJIs-
€TCsl KOHEYHBIM MTPOJYKTOM, HA000poT, yBeanuuBaioT. [loapobuee 06 sToM OyjieT ckazano
IyTh [103Ke, & [OKA OTMETUM, YTO BBIPpAXKEHUe Jijisi M3MEHeHUs KOHIeHTpanun Xj B pe-
AKIHI MEXK/IY s/IpaMi ¢ U kK MOXKHO IOJIy9UTh, IOMEHAB IIOMEHITh MECTAMU UHIEKCHI § 1
k B (V.38). B pesyibrare nmeem:
A )
Kk = Zl: K (V.39)
[Tostyunm Tenepb BbIpayKeHus Jiisi CKOPOCTU M3MeHeHust Kourentpanuun saep I n K,
KOTOPBIE TOJYyJaIOTCA MOAbKO B PE3YJIbTaTe CTOJIKHOBEHUA sijiep copta ¢ u k. s saaep
copra j (j = I wm K) nmeem:

X 15
d J = (1 4+ 8y dt.
|:Ajmu:| + 0w (1+0rk)

[oncrasmsa crona (V.33) u cpaBnuBas nosy4usineecs Beipazkenne ¢ (V.38) maxomum:

. A (1 ) .
K = — % K, (V.40)
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DOTOHBI U HEATPUHO TAKXKE MOTYT B3aMMOIEHCTBOBATDL C SIIPAMME, JINOO POXKIATHCS
B pesysbTare syepubix peakmuit. Oxmako coornomenus (V.38)-(V.40) k srum gacTuiiam
[PUMEHSITh HEeJIb3s, IMOCKOJIbKY JIJIsi HUX HE IIPUMEHMMbI DACCYKJEHHS, HA OCHOBAHUU
KOTOPBIX T0JIy4eHO paBeHcTBo (V.37).

PaccmoTpuMm Tereph cutyaruio, KOrjia sjiepHble PeakIuu MPOUCXO/IAT B 00JIaCTH, TJIe
MTPOMCXO/INT KOHBEKINs. Kak mpaBmiio, BpeMs, 3a KOTOPOe KOHBEKITUsI TEPEMEITHBACT Be-
IIIECTBO B 00JIACTH, TJ1€ TPOUCXO/ISIT TEePMOsIIePHBIE PEAKIINN, HAMHOTO MEHbIITe BPEMEHH,
B T€UEHUU KOTOPOTO 9TU PEAKITHH 3aMETHBIM 00Pa30M MEHSIOT XUMUIECKU COCTaB BeIle-
crBa — cM. [raBy VIII. nbiMu citioBaMu, B OOJIBITUHCTBE CJIydaeB KOHBEKIINsST HACTOJIBKO
9P DEKTUBHO MTEPEMEITUBAET BEIIeCTBO, YTO XUMHUYECKUN COCTaB 0bJiacTeil, OXBaYeHHbIX
KOHBEKIIel, OKa3bIBAETCs OJIMHAKOBBIM BO BCEX TOUKAX.

[IycTts Macca obJracTu, oXBadeHHON KOHBeKIMen, paBHa M yp,. g Kaxoit equnmnda-
HOfI MacChl BEIeCTBa BHYTPH 9Toi obstactu crpasenso coorrorrerne (V.37). IIpounre-
rpupos (V.37) 10 Macce BHYTPHU 30HBI KOHBEKIMU ¢ yaeToMm X;(m) = const, HAXOIUM:

0 Xi /dm = —7(1+5ik) /sik dm.

ot | Aym, Qik
[Tockobky f dm = Moy, TTOIy9IaE€M HUCKOMOE COOTHOIIEHNUE:
= nuc A1 V.41
( at )m Qlk Mconv c " ( )

Herpy/no Buers, 4To cooTHomIeHns MexK 1y Beanuannamu 0X,;/0t (j =k, K, 1) u 0X,;/0t,
KaK U [PHU OTCYTCTBUM KOHBEKINH, OyayT onpenensthes dopmytavu (V.39) u (V.40).
Jlo cux 1Op MBI TOBOPWJIA O SIJIEPHBIX PEAKIUX, MTPOUCXOJAIINX IIPU CTOJTKHOBEHUH
nByX sijep. OHAKO B XUMUYIECKOI IBOJIIONUH 3BE3/IbI BAXKHYIO POJIb UTPAIOT M PEAKIHN
PaJIMOAKTUBHOIO pactaja: 6e3 nux Obu1 661 HeBo3dMmoxken CNO-nukii, [S-paciaj Kodasib-
Ta W HUKeJsT 00eCcIiednBaeT HarpeB BemecTBa 000JI09eK CBEPXHOBBIX U T.J. OCOOGEHHOCTH
PaJIMOAKTUBHOTO pACIajia B TOM, 9TO HA BEPOSATHOCTb PACIajia TOTO WU WHOIO sijpa He
BJIUSIOT BHEITHUE YCJIOBUA, a KOJIMIECTBO PaclaoB 3a BpeMsa di B oObeme, cojiepKalieMm
1 2 BermecTBa, MPOMOPITMOHATHLHO KOJIMIECTBY PaMOaKTHBHBIX sjiep B 9ToM obbeme. Ciie-

(XY X e
Aimu B Azmu tO’

rie 1/tg — koaddurmenT mporopImoOHaIbHOCTH.
Orcrosia ostydaeM ypaBHEHHUE I U3MEHEHWsT BeJIMIUHBI X; C TeIeHNeM BPEMEHN:

X\ X
(26) o v

J0BaTEJIbHO!:

pemeHue KoToporo:

X;(t) = X? - exp (-%) : (V.43)

rjae XZO — MacCCOBad KOHIEHTPallA paCCMaTPpUBaceMOI'O BUda AJI€p IIPpU t=0.
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U3z dopmyrsr (V.43) BugHO, 9TO ty — 9TO BpeMs, 32 KOTOPOE HUCXO/asi KOHIIEHTPAIUST
yMeHbIaercs B e pas. llepmon momypacmasia, T.e. BpeMs, 32 KOTOPOE MCXOJHAas KOHIIEH-
Tpalyus paJIMOaKTUBHBLIX A1eP YMeHbIIaeTcs BABOe, t1/o = to - In2.

VienbHast cKopocTb 3Heprobbuieenns (3pr 2~ ¢~!) npu S-pacuajie, oueBuiHo, paBHa:

Xi
€= Ailds.

- V.44
o (V.44)

rae (Qp Boraucisercs 1o dhopmyie (V.6).
B ciyuae 6unapubix peaximii coorrorenne (V.38) MoxkHO 3amucarh B (hopMme, TOX0-
xkeit na (V.42):

0X; X;
= - — V.45
(% )m X, (v.45)
€CJIN IIOJIOZKUTDH A 1 5
b = L 0) (V.46)

 p Xk Nalov)y,

Onpenenenrast TakuM 00pa30M BEJIUYINHA ;,, B OTJINYINAE OT tg, HE SIBJIAETCS ITOCTOSTH-
HOI1, TIOCKOJIbKY JlazKe IPU HEM3MEHHBIX 3HaUeHusaAX p u 1 KoHIeHTpalus Xj MeHSeTcs ¢
TeyenreM BpeMeHu. Ou3ndecKuii CMbICT 1, — 0UEHKA XapaKTEPHOIO BPEMEHN YKU3HU s1JIpa
9JIEMEHTA 1 JI0 MOMEHTa, KOI'J[a OHO BCTYIIMT B PEAKIIHIO C sIIPOM dj1eMeHTa k — cM. 3aaatdy
V..

BBIH_IG yKe 0TMEYaJI0OCh, 9TO TUHIUYHON dBJIAETCS CUTyalnusd, KOorjga M3MEHCEHUE KOH-
IeHTpal X; d/ep U30TOola dJIeEMEHTa ¢ ITPOUCXOIUT B pe3ysabTare OJHOBPEMEHHOIO ITPO-
TEeKaHWs He OJHOM, & HECKOJbKHX sJIepHBIX peaknuit. [Ipm 3ToM B KaKMX-TO peaxkIusax
HPOUCXOJUT CUHTE3 dJIeP ITOr0 MU30TONa, & B JPYIUX PEAKIUAX Te 2Ke dAJpa ABJIAI0TCH
peareHTaMu, T.€. PacXOAyIOTCH.

C ydeToM 3TOro OOCTOSITE/IHCTBA yPaBHEHUE I W3MEHEHUsT BeJTUIUHBI X; MOYKHO

3alliCaTb B BUJEC:
0X; ; ;
(&)m:—;l{ﬁ;m, (V.47)

rjie K; — cKopocTh u3Menenus X; B sjiepHoil peakiuu j. [lepBas cymma B mpaBoit 1a-
CTU BBIYUC/ISETCS 110 BCEM PEAKIMAM, B KOTOPBIX SJIPO ¢ ABJISIETCS PEAreHTOM, & BTOpas
CyMMa — TI0 PeakIusaM, B KOTODPbIX sijipo i cuHresupyercs. [lockonbky 0X;/0t 3aBucut
OT KOHIICHTPAIIUU JIPYTHUX /P, AaHAJOTHIHbIC YPABHEHU CJIEJIyeT ITUCATH JIJId BCEX 1D,
[PUHAMAIOIINX YIACTHE B PACCMATPUBAEMON COBOKYITHOCTH $1JIEPHBIX PEAKITUil 1 COBMECT-
HO PEIIATh IMOJIyIUBIIYIOCS CUCTEMY yDaBHEHMUIA.

B kadecrBe mpumepa paccMOTPHUM sIJepHbIE PEAKIINH, ITPOTEKAIoNne 1Mo cxeme ppl.
OB603HaMMM MaCCOBBIe KOHIIEHTPAITMN Bojoposa, Aeciirepus, He n *He cumsomavm X,
Xp, X3 u X4 coorBercTBeHHO, a npousBojgHble 0X;/0t cuMBOIOM XZ [Ipumem, aTo B
coBpeMennyio a1oxy (¢ = 0) B Mmexk3Besnoit cpejie Xy ~ 0.75, Xp ~ 2-1075, X3 ~ 2-1075,
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Xy ~ 0.25. Torma nmeem:

4 y o _XH
XH o tgn
’ _ Xu  Xp
XD " twm typ
{ I (V.48)
_ D _ X3
X3 " twp t33
% - &
\ 4 t33

Ojio U3 ypaBHeHU 9TOH cucTeMbl U30bITOUHO. JleficTBUTEILHO, CJIOXKUB MOYIEHHO
BCE ypaBHEHU IOJIYYUM OYEBUIHBIN PE3yJIbTAT: Xy+Xp+X5+X, =0, re. cyMMapHoe
obutre Beex sijiep He MeHsieTcst ¢ TedenneM Bpemenu. [losromy ojmo (j106oe) ypaBHeHme
CUCTEMbBI MOYKHO 3aMEHUTDH aJreOpandecKuM COOTHONIEHUEM

Xu+Xp+Xs+ Xy = X5 + Xp + X9+ X
U3 onpejenenust xapakreproro pemenn (V.46) momydanm:

2 2 6
— s t - 9 t - .
p X Na(ov) gy T P XpNa (o) B p XNy (ov)g

thu

13 mepBoro m 9eTBEpPTOro ypaBHEHHI CJICIYET, YTO OOMIME BOJOPOJIA JOJXKHO MOHO-
TOHHO yMEHBIIATLCs ¢ TedenneM Bpemenn (Xpg < 0), a obmme $He, Ha060pOT, MOHOTOHHO
Bozpactarh (X4 > 0). YT0ObI BHISCHUTE, KAK MEHsCTCs O0MIHe JeHTeprs, HANIEeM OTHO-
1eHne €y MEPBOrO U BTOPOIO WJICHOB B IIPABOIl 4acTH ypaBHeHus st X p :

. XHtHD . XH ) <O"U>HD

= = — . V.49
XDtHH XD <O"U>HH ( )

35

N3 Puc. VI.1 caemyer, uro B unTepBaje temieparyp or 1 jo 20 MuH. TpajlycoB Be-
auauHa (V) g, 0osiee deM Ha 16 HOPSIKOB MeHbIIIe BEeJIMYUHBL (0V) ;. CllegoBaresbHo,
[OKa KOHIIEHTpAIUsl Jleiirepust, a TouHee orHoIerue X p/ Xy, He CcTaHET MeHbIIe 3Hade-
aust ~ 10710, Bemramma &p Gymer < 1, a Xp < 0. Hockoneky mexommoe (mpu ¢t = 0)
ornomenne Xp/Xpg ~ 4-107°, 910 3HAUUT, YTO OOUIIUE JIEHTEPUs JIOJZKHO YMEHbIIAThCH
JI0 Tex 1I0p, HoKa BenduHa X p He yHnajeT 110 CpaBHEHHIO ¢ MCXojHoil Gosee yem B 10
pas. Ormerum, 910 typ/typ = (o0)yp/{0V) yy > 10, mosTomy 3a Bpewmsi, B TedeHnn
KOTOPOT'O KOHIIEHTPAIMA JIeHTepus YMEHbINAETCs 10 CPABHEHUIO C UCXOJHON Ha MHOI'O
MIOPSIJIKOB, 00MJIne BOJIOPOA MTPAKTHIECKN HE MEHSeTCs.

PacueTs! sBosonumn 38e37] Ha CTAIUN C2KATHUS K TJIABHOI ITOCI€I0BATETbHOCTH, BBIITO-
HeHHbIe aBropamu [31], MOKa3bIBAIOT, YTO y MOJIOJIOH 3Be3bl ¢ Maccoit M = 1 M©® upu
Bozpacte 10° jier Temneparypa 1 IJIOTHOCTD B ienTpe pahbl 1.2-10° K u 3.5-1072 2/cm?
coorBercrBento. U3 dopmyisr (V.49) u Puc. VIL1 ciesyer, uto npu takux 3nadeHusax 1’
U p XapaKTepHOe BpeMs BLITOpaHud jgeiirepusd typ ~ 3 - 10* mer.

Ob6parure BunManne, aro ypasuenus (V.38), (V.41) n (V.42) — sro ypaBuemnus B 4act-
HBIX ITPOM3BOJHBIX: MOCKOJIBKY PeYb HJAET 00 M3MEHEHHH XMMHUYIECKOTO COCTaBa OIIpejie-
JIEHHOT'O 3JIEMEHTA MaCChl, TO U MPOU3BOJHAS 110 BPEMEHU OTHOCUTLCS K TOYKE BHYTPHU
3BE3/IbI, XapaKTEePU3yeMOii JIarPaHKeBOI KOOD/IUHATON M.
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HamomHuuM B 9T0i#i ¢Bsi3d, 4TO ypaBHeHUs 3aKoHa coxpanenns mMaccel (1.1) u ruapocra-
tuaeckoro pasaoBecust (1.12) omuChIBAIN CTPYKTYDY 3BE3JbI 8 JaHHbITL MOMEHIN 6PEMEHL.
[Tocko/IbKY J10 CHX TIOP MBI HE PACCMATPUBAJIN BOJIIOIUIO 3BE3/IbI, MOTIATUBO IIPE/IIOJIA~
rajoCh, 9TO BXO/ISIINE B 9T YPABHEHUs BEJIMUINHBI 3aBUCST TOJIBKO OT OJTHON HE3ABUCUMOM
[IEPEMEHHOM: T — TPH SJIEPOBOM TOJIX0/Ie, WA M — IpH JiarpanzkeBoM. COOTBETCTBEHHO
9TU ypaBHEHMsS Mbl pACCMAaTPUBAJIN, KAK OOBIKHOBEHHBIE T depeHnabHble YpaBHEHNUS.

Mper y2Ke OTMETHJIA, 9ITO ypPaBHEHHE COCTOSIHUsI BENIECTBA U €r0 MPO3PATHOCTD JIJIs
M3JIyYeHns], a 3HAYUT W CTPYKTypa 3BE3/Ibl B JIAHHBI MOMEHT BPEMEHU 3aBUCAT OT XU-
MUYECKOI'O COCTaBa 3BE3/IHOIO BellecTBa. ZlJiepHble peakIn MEHIIOT XUMIUIEeCKH COCTaB
C TeYEeHHEM BPEMEHH, [0ITOMY 3Be3/1a, C(hOPMUPOBABINASICA U3 XUMUIECKU OJTHOPOHOTO
ra3zoBoro obJiaka, 1o Mepe IBOJIONNNA CTAHOBUTCA Bce Oojiee u Oojiee XUMUYIECKU HEOHO-
POJIHOIE. Y3Ke 9T0 06CTOSATELCTBO (a ecTh U Jpyruel), He Mo3BOJIsieT pacCIuTaTh CTPYK-
TYpy 3B€3/bI B KaKOW-TUO0 MOMEHT BPEMEHHU, HEe PACCMOTPEB, KaK Ha IIPEJIIeCTBYONINX
CTa/IUSX IBOJIIOIUE MEHSIJICS XUMUYIECKUI cOCTaB ee BHYTPEHHUX 00JIacTel.

W3 ckazaHHOTO CJIE/yeT, 9TO YpaBHEHMUsI, OMMCHIBAIOIINE CTPYKTYPY U SBOJIIOIUIO 3BE3-
JIBI, B3anMOCBsi3aHbl. C MaTeMaTUIecKOil TOUYKN 3PEHUs 9TO O3HAYAET, YTO YPABHEHUST 3a-
koHa coxpanerust Maccel (I.1) u ruapocraTudeckoro paposecusi (1.12) — 510 ypaBHeHwust
B YACTHBIX IIPOU3BOAHBIX, 1 BMecTO d.../dr, mwiu d.../dm, cremosaso 6b1 mucats (0.../0r),
w (0.../0m), coorsercrenno. Ilonpobuee sy mpobiemy mbr obcynum B I'mase IX.
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V.6 HeiiTpuaHoe u3jydeHne

Ceuenne paccesdHusl HEHTPUHO BemecTBoM 0, ~ 3 - 1074 (E,/ MSB)2 em? =1, ~ 10%/p
CM.

Annurnngnua map e et: e +et — v+
[Iponecc sbdexrusen npu T ~ T, = 2m.c*/k ~ 101°K. Torma €,( spr/r/c) o
T2 exp(—T/T.).

CBoboiH0-cBOGOIHOE M3y UeHne Ha spe (A,Z): e+ — e +Z v+,
HpOLLeCC ILOMI/IHI/IpyeT HpI/I BBICOKHX IIJIOTHOCTAX N HpI/I CpaBHI/ITeﬂbHO HU3KOUW TeMIIe-

parype: €, ~ 0.8 Z%/AT{

DoTopoxkIeHre HeHTPUHO: e +v — e +rv+vuv.
ITponece spdexrusen npu p < 10 r/em® u Ty = 1 + 4. Torna €, o< T®

[Inazmennble HeWTPUHO: ' —v+vw.
wg = 47N e*/m.. Iponecc scbdekTuBen Npu BLICOKUX IIOTHOCTAX 1 Ty ~ 3.

Ypka mporeccor: [NA.T'amos, M.Shenberg (1941) u B.C.Ilunaes (1963).
[Tpumepsr:

SH —3He+e +, *Het+e —3H+v
p+e —n+v, n—p+e +1.

B obmem Buze:
(A, Z) +eF — (A, Z+1) +v*

(A, Z+1) — (A, Z) + e+ 17
(A, Z+1)+ef — (A, Z)+vT

ITporecc 3ppeKTHBEH IPU CPEIHUX U BBICOKHUX IIOTHOCTAX 1 Ty > 1, €, oc 1.
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95 T T T T 7 1 T Regions in which different
- / ¢ types of neutrino loss dominate. o is in
g7 Pair & g cm=?, T in K. (Aftcr BARKAT, 1975)
//
90 e /// -
///
//,// _“{  Plasma
a0
P 4
8.5r s { -
/ / e
Photo  / / 7
/Brems / F Ve
/ // ~ Brems
8.0 1 1 1 1 L 1
4 6 8 10
igp

Puc. V.8: Posb pas3jmaHbIX MpoIeccoB POXK/JIEHUT HEUTPUHO.

Sagadn

Bagauya V.1. Ilouemy B peakiusax [1-pacnaza wim B peakiysX CHHTE3a, B KOTOPBIX
POZKIaeTCsl HO3UTPOH, SHEPreTHYeCKUil BLIXO/] HY?KHO yBeJIMYUTh Ha m.c> ~ 511 k3B, a ne
Ha BEJIMYUHY B 2 pa3a 6OJIBH_IYIO? Bel[b IIpu aHHUTUJIAITIN UCYe3aeT HE TOJILKO ITO3UTPOH,
HO U 3JIeKTPOH!

3amauya V.2. Kak uzBectno, HabJoiaTe/ IbHBIM IIPOSABJICHUEM ITPOIECCa aHUTUIATII
ABJIAETCS TMHAS U3JIy9eHus ¢ sueprueii mec? ~ 511 xaB. Ho npu anuuruismuy B u3/ryde-
HUE [TePEXOJ/IUT SHEPIrusl KaK JIEKTPOHA, TAK U IMO3UTPOHA, [TOYEMY YKe COOTBETCTBYIOIIAs
JINHUST UMEET SHEPIuio He B JiBa pa3a 00JIbIIyio?

3apaua V.3. Ucnosnb3ys tabjinydnble JaHHble, PUBEJeHHbIE Ha c¢Tp. 1 u 65, cpaBHU-
Te SHEpProBblIeIeHne B peakimu cuHTe3a jeiirepus (V.5) ¢ paboroit, KOTOpYIO cieyer
COBEPIIHATD, YTOOLI COJM3UTH JBa MIPOTOHA JI0 PACCTOAHHUA 1, ~ 10713 cm.

3amaua V.4. llpeamnonoxkum, 910 B rase, IJIOTHOCTb W TEeMIIEpaTypa KOTOPOro He
MEHSIOTCSL CO BpeMeHeM, IIPOTeKaeT TOJILKO sjepHasg peakiud p + p — 2D + e™ + v.
[Tokazarh, 9TO B 9TOM CjIyvae UCXO/(HAsl KOHIIEHTPAIHS siJIEP BOJIOPOJIa XS YMEHBINAETCS
B 2 pasa 3a BpeMs t,,, onpeaensgemoe dhopmyitoii (V.46).



I'maBa VI

TepMmosgaepuble peakiiuu B 3Be3/1aX.

VI.1 IIporon-npoTroHHasd IenodkKa peakKmnuii

B nponecce poxkaenusa Beesnennoit, 381010 J10 HOABJICHUSA 3B€3], IIPOMCXOIU T.H. IIePBUI-
HBI HyKJleocuHTe3. [To mpuumnam, o xoTopeix Oyaer ckazaHo B pasgese XIV.3, B sTom
IpoIecce B 3aMETHBIX KOJMIEeCTBAaX 00Pa30BasIiCh N30TOIBI TOJILKO MEPBBIX TPEX 3IeMEH-
ToB TabsmIel Mengeneesa: Bomoposa, rems u jutud. CTaHzapTHas Mojelb Bosbimoro
BspeiBa npejickasbiBaer cieyiomee obuame stux usoronos: (H — 0.75, 3He — 0.25, 2H
(neitrepuit) — 3-107°%, 3He — 2-107°, ILi — 107, uro xoporo cornacyercs ¢ HabIo/1eHUA-
MH. DTH H30TOIBI CIy’KaT UCXOJHBIM MaTepPHaIoM [ IIOCIeIYIOIMEr0 CHHTE3a, TAMKEIBIX
9JIEMEHTOB B 3BE3/1aX.

"H4'H — *D+e"+v, Qi = 1.44—0.25=1.19 MsB, (60 =4.2107" B, = 33.8;)
(VL1)
D+ 'H —3He+7, Qi = 5.49 M»sB, (0 = 4.010%, By = 37.2;)

Hanee B 86 % ciyuaes na CoJiHiie HaeT peakiys:
3He + 3He — ‘He + 2p, Qux = 12.86 M>aB, (e = 1.310%, By = 122.8;)
B 14 % cay4aeB — nporekaer Ienoyvka peakiiyii:
SHe 4+ ‘He — ™Be+~, ™Be+e” — "Li+v, "Li+'H — 2'He.

90 % meiirpuno umeror suepruio 0.86 MsB u 10 % - 0.38 M»B.
Haxonen, B 0.02 % ciygaes poxpaiorca neiirpuno ¢ F, = 14.06 M»sB:

Be+'H— B+~, *B—®Be+et +v, ®Be — 2'He

ObparuTe BHUMAHUE, 9TO €CJIM IIPOCYMMUPOBATH BCE PEAKIINU KarXKJOW IENOYKU, TO
TOJTyJaeTCsd OJNHAKOBBINA Pe3y/IbTarT:

4'"H — JHe + 2et + 2v. (VL.2)

87
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H+'H—=2D+et+v
2D+1H—>3He+7

ppl

——
3He + 3He — *He + 2p SHe + “He — "Be + v

ppe pp3
Be+e — Lit+v Be+'H =B+~
"Li+'H — 2%He B —®Be+et +v
8Be — 2He

Ob1mee coornornenue (V.34) /yist CKOPOCTH SHEPTOBBIJACTICHAS B CJIy9ae IPOTOH-TIPOTOHHOM
HENovKH, coracHo [26], MoxkHO ¢ TouHOCTBIO He XyzKe 50 % 3ammcaTsh B BHIE:

pX?2 15.69 apr
epp = 8-10° gy, =7 exp (- — : (VL.3)
T/ T,/ 2c

rie X — obume BOIOPOJIA, gy — (DAKTOP 3JEKTPOHHOrO 9Kpanuposanus, a Ty = T/107.
CpaBHUTEILHO HEBBICOKAS TOYHOCTH (DOPMYJIBI CBA3AHA C TEM, UTO B 3aBUCHMOCTH OT
TeMIIEPATYPbl U OOUJINS I'eJIus OTHOCUTEILHBIA BKJIA/] PA3IMIHBIX PA3BETBICHUN IEIOYKN
B 00I1Iee SHEProBhIIeIeHre OyIeT MEHAThCs. dT0 KacaeTcs 3JIeKTPOHHOIO SKPAHNPOBAHNS,
TO B IPEJCTABIIAIONINX HHTEPEC CIIYUAAX (pp 3AMETHO OTJIMIAETCH OT 1 TOJIBKO It CAMBIX
MaJIOMACCUBHBIX 3Be3/1 IVIABHOM MOC/I6/[0BATEIbHOCTU M KOPUIHEBBIX KAPJIUKOB — CM. [14].

g nenrpa Commna (X ~ 0.4, Ty ~ 1.5, p = 150 2/cm®) dopmyta (VI.3) naer:
e =~ 20 spr/e/c.

Metros B.ITontekopso — P./lssuca (Homestake, USA):

Ve + 5701 «— 3TAT + €7, E, > 1.2 MsB, t1y = 35%, F =0.33+0.03.
Merox B.A . Kysbmuna (SAGE, Poccus + GALLEX, Ttaly):
Ve + HCGa — UGete™,  E,>023 MaB,  ty,=11%

Fsacp = 0.52+£0.06, Foarrex = 0.60 = 0.06.
Perucrparust siekrponoB otnaun npu yupyrom paccesunn (Cynep-Kamuokanme, fmo-
HUsA):
Ve+€ —1v.+e, E, > 6.5 MsB, F=0.47+0.02.
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Puc. VI.1: BaBucumocts sesmuunnt 1g(N4(ov)) or Temneparyps! (B eqununax 17/10%) s

HEKOTOPBIX OCHOBHBIX peaKuHﬁ P — p LEIOYKMU.

V1.2 CNO-nuka

Cxema CNO-mukiia.

RO 4 1H — BN+, B, = 13T7; BN — BC+et 4,

BC+'H—"N+v,  By=137; “N+'H— "0+,
B0 — BN +ef 4+, tijp =2 BN +'H — 2C + *He

Bwmecto mociiegHeit peakiinum BO3MOXKEH IIPOIECC:

PN+'H— 10+~ By=153  “O+'H— "F+y

2 = 10™;
B, = 152:
By = 153;

By = 167;

TP S O +ef +u; "O4+'H — “N4*He By = 16T;
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2C 4 TH 5 BN 44
BNy 130 et 4y
BC 4 IH o UN 44
— “N + 'H = PO+~
PO — BN +ef +v
BN + 'H — 2C +4%He
|
10 + 4
%0 + 'H — YF ++4
UF — "0 +ef +v
"0 + 'H — YN 4+ 4He
|

Yriepos 8 CNO-1ukie urpaer poJib Katagusaropa: siapo C, Heobxoaumoe J1jisi HavdaJia
IIPOIIECCa, BHOBD MOABJISIETCA B IOCJIEIHEH peakiuu MuKJIa. TeM He MeHee oOMJime 3TOTo
3JIeMEeHTa YMEHBITAaeTCA B COTHU pa3 3a BpeMs KI3HU 3Be3/Ibl Ha TIABHOM TOCIe0BaTEb-
HOCTHU, U BOT 110 KakKoil mpuunne. PacdeTbl OKa3bIBAIOT, 4TO U3 6 peakiiyii, 00pa3yionmx
CNO-1uKII, MejjieHHeit Bcero nporekaer yersepras peakinus: “N+p — 160, dro upuso-
JIAT K TOMY, 9TO cuuTe3 ajep “*N mpomrcxomuT ropasio 6uicTpeil, YeM UX IpeBpaleHue B
saapa kuciaoposa. [losromy cpady mocie Hadasa paboThI IMKJIA KOJUIECTBO SJep a30Ta B
30HE FJIEPHBIX PEAKINl HAUNHAET HAKAILTUBATHCS 3a CIET COOTBETCTBEHHOTO YMEHBITIEHU S
KOJTMYecTBa sjep yriepoja. Ho jijis 3Be3/1bl B 1eJI0M CKOPOCTH YMEHBITIEHUS ODIIEro uuc-
Jla d]1ep a30Ta 3aBUCUT He TOJIBKO OT CKOPOCTH IPOTEKAHMs YeTBEPTON PeakIuu IUKJIA,
HO U OT KOJIMYECTBA TaKUX PEAKIINii, a OHO OY/JIEeT PAcTU 110 Mepe yBeJIUUICHUs KOJIUIECTBA
sgJlep a30Ta B 30He, TJle 9TH PEaKIUU ITPOUCXOJAT. B Kakoi-To MOMEHT sjep a30Ta CTa-
HET TaM HAaCTOJIbKO MHOT'O, YTO 3a €JIMHUILy B 3Be3/le OYJICT CUHTE3UPOBATHCA M MCUYE3aTh
ofmHAKOBOE UnCI0 aiep N — HaCTYHmHT T.H. KMHeTHUecKoe pasHoBecue. [laTas u mecras
peaxnuu CNO-1uK/1a IPOTEKAIOT CYIIETBEHHO OBICTPEl 1eTBEPOil PEAKIINU, TIO9TOMY MOK-
HO CKa3aThb, YTO HOC/Ie HcyesHoBeHus sjpa ‘N muk/a TyT e 3aBepriaeTcs, 1 IPOUCXOIUT
poxienne siapa 2C (u aapa ‘He, pasymeercs) — MUK/ 3aMbIKaeTcss. BHOBD HOSBUBIIHECS
d/Ipa yriiepojia 3aIrycKaloT HOBBI BUTOK MUK/, W 9TOT MPOIECC TOBTOPAETCH JI0 TEX IO,
IIOKa BeChb BOJIOPOJI He mpeBparuTcd B resuil. [locie Toro, kKak ycTaHOBUTCA KHUHETHUYE-
CKO€ PaBHOBECUE OTHOCUTEILHOE OOUJINE a30Ta U yIJIEpo/a yKe He MEHACTCA C TeUYeHUEM
BPEMEHH, HO IIPUA TOM OHO PaJIMKAJIbLHO OTJIMYAETCH OT MCXOJHOT'O: IOYTHU BECh YIVIEPO/L
IIpeBpaTU/ICI B a30T. Bpems, 3a KOTOpOe B 3B€3Jle yCTAHABJIMBAECTCH KUHETUIECKOE PABHO-
BecHe, TOpa3/l0 MeHbIIe BPEMEHN BBITOPAHUS BOJIOPOA, MMOITOMY y 3Be3]1, MOKHUIAIOIIIX
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IJIABHYIO TIOCJIeI0BATEIbHOCTD, COJEep:KaHne a30Ta B IEHTPAJbHON 00/IaCTH B COTHH Pa3
OoJbIie, 1eM B 000JIOUKE.

B y3K0M TeMmiepaTypHOM MHTEPBaJE 3aBUCUMOCTD Epye(p, ') [/ OMHAPHBIX peaKITuii
MOKHO 3alliCaTh B BHUJIE:

ek =0 Xi X p(T)Ty)". (V1.4)

nuc

B wacrnoctu, s ciaydas ropenust Bojopoga X; = X, a X = Xy B NpoTOH-TIPOTOHHO#
nenouxe 1 Xy = Xono B CNO-mukie. Iockonbky us (VI4) cienyer, uro s = (0lne/0InT), ,

¢ yaerom (V.34), mosryamm:
B 2
e
B Tabaune VI.1 npuBepensr 3HavdeHus S Jid cjIydas TOPEHUS BOJIOPOJa MIPU HEKOTOPBIX
3Hadennax 1.

Tabmuma VI.1: Anmnpoxcumarust 3asucumMocreit €,,(1) u ecyo(T') crenennoit dyukuuneit

Epp ECNO

T6 €0 S T(; €0 S

11409106 | 10 | 3.4-4 |229
o | 1.8-3 (595 | 15 1.94 | 19.9
10 | 6.8-2 | 4.60 | 20 | 4.5+2 | 18.0
15103771395 || 30 | 4.1+5 | 15.6
20| 1.09 | 3.54 | 50 | 6.2+8 | 13.6
30 | 4.01 |3.03 | 100 | 1.9+12 | 10.2

V1.3 Topenne reansa m 6oJiee TI2XKeJbIX 3JE€MEHTOB

35He — 2C + 1, Q,, = 7.28 MsB, B, = 300; (VL5)

BO3MO}KHBI TaK>Ke peaKHI/H/I:
éQC + gHe — 51560 + 7, 51560 + gHe — nge + 7, nge + gHe — f%Mg + 7.

Ho xorma anep ¢2C, 190, 3Ne mmuoro, To yxke Mano jHe, mostomy Gosiee BaxKHYIO POJIb
UI'PAIOT PEAKIMU THIIA:
5C+§C — HMg + 7, (VL6)

PO+ 0 — $S+1.

IIpu T~ 10° K mMeeTcss JOCTATOYHO MHOTO Y-KBaHTOB ¢ sHeprueii ~ MsB, koropnie
BBI3BIBAIOT (DOTOIUCCOIUAIINIO SA/IeP, TOPOXKIasd PEaKIIUN THUIIA:

2S + v — 1Si + yHe.
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Puc. VI.2: Cxema snepretuveckux yposneit sjpa ¢2C.

BOBHI/IKaIOLHI/Ie IIpXU 3TOM (-HaCTHUIbI pearupytoT U ¢ ApyruMu fJpaMu, IOPOXKIad, B KO-
HEYIHOM CYeTE, 3JIEMEHTDBI I'DYIIIIbI Fe:

2S 4 oHe +— BAr +,  3BAr+iHe +— 30Ca+y,  30Ca+sHe «— 53Ti+ v

5aTi+3He «+— 35Cr+v,  33Cr+45He +— 52Fe+7,  52Fe + jHe <— 50Ni + 7.

dnpo 5SNi HeycTONUMBO: OHO 3aXBaTBIBAET JEKTPOH U IpeBpaliaercs B sjpo 50Co :
567 4 o _y 56
5elNi+ e~ — 5-Co + .

fAnpo kobambra Tak:Ke HEYCTONYIMBO OTHOCHUTEIBHO 3JIEKTPOHHOIO 3axBaTa, UTO, B KO-
HEYHOM HTOTe MopozkaaeT "saepryio 30my" — suipo 58Fe ¢ MakcnmanbHoit (10 MoTyITio)
SHEPTUCHA CBA3U:

56 — .56

5700 + e — Fe 4.

9Ty HEIIOYIKY II0CJ/IEJJOBATE/IbHBIX 3aXBAaTOB (-9aCTHUIL U 9JIEKTPOHOB, KOTOPYIO IPUHATO
Ha3bIBaTb "I‘OpeHI/IeM KPpEMHUA MO2KHO YCJIOBHO 3allCaTb B BHJE:

28Si 4 7oHe — 2e” <— 55Fe + 2v (VL7)

[Tpu pacuere Q, B 9TUX peaKIus HAJIO YIUTHIBATL Kak Q7 B IIPSIMBIX peaknusix, Tak
n Q. B obpaTHBIX. DTO enie OoJible MoHM)KaeT 3MHEKTUBHOCTD SHEPIOBBIIEIEHUSA 11PN
CrOpaHUU TAXKEJIBIX s1JIeP, & KOIJa CKOPOCTH MPAMBIX U OrOPATHBIX PEAKIINI CTAHOBATCS
OJIMHAKOBBIMU, CyMMapPHOE SHEPrOBbLIJIEICHIEe CTAHOBUTCH PABHBIM HYJIIO, & OOMJIHMS sjep-
PeareHToB ¥ MPOJIyKTOB PEaKINU OKA3bIBAIOTCH CBSI3aHHBIM COOTHOIIIEHIEM THUIIA yPaBHe-
uust Caxa.
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Sagaan

3agaua VI.1. CkobKO HEATPUHO MPOJIETAET Uepe3 Balll IVIa3 KaXKyIo CeKYHLy

Bamauya VI.2. Onenure, CKOJIBKO aHTUBEIIECTBA B JJAHHBII MOMEHT COJICPsKUTCSA BHYT-
pu CoHna, 1moJiarasi, 9YTO aHHUTUIAINAA JIEKTPOHA U ITO3UTPOHA OIKMCHIBAETCS CTOJIKHO-
BEHMEM TITAPUKOB C PAIMYCOM, PABHBIM KJIACCHIECKOMY PaJInyCy SJEKTPOHA 7.

Bagaya VI.3. Uz tabmuupt VI.1 crenyer, uro B nenrpe Comnna (Ty ~ 1.5 - 107 K)
eono/Epp ~ 0.1. Buecre ¢ tem, ornomenne LSNO /Lo ~ 1.3%, T.e. Ha IOPSAIOK MeHbIIe.
[Touemy?

3agaua VI.4. [IpeamosnoxkuM, 910 B IEHTPAIBHBIX 00IACTIX XUMUIECKU OJIHOPOHOMN
ITOJIMTPOITHON 3BE3/IbI IPOUCXOIUT TOPEHHUE BOJIOPOJIa, IPUIEM CKOPOCTH T'€HEPAIuU sJ1ep-
HOIT SHEPIUK MOXKeT OBITH almpokcuMupoBana 3asucuMocTbio (VI.4). Tlokaszars, ato ecim
ypaBHEHUE COCTOSHUE BEIIECTBa 3Be3/Ibl o iunHsgeTcd 3akony Kiaitnepona-Meneneesa
(II1.22), To BBIpazKkeHUe JJIs CBETUMOCTH, OOYCJIOBIEHHON $/IEPHBIM SHEPTOBbIIEICHIEM,
MOXKET OBbITh 3aIlMCaHO B BUJIE:

L < X1 Xo pi > TS, (VIL8)

e Xo = Xy B citydae npoToH-IpOTOHHBIX peaknuii u Xo = Xono B ciayuae CNO-nukiia.
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Ilepenoc sneprum nsjiydyeHueM BHYTPU
3BE3/1

DJieMeHTapHbIe MPOIECChI: b-b, b-f, f-f 4+ paccesamnmue.

Ecin 1, — cpeasst jpymmnaa ¢cBo60HOTO TIpobera KBaHTa 9aCTOThI v, To, corstacHo (V.11),
COOTHOIIIEHNE

1
TL—ZV’
rjie N — KOHIEHTPAaIUs YaCTHIl BEIIEeCTBa, ABJISCTCH olpeaeaeHueM 3(pEdeKTUBHOIO ceve-
HUT B3aI/IMO,HeIU/ICTBI/IH BenieCTBa C U3JIy94€HUEM YaCTOThI V.

Kor/a nmeeM HECKOJILKO COPTOB YaCTHUIL U /MK IIPOIeccoB, To I, = 1/Y no?.

o, (en?) =

(VILI)

Hazosem ko3 durmenTOoOM HETPO3PATHOCTH BEJTMIUHY

2\ Enol 1
) (Ci) = 2% L = (VIL2)
r p 7,p

Ecnu [ > xapakTepHoro pa3mepa CUCTEMbI L, TO BEIIECTBO € U3JIyUE€HUEM [PAKTUIECKU
He B3aUMOJIEHCTBYET U IOTepH HOCAT 00beMublil XapakTep. IlpumMep: nadaibHbIE CTA N
C2KaTHA MTPOTO3BE3/IHOr0 0bJIaka U HEHTPUHHOE U3JTydeHUE.

Eciu [ ~ L, To B cucremMe 3HaAYUTEIBHBI TIOTOK 9Heprun —> ¢, = F/E ~ Bpemenn Mezx 1y
CTOJIKHOBEHUSIMU YACTUIL L., T.€. BDEMEHH YCTAHOBJIEHUS JIOKAJIHLHOIO TEPMOITHAMUYECKOTO
pasuosecust (JITP). Ilosromy s u I, B3aumocssizansl. IIpumep: 38e3/ubie arMocdepsl.

Ecm | < L =T/ T, o m3nyuenne auddyHIIPYET CKBO3b CHCTEMY MEPEHOCS SHEPTHIO.
[Ipu stom t, >> t., = JITP. llpmumep: 3Be3/1HbIE HEIPA.
B gacrrocru, B niearpe CostHIla cpeaHsas ajmHa mpobera KBaHTOB ~ (.05 mM.

unddy3nonHoe mmpudImxeHmne

[lycrs FY ,dv (3pr/c/cm?) — IOTOK SHEPrum, MEPeHOCHMBIH BIOJL OCH T 3a 1 Cek.
uepe3 1 cm? kBanramu B murepsasie gacror ot v 1o v + dv. Torna:
- +
n n c d(hv-n,)
ri=Cc-hv-—“~—c hy - ~——.2[, —— VIIL.3

94
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Puc. VII.1: K BoiBoxy coornommennst (VIL3).

e n, — KoHIeHTpaius (cM~3) coOTBeTBCTBYIOMUX (DOTOHOB.
O6oznauns depes LY (r),qq dv — sHepruto, nepenocumyio 3a 1 cek. (bOTOHAME B TOM Ke
CHEKTPaILHOM Jualasone depes cepy ¢ MOBEPXHOCTLIO 4712, mMeeM:
LY . dv l,e d

FY . dy = “rad 7" _ 'V~
rad OV = 4mr? 3 d7’<

[Ipu JITP konnentparusi ¢poTOHOB 7, ¢ 94CTOTOM OT V J0O V + dV OINKUCBIBAETCHA COOT-
Homennem (I11.43), koropoe Mbl Beipasum depes dyukimo [lnanka B, (111.44):
4t B, 2hv? 1

ny: =

chv’ 7 2 exp(w/kT)—1"

hv-n,dv). (VIL.4)

I/IHTerI/Ip}/'H II0 BCEM YaCTOTaM IIOJIYIUM JIJIA 6OJIOM€TpI/I‘I€CKOI‘O IIOTOKa 1 CBETHUMO-
CTH:

Ar AT [ dB Ar AT - dB
Frog = Lraa _ - Ay =—— "2 [ == (VIL5
() / 3 dr ar s @ Lapr (VLD
0 0
riae

B= /By =21t = % ~5.67-107% spr/c/ea?/KL. = (VIL6)
T

0

1 & [14dB,

4ch3 / — % 1018 | AT
0 0

o~ |

(VILT)

Besmmaune! | 1 5 HA3bIBAIOTCH POCCETAHIOBBIM CPEIHIM.

IIpumep 1. IIpu paccesHun NI0CKON 3/IEKTPOMArHUTHOM BOTHBI Ha CBOOOHOM 3JICK-
TPOHE CEYCHUE B3aUMOJENHCTBUS onpeiessdercs T.H. ¢popmystoit Tomcona — cM., Harpumep,
[5]: o7 = 87r?/3 ~ 6.7 - 107?° cMm?, rae 1. = €?/m.c® — KIaccuuecKuil pauyc 3J1eKTpoHa.
Paccesanne Ha cBOOOTHBIX 3JIEKTPOHAX CYIIECTBEHHO, KOTJIa BOJIOPOJ, M TeJINil IpaKTHde-
CKU MOJTHOCTHIO noHn3oBanbl. Torma uz coorrorrennit (VILL1), (VIL.2) u (I11.35) moaygaem
BBIPasKeHHeE JJI T.H. TOMCOHOBCKOI HEIIPO3PATHOCTH:

N,
pop = =20 = 9T~ 0.20(1+ X). (VILS)
P Mufle
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[TockonbKy s¢p He 3aBucut or dactorsl, npu nojgcranoske (VIL.8) B (VIL.7) moaygaem,
4YTO M1 = M7.

ITpumep 2. Ilpu f-f noronienun BogopoA0ONOA00HBIM HOHOM € 3apsiioM Z (C yaeToM
BBIHY?KJICHHOIO U3JIy9IeHns U ycpeHeHnoe 10 MaKCBeJIOBCKOMY PacIpeeIeHiio CKOPO-
cTeil 9JIEKTPOHOB):

1
— =prl T ~18-108

Z%n.ny . p? 1—e®
B T1/2 3 (

—e*”f)ocm- .

[JIe Ne, Nz — KOHIEHTPAIMU JICKTPOHOB M HMOHOB cooTBercTBeHHO, a = hv/kT. Ilpn
00UJIHN 3JIEMEHTOB OJIN3KOM K COJIHETHOMY OCHOBHOI BKJIaJ| B 2¢f_ ¢ JJaeT BOJOPOJL M TeJIHIA.
Torpma uz (VIL.7) noxyaaem dopmyny Kpamepca:

%f_f X pT_7/2.

Takas ke 3aBUCHMOCTB OT p u T’ TOJTydaeTcs U Jist CBsi3aHHO-CBOOOHBIX (f-b) mepe-
x0710B. ITpu o6miinm TAKeIbIX 31eMeHTOB OJIM3KOM K COJIHEUHOMY OCHOBHOI BKJIAJL B 3¢y,
JIAIOT TsAKeJIbIe 9JIEMEHTBI, IPUYIeM 3f_, X Z — 1oApobuee cM. B [1].

[Tepexonpr f-f u f-b B 3HAUMTENBHON CTEIEHN ONPEIETISIOT HEPO3PAYHOCTH BO BHYT-
pPeHHUX 00JIACTAX 3BE3/I, IOITOMY B JIAJILHEHIIIEM Mbl HEOJHOKPATHO Oy/IeM HCIIOJIHh30BaTh
cJIeTyIolee MPOCTOe BbIpazKeHue JJIs HEPO3PavHOCTH, Ha3blBaeMoe 3aKOHOM Kpamepca:

s = 2o p T2 (VIL9)

ITpumep 3. Pouib criekTpasibabix Jimauii. PaccmMorpum Meanip ¢ » = b B JinHUAX U
» = a B KOHTHHyyMe, npudeM a < b u mwupuna 3yOIOB U BIAJUH OJMHAKOBA. Toria
» = 2a, T.e. B/iBoe OOJIBbIIIE, YeM TIPU OTCYTCTBUH ' CHEKTPAJIbHBIX JUHU".

C yuerom (VIL.7), coornorrenne (VIL.5) 3anumierca B Bu/e:

4 2 T
47TT2 Frad = Lrad = - m T3 d_7
3xp dr

njin
dT . 3% erad

dr — 64mor?T3
[Mockombky dT'/dr = (dT'/dP) - (dP/dr), B ciaydae mepeHOCa SHEPIUU MOABKO U3ILY-
YEHUEM:

(VIL10)

ar T pGm

S VA : VIL11
dr v P2 ( )
rie
dInT 3P%Lad
rad = = - red VIL12
Vrad (dlnP)md 647 GmoT? ( )

B namwueiimem PoccenmanioBo cpejiee OyjieM 0b03HAYaThL Yepe3 i, OlyCKasd 3HaK CPeJl-
HEro.

[Ipu BBICOKHX ILJIOTHOCTSX TEILJI0O MOT'YT IIEPEHOCUTH BBIPOXKICHHBIE 3JIEKTPOHBI. B
O6U_Iel\1 BuJ€ ypaBHEHHE TEIJIOIIPOBOJHOCTU MMET BUI:

dT

Fcon - _De_7
d dr

(VIL.13)
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e D, — KoadpuimeHT 3/1eKTPOHHON TeItonpoBoanoctu. Eciu BBecTn

160 T°
%COn = )
17 3D.p

to (VIL.13) samumercst B Buje, anasornanom (VII.10):

[Tonueiit motok Temwna F = Froq + Foong, AIMEEM:

1 1 160 T3 dT 1 1
()

Hcond Hrad 3 P dr r Hcond

97

(VIL.14)

1

Hrad

VII.0.1 Hemnpo3padHoCTh ITpU HU3KUX TeMIlepaTypax

Bo saemmnunx ciogx ssesi ¢ Ty < 6000 K 0CHOBHBIM MCTOYHMKOM HEIPO3PAYHOCTH CTa-

nosatca H™, mosekynl, a npu T' < 1600 K — nbuib.

B caygae orpunarenbHbIx noHOB Bogoposa npu 1’ < 6500 K n 1g p < —4 ¢ pasymHoix

crenerbio Touanoctu (cM. Puc. VIIL3) MOXKHO MOIOXKHUTE

»n X Tff .

(VIL.15)
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8

6 4 2 0 2 4 6

Puc. VII.2: 3aBucumocts ko3 duiimerHTa HeIpo3padHOCTH OT TEMIIEPATYPBI U IJIOTHOCTH
JIJIS XEMcOocTaBa, 0/im3koro K cosnednomy: X = 0.706, Y = 0.275, Z = 0.019. IIkaJa 1oz
PUCYHKOM IIOKa3bIBAET COOTBETCTBUE IiBeTa BejuduHe lg . TOHKUMM YepHBIMU JTUHUAMI
HAHECEHbI YPOBHU ¢ = const B eJIMHUIAX TOMCOHOBCKOW HerpospadnocTh ko = 0.2(1+ X)
cm? /2. ClieBa OT KeJITOM JIMHUE HEITPO3PaIHOCTD OIPEJIEIAeTCs PAMAIMOHHBIME TIPOIIEC-
CaMm, a CIpaBa — BBIPOXKIEHHBIMHI 3/1eKTpoHaMu. CBeTI0-3e/IeHbIMU JIMHUSIMIA Ha, PUCYHKE
n3obpazkena 3aBucuMoctb 1 = T'(p) BHyTpH 3Be3]] HAYAILHOI IVIABHOM MOCJIEI0BATEb-
noctu ¢ maccamu 100, 3, 1, 0.3 u 0.1 M. SanmcrBoBano u3 [28].

3agaun

Bamaua VII.1. Beisectun coornomenue (VII.1), paccMoTpeB, Kak IOIIOINIAETCST CBET B
[IPO3PATHOI cpejie, 3al0JTHEHHO HEITPO3PATHBIMU MAPUKAME € MOTIEPETHBIM CEICHUEM J.

Pemenne. IlpemmookumM, 910 CBET PacIpOCTPaHSIETCs MapaslIeIbHO OCH IUJILINH-
JIpPUYECKO TPYOKH, 3aII0/JIHEHHO HEIIPO3pavYHbIMU IIapuKaMu pajuyca 7. Kcin B equnnie
o0beMa HaXOIUTCA 1 IIaPUKOB, a IJIOIA/b OCHOBAHUS U JIJIMHA IIUJIINHIPA COOTBETCTBEH-
HO paBHBI S u [, TO Bcero B muyutuHape nmeercs N = Sln mapukos.

Koraa Mbl ¢cMOTPUM BJ10JIb OCH IUJLTHHJIPA, T.€. MEPIEH IEKY/ISIPHO ero OCHOBAHUSIM, TO
KazKIBIH IMAPUK BBITTIAINT KaK 9KPaH IIIOMAIbIo 0 = 772, a CyMMapHas IJIOMAIb BCeX 3a-
roparKMBaOIIMX CBET 9KPaHOB paBHa o N. HeM JjmnHee NU/IMHID, TeM OOJIbInast 9acTh a-
JIAIOIIEro Ha IEPEeIHIOI I'PaHb CBeTa OYIeT 3aropakuBaThCd IapukaMu-skpanamu. Ceer
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Puc. VIL.3: Xapakrep n3MeHeHnsi Hermpo3padHocT BHYTpu 3Be3nbl ¢ M = 1My (myHK-
TUPHAsT JIMHS).

repecTaHeT OBITH BUJIEH, KOIVIa JIJIMHA ITUIMH/IPA CTAHET HACTOJIBKO OOJIBIION, 9TO CyM-
MapHasg ILJIOIA b SKPAHOB CPABHACTCH C ILJIOIIAIbI0 OCHOBAHUA, T.€. IPA YCJIOBUNA

S =0N =oSIn,

13 KOTOPOI'o U BbITEKaCT MCKOMOE COOTHOIIIECHUE.

3apgaua VIIL.2. [lpu pemenun mpenbliyiieil 3a/iaqi CIUTAJIOCh, 9TO MbI II€PECTAEM
BU/JIETh CBET OT MUCTOYHMKA, KOIJIa OITHYECKas TOJIIA CPeJbl, CKBO3b KOTOPYIO IIPOXOJIUAT
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ceet, T = nol = 1. Oxnako n3 3akona byrepa
I(1) =1y exp (—7)

CJICJIyeT, UTO IPU T = | MHTEHCUBHOCTDb U3JIYUYE€HUsd UCTOIHUKA [y OCIA0IAETC BCETO B €
pas. Kakoe ob6cTossTeIbCTBO HEe OBLIO YITEHO B IIPEJIbLIyIeil 3a1ade’

Pentenne. Mb1 He yuiu, 94TO MAPUKU MOTYT YACTUYIHO 3ar0pazkKuBaTh JAPYT JApyra. 13
YCJIOBHUSI 381291 BBITEKAET, 9TO 3TOT 3(PPEKT JO0CTATOUHO BeJIUK: 1pu 7 = 1 cymMapHas
ILJIOIA/Ib IIIAPUKOB yMEHBINAETCs 0oJjiee YeM Ha TPETh.

Samaua VII.3. Ilpeanonoxum, 910 BO BHENIHeN 060/I0UKE 3BE3/IbI BBIIOIHAIOTCS CIe-
JIyTOIIHE YCIIOBHA:

a) OHa COCTOUT U3 MJICAJILHOTO ra3a C [i = const, IPUIeM JIABICHIEM U3JTy 9eHIs MOXKHO
peHedbpedb;

6) TEIUIO MEPEHOCUTCs B 9TOM OOJIACTH TOJIBKO U3/IYICHIEM;

B) HENPO3PAvHOCTD OIPEJIE/ISIeTCsT TOMCOHOBCKIM PaCCesHUEM;

I) Macca BHeIIHeil 000I0IKN MHOTO MEHbIIIEe Macchl 38e37bl M.

1) CBeTUMOCTD L, B 060JI0YKe HE MEHSeTCS.

[ToxkazaTp, 9TO B Takoil 000JI0OYKe /aBJICHIE U TEMIECPATYPa CBA3AHBI COOTHOICHUCM:

167rGMo

P=P
ph T 3sepL

4 4
(T -T2, (VIL16)
riae Py, u 1,5 — JaBiienne u TeMIepaTypa Ha BHEIIHEIl TPaHUIe 3Be3bl, 10/ KOTOPOil MBI
OyaeM mojpasyMeBarhb Gporocdepy.

Pemenne. B paccmarpusaemom ciayuae Boipazkenue (VII.12) moxkno mepernucars B
BHJIE:

dP B 16rtGMo
dT* 3L

Nnrerpupyst sro auddepennuaibioe ypasHenne ¢ HadaabubiM yeiaosueM P(T,.p) = Py
nostydaeM uckomoe coornorrerne (VIL.16).

B ruybunueix ciaogx obosouku, T.e. upu 1 > Ty, nasienue Oyzner > P, m103TOMY
coornomenue (VIL.16) moxno zanmucars B Buge: P oc T C apyroii croponbt, P o< pT),
nostomy P o< p't1/3) re. obosiouka paccMaTpHBAEMOro THIIA, MOMKET ObITH OMMCAHA, IIO-

murponnoit 3aBucumMocTbio (I1.1) ¢ n = 3.

3apgaua VII.4. [lokazarh, 9T0 peleHreM IPeblLyIieil 3aJadn Ipu TeX Ke yCJIO-
BUSIX, HO JIJIsI CJIydasi, KOIJla HEIPO3pavHOCTh ompejesiercs 3akonoM Kpamepca (VIL9),
SIBJIIETCS COOTHOITIECHE:

256G M¥Ro
26nCAMRa i

T - TR VIL17
51150 ( )
Pemenne. B stom ciyuae pasencrso (VIL12) ¢ yuerom p = Pp/RT 3amummercs B
BHJIE:
dp T/ 64w G MR
C—- rae C = Sl iy

dar P’ 3usrL
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Orcroza ceyer, 9To

ap? = 2 apre
17 ‘

NuTerpupyst 5T0 paBeHCTBO ¢ HadalbHbIM ycsoBueM P(T.p) = P, moIydaeM HCKOMOE
coornorrerne (VIL.17).

B ruybunneix ciogx obosouku, T.e. upu 1 > Ty, nasienue Oyzner > P, m103TOMY
coornomenue (VIL.17) moxno samucars B suge: P oc TV/4. C npyroit croponsr, P o
oT, osromy P o< p'™#/13 1e. obostouka paccMaTpHBAEMOro THIIA MOKET GBITH OIICAHA
nosmrpomnHoii 3aBucumoctbio (11.1) ¢ n = 13/4 = 3, 25.



I'maBa VIII

KonaBek1inga B 3Be31aX

VIII.1 VYciaoBue BO3HUKHOBEHUSI KOHBEKITIN

[Iycrs Masiblit 91eMeHT 0ObeMa Ta3a CJIerkKa CMeCTU/ICs Ha paccrogaue Ar < 7 HApyKy
(Ar > 0) oT BCXOIHOTO MOJIOKeHUs. K/ 1oc/ie 9TOro 3/IeMEeHT He CTPEMUTCST BO3BPATUTh-
¢ K MCXO/THOMY TIOJIOZKEHUIO, & TTPOJIO/IZKAET YIAJISIThCSI OT HETO, TO BO3SHUKAET KOHBEKITHS.

[Ipr kakOM ycJioBUM 3TO TPOU30iIeT?

i
[ PFdp, | p+dp
%\\T +dT, / T+dT

Puc. VIII.1: K BoiBosty kputepus IlIBaprimmiibia

Bysiem npunuceiBaTh BeTMIUHAM, OTHOCAIIIUMCS K 9JIEMEHTY, UHJIEKC G, OCTABJIAS aHa-
JIOTHYIHBIE TTapaMeTPhl OKPY2KaIoIIel cpeibl 63 NHIeKCOB. MeIJIeHHO BCILIbIBas, 9JIEMEHT
pacmupsiercsi, Ho P,(r) = P.(r). IlpemosoxkuM, 9T0 TEII00OMEH 3JIEMEHTa ¢ OKPY2Ka-
IOLIEe cpelofl nowmiy OTCYyTCTBYET, TOIJIA Sa(r) ~ const, 1.€. p, 1 T, OyIyT MEHATLCA
BHYTPHU 3JIEMEHTa (HOqTI/I) 10 8 TnabaTHIeCKOMY 3aKOHY. DJIEMEHT OyJIeT BCILIBIBATH, €C-
JIX B KaXKJI0i1 Touke p, < p. llockombky

d d
pa(r + Ar) = p(r) + <d—i) Ar u p(r + Ar) = p(r) + d—ﬁ Ar,

102
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rjie p(r) — IWIOTHOCTH Ha YPOBHE, ¢ KOTOPOTO 3JIEMEHT HAYMHAET BCILIBIBATD, TO KOHBEKITHST

BO3HUKHET, KOTJla
dp dp
— > | —= . VIIIL.1
dr (dr ) u ( )

Ecim xumudeckunii coctaB BeliecTBa HE MeHsieTCs BJOJIL 7, TO u3 ycaosud P, = P

uMeeM:
oP oP oP oP
dP = (—) dT + <—) dp = (—) dT, + <—) dpe =
ar ), op )+ ar ), op )+
8_P dpa_@ B 8_P d_T_dTa (0P dlnT_dlnTa d_P
op )yl dr dr|  \OT ,Ldr dr \0InT ,ldlnP dlnP dr’

Hockonsky (0P/0p)y > 0, (OP/0T), > 0, a dP/dr < 0, yciosue BOSHUKHOBEHHS KOH-
sekruu (VIIL.1) sanumercs B Bue:

dInT
dinP

_dInT,
~ dlnP

> Vi (VIIL.2)
Ho Benunumna V 3apanee He n3BecTHa, 00JIee TONO, KMEHHO €€ U HaJ0 HANTH.
[Ipu Ha/MunM KOHBEKIMHM U3JIydYeHHE [EPEHOCUT JIUIIb YACTh OOINEro MOTOKA TeIlia
L,, re. L, = L™ + L™ npuuem cornacuo (VII.10) u (VIL.12)

64roGmT*
moGmI” o

Lrad —
" 3xP

Ecau 6w Bce TEIIO MEPEHOCUIOCH TOJIBKO M3JIYYEHHEM, TO JIJIA 9TOr0 MOTPEeOOBAJICS
661 TpaeHT V44, KOTOPDIH OMPEIEIACTCS U3 COOTHONICHISA:

_ 64moGmT* 3  PL _ L

rads s vra = — = .
3P o e 4= 6droG Thm T ¥ Lred

Ly

(VIIL3)

CrenoBarebHo, V,.q > V, IpudeM paBeHCTBO UMEET MECTO JIUIIb IIPU OTCYTCTBUU KOH-
gekiu. Torma w3 (VIIL.2) ceyer, 9T0 KOHBEKIMS BOSHUKHET, €CJIN BbIMOJIHIETCS YCIIO-
sue (K.Shcwarzschild, 1906):

Viad > Vg (VIIL.4)

B ommmune or (VIIL.2), B xkpurepnit [apmmmisga (VIIL4) BXomgT JUIb BeJIUIHHB,
KOTODBIE U3BECTHBI B Jannoii Touke — cm. (VIIL3).

Coornomenue (VIIL4) nomydeno Beime st "BembBatoniero” (Ar > 0) saementa,
OJIHAKO TOT 2Ke PE3yJIbTAT HOJIYIUTCs, ecyin paceMoTperh "torytiue" (Ar < () s71eMeHTHI.

Boobrie rosopst, (VIIL.4) saeiasercs auiib HeOOXOAUMBIM YCIOBHEM MOSIBJIEHHsT KOH-
Bekiuu. Ho s 3Be3n kpurepunit IlIBapnmmibia MOXKHO HCHOIB30BATh U B KadecTBE
JIOCTATOYHOTO YCJIOBHsI — CM., Hanpumep, c¢rp. 100 B [1].

Besnnunna V.4 nourn Beerga ~ 2/5, HEMHOIO OIyCKasCh HUXKE TOTO 3HAYEHUSA B 00-
JIACTSIX HEIIOJIHOM MOHHU3AIMU BOJIOPOJa U Tesius, Jubo B OOJIACTSX, IJe U3/IydeHHe JIaeT
CYIIECTBEHHBIII BKJa/| B Jasyenne, T.e. upu [ < 1. [losromy kpurepuit IIBapmuibia
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03HAYACT, YTO KOHBEKIUs BO3HUKAET TaM, IJI€ 10 KAKONH-TO MPUINHE 3aMETHO YBEJIUINBA-
ercst V,qq. UTOOBI BBISICHUTH, KAKOBBI 9TH HPUYUHBI, nepenuineM Bbipaykenune (VIIL.3) B

BUJIE:
1 »n L,

16mcG (1—-8) m

Buano, uro V,,q MokeT ObITh 60JIbIION MO0 38 CHET BBICOKON HEIIPO3PAYHOCTH ¢, JIU-
60 3a cueT 6osIbIIOro oTHOMIEHUA L, /m, 1o 3a cyer MasocTu Muokuress 1 — 3 = P,./P.
Posp nepsbix aByx (pakTOpoB B BOSHUKHOBEHNN KOHBEKIIMH JOCTATOYHO OYEBUIHA: IIPU
BBICOKOI HEIIPO3PAvYHOCTU BENIECTBAa MJIM BBICOKOM TeMIIE SHEPrOBbIIE/ICHNUS H3JIy4YeHHe
HE CIPAaBJ/ISeTCs ¢ IIEPEHOCOM Telljla U BKJIIOYAETCH JIONOJIHUTEHbI MEeXaHN3M TeIlIole-
penoca — KousekIud. [Io sTuM npranHaM KOHBEKINS BO3HUKACT BO BHEIIHUX CJIOSX 3BE3]
HO3JHUX CIIEKTPAJIbHBIX KJIACCOB, Y KOTOPBIX B 30HaX HeroJsHON nonm3aruu H n He Be-
JITKQ HEIPO3PAYHOCTh, U B IEHTPAJIBHBIX 00/IACTAX 3BE€3]1 IVIABHOM II0CJIEI0BATEILHOCTI
¢ Maccoit cBoire ~ 1 M.

Yro kacaercs mocseanero dpakTopa, To Korga orHorenne P, /P < 1, pesmauna 1—f ~
N,/N, tne N, — xonnenrpanust $HoroHos, a N — o0br4HBIX wacTuIl. JleiicTBUTENBHO, C
yaerom (I11.45), B sTOM citydae nmeem:

Vratd =

(VIIL5)

P aTl? N
-8B~ =——— ~087—2L.
=3 = 3wt =N

CaenoBarenbHO, ecint V,qq IPEBBIMIAET V g U3-32 MAJIOCTU BeJIMIUHBI 1 — 3, TO 3TO 3HAYHNT,
9TO (DOTOHOB CTAHOBUTCSI CJIUIITKOM MaJIO, YTOOBI IEPEHECTN HY?KHOE KOJIMIECTBO TeIlIa 1
BO3HHKaET KOHBeKIWA. Hapsty ¢ BBICOKOI HEIIPO3PAYHOCTHIO BEIIECTBA ITOT MEXaHMU3M,
[O-BAIUMOMY, OO'bsCHSIET HAJMINe KOHBEKIINN B IIEHTPAJIBHBIX OOJIACTAX 3Be37] HUKHEN
4JacTU IJIABHOII 110C/1eJ0BATEIbHOCTH.

Ecmn B cpese nmeercst rpajment xumcocrasa, T.e. dX;/dr # 0, To Bmecro (VIIL.4)
yCJIOBHEM HadvaJsia KOHBEKINK cieayer caurarb Kpurepuit Jlemy (P.Ledoux, 1957):

olnT dInp

Vrad>vad+ 8ln,u Pw'dlnP’

(VIIL6)

KOTODBII nostyvaercs, ecin y4aectsb, aro P = P(p, T, 1).

B pesysbrare simepubix mnpeppariennii du/dr cranosurcs < 0, tak uaro du/dP > 0.
Iockonbky jy1st upeanbuoro rasa (91'/0u) p, > 0, B 30He IEPEMEHHOTO XMMCOCTABA MOKET
BOBHUKHYTH cutyarust, Korja kpurepuii (VII1.4) seimossen, a (VIIL.6) — ver, T.e. rpajuent
XUMCOCTaBa, 00YCJIOBJIEHHBIA SA/IEPHOI IBOJIIONMET, IPENATCTBYET HAYaJly KOHBEKIIUH.

VIII.2 Ilepenoc sHepruu KoHBeKIUei

IIycrs yemosue (VIIL4) nmmr (VIIL.6) Bommosmeno. Torga, no ananoruu ¢ (VIIL3), namu-
meM:

AT _ AT AP T pGm
dr  dP dr P rz
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IgT

The solid lings show

the actual temperature gradient V =

M=10M, dInT/dIn P over the temperature T

Vraa (in K) inside two zero-age main-se-
quence modcels (same composition as
in Fig, 22.1). The corresponding adi-
abatic gradients V4 (dotted lines) and
radiative gradients V.a (dashed lines)

|

|
1
1
|
|
|
|
|

ra
|

|

\

\

He
F Vad.. wteeceion, ¥ are also plotted, and the location of
—==="""\the ionization zones of hydrogen and
o L L L L 1 s helium are indicated (arrows)
7 6 5 \
gT
Puc. VIIL.2:

Puc. VIII.3: Nsmenenne rpajamentoB BayTpu Costaia o pacyeram C.ArokoBa

B Ilpunoxkennn nokasano, Kak B paMKax T.H. JIOKAJbHON T€OpHUH IIyTH IIepeMelnBa-
Hus Haiitu BesmmauHy V. DTa HEeHOMEHOJIOrnYecKas TeOPHs IIPEJIIOJIaraeT, YTO BO3ZHUK-
HYB, KOHBEKTUBHDIC HJIEMEHTDI IIPOXOJIAT B CPEJHEM PACCTOSHUE [, TOCJIE Y€ro PacTBO-
PSAIOTCS B OKPYZKAIoONie cpejie. EanncTBeHHbIM TapaMeTpoM TEOPUN SBJISETC BeJIMInHa
a = l,/H,, tne H, = —P/(dP/dr) = P/pg — T.H. mKaga BBICOT 1O JaB/eHuIo. Besn-
YUHA (¢ BLIOMPAETCH TaK, ITOOBI MOJIEb 3BE3/Ibl HAUIYUIINUM 00PA30M COOTBETCTBOBAJIA
nabsonennsam. Kak mpasuso, 0.5 < a < 2.

Beenem obosznauenud:

(OP/0p) 1 = 6acT®g [2P§

g (0pP/oT),’ O xcpa?P2\ T
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[Tpu sTom Uy — 6e3pasMepHast BeManHa, a JiJIs ueaJbHoro rasa 0 = 1'/p, ecau p = const.
Torja BBOJIZ BCOMOTraTENIbHYIO Bemauny & Takyio, uto V = &2 + Vg — UZ, MOXKHO
HOJIYYUTD CJIEJIYIONIee ypaBHeHue Jiis &:

(6~ ) + 20

(€ = U§ 4+ Vaid — Viaa) =0, (VILLT7)
KOTOPOE MMeeT BCEero OJUH BelleCTBeHHbI KOpeHb, T.e. V OIpee/sieTcs 0JHO3HAUHO.

[TycTh KOHBEKIMS IPOMCXOJUT B HEHTPAIbHBIX 001acTax 3sesianl. Ilpu r — 0, 2 u
BCe TepMOJUHaMUIYICCKUEe BCJIMYNHBI CTPEMATCA K (KOHeLIHbH\l) OEHTPaJIbHBIM 3HAYCHUAM,
torjga kak g — 0. [Tosromy BOsmsu nenrpa Uy — 0. Torma usz (VIIL7) caenyer, aro u
£ — 0, a ciepoBarensno V ~ V,;. = CTpyKTypa KOHBEKTUBHOI'O SIJIpa 3BE3JIbI CJIA00
3aBUCHT OT HEOIPEJC/ICHHOCTH TEOPUH KOHBEKIIUH.

KoHpekIysa B 30He $1JIePHOIO FOPEHUs IepeMellnBaeT BEHIeCTBO U IIOCKOJIBKY eony <K
tnuca TO

1
Xi = m /dem

Y MOBEPXHOCTH 3Be3bI ¢, 3,1 U cp CTPEMATCS K KOHEIHBIM 3HadeHusM, a P — k 0,
[O9TOMY BO BHEIIHUX KOHBEKTUBHBIX 30HaX Uy > 1. Moxkuo nokazars (cMm. [Ipuioxkenne
1 727?), uro ¢ poctom Uy V — V,4q — corsacuo (VIIL.3) sro suauut, uro L' — L, T.e.
KOHBEKIINS CTAHOBUTCS MaJjI03(EKTUBHOIA.

[Ipu mpomexxyToUuHBIX 3HaUYeHUAX Uy POJIh KOHBEKIIUU CYIIECTBEHHA, U JIJIA OIpeie-
nenusi Besimansbl V' ocienyer pemars ypashenune (VIILT). Takum obpasom, HemocTaTku
JIOKAJIbHO TeOpUN KOHBEKIUH CUJIbHEl BCEro CKa3bIBAIOTCS Ha CTPYKTYPE KOHBEKTUBHBIX
000JI09€EK.

VIII.3 Kpurnyeckasg cBEeTUMOCTb

[ockonbky P = P, + aT*/3,
Gm dP dF,  4a 73 dT

A T T
Cornacno (VIIL.10), B 30me jiyqucroro mepexHoca
16macr? 8 dT

3xp dr’

dp, _ pGm <1 B L[;:it) e Lo = 47Tch.

dr 72 »

L, =-—

IIO3TOMY

cm e, = 0m ~ 0, TO r . Tlosromy 1pu t p3 yenosua
Ecmt e, = 0 u /0t ~ 0, ro dT/dr < 0. II L, > Lerit
dP,/dr > 0 ciaenyer, aro dp/dr > 0, r.e. Tam, tue L, > L& mioTHOCTH Tasa BO3pacTaeT
HapPYKy.

or1a TakKad CHUTVallld BO3HHUKAET BO BHYTPEHHUX OOJIACTAX 3BE3JIbl, TO MHBEPCUA

Korg yar y 0 bl

IJIOTHOCTH HOPOZKJIaeT KOHBEKIMIO, BeaeacTsre Yero L7 cranosurces Menbine L,, n un-
Bepcust wiotHoctu ucuesaer. Ho ecim L, npesbicur Besmauny LS B6/mM3u noBepxHocTn
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3BE3/IbI, IJIe U3-3a MaJjoil IJIOTHOCTH KOHBEKIUS MaJjo3(h@EeKTUBHA, TO HAYMHAETCH UC-
TedeHHe BeIecTBa B OKPYyZKarollee MPOCTPAHCTBO (3BE3/IHBIN BeTEp) — TAKOB MEXaHU3M
MOTEPU MAaCChl y TOPAYUX 3BE3/I.

B wactHOM ciydae, Korjia HENPO3PaYHOCTH OIPEJIE/ITETC TOMCOHOBCKUM PacCesHU-
eM Ha CBOOOJIHBIX 9JIEKTPOHAX, T.€. IIPU ¥ = ¢p, KPUTUUIECKYIO CBETUMOCTH HA3bIBAIOT
OUIMHT TOHOBCKUM TIPEIEIOM:

drcGM M
Lpyj= — ~3.10* Lo - —. VIIL8
FEd pa ® M® ( )

ZLOHOJIHGHI/IG. Ornucanune KOHBEKIINN B HpI/I6JII/I}KeHI/II/I IIy-
TN I1epeMeninBaHnnd.

BpiBoa BbIpakeHust a9 V .o

Paccemorpum 06/1acTh, B KOTOPOI TPOUCXOANT KOHBEKIWs. [IpernosiokumM, 910 B CHILY
CJyYalHBIX MPUYUH IJIOTHOCTH I'a3da B HEKOTOPOM MajioM obbeme dV, KoTopblit Oyjiem
Ha3bIBaTh KOHBEKTHBHBIM 3eMeHToM (KD), crama Menbite deM B OKpyzKalolei cpeje.
Torma sror K9 HavuHer BCmIBIBATH, MPUYEM MOYKHO CUATATDH, YTO B HAYAJIBHBIIT MOMEHT
€ro IJIOTHOCTH py W Temieparypa 1y ObLIM TaKUMHU K€, KaK ¥ B OKPYXKAIOIIei cpejie.
O/HAKO IO Mepe TIojIbeMa MaJible UCXO/IHbIe pasindusg B p u T mexkiay KD u okpyxato-
1mieii cpejioit 6yIyT cHavaja BO3pacTaTh, a 3aTeM, JOCTUIHYB MAKCUMaJIbHON BEJTUIUHbI,
YMEHBINAThCs, TaK YTO PO HEKOTOPOE PacCTOsTHEE [,,, HA3bIBAEMOE JIJIMHOM Iy TH I1e-
pememnuBanus, KD pacTBoputcs B OKpyzKarolieil cpejie n ucdesner. CKOpOCTh JIBUXKEHUS
KD v, Tak:ke BHaUajie HAPACTAET, & 3aTE€M YMEHBIIACTC.

Ha paccrosauu Ar o ucxomHoit ToUYKH pasHocTh TeMieparyp KD (unjekc e) u okpy-
JKAIOIIel cpefibl (MHJIEKC - ¢) OyjieT paBHA:

d7.  dT.

AT=T,-T, =
dr dr

Ar. (D2.1)

Bamenus B (D2.1) T Ha p MOJyINM AHAJOIMYIHOE BBIPDAYKEHUE JIJIS PA3HOCTH ILJIOTHOCTENT
Ap.

Byuewm cunrars, uro KD BemabiBaeT 10CTaTOYHO MEJICHHO, B TOM CMBICJIE, 9YTO BPEMs,
32 KOTOPOE ero pas3Mep MEHSeTCsl 3aMETHBLIM 00pa3oM, MHOIO MEHBINEe, 9eM BpeMs, 3a
koTopoe gepe3 KD mpoxoaut 3ByKoBag BoJina. B sTom ciydae nassenue BuyTpu K9 Oyer
TaKUM 2Ke, Kak U B oKpyzaworieil cpeze, t.e. P.(r) = P.(r), nm dP, =dP, =dP.

Konpeknus 3¢HeKTUBHO NEPEMENINBAET BEIIECTBO, T.€. I'PAJUEHT XUMCOCTaBa B Pac-
cMaTpuBaeMoii obactu orcyrersyer. [losromy

dP = 8_P dT, . + 8_P dp.. = Ap= —g, re § = M

oT ’ op)r " ) (8P/8T)p

p

(D2.2)

B mamHBIil MOMEHT TOBEpXHOCTH Chephbl ¢ pajnycoM T IepecekaeT MHOKeCTBO KD,
KasKJIbIil U3 KOTOPBIX Iepes] STUM IPOIIe/T Pa3aIndHoe paccTosiane Ar u mMeeT OImpeie-
JIeHHbIe 3Hadenus Besinant v, V1 u Vp. CienoBarebHo, 4TOObI ONPE/IETNTh, KAKON Tell-
JIOBOI ITOTOK IEPEHOCUT KOHBEKITUS Yepe3 JIaHHYIO IOBEPXHOCTD, HAJI0 YUeCTh BKJIAJ BCEX
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K9 BuyTpn obnactu ¢ rg — [ < r < ro — ["**. VlupIMu cji0BaM#, KOPPEKTHAsT TEOPH
KOHBEKINH JO/IZKHA OBITh HeA0KaAbHoU. Tako# TMOIXom CTaJKuBaeTcsd C IMPUHIAIIAAb-
HBIMU TPYJAHOCTSMU, U JIUIIL B IOCIEHEe JlecaTuaeTne, ojarogaps pa3padoTKe HOBBIX
METOJIOB OIMCAHUs TYyPOYJIEHTHOCTU U TOSBJIEHUIO JTOCTATOYHO MOIIHBIX KOMIIBIOTEPOB,
CTaJIN TOSBJIATHCA TPEXMEPHbIE pacdYeThl KOHBEKTUBHBIX 30H 3BE3I.

Y100l yIIPOCTUTD CUTYAIUIO, KAK ITPABUJIO, UCIIOJIb3YIOT A0KAALHYI0 TEOPUIO KOHBEK-
NN, B KOTOPO#l (DUTYpUPYIOT Te€M WM UHBIM CIIOCOOOM yCpeIHEHHBbIe mapameTpbl K.
OOBITHO, B 3TUX TEOPUX IMPEIIOaraeTcs, ITO OTHOIIeHne "cpemneit" IIUHBI yTH IIe-
pemeruBanus [, K IKajge BbIcoT 10 jasiennio Hp = —P/ (dP/dr) = P/gp nocrosiano
BHYTPHU KOHBEKTHBHOII 30HbI. Besmmunna o = [,/ Hp siBJIsieTcsi TapaMeTpoM T€OPUU U BbI-
OUpaeTcs U3 HAMJIYUIIEro COTJIACUsT MOJIETH 3Be3/IbI ¢ Hab o ieHnsiMu. JIoKaibHbIe Teopun
KOHBEKINH OTIMIAIOTCS JAPYT OT JIpyra Pas3IuIHBIM CIIOCOOOM yCPEIHEHUsI TapaMeTpOB
K9. IIpuBoumblii HIZKe MOIX0/] 3aMMCTBOBaH U3 KHurn Kunmenxana u Beiirepra [?].

Bynem mpemnosiarats, 9To 1mepeji TeM Kak Iepecedb MOBEPXHOCTH Chephl ¢ 7 = 1y
"epemuuit” K9 mpomen paccrosinue Ar = [, /2. Torga cornacuo (D2.1) cpenmuii n36b1Tok
temriepatypbl KO B paccmarpuBaeMoii Touke Oy1eT paBeH:
dr, dT,.\ L, dr., dT.\ dP I,

l
M TV, —T.V.) =2 (D2.3)

AT = — = — - )
dr dr ) 2 dP  dP /) dr 2 2Hp

Baech Mbl 0603HaumIn depes V. u V. npoussogsbie dInT/dIn P, koropsie onuchiBa-
10T U3MeHeHue mapamerpos BHyTpu KD 10 Mepe ero mojpeMa m B OKpyzKalolieil cpejie
COOTBETCTBEHHO. BeJmuuHbl ¢ MHIEKCOM € — 3TO JIOJKHBIM 00Opa30M YCPEIHEHHbIE I10
MHOKecTBY KD mapamMeTpsl, 1 UMEHHO OHU SABJISTIOTCS aHAJIOTaMU OHOUMEHHBIX (hu3ntde-
ckux BesmauH (p, T u T.1.) B 30HAX JIydUCTOro paBHOBecust. 110 91oii mpudmHe Mbl 6y1eMm
OIIyCKaTh B JAJIbHEHINeM WHJIEKC C y ePeMeHHbBIX, XapaKTepu3yoInX OKpyKaiyo K9
cpeny. Harra nenb — HaiiTu BeJIIuHY Veony = V., UCIOJB3Ys KOTOPYIO MOXKHO HAIUCATH
Boipazkenue jyist d7'/dr B KOHBEKTHBHON 30HeE:

dT TdP TpGm

— =-V,—— =Vt D24
dr P dr P r? ( )

[Mockombky AT/T < 1, 3amenum B nocieaaem pasencrse (D2.3) T, na T. Torga

ol

AT ~ (Vc - Ve) 7 (D25)
Pesynbrupytomas cuna f(r), geficrByomas Ha equHuanbii 0obeM KD u 3acrasiisio-
Iasi €ro BCILIBIBATH (MJIM TOHYTH), paBHA pg — p.g = —gAp. Ilo mMepe mogpema K9 omna

BHava/e HapacTaeT oT 0 J10 fraz, @ 3aTEM yMEHbIIAETCs, 00pAagch B HOJb Ipu A1 = [,
IIpmmven, aro na yaacrke mytu ot 0 10 [, /2 cpeanee snadenue cuist f pasuo 0.5 f(1,,/2).
Torga ¢ yaerom (D2.2) u (D2.5) nmeem:

agT

F— Iny=IAT = (V. _ a9

[Ipeamnooxkum Jasiee, 9To B CpeJHEM TIOJIOBUHA PAOOTHI, COBEPIIIAEMOil ITON CUIJION UIeT
Ha [IPEOJI0JIeHNEe CUJT BI3KOCTH, & MOJIOBUHA — HA IPUPOCT KUHETHIeCKOi sreprun K9, tak

q9TO0 9
[

agTl,,
166 ’

[
5 =5l 5 =(Ve=Ve)
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rjie v, — cKopocTh cpesnero K9 npu nepecedenun cdepst ¢ pajgmycom rg. CireioBaTesbHo:

agTl,,
8pd

v = (Ve = V) (D2.6)

PaccmoTpuM Tereph M3MEHEHHE TEMIEPATypbl 110 Mepe HojbeMa (HMJIH OIyCKAHWs )
cpeanero K9, cumras, 9T0 ero xapakKTepHbI pasMep — d,, IIOMAIb ITOBEPXHOCTH — S,,
obbem — V., a macca M, = V,p.. Oboznauum uepes S yuenbnyio surponuio K9, a yepes
d@) — xkonmuuecTBa Teruia, Tepsiemoe KO 3a Bpemsi di B pe3y/brare U3/IydeHus SHEPIUA B
OKpy2Kalolee mpocrpancTso. Torma:

1Q _ o p [(95 5\ upl — o far (21
9 s [(22) an+ (22) ar] — o an - (22) ar]

[Tockosbky dr = v.dt, u Vg = (0InT/0In P)g, 910 BbIpaxeHne MOKHO IIEPEIUCATH B
BUJIE!

dr, 1 dQ T,
dr  epM,v, dt Hp

Anajiormano (VII.12) moxkuo HamcaTte mjig "ceetumoctu" K9:
pil

V. (D2.7)

dT
dn

_ dacT?

€

3xp

nozpasymenas, 1to npoussognas 1’ = dT'/dn Berauciasgercs BIojb HOPMAJN K IOBEPX-
nocru K9. Eciu nonoxure T ~ AT/(d./2), yaecrs, uro dQ)/dt = — L, TO ¢ TOMOIIHIO
(D2.5) noyunm uz (D2.7):

Ve—=Va 4acT 63
V.-V, 3aHpcpxp?u,

Buech uepes A obosznaueno Gespasmepnoe ornomenue [2 S, /d.V,, KoTopoe 3aBUCHT OT
dbopmbr 1 paszmepa "cpegnero" K9. Ilpunsto cumrars, uro A = 9/2, u Torma, nosaras
T, ~T, p. >~ p, HaxouM:

e a 6 T3
Ve =V _ ac (D2.8)
V.-V, aHpcpsxp?o,
[pu nammuuu Konexkiuu L, = L% + L™ nosromy cortacho (8.3) u (8.4):
16macGmT* 16TracGmT*
rad — e+ L7 D2.9
3xP ! 3xP Vet L ( )

Tx. AP = 0, To B pacdere Ha eJWHHUIy Macchl BemecTBo K obsamaer n30bITOIHBIM
teriom cpAT 10 cpaHeHUIO ¢ OKpyzKatoIieil cpeoit. [loTok BemecTBa, CBI3aHHBIN ¢ JIBU-
xerneM KD pasen 4712 pv,, 1109TOMY HepeHOCHMBIH KOHBEKIMEH! TeIIoBoi moTok L& =
4rrpv.cp AT. Torpa uz (D2.5) u (D2.9) noayuum, yuursisast, uro Hp = P/gp u g =
Gm/r*:
de - Vc . 3%p2CpOsz
V.—V.  8acT3 Ve

(D2.10)
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Coornomenns (D2.6), (D2.8) u (D2.10) mator Tpu ypaBHEHUs JIJI TPeX HEM3BECTHBIX
sesmani: V, V., u v.. Hepemnoxus nmowrenno (D2.8) u (D2.10) momy«amm:

(Ve = Vad) (Vras = Ve) _ 9 (D2.11)

(vc - Ve)2 4

Beipasum reneps v, u3 (D2.6) u nogcrasum B (D2.8). Bromg 6e3pasmepiiyio mepemen-
HYIO

T3 2P
Uy = Gacl”g 5, TIOJTY IVIM: V.=V =2Uy\/V,— V.. (D2.12)

wepa? P? T

[Tepemucas sesyto vactsb (D2.12) B Buge (V. — Vuq) — (V. — V) noayanm KBajgpaTHoe
ypaBHEHHe OTHOCUTENBHO v/ V. — V., pelmmB KOTopoe HaiijgeMm, 9To

Ve Vo= —Up+6 e €=1\/V.—Vu+ U (D2.13)

[Mogcrasisst s1o Beipazkenue B (D2.11) nosyunm Kybudeckoe ypaBHEHEHHE OTHOCHTETHHO

&
(g - U(])g + 87(]0 (52 - Ug + vcwl - vrad) = 0. <D214)

MoKHO 110Ka3aTh, 9TO OHO UMeeT BCEro OJUH BEeIIeCTBEHHBIN KOPEHb, UTO JAaeT BO3MOXK-
HOCTDL OJTHO3HAYHO HafTH Bendauny V..

Bameuanue 1. XapakrepHoe BpeMs JJisl [IPOIECCA KOHBEKIUHY eony ~ Hp /U, IpIUEM,
KaK IPaBUJIO, thyd K teony K tnye. DTO 3HAYHUT, UYTO B KOHBEKTUBHBIX 30HAX COXPAHACTCS
TUIPOCTATUIECKOE PABHOBECHE, 8 XUMCOCTAB OCTAE€TCS OJIMHAKOBLIM BHYTPHU BCEl 30HBI,
JIayKe €CJIM sJICpHBbIE PEAKIUU MPOUCXOJAT JIUIIb BHYTpU ee dacTu. lIpu T.H. TerioBbix
BCITBIIIKAX B CJIOEBHIX MCTOYHUKAX WU B BBIPOXKJICHHOM sJIp€ T'MIPOCTaTHIECKOEe PaBHO-
Becre KpaTKOBPEMEHHO HAPYIIAETCsd, W JIJI ONMCAHUS KOHBEKTUBHOTO IEPEHOCA SHEPIUHN
U IepeMeIINBaHNs BEIecTBa IIPUMEHAIOTC 0oJjiee CIOXKHBIE MOJIEIN KOHBEKITUN.

Bameuanmue 2. 13 (D2.12) cienyer, aro upu Uy — 0, V. — V4. [Ipu sr0oM, coracHo
(D2.13), nV.— V.

KonBekTuBHBI IepexJjieCTtT 1 IOJIYKOHBEKIINA

[Ipu onmcannu KOHBEKIMY B paMKaX JIOKAJIbLHBIX TE€OPUil BOSMOYKHO SBJIEHUE, HA3bIBAEMOE
KOHBEKTHBHBIM IepexJyiecToM (convective overshooting): pasornasmmucs, K9 mo wneprmn
MOXKET BBLIETETh 3a BHEIIHIOI WJIM BHYTPEHHIOIO I'DAHUILy KOHBEKTHUBHON 30HBI 1 = R,.
Ornenkn 1MoKa3bpIBAIOT, 9T0 K MOXKeT NPOHUKATH B 00/IACTD JIyIUCTOrO MIEPEHOCA Ha Pac-
crosgume Ar ~ Heckoabkux % or Hp. Pacemorpum cirydaii, korga R, — BepXHsAs IPaHUIA
konBekTuBHO# 30HbL. [lpu r > R, KO nmeer Temieparypy MeHbIIE, YeM OKPYKaroIias
cpejia, KOTOpast BbIHY2KJIeHa OyJIeT TepsaTh Tero Ha HarpeB K. B pesynbrare Hemocpe/-
CTBEHHO 3a I'PAHUIEHl KOHBEKTUBHOI 30HBI TeMIlepaTypa Oy/eT yObIBATbH HAPYKY ObICT-
pee, YeM paHblile, T.e. BeJudnna V.4 Bo3pactet. I3-3a 3Toro ycioBue Havdaa KOHBEKIH
Viad > Vg OyJeT BBIIOIHATLCSA y7Ke BIUIOTH 10 RE > R.. 9T UpuBeIeT U K CMeeHuIo
BepxHeil IPaHuIbl 00JIACTU TIePexXJIecTa, U, TeM CAMbBIM, €Ie YBEeJUIUT MPOTAXKEHHOCTH
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KOHBEKTUBHO 30HBI U T.Jl. B KOHEYHOM MTOre NMPOTAXKEHHOCTH KOHBEKTUBHOI 30HBI MO-
JKeT Bo3pacTu Ha Bejanduny ~ Hp. Paccyxkennd B ciydae, Koryia Ry — HUKHASA IPAHUIA
KOHBEKTUBHOI 30HbI, COBEPIIIEHHO aHAJIOIMYHbL. [Ipu nesokaavrom onmcannyn KOHBEKIUN
pobJieMa IepexJsiecTa perraeTcs: aBTOMaTHIeCKH.

KoppekTHblil yueT KOHBEKTUBHOIO IepexJjiecTa 0COOEHHO BayKEH Ha MO3/HUX CTaIUAX
9BOJIIONNNU, KOTJIa B 3BE3JI€ MMEETCS HECKOJILKO KOHBEKTHBHBIX 00JIACTel, Pas3/eIeHHbIX
TOHKO#1 30H0i1 JydrcToro rnepenoca. Hampumep, Korjia 38€3/1a HAXOUTCA HA ACUMIITOTH-
YeCKOW BETBU I'MTAHTOB, TOHKag "JIydmcras mpocoika' mmeercs MexK ry BHEITHEH KOH-
BEKTHUBHOIl 30HOH U CJIOEBBIM HCTOUYHHKOM, B KoTopoMm ‘He mpespamaerca B 12C. Ecin
KOHBEKTUBHBII IIEPEXJIECT JIOCTATOYHO BEJIUK, TO YIJIEPOJL IIONAJIeT B IIOBEPXHOCTHBIE CJION
3Be3/IBI, Uy Hee OyneT HabmogaThea noseimentoe copepxkanue 2C. C pyroil cTOPOHbI,
[IPOHUKAIOIINE B CJIOEBON NCTOYHUK KD MPUHOCAT B 30HY rOpeHus JOMOJIHUATEIbHDBIE TIOD-
U TeJTUsA, YBEJIMIUBasg TEM CaMbIM BPEMs KU3HU 3BE3/IbI HA TOW CTAUU SBOJIOINN.

B pamkax JIOKaJbHBIX TE€OPHUil KOHBEKIIMH CEPbE3HON MPOOJIEMOil ABJIAETCS BOIPOC O
TOM, HACKOJIBKO 3P hEKTUBHO I'PAJIMEHT XMUMCOCTaBa IO/1aB/isdeT KOHBeKIo. VHbimu cio-
BaMu, OyJIET JIU IIPOUCXO/INTH KOHBEKIINSA B 00JIACTH, IJIe OHA, JOJKHA OBITH COTVIACHO KPHU-
tepuio [IIBaprummibia, HO He J0/KHA OBITH 110 KpuTepuio Jleay, T.e. Ipu BLIIOIHEHUN
YCJI0BUiL:

T\ dl
" S| (D2.15)

ad < Vrad < Vg 5 = .
Vi < Viad Vd+VM rie VM pdlnP

Olnp

P7

Haubosiee cepne3no sra mpobsiemMa BO3HUKAET MPU U3YUEHUHU IBOJIIONUHA MACCHBHDBIX
3Be3;1 Ha raBHoi nocenosareabnoctu (I'Tl) u na craguu ropenuns resust B sijpe. B gacr-
noctu, BOM3n Hadabnoil I'Il y 9Tux 3Be3/1 KOHBEKIUS MPOUCKXOJIUT B objactu r < R,
HAMHOTO 60J1ee IPOTSIXKEHHOIA, UeM 30Ha, B KOTOPOI IPOUCKOAUT s1/iepHOe TopeHue (R, <
R.). Bayrpu obsacru ¢ r < R. KOHBEKIIHsI MOJJIEPXKUBAECT XUMCOCTAB OJMHAKOBBIM, HO C
TedYeHneM BPEMEHU pa3Mep KOHBEKTHBHOI 30HbI yObIBAET, MO3TOMY BHE sijipa (popMuUpy-
eTcst 06J1aCTh, BHYTPU KOTOPOIl obuiine Bojopoja pacrer Hapyxy (dX/dr > 0.)

Tockombky 1 = (2X +0.75Y +0.52)"" = (14 1.25X — 0.25Z) "', noaydaem, 4T0 B

9TOI 30HE 4 195 dx dl
dp _ 125 dlnp

dr 2 dr dln P '

Jljist execn u3Jty4enns 1 HeBLIPOZKIEHHOTO, TIOJIHOCTBIO nonnsoBantoro rasa (01/0u) p , >
0, (ybemurecs B aToM camocrogrebo!). Ilostomy B nnTepecytomeit nac obaactu V,, > 0,
[pUYEM OKa3bIBAETCs, UYTO B HEKOTODPOI ee JacTH, HA3bIBAEMOI 30HOfl IOJIYKOHBEKIIUK
(semiconvection), BbimosHsiercs: HepasercTBo (D2.15).

Bravasie cauTanoch, 9To nogoObHOTO Pojia 061aCTH KOHBEKTUBHO YCTOWIHBBI, TIOCKOJIb-
Ky 1pu cmeriennn KD or HCXOJHOrO 10JI0KeHNs Ha HEro HauYMHAET JIEHCTBOBATH CHJIA,
HalpaBJIeHHasi B IpoTuBONo/I0kHy10 cropory. Ho Karo (S.Kato, 1966) ykasas na npunim-
[HUAIBHYIO BO3MOXKHOCTH CUTYAIIUH, KOTJIA 3a CYeT TEIIo0OMeHa ¢ OKPYZKaloIel cpejioii,
[IPY BO3BPAINEHNN B MCXOHOE TOJI0KeHre KD mprobperer KMHETHIECKYIO SHEPruio, M,
CJIeJIOBATE/IBHO, Oy/IeT KOJIe6aThCsl BOKPYT' HCXO/HOIO TOJIOXKEHHUs] ¢ IIOCTENIeHHO HapacTa-
omei amntyoit. [Ipu sTom Oysier MpPOUCXOUTH MOCTEIEHHOE TIepeMeInBaiue Belle-
CTBA, 3a YTO ITOT MPOIECC U HA3BIBAIOT HOJIYKOHBEKIIUEH Min KoJiebaTe/bHON KOHBEKIIH-
eit. [Ipu HA/IMIMK JTOCTATOYHOIO BPEMEHHU BEIECTBO 10JIyKOHBEKTHUBHOI 30HBI JJ0CTATOYHO

< 0,
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XOPOIIIO IepeMenaeTcsd, BeImInia V,, YMEHBIIUTCA, 1 KOHBEKIUA Tiepeiiier B "HOpMasIb-
HBIT" pexKuM, MOCKOJIbKY Tora OyieT BoimoHer Kak Kpurtepuit [IIBapumuibaa (S), Tak
u kpurepwuii Jleqay (L) — em. (D2.15).

Jlo cux 1mop HeT eIMHOro MHEHHS O TOM, KaK KOPPEKTHO OIUCATDH IIPOIECC TEII000-
MeHa KOHBEKTHBHBIX 9JIEMEHTOB PA3HOT'0 pa3Mepa ¢ OKPYZKAIOIIel CpeJIoil, U KakK CJie/lyeT
yCpPeIHSTh MmapaMerpbl MHOKecTBa K. [lostomy ornenka 3¢ dhekTuBHOCTH TOJTYKOHBEK-
uu KoJjiedJieTcst B paboTax pa3HbIX aBTOPOB OT BEChbMa BBICOKOI JI0 TPEHEOPEKIMO MAJION.
Eciin 1101yKOHBEKIHS JIOCTATOYHO OBICTPO IEPEMEIIMBACT BEIIECTBO, TO BCKOPE HEOJIHO-
POJIHOCTH XUMCOCTABA UCUE3AET, U HAJUINE U OTCYTCTBHE KOHBEKIIUU OIPEE/ISTeTCs 110
S-kputepuio. FEciin ke niepemerninBanme B MOJIYKOHBEKTUBHON 30HE TPOUCXOIUT CJIMIITKOM
Me€/IJIEHHO TI0 CPABHEHUIO C XapaKTEPHLIM BPEMEHEM U3MEHEHUs CTPYKTYPbI 3BE3JIbI, TO
MOXKHO CUHMTATDh, YTO KOHBEKIIUU HET BOOOIIE, 9TO U IpeJicKasbiBaeT L-kpurepuii. I13-3a
OTCYTCTBUA HAJICYKHON TEOpUH OOJILIITMHCTBO UCCJIE0BaTEIell BOOOIE He paccMaTpuBa-
€T CTPYKTYPY 30H IOJYKOHBEKIINU, & PACCUUTHIBAIOT JIBA IBOJIOIMOHHBIX TPEKa: OJIUH C
UCIIOJIb30BAHUEM S-KpUTepus, a JIpyroit — kpurepus Jlemay, n 3areM mbITaloTcs Ce/iaTh
BBIBOJT 00 3(p(HEKTUBHOCTU TTOJIYKOHBEKIIUN U3 CPABHEHUS TIOJIYUYEHHBIX PE3Y/ILTATOB C Ha-
OJIIOJICHUASIMU.

Y 3Be3n ¢ maccamu ot 10 mo 40 Mg momonauTebHOE TIEpeMernuBanue (S-Moesm)
He TOJIbKO yBeqmduBaeT Bpems ku3uu Ha ['Il, HO 1 B HECKOJILKO pa3 IOBBINIAET CBETH-
MOCTb. B pesyibrare Bepxugas dacThb noJiockl 'l ma guarpamme I'-P pacmupserca na-
CTOJILKO, UTO MPAKTHIECKU MOJTHOCTHIO CMBIKAETCS ¢ 00/IACTHIO TOIYObIX CBEPXIMTAHTOB,
T.e. 3BEe3J] HAXOJSIINXCA Ha 0oJiee MO3JHUX cTausx dBosrornun. O HaKO K TOMY Ke pe-
3yJIBTATY MTPUBOIUT 3BOJIIONU L-MoJ1esieit, paccauTantas ¢ yIeTOM IIOTEPH MACChI 3a CUET
CUJILHOTO 3Be3jHoro Berpa. Mojesn, paccunrannbie ¢ KpurepueM Jlety, npespariaiorcs
B KpPaCHbIE CBEPXI'UTAHTHI €IIe JI0 TOrO, KAK B IEHTPE 3BE3/Ibl 3arOPUTCS T'eJInii, HO BCKO-
pe nociie Havasia Ja-peakiuii L-Mozenn yxoadaT B 06siacTb rosiyobix cepxruranton. C
JIpYTOil CTOPOHBI, TeJIUil B sA/ipaxX S-Mojesieil 3aropaercs, Koraa 3Be3/a HEHaAMHOTO OTO-
IJIa OT TVIABHOM IIOCJIE/IOBATE/ILHOCTH, T.€. TaKyKe B OOJIACTU T'OJIYObIX CBEPXT'UT'aHTOB.
Takum 0OpazoM OKa3bIBAETCS, YTO PEIUTH BOIPOC 00 3DPEKTUBHOCTHU IOy KOHBEKITUI
U3 CpaBHEHUs PACUYETOB C HAOJIOJACHUSAME — 3aJ/iad9a HEeTPUBUAIbLHAS.
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Sagaan

3apgaua VIII.1. IlokazaTh, 9TO B MOJUTPOIHBIX 3BE3/aX, Y KOTOPHIX ypPaBHEHUE COCTO-
sHue onuchiBaercd 3akonoMm Kiraitnepona-Mengerneesa (I11.22) ¢ pu = const,

B 1
o 1+4n

(VIILY)

Pemenne llckomoe coornomenue nosydaercs, ecan nogcrasuts (111.22) B (IL1) u
HCIIOJIb30BATE olpeesienue V.

3agaua VIII.2. PaccMoTpuMm MOJTUTPOITHBIE 3BE3/1bI, Y KOTOPLIX YPABHEHIE COCTOSHIE
ommceiBaeTcs 3akonoM Kiaiinepona-Memngeneesa (I111.22) ¢ o = const. [Tokazars, aro npn
n > 1.5 TemIo B TaKNX 3Be371aX MEPEHOCUT W3/IydeHne, a npu n < 1.5 — KOHBEKIs.

Pemenne [loncrasas B ycrosue (VIIL2) sopazkenune (VIILY) ¢ yaerom (I11.53) mo-
JIy9aeM, 9TO KOHBEKTHBHBI IIepeHoc Teria OyIeT MPOUCXOIUTD, €C/IH

1 9
V= —>Vu=1,
n+l1” 95

T.e. ipu n < 1.5, 910 M TpeboBaJIOCH JI0Ka3aTh. B dacTHOCTH, ciiydail ajimabaTudecKoit
kougekin (V = V,4) coorBercrByeT nosmrpore n = 1.5.

Bamaua VIIIL.3. Kakoit u3 kpurepues — (VIIL.4) wm (VIIL.6) — nago npumensars B
30HAX HEIOJIHOI HOHU3AINN C OJJHOPOHBIM XuMcocTaBoM X;(r) = const?

3apaua VIII.4. [lokaxkuTe, 9T0 B KOHBEKTUBHO 30HE yIe/IbHAs SHTPOIUS ra3a yObl-
BaeT HapyXkKy, a B 00JIACTH JIyYHCTOrO IepeHoca, Haob0pOT, BO3PACTAET.

Pentenne. Bynem paccmarpusarh suTponuio, Kak ¢gpynkmuio sesmann P u T. Torma
UMeeM:
ds _ (05 P (0s\ dT
dr — \oP ), dr oT ), dr
Ho (0S/0T)p = cp/T, a

S\ __(95\ (0T\ _ _ers
op), \ar),\opP)s P

dS ¢ dP pGmep
o p VoV =g (Vo V)

Otcrofa u BeITeKaet, 9ro Korja V = V4, T.e. B KoHBeKTUBHOI 30He, dS/dr < 0, a B 30He
ayuaucroro meperoca d.S/dr > 0.

IIO3TOMY

Bamaua VIIL5. [lokaszars, 4T0 B TOHKOI H30TepMudecKoii armocdepe, T.e. ipu T'(r),
g(r) = const, cocrosieil u3 ugeaATHLHOTO Ta3a

CRT
ng

Haittu H, nna armocdep 3emnn, Connana u HeiiTponnoit 3se3ipl ¢ M = Mg, R = 10 kM
u Tef = 106 K.

h
p = po €Xp <_F) , rtme H, (VIIIL.10)

p



I'maBa IX

Ilonnas cucrema ypaBHeHUI 1Jid

pacdeTa CTPOEHNA 1N 93BOJIIOINN 3BE3/bl

IX.1 3akoH coxpaHeHUs dHepPTun

[IycTb €y (3pr/T/C) — CKOPOCTH BBIJEJEHNsT SHEPIUH B sIIEPHBIX PeAKInAx 6e3 ydera
SHEPIUH, YHOCUMOIl HefiTpuHO, a &, (9pr/r/c) — yaeabHast MOIHOCTb HEATPUHHOTO M3JTY-
YEeHMsl, He CBS3AHHOIO C AJEPHBIMU PEAKIUAME. Toraa n3MeHeHue KOJIUIeCTBa, TeILia 0¢

3a BpeEMA dt B ToHKOM C(bepI/I‘IeCKOM cJjioe ¢ Maccoil dm MOXKHO 3allicaTb B BHUJe:

0q = €puedmdt — %dmdt —¢g,dmdt.
dm

C zpyroit CTOPOHBI, COTJIACHO ITEPBOMY 3aKOHY TePMOITHAMIKI:

oo

[TosTomy

om ), ™" \ot), p\ot),’

(IX.1)

(IX.2)

(IX.3)

KakoB dbusmdecknii cMbIC/I cjlaraeMbIX C IIPOU3BOJHLIMU 110 Bpemenu?! st oTBera
Ha 9TOT BoIpoc npouHTerpupyem ypasuenue (9.1) or 0 go M, yuurtbiBas, 9ro t U m —

HE3aBUCHUMBbIE ITIE€PEMEHHBIE.
Nmeem:

rjae E* — IIOJIHaAd TeIlJIOBad SHEPIrud 3BE3/IbI.
Brerancimnm Tellepb NHTErpaJl

op~t
]—/P BT dm

114
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110 9acCTdM, I10JIarasdl

op~1
=P, dv= d
e ot
Torna . .
P m
du:%dm——émﬂdm,
a
op~1 o [dm 0 0 (4 or
= d - = _— = = 4 2d = — — 3 =4 2—.
v o " at/,o 8t/ A 8t<3w) ot
CoOOTBETCTBEHHO MMEEM:
o T oG Tor G o ra oU
I = am?p L A2 O8N = o =My :__/_md _9v
i at0+/7”’ ot TV e T T ) Y T
0 0

e U — rpaBuTalinoHHas SHEPIUs 3BE3/IbI.
Beesnem cieyromue obosnadenus: L. — nojHasd (OTOHHAA CBETUMOCTD 3BE3/Ibl, a Be-

JINMYMHBI
M M
Lnuc - / Enuc dm, LV = / v dm
0 0

HA30BEM 4JICPHON M HEHTPUHHON CBETUMOCTBIO 3BE3JIbI COOTBETCTBEHHO.
Torma okoHYaTENIbHBINA pe3ysbrar uHTerpupoBanus ypasHenus (1X.3) Oymer mmernb
CJACYIOIINIA BU;
oU + E,)
ot
Eciu Ly, = L, = 0, 10O Jj1s1 3B€3/1bI, COCTOSIINElH U3 MJiealbHOrO ra3a ¢ v = 5/3 (s
koropoit B, = —U/2), nomyanm:

= Lpue — Ly, — L. (IX.4)

10U
=== (IX.5)

2 Ot
CuiejtoBaTeIbHO, CJIaraeéMoe ¢ BpeMEeHHbIME TPOU3BOIHBIME B (9.1) oluchiBaeT BblIe/ICHUE
SHEPrUuM 3a cYeT paboThl cul TArorTeHus. B jganHoM ciaydae (v = 5/3) poBHO 1m0JI0BUHA
coBepIaeMoil paboThl UJIET Ha HATPEB 3BE3/IbI, & I[OJIOBHHA — YHOCUTCS U3JIyYEHUEM B

OKPY2Kalollee MPOCTPAHCTBO.

IX.2 Maremaruideckasa (popMyJIUPOBKA 3ada4N

or 1
(%)t  Admpr? (1X.6)
oP Gm
)
or T Gm
<8—m>t B _VF 4yrrt (1X.8)

oL, ) P (0p
.. _(oB\ [ P[(Op\ IX.
<6m)t Enuc — (8t)m+p2(at)m (IX.9)
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[Tpuuem:
6XZ En
upi V,ag < Vaa (30HA J1ydncroro mnepexoca): V =V, ads 5 = o
0X; L
upu Ve > Vg (KOHBEKTHBHAs 30HA): V = Vions =

ot m Meonw Q:L '

3xL,P dinT
BrHer vrad - * Vacl = ( =

- T P E nucs v 7T7Xi :
16macGmT*’ dlnP)S’ B 7 e €0 = (P )

IX.3 I'panuyHble ycJjioBUdA

CrpyKTypa 3B€3/Ibl OIMCHIBACTCS 9€ThIPbMs M depeHIna bHBIMUI YPABHEHUSIME, TIO9TO-
My TpebOyercs 3a/IaTh YeThbIpe TPAHUIHBIX YCIOBUS.

Bueminss rpanuiia (IIOBEPXHOCTD) 3BE3/bl

Brerneit rpanuneii (oBepXHOCTBIO) 3Be3bl cunraercs ee dorocdepa. Bolmmenexkariie
CJIOM, Ha3bIBaeMbIe 3BE3/HOI aTMocdepoil, nMeoT onTudeckyo Tojmry 7 =~ 1. Pamanyc
R n sadpdexrunnas remuneparypa 1.y ornocarca K yposHio dpoTocdepbl. Y OOJILIIMHCTBA
3B€3/l, KPOME KPACHDLIX I'MI'AHTOB U CBEPXIUTAHTOB MPOTIKEHHOCTH aTMOC(Epbl 3BE3/IbI,
XapakTepusyeMasd MIKaJIoil BbicoT [, MHOrO MeHbIe 3.

[IepBBIM rpaHUTIHBIM YCJIOBUEM Ha ITOBEPXHOCTHU SBJISIETCS COOTHOIIEHUE:

L =4nR’T}; mpu  m = M. (IX.10)

Bropoe rpannunoe yciaoBue — BhIpazkKeHue Jjid JaBjeHud Ha yposHe (orocdeprr Py,
KOTOPOE MOYKHO IIOJIyUUTh, PEIUB 3aja4dy O CTPYKType 3Be3/HOoi armocdepbl. Kak us-
BECTHO, JijIsi pacdyera MOJEN aTMocdepbl HEOOXOIUMO KPOMe ee XUMHUYECKOIO COCTaBa
X; sanars Besmaunnl L, T,p u g = GM/R?* — cMm., nanpumep,|11] mwm [10]. TTockosbky
3apaHee 9TH BEJIMYUHLI He U3BECTHBI, IPUXOJUTCS, 3apaHee BHIOpaB XUMHUUIECKHH COCTaB,
crpouTh HAbOP Mojesteit armocdep I PasInIHbIX KoMOuHanuil mapamerpos L, Tpr u g,
YTO HesIBHBIM 00pasoM 3ajaer CBsi3b P, = Pon(L, Tey, g).

YeM TOUHEE HYZKHO PACCUUTATH MOJIENb 3BE3/IbI, TeM 6oJjiee pabUHUPOBAHHBIMU JI0JIZK~
HBI OBITH MOJENU arMocdep I IOJIydIeHnsl BTOPOro IpaHudIHOro ycjaosus. Hampuwmep,
OOBIYHO HPEIIoJIaraeTcsa, 9TO 3Be3Has arMocdepa HAXOJAUTCA B COCTOSHUU TI'MJIPOCTa-
TUYIECKOIO PABHOBECHs, OJHAKO ISt 3BE3J], y KOTOPBIX IPOMCXOIUT MOIIHOE HCTEICHHE
BEIIECTBa, MPUXOIUTCS OTKA3bIBATHLCS OT 9TON TUoTe3nl. B 9moM cirydae i HOCTPOEHMst
Mojiesn arMocdepbl TPeOyeTcst UMETh TEOPHIO, OIIMCHIBAIOILYI0 YCKOPEHHUE MCTEKAOIIEr0
rasa, B KOTOPYIO B KQ4eCTBE CBOOOIHOIO MapaMeTpa BXOAUT TEMII IIOTEPH MACCHL.

JIist HaImmx 1esei JIoCTaTOYHO HAIMCAThL BTOPOE I'PAHUYHOE YCIOBUE B JIOCTATOYHO
UpUOJINKEHHOM BHJIE, OIPAHUIUBIINCH PACCMOTPEHUEM TOHKOMN THAPOCTATUIECKU PABHO-
BECHOI aTMocdepbl, COCTosIIE U3 WIealbHOTO ra3a. B 3ToM ciiydae TeMIiieparypa rasa



I'mapa IX. Ilosnast cuctema ypaBHEHUIT JIJIsT pacdeTa CTPOEHUS U SBOJIONAN 3Be3/bI 117

T npu 7 < 1 mengerca cjiabo, U B IIEPBOM MPUOJIMKEHUE aTMOCHEPYy MOXKHO CUUTATh
nzorepmuyeckoit.! Torma, u3 coornomenuss 7 ~ p,pxH, ~ 1, rae, cormacno (VIIL.10),
H, = RT/pg, nonydaem BTOpoe IpaHUYHOE yCJIOBUE B BHJE:

P, — %Tefpph - GM

= ~ opu m = M. IX.11
ph Mph %thQ p ( )

[Tpu usBecTHOl 3aBUCHMOCTH 3¢ = 3(p,T) MOJIyUeHHOE COOTHOIIEHNE B HEsIBHOI hopme
CBABBIBACT BeJUMUUHBI R, Tor 1 ppp,.
XUMUYECKUl COCTAaB U MacCCa 3BE3/Ibl — IMapaMeTPhl 3a/1a4N.

LlenTp 3BE3/bI.

B OEHTPE 3BE3bl UMEEM e€CTEeCTBECHHbIC I'DAHUIHBIC YC.HOBI/IH:
r=0, L.=0 upu m=0. (IX.12)

C dhopmasbHON TOUKH 3peHust, B IpaBbix dacTax ypasHenuit (1X.6) u (IX.7) mpur = 0
HMeeTCsi CHHTYIApHOCTD Tulia /0, HO9TOMY YHCJIEHHOE pellieHIe OCHOBHOI CHCTEMBI CJie-
JlyeT HauMHATH He U3 IEeHTPa, & U3 HEKOTOPOH MaJjioil ero okpecrHocTu. JIerko mokasarb,
YTO Ha MAaJIOM PACCTOSIHUM T° OT [EHTPa:

4 2
p=py, M= §7T7’3p0, P=PF - ng'erg, (IX.13)
L, = =0 V(= —(=1. 1X.14
me a=ch--(F) +2(F), .
_ 2 2 927040
T =Ty — —mGr°pi—— — aguabaruydecKkass KOHBEKIIWSI,
3 Po PO
T="T,—¢ alli r? JIYYUCTBIHI IIepeHoc
=10—S805 3 - .
8acTy

IX.4 Metoabl penieHusd

1) Meroz Isapummwibia

2) Merox Xenbu

3) Kombunuposanublii MmeTo/

HekoTopble u3 nocieanx (Ha MOMEHT HAIIMCAHUSI JTAHHOTO TEKCTa) BAPHAHTOB IPO-
rpaMM JIJIsE pacdera SBOJIONUN cepruaecK CUMMETPIUYHBIX 3Be37] ONncaH B paborax [25],
[28].

+ Bressan A. et al. MNRAS 427, 127 (2012) <— M3oxpomust ;s oc and gc!

"Hanpumep, B pamMKax T.H. 9/IMHITOHOBCKOTO npubmazkenus [11], T = Ter (0.5 4 0.757‘)1/4, TaK 4TO
T =T, upu 7=2/3,aT(r =0) owmmtaercs ot Tey Bcero Ha 16 %.



I'maBa X

DBOJIIOINA 3Be3/ 10 IJIaBHOII
II0CJIeIOBATEIbHOCTH

X.1 KoJmarc npoTo3Be3H0ro chepmiecKl CMiMMeTPHrY-
HOro o0JIakKa

[IpemooKiM, 9T0 MBI UMEEM OJIHOPOJHOE M30TEPMHIYECKOe 00IaKO ra3a ¢ MOJIEKYJIsIp-
ubIM BecoM p. [Tycrs macca obmaka pasua M, a xapaktepubiii pasmep R. Torma n3 ycio-
susg GM?/R > 1.5kT - (M/um,) ¢ yaerom p ~ M/4R? nosydaem, 9To 06JIaKO HAIHET
CKUMATBCS TIOJ] JIeHCTBAEM CAMOIPABUTAIINM, €CJIU €ro JIOTHOCTh

3 5 2
P 27 RT3 4.10° T 2 M 5 (X.1)
n= ———~ 4. — — — cM O, .
umy, 32 myutG3 M? 30 i M
(kpurepnit Jxxunca). 3nadenust n > 10° em™2, T ~ 30 K u p ~ 2 xapakTepHbl jis
BHYTPEHHHUX 00JIacTell TJIO0YJI M MOJIEKYJISIPHBIX 0OJIAKOB.

Ho B 0/IHOPOJIHOM HM30TEPMUIECKOM 00JIaKE OTCYTCTBYET I'DAJIUEHT JIABJIEHHsI, KOTO-
pblii ObI YPABHOBENINBAJ CUJIy TPABUTAIMU, [IOSTOMY, Ha CAMOM JeJie, JIioboe Takoe 00-
JIAKO JIOJKHO cxkuMaThesi! Takum obpaszom, ciieyer paccMOTpeTh 0ojiee peajiCTUIHYIO
CUTYAIMIO: OKPY?KEHHBII BHEIHeH cpejioii M30TepMUIeCKUil ra30BbIi mIap, MIOTHOCTL U
JIABJIEHIEe B KOTOPOM BO3PACTalOT OT Kpasl K IeHTpy. Panee 6bu10 mokazaso (cM. crp. 35),

YTO TAKOHW 1Iap MOXKeT CYIeCTBOBATH, €CJIM BHEIIHEE JaBJICHUE U IJIOTHOCTL HE IIPEBbI-
IIal0T 3HaYeHU

max %4T4 max %3T3
Pout 2140m, Pout 2140W

CrenoBaTeIbHO, U30TEPMUIECKHI IIap HAYHET CKUMATbCsI, €CJIU IIJIOTHOCTH OKPY2Kalo-
et cpeol
§R3T3
n>140 — X.2
myptG3 M2’ (X.2)

YTO MPAKTUIECKN COBIIaeT ¢ coornomenueM (X.1).
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Ecin nepernmcars mepasencrso (X.2) B Buje:

%3/2T3/2

M>12 7 ,
Mo ﬂ4/3G3/2n1/2

TO BHJIHO, YTO YE€M BBIIIIE€ TEMIIEPATYyPa MEK3BE3/IHOTO ra3a, TeM 00Jiee MACCUBHBIC 3BE3IbI
MOTYT U3 Hero hopMHupoOBaThest (Mpu GUKCHPOBAHHON BesmdnHe n). B rase, m3 KOToporo
(mpumepro 14 MJIpJ. JIleT Ha3aJ[) POXKIATINCH 3BE3/bl [EPBOTO MOKOJICHHUS, IPAKTHIECKH
He ObLIIO 9JIEMEHTOB Tsikesiee reyinsd. Ho mMeHHO TsizkeJible 371eMeHThl 3(DMEKTUBHO OXJIa-
JKJIAIOT MEXK3BE3/THYIO CPEJLy, IOCKOJIbKY B OTJIMYHE OT T'eJIus U BOJIOPO/Ia, Y HUX UMEIOTCS
HU3KOJIeZKAIue dHeprerudeckue ypoau. Becbma 3hdekTUBHO OXJ1aXKIaI0T Ta3 TaKzKe
MOJIeKYJIbl Hy, HO MX B 910Xy MEPBUYHOIO 3Be3/1000pa30Balusd ObLIO TAKXKE MEHDIIE, YeM
ceifyac, MOCKOJIbKY 9TH MOJIEKYJIbI 00pPa3yIloTcs, TJIABHBIM 00pa30M, Ha MMOBEPXHOCTH IIbI-
JINHOK, COCTOSIIIUX M3 TSYKEJIbIX JIEMEHTOB, KOTOPBIX TOIJia He ObLI0. DTO 3HAYUT, UTO
TeMIiepaTypa rasa, U3 KOToporo (popMUpPOBAJIUCH 3BE3/bI IIEPBOTO MMOKOJICHUS ObLIa Ha-
MHOT'O BBIIIIE, 9YeM B COBPEMEHHYIO 3II0XY, II09TOMY TIepBbIe 3Be3/1bI Beesennoit ObL1m ovueHb
MaCCHUBHBIMU.

B,LK

Pre-Collapse Black Cloud B68 (comparison)
(VLT ANTU + FORS 1 - NTT + SOFI) =
LES*
0

ESO PR Photo 02¢/01 (10 January 2001) © European Southern Observatory +

Puc. X.1: Nzo6pazkenus rio0yabl B68 B pasjmyHbIX CIEKTPAJbHBIX JIMANA30HAX: B [10JI0-
cax nporyckanust buabrpos B,V I (cieBa) u B duibrpax B, K (cnpasa).

[Tockosibky
4dP T,
Fous =077 <
* GM
Fgr(w - 7"—2 X R_27

HojydaeM, 910 mpu m3orepmmdeckoM (!) cxkarmm obmaka Fy,, pacrer MeujIeHHEid, deMm

Fyray. 110 910i1 npuanne Bekope 1ociie Hadadsia ckaTtud [y, cranosurcd <K Fgq, 1 cKaTne

IIEPEXOIUT B PEKUM CBO60,ZLHOI‘O IIaJeHUA (KOJIJI&HC&).
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X.2 IIporo3Be3abl

KoJrnarc IIPOUCXO/IUT 3a BpeEM:

trp a2 x5 104M/—M@1_5 JIer. (X.3)
Ver (T, K/30)

B nporo3sesnnom obsiake jiaBiieHue U IJIOTHOCTh HAPACTAoOT K 1enTpy. [losromy, co-
riacHo (X.3), KOJIJIanc IpOTeKAeT HeOHOPOIHO: IEHTPAIbHBIE 06IACTH CKIMAKOTCS OBICT-
pee repudepuIecKnx.

[TockobKy onTHYecKasi TOJIIA TPOITOPIUOHAIBHA TUCTY TOTVIOMAIONINX JACTUIL HA
Jayde 3penus, T.e. T o< pR oc 1/R? To obiako no mepe cxkarus (ymeHbluenus R)
CTAHOBUTCS Bce OoJjiee Herpo3padnbiM. "'3acTpesaroriee’ B objiake M3JIydeHne HarpeBa-
er ra3. Poct TeMmieparypa ra3a nNpuBojuT K 60j1€e OBICTPOMY HAPACTAHUIO JIABJICHUS, 110
CPABHEHUIO C PEKUMOM H30TEPMHUIECKOro Kojuiarca. CHUIbHEH BCEro 5TO IMPOSIBJIAETCS
B IEHTPAJIbHBIX 00JIACTAX, I'VIe IJIOTHOCTH pacTeT Hambojiee ObICTpo. B KOHEYHOM HUTO-
re TPaJeHT JIaBJICHNs CTAHOBUTCA CPABHUMBIM C [.q,, U B IEHTPe 00JIaKa BO3HUKACT
IHIPOCTATHYECKHE PABHOBECHOE fJIPO — 3apOJbII 3BE3/bI, KOTopoe umeer Maccy ~ 1 %
Macchl o0J1aka. Z17po MpoTo3Be3 bl He BUJIHO B ONTHKE W3-3a OOJIBIION ONTHIECKONH TOJI-
mu obos1ouku. JlajabHeiiias 9BOJIIOINS TPOTO3BE3IbI — 9TO AKKPEIHUs BEIeCTBa 000I0UKN
Ha IEHTpabHOE SAPO. TopMOXKeHUe Ma aloIero ra3a MPOUCXOJNT B yIapHON BOJHE HA
BHemHell rpanuie sypa. C TedeHrneM BpeMeHu Macca fJ/ipa PacTeT, a 000JI0UKN yMEHbIIA-
ercs. B koHe1HOM uTOre 000/I09Ka CTAHOBUTCS ITPO3PAUHOI JJIst ONTHIECKOrO U3JIyeHus,
u Ha 5ToM (aza mpoTo3Be3nl 3aBepiiaercd. Habomaemoe B BUAMMOIT 00JIACTH CIIEKTPA
TUIPOCTATUYIECKH PABHOBECHOE SIIPO MPUHSITO HA3BIBATH MOJIOION 3BE3/I0M.

X.3 Momoasie 3Be31b1 MaJioit Mmaccel (M < 2-3M,)

JIuana na nuarpamme lg L—1g T, ¢, coOTBEeTCTBYIOMAA [10JIOZKEHUIO MOJIOABIX 3BE3]1 Pa3HOi
MAaCChl B MOMEHT, KOrja 000JIOYUKA CTAHOBUTCS ITPO3PAUHON, HA3BIBACTCI AUHUET POIAHC-
denus 36e30. B sToT MOMeHT MoJioible 3Be3jbl ¢ Maccoit M < 2 — 3 Mg nosinocTbio
koHBeKTUBHBI. Onpesesum gopmy nx Tpeka Ha ['-P aumarpamme.

CrpyKTypa MOJIHOCTHIO KOHBEKTHBHON 3Be3/IbI MOXKET OBITH ONHUCAHA IOJUTPOIION ¢
n = 1.5 — cm. 3agaay VIIL.2. B rakom ciryuae nmeem:

M Mo TR T
Ty o o Po X —=, - = 6—7
"" R "R po Pon

rae Ty, pp — TemIeparypa n IUIOTHOCTb B IEHTPE 3Be31bl, a Tir, ppn — aHAJOTUIHBIC
BEJIMYUHDBI HA ypoBHE (POTOCHEPHI.
U3 coornomenmit (I1X.10), (IX.11) rakxe cremyer, aro:

M

Lx R*T! Top X — .
X ef Pph fOCRQ%ph

B dorocdepax mosompix 38e3 ¢ Ty < 6500 K (crexrpanbubtii kirace nosgmee GO)
HEIIPO3PavyHOCThb OIPE/JIeIgeTCs OTPUIATEIbHBIMU NOHAMM BOJIOPO/IA, IIO3TOMY, COIVIACHO
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(VIL.15), MOXKHO HamucaTh:
Hph X Te4f pgfi

KoMO6uHIpyst 9TH COOTHONIEHHS MOy IUM TPEK XasiIIm:
lg L o< 62-1gT.;. (X.4)

Takum obpaszom Ha crajun Xasilid CKATHE 3BE3JIbI IPOUCXOUT ITOYTH IIPU ITOCTOSH-
Hoit T,¢, a ee Tpek Ha Juarpamme ['-P BBINIAINT KaK HOYTH BePTUKAJIbHASA JUHUAL. DTO
osnagaer, uro L oc R2.

42 4 38 36 34 32 3
lg Ty

Puc. X.2: DBoIIONMOHHBIE TPEKH MOJIOJABIX 3Be3. KpyKKaMu OTMEYEHO IIOJIOYKEHHE
Ae/Be 3Be3n Xepbura, TpeyroabHIKaAME — 3Be3J1 TUIa 1 TeJIbla, a KPECTUKOM — KOPHY-
HeBoro kapiunka Gliese 229B.

C apyroit croponsl, cormacto (1X.5),

dU d(MQ/R) 1 dR 1 dR 9 _
Lo e N 7Y o = T il PO
x T x T x et — et x —R = Rt ,

T.e. 10 Mepe npubamxkenud K 'l cxkatne 3ameigercs.
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Bo BHYTpenHUX cioax 38e3nl 2 o p T~ 7/? (sakon Kpamepca). IIocKOTbKY B KOHBEK-
tusHoit some p(r) o< T(r)*?, momyuaaem, uto »(r) o< 1/T(r)?, T.e. mmeer MUHIMATBHOE
3HavdeHue B IeHTpasbuoit obsactu. [lo Mepe cxkarus Temiieparypa B mentpe 1y pacrer,
T.K. Ty o« M/R, nmostomy BHadajie B IIEHTPE, a 3aTe€M U B €0 OKPECTHOCTH BEIECTBO
CTAHOBUTCS BCe 0oJiee MPO3PAYHBIM I U3JIydeHus. B pesysibrare y MOJIOIBIX 3BE3J €
M > 0.8 My, dopMupyercs JyqucToe sjipo U OHH IEPEXOIdT Ha T.H. JIYIUCTBIH TPEK.

Orenka BpeMeHH, KOTOPYIO MOJIOJIbIE 3BE3/IbI IIPOBOJAT Ha ITON CTA MK SBOJIOINN,
MO2KeT OBITH TIOJTyYeHa MOYTH TaK Ke, KaK ¥ Ha cTa/iuu Xadrn. J[eficTBuTe/IbHO, TTOCKOIh-
KY 9BOJIIOIUS 3BE3/IbI OIIPEJIEISeTCs CKOPOCTHIO BHICBEUMBAHKS 3aI11aCOB I'PABUTAIIMOHHOMN
SHEPrUH, JJisi BpeMeHu cxkKaTusi (contraction) MOXKHO HalucaTh:

Uy—-U U GM?
to~w ——— ~ —— & ——,
L L RL
I/Ie PaJIyc MOJIONION 3Be3/1bl R 11 ee CBEeTUMOCTH L COOTBETCTBYIOT MOMEHTY, /IS KOTOPOTO
orieHuBaeTcd Bo3pacT. MbI TakzKe y4/id, 9TO MCXOJHBIN pajmyc obaka > R u Ha 3TOM
ocHoBanuu rpenedperyiv BeumanHoit Uy.

Haiinem dbopmy 9BOIOIUOHHOTO TPEKa, 10 KOTOPOMY JIBUYKETCs CZKUMAIOIIAsCS 3BE3-
nta Ha auarpaMmme ['-P, korjia mepeHoc Teria B Hell OCYIIECTBIISIETCS U3TydeHHeM. ByieM
[IPE/INOJIATATh, YTO CTPYKTYPa 3BE3/IbI IIPU 9TOM MOXKET OBITH allllPOKCHMUPOBAHA TIOJIHT-
pomoit ¢ 1.5 < n < 5. Kpome y2Ke N3BECTHBIX BbIPAKEHUI

M M M?
POOCﬁ7 POOCﬁ7 (X.6)

(X.5)

T()O(

510 jonyinenne, ¢ yaerom (VIIL9), mossomur wam 3amucars Beipakenune (VIL12) myst
V,ad B TIEHTPE 3BE3/IbI B BUJIE:

%OPO Lr 1
— = 13 X.7
T (m)oocn+1 const, (X.7)

rje ungeke 0 y orHOmeHust L, /m mokasbIBaeT, YTO pedb UJET O HpeJieie, K KOTOPOMY
cTpeMuTcs 3ta BeuduHa upu r — 0.

U3 coorromenus (I1X.14) cienyer, uro BOM3M 1IeHTpa 3Be3/bl (IIPU OTCYTCTBUH siiep-
HOT'O 9HEPTOBbIIEJICHUST ¥ HEITPUHHOTO M3JTyIeHNUs ):

L, ) Py @

AP OR B — .
m ot ), pg\ot),
Eci 3aMeHUTD TIPOM3BOJIHBIE 110 BpeMeHH OT BeJandnH F u p #a orHomenus Fo/t. u
po/te, To ¢ yaerom (X.5) B ciydae HIeaJbHOTO OOJBIIMAHOBCKOIO Ta3a MOJTY IhM:

L, 1 o P, Ty ToRL L
— | =—- — | x— x —— x —.
m), te 0 00 te M?2 M

Ecin monoHuTeIbHO MPEIIoIoKITh, UTO B IEHTPe 3Be3/Ibl HEIIPO3PAIHOCTH OIIPe/Ie-
ngercst 3akoHoM Kpamepca, To ¢ nomonipio Beipazkenuii (X.6) coornorenne (X.7) 3amm-
IIeTcd B BHUJE:

M11/2
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Uckouns R ¢ TIOMOIIBIO FPAHUYIHOTO yesoBus L o R2T64f OKOHYATE/ILHO MTOJIYIUM 3aBH-
CHMOCTD, OIPEIEJISIONIYIO T.H. "JIyancToiii Tpek':

lgL o< 0.8-1gT.;. (10.4)

3eesapr ¢ M < 0.8 Mg mpuxoaT Ha TJIaBHYTO [TOC/IEI0BATETLHOCTD TOJTHOCTBIO KOHBEK-
tusabiMU. [lo Mepe ux cxartust Ty pacret, HO otHOmenue T /Tr yMmeHbIIaeTcst, T.K. OHO
o T/p*? < M3 R, npudem GuicTpee s 383 Majbix Mace. Y 3sesn ¢ M < 0.08 Mg
JIaBJIEHUE BBIPOXKJIEHHOT'O r'a3a OCTAHABJIMUBAET POCT 1{ MpexkKje YeM OHa IOJHUMETC JI0
BEJIMYUHBI, HEOOXOMMOM JIJIsi TOIO, ITOObI s/IEPHbIE PEAKIUHU IOJJIEPKUBAIN TEIJIOBO
basanc 3Be3bl. Takne 0ObLEKTHI HA3BIBAIOT KOPUYHEBBIMU Kap/ukamiu, a 3uadenne (.08
Mgy — npeneom Kywmapa (S.Kumar, 1963).

Paccmorpum sToT Borpoc mogapodrHee. Korga HaunHaeTcss BHIPOXKIEHHE 3JIeKTPOHHOTO
rasa

P=pRT/p; + Kop*. (X.8)
[TockoJibKy B TIOJIMTPOITHOM 3Be3/1€e
Py oc M?*/R*
n
po x M/R®,
nMeeM JiJjid IapaMeTpoB I'a3da B HEHTPE!:
Tozal% _blpg/?’:@%_bz Aﬁf, (10.5)

rie a;, bz — IIOCTOAHHbIE BECJIMYMUHDBI JIJIAA JaHHOI'O MH/AEKCa ITOJIMTPOIILI. Torg:[a:

dTO (05} M2/3 1 2b2 CI,2 M4/3 2b2
dR M Ra 0T i, LT M

Cy1iecTBeHHO, 9TO IOCIe TOro, Kak R craner < Ry Beqmunna Ty HaYHET yMeHbIIaThCs!

[17]

Bamkaiimmit K HaM KOPUYIHEBBI KApJIUK HAXOAUTCsI Beero B 4 ik or CoJIHIA U MMeeT
Ter ~ 500 K — em. arXiv: 1004.0317 777

Ob6imee Bpemst cxkaTust JI0 IVIABHOI mocsieioBaresibaoctu (1mkasa Kenbsuna-Tesibmrosibia)
nosyvaercs u3 coorromnienus (X.5), ecu nojCTaBUThL B Hee 3HadeHust R u L Ha HAYaIbHOM
[VIABHOM I10CJIEI0BATE/IbHOCTH:

M? M \? L
tE ~ GM™ 3 407 (—) fo Lo o (X.9)

RL M,) R L

t g majaer ¢ pocroM mMacchl, mockobky Ha [ (em. ciemyromyro Jlekruo) L oc M™,
rmen >2u Rox M, Tak 910
t KH X M.

Hampumep, Juts MOToAbIX 38371 ¢ M ~ 7 Mg txg ~ 3-10° aet, a ans 3sesn c M < 0.2
M® tg > 10° jer.

[Iepes rytaBHOM MOCTIEI0BATE/ILHOCTBIO Y 3Be31 ¢ M > 0.8 My B 1eHTpe HnosgB/isieTcs
KOHBEeKTHUBHas 30Ha, HO pu M > 2 My ona ucuesaer ere j1o npuxosia Ha ', a y 3Be31
MEHBIITNX MacC — I0C/Ie HadaJia peakinii p — p HEIHOIKH.
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Puc. X.3: lI3menenune mneHTpajbHON TeMIIepaTypbl U OTHOCUTEJHLHOTO BKJIAJA SIEPHOI
CBETUMOCTHU C T€UYEHUEM BPEMeHU y 3Be3/l BOu3u 1pejena Kymapa.

X.4 OcobeHHOCTH KoJLJIallca NPH ydeTe BpalleHus o0-
JaKa

N3-3a mudpdepennuanbaoro BparieHus [ajakTUKu MPOTO3BE3/IHbIE 00JIaKa BPAIAIOTC
BOKDYT' OCH, T.e. UMEIOT HeHyJeBoil yryiosoit Mmoment J, ~ M,R2w. B uporecce KoJutarca
BeJIMYInHa J, MOYTH He MEHseTCsl, IO3TOMY CKOPOCTh BpallleHus ob/1aka pacreT (w oc R™2),
u oHO 1puobpetaeT opmy ssuicona. Ecau J 10cTaTOMHO BEIMKO, B KAKONH TO MOMEHT
HeHTPObexKHAs CUIa Ha SKBaTope w’ R craner GoJiblie cuiibl Tarotenus G M /R? u objiako
pacrnajaercst Ha JBa dbparmenta (aBoiinyio cucremy). Ilpu sTom yriosoit MoMeHT 0618~
Ka 1epeiijier B OpOUTAJILHBIE MOMEHT CHUCTEMbI, YTO IO3BOJIAT KaXKJIOW U3 IPOTO3BE3]T
[IPOJIOJIZKATL CyKaTHe. Kejim MCXO/HBIE MOMEHT O0JIaKa JIOCTATOYHO BeJIMK, hparMeHTa-
sl MOYKET TIOBTOPHUTHCS errle (HeCKOJIbKO) pa3. TakoB ojiuH U3 BO3MOXKHBIX MEXaHU3MOB
dpopMHUPOBAHUSA JIBOMHBIX U KPATHBIX CUCTEM.

Ecyin 2ke MCXOTHBIN yIVIOBOIT MOMEHT 0OJIaKa HE CJIUITKOM BEJIUK, TO B KOHIIE KOJLIAIca
obpa3zyercsi CpaBHUTEILHO MEJJIEHHO BPAIAIONIasgcsad MOJIOJIasd 3Be3/1a, OKPYy2KeHHas ra3o-
1bLIeBbIM JuckoM, npudeMm My < 0.01M,, vo J; &~ J,. OO0beKThI 3TOr0 TUIIA OTOXKIECTB-
JISIIOT C HEeIPaBWILHBIMU TiepeMenHbiMu 3Be3ziamu tuna 1 Tesbra. C wabromaTeabHO
TOYKHU 3PEHUS — 9TO CYOTMIaHThI CIIEKTPAJIbHBIX KJjiaccoB FH-M, B criekTpe KOTOPBIX Ha-
OJTI0IAIOTCA SMUCCUOHHBIE JTMHUU BOJIOPOJIA U HEKOTOPBIX JPYTHUX 3JIeMeHTOB. Kpome Toro,
JUUTsT HUX XapaKTepHO n30bITouHOe (10 cpaBHeHHIo co 3Be3namu ['T1 Tex e criekTpabHbIX
kiaccoB) uziaydenue B YO u UK koutunyyme. "Cpegaue" 3HaueHns napaMeTpoB 3Be3]]
T Temsna: M = 0.8 My, R = 2 Ry, nepuon ocesoro spamenus P, = 3¢, mHyKims
MarHUTHOIO 10Jis y noepxuoctu B ~ 1 — 3 kl'c, Boszpact — or 10° 10 107 set.

N3-3a BA3KOro TpeHUs BEIIECTBO JIUCKA AKKPEIUPYET Ha IEHTPAJIbHYIO 3BE3JIy C TE€M-
oM axkperun M,., BeIUUHHA KOTOPOro jexur B uurepsasie 1079 — 3 - 1077 Mg /rox.
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Puc. X.4: Cuekrpsr 38e31 tuna T Tesbia

MaruuTHOe 110J1€ 3Be3/Ibl OCTaHABJIMBAET JUCK Ha paccTosHuu ~ 1 —3 R, oT moBepxXHOCTH.
BerectBo mucka BMOparkKnMBaeTCsl B MArHUTHBIE CHJIOBBIE JIMHUU, W BJIOJIb HUX COCKAJIb-
3BIBAET K MOBEPXHOCTH, PA3TOHSISICh MPABUTAIIMOHHBIM T10JIeM JI0 ckopoctu ~ 300 Ku/c.
[Ipu cTosikHOBEHUN ra3a ¢ MOBEPXHOCTHIO 3BE3JIbI BOSHUKAET yJapHasd BOJIHA, B KOTOPOI
KUHETUYIeCKash SHEPIUusi aKKPEIUPyeMoro raza TpaHcpOPMHUPYETCs: B U3JIyUeHne, KOTOPOe
OTBETCTBEHHO 33 HAOJIOJAEMYIO SMUCCUIO B JIMHUAX U KOHTUHYYME.

Y nekoropnix 3Be31 T Tenbia Hado1a/10ch yBeandenue 0J1ecka B COTHH Pa3, BEPOAT-
HO, CBSI3aHHBIE C YBEJIMIEHUM Mac 10 Bemaunel ~ 1074 M /rou. Ilo numenu 3Be3apr FU
Ori 00bEKTHI TOIO THIIA, KOTOPBIX U3BECTHO ceifiac HeCKOJIBKO IITYK, HAa3bIBalOT (hyopa-
Mu. OCHOBHOI BKJIaJI B HaOJIIOMaeMbIil CIIEKTD (PYOpOB JaeT He 3Be3/a, & aKKPEIUOHbI
ek, T.e. Ly, < Lo = GM Mac /R. Tlo-BunnmoMy, HEYCTOWIMBOCTH B JIUCKE, IPUBOJISIIIIE
K poCTy Mac, IIPOUCXOJIAT Y MOJIOJIBIX 3BE3/ ¢ BO3PACTOM MeHee 1 MJIH. JIeT.

JInCKOBYIO aKKPEIUIO COITPOBOK/IAET UCTECUCHUE BEIECTBA C IIOBEPXHOCTUA BHYTPEHHIX
obJracTeil IUCKa — T.H. JUCKOBBINA Berep. Temm morepu macchl y 3Be3n tumia T Tesbia
Mw ~ 0.1 Mac, a TpejieibHas CKOpocTh ucredenus Vo, ~ 300 km/c. Ha paccrosinumsix
cibie 10 a.e. OT 3Be3/Ibl JIMCKOBLIN BeTep KOJLIMMUPYETCs, 00pa3ysi OUMOIIPHDIE JIZKEThI.
Berep BbIMeTaeT ocTaTKH IPOTO3BE3IHOIO ODJIaKA.

Hanuaue muckoB Bokpyr 3Be31 tuna T Tau moareepK 1eHo HADTIOIEHUSIMA. DBOJTIOTIHS
JIICKA, OIPEJIC/ISIETCs JIBYMsI TIPOIIECCAMME: &) MCUYEPIIAHUEM MAaCChl JIICKa B PE3YJIbTATE aK-
KpEIMU 1 UCTeYeHNns ra3a; 0) ocelanneM MbLIN K IEHTPaJIbHOM 110cKocTH. Eem oceanme
IBLIN ITPOUCXOIUT JIOCTATOYHO OBICTPO, HAYMHAETCs C/IUIIaHNE BIMHOK 1 (DOPMUPOBAHUE
Bce OoJiee u OoJiee KPYIHBIX TeT — 3apOojbliiieil mianet. Ecau 3apoipiim yereBaoT BhIPO-
CTH JI0 pa3Mepa ~ 1 KM JI0 TOro Kax JIUCK JIMCCUITUPYET, UX JTAJILHEHIITNN POCT ITPOUCKOTHUT,
B OCHOBHOM, 3a CYET aKKPEIUU OKPY:KAIIIero rasza. 1.0. maHeTbl 00pa3yoTcs U3 JIHc-
KOB, OKPY2KaIOIIX MOJIOJIbIE 3B€3/IbI, TIOTOMY STH JUCKHA HA3BIBAIOT IMPOTOILIAHETHBIMHU.
B Comneunoii cucreme cpoime 98 % yrjaoBoro MOMeHTa COCPEIOTOYEHO B OPOUTAILHOM
MOMEHTE IIJIaHeT-TUTAHTOB.

Mousoapie 3Be3/1bI TpOMeXKyTOodHO Macchl (oT 3 70 8 M).

KauecTBenno Y 9TUX 3BE3/] IBOJIIOIUA IIPOTEKAET TaK 2KE, KaK U 'y MEHE€ MaCCUBHbIX



I'maBa X. SBoJmornus 3Be3.1 10 IVIABHOH IIOC/IE€I0BATE/IbHOCTH 126

pe/B 16400 1660.0 1680.0 20000
L e e e e L

gL 4

i ﬂ'| li FU Ori
r P P17 T PP )
i PR LS TRTa »”
B W B L T

12 : b

V1515 Cyg

: z;'ﬂ"j‘" i "'_“ﬂmlll‘lgmi 1
w15 - j‘ X T : 4

V1057 Cyg

17} R

30000 5000 40000 45000 50000

TD240{HHH

Puc. X.5: Kpussie 6siecka dpyopos FU Ori, V1515 Cyg u V1057 Cyg.

3BE3JI, HO y HUX HET KOHBEKTUBHBIX 30H BILIOTH 10 puxoaa Ha ['1l. O6bekTsl 9TOTO THIIA
OTOXKJIECTBJIAIOT ¢ T.H. 3Be3amu Ae/Be Xepbura — HellpaBUIbHBIMU [IEPEMEHHBIME CIIEK-
TpaJIbHbIX KytaccoB B-F5 ¢ amuccueit B smmanax H I, He I u nekoTopsix apyrux smeMeHnTos.
Y Ae/Be 3Be3n Xepbura rakke HaOI0ar0TCs (MPOTOIIAHETHBIE?) JUCKH U OUIIOJISIp-
uple jukersl. Ceerumoctd u Ty pp, a TakzkKe cKOpocTh ucredenus (V, ~ 10° km/c) u remn
norepu Macchl y Ae/Be 3Besn Xepbura HaAMHOIO HPEBBINAIT AHAJIOTHYHBIE BEJINIUHBI
g 3Be3gt Tuna T Tenbia, mosromy onn 3pEKTUBHO HATPEBAIOT U PACCEUBAIOT OCTATKU
[IPOTO3BE3/IHOTO 0DJIaKa, IPEIATCTBYS [TOC/IE/LYIONEMY 3Be3/1000pa30BaHuUIO.

Ob6pa3oBaHue 3Be3/ ¢ maccoii > 8 Mg

U3 (10.1) cioemyer, 910 IPOIOIKATEIBHOCTD CTJIUH ITPOTO3BE3/IbI, OIIpE/Ie/isieMasi Bpe-
MeHeM CKaTHd BHEIIHUX obsacTeil obsaka t ¢y, TeM OoJIbIIe, YeM MacCUBHEl 00/1aK0, TOTIa
Kak BpeMsl peBpalieHusi Moso/oii 38e3/16! B 3Be31y 't y, cormacuo (10.6), Haobopor,
yMmenbInaeTcs ¢ pocroM maccel. IIpu M > 8 Mg Benmunna typ cranoBuTcsa OoJIbIIE txpr.
DTO 3HAYWUT, 9TO THIPOCTATUIECKU PABHOBECHOE SIIPO TPOTO3BE3bI YCIEBAET IpeBpa-
tuthbesd B 3Be3:1y 'l erre /10 Toro, Kak Kosutancupyoiias 000/I04UKa CTaHeT IPO3PATHOil B
BrIMOM Jinanasone. [losTomy Korja oboJiouka pacceercs, Iepe/i HAMU IIPEJICTAHET Y7Ke
cchopmuposasmasics: 38e31a ['I1. [Ipumepom moxker cirykuth 3Be31a 1) Car — oHa U3 HAU-
GoJtee MacCHUBHBIX 3Be3 TasakTukm: M ~ 70 My, L ~ 10° L. Unpivu ciiosaMu, y 38e3.1
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¢ M > 8 M, crajust MOJIOJION 3BE3/bI OTCYTCTBYET — 9TO BuIHO U3 Puc.X.2, Ha KOTOpOM
JIMHUST POZKJIEHUS [IepeceKaeT HadasbHyo TaBHyto nociaenosarenbHocts (HITT) B paitore
8 M. B Tlanakruke uzsecrao moutu 300 TaKux 3Be3/-KOKOHOB, KOTOPBIE IPEICTABJIAIOT
coboit spkue ncrounnku MK uzimyuenuns.

Boszaeiicrue dpopmupyroreiicst 38e3/1b1 OOJIBIION MACCHI Ha OKPY2KAIOIIHI a3 mpoTo-
3BE3/THOrO 00JIaKa OYEeHb BEJINKO: JTaBJIEHNE N3JTy9eHNs U BeTpa He TOJIHKO OCTAHABINBAET
c2KaTue BHENTHUX 00J1acTeil, HO M 3acTaB/igeT UX JIBUTATbCI B OOPATHOM HAIlPABJICHUM.
B pesynbrare, macca 3Be37bI M, OKa3bIBAETCS 3aMETHO MEHBIIIE MacChl POIUTETHCKOTO
obsiaka M,, npuaem ¢ poctom M, ornomenne M, /M, 6victpo ymenbaercs. Hampumep,
upu M, = 150 Mgy M. /M, < 0,5. Bo3aM0KHO, 9T0 06CTOSTE/ILCTBO OObACHIET OTCY TCTBHE
B ['asmakTuke 3Be3/1 ¢ Maccoit 3aMeTHO npeBbimaronieir 100 M.

Exxeronino B ['asakTuke poxKjaioTes 3Be3/1bI ¢ 001Ieit maccoit ~ 3 M. Pacipenenenue
POKTATOIIIXCS 3BE3]T TI0 MaccaM OMMCBIBAETCS T.H. HadaabHOH ¢yukimeit macc. CoryracHo

Coummurepy
dN
el M—2.35
dm ’

TaK 9TO MaCCHUBHBIC 3BE3/Ibl POXKIal0TCA OYE€Hb PEIAKO.

Star-Forming “Bubble” RCW 79 Spitzer Space Telescope * IRAC

NASA / JPL-Caltech / E. Churchwell [University of Wisconsin-Madison] sig05-001

Puc. X.6: Uzobpaxkenue obactu HemaBHero 3se3noobpazopanns RCW 79, momydennoe ¢
kocmuaeckoit oocepBatopun SPITZER: Harpes raza nzmydenneM ropsamx 3Be31, a TAKZKe
WX 3Be3/IHBII BeTep "OYUIaT CTPOUTENbHYIO TLIOMAIKY " .



I'maBa XI

CTtpoeHne 1 3BOJIIONNS 3Be3]I IJIaBHOI1

110CJ1e10BaTC/JIbHOCTHU

XI.1 CrpykTypa 3Be3 INIaBHOI IOCJIeJ0BaATEIbHOCTHI

Mogenu 3Be3 HI'I ¢ pasyMmHOii cTeneHbio TOTHOCTH MOYKHO TOCTPOUTD, nostaras d.X; /dr =
0, (0/0t),, = 0. Jna Cosria monbupaioT XEMCOCTAB U IIapaMeTp KOHBEKIUH «(, 9TOOBI
HoIy4duTh Hablonaemble 3Hadenud R u T,y npm HabimogaeMoM BO3pacTe M XUMHIECKOM

COCTaBe.

lgL/Le

lg L/Lg

0.5 0 0.5 L0 jgmym,

Puc. XI.1: CneBa — HI'Il gs 3Be3x ¢ Xy = 0.685, Y = 0.294, Z = 0.001. Cupasa —
HabJIo/IaeMast 3aBUCUMOCTD CBETUMOCTb-MAaCcca, IIOCTPOeHas 10 JIBOHHBIM 3Be31am [29].
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Tab6mumna XI.1: I[TapameTpb! 3Be3/1 1JIaBHOI 1IOC/IEI0BATEILHOCTH

129

‘ Sp ‘ Tey, K ‘ M/ Mg ‘ R/ R ‘ L/Le H Sp ‘Tefa K ‘ M/ Mg ‘ R/ R ‘ L/Lq ‘

O 3| 53300 120 158 | 1.8-10° || F5 | 6400 1.35 1.2 4.0
O 4| 48200 60 106 |5.3-10°| F8 | 6100 1.20 1.1 2.5
O 7| 38000 27 8.5 1.4-10° || GO | 5900 1.08 1.05 1.45
B 0| 32000 16 5.7 [1.6-10* || G2 | 5800 1.00 1.00 1.10
B3| 17000 8.3 48 |25-10 | G5 | 5600 0.95 0.91 0.70
B 5| 15000 5.4 3.7 750 G 8| 5300 0.85 0.87 0.44
B 8 | 12500 3.5 2.7 130 KO0 | 5100 0.83 0.83 0.36
A0 | 9500 2.6 2.3 63 K2 | 4830 0.78 0.79 0.28
A 2| 9000 2.2 2.0 40 K5 | 4370 0.68 0.74 0.18
A5 | 8700 1.9 1.8 24 MO | 3670 0.47 0.63 | 0.075
AT 8100 1.8 1.7 11 M 2| 3400 0.33 0.36 | 0.030
FO | 7400 1.6 1.5 9.0 M 3| 3300 0.26 0.29 | 0.014
F2 | 7100 1.5 1.3 6.3 M4 | 3200 0.20 0.21 | 0.005
lgRI Ry AL
1w L 03 ; ESO PR Photo 06b/05 (3 March 2005) ",;
05 :_ : l: - 025 :—
W‘ é 0.2 |-
0~ =’ =
w9
o i
cosE ;l £ 015—— -
= B - + g/‘—/’::\
- g o1} %ﬁ T
g L1 L T L 1 K
-10 -ns 0 5 10 I ol ol ‘ w
Lg M,."Mu 0.001 0.01 0.1 -

Puc. XI.2: 3aBucumocTb pajmyca OT MACcChl 3Be3/1 IVIABHOM 1OC/Ie/10BaTETbHOCTH, KOPUI-
HEBBIX KAPJIUKOB W ILIAHET-TUTAHTOB

XI.1.1 3BasBucumocts L(M) u R(M) Bgonp riaBHOil mocienoBa-
TE€JIbHOCTH

PaccmoTpuM BHawasie 3Be3/bl BepXHE 4YacTU TJIABHON I10CJIE/IOBATETLHOCTUH C Maccoil
M ~ 30 Mg, UI3-3a Toro, 4T0 ropenue BOJOPO/Ia B UX MEHTPAIBHBIX 00IACTAX ITPOUCXO/UT
B CNO-1ukjie oOHM UMEIOT KOHBEKTHBHOE $IIPO, KOTOPOe MOXKHO OIHCATH MOJIMTPOIION ¢
n = 1.5 — cm. Bagaay VIIL.2. dapo y srux 3BE311 OKpYKEHO 000JI0UKOI, B KOTOPOI TeILIo
[IEPEHOCUTCS U3JIyYeHHEeM, OCHOBHOI MEXaHU3M HEIIPO3PAYHOCTU — TOMCOHOBCKOE Paccesi-
Hue (¢ & s7), a JaBJICHUE U3JIy9eHUsI MHOTO MEHbIIe JaBjieHus rasa. CTpyKTypa Takoit
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OCLE-TR-122b Jupiter

Puc. XI.3: Cpasrenne pasmepos Cosara, kopuarneBoro kapianka OGLE-TR-122b u mia-
netsl FOnurep. [Ipecc-pesnz ESO 777

IgTe
A

7.6 M=30

7.4
12
7.0
6.8

6.6

Puc. XI.4: Temneparypa u mwioraoctsb B 1ienTpe 38e3; HI'TI pazubix macc.

000JIOUYKH B TIEPBOM MPUOJINZKECHUU MOZKET OBITH AIITPOKCUMHUPOBAHA, IIOJIUTPOIION ¢ N = 3
— cM. agtaay VIL3. CrieroBaTeibHo, MOJIE/IBIO PACCMATPUBAEMBIX 3BE3] MOXKET CJIYKUTh
coCTaBHAs JBYXIIOJUTPOIIHAs KOHMDUTYypalys, paccMoTpennas B paszesie 11.5.

BuerrauM rpaHUYHBIM YCJIOBUEM JIJIsI 9TUX 3BE3/I CJIYKUT COOTHOIIICHHE

Tegf . LéR%T

=— XI.1
ppr AToGM ( )
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Puc. XL.5: Crpykrypa 3Be31 HI'II.

KoTOpOe Tosrydaercst u3 Boipakennii (1X.10) n (IX.11).

B TouKe CIIMBKU KOHBEKTHBHOIO Spa U JIy9IHUCTONH O0OOJOYKHU BBIIOJHAETCS yCIOBUE

Viad = Vaa, aro, ¢ yaerom (I11.53) u (VII.12) naer:
3Rpeser L 2
Pt _ 2 (X1.2)
64rGM.ou T3 5
CpaBHuBast 9TO BBIPAKEHHE C IIPEJBLIYIIIM U YIUTHIBASA, 9TO B HOJUTPOIE C N = 3,
COCTOSIIIEH U3 UJeaIbHOrO rasa, oTHomenue T2 /p mocTosHHO BJIOJIb paJiyca, OJTy aeM:

M. 15pupn (X1.3)
M 32/ke
Ha mavasibHOil IJIaBHOI IIOC/IEIOBATEIBHOCTH [l; = [lpp, HOSTOMY MBI IPHXOIUM K

BBIBO/LY, UTO y PACCMaTPUBACMbIX 3BE3]l Macca KOHBEKTUBHOIO sjpa cocTapiasger = 47 %
Beeil Macchl 3Be3jibl, T.e. orHomenne M./M nocrosinro. B 3amadge 11.11 mokazano, 1ro B
taxoit curyaruu T2 /p. oc M?, nosromy, nepermcas (X1.2) B Bugie L oc MT2/p,., nosyanm,
YTO Y 9THUX 3BE3J] MacCa U CBETUMOCTH CBSI3aHBI COOTHOIIEHUEM:

L o M?. (XI1.4)

OrmernM, uro u3 Puc. X1.5 BujHo, uT0, Ha camoMm jeste, orHomenue M, /M Bospacraer
ot 0.5 10 0.7 mpm u3menenun mMacchl 3Be3761 oT 20 110 45 M.

Ecmn B jpononnenue k (XI1.4) mcnosnszoBars coornomenns (11.54), (VL.8) u (IX.10),
3aIMCaB X B BUJIE:

M M 1/2 s+3/2
Po X o3 Toocﬁ, Lo p 2 T3, Lo T} R?,
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TO TIOJTYIUM /)T MACCUBHBIX 3B€3/T HAYAJIBHON TVIABHOI MTOC/IEI0BATE/THHOCTH CJIETYIOIITIE
COOTHOITIEHU

Tef o M1/4+2/(8+3), R M1_4/(S+3), po X M_2+12/(8+3), Ty o M4/(8+3). (XI5)

Hamomuum, 910 § — 9TO ImOKa3aTesb CTEIEHU, HCIOJIB3YEeMbI IPU aIllIPOKCUMAIIIN
peanbHON DYHKIWN €,,.(T) cremennoil 3aBucumoctbio 7. YV paccMaTpUBaeMbIX 3Be3.T
Boziopoz, roput B CNO-mmkie, st koroporo s > 10 (em. mabmuiy VI.1), mosromy, B
IIEpBOM l_[pI/I6.HI/I}K€HI/H/I7 IIOJIy9Y€HHbIE€ 3aBUCUMOCTU MOZKHO II€EPEIINCATh B BUJIE!:

Topoc MY4 Roc M3, pooc MY, Ty oc MY3. (X1.6)

Ucnonw3ys onpeaernenne Dauarronoscekoii ceernvoctn (VIILE) coornomenne (XI.1)
MOZKHO 3alliCaTh B BUJIE:

L 3( Praa

LEd 4 Pgas

B zagaqe II1.8 mokazano, 4To y MOJUTPOIHBIX 3BE3/, COCTOSAIINX M3 r'a3a C ypaBHe-
mueM cocrosuus (I11.49) u nocrosunoit BemuuHoi (1, oTHOenue 0 = P, /P, yobiBaer or
LIEHTPa HapyzKy IpU n < 3 U He MeHsdeTcd 1Ipu n = 3. Mbl paccMaTpuBaeM He OYeHb Mac-
CHUBHbBIE 3B€3/Ibl, y KOTOPBIX B HEHTPe 0y < 1. B UX KOHBEKTHBHOM s/Ipe, OIHUCHIBAEMOIO

(XL.7)

ph

mostuTporioit ¢ n = 1.5, Besmmanna J,. OyJIeT CTAHOBUTHLCA €Il MEHBIIE 110 Mepe YaJIeHUsI
OT TEHTpa, W 3aTeM, JIOCTUTHYB MUHUMAJBLHOTO 3HAUCHUS Ha TPAHUIIE s/Ipa, TepecTaHeT
MEHATHCHA, TOCKOJIBKY 000JIOUKY MbI AIIPOKCUMUPOBaM mosmtpornoit ¢ n = 3. CremgoBa-
TeJIbHO, Y PacCMaTpPUBaeMbIX 3Be3]1 oTHOImEHue (Frqq/ Pgas)ph < 1. Cornacno (XI.7), aro
03HAYAET, UYTO Y 9TUX 3BE3][ CBETUMOCTH MHOI'O MEHBIIE 3/JINHITOHOBCKOII.

Omaaxo Lpg o< M, a L oc M3, mosromy dem GoJIbINE Macca 3Be3IBI Ha HAYATIbLHOM
[JIABHOM MOC/IEI0BATeIbHOCTH, TeM Ouzke y Hee orTHoinenue L/Lpg k 1, u 'y 3Be3x ¢
Maccoii ¢Bbiie mpumepro 50 M

L~ LEd = M, T.C. L o< M. (XIS)
Ar
ITo 5Toit IpUUMHE B pacdeTax, He YUUTHIBAIONINX HOTEPIO MACCHI, SBOJIONMOHHBIC TPEKH
CAMBIX MACCHBHBIX 3Be3]] Ha quarpamme L — T.; NpeJCTaBIAIOT cO00ii TOPU3OHTAIBHBIE
npsamble L = const. Onako, Ha caMoM Jefe, u3-3a 6;m30cT L K L g MacuBHbBIC 3BE3JIbI
BECbMa MHTEHCHUBHO TEPAIOT MACCy, YTO, BCJICACTBHE 3apucumoctu L o< M, mpusoaut K
yMeHbIHeHI/IIO CBE€THUMOCTH 9TUX 3B€3/] C TeYCHHUEM BPEMEHU.

Panee 6bL0 1I0KAa3aHO, YTO YeM MACCHUBHEE 3Be3Ja, TeM OOJIbIIE B €€ IEeHTPAJIbHBIX
obsacTax BKJa (GoToHHOro rasa B nosnoe gapiaenne — cM. (I11.56). ¥V maumGosee mac-
CHUBHBIX 3Be€3]] HAYaJBHOI IVIABHOM IOC/IE0BATEILHOCTH BKJIAJ, M3/YUICHUS CTAHOBUTCS
onpeengionuM. [IockombKy Prag < T, a Py, cormacuo (I11.31), oc M?/R*, nomy1aem:

Eciu rertepb ncrosb3oBarh coorHornennst (X1.5), 3aMeHUB BTOpOe M3 HUX Ha MOJTY I€H-
HYyIO 3aBUCHMOCTD, a BMecTo (XI.4) mpunars (X1.8), To s nanbosiee MaCCHBHBIX 3Be3]L
HaYa/IbHOM [VIABHON 10C/IE0BATEILHOCTH OJLY IHM:

Tef x M5/(88+24), R x M(28+1)/(4S+12)’ Po X M(Q—QS)/(4S+12)’ TO x M5/(48+12).
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[Tockosibky s > 10, nosrydaeMm cjeyromnue Tpud/InKeHHbIe 3aBUCHMOCTH:

Tep ~ const, R oc M2, po ox M~Y2, Ty =~ const. (X1.9)

3Be3anpl ¢ M ~ M

Mper Bujiesin, 9TO CTPYKTypa BHyTpeHHHX obstacteit CoTHIIA XOPOIIO OMUCHIBAETCS 10~
murpornoii ¢ n = 3 — cm. Puc. I1.1. Cormacuo (VIII.9), Takasi MOjiesib OIUCHIBAET CUTYAITHIO,
KOTJIa TEILIO IIEPEHOCUTC M3/IyIeHreM IIPU HOCTOAHHOM I'PAIUEHTE Vg, ITO MO3BOIAET

HAIINCATD: P /T ,
%040 (—T) X = const, (XI.10)
Ty \m /), n+1

rie ungeke 0 y orHomenust L,/m mokasbiBaeT, 4TO pedb WJIET O Ipejese, K KOTOPOMY
CTpeMUTCH 3Ta Besmduna mpu r — 0.
U3 coornomenns (I1X.14) caemyer, aro B6m3u nenrpa y 3ses 'l T.e. mpu orcyTerBun
TEILIOBBIJIEJICHUS 3& CUET PADOTHI CUJI TATOTEHUS U HEHTPUHHOTO W3JIyU€HUS :
Lr o0
m ~ Chuc
OCHOBHOI UCTOYHUK SHEPTOBBIJIEIEHNIS Y PACCMATPUBAEMBIX 3B€3]] — IPOTOH-ITPOTOHHAS
IIEN0YKA, JIJIsT KOTOPON MOXKHO HAITMCATh:

0 2 S
e X XOp0T07

rie, corstacao Tabn.VIL1, s ~ 4.
Eciin yuectn, uTo B 1IeHTpe paccmaTpuBaeMbix 3Be3i Py o poTo/ o, U IPUHATH, 9TO
HEIPO3pavYHOCTh ormcbiBaercs 3akonoMm Kpamepca (VILL9), To (XI.10) npumer Bu;

3 Ho 2.5
T XI.11
X 7o X2 ( )

HOJII/ITpOHHOG HpI/I6JII/DKeHI/I€ IIO3BOJILAET TaKxXKe yTBGp)K,ZL&Tb, qTO0:
M T3 T3
10 _ “ef

X —=, = . XI.12
R3 Po Pph ( )

Ty Po

E7

FpaHI/I‘IHbIe yCJoBHA Ha ITOBEPXHOCTHU 3BE3/IbI JalOT JIBa JOIIOJHUTE/JIbHBIX COOTHOIIIE-
HUA:

M

L xT fR pphTef X —— RQ%ph

(X1.13)

npudeM, cormacto (VILL15), B paccmaTpuBaeMoM ciIydae g, < T of pph
Kombunupyst 3t coornorienus: nosry<anM, 9to i 38e31 'l ¢ maccoit ~ My, :

L oc M>5.

Cy6Kap.HI/IKI/I - 3B€3/Ibl C ITOHU2KCHHbLIM COAEPzKaHNEM METaJIJIOB.
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lg M/Me

Puc. XI.6: Bpemsa kusnu 3Be31 Ha IVIaBHOM IIOC/IEI0BATEILHOCTH 3BE3]], PA3HBIX Macc C
Pa3HbIM HAYAJIBHBIM XUMCOCTABOM COIVIACHO [27].

Bpems skusnau na TIT: tys ~ 0.008¢% - 0.1M/L o< 1/M™ ) T.e. maccusnble 3Be3/1bI
xupyT Ha [T Menbie. [Tpu XY = 0.602, X%, = 0.354 u Z = 0.04 375 ~ 20, 33 u 80 M.
JtetT jis 3Be3nt ¢ maccavu 8, 6 u 4 M, coorBercrBenno. g Cosana ty,9 ~ 11 Mmap. jer,
ay 3Be3n ¢ M < 0.8M tys npesbiaeT Bo3pacT BeesenHoil.

MakcumaJjibHasi Mmacca 3Be3/I;:
Begelman M.C., Evolution of supermassive stars as a pathway to black hole formation,

MNRAS 402, 673 (2010)

XI1.2 VcToitunBOCTb siJIEPHOT'O IOpeHusl B IeHTPAJIbHBIX
obJstacTaxX 3Be3/1 IVIaBHOI MOcJ/ie10BaTeIbHOCTH

[IpearoioxkumM, 9T0 B IEHTPAJIbHON 00JACTU 3BE3JbI, IJie IPOUCXOIAT SIJI€PHBIE peak-
MK, BCJICJCTBUE CIyYaiiHoOiNl (DJIyKTyaIrun TeMieparypa cjaerka yBeJInduIach, MpuIeM 3a
odeHb KOpoTKoe BpeMs. He mpuBeser s takoe cobbiTHe K KaTacTpodUdeckoil rudesn
3Be3/1bl? [leficTBUTE/IBHO, YBeIUYeHne TeMIIEPATyPhl JIOJIZKHO COIPOBOXKIATHCS YBeJInve-
HUEM CKOPDOCTHU SHEPTOBBIIEJIEHUS € e, KOTOPAs, KAK MbI 3HAEM, BECbMa CUJIBHO 3aBUCUT
oT TeMIepaTypbl. Ho 9T0 J10/12KHO BBI3BATH elrie O0JIbIliee YBEJIUIEeHNE TeMIIEPaTyPhI, eIe
OOJIBIIHIT POCT £y U TaK Jajiee. Kopode roBopsi, HauHeTCS JIABUHOOOPA3HBIN POCT dHEP-
IOBBIJIEJIEHUS], T.€. TEPMOAJIEPHBIN B3PBIB — BO BCSIKOM CJIydae, MMEHHO TaK IPOMCXOJIUT
B3PBIB TEPMOsiJIEPHOiT G0MOBI, B KOTOPOIl HAaYaJIbHBIN POCT TeMIEepaTypbl 0OecIeunBaeT-
csl TOJIPBIBOM aTOMHOIO 3apsjia. PaccyKias aHaJOrmYHbLIM 00pa30M MOXKHO IPUJITH K
BBIBOJLY, ITO HEOOJIBIIOE CIIyIaliHOE NOHUIICeHUe TEMIIEPATYPLI TPUBEIET K MOJTHOMY "BbI-
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KJIIOUEHNI0" TepMOsIIEpHOTO PeaKkTopa 3BE3/IbI.

O/Hako IpuBe/IeHHAS TIEMIOYKA PACCYKICHAN 3aBEIOMO OIMMUOOYHA — 9TO SICHO XOTS
OBl U3 TOTO, YTO TAKOI'O Poja COObITUs He MpoucxoidaT BHyTpu COTHIA, O 9eM CBUJIETE b
CTBYET MPAKTUYECKH TOCTOSIHHBINA IIOTOK HEHTPUHO U3 €ro Hejp. UToObI MOHITH, B 4eM
COCTOUT OIMOKa, ompesesinM Ha rpumepe CoJtHIIA, 338 KAKOE BPEMS t,,. OYJET IIPOUCXO-
AUTH POCT HEPrOBBLACJICHNA, €CJIN TEMIIEpaTypa B IHEHTPE 3BE€3/bl CJICI'Ka YBEJINYIUTHCA.
JL1st OTIeHKH 9TOr0 BpeMEHU HCIIOJIb3yeM COOTHOIIEHUE

E

tue ~ R
€

riae E = 1.5RT/u — ynenbHast TenioBast SHEPIrus ra3a, a € — CKOPOCTb $/IEPHOTO SHEPTOBbI-
Jle/IeHns, B JAHHOM cIydae, B IPOTOH-IPOTOHHOI renouke. B nentpe Commna EF ~ 2- 1017
apr/e, €5, & 20 apr/e/c (em. crp. 88), TaK UTO lyye ~ 3 - 10° ser. Takum oGpasom Hapac-
TaHUe TeMIIa SHEPrOBBIIEICHUsI, CIH Obl OHO MMEJIO MECTO, IIPOUCXOIMUIO Obl 3a BpeMms,
KOTOPOE B JECATKH MUJITHAPAOB Pa3 IIPEBBIMIAET TUAPOJUHAMIYECKOE BPeMd tpyq JlarKe
s CostHITa B 1eI0M — cM. pasgest 1.5, VMHbIMu cioBaMu, THIOTETHIECKHA POCT SHEPIoO-
BBIJIE/IEHUST HE JIOJKEH HapyIaTh MEXaHUIECKOTO PAaBHOBECHUs 3Be3/1, MO00HbBIX COoJTHITY.

Ho oka3swiBaeTcst, 9T0 IIpU YCJIOBUH COXPAHEHUS IMIPOCTATUIECKOTO PABHOBECHS JIABH-
HOOOPA3HOro HapacTaHus SHeprowbiaeaeHust B meHTpe CoJiHIa MPOUCXOJIUTD HE JIOJIZKHO
Boob1ie. [TosicHIM ¢ ITOMOIIBIO MOJIEIBHBIX PACIETOB, IOYEMY TaK IIPOUCXO/INT.

Paccemorpum HeO0/IbITYI0 00/1aCTH B OKPECTHOCTH IIEHTPA TMOJTUTPOITHON 3BE3/1bI, BHYT-
PU KOTOPOil TJIOTHOCTH, JABJICHUE W TEMIIEPATYPY MOYKHO B IT€PBOM MPUOJINKEHUN CYM-
TATh TTOCTOSHHBIMI U PABHBIMHI IEHTPATLHOMY 3HaYeHHIO po, Py u Ty. ! Vimes aTo B BuIy
MBI JIJIsT KpaTKoCcTu OyaeM oryckaTh uHjaekce "0" B mOC/IeAyIONnX BhIKIAIKAX.

IToBbimenue TemiepaTypel rasa 3a BpeMda <K tpyq IPUBEJIET K HOBBIIICHUIO JaBJICHUA
B 00J1aCcTH, U OHO CTAHET OOJIBbINE, YeM JIaBJICHHE, OOYCJIOBJICHHOE BECOM BBIIICICKAIITUX
cioeB. B pesysbrare 06/1acTh HEMHOTO PACITUPUTCA. B paMKax MpUHATOTO TPUOJIMZKEHUST
Macca U PaJInyCc BHYTPHU OOJIACTU CBS3aHBI COOTHOIIIEHUEM:

4 3
m= =Trep.
3 p

Huddepernupyst 570 paBeHCTBO 110 BpeMeHH TIpu m = const (JlarpaHzKeBa IPOU3BOIHAA )
TTOJTY YHM:
= (XI.14)
p r
Unrepriperanus 5T0ro pesysibTaTa OYeBHJHA: IPU pacimpenun obsactu (1 > 0) mior-
HOCTBH Ta3a yMenblaercs (p < 0), a npu cxkaTuu — Bo3pacraer. [lJist oJimTporHoit 383,161
¢ JanHoit Maccoit M cBA3b MexK 1y BesmauHamMu By u py 3a/1aeTcsd COOTHOIIEHUEM:

3/2
zn(n+1) 2 p3/2
Qﬁ G3/2 p2 ’
1HaH01\’IHI/IM, 9TO B L[eHTpe, T.€. HpI/I T = 0 HpOI/ISBOﬂHbIe ITUX BEJINYUH paBHLI Hy.J'IIO7 HOSTOI\/Iy pa—

BEHCTBO CaMHX BEJMYMH UX 3HAYEHUIO B IIEHTPE JIOJKHO BBIIOJIHATHCA C TOYHOCTBHIO JI0 MAJIBIX BTOPOT'O
MIOPSAJIKA IO T, T.€. paccMarpuBaeMas 00JIACTb He TaK YK M MaJa.

M =
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KOTOPOE MOKHO HOJTyauTh nojcrasus Beipazkenne (11.2) B (11.25). Ecin npenebpetds n3me-
3/2

HEHHUEM NHJICKCa ITOJIMTPOIILI C TEHEHNEM BpeMEHU, T.€. IIDUHATL, YTO 2, (TL + 1) = const,
TO PO DEPEHITUPOBAB ITO BHIPAYKEHHS 110 BPEMEHH TIOJIYUUM:
P 4p
= (X1.15)
P 3p

Orcioza cireftyer, 4To Ipu yMeHbleHun wiotHoctu (p < 0) jaBjieHne B 06J1aCTH TAK¥Ke
JOMKHO yMenbmarhes (P < 0). 2

Yr06b! BBISICHUTDL, KAaK [IPU 9TOM OYJET MEHSTBHCS TeMIEepaTrypa B 00JIacTH, CJeiLyer
3a/]]aTh ypaBHEHHE COCTOAHUA ra3a, T.e. 3aBucuMoctb P = P(p, T'). 3anuieM 9Ty 3aBUCH-
MOCTb B BUJI€ CYMMBbI JIABJIEHUH GOJIBIIMAHOBCKOIO T'a3a MOHOB M CUJIBHO BBIPOK/IEHHOIO
(T' < Tr) rasa smekTporoB — cM. (X.8):

RT
P =P+ P = pT+Kop”,

IJie BEJIMYUHBI (4, [y 1 7y — HEKOTOPBIE IMIOCTOSHHBIE BEJIMYUHBI.
Huddepennupyst 310 coorHomenue no Bpemern u yantbiBas (XI1.15) mosryanm:

T P+(4—-3y)P¥ P
T AP, P

(X1.16)

PaccmorpumM ceitgac cutyaruio, XapaKTepHYIO JIJI Te€X 3Be3/1 IJIABHOM 1TOCIe0BATEb-
noctu, BKJodas CoJiHile, B HMEHTPAJIBHBIX O0JACTIX KOTOPBIX MOYKHO IIPEHeOpedh BbI-
POXKJICHIeM 3JIEKTPOHHOTO Traza. B aToMm ciydae crepyeT moaoxuTh P9 = 0, u 1/pu =
1/p; + 1/ pte, 970 TPUBOIUT K COOTHOIIIEHUIO:

T P
— = (XL.17)
T 4P

U3 KOTOPOIO CJIEYET, U4TO MaJIeHue JaBJIeHUs B 30HEe SHEPTOBBIIEICHUS COIIPOBOYKIAETCS
MTOHVKEHNEM TEeMIIEPATYPHI.

[Toneenem uror ckazannomy. CiydaiiHoe MOBBIMIEHNE TEMIIEPATYPhI B IMEHTPAIHHOM
00J1aCTH 3BE3/Ibl IPUBOJIUT K OBICTPOMY BO3PACTAHUIO JIABJICHUS ra3a, B pe3yJbraTe 4ero
00J1aCcTh pacIIupsieTcs, U TeMmieparypa B Heil yMeHbIaercs. PaccyxKjias aHaJoruIHbIM
obpaszom u ucrosb3ys coornomienus (X1.14-X1.17) MoKHO HPUATH K 3aKJIIOYEHUIO, ITO
BCJIEJT 38 CJIyYailHbIM IIOHUZKEHUEM TeMIIepaTyphbl ocieyeT ee yBenndenue. Ho aTo o3na-
vaeT, 910 y CoJiHIa 1 MoI00HBIX €My 3Be3J TEMIIEPATyPa B 30HE SHEPTOBBIICICHIS TTOCIIE
CJIy9aifHOrO MOBBIIIEHUs UJIU IOHUYKEHUS CTPEMUTCS BEPHYTHCS K UCXOHOMY 3HAYCHHUIO.
Takum 0bpazoM, 9TU 3BE3/IbI BeIyT celst, KAaK caMOPEryJIUPYIONUiicss TepMOsIePHbIi pe-
AKTOP.

Pacemorpum terepnb, kKakoB Mexanu3M "camoperynupoBku" . C TOYKHU 3peHUsT TEPMO-
JIMHAMUKH, CyTh sIBJIEHUsI COCTOUT B TOM, UTO M3-3a CJIy9aifHOIO MOBbIIeHNsT ([IOHUKEHN )

2@opmyna (XI.15) cosnasaer ¢ coorromtenuem (1.49), KOTopoe GBITO TIOIYUEHO JIsi TOMOJOTHIHbBIX
3Be3/I. DTO CBSA3AHO C T€M, UTO HOJUTPOITHBIE 3BE3/IBI C OJIMHAKOBBIM UHIEKCOM I'OMOJIOTUYHBI — CM. 33189y
11.3.
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TeMIIepaTypPhbl B 30HY SHEPIrOBBIJIEJIEHNs TOCTYaeT HEKOTOPOE JIOMOJTHUTETHHOE KOIIMIe-
cTBO Terta 0() (MOJOKUTEIHbHOE WIIH OTPUIATEHLHOE), CBA3aHHOE ¢ HEOOJIBINIM yBeIH-
yeHreM (yMEHBIIEHUEM) CKOPOCTHU SIEPHBIX PEeakIuii. DTO JONOTHUTELHOE TEIIO0 TPa-
TUTbCA Ha u3MeHeHue BHyTpenueil sueprum obsactu M.AE, rme M, — macca obsactu,
U Ha coBepieHue paboTbl §A IO MEPEeMEIIEeHNIO BbIIEIeXKAIINX CJI0eB (BBEPX HJIN BHU3
COOTBETCTBEHHO).

Sanmiem st pacCMaTPUBAEMOIl TIEHTPAJILHON 00JIACTH 6 UeA0M COOTHOIICHHE, BbI-
pazkarorriee TepBblii 3akoH TepmoguHamuky B (hopme (I11.11), siBHO BbIIENB UJI€HBI, CBsI-
3aHHbIEe C U3MEHEHNEeM BHYTPEHHel SHeprueit 00/1acTu u coBepiinaemMoit ero paboThl:

0Q T K,
— =CydT + (Cp — Cy) dT — dP . XI.18
¢ ‘;E +E " v) p* K _ ( )

0A

Hockoubky df = f dt, Boipaskenue (XI.17) MOXKHO 3aICATH B BH/JIE:

4P
dP = —dT'.
T

C y4q€eToM 9TOro O6CTOHTeﬂbCTBa n Bblpa}KeHI/Iﬁ JJ1d TepMOJNHAMUIYICCKUX ITPOU3BO/I-
HBIX GosIbIIMaHOBCKOTO ra3a (eMm. pasmen 111.3.2), coorromenue (XI.18) mpeobpasyercst K

BU/LY:

0Q _ 3R yp R ar— M ar—coar (X1.19)

M. 2p Iz 24

—_—— ——
dFE 0A
1€ BEeJIMYIMHa
3R

_ 3 X1.20
C 2 (XI.20)

peJICTaB/IseT coDOM yIeTbHYI0 TEIJIOEMKOCTh PACCMATPUBAEMOrO MPOIecca, ITO CJIe/Ty-
eT M3 TePMOJMHAMUIECKOro onpejesenns nousTus remioeMkoctn: C' = dQ/dT. Dror
MPOIECC — PACIIUPEHne UM CKATHE DOJIBIIMAHOBCKOTO ra3a, IPHU KOTOPBIX COXPAHSIETCs
COCTOsIHUE THJIPOCTATUIECKOTO PABHOBECHSI.

[TockosbKy, cormacHo (X1.20), TermmoeMKoCTh JIAHHOTO MIPOIECCa OTPUIATEBHA, TO ITO
O3HAYAET, 4TO Korja B obsacTh jobasisgercs Temno (6¢) > 0), To Temieparypa B Heit
ymenbinaercst (A7 < 0). 3

Coornomenne (XI.19) mo3BosisieT MOHATH HPUYUHY TAKOTO [MOBEJIEHUS: COBEPIIaeMast
ra3oM (orpuraresibHasi) paboTa OKa3bIBaeTCst 6OJIbIIE, YeM IPUPAICHIE BHY TPEHHEN SHep-
rur. AHAJOMMYHbIE PACCYKJIEHUsI TOKA3bIBAIOT, YTO €CJIU U3 paccMaTpUBaeMoil obsacTu
3a0paTh 4YacTh Temaa (3a CYeT yMEHbBIEHUsI CKOPOCTHU sIEPHBIX peakiuii), To pabora
BHEIITHETO JIABJIEHUs ¢ M30BITKOM CKOMIIEHCUDYET yMEHBIIIeHHe TeILJIOBON SHEPTUU, 9TO B
pesy/bTaTe MpUBEJEeT K HATPEBY ras3a. B 9TOM 1 3aK/II0UAeTCsT MEXaHU3M CaMOPEryIupo-
BaHUs TEPMOSJIEPHOTO peakTopa 3Be3)1 Mo00HbIX COoJTHILy.

3Bo m3bekanns HemOpasyMeHHI 3aMeTHM, ITO B 9TOM HET IPOTHBOPETHS: 3aKOHBI TePMOIMHAMUKIT
TPeGYIOT, YTOOBI TIOJOKUTEIbHBIME Obln Jummb TertoeMkoctun Cy u Cp — cM. [6], Hanpumep. OTpura-
TEeJIHYIO TEIJIOEMKOCTh UMEET ¥ MOPO3MJIbHAS KaMepa XOJIOUJIbHUKA, B KOTOPOIT TPOyKTHI OXJIaXKIaI0T-
csl B pe3y/IbTaTe MOTPeOIeHUS SHEPTUH OT JIEKTpruiecKkoil cetu. Ilpu 3ToM XOIOMMIBHUK B IEJIOM UMEET
[TOJIOYKUTEJIHHYIO TEIJIOEMKOCTD — HEIIOHUMAHME 3TOr0 (haKTa JOPOro 00ONLIOCHh MHOTUM a0UTyPUEHTAM...
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ObparuTe BHUMaHUe, YTO ONUCAHHBIN BBINIE MeXaHN3M Y(P(HEKTUBHO yCTPAHSIET CJIy-
vaiinple IIyKTyaluy TeMIepaTypbl 3a BpeMsd ~ tp,q. 1lo 9roit npuunne nam He HyzKHO
ObLIO pacCMATPUBATH, KaK 3TU (DIYKTYaIMU BIUSIOT HA MEPEHOC TEILIa U3/IyIeHueM UJIn
KOHBEKIIMell B paccMaTpuUBaeMoil 00JIaCTH: XapaKTepHOe BpeMs M3MEHEHUs! IapaMeTpPOB
IIPOIIECCa TEILIOIEPEHOCa 0PI IKa TEILJIOBOIO BPEMEHU ij,, KOTOPOE > tjyq.

North

arcsec

0.0

East
0

0.001 0 0.001

arcsec

The Shape of Achernar =
(VLTI + VINCI) e
ESO PR Photo 15b/03 (11 June 2003) ©European Southern Observatory RS

Puc. XI.7: Crttocayrast dopma 38e3161 Axepaap (a Eri) o6ycsioBiieHa GBICTPBIM OCEBBIM
parienueM. Ilo nanubiv VLTT.

XI1.3 I3menenume mapaMeTpoB 3Be3]l II0 Mepe BhITOpa-
HUA BOJOPOJIA

DaxTopsl, oupe/esionue xapakrep spoonuu Ha [T (4'H — ‘He + 2¢™):

1) Ymenbuenne ynciia qactun, = P oc p~! = 0.75 + 1.25X — 0.257 najaer;

2) YMeHbleHue KOJUIeCTBa ¢ = aJlacT .

B pesysbraTe 1mo Mepe BbITOpaHusi BOJAOPOJa p., 1. u cerumoctsb(!)pactyr. M3menenue
R wme crosb TpuBnanbao - cM. Puc. XI1.4,XIL.6. IlociaencTBusa pocra p. Juisd 3Be3, MaJsioit
Macchl (BBIPOXKJICHUE e-ra3a).

[To mepe BbIropanust BOJAOPOIa MOJIEKYJIPHBII BEC BEIIECTBa B 30HE SHEPTOBBIJIC/IC-
HUA [l yBeJIUdmBaeTcd. B ciydae 3Be3J; BEpXHEH YacTH TJIABHOW ITOCJIEI0BATE/IHLHOCTH,
KOTOPbIE MMEIOT KOHBEKTHUBHOE $/IPO, 9TO IMPHUBOJUT K TOMY, YTO C TEUYCHHEM BPEMEHU
OTHOCHUTEJIbHAS MacCa KOHBEKTHUBHOI'O S/IPa YMEHBINACTCA — 9TO CJIELYET U3 COOTHOIICHUS
(XIL.3). KauecTBennast KapTuHa TOTO, KAK [P TOM IIPOUCXOIUT U3MEHEHUE COJICPYKAHIS
BOJIOPOJIa B IIEHTPAIbHBIX 00/1aCTIX TaKuX 3Be3.1 mokasaHa Ha Puc. XI.8. Cunraercs, 94To
cTa s TJIABHOM T0CJIe0BATEIbHOCTU 3aKaHINBAETCsI, KOIla KOHIIEHTPAIUsl BOA0OPO/Ia B
IeHTpe 3Be3/ibl cTanoBuTed Menbie 0.01.
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::{H.r\
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Puc. XI.8: N3menenne konieHTparuu Bojopoida Xy ¢ TedenueM Bpemenu y 3se3n ['1I:
JIeBbIil pucyHOK — Jiist 3Be3sbl ¢ M = 1 Mg (myuumcroe sijipo); mpaBblii pUCYHOK — JIJisi
3Be3zbl ¢ M = 5 M, (KOHBEKTHBHOE $1JIpO, pa3Mep KOTOPOro MEHSIETCsT B XOJI€ IBOJIIOIHN ).
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dBosntonusd 3Be37 ¢ M < SMe nocie
TJIaBHOII ITOCJIeJOBATEIHHOCTHI
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Puc. XII.1: DBosmonuonnbie TPEKU 3Be3/1 PA3HBIX MacC.

O6I]_H/IM CBOMCTBOM 3BE€3/ B 9TOM JHalla30H€ MaCC ABJIACTCA NX KOHCYHaA Cy,ZLb6aI B
KOHEYHOM HUTOI'€ 3TU 3BE3/IbI IIPEBPalllalOTCA B OeJIbIit KapJiuK.

140
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XII.1 TIlogBJjeHnne cijoeBoro ncroudnka H— He.

Kak wmbr yxe 3naem, y 38e31 ¢ M > 1.3M; na I'll nmeercsas KOHBEKTUBHOE SO, B KO-
TOPOM IPOUCXOJIUT TOPEHUE BOJOPO/Ia, IPUYEM 10 Mepe IPEeBPAIEHUs BOJIOPO/Ia B IesIuit
CBETUMOCTD 3B€3/Ibl HEMHOT'O YBeJINYINBaeTCs, a 3 PeKTUBHAS TeMITepaTypa yMEHBITIAeTC s
— Ha jguarpamme ['-P 3Tu 3Be31bI 1epeMeniatoTcss BBEPX CJIeBa-HaIpPaBo.

Korna konmnenTpamus Boopoa B sape Xy CTAaHOBUTCA MEHbBIIIE HEKOTOPOI'O KPHUTH-
YECKOT'O 3HAYEHUsI, MOIIHOCTD $IJI€PHOIO SHEPrOBBIJIC/IEHNsT OKA3bIBACTCS MEHbIIIe CBETU-
MocTH 3Be3/ibl. Torjia 3Be3/1a HAUMHAET C2KUMATHCH, YTOOBI JIOMOJTHUTEILHBIM BbIIe/I€HU-
eM Teria 3a cdeT pabOThl CUJI TATOTEHHs CKOMIIEHCUPOBATH 3TOT Jedunut. B mnporecce
ckatug Ha Jguarpamme [-P 3Besna neuxkercs, kak u jo ', mo gyumcromy Tpeky (cm.
crp.122):

lg L = 0.81gT.s + const,

T.e. BBEPX U CIIPABa-HAJIEBO, B PE3Y/ILTATE Y€ro Ha TPEKE OABJIAETCS XapAKTEPHBII H3JI0M.

[Ipu cxkaTuu TPOUCXO/IUT YILUIOTHEHUE W HAI'DEB BHYTPEHHUX 00JIacTell 3BE3JIbl, U K
TOMY MOMEHTY, KOT/Ia BOJOPOJ B SJIpe MOJHOCTHIO ITPEBPATUTLCA B I'eJINii, TeMIIepaTypa
3a TpeJIeJIaMU dAJIpa IMOJHUMACTCAd HACTOJBKO, UTO BOJIOPOJI TaM HAYMHAET T'OPETh CTOJIb
’Ke MHTEHCUBHO, KaK U B siJ[pe Ha IVIABHOU I10CJIe/I0BaTeIbHOCTU. TakumM 00pazom 00/1acTh
SIIEPHOIO SHEPIOBBIJIEJICHUS B 3BE3J/le U3 IEHTPAJIbHON cdepbl mpeBpaiiaercs ¢ chepu-
YECKMil CJION, KOTOPBII OKPY?KaeT sJIpO, COCTOMAIIee U3 Tejidsd ¢ HeDOJIBIION IIPUMECHIO
TSIZKEJTBIX 9JIEMEHTOB. DTOT CJIOW MPUHSITO HA3BIBATH CJIOEBBHIM UCTOTHUKOM.

YV 3Be3n ¢ M < 1.3M kouseknuu B djpe Ha ['I] He 66110, IOSTOMY CJIOEBOIT NCTOYHUK
dopmupyercst y 3Tux 3B€371 "ecTecTBEHHBIM IyTeM" : OH BOZHUKAET, KOT/1a KOHIIEHTPAIUS
BOJIOPO/Ia B IIEHTPE CTaHOBUTCH Ipenedpexkumo masioit — cm. Puc. X1.8. ITo mepe Bbiropa-
HUsI BOJOPO/Ia TOJIIMHA CJI0EBOI'0 UCTOYHUKA ITOCTEIIEHHO yMeHbInaercsd. [Ipu sTom sB0-
JIIOTIMOHHBIN TPEK 3Be3J1bl Ha JinarpamMe ['-P 3arubaercsa B 06/1acTh HU3KUX TEMIIEPATYP.

M B TOM U B JIipyrom cjydae TrOpeHre BOJIOPOJia B CJIOEBOM HUCTOYHUKE ITPOUCXOIUT B
CNO-1mmk e, a epeHoc Teria BHYTPU 00JIaCTU SHEPTOBBIIEICHUS OCYIIECTBIISETCS W3/Ty-
YeHueM. Y YUTbIBast 3TH OOCTOATEIHLCTBA, & TaK YKe TOT (haKT, UTO HEHTPUHHAST CBETUMOCTH
B paccMaTpuBaeMoil 006/1acTu MHOTO MeHbIIe (POTOHHOM, MOYKHO HANTH, KAK MEHSIETCS CBe-
Tumocth LH BHYTpU €/10eBOro MCTOUHMKA B 3aBUCUMOCTH OT JIOKAJILHON KOHICHTPAIIUI
Bozioposia Xy (cm. Takske 3amady XIL.1).

MpbICIEHHO BBIJICJIMM BHYTPHU CJIOEBOI'O HCTOYHUKA CHEPUIECKYIO MOBEPXHOCTD C PaJIH-
YCOM T, U TIepeiiJIeM B CHCTEMY OTCUYETA, CBSA3AHHYIO C 9TOH IMOBEPXHOCTHIO. 3a 1 ceKymH Ly
4epe3 [MOBEPXHOCTL CBepxy Brekaer My Xp IpaMM BOLOPOLA, KOTODBIH B HUZKEIErKa-
IUX CJIOSIX TIOJHOCTBIO IPEBPAINACTCH B Teluil, Bbiaess suepruo My Xy By, tae Ey —
sHeprus, coorseTcTBylomas npespaienuio 1 2 H B He. B cramumonapnoit cutyaruu, Ko-
ra M (1) = const, n mapaMerpbl CJI0si MaJIO MEHSIFOTCS C TedeHHeM BPEMeHH, BCs 9Ta
SHEPIUs YHOCUTCS M3JIyUICHUEM, TIO9TOMY:

LA = My Xy Ey, LY =My X% Ey. (XII.1)

BTOpOQ cooTHoleHnue, B KOTOpoM LH n XIO;I — IIOJIHasd CBETHUMOCTDL CJIOEBOI'O UCTOYHHUKaA U
CoJIepzKaHre BOJOPO/1a B 000/1049Ke 3B€3/Ibl COOTBETCTBEHHO, I10JIyd9aeTCd U3 II€epBOI'o, €CJIn
B Ka4€CTBE IIOBEPXHOCTU BbI6paTb BHEIIIHIOIO I'PaHUILYy CJIOEBOI'O MCTOYHHKA.
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Takum o6pazom, BOIOPO/I BelecTBa 000I0UKH, ITPOXO/Isd depe3 CJI0eBOI HCTOYHUK, Ipe-
BpAIAeTCs B MU 1 0CeIaeT Ha TesineBoe (€ HeDOJIBIION TPUMECHIO TSZKETIBIX SJIEMEHTOB)
sjpo. Ilo cytu gena, mpoucxoauT akKKpelus: BemecTBa 000JI09KN Ha sJIpO 3BE3/IbI, Macca
KOTOPOI'O €XKeCEKYHIHO YBeIMInBaeTcs Ha seandnty My. MoxKHO TakKe CKasaTb, UTO
[IPA 9TOM IIPOUCXOJIUT JBUKEHHUE CJIOEBOI'0 UCTOYHHMKA OT IEHTPaA 3BE3JbI K €€ MOBEPXHO-
cru ¢ (JarpaHzKeBoil) CKOPOCTHIO My.

Tax win wHAYE, HO ¢ YBEJIMYCHUM MACCHI fJIpa IJIOTHOCTH M TEMIIEPaTypa BEIIECTBA
B HEM CTaHOBATCsI Bce Gouible u Gosbine. Ormernm, Keraru, 9to npu Bboge (XI1.1) mbr
npeHedperyii CBeTUMOCTBIO TeJINEBOTO sijipa L., 00yCIOBICHHYIO PAOOTO CHJI TATOTEHUS
IIPU YBEJIMYEHUU €r0 Macchl, OHAKO Ly, < Ly, TOCKOJIBKY 9BOJIIONMS ITPOUCXOIUT HE B
TEILJIOBOM, & B AJICPHON IMIKAJIE BPEMECHMU.

JlabHeiinas 9BOJIIONUS ITPOUCXOUT TIO-PA3HOMY Y 3Be3J1 PA3HOl MACCHI.
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Puc. XII.2: Cxema, mosicHSIOIIAsi XapaKTEP SBOJIONUU [IEHTPAIBHBIX 00/1acTeil 3Be3/1 pas-
HBIX MAaccC.
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XII.2 3Be3aw mamoii maccor (M < 0.5M)

B nenrpasibabix obsactax 3se3s ¢ maccoir < 0.5 Mg s/1eKTpoHHBI T3 OJIM30K K BbI-
POXKJIEHHWIO yKe Ha TuiaBHOI mocjenoBaresbHocTu — cM. Puc. XIL.2. Korma y stux 3Be3;1
MTOABJISIETCST CJIOEBOM MCTOYHUK, HUXKEJIEXKAIllee Me/INeBOe siJIpo, 10 Mepe yBEJIUICHHUS ero
Macchl M., cranoBuTCs Bee Oosiee u 6oJiee IIOTHBIM. 1 XOTs POCT IJIOTHOCTH COITPOBOK A~
eTcsl pOCTOM TeMIteparypbl, oTHolerne 1'/Tp B siipe yMEHbIIAeTCsl ¢ TeIeHIEeM BPEMeHH,
T.€. CTEIIEHb BBIPOXK/ICHUS JIEKTPOHHOI'O ra3a HapacTaerT.

N3-3a BBICOKOI IJIOTHOCTH T'€JIUEBOE SJIPO Y STUX 3BE3/I UMEET CPABHUTEIHHO HEOOIIb-
e pasmepsl R.. [1o 3Toil npudnHae HEOCPeACTBEHHO 3a IIPeIeIaMu sijIpa, T.e. B CJIOEBOM
HCTOYHUKE, JaBjieHne yOblBaeT Hapy:Ky odeHb ObicTpo. lefictBurensro, cormacuo (1.20),
dP/dm o« —M./R?} nostomy na paccrosuun Ar < R, pequuuna P ymenbluaercsd Ha
HECKOJIBKO ITOPSIAKOB. DTO, B CBOIO OYepPe/lh, O3HAYAET, UTO BeC 0DOTOUKHI 3BE3/IbI, JI€ZKa-
el Ha/l CJI0EBBIM UCTOYHUKOM, CPABHUTEIBHO MAJ U OT €ro0 TOYHOTO 3HAYEHHSI CTPYKTY-
pa CJI0eBOr0 UCTOYHMKA, JIOJIZKHA 3aBUCETH ¢/1a00. IMEeHHO 110 3TO#l IpudrHe B YUCICHHBIX
pacderax IMOJIy9aeTcs, 9TO Y pacCMaTPUBAEMOl TPYIIIBI 3BE3/] CJI0€BOI MCTOTHUK HMEET
"yuuBepcasbHy0" CTPYKTYpPY, KOTOpasi, TIABHBIM 00pa30M, OIPEIEISIeTCs MacCcoil U pa-
JINYCOM T€JINEBOTO sjipa. BrpodeMm, mapaMeTpbl CJIOEBOTO UCTOTHWKA TAKYKE 3aBUCAT OT
XUMHYECKOI0 cocTaBa 000/109KH, a TodHee oT cojepxkanud H, C, N u O.

B coorBercTBHM €O CKAa3aHHBIM, MOYKHO MMOKa3aTh aHajuTHdecku (cum. 3ajady XI1.2),
YTO €CJIM 3aBUCUMOCTE CKOpOCTH 3HeproBbleneansa B CNO-I1KIIe almmpoKCHMIPOBATE CTe-
meHHOM (byHKIWMeH ecyo < 1%, TO Temueparypa B OCHOBAaHUU CJIOEBOIO MCTOYHUKA 1. U
€ro CBEeTUMOCTH Ly OyJIyT 3aBHUCETH OT HapaMeTPOB fIpa CJIEIYIONIUM 00Pa30oM:

Tox 7=, Lux M R~ (s43)/3 (XI1.2)
Ecim B kadyecTBe opueHTHpa IMOJOKHUTL S = 14, uro, cornacao Tabs.VI.1, coorBer-
crByeT Temmeparype ~ 20 min. K, To mosmydum, uto Ly MCQZ/ K Rc_17/ ®. Kak 6bL10

CKa3aHO BBIIE, [0 MepPe YBEJNUCHUsT MACChI J/Ipa, €r0 PAJINYC YMEHDIIAETC, TIO9TOMY U3
YUCJIEHHBIX PACYETOB MOJIYYAETCs, YTO CBETUMOCTD CJIOEBOIO UCTOYHUKA, 8 BMECTE C Hei
U CBETUMOCTD 3BE3/IbI PACTYT 110 MEPe yBEJIMICHUS MACCHI [eJINEBOTO si/Ipa OYeHb OBICTPO
(npumepno 110 3akony Ly o< M?). To Toit »Ke npudmrHe, X0Ts ropas/io MeJJIeHHel, pacTer
u Temrieparypa 1., a ¢ Heil u nenTpasbuas remieparypa 1g.

C TedennmeM BpEMEHM CBETUMOCTH U TeMIEpATypa sjpa HAPACTAIOT BCe ObICTpeil n
opicTpeii. JeitcrBurensho, cormacao (XIL1), My o< Ly o< M?, Te. dem Gomblme Mac-
ca s/ipa, TeM ¢ OOJIbIell CKOPOCTHIO OHA YBEIUYMBAETCA, U TEM, CTaJ0 OBbITh, ObICTpee
yBesmmauBatoress Ly u 1.

Pocr cBeTrMocTH 3B€3/1bI CONIPOBOK/IAETCs CUJILHBIM YBEJIMUEHUEM €€ PaJinyca U HeOO b
UM [OHV2KeHneM 3(hMOEKTUBHON TeMIlepaTypbl — 3Be3/1a IIPEBPAIAETCH B KPACHOIO T'H-
raHTa. YrKe Ha TJIaBHOI IOCJIe0BATEbHOCTH 3Be31pl ¢ Maccoit M < 0.8 Mg mmeroT
BHEITHIE KOHBEKTUBHbBIE 30HbI, TVIyONHA KOTOPBIX BO3PACTAET 110 MEPE POCTa MACCHI TeJIHU-
eBOro sjipa. B pe3y/ibrare MajlOMacCUBHDIE 3BE3/IbI IIepeMernaoTes Ha jguarpammve ['-P o
Tpeky Xasiiu, HO B 0OPATHOM, 110 CPABHEHUIO C MOJIOJBIMU 3BE3IaMU, HAIIPABJICHUH (CM.
Puc.XII.3), npudaem dem BbIIIie 3Be3/1a MOHUMAETCS 10 TPEKY, TeM OBICTpeil OHa MO HeMy
JIBUZKETCH.
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CuibHOE BBIPOKIEHIE 3JIEKTPOHHOTO Ta3a B si/pax 3Be3/ MaJIoil MaCChl IPEIATCTBYET
HOBBIMIEHUIO X IMEeHTPAJLHOM TemiepaTypbl J0 Beindnnbl ~ 10° K, naunnas ¢ KoTopoit
rejnii MHTEHCUBHO TpeBpaliaercd B yriepoi. llpomcxomuT 3To 1mo Toit Ke mpuynHe, 110
KOTOPOl MoJIojible 3Be3/bl ¢ Maccoit Menee 0.08 Mg cranoBaTca He 3Be3/1aMU TIJIABHOI
[IOCJIeIOBATEIbHOCTH, 8 KOPUYHEBBIMU KapJaukaMu — cM. cTp. 123 u Puc. X.3.

C TevueHMeM BpPEMEHHU CJIOEBOI MCTOYHWK C/IBUTAETCS BCe OJIMKe K MOBEPXHOCTHU, YTOH-
JaeTcd W B KOHIIE KOHIIOB IPOIAJIAeT, KOIJa 3Be3/la CTAHOBUTCA KpacHbIM rurantom. Ha
9TOii cTaun 000JI09Ka 3BE3/IbI HCTEKaeT B OKPYIKAIOIee IPOCTPAHCTBO (COpachIBALTCH).
[To mepe cOHpoca 060/I0UKHM 0OHAXKAIOTCS BHYTPEHHEE, O0Jiee TOpsAYne CJIOU, B Pe3y/IbTaTe
Yero TPEK 3Be3/Ibl 13 00JIACTH KPACHBIX TMIAHTOB yXOJUT BJIEBO B 00JIACTH 3BE3/l C OUYeHb
BbICOKO# T.r. B koneunom mTOre OT 3BE3/[bI OCTAETCA CUILHO BBIPOXKJEHHOE $JIPO, CO-
CTOMAINEE U3 TeJIUs ¢ HeDOJIBION IPUMECHIO YIJIEPOJIa B IEHTPAIbHBIX 00/IaCTIX, KOTOPOE
OKPY?KEHO TOHKO# ODOJIOUKOIN M3 TOpsiiero, HEBBIPOXKJIEHHOTO ra3a. JTa KOHMUryparms
[IOCTEIIEHHO OCTLIBAET M 3Be3/Ia IIPEBpAIaeTcs B OeJiblil Kapjuk — cM. paszen XI11.2.

CitejlyeT OTMETHTDb, YTO BpeMsi, KOTOpoe Heobxommmo 3Be3mam ¢ M < 0.8My s
IpeBpalennsd B OeJIblil KapJjuk, IpeBblaeT Bo3pacT Beesennoit. Bee uzsectbie resme-
BbIe Oejible Kap/uKu, c(hOPMUPOBAJIUCH B JIBOMHBIX CHCTEMAaX M3 3BE3J] C MaCCO ropasjio
6ouibtiie 0.8 M), KoTopble COPOCHIN OCHOBHYIO JIOJIIO CBOEH MACChl HA COCEJTHIOI 3BE3/LY.
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Puc. XII.3: 9Bosmormonnsie Tpeku CoutHia 10 u ocye npuxoma Ha 11
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XII.3 SBomonuga 3Be3g ¢ M > 0.5 M, go dbopmuposa-
HUS yTJIEPOJTHOIO SIpPa

XII.3.1 3Be3abr ¢ maccoii 0.5M. < M < 2.3M

BragaJjie TOT Ke IIyTh, YTO M y MaJOMaCCUBHBIX 3B€3]], HO BBIPOXKJICHIE HE CTOJIb BEJIUKO
u Ty nocruraet snadenns ~ 108 K, moce wero naumnaerca ropenne rejmst: 3 - 3He — $2C.
DJIEKTPOHHBII Ta3 MPU STOM SABJSETCS HEPETATUBUCTCKUM: 1g p < 6, v = 5/3.

[TockoIbKY B BBIPOXKJIEHHOM Tas3e JiaBjeHune cjiabo 3aBUCUT OT TEMIIEPATypPhl, MeXa-
HU3M CaMOPErYJIUPOBaHUs sIIEPHONO TOpPEHUsI, ONMCAHHBI B pasjgese XI.2, He paboraer.
JleiicTBUTENIBHO, CIIyYaiiHOE HOBBIINIEHUE TeMIepaTypbl B 00JIACTH SIIEPHOIO SHEPIOBBI-
JIeJIEHHsT [IPUBEJIET K TIOBBINIEHUIO JIaBJIEHUsI, B pPe3yJibraTe 4ero 9ra 00JacTh HEMHOTO
PaCIHIMPUTHCs, TIOCIe Yero MJI0THOCTh ra3a B Heil ymenbimThest. Coracuo (XI1.15), sto
IIpUBE/IET K YMEHBIIEHUIO JaBjieHus, Kak n B rnenrpe Comama. Opnako ecim na CotH-
e naJeHne JIaBJIeHnsl COIPOBOXKIAETCA OXJIaXKIEHHEeM Ia3a, TO Tellepb U3 COOTHOIIEHUSI
(XI.16), ¢ yaerom Toro, uro P; < P9 r.e. P~ P9 cnenyer:

P

— XIL.3
e (XIL3)

T ~

T~
T.e. aJeHne JIaBJIeHus (P < 0) Oyzmer conpoBOXKIATHCs €Ile GOJIBIIMM HAIDEBOM Ta3a.
[ToBbIenne TemuepaTypbl, B CBOIO OY€EPE/ib, IIPUBEJAET K POCTY SHEPTOBBIJIE/ICHUS ITPU
TOPEHUH TeJIMs, 9YTO BBI30OBET €Ille OOJIbITIEE MOBBIMIEHUE TEeMIEPATYPbI U T.I.

DTO MPUBOIUT K TOMY, UTO B IMEHTPAIBHON 00/IACTH 3BE3/IbI IIPOUCXOIUT TEPMOSIIEP-
HBII B3PBIB, KOTOPBIH MOJIYYIU/T HA3BaHNUE T'eJINEeBOI BCIBIIIKU. BCIeIcTBUM 9TOTO HA HECKOJIb-
KHUX CeKYyHJI CBETUMOCTb gjpa Bospacraer ;0 Besuunnbl ~ 101YLo! Onnaxo npu 1mosbi-
[IEHUN TEeMIIePaTyPhbl 9JEKTPOHHBIN ra3 mepectaeT ObITh BBIPOXKJICHHBIM, W BKJIIOTACTCS
MEXaHN3M CaMOPEryJIMPOBAHU: sIJIPO PACHIUPSIETCs, TEMIIEpATYypa aJaeT U I'OpeHne Te-
JIn HAYMHAET IMPOUCXO/IUTH B CTAIIMOHAPHOM pexKuMe. Pacuersl MOKa3bIBAIOT, YTO TOYTH
BCS BbIJIeJIEHHAS TP I'eJIUEBOI BCIBIIITKE SHEPIUS MOTJIONIAETC TIPU PACIITUPEHNN SJIpa U
000JIOUKH: BHEIITHUE TapaMeTPbl 3B€3/Ibl MEHSIIOTCSA IJIABHO B TEILJIOBOI IKAJIe BPEMEHH.

N3-3a HaJimansi HEUTPUHHBIX TIOTEPh HEIOCPEICTBEHHO IePe] HauaI0M BCIBIITKH MaK-
CUMYM TEMIIEPATYPbI JOCTUTAETCS HE B IEHTPpe 3Be3/1bl. JleficTBuTE/IbHO, JI0 TOro Kak re-
JINI 3arOpUTCA JIJId TIEHTPaIbHON 00/IaCTH, JIeKaIeil 10/1 CJIOEBbIM UCTOYHUKOM, MOYKHO
HaITUCATh:

oL,
om
T.e. CBETUMOCTH yObIBaeT OT IeHTpa HapyxXKy. Ho B nenrpe 3sesupt L(0) = 0, mosromy
BIUIOTB JIO CJIOEBOIO UCTOYHUKA L, < 0. DTO 3HAYUT, YTO TEIUIO OT CJOEBOIO MCTOUYHHUKA
TedeT He TOJILKO HAPYIKY, HO U B HUZKeJIeXKAIne CJIO, T/e ero yHocuT Heiitpuno. C apyroit
croponsl, cormacuo (VIL10), dT/dr « —L, &« —L,,. IlockoabKy B si/ipe CBETHMOCTH
orpuraresibia, 1o nosydaem, uro tam d7'/dr > 0. IIocKobKy B CJI0€BOM HCTOYHUKE
dT'/dr, koneuno ke, < 0, IPUXOJUM K BBIBOJLY, 4TO MAKCHMYM TEMIIEPATYPBI JOCTHIAETCS
HE B [IEHTPE 3Be3/Ibl, & Ha BHEIIIHEl rpanuie ee gpa. [1o 91oil npuunne B3pbIBHOE rOpEHUe
rejmd TakK>Ke HadlHaeTCAd Ha HepI/I(bepI/H/I dapa, U JIUIIb IIOTOM OXBaTbIBaeT BCE AIPO.

= —¢, <0,
t
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[pu ropenun He Am/nyknon = (12.0111 — 3 - 4.0026)/12 ~ 2.6 - 107* = e ~
3-107 % 0.1 M,/ L,, re. <t
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Puc. XI1.4: 9Bosmonus 38e31b1 ¢ M=1.3 M
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Puc. XI1.5: 9Bosormonnsie Tpekn 3Be371 ¢ Maccoir 1 u 1.25 M. Koxg MESA, Z = 0.01
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XII.3.2 3Be3abr ¢ maccoit > 2.3 Mg

[Tocie BOSHUKHOBEHUS CJIOEBOTO NCTOYHUKA ITPOUCXOIUT ITIOCTEIIEHHOE ITPEBPAIIEeHIe BOI0-
poJia B reJinii Ha BHEITHEH I'paHuIie reJineBoro siapa. Orimanrenbaas 0COOEHHOCTD 3BE3/1 ¢
M > 2.3 Mg, 10 cpaBHEHUIO C MEHEe MACCUBHBIMU, COCTOUT B TOM, YTO B UX IIEHTPAJIbHBIX
00J1aCTSIX JIEKTPOHHBIN ra3 J1ajieK OT BBIPOXKIEHU.

Macca resimeBoro sjpa IMOCTEIEeHHO YBEJIMIUBACTC, OJTHAKO ITPOUCXOIUT ITO B dAJIep-
HOII IKaJIe BpeMEeHHU, TT09TOMY CKOPOCTH BbIJIE/ICHUs T'PABUTAIIMOHHON SHEPIUU B 00JIACTU
I10J], CJIOEBBIM HMCTOYHUKOM MHOT'O MEHbBIIIE, YeM CBETHUMOCTH CJIOEBOIO MCTOYHUKA. TeM-
reparypa ra3a B HEHTPaJbHBIX 00JIACTIX 3BE3/IbI Ha 9TOM 3Talle He mpeBbimaeT 30 MJIH.
K, mostomy renuit B djpe roperb HE MOXKET, a HEHTPUHHOE U3JIydeHUE MPAKTUYECKU He
renepupyercs. V13 3akona coxpanenusi sueprun (I1X.3) ciemyer, aro B 91001 curyarmn

OLm\

om ),
r.e. L,,(m) = const. Ho B nenrpe 3Be31b1 L, = 0, ciiegoBaresibHO MOTOK Teruia Ly, ~ 0 u
BuyTpu Beero syipa. Corsacuo (VIL.10) 910 3HAYMT, YTO rpajMeHT TeMIepaTypbl BHYTPU
sJipa OYe€Hb MaJI U OHO, MPAKTUYECKH, M30TE€PMUYIHO.

Taxnm 0Opa30M IBOJIONNS HA CTA MU TOPEHNS BOIOPOIHOTO CJI0EBOIO HCTOYHUKA CBO-
JIATCS K TOCTEIIEHHOMY YBEJIMYEHNIO0 MaCChl H30TEPMUYIECKOTO resreBoro gapa M. B 1942
r. Téu6epr n Yanapacekap [30] Ha OCHOBaHUM YUCIEHHBIX PACUYETOB MOKA3AJIU, UTO MAC-
ca TeJIMEBOTO s1JIpa MOYKET yBEJIMYUBATHCS JIUIIb JI0 OIPEJIEJIEHHOTO IIPeJiesia, MOC/e Yero
IIPOUCXOJIUT TIEPECTPOIKA CTPYKTYPbI 3BE3/IbI U MEHSETCS XapaKTep €€ dBOJIIOIHUH: 1JIPO
3Be3/Ibl HAUMHAET CXKUMAThCs B TEIJIOBOI ITKaJie BpeMeHN 1 py, a 000/I09UKa PacIIupsieT-
cd, W 3Be3/a MpeBpaliaeTcsd B KpacHOro ruranTa. 1locKosbKy mepexos 3Be3/bl U3 OHOI
obsiactu jmarpammbl [-P B npyryio (yuacrok CD wma Puc. XIL.6) npoucxomur 6bicTpo
(t = Tk < thye) B IPOMEKYTOUHOI 0OstacTn HabIOaeTCs JeUIUT 3B€3/1 — T.H. IIPOBAJI
[eprmmpynra.
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[Iprynna pe3koro u3MeHeHUsl XapaKTepa IBOJIONNN 3BE3/IbI 3aK/II0UACTCA B CJIELYIO-
meMm. B pasgene 1.4 6b110 I0Ka3aHO, YTO JlaBIeHNE HA IPAHUIE U30TEPMUTIECKOIO IIapa
¢ Maccoit M, He MOXKeT IIPEBBIATH IIPejie/bHOe 3HadYenne P pesimunHa KOTOPOro, CO-
rinacuo (I1.46), ob6parno nponoprmonaibua M?. DTo 3HAYIUT, UTO 110 MEPE yBEJMYCHUs]
MACChI TeJINEBOTO s/Ipa JIaBJIeHNe Ha ero BHemlHeil rpanuiie ymenbinaercs. C apyroit cro-
POHBI, MbI 3HaeM (cM. crp. 12), uTo jaBienne, 00yCIOBIEHHOE BECOM 0DOJIOUKHU, HE MOKET
OBITH MEHBIITE HEKOTOPOTO MUHUMAJILHOTO 3HaveHus P/ KoTopoe, B 4aCTHOCTH, 3aBUCUT
oT noJHoit Maccwr 3e3ap1 M. Oxasbiaercst, aro npu M./M >= 0.1 sesuunna P cra-
HOBHTCH OoJibiiie P"** | T.e. co3jlaBaeMoe 000JIOUKON JIaBJIEHIE IIPEBBIAET MAaKCUMAaJIbHO
BO3MOZKHOE JIABJICHIE Ha IPAHUIIE MeTMEeBOro sijipa — cM. 3a1a41y XI11[.3. 91o npusoauT K TO-
My, YTO KOTJIa MacCa U30TEPMHUYECKOTO sdjipa JlocTuraer Bejuaunbl ~ 0.1 M, nazpiBaemoii
npejiesiom [lenbepra-Yamipacekapa, spo HAYMHAET CXKUMATHCS.

CxkaTne siipa MPUBOIUT K BBIJIEEHUIO TeIlIa, O0YCIOBJIEHHOMY PabOTON CHJI TATO-
Tenus. YToOBI OTBECTH 3TO TEILIO HAPYXKY B sJIpe BOZHUKAET I'DAJIUEHT TeMIepaTypbl, U
SIJIPO TIePecTaeT ObITh N30TEPMUIHBIM, YTO, B KOHEYHOM HTOTE, IIO3BOJISIET "' COCTHIKOBATD"
€ro ¢ 00DOJIOYKOIA.

OrmernM, 9TO y 3Be37 MaJioii Macchkl HeycroitunBocTh [Ilenbepra-Yanapacekapa He
HACTYIIAeT. ITO CBA3AHO C TeM, UTO y ITUX 3BE3]] B IEHTPAJIBHBIX 00/IACTIX JIEKTPOHHBII
ra3 CTAHOBUTCsI BBIPOXKJIEHHBIM, T.. MeHsieTcss Xapakrep 3asucumoctu P = P(p,T). B
zagiade [V.2 mokazano, 4TO BBIPOXKJIEHUE CTAHOBUTCS CYIIECTBEHHBIM IIPU MACCe IejIre-
Boro sipa M, < 0.17 M. Ilockombky npegen [lenbepra-Yanapacexkapa M./ M ~ 0.1,
IIPUXOJIUM K BBIBOJLY, UTO JIaHHAA HEYCTOMYIMBOCTDL HE HACTYIAET Y 3BE3J C MacCOil MeHee
npumepro 1.5 Mg. D10 3HaUMT, 9TO B 00/1aCTH KPACHBIX TMTAHTOB STU 3BE3IbI MIEPEXO-
JIAT He B TEIJIOBOH, a B sJIEPHOI IIKaJe BPEMEHU, [OITOMY COOTBETCTBYIOIIAasi 00JIaCThb
quarpamMmbl ['-P ocrarouno niotno 3anosnena 3se3zamu — cM. Puc. XI1.16, nanpumep.

Saropanue He B sype npoucxomut miasno. [locie 3Toro Tpek 3Be3bl Ha JuarpaMme
['-P yxomuT BjI€BO, a 3aTeM OIMCBHIBET OJHY WJIU HECKOJILKO IeTeIb B 3aBUCUMOCTH OT
nucxoHOro xuMcoctasa 3Be3/bl — cM. Puc. XIL.7. Ilo Mepe Bbiropanus rejimsg oOpasyeTcs
BBIPOZKJIEHHOE YTJIEPOJIHO-KUCIOPOTHOE SIPO.

CaoiicTBa 3B€3/1 TOPU3OHTAIBLHOl BeTBU 1 iepeMeHHbIx Tuna RR Lyr cm. B 0630pe [18].

XI1I.4 SBoJsonusa 3Be3 ¢ maccoii 0.5-8 MG mo craaun
obOpa3oBaHus IJIAHETAPHOII TYMaHHOCTH

Koryia B 1ienTpe 3B€3bI Tejirii MOJHOCTHIO BBLITOPUT, y 3BE3/IbI BOZHUKAET YIVIEPOJHO-
kucjiopojinoe gapo. Ha ero BHemneir rpanurie r = R, BO3HUKAET CJ0E€BOW MUCTOYHUK, B
KOTOPOM ITPOUCXOJIUT NOPEHUE I'eJIus, a eIlle BBIIIEe PACIIO/IaracTcsd CJIOEBON UCTOYHUK, IJIe
POUCXOAUT TipeBparienne Bojoposa B resuii (B CNO-nmkie). K sTomy MoMmenTy 3Be3ma
[peBpallaeTcs B KPacHbIll cBepxXrurauT ¢ pajguycom ~ 100 R .

[Iporiecc ropenus: rejivsg B CJIOEBOM UCTOYHUKE HEYCTOWYUB U IIPEJICTABJISIET CODOit
cepuio BerbimieK — cM. Puc. XII.8, — X0Ts 971eKTpOHHBIN Ta3 B 9TOi 00/IaCTH HE BHIPOXKJICH.
[IpuvrHa BCOBIIIKY B T€JIMEBOM CJIOEBOM HCTOIHUKE — ero MaJsas Tosmuia ARy, /R, < 1,

a TaKKe CUJIbHasl 3aBUCHMOCTb CKOPOCTH SHEPrOBBIJIEIEHUs] OT TEMIIEPATYPbI B PEaKIUN
3a — 2C.
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IROIIOIKHOHIBEE TPEKH IBE3I ¢ MACCAMU SMe W PLIIIMIIBIMHE XITMCOCTABAMH

Puc. XIL.7: Uzmenenue hopMbl 9BOJIIOIMOHHOTO TPeKa 3Be3/ibl ¢ M = 5 M, B 3aBUCHMOCTHI
OT HAYaJbHOI'O XUMCOCTABA.

Koria ropenue resiusi y 3B€3/bI IIPOUCXOJIUT B IEHTPAIBHBIX HEBBIPOXKIEHHBIX 0018~
CTAX, TO, KAK U B CJIydae 3Be3Jl IVIABHOW IOCJIE/IOBATEILHOCTH, CJIyUaiiHOe MOBBIIIEHUE
TEMIIepaTypbl B 00JIACTU SHEPrOBBIIE/IEHUs TOAABIAETCS. JTO MPOUCXOIUT ITOTOMY, UTO
[IPHU TTOCJIEYIONEM PACHIIPEHuu 00JIaCTU, B KOTOPOH CIydaiiHbIM 00pa30M MOBBICHIACDH
TEeMIIEPaTypa, COBEPIIAETCA PadoTa IMPOTUB CUJI TATOTEHUs, KOTOpasd 3a0upaeT u3 odJia-
cTtu OOJIbIlle TeIlia, YeM B Hee ObLIO BHECEHO M3HA4YAILHO — cM. pasjesn XI1.2. Ho npm
OJIMHAKOBOM OTHOCHTEJLHOM U3MEHEeHHU pa3MepoB Ar/r; o6beM TOHKOIO CJIOs MEHSIeT-
Csl B MEHBIIEl CTerneHu, 4eM IeHTpaibHoil obsactu (cm. 3ajady XI1.4), mosromy paborbl
[IPOTUB CHUJI TATOTEHUS [IPU PACITHPEHNH T'eJIMEBOr0 CJI0€BOI0 MCTOYHUKA HE XBATAET JIJIsI
OXJIAZKJIEHUsT Ta3a JI0 UCXOHOTO YPOBHS, 9TO U MIPUBOIUT K PA3BUTHIO TEILJIOBOI HEYCTOM-
YUBOCTU B CJIOE.

Bo Bpems KaxK 10t BCIIBIIIIKY ITPOUCXO/IUT PACIIUPEHIE U OXJIaXKeHue obracreil, KoTo-
pble HaXOJISATCH HaJl CJIOEBBIM T'€JINEBBIM UCTOYHUKOM. BO-11€PBBIX, 9TO MPUBOJUT K TOMY,
YTO WHTEHCUBHOCTH TOPEHUsT BOJOPO/Ia Ha BPEMs T'eJIMEeBON BCIIBIIIKN YMEHbBIIAeTCS, a,
BO-BTOPBIX, B TIOBEPXHOCTHBIE CJION BBIHOCSTCS MPOLYKTHI TOPEHUSI TeJIUs — CM. BEPXHIOO
nanesb Puc. XII1.10, ra KoTopoii mokazano, Kak ¢ TedeHneM BpeMeHnn B porocdepe 3Be31bI
MEHSIeTCsl OTHOCUTE/IbHASI KOHIIEHTPAIUS YIJIepo/ia W KUCJIOPOa (110 YUCTy ATOMOB).

Erte 6osiee BazkHoe cjieCcTBUE BCIBIIIEYHON aKTUBHOCTU — JIOBOJILHO OBICTPOE YMEHb-
IMeHe MACChI 3BE3/IbI: KasK/lasl BCIIBIIIKA MMOPOXKIAET YAAPHYIO BOJIHY, KOTOpas PaCIIpo-
CTpaHSeTCsT HApy?Ky U BBIOPAChIBAET IacTh 000I0UKHI B OKpyZKaoIiiee mpocTpancTBo. Cka-
3aHHOE WJLIIOCTpUpyeT HuxKHdAd naneab Puc. XI1.10, mocrpoennas 1mo pesy/bratam pac-
getoB [28|, u3 Koropoit BujHO, 9TO Macca 3Be3jbl, Koropast Ha HI'TI 6buta pasuoit 2 Mg,
yepe3 1.2 MJIH JIeT T0C/€ BO3HUKHOBEHUS KUCIOPOJHO-YIVIEPOIHOIO siJIpa yMEHBIAeTCs
510 0.6 M. Ormerum KeraTu, 9TO JI0 MPUXOJIa Ha ACUMIITOTHYECKYIO BETBb, 3BE3J1a yIKe
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Puc. XIL.8: TertoBast HEYCTOIYMBOCTE B CJIOEBOM HUCTOYHHKE Y 3Be3.1bl, KoTOpas Ha HI'TI
nmesta macey 2 Me, X =0.73 u Z = 0.01. [2§|

norepsiia ~ 1% maccol.

N3-3a orpoMHOro pazmepa 060109Ka KPACHOTO CBEPXTUTaHTa CPAaBHUTEIHHO CJ1a00 CBs-
3aHa C AJIPOM, IIOITOMY TaKKe 3Be3/bl HHTEHCUBHO TEPAIOT MACCy U B IPOMEXKYTKAX MEK-
JTy BCIBIIITKAME: UX BHEIITHUE CJIOU CKUMAIOTCSA U PACIITUPAIOTCA € XapaKTEPHBIM BpEMEHEM
MOPsI/IKA COTHU JIHEH, 9TO TaKKe MOPOXKJIAeT yJapHble BOJHBI U UCTEUYCHHE BEIIeCTBa B
OKpyZKaroIlee MPOCTPAHCTBO €O CKOPOCTHIO 0K0JI0 10 KM/c. Ilyabcupytor 1w 3Be3bI 110
TOM 2Ke IpuarHe, ITo u nedenapl — cM. pazaen XVI.1. Kaxk npasuiio, myabcannn KpacHbIX
CBEPXTUTAHTOB IIPOUCXOIAT HE CTPOrO IMEPUOIUIECKHU, 3aTO UX aMILIUTYIa OYeHb BEJINKA:
B TeYeHUe OJIHOTO IUKJIa PAINYC 3BE3/IbI MEHAETCS B JIECITKH, 8 CBETUMOCTDb — B TBHICSIN
pas.

[TepemennocTh OJ1eCKa KpaCHBIX CBEPXIUTAHTOB ObLIa OTKPBITA emle B KoHie X VI B.:
obHapy»KuB, UTO 3Be3/1a 0 KnTa ¢ nmeproaom okosio 11 MecdreB To MosiBigeTcd Ha Hebe, TO
ucyesaet, acTpoHoMbl HasBasiu ee "Mupoit" | t.e. "yuusurensnoit" . [lozxke BbIssCHUIOCD,
aro BudyasbHbIil Oeck Mupbr Kura mensiercs or 2™ mgo 10™, T.e. B 1600 pas. Ceituac
B Hameill ['ajlakThKe M3BECTHO HECKOJIBKO ThICAY T0JIOOHBIX 3BE3J], KOTOPbIE HA3BIBAIOT
MUPWIAMHA.

[To mMepe Toro, Kak Hapy»KHbIE CJION 0DOJIOYKHU, COCTOAIINE B OCHOBHOM U3 BOJOPO/Ia U
reJidsi, YIeTaloT B OKpYy:Kalollee IIPOCTPAHCTBO, aTMocdepa 3Be3/1bl Bee 0oJIbIe oboralia-
eTCsl IPOJLYKTaMU siJIEPHOIO cuHTe3a. Tak 00pas3yroTcs OJMHOYHBIE YIJIEPOIHbIE 3BE3/IbI —
CBEPXTUTAHTHI, B CIIEKTPAX KOTOPBIX HAOJIOAAI0TCsT nHTeHcnBHBIe A MoJiekysr CN, Cy
, SiCy M HEKOTOPBIX JIPYTUX, YTO CBUIETEIHCTBYET O BBHICOKOM COJIEPXKAHUU YTJIEPOIa BO
BHEIITHUX CJIOAX 3BE3/IBI.

Ucrekaromuii u3 armocdep 3TUX 3BE3J1 ra3 MOCTEIIeHHO oXJIazKaeTcs. Korma ero Tem-
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Thermal pulses of the
helium shell source in a 5Mg
star after central helium burn-
ing. For the first 6 pulses, some
characteristic functions are plot-
ted against time from the onset
of the first pulse. T'is in K, g in
g cm™2. (After WEIGERT, 1966)

Puc. XII.9: N3menenue mapamMeTpoB IeJIMeBOro CJI0EBOTO UCTOYHUKA 3Be3/1bl ¢ M = 5 M,

B T€YCHHU IIECPBBLIX 6 BCIBIIIIEK.

nepatypa omyckaerca Huzke 1500 K, aTrombl yriepoja HauMHAIOT KOHJIEHCHPOBATHCS B
MeJIbIaIe MbINHKY, aKTUBHO IOTJIONIAIONINE CBeT. BecbMa HAIJISIIHO STOT IIPOIECC
posiBJIsieTCst y epeMenHbix 3Be3.1 tuna R CeBeproit KOpoHBI — My/IbCHPYIOMINX 2KETTHIX
CBEPXTUTAHTOB. Y HUX, KPOME ITIOCTOSHHO JIYIONIEro 3BE3/HOI0 BETPA, BPeMs OT BPEMEHH
[IPOMCXOJIAT MOIIHBIE BHIOPOCHI BEIECTBA, MPUBOJIAIINE K POXKJICHUIO ILIOTHBIX O0JIAKOB
IIBLIA, KOTOPBIE 3aTMEBAIOT 3Be31y. B pe3y/ibrare ApKOCTb 3B€3/bl B OITUYECKOM JUAIla-
30He 3a HECKOJIBKO JIHell cHuzKaeTcd B Thicaun pa3 — cM. Puc. XII.12. Tlo onenke aBTopos
[33], B cityaae R CrB nbuis KoHJeHCHpYeTCst U3 BeliecTBa Berpa Ha paccrostauu ~ 100 R,
OT 3Be3/BI co cpeeil ckopoctbio ~ 3 - 1072 M /rox. Tlpu 3TOM TeMmIl TOTepu Macchl
3Be310it ~ 21077 M, /ron, a pasmep aMOphHbLIX yIJIePOAHbIX HBUTHHOK Menee 0.01 MKM.
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Puc. XII1.10: Usmenenne oraocurensroro obumust C u O B dhorocdepe 3Be3mbl (BepxHsist
[aHeJb) U TOJHOW Macchl (HUKHSISI TTIAHEJb) B MPOIECCe SBOJONUA 3Be3/Ibl Ha ACHMIITO-
tudeckoit Betsu. Ha HI'II 3Be3na umena maccy 2 Mg, u xumcocras X = 0.73, Z = 0.01.
Pucynok B3sar u3 [28]. .

Puc. XII.11: N306paxkenue kpacuoro csepxuranta Mupbsr Kutbl, ostyuentoe B OinkHemM
UK nmanasone ¢ HST (ciesa). Ha mzobpazkenun, nosydennom co cuyranka GALLEX
(cripaBa), BUJIHA TSHYIIASICA Ha HECKOJIBKO TAPCEK TI0JIOCA XOJIOJHOTO Tas3a, NCTEKAOIIEro
W3 3TON 3BE3IHI.

Hasmdme BBIpOXKIEHHA B fA1pe He M03BOJIdAeT 3aropeTbes 2C, IIO9TOMY B KOHEYHOM
UTOTe PO IIPEBPAIIAeTCs B YIJIEPOIHO-KHUCJIOPOIHBIN O€JIblii KapJIuK.
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Puc. XII.12: JleBas nanenb — dbparmeHT ucropudeckoit kpupoit Ojiecka 3se3bl R CrB,
sauMcTBOoBaHHbBIH ¢ caiita AAVSO [39]. Cupasa nokaszano, Kak, 0 MHEHUIO XYJIOKHUKA,
BBIIVISLIUT 00JIAKO rpaduTOBOM LM, KOTOPOE BPEMsi OT BPEMEHU BBHIOPACHIBACT 3BE3/1A,
9TO IPUBOJINT K OCJIabIeHNIO ee OyecKa. 3anMCTBOBaHO ¢ mpecc-penmsa ESO 0734.

Puc. XII.13: ILnanerapuste Tymanuoctu M57, NGC 2440 Caumok ¢ HST.

XII.5 IlIpeBpairiienue 3Be34bl B 0€eJiblii KapJank

XII.5.1 FG Crpensl

FG Sge — npumep 3B€3/1b61, KOTOpast, MO-BUIUMOMY, UCIIBITHIBAET OJIHY U3 MOCJIETHIX BCIIbI-
IIIEK B IeJINEBOM CJIOEBOM HMCTOYHUKE, IPUYeM, B OyKBAJILHOM CMBIC/IE CJIOBA, Y HAC HA
ryIa3ax.

B 1894 1. 671eck 3Be31bI B 11os10ce B ObL1 ciabee 13.6™, a 3aTeM HavaJI BO3pacTarhb U K
1965 r. moctur Besmauabl B = 9.6™. Bee a10 Bpemda 3 deKTUBHAA TEMIIEpaTypa 3BE3IbI
YMEHBIIAJIACh: KOIJIAa BIIEPBbIe ObLIT MOJIydeH CIeKTp 3Be3ibl (1955 1) ee crieKTpasbHbIiI
kacc 6611 B4 1, 8 1967 1. y2xe A5 la, a x 2010 1. cras panaum G. Bee 5T rosibl cBeTUMOCTD
3BE3/Ibl, [I0-BUJIUMOMY, [IOUYTH HE MEHsJIACh: M3MeHeHnue 0Jiecka B CHHHUX JIydax OTparKaeT
3aBHCUMOCTD 00JIOMETPUYECKON TI0NPaBKH OT T ¢.

B nagane 70-X rofioB y 3Be3/bl MOSIBIJINCH JIOJTONEPUOINIECKIE N3MEHEHUs OJecKa



Dmasa XII. 9Bosmorust 38e3:1 ¢ M < 8 M, mocJte ryiaBHOI 1TOC/I€[0BATEILHOCTH 154

T T 1995 2000 2005
. - 1 1 1
10 - o — 8f
.. e, A ot . .

1k '- . _.‘: a 10 [ . ! .‘ -" . ' P \' .

i 12 ¢ .a,. i f L R 9
12 . . 4V 14_‘ ; . l: i‘ : :“‘ s L ... !

16 d S
13 18_ 3. s ..-3
" 7" o 49000 50000 51000 52000 53000 54000
1905 1920 1935 1950 1965 1980 1995 JD 2400000+...

Puc. XII.14: Kpusas 6secka 38e3/161 FG Crpesibl. CiieBa 1moka3ano, Kak MeHsICs 0JIeCK B
nosioce dubrpa B 1o cepenunbt 90-x rojios, a cupasa — B moJioce puibrpa V ¢ Hadasa
90-x romos. 3auMcTBoBaHoO U3 77,

¢ aMIUTyA0i B nosioce V okosio 0.3, KOTOpble, TO-BUIUMOMY, SBJIAIOTCS CJIEJICTBAEM
paJmaIbHbIX ITyJIbcalnii 38e3/1bl. [lepuoj sTux mynbcanumii Bodpactasa ot 60 cyTok B 1969
r. 70 115 cyrok B 1992 1., uT0 yKa3biBaeT Ha ObICTpoe yBesmdenne pajgnyca FG Sge.

B 1955 1. orkpsiTa mianeraphas tymanHoctb (Hel-5), okpyxkaroras FG Sge, Bospact
KoTopoit okosio 5000 Jer.

lopusonTtasnbubiii Tpek 38e3:bl Ha H-R nunarpamme — ciejictBue mocsesimeii reimeBoit
BCIIBIIIKH SIJIEPHOTO UCTOYHUKA B 060JI0UKe ([TO3IHUI TEIIOBON UMITYJIbC)

Ceerumocts lg L/ Lo = 3.8, M ~ 0.61 My, D = 2.5 £+ 0.5 KiK.

C cepenuabl 60-X TOIOB B CIIEKTPE 3BE3/bI MMOSIBUJIUCH JIMHUHM PEIKO3EMeTbHBIX 16~
MeHTOB, 1 y2ke K 1980 1. orHOCHTe/IbHOE 0Omiine 3memenToB La, Ce, Pr u Nd craso nouaru
B cTO pa3 Oovibiite, ueM B poToctepe Costrra. [Ipuanna — BbIHOC KOHBEKIIMEH BO BHEITHUE
CJION 3Be3/Ibl 3JIEMEHTOB s-1porecca 1npu T, < 8500 K

C mrosrg 1992 r. Gj1eck 3Be3/bI B BUANMOI 00/IaCTH CIIEKTpa Hada OBICTPO MAJATh 1
3a TpU Mecsdna yrasa na 5. Oamnospementoe ysenndenue unrencusnoctn UK nziyaenus
U MogBJeHue sMuccun B mojiocax Cana Mosiekysbl Co IMOKA3bIBAET, UTO, KAK U y 3BE3/I
turta R CrB ociabiienne 6Jiecka cBA3aHO ¢ MOSBJIEHUEM ITLLIEBON OOOJIOUKH.



Dmasa XII. 9Bosmorust 38e3:1 ¢ M < 8 M, mocJte ryiaBHOI 1TOC/I€[0BATEILHOCTH 155

XII.6 Hureprperaliusg guarpaMM I[BeT-BeJIMYNHA Pac-
CeIHHBIX 1 MIaPOBBIX CKOILJIEHUI1

1) Bpemsa xwuzau wa I'Il cunbHO 3aBucur or M,, a Bpemsi yxoja B 00JaCTh I'HTAHTOB
<< tFH —> dopma U30XPOH TOYTHU HOBTOPAET POPMY TPEKa.

2) HacesrenHocTh HEKOTOPOTO yuacTKa m30XpoHbl AB o t 45 = nposas [epuimpysra
U TIpoBaJi BOJIN3M TOYKH IIOBOPOTa y paccesHbix ckorienuii. (Hasmaune HepaspermenHbix
JIBOMHBIX YXYJIIIIAeT COryiacue Teopuu ¢ HabioenusMu! )

Cpasnenne (opmbl n30xpoH ¢ auarpammoii I'P ckoriennit nososisier naiitu: 1) Bos-
pacT CKOILIEHHsI; 2) XMMCOCTaB; 3) PACCTOSHIE.

4||||||||||||||||||||

T S

=

0 0.5 1 15
(B-V)o

Puc. XII.15: MoJionoe paccesnoe ckorienuax [laesabl u ero JByXIBeTHas JTuarpamMMma, ¢
m — M = 5.60, Eg_y = 0.04, Ha KOTOpYIO HaHeceHA HadaJIbHas TJIaBHAs OCJIE/I0BATE b
HoCcTh 1 n3oxpona s 4 = 0.02, coorBercTByiomas Bo3pacty 100 MJIH. JIeT - IO JaHHBIM

27].

[TapameTpbl HECKOJIBKUX COTEH PACCESHHBIX CKOILJICHWI, BKJIIOYasd BO3PACT, JAarpaM-
MBI I[BET-BEJIMUMHA U COOTBETCTBYIOIIIE M30XPOHBI MOXKHO HaiiTu Ha caiitax [37], [38].
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Puc. XII.16: /Inarpamma 1mBeT-BeJIMvInna MapoBoro ckorienus M 3.

Puc. XII.17: Bremmuwuit Bug maposoro ckomtenuss NGC 6397. (IIpece pemus ESO or
17.08.2004.)

Sagaan

Bamaua XII.1. Besectn dopmyny (XIL.1), mcmosnnsys coornomenus (V.38), (IX.9),
(I.24) u mosrarasi, YTO BHYTPH CJIOEBOIO HCTOYHHKA 11 (1) = const.
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Pemtenne Cornacno (V.38) n (IX.9) umeem:

aXH mu aLT’

- - Enuc = Enuc -
ot )., Qcno om /,

Torna, UCKII0Yas €y, U 0603HAYAA By = my/Qcno TOTyIuM:

X\ oL,
o ) =P\ an

t

N3menenne cTpyKTYpPhI CJIOEBOIO UCTOYHUKA ITPOUCXOIUT B sJICPHOI MIKAJE BPEMEHH,
T.e. CDABHUTEJILHO MeJJIEHHO. DTO MO3BOJIsieT UCI0JIb30BaTh cooTHomenue (1.24) u mamnu-
caThb:

o dXy I drL,

Mam T P am
rzae 1(r) > 0 — CKOpOCTh U3MEHEHHsI MaCChl cyioeBoro ncrodnuka (Om/ot),. Ilo ycrosmo
381491 BHYTPH CIOEBOr0 MCTOUHHKA 11 (r) = const = My, TOTOMY NPOMHTEIPHPOBAB

HOJIyYeHHOE BhIpayKeHue moJryanm uckomoe coornormenue (XII1.1).

Bamaua XII.2. IToayuurs coorromenue (XII.2), paccMoTpeB CTpyKTYpy CJI0€BOTO
HCTOYHUKA (CJI0s1) U HOJIaras, 9To:

1) macca ciiost maoro menbine M,;

2) TEIIO B CJIOE TIEPEHOCUTCS U3JTY ICHUEM;

3) Hempo3pavHOCTh ONPEIEJISETCS TOMCOHOBCKUM PACCEsSHIEM Ha 9JIEKTPOHAX;

4) Bomopos npespaiiaercs B resmiit B CNO-1ukie;

5) JaBJieHueM W3JIy9IeHUs MOXKHO MIPEHeOPedb.

6) 9BOJIIOIUST CTPYKTYPBI CJIOS IIPOUCKOUT B SJICPHOIT IIKAJIe BPEMEHH.

Pentenmne [lockobKy n3menenue CTpyKTyPhI CJIOEBOI'O UCTOYHUKA ITPOUCXOJIUT B dAJIeP-
HOIT KaJie Bpemenn, B ypasHenusx cucrembl (1X.7) —(IX.9) moxHO npenebpeds wieHaMH,
KOTOPBIE COJIEPKAT IIPOU3BOHBIE 110 BpeMeHu. B coOTBeTCTBUM € yCI0BUEM 3a/1a4uu Oy/1eM
CYUTATH, YTO HEIPO3PATHOCTH ompejesiercs coornorennem (VIL.8), a Beipakenue st
ckopocTH sijiepHoro sueprosoiiesenns B CNO-mukite 3amumrem B Buje (VI.4):

Enue = €0 XH XCNO st

[IycTh naBiienue, IJIOTHOCTb M TeMIlEpaTypa ra3a Ha BHENTHEl rpanulle giapa r = R,
( = BHyTpeHHell TpaHHUIIE CJIOEBOTO MCTOYHUKA) COOTBETCTBEHHO paBHbI P., p. u T, a
CBETUMOCTD U OOWJIME BOJIOPOJIA HA GHewlHet TPAHUIEe CJIOEBOTO UCTOYHUKA PaBHBI Ly U
XY coorsercrsenno. 3aMeTuM, 4TO Ha BHyTpeHHel rpanutie ciosg Xy = 0, a cojiep:KaHue
requst Y (R,) =1 — Z, tiae Z — obusime TSzKeJIbIX 9JIEMEHTOB, KOTOPOe He MEHSIETCsI BJIOJIb
CJI041.

Bsejsiem 6e3pasmMepbie epeMeHHbie 2, p, Y, t, [, £ ¢ IOMOIIbIO PABEHCTB:

r=z-R, P=p-P, p=y-p, T=t-T, L.=1-Ly, Xg=uz-X%.

Eciin mojicraButh 911 cooTHoenus B ypasuenue cocrosiaust (111.34), bopmyy (XI1.1)
u muddepentimanbibie ypasaerus (1X.7)—(1X.9), To momyamm:
3+52X% -7
3—27 ’

p:yt .T:l, p/:_CI'Bl'%7
z
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yl (14 X}x)

tI:—CQ'BQ' s Z/ZC:J,'Bg'l‘ZQyQtS.
1322
3/1ech BBBEJIEHBI CJIE/IyTOITIe 0003HATEHNUSI:
4G 0.6
Ci = m = const, Cy = o const, C5 = 47T50XIOJZCNO = const,
Mc LHpc Rspsz
B = — B. = —clete
1 TCRC ) 2 TC4RC ) 3 LH )

npudeM Bolpazkenue it C 1oJIydeHo ¢ yderom toro, uto P./p. = RT. (3 — Z) /4.

ITpu z = 1 nepemennnle p =y =t =1, al = x = 0. DT0 3HAYNT, YTO HOJIyUEHHAS HAMU
cucTeMa ypaBHEHHUi Mora Obl mMeTh "yHuBepcasibHOe" pereHne mpu Hamepe 1 3a/JaHHBIX
sHadenustx Z u X%, HO 3TOMy MellaeT 3aBUCHMOCTL comuoxkuteneit B; (i = 1,2,3) or
"pazmepubix" snavenuit Bequauna M., R., p., T. n Ly.

OdeBuIHO, 4TO B CIydae COMHOXKHUTENS B 9Ta 3aBUCUMOCTH UCYE3HET, eCJIH

Haiijiem Tenepb, Kak JOKHBI ObITH ¢BA3aHbl BeJImIuHbl M., R., p. 1 Ly, 9T00BI 100NTHCA
Toro ke 3hdekra g maokuTesaeit By u Bs. Ilpeamnonoxmm, aTo

pe X MPY R¥> | oc MY* R¥?,

TJIe 1, (P2, Y1 U Yy — HEKOTOPbIE YHCJIa, KOTOPbIE HYyKHO HalTu. /{1 3T0ro nojcraBum Ha-
[UCaHHBIE COOTHOIEHNS B By u B3, u yunteiBasi, uto T, < M./ R., morpebyem, 91006l 3T1
comuoxkutesn ue 3apucesn or M. u R.. Herpynno ybenurnbes, 4ro 910 Oy/1eT BO3MOXKHO,

ecJin _|_8 _'_3 4 6
S S — S S —
?/11— 3 ) ,QZ)Q__ 3 ) Y1 = 3 ) P2 = 3 .

Yo u TpeboBaJIoCh JI0Ka3aTh.

Bamaua XII.3. Onenurs unciiennoe sHadenue mpegena [1lérbepra-Yanapacekapa,
roJiarasi, 9To:

1) 3Be3a HA CTAUU TOPEHHsI BOJOPOIHOIO CJIOEBOIO MCTOYHHMKA COCTOUT W3 HEBbI-
POXKEHHOI'0 U30TepMHuYecKoro reauesoro sjpa (X, = Z. = 0, Y. = 1) ¢ maccoit M. u
pajycoM R, OKPY?KEHHOT'O BOJIOPOIHO-Te/ieBoit 06010ukoit (X, Y, # 0, Z, = 0);

2) CJI0eBOii MCTOYHKK MMeeT TpeHeOpe:kuMo Majtyio tosruny (Ar = Am = 0;)

3) Ha TpaHuIle sapa U 0OOJOUKK JAaBJI€HAE U TeMIIepaTypa MEHSIOTCS HelpPepPhIBHBIM
obpa3oM, a U3MEHEeHNEe MOJICKYJ/ISIPHOIO Beca IPOUCXOIUT CKAYKOOOPA3HO.

Pentenne B coorBercTBUUM € yCJIOBUEM 3aJia9u IIPUMEM, GTO

3

D10 cooTHOIIEHNe ToydeHo ¢ yderoM Bbipaxkenus (I11.34) myst p, a wHmekcsl — u +
OTHOCATCS K sIZIPY U 000JI0YKe cOOTBeTCTBeHHO. CKAav0K MOJIEKYJIAPHOIO Beca [P Hellpe-
puiBHOCTH BesnauH P u T o3Ha4aer, 4TO KOHIEHTpAaIUs JYacTHI[ [IPU epexoje depes3
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IPAHUILY MEHsIeTCsl HEPEPbIBHBIM 00pa30M, a IIOTHOCTD, corsacHo (I11.22), ncnbireiBaer
CKaYOK:

Pi _ P+ (XIL5)
P p-

B paznene 1.2 6bu10 1mokazano, 4To JiaBjienue P, B OCHOBAHUHM ODOJIOUKH HE MEHLULE
HEKOTOPOU BEJIUINHBI

3G M2
8w R}

KOTOpast 3aBUCUT OT Macchl M, u pajnyca R, 3Be3/pl, a TakKe oT oTHOMeHus ¢ = M. /M,
—cM. (1.16). Hamomumm, arto 3Hak pasernctsa B (1.16) cooTBeTcTBYyeT Cirydato, Korja mioT-

prin — (1—¢*?), (XIL.6)

HOCTL B 0DOJIOUKE IIOCTOdHHa, T.€. p(T) =P+ = const. ﬂﬂﬂ 9TOI'0 CJIy4dad MO2KHO HallA-

AT R? R\’
M~ M, = ”3 . (ﬁ) pe. (XIL7)

CcaTb:

[Tpemo1oKuM, 9To pasMep a/[pa 3aMeTHO MeHbIIe pajauyca 38e3/bl (R, < R,), mosTOMY
JIEH B KBAJIPATHBIX CKOOKAX MOKHO MOJIO’KUTH paBHbIM 1. Ecin BbIpasuTh u3 mosyden-
HOTO cooTHOMmeHns R, 3amenuts py wa Py, /R /T, n noncrasuts Bee 310 B (1.16), TO
HOJIY MM CJIEJLYIOIIEe PABEHCTBO:

min __
P =

min 4/3
3GM? (1 _ 2/3) Am B g /
8T 3M, (1 — q)RT.

Orcroza ceyer, 9To

44 4
b - 4 3
TG3MZpy (1 — ¢2/3)
B paznene 1.4 6110 110Ka3aH0, 9TO JaB/IeHAE Ha BHEITHEH TPAHUIE N30TEPMUIECKOTO

sJpa ¢ 3aJaHHoil Temueparypoii T, oepanuveno ceepry 3HadenueM P"*T. 3anaBaeMbIM
coorrorrerneM (11.46):

RAT!

3,4 )2
G3 ut M:

Ho ecmm P"** — MakcnMaJIbHO BO3MOXKHOE JIaBJIeHHE Ha TDAaHUIE d7pa, a JaBJ/IeHHe,

P =140

co3ZlaBaeMoe 000JIOUKOI, He MOKET OBIThH MeHbIne, deM ™" To 9TO 3HaYNUT, YTO COCTHI-
KOBaTb AJIpO ¢ 000JIOUKOI MOXKHO JIMIIL B TOM ciIydae, ecan P"*% > P™" T.e. Koria

W) 6RTY (1—q)*

1.40 = .
G3pt M2~ wG3M2pi (1 — ¢2/3)°

OTCIO,ZL& 1IOoJIy9aeM HEPaBEHCTBO:

Flg) =g <1<i ;22)23/2 < \/? (Z_i)z ~ 0.86 (Z_f)Q (XIL8)

Cornacuo (XI1.4), mist o6ostoukn ¢ cosHedHbIM obureM Bogopoaa (X, ~ 0.7) npasast
JacTh HepaBeHcTBa ~ (.18, aro BoszmoxkHO tpu ¢ < 0.15 n ¢ > 0.99. Orpannvenne ¢ =
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M./M, < qo = 0.15 o3Hauaer, 9T0 Macca U30TEPMUIECKOTO TEJIUEBOTO AIPA, TTOCTEIEHHO
Bo3pacTaolas 3a cueT npespaienus H — He B ciioeBoM ncTodHmKe, 3aBEJIOMO HE MOXKET
IpeBbICUTL A2 1/7 Macchl 3Be3/Ibl, MOCKOJBKY TIPU ¢ > (o JABJICHHE HA TPAHUIE $JIpa
CcTaHeT MEHbIIe, YeM JlaBJIeHHe, 00YCIOBIEHHOE BECOM BBIIIEIeKAIIEH 000JT0UKH.

Caenaem JiBa 3amedanusi. Bo-niepBbix, Bropoe perienne nepasencrsa (¢ > 0.99 tpu
Xe =07uq > 0995 npu X, = 1.0) He mpejicraBiasger Jyisi HAC WHTEpPeca, MOCKOJIbKY
COOTBETCTBYIOIIIUE 3HAYCHUA g HE MOI'YT 6B1Tb JOCTUT'HYTHI. ]EBO—BTOprX7 MbI IIOJIYYMJIA
JINIIb BEPXHUI Tpejes BeJIMIWHBI (g, a He eé TodHoe 3HadeHmne. OIHAKO 9TO He CyIIle-
CTBEHHO, IOCKOJIbKY HAaIlla IeJIib — HOHATH Pe3y/bTaThl YUCJIEHHBIX PACcUeTOB C IMOMOIIHIO
JIOCTATOYHO ITPOCTON MOJIEIIN.

3apgaua XII.4. [Tokazarh, 9T0O B O4Y€Hb TOHKOM CJIOEBOM HUCTOYHHKE BO3MOXKHO Pa3-
BUTHE TEILJIOBOIM HEYCTONYIMBOCTH. ¥YKa3aHUe: PACCMOTPETH OBEJIEHUE CJIOST TIPU TOMOJIO-
TMYHOM DPACIIUPEHUN T0Jaras, 9ToO IIPA 3TOM HE HapyIIaeTcd MEXaHM4YeCKOe PaBHOBECHE.

Pemenne Ilycte R, u M. — macca u pajgnyc yriaepogaoro siapa, a AM u AR — macca
U NIPOTSAKEHHOCTD T'eJIHEBOIO CJI0eBOro McTovnuka, npudaem AM/M, < 1, AR/R. < 1.
Beesem crenyromue obosnavenust: Ar =r — R, or = Ar/R. < 1.

Torma ypaBHeHUsI, BEIPasKAOININe 3aKOH COXPAHEHUsT MACCHI U YCJIOBUE THIPOCTATHAIE-
CKOTO PABHOBECHUS JIJI TOYEK BHYTPHU CJIOS, MOXKHO 3allicaTh B BUJIE:

m a~ M. + 47 R2pAr, (XIL.9)
M md oM Mo+AM oM Mo+AM
mam c —4 c
P = ~ 1 N —— 1-4 . (XIL1
/ dgrd 4T R4 / (14or) " dm AT R4 / ( or) dm.. 0)
M. M. M.

[Ipu 9TOM MBI Y9/IH, YTO BHYTPH CJIOEBOTO UCTOYHUKA JaB/IeHIE OBICTPO YMEHBIIACTCS, 1
€ro BeJIMYMHa Ha BHellHel rpanuie K P.,.

[Tpesroiokum, 9TO 3a BpeMs, MHOT'O MeHbIIIee T'MJIPOINHAMUYIECKOTO, BHYTPU CJIOsI
BOBHUKJIA (DJIYKTYAIUsd, B pPe3y/bTaTe 4ero TeMIlepaTypa B CJI0€ HEMHOI'O yBE/JIMIHIACD.
[TockoJIbKY 3JIEKTPOHHBI ra3 JIaJeK OT BBIPOXKJICHUS, 3TO NPUBEJIET K POCTY JIABJICHU
U TOCJIEYIONIEMY PACIHIUPEHUIO CJI0d. B cOOTBETCTBUU € yCJIOBHEM 3aJa4i ITPUMEM, YTO
paciuperue OyAeT TOMOJIOIHYHBIM, IIPUYEM TI'HIPOCTATUIECCKOE PABHOBECHE B CJIOE IIPHU
9TOM coxXpaHuTbcs. B 3agade 1.48 ObLI0 1MOKa3aHO, YTO B TAKOW CUTYAIIUU OTHOCUTEIbHAS
CKOPOCTDb U3MEHEHUs PAJINyca OJIMHAKOBA JIJIA BCEX CJI0eB. B Harmem ciydae 3To o3HavaeT,
9TO

T Ar .
- = — & J§r = const (m).
T T

Eciin reneps npouddepunimposars coorromienus (XI1.9) u (XII1.10), o, ¢ yaerom
0T = const TOJTyIrM: ‘
) or P :
S=——, —=—40r.
p or’ P "

CJreoBaTe IbHO:

P .
Sy (XIL11)
P p
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Orcroza ciremyer, 4ro npu pacumpennn ciaos (p < 0) JaBiieHne BHYTPH HETO TaKxKe
yuager. Torya uz coornomenus (XI1.16) nmpu P49 = () puiTekaet, uTo
T p
—=(4or—1) =.
T P
Eciu Besimauna 07 o4eHb MaJia, TO MHOXKHTEb B CKOOKaxX OyJeT OTPUIATE/ILHBIM, T.€.
PACIIHIPEHIE OYeHb TOHKOIO CJIOEBOIO HCTOYHMKA OYJEeT COLPOBOXKIATHCA HAIPEBOM €rO
BerecTBa. TakuM 0Opa3oM CiIydaifHoe IOBBIIIEHIE TEMIIEPATYPEL B ¢JI0e OyIeT HapacTaTb
C TEYCHNEM BPEMCHH, UTO U O3HAYACT TEMIICPATYPIHYIO HEYCTONYHBOCTD, KOTOPAs PA3BU-
BACTCH 32 BPEMsl, HEHAMHOT'O IIPEBLIIIAIONICE THIPOIIHHAMUATICCKOE.



I'maBa XIII

beJsible kapinkn

XIII.1 Mexanndeckoe paBHOBecue 0eJIbIX KapJINKOB

Besble kapsmmku obpasyiorces us sjep 3se3, Macca koropbeix Ha 'l < 8M,. IIpu poxe-
run Gestoro Kapsmka ero T.p > 10° K, HO Jazke Tora B OCHOBHOM Macce 3Be3/1bl 3JIeKTPOH-
Hblit ra3 Beipokien: T' < Tp. Uneo o Tom, uto paBHoBecue Gesbix Kapankos (BK) mos-
JIepyKUBaeTCs JIaBJIEHNEM BBIPOXKIEHHOT'O 3JIEKTPOHHOTO Tas3a, IepBBIM BbIcKazasl Dayiep
(Fowler R.H., MNRAS 87, 114, 1926), a mepBasi KOJIMYeCTBEHHAS T€OPUsT ITUX OOBEKTOB
6pu1a coznana Yamnpacekapom (S.Chandrasekhar, 1931).

PaccmoTpum raz ¢pepMHOHOB ¢ MACCOit TOKOs M, MMest BBUJLY 9JIEKTPOHbI, I HEATPO-
HBL: M, — Macca JIEeKTPOHA, M, — HefiTpona (IpuMepHO paBHas Macce nporona). O6o3na-

1/2

auB x = pp/me, ¢ yaerom Ep = mc?(x? +1)"", uz (IV.4) nonyuaem, uro npu T < T :

p  8mm*c*m, 8mmtc

e P

5

{xm @ﬁ . 1) +in (2 + m)} . (XIIL1)

riae pu = pie = 2/(1 4+ X) 1yist raza 951eKTPOHOB U (1 = 1 — JijIst Ta3a HEATPOHOB.
B mpenene ¢ < 1 uw x> 1 u3 (XIII.1) coOTBETCTBEHHO MOy IaeM:

P(p) = Kp°3, K =1.0-10"(m./m)p~®?*  wpu  p < 10°u(m/m,)*, (XIIL.2)

P(p) = Kp'?, K =12-10"u""? mpn  p>> 10%u(m/m,)®.  (XIIL3)

Iyt 351eKTpoHoB 06 (hOPMYJIbI JIAIOT OJMHAKOBBI pesynbrar npu p &~ 10%u, r/cv?.

Ucnonszys (XIII.1) B kadectse 3aBucumoct P = P(p) HYanapacekap 9HCIEHHO pe-
st ypasaernst (1.1) u (1.12) npu pasnuaHbix 3HAYEHHSIX p.. B paMKax ero Teopun MOKHO
CYUTATD, 9TO TIpH 1g p. < 6 cTpyKTypa 6e10ro KapJ/IrKa OIMUChIBATCS HOJUTPOTION ¢ n=3 /2
u K u3 (XIII.2), mostomy u3 coornomenwuit (I11.24), (I1.25) momywqaem 11t MaIOMaCCHBHBIX
6eJIbIX KapJIHKOB:

5
/2\? 106
M = 0.50M, p6<—) . R = 1.1-104KM( O)
10 e Pe

o=

2\ 6 .
(—) . Roc K-M~5. (XIIL4)
[he

B reopun Yammpacekapa mpu 1g p. > 6 cTpyKTypa Oe/IbIX KapJIMKOB MPUOIHKAETCS
K CTPYKType mosmTponHoii 38e3ipl ¢ n=3 u K u3 (XIIL.3), re. upu p. — oo pasmyc

162
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R — 0, a macca
M — Mn = Mcy, = '—2M@, (XIIL.5)
1

e
kak sro cieayer us (11.32). duga He, C u O p, = 2 — Mg, = 1.44Mg, a mua Fe
fe = 56/26 — M¢y, = 1.24 M.

Opnnako ecTh aBa 3 deKTa, n3-3a KOTOPHIX IEHTPaJIbHAA IIJIOTHOCTE OEJI0r0 KapJImKa,
pPe HE MOXKET OBITH CKOJIb YI'OJIHO OOJIBbINON — Hefirponusarus u 3bdeKTsl 00I11eil Teopun
OTHOCHTEILHOCTH.

1) Ilpomecc HeATPOHU3AIMHU sII€P TIPUBOJUT K HOHUZKEHHIO YIIPYTOCTH BBIPOXKICHHOTO
rasa 9JE€KTPOHOB ¥ €ro ToKasaresib aaunabarebl 7y craHoButTcss < 4/3, B pesyiabrare de-
ro OeJIbIil KapJIuK TepsieT yCTONYInBOCTh. HuKe puBeIeHbI HEKOTOPDBIE BayKHBIE PEaKInn
HeHTPOHU3AIMI U yKa3aHa [0poroBas MJIOTHOCTh P (I/cM?), npu KOTOPOil oHa HaunHa-
eTcst:

NFe+e — 58Mn+v (1.2-10%), 30 +e” — BN+ v (1.9-107),

PC+e —PB+v(3.9-10°), SHe+te —3H+n+v (2.1-10%).

2) Uz (XII1.4 ) u (XIIL.5) caeayer, uTo Ha moBepxHOCTH Oesoro Kapaunka ¢ M=0.5M
BTOpasi KOCMUYECKasi CKOpocTh Vi, = (2GM/ R)l/ >~ 0.0lc. [TockosibKy TIpu yBeJIMYeHIT
MAaCChl paJInyC 6eJIOro KapJnKa yMEHBIIAETCsI, OTHOIIEHNE Vo, /¢ pacTer ¢ poctoM p,. [lo-
9TOMY IIPU pacyeTe CTPYKTYPbI CAMBIX MaCCUBHBIX OEJIBIX KAPJIUKOB CJIC/IYET YUUTHIBATH
sdderror 06mieit Teopun oraocurenprocT (OTO), 0 KOTOPBIX Gostee MOIPOOHO Gy/eT
CKa3aHO B paz/iesie, MOCBIAIIEHHOM HERTPOHHBIM 3Be3/1laM. BoJiee TOro, y resimeBbix 6e/1bIx
KapJIMKOB TI0TEPs YCTOWMIUBOCTH MTPOUCXOIUT HE CTOJLKO U3-38 HEHTPOHUBAIMH, CKOJIHLKO
u3-3a 3pdexros OTO, MOCKOILKY /I HEATPOHU3AIUN T'ejis HeOOX0MMa HanOOoIbITas
IJIOTHOCTD.

Hetirponnzanus n adpdextor OTO maio MeHSIOT MaKCHMaJIbHO BO3MOKHYIO MACCy
BK, npeickaszbiBacmyio Teopueit Hanipacekapa: HanpuMep, Jjisd yIJIePOIHbIX OeIbIX Kap-
JMKOB M, = 1.40 Mg BMecTo Mgy, = 1.44 Mg, a juta xkene3ubix — M, = 1.12 Mg
Bmecto Mo, = 1.24 My. Ho B Teopun Yanppacekapa MakcuMaJjbHasi Macca COOTBET-
CTByeT nipejiesly p. —» oo u R — 0, Torjia Kak B peajbHOCTH M,,q, JO0CTUTAETCA IpH
KOHEYHBIX 3HAYeHUsAX p, U R: B gacTHOCTH, /1 yraepoaabix BK pm =~ 6.0 - 109 r/cm3,
Roin = 1500 kM, a g kejesnoro — pm® ~ 1.2 - 10° r/em®, Ry = 2200 xm. Ipn
Pe > P THIPOCTATUYECKN PABHOBECHBIE KOHMUIYPAIUH, JIaBJIeHIE B KOTOPBIX OIIPE/Ie-
JISIETCST BBIPOXKJICHHBIM 3JIEKTPOHHBIM I'a30M, HEYCTOWYUBBI, U, CJIEJIOBATEIHLHO, HE MOIYT
CYIIECTBOBATD.

CoBpeMenHas Teopusi OeJIbIX KapJIMKOB TaKKe YINTBIBAET HEMJIETbHOCTH JIEKTPOH-
HOTO Ta3a, 00YCJIOBJIEHHYIO KYJIOHOBCKMM B3aMMOJIEHICTBIEM 3JIEKTPOHOB C sA/IpaMU. ITO
B3aUMO/IEfICTBIE YMeHbIaeT JiaBjaeHue P, mpu Toil ke IJIOTHOCTHU, PUYEM JIJIsi BHIPOXK-
JICHHOT'O 9JIEKTPOHHOIO r'a3a (B OTJIMIHE OT KJIACCUIECKOTO ra3a) OTHOCUTEIbHAS BEJIMINHA
[IOTIPABKM K JIABJIEHUUIO PACTET ¢ yMEHbIIEHUEeM ILJIOTHOCTH. B pesysbrare, yuer Hewje-

AJIbHOCTU e-Ta3a yMeHbIaeT 3HaUeHUe M%‘ﬁ BCEro Ha HECKOJILKO ITPOIEHTOB, 3aTO Kap-

JMHATBHO MenseT sapucuMocTh M(R) B obmactu Mambix mace (1 p.) : 3akon R oc M~Y/3
nepecraeT paborars, u upu M ~ 0.003 Mg paguyc xoJ10/H0 BBIPOZKIEHHO KoHMUrypa-

muu, cocrosmeii n3 cmecu H n He mocturaer maxcumasbaoro snadenuss ~ 30.000 kM, a
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3aTeM YMEHbBIAeTCsI ¢ YMEHbBIIIEHEM MAaCChl. 9Ta 00/1aCTh MacC COOTBETCTBYET TLIaHETAM-
ruranaTam tura HOnmrepa, y kotoporo, B vacraoct, Ma 0.001 My, R~ 143.000 kM. Kak
BUJIHO U3 pucyHKa jijis xkeje3noro bK makcumasibHoe 3HaUYeHre Payca JOCTUTAeTCs IPU
M ~ 0.1M,.

R/Roh Fig.35.2. R-M relation for white dwarfs. Dashed lines

indicate ions of Ch: s equation for non-
interacting gases with . = 2 (*He, '2C, 190 ...) and
fte = 2.15 (°Fe). The other curves are for He, C, Mg, Fe,
and equilibrium composition; they include interaction of
the nuclei. (After HAMADA, SALPETER, 1961)

0.02

M/Mo

Puc. XIII.1:

XIII.2 OctpiBanue 6ebIX KapJnKOB

[lepBast Teopust ocThIBaHUsI OeIbIX KapukoB ObLia co3gana C.A.Kammanom B 1949 1. n
nezapucuMo Mecrenom (L.Mestel, 1951). B 91ux Teopusax NpHHUMAJIOCH, 9TO GesIbIil Kap-
JILK COCTOUT U3 BBLIPOXKACHHOIO SJIPa, B KOTOPOM COCPEJIOTOUYEHA IPAKTUIECKI BCA MacCa,
U TOHKOI JIy4nCcTON 060JIOUKK M3 HEBLIPOXKICHHOIO Ta3a. 3a PAHUILy sapa IPUHIMAJIACEH
TOYKA, B KOTOPOIl jaBiienne HyKJoHHOTO P = pRT'/11; 1 HEPETSATUBUCTCKOTO 3JIEKTPOH-
Horo ra3a (XIII.2) oxurakossl. [TosToMy Ha rpanuie sjpa uMeeM:

%Tc 3/2
Kcﬂi .

pe = (XIIL6)

[IpeamonokuM, 9TO HENPO3PATHOCTH B 060JIOUKE OEIOr0 Kap/uKa OIPEIesIseTcs 3a-
konom Kpawmepca (VIL.9). B stom ciay4ae, cormacuo (VIL.17), B rurybume o60s04Kn, T.€.
upu T > T.¢, P> P, umeewm:

ACH M 4 wi [4CiM 64moGR
=\ —— T/ =y —— T Ci=————-.
170  PTRV T e YT T3
[Toncrasiiss Bropoe u3 stux coorHomennit B (XII1.6) mosry«mm:
4K3 3
L=CMI™?, i Ch= #3:; Yo (XIIL7)

N3-3a BBICOKO# TEILJIOMPOBOJIHOCTH BBIPOXKJICHHOI'O JIEKTPOHHOTO Tr'a3a MOYKHO CYUTATD
siipo u3orepmudeckuM, 1modromy (XII1.7) csspiBaer cBeTMMOCTH 0GEIOr0 KapJMKa € €ro
[EeHTPaJIbHOI TeMIepaTypoil.



I'maBa XIII. Besble Kap/uKn 165

TermoeMKOCTb BBIPOZKIEHHOTO 3JieKTpoHHOro ra3a npu 1 < Tr 8 Trp /T pa3 Menblie,
YeM TeIJIOEMKOCTD T'a3a HEBBIPOXKJIEHHBIX djep aToMoB — cM. ¢Tp.60. [TosTomy Bed Ternio-
Bas dHEPrus OEJIOro KapJ/mKa COCpeIoToueHa B sjpax. Kcau onu o0pa3yior ra3, To 3amac
TeIlIa, CoJlepKaluiicss B 6€/I0M KapJiukKe:

 3RT.M

Q=5

Pemmrag ypasuenue

dQ./dt = —L

¢ yuerom (XIIL.7) maxommm, ato Bpemsi octhiBanus sjapa BK or temmeparypsr T,y 10
TeMIepaTypbl 1, ecThb:
3R 1 1

N 5u;Co . TE/Q B TfO/Q

t

B npenene T, < T,y mosyaum:

uCo\2°
T~ |Lt==) 720 XIIL8
(%) (xtLs)
C yuerom (XIIL.7) orcroma ciemyer:
Lit)yoct™™ w T oct™ 7/ (XIIL9)

OCKOJIbKY pajinyc BK mpakTuyeckn ne mensiercs.
Teopua Kamrana-Mecresra BrociecTBin Oblj1a yTOTHEHA € YIETOM TPEX OOCTOSITEIHCTB:
1) Oxutaxkjienne sijipa HEATPUHHBIM U3JIyI€HHEM HA PAHHUX JTAlaX OCTHIBAHS
2) BosnukHoBeHME KOHBEKIMU B 060JIOUKE
3) Ilepexo/ sijiepHOil KOMIIOHEHTBI 13 TA3000PA3HOTO COCTOSIHUS B TBEPJIOE IIPU TOHUKEHUH

TeMmIepaTyphl J10 Beauunnbl & 2 - 1062%(p/ 109)1/ s K, rne Z - 3apsyg aromMHOrO sijpa.

[lepBoie mBa rakTOpa yBeJMUYUBAIOT CKOPOCTh ocThiBanus BK, a kpucraumzarnms
SITIEP YBEJTMIUBAET TEIJIOEMKOCTh HYK/JIOHHON KOMITOHEHTHI, T.€. 3aI1ac TeIjia B 0eJI0M Kap-
JINKe, TeM caMbIM 3aMeJjIsgs ero ocThiBanne. B Tab/mie npuBeeHbl HEKOTOPBIE ITapaMeT-
pbl ocThiBatorero yriepognoro bK ¢ M = 1M,

YBesnaurh BpeMst ocTbiBanns BK MOryT Takke MUKHOsI/IEPHBIE DEaKIUK (CM. pasJies
V.4), Koropble MOTYT TIpOTEKATh jJaxke 1pu 1 — 0 u3-3a Hajgnaus "HysieBbix" KoJieOaHmit
pemerku ¢ sueprueit By = hwy/4m, tie wy = (4w Z%e¢*N;/ mi)l/ ? _ [IasMeHHAsd YacToTa
noHoB Kpucrajia. 3a t ~ 10° ner H — *He npu p ~ 10° r/cm®, *He — 2C npu p ~ 10°
r/em® u T

XIII.3 CBepxHoBble Tuiia la

Ecim na C-O 6enwrit kapiuk ¢ M < Mgy, B OBOIHOI crCTeMe MPOUCXOIUT AKKPEIHs
BEIIECTBA BTOPOIl KOMIIOHEHTHI ¢ TEMIIOM aKKperuu M,., TO MOXKHO OXKUJIATh, 9TO B KAKOIi-
TO MOMEHT Macca 6e/10ro KapJjuka J0iaer 10 BeJuduHbl Moy, 9T0 IpUBEIeT K ero rubesim
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tarer | To.p, K L/Lg T..K
3-10° | 5.8-10% 0.7 7-107
9.107 | 3.0- 104 0.04 2.5-107
9.-10%1.3-10*|1.6-107% | 7.1-10°
8-10°13.9-10° | 1.3-107° | 4.8-10°

92 96

520 725 8085 &094 .galr
5 AN \\\\ ‘*l
1 T T T a E
T 1 et \\\\\\\
i 2 1 <3 ‘\\\\\\\‘&\\\m\&\\ a\
ALy 3 1 P2
e = -
<0 2
-2 78 1 a8
>
v 101 o
i : 24
-6 1 1 | |
8 9 W 0
lg7r(rodo)

Puc, 104. Kpusas oxnaxncHusa Georo Kapiauka: cBeTUMOCTb L B 3aBMCHMOCTH OT BO3pac-
Ta 7. HoMepa cOOTBETCTBYIOT MOJeNAM u3 Tabm, 49: 2 — mopens ¢ Ly, = L, 3 — mopens, rae
MEKTPOHHAN TENITOEMKOCTh Cpe, 1/7 PABHA HOHHOH Cyj 17, 6 — HAYANO KPHCTATUIHIALMH,
7 — mogiens, rae 64/ = Tyyp, 8 — KOHBeKUUA JOCTHIALT BLIPOXKACHHONO Aapa, 10 — KpHc-
TaMuecKoe Anpo gocturaer ¢ = 0,99, lirpuxoBoi nuHHel yKa3zaHa KPpUBag OCTHIBAHHA M0
cTerneHHOMY 3akony (u3 [457])

Puc, 105, Poct kprerammueckoro sapa (Melkas WITPUXOBKAE) M [NOBedeHHE BHeWIHEH KOH-
BEKTUBHOH 30HblI (KpyNHay WTPHXOBKA) NPH OXNaxaeHHH GeloTo KapiMKi, YKa3aHa Tak-
ke KpupBas BeipoxiacHusa ¢ = 0, Moments1 2 — 10 coorTBeTcTBYOT Mofenam U3z tabn, 49
m
(cM, noanuck K puc, 104) ; ¢ =—— — nona BuyTpeHHeit Macesr (13 [457])
M

Puc. XIII.2: 3aumcrsoBano u3 [1].

B pesyibrare KoJuramca. OHaKo peaibHOE PA3BUTHE COOBITUI IIPU ITOM OKA3bIBACTCS
ropasjio MeHee TPUBUAJBHBIM.

[Tonaas na 6eJIbIiT KAPJIUK aKKpPEIupyeMoe BelecTBO (hopMupyeT 000I09KY, OOTaTyIo
Bo/OpoioM u resmeM. [lo mMepe pocta Macchl 9TOi 000IOYKE Ta3 B €6 OCHOBAHUU YILJIOT-
HdeTCsd W HarpeBaeTcsd. B Kakoil-To MOMEHT TeMmIlepaTypa ra3a CTAHOBUTCS HACTOJIBKO
BBICOKOI, YTO HAUMHAIOTCS TEPMOsiJIEPHBIE PEAKIINK, B X0J/Ie KOTOPBIX BOJIOPO/I IIPEeBpaliia-
ercst B resmit. PacueTsl IOKA3BIBAIOT, UTO eciIu TeMil akkperun My, < 1078 M, /roz, To K
MOMEHTY, KO/ HA9MHAETCSA TOPEHre BOJIOPO A 9JIeKTPOHHBIN ra3 B OCHOBAHUN OOOJIOUKH,
okpyzxkatoreit C-O s1po 3Be3/1bI, 0Ka3bIBAETCS BBIPOXKIEHHBIM. Kak u B ciryvae re/imeBoit
BCIIBIIIIKHA Y MAJIOMAaCCUBHBIX 3BE3/1 9TO IIPUBOIUT K TOMY, UTO TOPEHHE BOIOPO/Ia ITPOUCXO-
JIUT B BUJIE TEPMOSIJIEPHOTO B3pbIBa. BeiencTBre 9Toro mpoucxouT ObICTPOE YBeIUICHUE
CBETUMOCTHU 0€JIOr0 KapJinKa, KOTOPOE COIPOBOXKIAETCS BBIOPOCOM, MPAKTUUIECKHU, BCEil
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SN 1998bu

Puc. XIII.3: Benbimikn ¢cBepxHOBBIX THIA la B pasnndanbix rajgaktukax. CjieBa HAIPaBO:
1998bu, 1998aq, 1994D. BaumcrBOoBaHO ¢ 777

HaKOIIEHHON K 9TOMY MOMEHTY ODOJIOUKH B OKPY2Kalollee IMPOCTPAHCTBO CO CKOPOCTHIO
~ 1000 &M /c. TTocse aToro akKpenust BemecTBa Ciiy THUKA BOCCTAHABJIMBACTCS, 060JI0UKA
HaJ| OeJIbIM KapJIMKOM HAaYMHAET (DOPMUPOBATLCA 3aHOBO, YTO IIPUBOJIUT K HOBOMY B3DbI-
By u T.J1. [lo-Bummmomy, Takoil mporecc o0bACHIET IPOIECC MOBTOPAIONIUXCA BCIIBIIIEK
HOBBIX 3B€3/l Pa3/JINIHbIX THIIOB U T.H. KATAKJIU3MUIECKIX ITePEeMEHHBIX.

[Tpu M,. > 1078 M, /ros, ropeHue BOJOPOJIA IPOUCKXOIUT B HEBBIPDOXKJICHHOM Ta3e
U B CIIOKOHOM (CTAIMOHAPHOM) DEXKHMe, TAaK YK€ KaK U MOCJIEyIolee TOPEeHne IeJIus,
KOTOPBI TpeBpaliaeTcsd B YIVIEPOJ W KHUCJIOpoJ. B pedyibrare macca BBIPOXKJICHHOTO
C-O anpa Moo yBeImYunBaeTCst, HEYKJIOHHO MPUOIUKASICH K MPEIEIbHO JOIMYCTUMOMY
3HaIEHUIO M,,q,. DTOT MIPOTECC COMPOBOKIAETCS YBEJIMIEHNEM IIJIOTHOCTH U TEMIIEPATY-
pPBI B IleHTpaJibHOM obJiacTu. PacdeTsl moKasbIBaroT, 9To Korga Macca Moo CTAHOBUTCS
~ 0.99 M,,,, B IEHTpaJIbHON 00JIACTH 3BE3/Ibl HAUMHAETCA TopeHue yriepoja. OTMeTum,
9TO MPOUCXOUT TO HE CTOJIBKO B PE3y/Ibrare (CpaBHUTEIHHO HEOOJIBIION0) yBeTMIeHNUs
TEeMIIEPATYPbI, CKOJIBKO M3-3a IOBBINIEHUs IJIOTHOCTHU: BCJIEJICTBAE CUJIBHOTO JIEKTPOH-
HOT'O SKPaHUPOBaHUs TOPEHUE YIJIEPOJIa MOUCXOIUT B T.H. MUKHOSJICPHOM PEKUME — CM.
cTp.79.

[TockobKy yriIepoji, a 3aTeM W KHUCJIOPOJI, 3aropParoTcsd B CUIBHO BBIPOXKJIEHHOM I'a-
3e, UX IMOCIEIyIoNee TOpeHne MPoucXoanT B ¢gopme B3pbiBa. OT HEeHTpaabHOI obJacTu
HApPYZXKY PacIpoCTpaHsieTcsi BOJIHA JeToHaruu (uim gedarpaliun), KoTopas MOJIKUTaeT
C u O BHyTpHE Bcero 6e/10r0 Kap/mKa. JHEPIUH, BhIICIAONENRCT TPU UX ITPEBPAIeHNN B
9JIEMEHTBI YKeJIe3HOI0 KA, XBATaeT Ha TO, YTOOBI IIOJTHOCTHIO PA3PYIIATh O€JIbIi Kap/IiK.

HeiicTBuTesnbno, sueprud ca3u Oesioro Kapiuka E, =~ GM 2/R, uro ipu M =1 Mg,
R ~ 10° cum cocrasiser ~ 3-10% spr. ITpu npespamennnu 2C B % Fe Boiiensaercs sneprus
~ 5-10'7 spr /e, mosTomy meronarus M = 1 M, yriieposia MpuBOJUT K BBIIEJCHUIO ~ 10%!
9P, YTO JOCTATOYHO JIjId pa3pylieHus 0e/I0ro KapJimKa.

CunTaercst, 9TO 3TOT MEXaHM3M OTBETCTBEHEH, 110 Kpaiineir mepe, 3a 20 % apienwuii,
HabJIIOTaeMbIX KaK BCIBIIIKA CBEPXHOBBIX THIIA la, JI/IsT KOTOPBIX XapaKTePHBI CJIeLYOIIIe
HabJIIoIaTe/ IbHBIE TTPOSIBJICHUS:

® B CIICKTPaxX HET JIMHUAN BOIOPOJIA

® CBEPXHOBLIE 9TOI'O THUIla CBA3aHbI CO CTapbIM HaCE/JICHUEM T'aJIaKTHUK
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Puc. XIII.4: Kpusnblie Ojiecka CBEepXHOBBIX THIla la: dem mmpe Kpupas OJiecka, TeM gpde
CBEPXHOBas B MaKCUMyMe OJiecka.

e B MakcuMyMe Gjlecka cBeTuMocThb Ginska K 10%3 spr/c
® HET KOMIAKTHBIX OCTATKOB I10C/IC B3PhIBa

e KUHeTHYEeCKast 3HEPIUs pasJeTaiomieiics obosiouku ~ 10°! spr (1 foe).

Caeuenne o6ostouek SN I mponcxouT 3a cueT SHeProBLIIEICHUS IIPU PACHaax:
Ni+e” — Co + v, (t1)o = 6.19),

Co + e — Fe + 1, (trye = T77%.

Caepxnossie Tuna SN la ciyxkar "crammaprHoii ceuoit'.
B zakJtiouenue erie pa3 oTMETUM, YTO 110 COBPEMEHHBIM IPEJICTABICHIAM, OIIMCAHHBII
BBIIIIE CIIEHAPHil IOPOKIAET MEeHee YeTBEPTH BCeX HaDJII0MaeMbIX CBEPXHOBBIX THIla la: B

3-4 paza 4galle CBEpXHOBBIC 9TOI'O THUIIA BCIBIXUBAIOT B PE3YJIbTATE CJAUAHUS JIBYX OCJIBIX
KapJINKOB.
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Puc. XIIL.5: AcumMmeTpuvHbIil B3PBIB B IIEHTPe 6EI0ro Kap/nka. B BepxHeM yIiry Kaxk 1o
IaHes M yKa3aHo BpeMsl, IIPOIIIe/IIiee ¢ MOMEHTa HadaJsia B3PbIBa, & B TPABOM HUZKHEM YTJTy
caMoii JIeBOI NAHEe M TTOKa3aH MPOCTPAHCTBeHHbIH MaciiTab. PucyHnok us crarbu [24].

10 =V ean Fenm sin o1 ]
Fcom sim FE8l sin Mg Call ]

i Fe IL
b}

g f () ]

7 | \

g Ca Ol

S |} Ha " i

Hy HE

+ 45 (e) |

- /-\,FMN\M
L Na 1 i

ag / Fe II Si It Ol cam

S ! =

ed

&

Fe II He 1
Fe I (a) SN 1987K (Ia), t ~ L week .
(b) SN 1987A (II), 7 ~ 1 week

(c) SN 1987M (Ic), t ~ 1 week

(d) SN 1884L (Ib), t ~ 1 week 1

1 1 | L 1 1 I 1 1 1 l 1 1 1 I
4000 6000 a000 10000

Rest Wavelength ()

20 —

Puc. XIIL.6: Cuekrpor cBepxuoBbix | u II Tuita #Ha pazaumdHbix stamax.
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Puc. XIV.1: DBosmonuonnbie TPEKU 3Be3/1 PA3HBIX MacC.
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XIV.1 Spouronus 3Be31 ¢ Maccoii 1o ~ 30 M, u cBepx-
HoBble Il Tuna

[TepBasi 0cOOEHHOCTH HBOJIIOIUI MACCUBHBIX 3B€3J COCTOUT B TOM, UTO OJiarogapst BbICO-
KOl CBETHMOCTH OHU MOTYT TepsiTh 3aMEeTHYI0 J0Jito mepBoHadanbHoil (Ha HI'TI) maccst
yxke Ha crajun ['II. BooOre roBops, Heb3s cKa3aTh KaKO# IPOIEHT MacChl MOTEPAET
3Be3/Ia JIAHHON MACCHI, IIOCKOJIbKY 3TO 3aBUCHT OT €€ MCXOJHOI'0 XMMHUYIECKOTO COCTaBa, a
TaKKe CKOPOCTH U XapaKTepa OCEBOT'O BPAIIEHUS 3BE3/Ibl, T.€. OT PACIPEJIeICHUs YTIJIOBOTO
MomenTa j(r).

Puc. XIV.2: Uzobpaxkenue okpectHocteit MmaccusHoii 38e3161 ) Car. 3anMcrBoBano u3 77

Cxema siJiepHOIi BOJIIOINU 3BE3/IbI:

ADEPHOE 20DEHUE —> UCUEPNBIBAELMCA MONAUBO — Colcamue Adpa — Haz2pes A0pa —
Adeproe 20peHUe U T.JI.

[TockOIBKY KAJOPUITHOCTD SITIEPHOTO TOPIOYEro MAIAeT C POCTOM 3apsijia si/iep-PeareHToB,
a CBETHMOCTD 3BE3/Ibl, 0COOEHHO HEHTPUHHAs, C TeYeHHEM BPEMEHU PACTEeT, ee IBOJIOIHST
UJIEeT Bce ycKopsomuMmucs Temiamu. Hanpumep, y 3Be3inl ¢ Maccoit 25 My BbeIropamue
B IEHTPAJIBHON 06JIACTH BOJOPO/IA IPOUCXOAUT 3a 7 MJIH. JieT, rejaus — 3a 0.5 MJH Jier,
yriaeposia — 3a 600 jier, Heona — 3a 1 101, a IpeBpaleHne KPeMHUS B JIEMEHTBI YKeJIE3HOTO
nuKa — 3a 1 JeHb.

Y 3Besa ¢ 8 < M/Mg < 12 (B cirydae yMepEeHHO! MOTEPH MaCChl) IBOJIONUS TPOUCXO-
JIAT TI0 TOii YKe cxeme, 9To u 'y 38e31 ¢ 5 < M /My < 8 BILIOTH JI0 aCHMIITOTHYECKOIl BETBU
ruranToB. Ho 3areM HaYMHAETCsI TOPEHUE YIJIEPO/IA B HEBBIPOXKIEHHOM SIJIPE, B PE3Y/IbTATE
yero obpazyercs enpooicdernmoe O-Ne-Mg sapo:

22C 5 ¥ Mg+, wm BMg+n, wm P°Ne+*He, wm %O+ 2'He.
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[Mocaemyromiee cxkaTue sijipa CONMPOBOXKIaercs Helirpornsanueit O u/mmm Mg:
g0+ e — ON+vy,  BMgte — HNatw.

[Ipn mefirpoHU3anuu mokasaTesb aguabaTbl 7 B IEHTPAILHON OOIACTH CTAHOBUTCS
< 4/3, 9TO NPUBOJUT K MOTEPU YCTONUMBOCTH $/[pa 3BE3JIbl. = KOJIJIAIIC, 00pa30BaHue
H3 u Bcubimka SN Ib/c.

1Q_LCa]I Fe I ST ]

15 — /_V‘_\,\,\__,-.WM_
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! @ 7

-2.5 log 1, + Constant

Fe II He I
Fe I (a) SN 1987K (Ia), t ~ L week 4
(b) SN 1987A (1), T ~ 1 week

(c) SN 1987M (Ic), t ~ 1 week

(d) SN 1884L (Ib), t ~ 1 week 1
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4000 6000 8000 10000
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20 —

Puc. XIV.3: CuekTpbl CBEPXHOBbBIX pas3ndHbiX TUIOB [20].

V sBesn ¢ M > 12M, uner nupespamenue 90 B 3°S u 3254, a 3arem T.H. ropenne Si:
BGi+1He <3S+, 28 4+ He <3 Ar + 1, BAr +4He & *°Ca +~

U T.JI. BIUIOTH 10 “2Fe+ *He < Ni + .
Barem spo 59Ni npespainaercs B g,1po 5o Fe:

wNi+e —8Co+v. (tip=6.1% wCo+e = NFe+v. (tip="T77

Korza Temiieparypa B HeHTpa/bHOil ob1acTi gocTuraeT snadenuii ~ 3-10° K peaxuuu
dboromuccormanun Tuna °Fe 4+ v — 13*He + 4n u ganee *He + v — 2p + 2n BeayT K
[OTEPH yCTOWIMBOCTH, KoJutancy, oopaszoBannio H3 u Bemnbimke SN 1. Posib meiirpuno.

HermocpeicTBeHHO TIEpe/T KOJITIAIICOM CTPYKTYPa 3BE3/Ibl HATOMIHAET JIYKOBUILY: 3BE3/1a
COCTOUT M3 MHOYKECTBA, CJIOEB € Ppa3IMIHbIM XuMcocTaBoM — cM. Puc. XIV.4. [openue 3ie-
MEHTOB TsizKeJjlee IMeJius B CJIOEBBIX UCTOYHUKAX ITPOUCXOIUT B CTAIIMOHAPHOM PEXKUME, 110~
CKOJIbKY IIPU CTOJIb BBICOKUX TEMIIEPATypax IMOYTU BCIO BBIJIESIONLYIOCH SHEPTIHIO YHOCAT
HEHTPUHO: CJIydaiiHOEe IMOBLIIMIEHIE TEMIIEPATYPbl YBEJNUNBAET UWHTEHCUBHOCTH HEHTPUH-
HOT'O M3JIydYeHHus B OOJIbINIEH CTeleHn YeM MHTEHCUBHOCTD SJIEPHOTO SPErOBbIJICICHUs, YTO
BO3BPAIACT TEMIIEPATYPY K UCXOJIHOMY yYPOBHIO.

Cxema obpazopanust SN II: kosutarc kee3Horo sijipa, Harpes, (GOPMUPOBAHKE TTPOTO-
HEHATPOHHOW 3BE3JIbI, COIMPOBOXK/IAEMOE MOIIHLIM HeHTpUHHBIM u3jydenueM. [locie sTo-
r'o JIOJIZKEH IPOUCXOIUTH "OTCKOK" 000/10UKHM, MOPOXKIAIONINN YIapHYIO BOJIHY, KOTOPast
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Puc. XIV.4: Crpykrypa 3Be371bI ¢ Maccoii 25 Mg Ha MO3HUX CcTajusax BOJONUN (Ipeji-
cBepxtoBas 11 Turma).

[IOJIZKUTAsT SIJIEPHOE TOILJIMBO B BBIIIEJIEZKAIIUX CJI0SIX COpAChIBAET 000JIOUKY, COCTOAILYIO
B 3HauMTebHON crenenn usz S0Ni. Ckopocrb passera obosouku ~ 3000 km/c. Pacma,y
HUKEJIsT — UCTOYHHUK CBEYCHUS COPOIICHHOW 000JIOUKH.

[Ipu cdheputeckn cUMMETPUIHOM KOJLIAIICE HE YJIAETCH COIVIACOBATH PACUYETHI C Ha-
OJIIo/IleHnsIMU, T.K. 3HAYUTE/IbHAS YacTb SHEPIUU YAapPHON BOJIHBI TPATUTHCH Ha (POTO-
JINCCOIUAITIIO 2Kejie3a. AJTbTepHATHBAHBIE MOJIE/IH: MATHUTOPOTAIIMOHHAST MOJIE/Th, MOJIE/Ib
JABOVHOI'0 HEUTPOHHHOI'O A/PA.

XIV.1.1 CsepxnaoBasg SN 1987a

Beesoii-tipemecrseHarnkoM SN 1987A 6611 rosty6oit ceepxrurant Sanduleak -69° 202 ¢
Maccoii okoso 17 macc CoJiHria.

Jlo Bembimikun SN 1987a cunrasiocsk, 9To B3pBIB cBepxHOBO# 11 Tuma mpomcxonur Ha
CTa/IUU KPACHOT'O CBEPXTUTaHTAa.

Ozkujiaercs, 9TO B MOMEHT B3PbIBA 3BE3/IbI ¢ Maccoil 3ameTno menbine SN 1987a mpej-
CTaBJISIO CODOI KpacHbIe CBEPXI'UIaHTLI. BO-BCAKOM ciydae, ObLIO MMOKA3aHO, UTO IMPE/I-
ceepxuoBoit Tuna II-P, Becubixnysmieit 8 2008 r. B rasaktuke NGC 7793, 6611 KpacHbIi
CBEPXTUTAHT ¢ Maccoit 8-9 Mg

Hot subdwarf stars - Ap Sp Sci 329 October, 2010 Z.Han et al. editors
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Puc. XIV.5: Onrnueckas kpuBast Oj1ecKa 1 M3MEHEHNEe SHEPTeTUIECKOrO CIIeKTpa HefTpu-
no SN 1987a. SaumcrBoBano u3 777

Puc. XIV.6: Uzobpaxkenue obsactu, B KoTOpoii pacrosioxkena CpepxuoBas SN-1987a:
rymanHoctb Tapantysn B Bosbimom MaremianoBom obsiake. 3anMCTBOBAHO —caiiTa
http://en.wikipedia.org/wiki/File:Supernova-1987a.jpg.

XIV.2 DsoJronus 3Be3 ¢ Maccoii cBblie =~ 30 M.

DBOJIIOIMA, B IIEJIOM, IIPOTEKAET TaK Ke, KaK U y MeHee MaCCUBHBIX 3B€3]I, HO U3-3a 00JIb-
IIOr0 BKJIa/1a U3JIy4YeHus B Japjenue neycroitunocTsb [[lenbepra-Yanppacekapa y 3Be31
¢ maccoii coire 30 My He Hacrymaet. /leiictBurensHo, B 3amade 111.12 mokazano, aro us-



Dirasa XIV. 9Bosmorust 38e3:1 ¢ M > 8M, mocJre riiaBHOI 1TOCI€[0BATE/ILHOCTH

175

Core helium exhaustion

(Homao sapiens)

Carbon ignition
10,000 B.C.
(Agriculture)

"
| Hydroger{-
\ burning!
\ main - ¢ .
Presupernova
. star*

-t __amd

Nitrogen burning

700,000 B.C.
(Homo erectus)

v
2
‘@
S
=
E
=
po
3
°
b
-
]
@
k-]
£
s
b
3
]
£
2
@
8
=
E
5
i

Sk-69° 202 born
11 million B.C.
\ (Ape men emerge)
v

Puc. XIV.7: Harnsjnas cxema 3BOJIIOIIMOHHOIO ITYTU 3BE3/IbI,

1987a. 3aumcrBoBano u3 77
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Puc. XIV.8: U3menenne mapaMeTpoB B IIEHTPE 3BE3/1 pa3HOl MACCHI, TOJIYYeHHOE U3 YUC-

JICHHBIX PaC4dYeTOB.

3a JIABJIEHUS W3JIyYEeHHs HEYCTONYMBOCTH BO3MOXKHA MPU Macce M30TEPMHUYECKOIrO s/Ipa
M, <~ 2.7 M. Ilockomnbky npegmen [llenbepra-Yanapacekapa M./M ~ 0.1, nosydaem,
YTO COOTBETCTBYIOIIASA HEYCTOWIMBOCTD BO3MOXKHA JIUIID JIJIsd 3Be3]1 ¢ Maccoil <~ 30 M.

DBOJIIOMOHHBIE TPEKN ITUX 3Be3/1 Ha, qrarpamme ['-P moatu ropm3oHTaIbHBL, TOCKOTh-
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[Torepsi Macchl MACCUBHBIME 3Be3/IaMU ITPUBOJIUT K M3MeHEHUIO (GopMbl Tpeka. Ha
I'TI 3Besapt ¢ M < 50M, repsior go 20% wmaccol, a 6ostee Maccusibie - 10 90% =—
dbopmuposanue 38e37 Bosbda-Paite (WR). Mexanusm morepu - jjaBjieHne U3/IydeHUs B
JIMHUSX U Ha UBLIH (IPU HU3KUX T¢f) + IyJIbCAI[MOHHAS HEYCTONYUBOCTD.

Farell S.A., Webb N.A., Barret D. et al., An intermediate-mass black hole of over 500
My, in the galaxy ESO 243-49, Nature 460, 73, 20009.

Suwa Y., Kotake K., Takiwaki T. et al., Fxplosion geometry of a rotating 13 My star
driven by the SASI-aided neutrino-heating mechanism, Publ. Astron. Soc. Japan 62, 1.49

(2010)

Y 3Be3g ¢ M > 30 — 50 My temmneparypa B IIeHTpe HACTOJIBKO BBICOKA, YTO IOTEPS
YCTOMYIUBOCTH TTPOUCXOIUT U3-3a poxkienusd nap — cMm. Puc.XII.2. Kojuranc siapa npuso-
JIUT K TEPMOSJICPHOMY B3PBIBY KHCJIOpOja. Pe3ynbrar KoJjiamca — IOJIHBIH pa3JjeT Win
obpazosanne Y/I.
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Puc. XIV.9: DpoJionuonible TpeKN MAaCCUBHBIX 3BE3JI, PacCUuTaHHble 0e3 ydeTa 1morepn
Macchl (cea) i B mpenooxkenun, 9ro M,, ~ 70 L/c® (cnpasa). TopusonTanbHoii 4epToit
OTMEYEHO MECTO 3aropaHus yIVIepoJa B sjpe, a 3BE3/I0YKOil — MeCTO, IJie 3Be3/1a TepseT
ycroitauBocTh (mpencsepxHoBast). [lo ganabim A.Maeder, A&A 99, 97, 1981

Ncrounnku raMma-BCILIECKOB — rorudalomue 38e3/1bl ¢ Maccoit ~ 50 — 100 M. Kout-
JIATIC BpAIIAoIeiics 38e3/1bl, (GOPMUPOBAHNE AKKPEIIMOHHOTO JTUCKA, PEISITUBUCTCKUN JIZKET.
Cobereennoe u nocsecseuenne (prompt & afterglow).
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Puc. XIV.10: IM'uranrckuit my3sipb, KOTOPBI BeTep 3Be3/bl THIa Bosibda-Paiie Bbirysr B

X1IV.3 Cunre3 xuMnmiyecKmx 3JIEMEeHTOB

[Tonbekuit actponom IIpekubuibckuit oOHapYKUJI 3BE3/Ly, B CIIEKTPE KOTOPOW JTOMUHU-
PYIOT JIMHUU PEJIKO3EeMEJIbHBIX dj1eMeHTOB — cM. Puc. XIV.17.

B 1999 r. 6611 3amymmen kocmuaeckuii ammapat STARDUST, kotopsrit mocsie mposiera
BOsim3u komernl Wild II Bepmysics ma Semstio. Ha amnmapare Oblia ycraHOBJIeHA CIIEIy-
aJibHasl JIOBYIIKA, B KOTOPYIO IOMAJIA IbLINHKNA, HAXOAUBIIUECT B KOME KOMETBI — CM.
Puc. XIV.18.

Yeroituusbix sjep ¢ A =5 u A = 8 He cymectByer. => MbrI - 3Be31HbBIE JTI0/TH!
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Puc. XIV.11: Koneunas cymapba 3Be3/1 B 3aBUCUMOCTH OT UX MCXOIHOI MacChl. 3aUMCTBO-
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about solar

metallicity (roughly logarithmic scale)

-— white dwarfs

Puc. XIV.12: Koneunasi cyapba 3Be3/1 pa3HbIX MacC B 3aBUCUMOCTH OT UX XUMCOCTaBa Ha,

Log,, N

Puc. XIV.13: OrHocuresbHoe obusme (10 9uC/Iy aTOMOB) XUMUYECKUX 3jieMeHTOB B Col-
neunoii cucreme. Cojiepzkanue KpeMuus npuiaTo pasubiv 10°. Saumcrsosano c caiita [36]
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Puc. XIV.14: CuekTpbl 3B€371 ¢ pa3sHbIM COIEPKAHIEM TSI?KEJIbIX JIEMEHTOB U OXKHIA€MBbIii
cekTp 3Be31, Hacenenns 111. BanmcrBoBano n3 npecc-penmza ESO 0228 ot 30.10.2002.
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——— T[lonHbIK pasneT
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Puc. XIV.15: Koneunast cyapba 3Be3/1 1 IPOIEHT BbIOpAChIBAEMOIl B OKpY2KaloIiee po-
CTPAHCTBO MaCChl B 3aBUCUMOCTHU OT HadajbHOU Macchkl Ha HI'TI.
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Puc. XIV.16: Yuacrok crektpa 3Be3161 He 1523-0901, comepxKkammuii JTUHUIO OTHOKPAT-
HO MOHM30BAHHOI'O ypaHa. TOuku — HaOJIOAeHUsI, KpacHasd KpUBasi — pacYeTHDIN CIIEKTP,
CUHSS JIMHUSA — PaCcUYeTHBIN creKTp 0e3 ydera BKJaJa ypana. [lo ocu abcnmce oTmoxkena

JUIMHA, BOJIHBI B A, a 110 Ocu Op/InHAT — MMOTOK, HOPMUPOBAHHBIN HA YPOBEHb KOHTHHYYMA.
[Ipecc-penus ESO 777
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Puc. XIV.17: Yuactok criekrpa 38e3/1b! [Ip2KeOuibeKoro (CIIonHast JIMHES ), COJEePIKAIIHi
MHO2KECTBO JINHUI 9JIEMEHTOB PEJIKO3eMeIbLHOM Ipyibl. [l cpaBHeHus myHKTUPHOM JTH-
Hueit mokasan crekTp 38e3b6l S CrB. Ilo ocn abenmee oTioxKeHa J1JIMHA BOJIHBI B A, a 110
OCH OPJINHAT — TIOTOK, HOPMUPOBAHHBI HA yPOBEHb KOHTHHYyyMa. B3aro u3 777

Puc. XIV.18: Buemnuii Buj kocmuaeckoro annapara STARDUST (ciiea) u hoto yuacrka
JIOBYIIIKM C 3aCTPsABINeHl B Heil mbLmmHKON 13 KoMbl KomeTbl Wild I1. Bagaro ¢ caitra 777
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Puc. XIV.19: CneBa nokasana cxema, WIIIOCTPUPYIONIas OTKYAa OepyTCs MexK3Be3THbIe

IBLIMHKA 1 KaK UX 00OHApY>KUBaIOT. BHENTHUI BU MEK3BE3IHBIX IBLINHOK, BBIIEJIEHHBIX
n3 MereopuToB. Bagro uz 777



I'maBa XV

HeiiTponnubie 3Be3/1bl

XV.1 Mexannveckoe paBHOBecue HEHTPOHHBIX 3BE3/]

[Ipeamnonoxkum, 4To ypaBHeHnue cocrosinus BerecrBa H3 omnuceiBaercss cooTHOIeHuEM
(XIIL.1) mist ra3a BBIPOXKJIEHHBIX HEHTPOHOB, & T€OPHs TATOTEHUS — HBIOTOHOBCKast. To-
rja, Kak U B ciydae OebIX Kap/JIUKOB, MOJydIuM, 9To npu "Masbix" mIoTHOCTSX (HEpe-
JATUBUCTCKOE BBIPOXKJICHNE)

Mys o< pt/?, Rys o p. /¢,

a MakcUMaJibHasg Macca HeHTPOHHOI 3Be3/Ibl OlIpe/ie/IdeTcs epeXo/IoM HEHTPOHOB B YiIb-
TpapeaTUBUCTCKUI 1Ipe/ies U paBHA

9T~ 5 T M,

r.e. Mgy, upn nomcranoske = 1 B (XIIL5). Ograko, B ormdme or GeIbIX KapJIHKOB,
TAKoe MPUOJIMZKEHIE TIJIOXO OIUCHIBAECT HEHTPOHHBIE 3BE3/IbI 110 CJIC/LYIONIMM TPUITHAM.

U3 mocnenuero coornomenus B (XII1.4) n sopakenus mua K (XIIL.2) caemyer, wro
[IPU OJIMHAKOBOI Macce u fi, = 2

RNS = RWD . (me/mn)ug/g >~ RWD/GOO

CnetoBarenbho, yaxke ipu M = 0.5M paguyc HeiirponHoii 3837161 ~ 20 kM, a Vo ~ 0.3 ¢,
[IO9TOMY €€ CTPOEHWEe HeJlb3sl pacCMaTpUBATh B paMKax TeOpHUH TAroTeHns: HbroToHa.
Nwmenno apdexkter OTO orpannmvanBaior MakCHMaIbHO BO3MOXKHYIO Maccy H3, mpuuem
poucxouT 1o upu lg p. < 15.5, T.e. eme 710 TOro, KAK HEWTPOHBI CTAHYT PEJIATUBUCT-
ckumu: iyt HeitTpoHoB (opmysibl (XII1.2) u (XII1.3) maror ouHAKOBBIH PE3y/IBTAT MPH
lg p ~ 16.

U3 bopmyan (11.24), (I1.25) u (XIII.2) BeITEKAeT, 9TO TPH OJAUHAKOBOI Macce

oo = p P (myfme) [l

s M=0.5 Mg u p. = 2 310 naer p)s ~ 210" 2/cm?, aro cpasumo ¢ gjepHoit mior-
HOCTBIO Prye == 5 - 10 2/cM®, KoTopas mosrydaercs esienueM Macchl HeHTpoHa Ha 00beM,
COOTBETCTBYIOMMUIT pajuycy JeficTBus aaepHbIX cul r, ~ 1071 cm. Orcioma cieyer,

185
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YTO HEUTPOHHBINA a3 HeJIb3d pacCMaTpPUBaTh KaK UJICAJIbHBIN a3 HeB3anMOAEUCTBYIOIINUX
JaCTHIL.

[To mepe yBesmmueHus MJIOTHOCTU MPH KOJLIAIICE KEJIE3HOTO siJIpa 3BE3JIbl IPOUCXOJIAT
HEHTPOHW3AIINs BeIlecTBa, T.e. 00pa3oBaHue SJIEP C BCE YBEJIMIUBAIONINMCS IUCJIOM Heil-
TPOHOB. B OOBIYHBIX yC/IOBHUSIX TaKue siapa He CTaOUJIbHBI, HO IIPU BBICOKOH IJIOTHOCTHU
BBIPOXKJIEHIE 3JIEKTPOHHOTO T'a3a IO/IaBJIsIeT UX PaCIIa/l.

[To Mepe NpUO/IMZKEHUs IJIOTHOCTH K Besmuune pg ~ 4 - 101 2/cm® snepreruyuecku Boi-
FOJTHBIM CTAHOBUTCS TOsIBJIEHIE CBOOOIHBIX HEMTPOHOB, I'a3 KOTOPBIX CHJILHO BBIPOXKIEH.
[Ipu p > pg cBOOOIHBIX HEHTPOHOB CTAHOBHUTCHA HACTOJILKO MHOIO, UTO WX JIABJIEHUE IIpe-
BocxouT P,. BIIOTh 10 p 2 ppye BEIIECTBO MpeJCTaBIsgeT cob0il cMech epeodoramenHbIx
HEHTPOHAMH sJiep, 00pa3yIoNUX KPUCTAINICCKYIO PEIIETKY, CBOOOIHBIX HEPEJIATUBUCT-
CKIX HEHTPOHOB M PEJSITUBUCTCKUX 3JEKTPOHOB.

[Ipu p > ppuc CBOMCTBA BelleCTBa M3BECTHBI IJIOXO: B 9TOM JIMAIla30HEe yPaBHEHUE CO-
CTOSHUSA 3aBUCUT OT sAJIEPHBIX CUJI, IIPUYEM HYKHO YUYUTHIBATH MHOTOYACTUIHOE B3aUMO-
neiicrBre. OTKPBIT BOIIPOC O BO3MOYKHOCTH IIEPEX0/Ia HEUTPOHOB U IIPOTOHOB B CBEPXTEKY-
Jee COCTOSTHUE, BO3MOXKHOCTH 00pa30BaHMsI HEHTPOHHOIO KpucTaJsuia, (pa3oBOro mepexo/ia
B COCTOsSIHIE KBapKOBOil Marepun u T.J1. OT 3Tux 3 HEKTOB 3aBUCUT CKOPOCTH OCTHLIBAHUS
H.3. u dopma zasucumoctu R(M) B6mmsu Mys = M-

XV.1.1 3Dddekrsr OTO

Ob6o3HaunM
p=p(1+E/c?), ry =2Gm,/c,

e pp — IJIOTHOCTH DAPUOHOB.
Torna (ypasuenns Tonmena-Ornmenreiivepa-Boskosa):

dP  G(p+ P/c?) (m, +4nr*P/c?)

dr r2(1—ry/r)
dm,
—(:; = 47r?p
dm? 4rr?py

dr (1 —ry/r)"*
e m, m m® — T.H. TPABATAIIMOHHAS U GAPUOHHAS MACCHI.
MakcumasibHasi Macca HEHTPOHHBIX 3BE3/T OIPEJIE/ISIeTCsl KaK yPaBHEHUEM COCTOSTHUS,
tak u apdexramu OTO:
1) Dueprus u nasienue "Becar";
2) r — 1y, TK. ¢ pocrom M manaer R.

ITo onenkam pasnbix aBropoB My'§" = 1.5 + 2.6Mg. Dromy coorsercrByer R ~ 10

KM.

Ornpejieierre MaKCUMAJIBHO BO3MOYKHON MaCChl HEMTPOHHBIX 3BE3][ MTO3BOJIAET TIOJTY-
9UTh UHAOPMAIINIO O XapaKTepe siJIePHOTO B3aUMOJIEHCTBUs IIPU SKCTPEMAJILHO BBICOKOI
wiornoctu. Ceiftyac uzBectHo, uro cymiecrsyior H3 ¢ maccoit 1o 2 My : B 2010 1. ObI-
JIO HaiiJIeHo, 9TO Macca HeWTpPOHHOI 3Be3/bl (myabcapa) PSR J1614-2230, sxozsriero B
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cocras nBoitHoi cucremsl, 1.97 + 0.04 Mg (Demorest P.B., Pennucci T., Ransom, S.M.,
Roberts M.S.E., Hessels, J. W. T., Nature 467, 1081, 2010).

H3 rakke e moryT umers maccy menbite M,,;, ~ 0.1M, nockosibky npu 1g p. < 14.2
HEHTPOHBI HAYHYT pacriajarbed. 3Bese ¢ M,,;, coorBercTtByeT R =~ 150 KM.

XV.2 OcrtbiBaHre HEATPOHHBIX 3BE3/]

Octoanue H.3. Bmtors 1o T, ~ 4 - 108 K onpesensercs HeATPUHHLIMU HOTEPIMH, a

JaJiee 3a CHET U3JIYyICHNA SJICKTPOMAIlrHUTHBIX BOJIH C IIOBEPXHOCTU, KaK U B CJIydae OeJIBIX
KapJIMKOB.

k—l I ! N | 1§ T_k4

\

|
¢ N o T S /L | — L. |
-2-1 01 23 4§ lgr(raam]
Puc. XV.1: lameHenue neHTpaibHOI TeMiepaTypbl (CIIONTHAsL KpUBast) U HEHTPUHHON
CBETUMOCTH (IIITPUXOBasi KPUBAsi) OCTHIBAOIIEIl HETPOHHON 3BE3IbI.
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YmeHbllieHHe €O BpeMeHeM ! MOBEPXHOCTHOH TeMIepaTyphl HeHTPOHHOR 3BE3MLI
¢ Maccolt nokos M, =1,4Ms nna GeckoHeuHo yjaneHHoro HaGnwonarens T,(”) u hoToHHOR
CBETHMOCTH L.,“ B OTCYTCTBME CBepXTekyyecTH (N) u JIByX BAPHAHTAX yueTa CBEPXTEKY-
yeckn (S) u (SX). lITpuxoBoi nKHMel NaHa KPUBAS OXTAK/IACHHA B OTCYTCTBHE CBepXTe-
Ky4ecTH B npubmmieHuH uiotepmuyeckoro aapa (NI). MarnurHoe nojsie npenoiaranoch
0TCYTCTBYIOIIAM

Puc. XV.2:



I'maBa XVI

IIyabcamum 3Be31. AcTpoceiicMOJI0THA.

XVI.1 PaamajibHble ainabaTmydecKne IyJIbcallii 3Be3/I.

PasnoBecue 3Be3/1b1 00eciiednBeTcst 6a1aHCOM TPOTUBOIOJIOZKHO HAIIPABJIEHHBIX CHJI: TATO-
TEeHUs U ra30Boro Jasjenus. B pasnese [.7 na npumepe roMmosiornaeckux BO3MYIIEHUN Mbl
BUJIEJIN, 9TO €CJI CPeJIHee TI0 3Be3Jle 3HAaUYeHre MoKa3aTesis aaqunadarsl v > 4/3, 910 pas-
HOBECHe YCTOWIHMBO, TO3TOMY HEOOJIbINOe N30BITOUHOE CxKaTHe (I PACIIUPEHNE) 3Be3/Ibl
OpUBEJET K TOMY, YTO JaBJIE€HHUe ra3a CTaHeT OOJIbIe (UM COOTBETCTBEHHO MEHbIIE) CH-
JIbI TATOTEHUS, U BEIIECTBO HAYHET JBUTATHCHA B IIPOTUBOIIOJIOXKHYIO CTOPOHY, BO3BPAIIas
3Be3/ly K paBHOBECHOMY cocrosgHuio. [lo Mepe mpub/imkeHns K MOJOKEHUIO PABHOBECHUSI
BEIIECTBO PA3rOHAETCA U 10 MHEPIUU IIEPEXOJIUT Yepe3 TOUKy paBHOBecud. [locse sToro
HalpaB/ieHue CUJIbI, BO3BPAIIAIONIEH Ta3 K MCXOHOMY TOJIOKEHHUIO, MEHAETCs Ha, ITPOTUBO-
[TOJIOZKHOE, U OHA TOPMO3UT I'a3 JI0 MOJHOM OCTAHOBKH, a 3aTE€M HAYMHAET BO3BPAIATH €0
K IIOJIOYKEHUIO PABHOBECHUS. 3aTeM BCe JIOJIKHO IIOBTOPUTHLCS CHAdYaJ A, T.€. 3Be3ja Oy/IeT
UCIIBITBHIBATD PajuaibHble Kojiebanus (IIy/IbCaIun) BOKPYT MOJIOXKEHUST PABHOBECHSI.

Opnaxo emie B 1920-e rojibl DIMHITOH TOKa3aJ/1, 9YTO BI3KOCTH I'a3a JOJIZKHA OBICTPO
TracUTh CJIyJailHO BOBHUKIINE B 3BE3/IE IY/IHLCAIIUH, HE ITO3BOJIsAs UM JOCTUTHYTH 3aMETHO
aMmruTyabl. C Apyroif CTOPOHBI, K TOMY MOMEHTY yiKe OBbLIO HaJIe?KHO YCTAHOBJIEHO, UTO
y Psjia 3Be3J1 TaKUe IYJIbCAIIMHA IPOUCXOSAT, TOITOMY DJIIUMHITOH MOIBITAJICH HAUTH Me-
XaHU3M, KOTOPBII ObI TOJJIep:KUBaJI Iysbcanun. VM ObLI0 BBIBUHYTO JBE IrUnoTe3bl. B
paMKax MepBOil IUIOTE3bI IIPEJIIOJIAraJI0Ch, YTO IIOTEPU SHEPIUU Ha TPEHHE MOYKET CKOM-
[IEHCUPOBATH U3OBITOYHOE BBIJICJICHUE $1JIEPHON SHEPIUU BO BpPEMsA CKATHUSA 3BE3JIbI, UTO
Ka3aJI0Ch Pa3yMHBIM, ITOCKOJIbKY CKOPOCTH SIJICPHOTO SHEPrOBLIJIC/ICHUA € yBEJIUINBACT-
ca ¢ poctom p u T. Ho xosebanus 3Be3/bI HAIOMUHAIOT KOJIeOaHUsi CTPYHBI, Y KOTOPOIi
OJIMH KOHEII 3aKperuieH (IEHTD 3Be3bl), & BTOPOii (IIOBEPXHOCTb 3BE€3/IbI) — CBOOOJIHBIIA.
DTO 3HAYUT, UTO IIPU IYJILCAIUN 3BE3/IbI AMILIUTY/Ia KoJiedanuil B IEeHTPaIbLHOM 001acT
MaJia, ¥ MOC/JIeYIONIe PacdeThl IMOKa3aJIu, 9TO -MeXaHU3M, KaK e€ro Telepb Ha3bIBaloT,
MOXKeT paboTaTh, TOJIBLKO B 3Be31ax ¢ M > 60 M.

Bropast nges D uHITOHA OCHOBBIBAIACH HA TIPEJIIIOJIOKEHU O TOM, UTO IIPU CyKATHH
3BE3/IbI HEIPO3PAYHOCTH €€ BEIeCTBA BO3PACTAET, 3alUpas BBIXOJSINEe HAPYXKY U3JIyUe-
HUE, 9TO CIOCOOCTBYET HAKOILIEHUIO SHEPIHH, KOTOPas Ha CTa/ MU PACIIUPEHUs [1ePeIaeT-
cs1 Ta3y, KOMIIEHCHpys roTepu Ha Tpenne. OIHAKO Bce OKa3a/0Cch He Tak mpocto. Jleso B
TOM, YTO B OCHOBHOI Macce 3Be3/Ibl I'a3 MOYTH IOJIHOCTHIO HOHU30BAH, M €0 HEIPO3pad-

189
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HOCTB OIMCHIBAeTCA 3aKoHOM Kpanmepca s o< pT'~7/2. Urobbl 3Be3/1a HAYAIA IIYIBCHPO-
BaTh, €€ KoJIeOAHN N3HAYAIBHO JIOJI2KHBI OBITH MAJIbl, 8 32TEM yKe BBIPACTHU JI0 3aMETHO
amiuTyibl. Ha ctp. 18 Mbl oTMedasin, 4To MaJjibie KoJiedanusi MPOUCXOISAT, IPAKTUIECKH,
anabaTuaecKu, MO3TOMY B IIPOIecce KoJieDaHuil B HEBLIPOXKIEHHOM Ta3e 1’ oKa3bIBAeTCs
xpl a

s oc pO=/2, (XVL1)
B ciryuae moHm30BaHHOIO GOJIBLIIMAHOBCKOIO Ta3a y = 5/3, mosroMy sy o< p~*/3, 1.e. npn
C2KATUU HEIPO3PAYHOCTH BEIECTBa CTAHOBUTCS MEHbIIe, & He OOJIbINe, KAK MPeIoara
OLIUHI'TOH.

B sroit cBsasu poceniickuit dusuk C.A.2Kesaknn (1916-2001) obparmi BHuMaHUE Ha
obJracTu 3B€3J1, B KOTOPBIX BOJIOPOJI U T'eJIMii, T.e. HarmboJee pacipoCTPaHeHHbIE 3JICMEH-
ThI, HIOHU30BaHbI HE MOJIHOCTHIO. B 9THX 06/1acTsiX mokasaresb ajauadarTsl 7 MeHbIne 5 /3
(cm. pazgen I11.3.1) u gpyras 3aBUCHMOCTBH HEIPO3PAYHOCTH OT p U T, 9TO MOMKET Clie-
JIATH TPABWILHON THIIOTE3y DuHrTona. Pacuersr 2KeBakuna rokasasiu, 49TO B CIydae
nedens; 00/1acThI0, KOTOpasi UI'PaeT poJib CBOCOOPA3HOIO KJIallaHa, PEryJIMPYIONero mo-
CTYILIEHUE JIYYUCTOW SHEPIUU BO BHEITHUE CJIOU, ABJIACTCA 30HA, TJie TPOUCXOJUT BTOPas
noumzarus rejivsd. Ceffgac 9TOT MEXaHU3M PACKAYKHU KOJIEOAHWMIT HA3BIBAIOT KJIATIAHHBIM,
WIN 3-MEXaHU3MOM.

Y1o06b! packayaTh KojiedaHus 3BE3/1bl, 000JI0UKa HAJI 30HOM MOHU3AIUY JIOJI?KHA ObITD
JIOCTATOYHO MACCUBHOM, IMO3TOMY Y OYEHb IOPAYMX 3Be3] KojieOaHus BO30YKIaThCA He
MOT'YT: UX 30HbI YACTUYHON MOHUBAIMK CJIMIITKOM OJIM3KU K TOBEPXHOCTH. B 3Be3max c
OYeHb HUBKON 3(PDEKTUBHON TeMIlepaTypoil KIallaHHbI MEXaHU3M TaKyKe OKa3bIBaeTCS
He 3PPEKTUBHBIM, MTOCKOJIBKY BO BHENIHUX CJIOAX TUX 3BE3JI 3HAUUTEbHAs JIOJIs TeIlia
nepenocutcs Koupeknueit. [Tosromy mysbcupyromniue 38e3/61 Ha ['P-1uarpamve pacioJia-
raloTcd B 00J1aCTH, KOTOPasd UMEET BUJI CPABHUTEIBHO Y3KOH TOJIOCHI, HA3BIBAEMOI 11010~
coit HecrabuiabHocT — cM. Puc. XVI.1. Imenno B 910l 1moJioce HAOJIIOAAIOTCS PaIHaIbHO
nyJsbcupyfomiye redenbl (epemennbie 38e37pl Thia § [edes u W JleBbr) u 3Be371b1 THIIA
RR Jlupset. B nenTpaabubix 00/1aCTAX 9THX 3BE3JI IPOUCXOIUT ropenue rejms. Ha sroit
SBOJIIOIUOHHON CTAIMM TPEKU 3BE3J] UMEIOT MEeTIe00pa3Hyo (hOpMy U MOTYT HECKOJIHLKO
pa3 mepeceKkaThb M0JI0CY HeCTabMILHOCTH, ITO9TOMY PaIHAJIbHbIC TY/ILCAIINA BO3HUKAIOT B
OJIHOI M TO¥ Ke 3Be3JIe HeCKOJILKO Pa3 U KarKJIbIi pa3 MOJICPKUBAIOTCI Ha ITPOTIKEHIT
HECKOJIbKUX JIECATKOB THICAY JICT.

[Tepuo mysibcaruii 38e3/1b1 00BITHO OJIM30K K MEPUO/LY €e COOCTBEHHBIX KOJIeOaHuUil, KO-
TOPBI OIpee/IgeTcs: THAPOINHAMUIECKUM BPEMEHEM, a 3HAYUT, 3aBUCUT JIUIIb OT CPE/I-
Hell IJIOTHOCTH 3Be3Jibl. BoJibllas pa3Huiia IJIOTHOCTEH Y 3Be3/l, IePeCeKaIoNX M0JI0CY
HecTabMJIBHOCTU B PA3HBIX €€ JacTdX, OObACHAET, M0YEeMy Yy THTaHTOB-IIeDEH] IePUOIbI
KOJIEOAHU{T COCTABIISIOT JIECATKU CYTOK, a y Gesbix Kapnkos (mepementbix Tuia Z7Z Cet)
— MHUHYTBI.

Y pana neden; nepuojl IMyabCaldii U3MEPsIA B Te€UEHUE JJINTEJIHLHOTO BPEMEHH C
OY€Hb BBICOKON TOYHOCTDHIO, UTO IO3BOJIUJIO OOHAPYKUTH CUCTEMATUYECKOE YBEJIUIEeHUE
WM yMeHbBIeHNe MMePNo/ia. JTO YKa3bIBAeT HAa M3MEHEHUE CPE/IHEH IIJIOTHOCTH 3BE3/IHI,
BBI3BAHHOE U3MEHEHUEM ee PaJIyca 110 Mepe TOro, KaK 3Be3/la IepeceKaeT MoJI0Cy HecTa-
ounbHOCTH. B 3aBUCHMOCTH OT TOrO, HA KAKOM 3Talle SBOJIOIMH MbI 3aCTaJjIi 3Be3/ly, OHA
MOZKET Iepemeriarhbes na ['P-auarpaMmve ciieBa HarpaBo wjin ciipasa HaJsieBo. B pesysibra-
Te [IPOUCXO/UT JINOO yBeJIuUYeHue, JIM00 yMeHbIIIeHue ee pajuyca. Borauciennas 1mo ckopo-
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CTU U3MEHEHUS [TePUOJIa My IbCAIUN CKOPOCTh U3MEHEHUA PaJInyca 1nedeni COOTBETCTBYET
IpeICKa3aHuAM TEOPHH.

Solar-like =
1 Mo

solar-like
oscilations

Puc. XVI.1: Jlokaynmsaius 38371 ¢ pa3JInIHbIMI TUIIAMH PaIAaIbHbIX IIYIbCAIUI HA JTHa-
rpamme ['-P. Bzgaro ¢ 777

HeckobKo 110 jipyroM paboTaer s-MexaHu3M, MOJIePKUBAIONIU painalbHbIe ylb-
CalliuU 3BE3/] BerHeIU/I JacTH IJIaBHOM’ Imocjgae10BaTe/JIbHOCTU: T.H. MEIJICHHO ITYJIbCUPYIOIINX
B-3Besn (M ~ 3—8My,), koropbim Ha Puc. XVI.1 coorsercrByer obo3nauenne SPB, u 60-
nee MaccuBHBIX (M ~ 8 — 20 M) 3Be3n tuna 5 ledes. Bosbyxkuenne komebanuit y 3rux
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3BE3/1, TI0-BUIMMOMY, TIPOUCXOIUT B 30HE HETIOJTHOI MOHU3AIINN 3/IEMEHTOB IPYIIIIBI XKeje3a
B paitone T = 2-10° K. Bo3aMoxkHO, 1TO TOMOTaeT Bo30y7KIaTh KOJICOAHNS B 9TOM CIIydae i
TO 0DOCTOATEILCTBO, UTO B 30HE, Iyie paboTaeT s-MeXaHu3M, CYIIEeCTBEHHbBIN BKIa/] B J1aB-
JIeHHe BHOCUT u3jydenue, aro, coriacuo (I11.50), A0OMOJHUTENBHO MOHUKAET BETHIUHY
v. Teopusi pejicKa3bIBaeT, YTO y TOJyObIX T'MIAHTOB IVIABHON IOC/IEI0BATE/ILHOCTH J10-
CTYIHBIE HAOJIIOIEHUIO MOJIBI UMEIOT 3aMETHYIO0 aMILIUTY/Ly Jlake BHYTPH KOHBEKTUBHOTO
s7Ipa, 9TO MO3BOJIAET METOJAMU acTPOCEHCMOJIOIMH UCCAEI0BATD UX BHYTPEHHEE CTPOe-
HUE MOYTH JI0 CAMOTO IeHTpa B 3ToM cMbiciie 0coOble HaJIEXkKIbl Ceiiuac BO3JIAraloT Ha
kocmuuaeckue obcepsaropun "Corot" (Degroote et al. 2009) u "Kepler" (Gilliland et al.
2010).

[TompobHOe n3/I0KEeHe TEOPUH 3BE3IHBIX My IbCannii MOXKHO HaiiTn B Kaure JIxx. Kokca

3]-

Sonoi T., Shibahashi H., PASJ 63, 95 Vibrational Instability of Population III Low-
Mass Stars due to the e-Mechanism PASJ 63, 95 (2011)



OTBeTHI U penieHusd

I. Mexanundyeckoe paBHOBecHEe 3Be3]T

I.1. Cuna B3anMmoieiicTBUS IBYX TOJJOBUHOK ITPOJIOJITOBATOTO TEJIA!

G(M/2?* GM?
for R R

Bynem cuumrars, uro dpopma Tesa He CAUIMIKOM OTINYAeTCs OT CHEPUUIECKOil, MOITOMY
JaBJIeHre Ha TPAHUIE JABYX MOJIOBUHOK TeJIa M €0 IIOTHOCTH TMOPSIKA:

F, M
9 R P ups

COOTBETCTBECHHO.
FpaBI/ITaHHOHHOG HIpUuTAKEHUue C2KuMaeT TeJIO, BbI3bIBasd €10 ﬂe(bOpMaHHIO, BeJIMYMHa
KOTOpOﬁ CBd3aHa C JaBJCHHMEM 3aKOHOM FyKa:

AR
P=t7
e K — r.u. moaysis FOwra.

[IpumemM, 91O c:KaTHe CYIECTBEHHO, €CIN BEJIMINHA OTHOCUTEILHOM JedopMalium mpe-
BBIIIAET HECKOJILKO IIPOIECHTOB, cKaxkeM, 3 %. Torna rpaBuTanyus HAUMHACT UIPATH 3aMeT-
HYIO POJIb B CJIydae TeJ, Jjisd KOTOPBIX BLIOJHIETCS YCIOBUE:

AR P, GM? GR?p?

R E " 1ER " ap O UU

037E\ 2
R > (70(();7; ) ~ 1000 KM,
p

re Jyis gucienHoii onenku npunaTo F = 101 spr/em®) p = 3 r/emd.

T.€. JIJIA TeJ C Pa3MepoOM

I.2. [Tycts umeercst (IMULIHMHIpUYIECKasi) TOpa BBICOTOI h ¢ Maccoil m U IIomabo
ocuoBanus S. Torma co3maBaemMoe TOPOil JaBIeHNe Ha KOPY TLJIAHETHI

gm
P ==— = pgh.
g P9

193
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[Ton maByienrem Kopa HadHET JePOPMUPOBATHLCH, U ropa OyJer ocenarh. [Ipumem, uro
Ipoceiaire KOPbl CTAHET CYIIECTBEHHBIM, KOTJIa OTHOCHTEbHAs jedopMalius ee Belle-
crBa Al/l npesbicur 3 %. Toryma uz 3akona [yka mosydnm:

Al h 0.03&

SR <03 = h<——

l E Py
aTo i 3emn, Hanpumep, gaet h < 10 kM.

[Tockosbky g = GM/R? ~ 4pR, umeem: h/R oc R™2, T.e. OTHOCUTEJILHBIN paszMep
HEPOBHOCTEl OBICTPO YOBIBAET € YBEJIMUYEHUEM PA3MEPOB IJIAHET.

1.3. Vcxomnoe BbIpazkeHue Jijisd MOTEHITHAIa UMEET BU/IL:

BoraucmM BXOJANMI B HEro MHTErpasl Mo 4acTaM, oboznadus u = Gm, dv = r~2dr.
Torna du = Gdm, v = —1/r, oTkyna

M

=[] fan

r T

m

OTCIO,ZL& IIOJIyH9a€eTCd NCKOMOE COOTHOIIEHNE, eCJIn y4eCTb, 9TO 1M = M apu r = oQ.

I.4. Boraucium unrerpan I; no gacram, obosnauus u = ¢, dv = dm. Torna du = dy,
v = m, OTKyJa

Ps
I = [psM — ¢ - 0] —/mdcp,

®o

riae s = —GM/R — norenran Ha noepxHocTu (surface) 3Be3jbl, a ¢y — MOTEHIHAT B
HEeHTpe 3Be3/Ibl, BeJIMYNHA KOTOPOro 3apaHee HEM3BeCTHA, HO MMeeT KOHedHoe 3HadeHwue,

[IO9TOMY
oM ¢s
L =—- /mdcp.

R
©o
Cormacuo (1.7), dp = Gmdr/r?, cnenoBarenbio
GM? RG’ 2
m
Il = —T — / 7’2 dr.

0

Hogbpblit uuTerpaj onsaTh BBIMHCAMM 110 9acTaMm, obozHauus v = Gm?, dv = dr/r?
Torna du = 2Gmdm, v = —1/r, Tak aro

M M

M2 M2 2 2
- -G [—G——o] —/ Gmdm:—/ G i,

R R r r
0
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9TO 1 TPeDOBaJIOCh JIOKA3aTh.

I.5. Eciin MexaHu9IecKy HOBTOPSATH PACCYKJICHUs, TIPUBejIeHHbIe Ha cTp.11l, mosydnm
cremyromee. Cuita mpuTszKenus 06010uKN K ieHtpy F, = —4wr?pdr-Gm/r, a apxumesiona
cuna F, = 4nr?P — 47 (r + dr)?(P + dP), 9To ¢ TOYHOCTBIO JI0 MAJIBIX BTOPOTO TIOPHAIKA
naer F, = r*dP + 2rP dr. I3 ycnosus F, = F, nonyaaem:

aro orimaaercs ot (1.12) mononaurenpubiv wienom —2P/T.

OmmbKa cocTouT B TOM, 9TO cuIbl Fy u Fy, e cceprdeckoil 000JI09KN B TI€TIOM, Ha Ca-
MOM JIeJie, PABHBI HYJIIO, a HE TeM BBhIPayKeHUsIM, KOTOPbIe MbI rojtyamm! JleficTBuTeibHO,
BEKTOpa KasKJI0# U3 9TUX CUJI, JAEHCTBYIOIIIE Ha JTIO0YIO Mapy JuaMeTPaibHO MPOTUBOIIO-
JIOXKHBIX 9JIEMEHTOB 00O0JIOUKH, PaBHBI 110 BEJIUIUHE, HO IIPOTUBOIIOIOXKHO HAIIPABJICHBI.

3ameTuM, UTO ec/n B mmporecce "BbiBoja" I IO BHEITHEH TPAHUIIBI 000JI0UKN
BMecto 47 (r + dr)? nanucars 472, To nosmygaerca coornomenue (1.12). K coxanenuto, B
TakoM Bujie "BBIBOJ" TOrO COOTHOINEHUSI BCTPEIACTCS B HAYIHO-TIOIY/IAPHOIN JTUTEPATY-

pe...

1.6.
df dP  3Gmdm 3Gm? 2Gm  3Gm? 2Gm . _
L= — — - = - = - [p—p]<0.
dr dr = 4xrt dr 271 r2 271 r2
Taxkum obpasom f(r) — He Bospactaormasi byHKIMs, OTKya, ¢ yierom P(R) = 0, u

caenyer Hepasencrso (1.46).

B coornomenusix (I1.16) u (1.46) 3HaK paBeHCTBa COOTBETCTBYET CJIydaro, KOrjua B 060-
nouke p(r) = const. Ecii IUI0THOCTD BEIECTBA IOCTOSTHHA TAKXKe M B sijIpe 3Be3JIbl, TO
u3 (1.46) nosyuaercst Boipazkenue st P copnagatomee ¢ (1.16).

I.7. [Ipeamosnoxkum, aro macca armocdepnsl M, < maccsl 3emyn Mg, a ee IpoTsazKeH-
HoCcTh K Rg. Torma ypasuenue (1.15) sanumercsa B Buje:

M@+Ma
/ Gm GMgM, goM,
Pa = m = == )
4yt 47rR§9 47?Ré
Mg

r7ie go — YCKOpeHne CBOOOIHOTO IMaJeHIs y MIOBEPXHOCTH 3EMJIH.
N n
VrBepxkenue: "armocdepnoe jgasiaenue pasuo 760 MM pryTHOro crosba' oznadaet,
910 Py = prg go ho, mod3TOMY

2 21
M, ~ 47 R, prgho ~5-10 2.
Takum obpazom, Macca aTMocdepbl IPUMEPHO B MUJLIKOH Pa3 MEHbIIIE MaCChl 3EMJIN.

I.8. Ilonaras B (1.16) M, = 0 moaywaem:

3G M?

P, _—
0 STRA

WV
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[ToncraBnss auciennbie 3Hadenus Re u M naxomum, 9to Py IpeBbIaeT JTaBjieHue 3eM-
HOIt aTMocdepr! Ha ypoBHe Mops mpumepno B 107 pas.

1 1 /M\Y?
— < —= | — ,
r R(m)
M

M
M3 M?
SRy [P Ly PP
0 0

I.9. Cormacno (1.4)

IIO3TOMY

r 5R

9TO 1 TPeDOBAJIOCh JI0KA3aTh.

3HaK paBeHCTBa COOTBETCTBYET CJIydalo OJHOPOMHOrO mapa. Iloydennnlii pesyibrar
[IOKA3bIBAET, YTO Yy 3BE3]] ¢ OJMHAKOBOI MaCcCOil, HO Pa3HbIM 3aKOHOM M3MEHEHUs ILJIOTHO-
cru p(r) HauMeHeHbIe (10 MOJLYJII0) SHEPrueil CBs3u 00J1aIaeT OJHOPOIHAS 3BE3/A, T.€.
ee Jierde BCEero paspyliuTh.

Hokazannoe HepaBeHncTBo nepsbiM nostyunst A.Ritter B 1882 1. [12]

I.10. IIpounTerpupyeM ypaBHEHHE JIBUKEHHE BHEITHETO CJIOSI 3BE3/IbI ¢ HAYAJBHBIMU
yesoBuaMu R = Ry, R =0 npu t = 0:

podR_pdR_1dR? . GM  dR \/QGM 2GM
~dt ~dR 2 dR = R? dt R Ry
CireoBaTesbHO:

1
R} 1/2 x
brr = <2GM) / ——
0

OTKyza 1 moJtydaercs coornomenue (1.47).

I.11. Cornacuo (1.35) remoBast sueprust 1 2 raza paBHa

P E(m)
(v=1)p &3

[Tonmnas snepruga 3Be3npl W MeHseTCA B 3aBUCHMOCTH OT & CJIEIYIONUM 00Pa3oM:

E(m) =

M

M
W:Q+U:/Edm—/Gdem:Qe£33’Y—£I\Ue\.
0

0

Cormacno (1.36) U, = (3 — 37) Q., mosTOMYy

|U€| §3—3'y_|U€| _— M:|Ue‘(1_§4—3'\/).

W =
(3y — 3) 3 d¢ &
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Orcrona BusHO, uTO ecam ¥ # 4/3, 1o dynkuus W (&) umeer sxerpemym mpu € = 1.
VupiMu c10BaMu, Cped PacCMaTPUBAEMbIX KOH(MUIYypaIyii SKCTPEMyM IOJIHON SHEprun
COOTBETCTBYET TUAPOCTATUIECKN PABHOBECHOM 3Be3e. Tak Kak

2w
(d§2 >§=1 =3(y—4/3)-|U.|,

TO 9TOT SKCTPEMYM SIBJISIETCS] MUHUMYMOM TIpH 7y > 4/3 1 MakcumymoMm 1ipu 7y < 4/3.
ITockoIbKy COCTOSHUSI, COOTBETCTBYIONINE MAKCUMyMy SHEPIHH, SABJISIOTCS HEYCTOM-
YUBBIME, TIPUXOJIUM K BBIBOJLY, UTO 3Be3bI ¢ Y < 4/3 cyliecrBoBaTh HE MOI'YT.

I.12. TIpeanosnoxum, 4ro chepudeckas 06JaCTh ¢ MACCOH M U PAJUYCOM T HAYAJIa
CZKUMAThCS WM PACIIUPATBCsT CO cKopocTbio . Tora yepes Bpems di pajuyc 3Toii obJia-
cru 6yaer r + 7 dt. FomosornanocTs czkarust (paciinpernst) O3HAYAET, ITO

- dt
Tt & = const(m).
r
CJrenoBaTe IbHO:
-1
; = % = const(m)

9TO 1 TPeDOBAJIOCh JI0KA3aTh.

1.13. Banumem 3akon coxpanennst maccol (1.1) B Buge:
dm p
—— =24
w340

a 3areM npoandddepenmupyem ero mo Bpemenu. [lomaras, aro m u ¢t — He3aBHCHMBIC
nepementbie, ¢ yaeroMm (1.48), momyamm:

d(r3)+pd(§-r3) = <§+%) Ld (%),

OTKyJIa U MOoJIy9aercs mnepsoe u3 coorHomenuii (1.49).
Y100BI HMOMYYUTH BTOPOE COOTHOIIEHHE, IIEPEINNIeM ypPaBHEHUE TUAPOCTATHICCKOIO
pasuosecus (1.20) B dopme:

Wi

M
Gmdm
P(m)= [ ———.
4mr
m
IIponuddepennupyenm 310 BbIpaskeHUE 110 BPDEMEHH, YITEM, 4TO HOPsI0K Jud depeHIupo-
BAHUS U HHTEIPUPOBAHUS 110 IEPEMEHHBIM 1M U ¢ MOXKHO MEHSITh MECTAMH, 1 UCIOJIB3YEM
coornomtenne (1.48). Torma mosy«amm:

M8 Gd Gmd 'MGd ’
:/8_ mdm / 'r’ mm__4f/M:_4fp’

r  Admrd r At r
m

OTKY/la CJIeJYyET NCKOMOE COOTHOIIEHUE.
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Bo usbexkanue nejopazyMennii orMeTuM ciieyiotiee. [Ipu BbIBojie KpuTepus yCToii-
YUBOCTU B pasfiese 1.7 MbI TakKe paccMaTpUBaIN TOMOJIOTTYECKHE TPEOOPA30BAHNs, MC-
nosb3yst coorromenue (1.39). Ecin ero npostorapudmuposats, a 3areM mpouddepeHn -
pOBATh 110 BPEMEHH, TO, yIUThIBasd, 9T0 P.(m) u p.(m) He 3aBUCIT OT BPEMEHH, TIOJIY IUM
PaBEHCTBO:

P p
ﬁ =7 ; )
kotopoe orimuaercs ot (1.49). Iloscanm, B wem TyT Jero.

[Ipu BBIBOJIE KpUTEPHs yCTOWUUBOCTUA MBI CIMTAJIN, ITO C2KATHUE WU PACITUPEHIE 3B€3-
JIbI IPOUCXOJIUT aIMadaTHIeCK, U 3apaHee He IPEJIIoJIarajin, YT0 BHOBb BOZHUKIIIIE KOH-
dburyparnun 6yayT ruapocraTudecku paBHoBecHbIMU. A mpu BbiBoze (1.49), Mbl, HA060-
POT, UCXO/IMJIN U3 TOTO, UTO B PE3YJIbTaTe TOMOJOTHYECKNX ITPeoOpa30BaHUil BOSHUKHYT
TUJIPOCTATUYIECKN PABHOBECHBIE KOHMUTYPAINH, HO He TPeOOBAJM, YTOOBI 3TOT IPOIIECC
nporeka agunabarudecku. [lockobKy 06a COOTHOIIEHUST COBIAAIOT 1IPH Y = 4 /3, MOXKHO
3aKJIIOYUTD, ITO [IPOTEKAIOIIUE a/Ina0ATUIECCKHI TOMOJIOITYECKUE TPe00PA30BAHUS 3BE3/IbI
He HapyIIaloT ee MEXaHMIeCKOr0 PAaBHOBECHS TOJILKO B TOM CJIydae, e/ 3Be37a COCTOUT
U3 BEIEeCTBa C HoKa3aTesieM aanadarst v = 4/3.

I1. ITostuTponHBIE 3BE3/IHI
I1.2. Bemmuunbl, BXOJAIAe B BhIPaXKEHUeE JJIsd 79 UMEIOT CJICYIONLYI0 PAa3MEePHOCTD:

I1.3 . PaccmorpuM COBOKYITHOCTB HOJUTPOIHBIX 3BE€3/1 C OJUHAKOBON BEJIMYMHON MH-
Jlekca 1oJinTpolbl n. B 3aBucumocTy oT 3navenuit napaMeTpoB K u pg 3TH 3B€3.bI OYIyT
uMeTh pasimanbie Macchl M u pamuycel R. U3 coornomennit (11.19) u (11.22) crenyer,
YTO JUIs KayKJIOM U3 pacCMaTPUBAEMbIX 3BE€3/] CIIPABE/IMBBI COOTHOIIEHUSI:

r 13 m

— ==, Z=2Zp—.

R &) M
[MockobKy 2z = z(§) — MOHOTOHHO BO3pacTamIas (DYHKIMsI, TO MOYKHO ODPATUTH CH-
TYaIMio U PaccMaTpuBarTh & Kak ofHo3Ha4dHy0 GyHKumio z. Oyukiusa & = f(z) npu
(bukcupoBaHHOM 3HAYEHUU N SBJISETCH YHUBEPCAJIBHOMN, II09TOMY U3 COOTHOIIEHUSI

r_Ll (znﬁ) (XVI.2)
R &, M
cJIeJlyeT 9TO TIPH OJMHAKOBBIX OTHOCHTEJIbHBIX 3HAaUeHUsIX Macchl m /M Bce 3Be31bI pac-
cMaTPUBAEMOli COBOKYIHOCTH OY/IyT UMETh OJIMHAKOBBIH OTHOCHTEIbHBIH pauyc 7/ R.
OTHocuTenbHas mioTHOCTH p(1)/po = 6" 1 oTHOCHTEBHOE MaBienue P(r) /Py = 11/
y 9THX 3Be3J ABIAIOTCH yHUBepcanbhoil dyuximeit £. CiemoBaTeabHo 00 STH BeJIHIH-
HBI y TOJIMTPONHBIX 3B€3/] C OJIMHAKOBBIM HHJIEKCOM TaKKe SBJISIFOTCS OJMHAKOBBIMU [IPU
OJIMHAKOBBIX 3HAYEHUSX BEJIMIUHBI 1"/ R WM, KaK MbI TOJBKO YTO BblgcHUIM, m/M — cM.
Puc.I1.2.
Co6CTBEHHO 9TO M 03HAYAET, YTO 3BE3JIbI C OJMHAKOBBIM HHJEKCOM IIOJUTPOIIBI TOMO-
JIOTMYHBL. B uacTHOCTH, €ciu JiBe TaKue 3Be3/ibl UMEIOT OJIMHAKOBYIO MACCY, TO OTHOIICHHE
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paJimycoB TIPU OJHON M TOM 2Ke Macce m y THUX 3Be3J] OY/JET OJMHAKOBBIM: ITapameTp &,
KOTOPBI MbI HCIIOJIb30BaJIN, HATIPUMED, B pazjese 1.7, OyjeT B 9TOM ciiydae paBeH OTHO-
[IEHUIO PAJINYCOB STHUX 3831 R/ Rs.

I1.4.

M 00 oo
Gm 23/235/2 K5/2 5
U5:_/Tdm:—élﬁG/mrpdT:—Fl/Q—G?’/Q'/Zf@ dg.
0 0

0

C yuerom (I1.27) maxomum, aTo Ge3pa3MepHBIl HHTErpasl paBeH 3v3 /16. Torna BbIpa-
xkasg K w3 (I1.28) momyuanm mckomoe coornornenne st Us.

I1.6. ...777

IL.7. .77

I1.8. BosmozkHOCTD 3anucaTh BbIpazkeHue Jid Fg B yKa3aHHOM BHJIE CJlejlyeT U3 CO-
obpaxkenuit pazmepnoctu. [lepexossa Kk 6e3pa3sMepHbIM EPEMEHHBIM TIOJIY IIM:

M

Z
Gm Gm}? z
Eg:/Tdm: TOO.Ig, I, /Edz.
0

0

Boraucoistsr marerpas I, ¢ nomomrsio coornomennii (11.41) u (I1.42), a 3aTem Bo3Bpamasics
K "pasmepHbIM" TI€PEMEHHBIM IIOJIyIHM HCKOMBIC aCUMIITOTHKY JI K.

I1.9. ..777

I1.10. PaccmoTpuM COBOKYIHOCTH T'HJAPOCTATUYUECKH PABHOBECHBIX M30TEPMUYECKUX
mapoB ¢ maccoit M, KoTopbie OyjeM paccMaTpuBaTh, KaK MOJIE/Ib MEHTPAJILHON YacTh
3Be3nbl (s1pa). [Ipemookum, 9To ra3 9TuX MapoB ONUCHIBAETCS YPABHEHUEM COCTOsI-
uust (I1.36), a Besmmanubl T Uy B si/ipe OJMHAKOBBI JIJIsi BCEX MApoB. B 3aBucumocTn o
BEJIMYUHBI [EHTPAIbHON IJIOTHOCTU STU IMAPbI OYAyT UMETh pa3jindHble pajuycbl R u
nasiienne Py na Baemneit rpanuie. Torjia Teopema BUpHasia 3allUIIETCS B BUJIE:

M M

ATRPP, = 3 / 2 dm - / Cm . (XVL3)

p r
0 0

[Tockosbky B Harem caydae P/p = RT /i = K = const nepsblii unrerpas pasen 3K M.
Bropoit uarerpas [, 3amnuiiemM B Buje:
GM?

R Y
rje, Kak Iokasano B 3agade II.8, crpykrypusiit muokuTesnb k; o~ 0.8 ¢ TOYHOCTBIO HE
xyxe 20 %. Torma (XVI.3) sanumercs B Buje:

3KM GM?
A R3 Y 4w R

[2:]€g

P
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Berancius npoussognyio dPs/dR (npu dukcupoBannbix M u K) 1 HOJIOKUB ee paB-
HOfT Hy/TIO0 IOy arM, 9To dyHKius Ps(R) nocturaer MaKCUMAJIbHOIO 3HAYEHMUST

pmaz _ 2187 K* 13 K*
s 1024mk?  G3M? — 7 GBM?
npu
4k, GM, GM,
R_?~ e ~ (.36 T

Cpasuenne ¢ (I1.46) nokaspiBaer, 9T0 MOJyYeHHbIE 3HAUCHUST OTIINIAIOTCS OT TOUHBIX
menee geM Ha 10 %. Oarako nosesenne dbyukiun Py = Py(R) npu R — 0 siBHO He dusny-
Hoe: Py — —00. DTO ¢BA3aHO € Te€M, UTO ITPU yMEHBITIeHIH PaJInyca Iapa ¢ JaHHOM Maccoit
€ro IJIOTHOCTb BO3PACTAET, U B KAKON-TO MOMEHT HACTYIUT BBIPOXKJIEHUE JIEKTPOHHOTO
raza (mojpobuee cM. pasjgen 1V), B pesyiabrare dero ypasuenue cocrosaus (I11.36) oka-
JKeTcd HETPUMEHUMBIM.

I1.11. U3 coornomenuii (11.33) u (I11.48) mosy«amm:

SR\ s 1o

MC:ZC'47T<M) TO/ Lo / .
3/2
e Ty u pyg — Temieparypa U IJIOTHOCTH B IeHTpe 3Be3bl. [lockoibky p./po = 67,

T./To = 0. u M, = Mz./z; umeem:
M2p, 125822
T3 32mG3use?

Bbeiiie 66110 0Ka3aHo, 9TO 3aaB oTHomeHne M, /M MOXKHO OJTHO3HAYHO OIPEJIEUTH Be-
muauust 0., 2, u zp. [losromy mys 3Be3n ¢ oxunakoBoil Besmaunoit M. /M mnpasas dacTb

[IOJTy YCHHOT'O PaBEHCTBA, JIOJIZKHA UMETh OJIHO M TO K€ 3HadYeHHue, OTKY/a CJIeyeT COOTHO-
menue (I11.53).
Ucnonbays coorrortenns (11.49) MoKHO cBs3aTh BeIMIUHBL T, 1 p. C PAJILYCOM 3BE3JIbI

R: "
RT.
R g T e g e — .
70 gf (Wﬂpoc)
[TocKkoIBKY sIJIpO OMUCHIBAETCS TOJIMTPONOi ¢ 1 = 3/2, mosrydaem:
3/2 3/2
r wt T T
= = 3/4 13/2 nm =V =
po pC pC 00 TO pC po
AnajornganiM 06pa3oM MOXKHO II0Ka3aTh, 9TO
L —p-1/2 E.
pe o

CrenoBarensno, coornorenne (I1.53) n pasencrso, cBasbiBaoiee R ¢ BeJMdUHAME
Pe, 1r MOXKHO Llepelnucarb B BUJE:

o 2 To 2
— = const - M~ — = const - R7,
Po Po
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OTKYJIa U MOJIy9aroTcsi nckomble coorHormenus (11.54).

OrmeTnM B 3aKjodenue, 9T0 u3 pasencrBa R./R = ./ = const cremyer, dro
Yy PacCMaTpUBAEMBIX JBYXIIOJUTPOIHBIX 3BE€3J[ OTHOCUTEIBHDIH pasMep KOHBEKTHBHOI'O
S/Ipa €CTh BEJIUMYMHA [TOCTOSHHAS.

III. YpaBHeHUe cocTOsIHUS 3BE3/ITHOTO BEIECTBA

II1.1. Mckomble BeJIMYIMHBI HAXOIATCS U3 COOTHOIIEHUSI:

mu?

3
— = —kT,
2 2

rjie m = m, JJid IPOTOHOB M M = M, JJid 3JeKTponos. IloxcraBiasa nomydanm: v, =~

6.1-107 em/c, v, =~ 2.6 - 10° em/c.

I11.4. IIycts Ny, Ny, Ny — 9UCJIO aTOMOB BOJIOPO/IA, MOJIEKYJI BOJIOPO/Ia U aTOMOB
rejiusi B equHUIE oObema. B coctaB aroma BOAOpOa BXOAUT 1 HYKJIOH, MOJIEKYJIbI BOIO-
pojia — 2 HyKJIOHA, a B gJpo rejimsa — 4 nykJoHa. [losTomy u3 onpejiesiennst BeJIMIUHbBL [t
(II1.21) momyuaem:

Ny +2Npgo + 4Npge
Ny + Nya+ Nye

N3 onpenenenusa Besmaun X, Y u x umeem:

P Ny + 2Nps B 4Ny, v N
Ny +2Ngs + 4Ny’ Ny +2Nyy + 4Ny, ' Ny + Nyo

Orcrona ciejyer, ITo:

Ny + 2N X
Nu +2Nyz = (1+ ) (Ng + Npa) , %:?'
He

Eciu nmosictaBuTh 9T1 COOTHOIIEHUS B BhIpazkeHue jiid (i, moayauM (111.59). Ormernm,
4TO B paccMarpuBaeMoM ciydae X +Y = 1.

II1.5. Vckomas Besmanna naxoaures u3 coornormenuii (111.35):

po (1 + Xo)

~5-10% e 3.
2m,,

N =

e

I11.6. Byjem npunuchbiBaTh BeJIMIHMHAM, OTHOCAIIUMCH K 9JICKTPOHAM, UHJICKC €, a K
sipaM (-dacTuraM) — UHJIEKC «. YuurbiBas ajuutusHocTb suTpornu (I11.18) umeem:
S = (8¢ + 8a) /p. Torna u3 epaxenns (I11.17), ¢ yaerom p = 4m,N, u R = m,/k,

nMeeM:
S N,+N. |3 o 27K\ 1 N, N, N,
ﬁ—w {511’1T‘|‘1n 26 ? —Zln mg)/2 _4Na hl mg/2 .
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[Jie YITEHO, 9TO CTATUCTUYECKUE BeCa . = (o = 2. C MOMOIIBIO YCJIOBUS JIEKTPOHETi-
tpanbHOCTH Ta3a N, = 2 N, 9TO COOTHOIIIeHNE TPeobpas3yeTcsd K NCKOMOMY BHLY.

I11.7. ITpu ajimabaTuvecKoM IMPOIEcce SHTPOIN JOJKHA OCTABATLCS ITOCTOAHHOM. 3
(I11.42) cemyer, aro ipu S = const u j = const JOKHO BHIMOIHATLCA yenosue T3/2 /p =
const. Tlockonbky P oc pT', To ToydaeTcs, 9To npn aauabaTudeckoM mpomnecce P oc p*/3.
Yro u TpeboBasoch J10Ka3aTh.

I11.8. Bamumiem ypasuenue cocrosaust (I111.49) B Bue:

_ PR

P (1+96).

Eciun BceM BesmmamHaM, OTHOCAIIUMCH K IIEHTDY 3BE3JIbl, IIPUIUCHIBATHL HieKe 0, TO U3
coornorrerns (11.3) mosy«mm:

P pT(1+9) :(p>””"

Py poTy (1+ do) Po

CremoBarebHO:

Torma

OxoHYaTeIbHO UMEEM:

(3—n)/
F(8) = 6(1 4+ 8)° = (1 + 5,)° (pﬁ) .

W3 nosydennoro BbIpakeHusi CJieJyeT, UTO UpU N > 3 BeauduHa f BO3pacraer oT
[EHTpa 3Be3/bl HAPYXKY, a npu n < 3, Haobopor, yopiBaer. Oyukuust f(0) mpu § > 0 —
MOHOTOHHO BO3PACTAIOIIAs, IOITOMY 1 oTHomenue P, /P, npu n > 3 017KHO BO3PacTaTh
OT TIEHTPa 3BE3/Ibl HAPYXKY, a pu n < 3 yowBaTh. [lomTpona ¢ unjgekcom n = 3 co-
OTBETCTBYET MOJIEJN 3BE3/Ibl, Y KOTOPOIl OTHOIIEHNE JIy4eBOT'O JaBJIEHUs K I'a30BOMY HE
MeHSEeTCsl BJIOJIb PaJINyca.

I11.9. Ilpu ajmabarudeckoM IIPOIECCe SHTPOIUS JIOJIKHA OCTaBaThCs MOCTOAHHOMN. 13
(IT1.48) cnemyer, uro mpu S = const MOJZKHO BBIIOJIHATLC yeaosue 1°/p = const. Tlo-
ckostbKy P oc T*, To mosrydaercs, 4To npu ajmabarideckoM nporecce P o< p*/3. Yro n
TpebOBAJIOCH JT0KA3aTh.

II1.10. Coornomenue (I111.24) mrsa peaxrmit (111.2) u (II1.3) umeer Bu:

N + 1y = Ny + Ne, NeE + Ne = Np + 2 7e,
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TIe NH, Mp, Ne, U 7y — XUMUYCCKHI IOTEHIMAJ aTOMOB BOJOPOJA, IPOTOHOB, 3JICKTPOHOB
U 9EepHOTEILHOIO M3JIyUYeHUsI COOTBETCTBEHHO. [loujienno BbIUMTasi BTOPOE PaBEHCTBO U3
HEePBOTO MOJIyIUM TpeOyeMblit pe3ybTatT: 17, = 0.

IT1.11. Ecau Bk1a st BemecTBa B II0THOCTD perebpexkumo Mai (T > 0, f = 0), To

E. aT* aT? 4
p=5=—, P=h=— =3
c c
2 _

[Moncrasiiss 9Tu cooTHOIIEHNS B 00IIee BhIpayKeHne st CKopocTn 3Byka V2 = vP/p
[IOJTy9aeM MCKOMBIN Pe3yJIbTar.

SaMeTnM OJHAKO, 9TO IIPU HU3KOM IIJIOTHOCTH BEIECTBA M BHICOKUX TeMIlepaTypax Oy-
JIET TIPOUCXOUTH UHTEHCUBHOE POXKJICHUE SJICKTPOH-TIO3UTPOHHBIX Iap, IJIOTHOCTD SHEP-
MU KOTOPBIX B 7/4 pa3 GoJibiie, YeM IIOTHOCTD sHeprun usiaydenns — cm. (II1.58). Dro
00CTOATENILCTBO CJIE/LyeT YIUThIBATD IIPYU BBIYUCIEHUN V B rOpsyeil ma3mMe HU3KO# I10T-
HOCTH.

I11.12. Ilockombky P,/P, o< T?/p, a B M30T€PMUYECKOM sijIpe IIOTHOCTH yObIBAET
HapyKy, N3JIydeHne OyJeT BHOCUTh MAaKCHUMAJIbHBII BKJI&J B JaBJI€HNE Ha BHENTHEN rpa-
Hute sapa. [Ipuvem, 9T0 posth M3/IydeHUs CTaHET CYIIEeCTBEHHOMN, KOIjla B 9TOI TOUYKe
oraommenue P, /P, npessrcut 1.

Ecin obosnaunTs uepes pl'** MaKCHMaIbHO BO3MOXKHYIO IVIOTHOCTH ra3a Ha I'DaHUIIE

H30TEPMUYECKOrO s1ipa, T0 yciaosue P, /Py < 1 11 9TON TOYKHU 3allUIIETCs B BHE:

max a’Tglu
ps = 3§R

U3 coornommenus (11.46) ¢ yaerom p'** = P /K tne K = RT'/u, nomyanm:

3T3 3
140 2 s
C3M2E ~ 3R

Orcroza, yaursiBasi 9ro (1 = 4/3, mosrydaem:

W [412
Mchc :ﬁ a—G3227M®

HIO6OHI)ITHO, 9TO OTBET HE 3aBHCUT OT TEeMIIEPAaTyPhbI d/pa.

IV. YpaBHeHUe cOCTOSAHUSA 3BE3HOTO BEIECTBA

IV.1. Ilycth v — CKOPOCTB 9JIEKTPOHA, & ([apaJiiebHbLi eMy) BEKTOD P — €r0 UMITYJIbC.
Haiinem cpemnee 3nadyenue mpoeKIUKU TPOU3BEACHUS STUX BEJIUYIUH HA ITPOU3BOJILHO BbI-
opannyio ocb X. Jljisg 9T0ro paccMOTpPUM COBOKYITHOCTH 3JIEKTPOHOB, CKOPOCTH KOTOPBIX
00pas3yroT ¢ MOJIOKHUTETbHBIM HampabienneM ocu X yroia 6 < 90° : TOJIBKO 3TU 3JIeK-
TPOHBI CO3JAIOT JIABJICHUE HA IJIOMIAJIKY, NMEPIEeHINKYIIpHyo ganaoii ocu. [lockosbky
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QJIEKTPOHDBI JBUXKYTCA XaOTUIECCKU (BCe HallpaBJICHUA JIBUZKEHU A paBHOBepOSITHbI>, MOZK-
HO HaIIUCATb:

1
< Vg Pr >= _/ U:vp:dea
21 Jor

rye d§) — 3j1eMeHT TeJIeCHOro yTJia, KOTOPbIil B HaleM ciydae pasen 27 sin 6 df. [Tockobky
vy = vcosb, p, = pcosf, moryaaem:

w/2 vp
< Vg Pa >:vp/ cosQGSinﬁdez?.
0

Yro n Tp€6OBaJIOCb JOKa3aTb.

I'V.2. B uzorepmuveckoMm sijipe 3Be3/Ibl CTEIeHb BHIPOXKICHUS 3JIEKTPOHHOTO ra3a MaK-
cuMaJibHa B 1eHTpe. llpumMem, 4TO BBIPOXK/IEHHEM B IEHTPE MOYKHO IIPEHEOpPevb, eCcjiu
T>Tp = Apg/?’, rje pp — LEeHTpaJbHas IUIOTHOCTh, A ~ 3 - 105/u§/3 cormacuo (IV.11),
pUYeM i Tensd [, = 2.

Torna, ncnosb3ys seipazkenue (11.47) mys neHTpaIbHO# IJIOTHOCTH H30TEPMIYECKOIO
1mapa, COOTBETCTBYIIEN MAKCUMAJIHLHOMY JIABJICHUIO Ha €0 MOBEPXHOCTHU, MMEEM:

WIS T8/
AmpdG3M2 ~ A3/2

rje M. — macca syipa 3Be3/ibl, (1 = 4/3 — MOJIEKYJISIpHBIA Bec resus, a z, = 15.7. Ciemo-

BaTEJIbHO: 3/4
) >‘<§R3/2143/4 T3/4 T
M, > Mmin = = ~017Mo (-] .
e 2 /T3 G2 2.107

I'V.3. Mepoii HenieaibHOCTH JIEKTPOHHOTO r'a3a B JAHHOM CJIydae siBJISeTCs OTHOIIIe-
une Fr/Ep. Cormacuo (IV.11), sueprus @epyn Ep N2 a w3 coornomenuii (IV.16)
u (IV.18) ciemyer, 9To sHeprusi KyJ0HOBCKOTO B3amMmojeiicrBus Ex o Ne 13, [TosTomy
OTHOIIIEHNE

Ex 1

Er N

T.€. YMEHbIIaCTCA C POCTOM IIJIOTHOCTH. Yro n Tp€6OBaJIOCI:> JOKa3aThb.

IV .4. Tloacrasias ancienusle 3Hadenus B coornornenns (111.25) u (I111.29) mosyunm:

N2
Ny 4+ Ny ~ 10%°, L ~1.7-10%.
No
HO,ZLGJII/IB BTOPOE COOTHOHIECHNE Ha II€PBOEC ITOJIYyIUM JIJIAd CTEIICHU MOHU3alIUU T = Nl/(Nl —+

Ny) ypaBHenue:
2?2+ 17z —17=0,

OTKya ciaemyet, yTo x ~ (.7.
Taxkum obpaszom, ecu 661 ypaBaenne Caxa MOKHO OBLIO IPUMEHSITh B pacCMaTpUBae-
MOW CHTYAIMU, TO MPUMEPHO TPETh ATOMOB BOJIOPO/Ia B IMEHTPAIbHLIX obsactax CostHia
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e 6b110 661 monuzoBano. OHako 1pu wiorHocTu 150 2/cM? cpejnee paccTostnue MesK/ Ty
gactunamu Menbie 1078 ey, T.e. mepBoit 6opoBeKoit opbuTsl atoma H, mosromy, Ha caMoM
Jiesie, Boj1opo/, B entpe CoJiHIla MPAKTUYEeCKU TTOJTHOCTHIO HOHU30BAH.

V. TepmosizepHble peakinuu 1 [-MPOIeCChI

V.1. Peaknuu, B pe3y/ibrare KOTOPBIX IMOABJIACTCA TTO3UTPOH, IO CYTU JIEJIa, CBOIATCS
K IIpEBPAIEHUIO OJHOIO U3 HPOTOHOB MCXOJHOIO d1pa B Heiirpon: p — n + et + v. Ho
HCXOJTHOE BEIECTBO OBLIO 9JIEKTPOHENTPAJIBHO, CJIe0BATE/ILHO IPOTOHY B UCXO/IHOM siJIpe
COOTBETCTBOBAJ CBOOOIHDII 3/1eKTPOH. C yIeTOM 3TOr0 06CTOATETHCTBA PEAKIIUIO IIPEBPa-
HICHK IPOTOHA B HEATPOH MOXKHO 3alMcaTh B Buae: € +p — ¢~ +n+et+v — n+v. Cpas-
HUBagd JIEBYIO U IIPABYIO YaCTU 9TOW peakKluu I10JIy4aeM, YTO Q = (mn - mp) c + mGCZ,
T.e. BKJIaJ] B 3HEPrOBLIICICHIE 32 CYCT aHHUTHIANNE PABEH M.C>, a He BeJMIHHe BIBOE

OOJIbIIIEH.

V.2. [Ipu aHHUTMIATIAN 3JIEKTPOHA U MO3UTPOHA JIOJIZKHO TOSIBHUTCS HE MEHee JIBYX
KBaHTOB. /leficTBUTEIbHO, €C/IN epeiiTh B CUCTEMY OTCUETa, CBI3AHHYIO C MEHTPOM MAace
et me”, To CyMMapHbIi UMITY/ILC YACTHI] PABEH HYJIIO, TOSTOMY OJIMH KBAHT, KOTOPBIil HMe-
eT uMIy/abc E. /¢, HOSBUTCS He MOXKET: JIOJIZKHBI POAUTC b0 J1Ba KBAHTA C OJMHAKOBOM
sHeprueit [, jierdiye B IPOTUBOIOJIOXKHBIE CTOPOHBI, JIKOO erre 6oJIbIee UX KOJITIEeCTBO
(c cyMMapHBIM HMILYJIbCOM PaBHBIM HYJIIO), 9TO TOPa3i0 MeHee BeposTHO. Takum obpa-
30M, B U3JIy4eHUE HEePeXOIUT SHeprus 2m,.c’, KoTopasd JeIUTcs HOPOBHY MEXKIy IBYMs

KBaHTaMH.

V.3. YUrobb! cOM3UTH JIBA TPOTOHA CJIEJIYET COBEPIIUTL PAOOTY MPOTHB CUJI KYJIOHOB-

CKOT'O OTTAJIKUBAHUS, PABHYIO

62

— ~23-107% spr.
T'n

B peaknuu cunresa jefiTepus BbIICIICTCH SHEPTHUA

(2m, +m, —mp)c? =2.1-103m,c? ~ 3.1-107° spr,

rae me — MacCCa IIO3UTPOHA. BILGCB MbI y4JIA 9HEPI'UiO, BBLACIAIONIYIOCA IIPU aHHUT'UJIATTAN
POXKIAIOIIEToCd B PEaKIIUU ITIO3UTPOHA.

V.4. B paccmarpusemoii curyanuu ypasaenue (V.38) MOXKHO 3amucarTh B BUJIE:

dX, 2 pNa <Uv>pp 2
= —X - —_— = — . X
dt p 2 C- X

rie C' — mocrosHHast BeanduHa. Perrenne sToro anddepeHnuaibHOro ypaBHEHNsT ¢ Ha-
YaJbHBIM yCIOBUEM X, = Xz? npu t = 0 nmeer BuI:

X Al
P14+ 0X0t
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CrenoBaTeIbHO, KOHIIEHTPAIINAS SIIEP BOIOPOIA JOCTUIHET 3HAUEHUST Xg /2 depes Bpe-
M

1 2
ti/9 = = =t
1/2 CX9 ~ X9pNa(ov),, ™

rie t,, — BpeMs, KoTopoe mnosydaercs u3 dopmyst (V.46).

VI. TepmosinepHbie peakiiuu B 3Be3/1aX.

VI.1. /I 3emuor0o HabJrogaTe/ s OCHOBHBIM UCTOUYHUKOM HEHTPUHO SBJIAECTCS IepBast
peakiust p-p nenouku (VI.1), nporekaromas wa Cosame. CyTh peakiyii p-p HEmoYKu —
o0 beIMHEHNE YeThIPeX IIPOTOHOB B SIIPO I'eJIMsI, B IIPOIECCe KOTOPOro JIBa IIPOTOHA, IIpe-
BpAaIlalOTCsl B HEMTPOHBI, OPOK1as JaBa HeiTpuHo: 4p — He + 2 v. MoxKHO cKa3aTh, ITO
POKJIeHne BYX HEHTPUHO COTTPOBOXK IAETCS BhljlesienneM sHeprun AE = 4mp02 —MpeC?
5-107° spr. HeitiTpuHo yHOCAT JIMIIL HEOOJIBIITYIO YaCTh 9TOI 3HEPIuy, KOTOpasi, B OCHOB-
HOM, IIPEBPAIIIAETC B TEILIO M, B KOHEYHOM CUeTe, BhICBeUnBaeTcs ¢ moBepxuoctu CoJtHIa.
CrenoBarenbHo, 3a 1 cekyny B Hesppax CostHIlA IPOUCXOIUT poxKeHue ~ Lg /[AE ~ 1038
sijiep Tesusi U BJBoe OoJiblliee KoynmdecTBo Hefirpuno. [[puauMast mromaab riia3a paBHOM
1 em? u paccroanue g0 Comnna d = 1.5 - 103 ¢M mostyaum HCKOMBIiH pe3yibTarT:

2Ly
AFE 4rd?

N, ~ 10 ¢t

VI1.2. OcHOBHBIM IIPOTIECCOM, T€HEPUPYIONIMM aHTUBEIIeCTBO B Heipax Costriia B hop-
Me TIO3UTPOHOB, siBJIsieTcsi epBasi peakiusi pp-tienodku (VI1). 3a 1 cekynay B 9100t pe-
AKIIMU POZKJIAETCS CTOJIBKO 2Ke TIO3UTPOHOB, CKOJIbKO M HeHTpuHo, T.e. N\ ~ 2Lo /AE ~
2-10% ¢! — cm. zagauy VL1

['ubnyT 03UTPOHBI B pe3y/IbTaTe AHHUTWIAIINN C 9JIEKTPOHAMU OKPYKAIOIIeH CPeIbl.
CpejiHee BpeMsi »KU3HU TIO3UTPOHA B objacTu, rje nporekaoor peakiwn (VI.1), mMoxkHO
OICHNTH ¢ TOMOIIBIO cootHomenns (V.12), 3anmcas ero B Bu/Ie:

1

)
TNV

At, =

TJe Ne ¥ U — COOTBETCTBEHHO UICIIO 9JIEKTPOHOB B 1 CM>, I CKOPOCTH OTHOCHTEIHHOTO JIBU-
JKeHUS €~ U e, yCpeIHeHHbIe 110 00/1aCTH B3aUMOJICHCTBYS, a 0, — CCUCHHe AHHUTU/ISIINAN.

B COOTBETCTBHY € YCIOBHEM 3aJIa9t TIOJIOKUM 0, ~ 772 =~ 21072 cm?. D10 J0BOIBLHO
rpyboe npubmKeHne, MO3TOMY BMECTO YCPEIHEHUsT BEJTMINH N W ¥ IPUMEM UX 3HATEHUS
B nentpe Cosmnna: ne ~ 5+ 10%° em™3 (em. zagaqy I115) u v ~ v, ~ 3-10° em/c (cm.
sagady 111.1), rae v, — cpefiHsst TemIoBas CKOPOCTh JBIZKEHUsI 3JIeKTPOHOB. [lomcraBiisis
nosyunm: At, ~ 3-1077 ¢~! — TakoBo cpejHee BpeMs YKU3HN MO3UTPOHA.

Eciin mosiHoe KoJimdecTBO MO3UTPOHOB BO BCell MHTEpecyroleil Hac 00JIacTH PaBHO
N, To exkecekynnno joszkno norubarb N, = N, /At, nosurponos. (Anasorus: ecim Ha
Semite xuBer N 4eJIOBEK, a CPEIHSST MPOAOIKUTEILHOCTh KU3HU — At JIeT, TO OTCIOJIa
cJIeJlyer, 9TO B CpejiHeM exkerojHo ymupaer N/At deioBex.)
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KonmaecTBo pozkIatomuxcs 1 FTHOHY X TIO3UTPOHOB JIOJIZKHO OBITH OJTMHAKOBBIM (yCJI0-
Bue cranuonapHoctu), nosromy Ny = N At, = N, At, ~ 1032 Cnenosaresnsno, macca
antuserniecrsa na Cosrie cocranisger meN, ~ 100 xe.

VI1.3. U3 tabmusr V1.1 BuiHO, 9TO B HeHTpasbubix obmactax Comnna eono o< T2,
a €pp < T*. DT0 3HAUMT, YTO 1O Mepe YIAJEHNUsI OT IEHTPA BEJININHA EcNO YMEHbIIAeTCs
ropas/io ObICTpee, 9eM €y, UTO U IPUBOIUT K paccMaTpuBacMoMy 3(hdhEKTY.

V1.4. Boipazkenue Jjis CBETUMOCTH, 00YCJIOBICHHON T€PMOAIEPHBIM TOPEHHEM BOJO-
pona, B paccmarpuBaeMoM ciaydae (Xp, Xo = const) MOXKHO 3aIlicaTh B BUJIE:

M R R
L= / Enue dm = 47T/ EnucP r?dr o« XpXs / p2 T r%dr.
0 0 0

Cremya (11.19) mepeiizem K 6espasMepHbM nepemennsi £ = 7/ro, 0, = (p/po)"". B
30HE sIJIEPHOTO SHEPIOBBIJIEJICHHUS BEIECTBO IPAKTUIECKH [OJTHOCTHIO HOHN30BAHO, TO9TO-
My, corsacto (I111.34), mocTOSTHCTBO XUMUYIECKOTO COCTABA O3HAUAET MOCTOSTHCTBO L. Toraa
u3 (11.19) u (II1.39) cnemyer, aro:

roocTOlﬂpal/Q, T="1T,0,.

CitetoBaTeIHHO,
3 2 o 2 2 1/2 ns+3/2 o 2 2
LnucmropOTg/ ot €2 dg o< py' " T / oot de.
0 0

[Ipu 3ajaHHOM 3HAYECHUM UHJIEKCA HOJUTPOILI 72 MHTErpaJl B IPaBOil YaCTH €CTh HEKOTO-
past KOHCTaHTa, 9TO U MPUBOAUT K coorHormenuo (VI.8).
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