MunucrepcTBo obpasoBanug u Hayku Poccuiickoit @emepaiun
HAIIMOHAJIBHBIN NCCJIEJOBATEJIBCKNI IAEPHBIN YVHUBEPCUTET «MUDU»
OAKYJIBTET SKCHEPUMEHTAJILHON I TEOPETUYECKON ®U3NKN

KA®E/IPA OU3NKIN 9JIEMEHTAPHBIX YACTUILL

ECHUIIOBA EKATEPMHA AJIEKCAHJIPOBHA

ITEPBUYHBIE YEPHBIE JIBIPBI

Pedepar no kocmomukpodusuke

Mocxksa 2015



COJIEPYK AHUE

[CONEPKAHINE 2

(1 Bsenenue)| 3

2 CBoiicTBa IEPBUYHBIX YEPHBIX ALIP 1 MEXaHU3MbI UX oOpa3oBaHus 4

2.1 llpsmoe obpazoBanue nepBUYHBIX YEPHBIX JIBIP| . . « - . . . o . . . . . 5

[2.2  Ob0pazoBaHue 1epBUIHBIX YEPHBIX JIBIP B (DA30BBIX IEPEX0JIAX TEPBOI'O |

[2.3  OO0pazoBaHue NEPBUYIHBIX UYEPHBIX JIBIP IPHU KOJLJIAICE 3aMKHYTBIX CTeHOM| 9

3 VlcnmapeHue nmepBUYHBLIX YEPHBIX JIbIP 1 PeMOHM3aluda BcejieHHOI| 11
4  OrpaHudeHus Ha MePBUYHbIE Y€DHbIE JIbIPDI| 15
D SaKJroJdeHuel 17

W ImTeparypal 17




1 Bsenenmue

Yepuasi jpipa — Hekast 00JIaCcTh B IIPOCTPAHCTBE-BPEMEHU, KOTOpasi 00J1a/1aer Ta-
KHAM CHJIbHBIM I'PaBUTAIMOHHBIM MOJIEM, UTO YACTHUIILI, B TOM UHCJE U YIbTPaPEesIsiTH-
BHUCTCKUE,HE CIIOCOOHBI ee MOKUHYTh. ['paHuIia, 3a KOTOPYO HE MOI'YT BBIATH UaCTUIIBI
BO BHEIITHEe [IPOCTPAHCTBO, HA3bIBACTCA TOPU3OHTOM COOBITHIA. JIt0boe Tesio, HaxXo/Isch
110]1 TOPU30HTOM YEPHOIl JIBIPBI, OYJIeT JBUIaThCA TOJBKO BHYTPH 3Toi obyactu. O0b-
eKT M3 BHEITHETO TTPOCTPAHCTBA, MOXKET MOTTACTh TT0/ TOPU30HT, HO 38 €r0 MPEJIEshl YKe
HE BbINIET.

Cunraercst, 9T0 YepHbIE JABIPhl 00PA3YIOTCsI IIPU KOJLJIAIICE HEHTPOHHBIX 3BE3/], MAC-
ca KOoTopbIxX ~ 10My u 6osee. OHaKo, €CTh MOJIEIN, B KOTOPLIX YepHbBIE JIbIPhl 00pa-
3YIOTCs HA paHHUX STallax pa3BuTusa Beesennoit, 10 oOpa3oBaHus KpyIHOMACIITAOHBIX
CTPYKTYP. DTO IPEJIIoJI0KeHne ObLIO BbICKaszaHo 3ejbioprndeM 1 HoBukoBbiM B 1966
rojty, 1mosjHee — Xoykuarom B 1971. Takue depHbIe JIbIpbl HA3bIBAIOTCSA IIEPBUIHBIMU.

[TepBuanbie gepHbIe JABIPHI TPEACTABISAIOT 0COOBIH MHTEpEC st KocMosornu. Bo-
IEPBbIX, OHU SIBJISIIOTCsI OJIHMMU U3 KAHJIMJIATOB HA POJib CKPLITOH macehl [153], npu
9TOM UMHU yJAaeTcsi 00bSICHUTH BCIO €€ IJIOTHOCTh. BO-BTOPBIX, IpoOCTeias OIeHKa,
MIOKa3bIBAET, UTO PEHMOHMU3AIUS MOIJIA, OBITH OCYIECTBICHA MEPBUUHBIME YePHBIMU JTbI-
pamu 2], [3]. U okaspiBaeTcst, 9Ty MOJETb MOKHO HCIIOMH30BATH KAK TEOPETHICCKUIT

MHCTPYMEHT KOCMOAPXEOJOTHIECKOro anaamnsa [4].



2 (CBoiicTBa NEepBUYHBLIX YePHBIX JLIP I

MEXaHN3Mbl X O6p&30BaHI/ISI

XapakTepucTukaMu 9epHOil JIbIPbI SABJISIOTMs ee macca M, 3apsiji () u yrjoBoi
MOMEHT Bpalenus L.

YepHasi bpIpa sSIBJISETCs pelleHneM ypaBHeHUsT DiHIITeliHa:

1
Ruu — §guyR = SWGTMV — g/WA (21)

rae R, — renzop Puuun, R — ckanap Puuum, g,, — Merpudeckuit tenzop, G — rpa-
BUTAIUOHHAA HOCTOAHHAsA, 1), — TEH30D SHEPTUH-UMITYNIbCa, A — KOCMOJOTHYCCKAs
IIOCTOsIHHASI.

B obmem ciydae perieHrneM TAKOro ypaBHEHUsI sBJIsieTcss depHasi jbipa Keppa-

Huiomana-ie Currepa, merprka Kotoporo sisaser coboit]] [5].

dr®  db? sin?
ds* = —p* (Ar + Aa) T Tra) [adt — (r® + a®)dp]+
A,

+ m(dt — asin®0dp)? (2.2)

e
A, = (r*+a*)(1 —ar*/a®) —2Mr +@Q*, Ag=1+acos*d
PP =p-p*, p=r+iQcosh
a=Ad*/3, a=L/M
OJ1HaKo, 0OBIYHO MPU HAXOXKJCHUN PEIeHUs YePHBIX J[BIP KOCMOJIOIMIECKOH MO-

CTOSIHHOI TpeHebperaior, Torja perenueM ypashenust (2.1) siisiercst yepHasi Jibipa

Keppa-Hbromana [6):

131ech 1 Jaee HCIOMb3yeTca cucTeMa, equHnt, rae c=G=k=1.



2Mr — Q? in? 0
ds? = — (1 - TTQ A2 — 2 (2Mr — Q2) a e dtdp+
2Mr — Q2 5
+ (7“2 +a? + TTQCLQ sin2(9)> sin?(0)dp* + ZdTQ + Xd6* (2.3)

rie ¥ =12 +a’cos’l, A =r? —2Mr + a® + Q%

Orcrofa BUIHO, 9TO TOPU3OHT COOBIATHH JaeTCsi BhIPparKeHUEeM:

_M+\/M2—a2—Q2
Mg,

Ty (2.4)

rjie M3, — macca [nanka. 13 91010, 04eBUIHO, CIIGJLYeT, YTO ITAPAMETDHI YePHOH JIbIPHI
He JIOJDKHBI ObITH MPOW3BOJBHBIMK, W JIJIsi HUX BBITIOJHSIETCS orpanudenns Keppa-

Hriomana:

a’ 4+ Q* < M? (2.5)

[Ipu HApYyIIEHUN 3TOr0O OrpadeHusi FOPU3OHT COOBIATHII UCUe3aeT, U BMECTO peIleHUsI
YEpHO# JIbIPbI MBI OyJIeM UMEeTh TaK Ha3bIBAEMYIO “TOJIYI0 CHUHIYJISPHOCTHL , KOTOpPasd,
COIJIACHO IIPUHIIMIY KOCMHYECKOH IIeH3YPbl, HE CYIIEeCTBYET.

B ciiygae HesapsiKeHHOIT, HO BpallaloIieiics: 9epHoit abipel pererreM ([2.1)) siBister-
cs perrenne Keppa, He Bpalatomeiicsi, HO 3apsixkeHHoit — Peitcnepa-Hopjcrpéma, u B
CIydae He3aPsKEHHON ¥ He Bpallaiolieiics 4epHoii JbIipbl — pemtenue IIBapiimuibia.

Kaxk y»ke ObLIO OTMeUYeHO paHHee, 0COOEHHOCTHIO MEPBUUHBIX JIBIP SBJISIETCS UX 00-
pasoBaHue MIPOUCXOIUIIO He 38 CUeT KOJlIalca KpynHoii 38e3/1bl. CyIecTByeT HeCKO Ib-

KO TEOPETUUECKUX CIIOCODOB ONUCAHUI TaKOro 0Opa30oBaHuUs.

2.1 Ilpsamoe obpazopanue IEPBUYHBIX Y€PHBIX JIbID

DTOoT crocod obpa30BaHMs CBSI3aH ¢ UMEBITUMUCS HEOIHOPOIHOCTSIMA MaTEPUU Ha

paHHUX cTa/iusAX DBcesieHHO, KOTOPbIe MOIVIM KOJUIAIICUPOBATH, 00pa3yst IepBUYHbIE



YepHbIe JbIPhI. BeposaTHOCTh TaKOro 00pa30BaHMs JIaeTCs YpaBHEHHEM:

w e 207 (2.6)

e 0 < v < 1 — uncjeHHblii pakTop, ONpeIe AN ypaBHeHNe COCTOSHUSI, (62> <L 1—
JICIIEPCHUs [ayCCOBa, paciIpeiesieHusi, KOTOpOe OIKMChIBaeT BO3MyIlieHne Mmerpuku. Pop-
MaJIbHO, Ha MBIJIEBOI cTaJinK cTajiun sBoJonnn Beenennoit, korya v = 0, w — 1, aro
HEBEPHO, T€M HE MeHee, JIeTaJbHbli aHaJM3 JIaeT, UYTO HA ITOW CTAJUU BEPOATHOCTH
OOJIbINIe, YeM Ha CTAJIUK PAJMAIMOHHOIO JOMUHUPOBAHUS.

[Ipsimoe obpazoBanue o3HagaeT, 4TO 1OCJE TOIO, KakK (DJIyKTyalus IIJIOTHOCTH %
CTAHOBUTCSI MOPsIAKa 1, cchOpMUPOBBIBAIOTCS HEOJIHOPOIHOCTH, 000CODIEHHBIE OT 00-
IIIer0 KOCMOJIOTHYECKOT'O PACIINPEHMUS, ABJISIONINECsS IPaBUTAIIMOHHO CBSI3aHHBIMU CH-
cTeMaMi HEepeJIITUBUCTCKOI MaTepuy, KOTOpPbIe C:KMMAIOTCsS 110Ji COOCBEHHBIN IpaBH-

TAIMOHHBIN pajuyc. K MOMeHTy, KOrjja HauMHAEeTCs CyKaTue, Takue KOH(MUTypaluu

XapaKTepusyTcs

1) cpenneit MIOTHOCTBIO Peont
2
3

5pconf

HEOAHOPOJHOCTDBHIO IIJIOTHOCTH U ~~ oot
con

Pa3MEPOM 7T¢onf
4) OTKJIOHEHUEM OT CPEPUTHOCTH Sconf-

)
)
)
)

ObpazoBaHue 9epHOI JBIPHI B PE3YJIbTATE CXKATUST COOTBETCBYET CPEJIHEH MI0THO-

crull]

PBH ~ —3 ™~ (2.7)

3 3
T’g X

rjex =Ty /Tcont- C JIPYTOii CTOPOHDI, MAKCHMAJIbHAS IIJIOTHOCTD, KOTOPast MOXKET OBITh

JIOCTUTHYTa, TPU CXKATUU HechepuiecKoit KoHMUTypalnu, COCTaBIseT

Pconf
Pmax ™~ 3 (28)

conf

!Black hole — wepmas apIpa.



s (2.7)), (2.8) caemyer, aro jjist 06pa3oBaHusa Y€PHOM JbIPHI KOH(MDUTYPATHST TOJTXK-

Ha OBITH OJIM3Ka K chepruiecKd CUMMETPUIHOM:

Sconf S X S 1 (29)

Orpanuuenne Ha HEOJHOPOJHOCTH KoHburypaiuu umeer uj [7:

u< a2 <1 (2.10)

YeyioBuii , OKa3bIBACTCS JIOCTATOYHO JIJISI MPSIMOrO OOpA30BAHUS IIep-
BUYHOU YE€PHOU JBIPHI.

[Ipu HOpMAJILHOM 3aKOHE pacIpeejeHUN HEOHOPOJHOCTU C JIUCIIEPCHEH MOPsI-
Ka 1 BEpOATHOCTD pean3alini KOH(PUrypalni ¢ aHOMAJILHO MaJIoi HEOTHOPOTHOCTHIO
onpejiessercs Gpa30BbIM 00bLEMOM, COOTBETCBYIOINM KOH(DUTYPAIUSIM, JIJISI KOTOPBIX
BBIITOJIHEHO , M 9Ta BEPOSTHOCTH COCTABISCT w, ~ U ~ x°/2. [Nonaras, 4o
BEPOSITHOCTD Pean3aiud KOH(MUIYPALMKE, YI0BICTBOPAIONIEH YCI0BUIO , TAKKE
OTIpeJIeIACTCA COOTBETCTBYIONAM (ha30BBIM 00BEMOM, HoaydaeM, w, ~ x°. OTcioma
[OJIyIaeM MUHUMAJIbHYIO BEPOSITHOCTD IIPSIMOTO POXKICHUS Y€PHOI JIbIPHI Ha, [IbLIEBO

CTaJIUNU:

WRH > Wy + Wy ~ 2132 (2.11)

[Tpsimoit MexaHu3M 0Opa3oBaHUs IEPBUUHBIX Y€PHBIX JIbIP 3(PPEKTUBEH B UHTEPBaA-
Jjie Mace Mupin < M < Myax, tiae M ~ Mplf—; OIIPEJIE/ISIeTCS KaK MAcCa, 3aKJII0UeH-
Hasi TOJT KOCMOJIOTHIECKAM TOPH30HTOM HA MOMEHT HavaJsa MbLIeBoii cragnu ty (tp) —
[LnarkoBckoe Bpemsi), a Myax ONPEJICNISETCS U3 YCJIOBHS, 9TO AMILTUTY/Ia BO3MYICHHST
M | “BbIXOJISITIIEr0 U3-TI0J] TOPU30HTA” ¢ HavaJ bHOH ammiuTytoit 0(M ), mocturaer 1 1o
OKOHYAHWH TbLIEBOI crajuu. OTcioja B JaHHOM WHTEPBAJIe MACC MOYKHO TOJYUAThH
MOXKHO TIOJIYIATH MUHUMAJILHYIO BEPOATHOCTH POXKJIEHUSI MEPBUIHON UEePHON JBIPHI,

OIPEJICJICHHON AIlJIUTY 0N BO3MYIIIEHUS €€ MaCChl:



wgh > [6(M)] 73 (2.12)

Takoit MexaHu3M obecriednBaeT YHUBEPCAJIbHYIO MOJIEIbHO HE3aBUCUMYIO IIPOBEPKY
JIJIST HEOJTHOPOJIHOCTEH Ha TIBIJIEBBIX CTaMsX B paHHell BcesjenHoit, oH He 3aBUCHAT OT

dOpMBI HEPEJIITUBUCTCKONR MaTepuu U NMEePHo/jia ee JIOMUHAHTHOCTH.

2.2 OOpa3oBaHue TEPBUYHBIX YEPHBIX ABIP B a30BBIX IePeXomax

MIEPBOT'O POJIa,

B nporiecce dha3oBoro mnepexoja mepBoro pojia CTOJIKHOBEHHE CTEHOK Iy3bipeii MO-
YKET KOHIIEHTPHUPYET KUHETHIECKYIO SHEPTUIO CTEHOK B IIpejieiaX ee IPaBUTAIMOHHOTO
paJimyca, TeM caMbiM 00pa3ys nepBudHbIe YepHble nbiphl [§], [9]. Hampumep, sTo moxer
OBITH CKAJIAPHOE MOJIE C IBYMSI HEBLIPOXKJICHHBIMY BAKYYMAMH, TJI¢ BAKYYM C MEHbINe
SHEPrUeil ABJISeTCS UCTEHHBIM, BTOPOil XKe SIBJISCTCA JIOKHDBIM.

Ha kBaHTOBOM yPOBHE JIOXKHBIH BAKYyM PaCIagaeTCs, YTO NPUBOJANAT K HOSIBJICHUIO
B HEM I1y3bIPEil UCTUHHOIO BAKYyMa, U UX 110C/IE/YIONEMY PACIIMPEHUIO, & IOTCHIUA b
Hasl SHEPIUsl JIO)KHOTO BaKyyMa MEPEXOJAUT B KUHETUUYECKYIO SHEPIUIO CTEHOK MEXK Iy
HauMu. Takoii my3bipb OYIeT PACIIUPATLCS, TOKA HE CTOJHETCS C JIPYTUM IIy3bIpeM, 1
[IPU OJHOBPEMEHHOM CTOJIKHOBEHHM CTEHOK MOXKET POJIUTLCS HepBUYHAS YepHAasl Jibl-
pa [§], [9]. Henocpecreenno nocsie croJKHOBEHUSI TPOHUKHOBEHUE CTEHOK COMPOBOK-
JIA€TCsl JIONOJHUTELHBIM yBeJMueHrneM rnorennuasiboii snepruu [10]. Sarem crenkn
OTPAXKAIOTCSA U JIBUTAIOTCS B 00OPATHOM HANPABJICHUM B 00JIACTH UCTMHHOIO BaKyyMa,
MX KMHETHYECKas SHEPIUsl HEPEXOAUT OOPATHO B HOTEHIMAJIBLHYIO SHEPIUIO JIOKHOIO
BaKyyMa, a BHEIIHss] 9acTh CTEHOK BCE TaK »Ke PACIIUPSAETCs U IIOTJIOIAET JIOXKHDII
BaKyyM, U B KaKOH-TO MOMEHT IeHTpaJibHas 00JacTh JIOXKHOIO BaKyyMa OTJIeJIsAeT-
cad 1 obpasyeT 0b60COOJIEHHBIN MEIIOK JIOXKHOTO BaKyyMa. CXeMaTHdHO 9TOT IPOIEC
nokazan na Puc. 2.1

Kak nokazano B [§], [11], sasbHeiiniast s3Bosonus 97010 MerKa mpouCXOnT CIeLy-
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Puc. 2.1. ®opMupoBanue MelKa JOXKHOTO BAKyyMa IPU CTOTKHOBEHHH CTEHOK JIBYX ITy3bIpeil.

IoIuM 00pa3oM: OH OyJleT pacTh JIO TeX IOP, IOKa KUHETUUIECKasi SHEPTHsI ero CTEHOK
HEe CpaBHAETCs C HyJIeM, 3aTeM 3TOT MeEIIOK CTATUBAeTCs 0 pa3Mmepa, CPaBHUMOTO C
TOJIMUHON CTEHKH, 3aTeM CHOBa paciupgaeTcd. Tak mporecchl c:KaTusd W paclInpeHust
CMEHLAIOT JIPYT JApyra, U MEMIOK TepsieT CBOIO IHEPTrUuio, KOTOPas MEPEeXOJUT B dIHEPTUA
KOJIeOaHUsT CKAJISTPHOIO 110JIsi. UUCI0 TaKUX OCHMJLISINAN SBJIsIeTCS KOHEUHBIM [11].
Eciin ke MelIoK CKUMAETCst 110J CBOM I'DaBUTAIMOHHbBIA PaJIMyC, TO 00pa3yeTcs

yepHasg JibIpa.

2.3 OOpa3oBaHue IEePBUYHBIX YEPHBIX JbIP IIPU KOJLIAIICE

3aMKHYTBIX CTEeHON

0

Paccmorpum ckassipuoe nojie ¢ = r - €| norenrnuaia koroporo obsagaer U(1)-

CI/IMMeTpI/Ieﬁ n nMeeT BUJ:

Vip) = M(le]> — f2/2)* + 6V (6) (2.13)

e 0V (0) = X\3(1 —cosf), f, Ay u Ay — Hexoropble napamerpbl Mojesn. CiaraeMbim

oV (0) moxHO mpenebpedb Ha cTajuy WHQISINT, OHO JaeT CYIIEeCTBeHHBIN BKJIaJl TO-
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ria, Korja my = 2f2/Xg ~ H (12|, tne H — nocrosnnas Xa66maa. B atom ciyuae
IPOUCXOJIAT SIBHOE HAPYIIEHHE CUMMETPHH U IOTEHIINAJ, ONNCHIBAEMbIii , B KO-
HEUHOM HUTOTE MMEET PsiJi BHIPOXKJIECHHBIX MUHUMYMOB O = Z - 27, Tie Z — 1esoe
YUCIIO

B xojie undiisinuu O6yj1yT 00pa3soBbIBATHCs PUYUHHO HE CBsAZaHHBbIE 00JIACTU € Pa3-
HbIMU HadaJibHbIMU dazamu 0. Korga my pocruraer 3suadenusi ~ H, B 0JHUX 001aCTSAX
KOJIeOAHUS TOJIA © OYJIyT MTPOUCXOINTH BO3JIe MUHUMYMa oTeHnuaja V. Tak, Hanpu-
Mep, B obJyiactu, rje m < 6 < 27 KoyiebaHus OyAyT MPOUCKXOAUTH BO3JE By = 27, B TO
BpeMs Kak (pa3a B OKPYKIAIOIIEM 3Ty 00JIaCTh IPOCTPAHCTBE, KaK IIPABUJIO, CTPEMUT-
¢t K Opin = 0. TTockonbky daza MeHsieTcst HelpepbIBHO, TIPU JIBUKEHUU U3 00JIaCTH C
Omin = 0 B 001aCTh € Oy = 27 MBI IPOXOJAUM 3HAYEHUE Oyo) = T, TO €CTh JOJIKHA,
CYIIECTBOBATH 3aMKHYTasl MOBEPXHOCTH, XapaKTePUIYIOIasCs TAKUM 3HAUEHUEM, Pas3-
MEpP KOTOPOI 3aBUCUT OT 0OpasoBaHusi obJsiacreil BO BpeMst uH@Jisiuu, a BoT hpopma
MoXkKeT ObITh 060it. IlockombKy 371€Ch Momyckaercs perenne Buja Kuuka (eu. [13] u
CCBLIKH B Heil), 00pasyeTcs 3aMKHYTast CTEHKA C By, = T, COOTBETCBYIOIMAS IEPEXO/Ia
u3 BaKyyMa Oy, = 0 B BaKyyM Oyne = 2.

[Tocse nadasinum rpanuibl 00aacTei, rae Oy, > 27, CYyIIEeCTBEHHO MPEBBIIIAeT pas3-
MepP KOCMOJIOTHIECKOTo ropu3onTa. CTeHKM 9TrX 00J1acTeil MPOL0JKAIOT PACIITHPATHCS
JIO TeX I0P, ITOKA OHU HE CTAHOBATCS IIPUIMHHO CBA3aHHBIMU, TO €CTh KOIJa Pas3Mep
CTEHOK JIOCTUIAeT padMepa ropusoHTa. BHyTpeHee HalIpsizKeHne, BOSHUKAIOIIEEe B CTEH-
Ke [IOCJIe TTIepecevdeHns TOPU30HTa, MHUITUUPYET IIPOIECCHI, KOTOPLIE CTPEMSITMS CBECTH
IIOBEPXHOCTH CTEHKNM K MUHUMYMY. DHEPIHsI CTEHKHU IPOIOPINOHAJIbLHA ee ILIOIA/I1d B
MOMEHT IIepecedeHns ropu3oHTa. I[Ipun MakcuMaJbHOM C2KATHH 9Ta SHEPIHUsl MPaKTH-
4eCKH MOJIHOCTHIO nepexouT B Kunernueckylo [14]. Eciu crenka B kakoif-ro MoMenT
JIOKAJINBYETCS T0JT TPABUTAIIMOHHBIM PaUyCOM, 00Pa3yeTcst MepBUIHAS YepHasT JbIPa,
JIMAIIA30H MACcC KOTOPOi orpanuyer napamerpamu f u Aoy [12]:

Mp Mp\? Mp\?

Mmax = —M ~ ) Mmin - ~
f Pl )\2 f )\2
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3 IUcnapenue nepBuYHbIX YepPHBIX ABIP U

penonusanuga Bceaennoii

Knaccuueckast uepHasi Jbipa — abCOJIIOTHO MOTJIOMAIONINA 00beKT. OnHako u3
KBAHTOBOI MEXaHUKK Mbl 3HAEM, UTO YACTHUIIA MOXKET “TYHHEJUPOBATL Yepe3 MOTEHIIH-
aJIbHBII Dapbep, BbICOTa KOTOPOIo OOJIbIIE €€ IOJTHON SHEPIUH, UTO JegaeT U3J1ydeHue
XOyKnHTa — TPOIECC WCIYCKAHWST PA3JIMIHBIX 3JIEMEHTAPHBIX YACTHUI[ YePHBIMU JIbI-
pamu, — BO3MOKHBIM [15]. DToT HpoIece uHTEPHPETUPYETCs CJIeYIOMUM 00pa3oM:
I'PABUTAIIMOHHOE 0JI€ YEPHO JIBIPBI MOJISIPU3YET BAKYYM, B PE3YJIBTATE YEI0 BOZMOXK-
HO 0Opa3oBaHue He TOJHKO BUPTYAJbHBIX, HO U PEAJbHBIX Iap YaCTUIA-aHTHIACTHIIA.
OJiHa M3 4JacTHIl, OKa3aBLIasICs UyTh HUXKE FOPU30HTA COOLITHI, IajaeT BHYTPb dep-
HOI1 JIBIPBI, & Jipyras, OKa3aBIllasiCs IyTh BbIIlle FTOPU30HTA, YJIETAeT, YHOCS €€ SHEPIUIO
(To ecTh YaCTH MaCCH).

Uznyuennto BOJIM3KM rOPU30HTA, COOBITUIT YEPHON JIBIPHI MOXKHO COTIOCTABUTH OTIPE-

JICJIEHHYIO TeMIIeparypy:

_ T My
St M

rjie Ty — TeMmiepaTypa H3JIydeHusT YepHoit abipbl, Tp; — Temneparypa Ilnanka. Cko-

Tsn (3.1)

POCTb UCIAPEHU MMEPBUYHON YEPHOU JIbIPHI JIa€TCs BbIPAXKEHUEM:

dM M},
dt M2

Orcrosia JIerko MoJIyInuTh BPEMsi, 38, KOTOPOE WCIAPUTCs TIEPBUUIHAS UepHasi JbIpa C

(3.2)

JaHHO# Maccoil. Bpemst ucniapenus: okasbiBaercst pasto [15-17]:

M 3

t, = 107%7
C 1 g
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Takum 0Opa3oM, TepBUYIHBIE YePHBIE JTbIPHI, HadaJbHas Macca KOTOPHIX He MPEBbI-
masa 10'° 1, K HacToAIEMy MOMEHTY HCHAPUJIACH U He MOTYT HAaOJIOATHCS.

Kax yke OblJ10 OTMeueHo paHee, TepBUIHBIE YepHbIe JILIPHI U3-3a M3JIydeHus Xo-
YKUHIa MOIJIM NPUBECTH K pernonusalinu BeesienHoit, nMesiieit Mmecto ObITh Mex, 1y 550
mJiH Jiet u 800 mutn Jier nociie BoJibiioro Bapreisa.

B paborax 2], [3] pacemorpusatorest nepsuunbie yephbie jibipbl B ananaszoune 1010 <
< M < 10'7 rpaMM ¢ WX OTHOCHTEJBHON IJIOTHOCTBIO B COOTBETCTBHM C BEPXHUM

npejiesiom [18], KoTopblit MOKeT ObITH PEJICTABJICH B BHIE:

0.25, M > Mpeu

QPBH = (34)

3.36
0.25 (MMk> ) M < Mpeak

rje Mpeax = 0.78- 10" rpamm. Temmepatrypa HCIapeHUs i TAKAX TePBUIHBIX YCPHDIX
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M

Jip coctapisieT ITpp ~ 0.1 M5B, cpennsist sHeprus ucnapenusi (poToHoB = 61y,
CpeJlHsisl SHEPIUsl UCIIAPEeHUsl JIEKTPOHOB 1 Hefirpuno & 4Ty [18].

B paccmarpuBaeMoM Jiralia3oHe TeMiepaTyp UCIlapeHus epBUUIHbIE YEPHbIE JIbIPbI
u3J1ydaer 'paBUTOHbI, (DOTOHBI, TPU BUJIA HERTPUHO, JIEKTPOHbI U 1IO3UTPOHDI.

PoToH OT HcHapeHus ¢ dHeprueil B auamnazone w ~ 0.5...5 MaB repgaror snepruio
38 CueT KOMIITOHOBCKOI'O pacCesiHMs, KOTOpoe obecrevunBaeT mepegady SHepruu dapu-
OHHOIl MaTepuu, U KPACHOI'O CMEIIEHHUs.

DJIEKTPOHBI U TIO3UTPOHBI OT UCTIAPEHHUsT IEPBUIHOM 9€PHO# JBIPHI JOJIKHBI TEPSIThH
SHEPI'UIO 38 CUYET pacCessHus Ha (POTOHAX KOCMUYECKOI'O MUKPOBOJHOBOI'O (DOHOBOI'O
(pesiMKTOBOIO) M3JLYYeHUsI, HOHU3AIMU U KPACHOTO cMeleHnst. DbdeKkThl B3anMo/Ieii-
CTBUSI C ILJIA3MOM, KOTOPasi UMeeT O4eHb HUBKYIO ILJIOTHOCTH HPH PACCMATPUBACMbBIX
KPACHBIX CMEIEHUsIX, B YKa3aHHbIX paboTax He ydreHa. IloTepm Ha peuKTOBOE M3-
JlydeHrue HaMHOIO OOJIbIlle, YeM HOHH3allMOHHbIE IIOTEPH 3a OOJIBIIYI0 YacTh MHTEpe-
cytorero mepuosia. B korie storo mepuoga (Kpachuoe cmerienue z ~ 10) cKOpoCThb
MOHUBAIMOHHBIX 1TOTEPh NPUOJIMKAETCS K TAKOBBIM Ha, “‘pesinkTe’, HO U Te, U T€ CTAHO-

BATCS COIIOCTABUMBIMI CO CKOPOCTBIO paciiupennsi. CKOPOCTH MOTJIONIEHUsT OapUOHHOM

MaTepueil SHEPruM U3J1y4YeHus MePBUYHON YEPHON JbIPbl B BUJIE JICKTPOHOB U 1103U-
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Puc. 3.1. CkopocTu mOTJIOINEHNs] SHEPIUH UC- Puc. 3.2. IlosiHas morJionenHas SHEePrus uc-
MapeHus OT MEePBUYHBIX YePHBIX JIbIP OAPHNOH- [MapeHus BEIeCTBOM B eJNHHUIAX KPUTHYe-
HBIM BEIeCTBOM B 3aBUCHMOCTH OT KPaCHOTO CKO¥l TIJIOTHOCTH SHEPTUN B 3aBUCUMOCTH OT
CMeTIeHns. KPaCHOTO CMeIeHnd.

TPOHOB 3/IeCh ONPEJIEJIACTCS TPOTECCOM HOHM3AITIH.

CxopocTu 1orJjomenns 6apuoHHOI MaTepueil SHEPruy OT UCHAPEeHUs IePBUYHBIX
JEPHBIX JIbIP IPUBE/ICHBI Ha PI/IC.. [Tosinas morutormenHast sHeprus (B eUHATAX KPU-
TUYECKOH TIJIOTHOCTH SHEPIUK ), MOJIydeHHasi HHTErPUPOBAHUEM 110 BDEMEHH CKOPOCTH
OT paHHEro MOMEHTa K MOMEHTY 2, npuBejern Ha Puc. [3.2]

Kak BuJiHO, MOHU3AIMOHHBIE IIOTEPH SJIEKTPOHOB U IIO3UTPOHOB OT UCIAPEHUSI I1eP-
BUYHbIX YE€PHBIX JIbID, 1I0JIaBJISIEMbIE PACCESIHUEM Ha, PEJIMKTOBBIX (DOTOHAX U KPACHBIM
CMeITeHueM, TeM He MeHee, SIBJI0TCs HanboJsiee 3(p(HeKTUBHBIM MEXaHU3MOM Iepeain
SHEPIUU OT M3JIYUEeHMS [IePBUUHBIX YEPHBIX JIbIP K OAPUOHHOI MaTepuu.

[TonHas sHEeprus, norJioleHHas 6apuoHHON MaTepueir K MOMeHTY z ~ 5...10, co-
crapisier 1...2 3B na Kaxkiplit atoM. DTOro ObLIO ObI HE JOCTATOYHO JIJIsT MOHU3AIUN
aToOMa, €CJi Obl JIaHHAs SHEPIrusi NPUXOAUIACh He Ha Kakibiit arom. st paccMmoTpe-
Husi 3ddexTa B ciydae Takoro SHEProBbIJIEJICHUs Ha, KaXK/blil aToOM HEoOXOJMMO I1e-
peiiT K TePpMOAMHAMUICCKOMY paccMoTpenuio. V3 mepBoro Havdaja TepMOIUHAMUKI
MOXKHO TTOJIYUNTh YpaBHEHHUE, OIpeJiesIdrolee cTelleHbh HOHM3AIMN BelecTBa Bo Bee-
JIEHHO#i, KoTopas npusejena wa Puc. [3.3]

Kak BujiHO, JlaHHasA rpyOasi OICeHKa, II0KA3bIBACT, YTO [IEPBUUYHbBIC UE€PHbIE JIbIPHI C

maccamu 3 - 1010...8 - 101 morutn obecrieunTs penonmszanmio Beenennoit.
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Puc. 3.3. Crenenb MOHM3AIUU BEIIECTBA B 3aBUCHMOCTH OT MACChl MEPBUUYHBIX UEPHBIX JIBIP HPH

Pa3JIMIHBIX KPACHbIX CMCINCHUAX.
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4 OrpanmveHns Ha HePBUYHbIE YePHDBIE AbIPbI

Briosie ogeBuIHO, 9TO MPUCYTCTBYE MEPBUIHBIX Y€PHBIX JIBIP BO Beesennoit MoxkeT
CYIIECTBEHHO BJIMATH Ha JUHAMUKY €e Pa3BUTHsS, TAaKMM 00pa3oM, MOXKHO TOJIYIUTh
HEKOTOPBIe OrpaHUIeHns U3 HAOIIOMaTeIbHbIX JaHHbIX. OHa 9acTh TAKMX OrpaHrIe-
HUIl CBsA3aHa ¢ M3JyueHrneM XOYKUHTA, JIpyras — C IPaBUTAIMOHHBIMU P dDeKTamMu.

Kak y»e Ob1JI0 OTMeueHo panuee, nepsrdnbie Anipsl ¢ M < 10'° rpamm 3a Bpems
KuU3HU BeejIeHHO JIOJKHBL ObLIM UCHAPUTHCs, TO €CTh, €CJIM OHU U ObLJIM POXKJIEHbI B
panHeit BeesleHHOM, K JJAHHOMY MOMEHTY OHU MCU€3JIU, B TO BpeMs Kak OoJjiee MacCuB-
Hble YepHbIe JILIPHI JOJKHBI MPUCYTCTBOBATL. B OCHOBHOM cUMTaeTCsd, UTO UCIapenne
IPUBOJIUT K TOJHOMY HCUE3HOBEHUIO MEPBUIHBIX Y€PHBIX JbID [19], omHako, cyiecTBy-
FOT apryMEHThI B MOJIb3Yy CYIIECTBOBAHUST CTAOUILHBIX OCTATKOB mcrapenus [20-24].
Ecin 310 Tak, TO MOYXKHO OIIEHUTH COBPEMEHHYIO IJIOTHOCTH TUX OCTATKOB, W TAaKOM
aHaJ M3 MOKa3bIBAET, UTO JIaHHAs TEOPHUs I1JIOXO COBMECTHUMa, C MOJIEJIbI0 00pa30BaHusi
IIEPBUYHBIX YEPHBIX JIbIP U3 (as0BbIX HEPEX00B 1epBoro poja [4].

MaccuBHOE TET0 MOYXKET UCKPUBIATH CBOMM T'PABUTAIMOHHBIM TIOJIEM HaTpaBJIeHNE
pacrpocTpaHeHust 3JIEKTPOMATHUTHOTO U3JIYYEHUsd, TMOJ00HO TOMY, KaK HCKPUBJISET
CBETOBO# JIyu OObIYHAs JIUH3A. Takue 00bLeKThl HA3bIBAIOT IPABUTAIIMOHHBIMU JINH3A-

mu. CxemaTuaHo 3PPEKT JTNH3NPOBAHNS BBHITJISIUT TaK:

[TepBuunast yepHast JibIpa, BLICTYIas B POJIM I'PABUTAIMOHHON JIMH3bI, CO3/1aeT JIBa
1300paXKeHnsT, BpEMsl 33/IePKKI MEXKJLy KOTOPBIMU MOXKeT OBbITh OIIEHEHO KaK T ~ 7'y /C,

1 MOXKHO OXKH/JIaTh HEKOTPbIE CIIEKTPaJibHble 0COOEHHOCTH, CBsI3aHHbIE ¢ HHTEP(EPEH-
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Puc. 4.1. Orpanudenue 10/i1 MEPBUYHBIX YEPHBIX JIBIP B J0JSIX CKPBITON MacChl. 3akpalleHHbIe
001acT SIBJIAIOTCS UCKII0YeHHbIMU. CHuHSAs 001aCTh COOTBETCBYET OUDAHMYEHUSIM, [TOJIYYEeHHBIM B

, , KpacHas — W3 MNPOYUX HAD/II0IATE/IbHBIX JTAHHBIX.

nueit [25]. B pabore MOJIYIEHO OrpaHUYueHNe Ha IIePBUUHBIE UYepPHbIE JIBIPHI C MaC-
camu 5 - 10'7...10%° rpamm u3 ganuerx Fermi GMB.

TakKe 0Ka3bIBACTCSA BO3MOXKHBIM [IOCTABUTH HEKOTOPbIE OrPAHUYCHUS 13 HADJTIOIe-
HUI 9BOJIIOINN 3BE3/I: YePHBIE JIBIPhl MOTYT OBbITH 3aXBau€Hbl TTPOTO3BE3/I0M, U3-32, JIN-
HAMUYIECKOTO TPEHUsI OHU MOTYT yIACTh B IEHTPAJILHYIO 00/1aTh 3BE3/1bl. epe3 HEKOTO-
poe BpeMst OyjieT chopMUPOBAH KOMIAKTHBI 00beKT(OeJIblil KapJuK Wik HeHTPOHHAST
3Be€3/1a), ¥ [IEPBUYHAS YePHAs JibIpa ObIcTPO noriorut ero. Takum obpasom, HabJIrO/1ast
38 HEHTPOHHBIMH 3Be3JaMi U OeJbIMHI KapJIUKaMU, YIaeTCs HaJOXKUTh OTpaHUYUCHUS
Ha KOJIMYECTBO TIEPBAYHBIX YEPHBIX JIBIP C onpesenennpivu Maccamn [27], [28)].

Urorosasi kapruna npejcrasiena na Puc. 4.1 Kak Bujgno, pocrarouno mmmpoxuii
CTIEKTP MEPBUUHBIX YePHBIX JAbIP UCKI0YeH. OIHaKO, Arana30H Mace, 00a1as KOTo-
PBIMH, [IEPBUUHBIE Y€PHbBIE JbIPbI MOTJIX Obl ObITH TPUUWHON penoHus3almn BeeeHHoil,

MMPpaKTNYI€CKN HE OI'PaHUYECH.
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5 3akJIrIo4yeHue

[lepBuunbie YepHbIe JAbIPbI OKA3bIBAIOTCS OY€Hb YA00HBIM CIIOCOOOM MCCJIE/I0BAHMS
sBoJIoINN Beenmennoii. VX BO3MOXKHBIE MACChl, KOJTUIECTBO U MEXaHU3MbI 0Opa30BaHUsI
XOPOIIIO IIPOBEPAIOTCsI HAOJIIOIaTeIbHBIMI JAHHBIMU. IToMUMO 3TOr0, ¢ MOMOIIBIO TIep-
BUYHBIX YEPHBIX JIBIP yJIAeTCsd 00bsICHUTH HEKOTOpbIE SIBJIEHUs, KaK TO HACTYILJICHHE
SMOXN PEMOHM3AIMH, MO3UTPOHHLIE JIUHUU B NEHTpe TaJaKTUKH, HAaJUIhe TOYeIHDLIX
raMMa-NCTOYHNKOB, CKpPbITasi Macca. B HacTosiiee BpeMsi 3Ta TeMa, SIBJISeTCsS aKTyaJlhb-

HOIl M MHTEPECHOU JIJIs JaJIbHEHIIero N3y YeHns .
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