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1. BBEAEHUE

[lepBuunble YepHBbIE JIBIPHI MOIYT OBITH JOCTATOY-
Ho OoOMJIBHBI B panHeit Bcesennoil m jgaxke Kakoe-TO
BpEMsI JIOMHHUPOBATH B KOCMOJIOTMYECKOH HJIOTHOCTH
SHepruu. B mociieiHeM cIydae OHH MOTYT OKa3aTh Cy-
MEeCTBEHHOE BIUAHIE Ha OAPUOHHYIO acuMMeTpuio Bee-
JIGHHOH, Ha JOJII0 YaCTUIl TEeMHON MaTepuu, a TaKKe
[IPUBECTHU K POCTY BO3MYIIEHUN IJIOTHOCTU HA OTHOCH-
TeJIbHO HEOOJIBITUX MacIITabax.

OO6BIYHO CcUMTAETCsl, YTO MEPBUYHBIE YEDHBIE JIbI-
pot (ITY/D) cosmarorcst cOryiacHO MeXaHU3MY 3eJIbJ0-
suua—Hosukosa (3H) [1] (em. takxke [2]). Coraco
3H, ITY/I moryiz ObI BOBHUKHYTBH, €CJIA BO3MYIIEHUE
IJIOTHOCTHU 0p/p HA pasMepe T'OPU30HTA OKA3aJI0Ch Obl
6oJibIle euHUILL. B TakoM cirydae sTa 06/1acThb ¢ boJiee
BBICOKOH IIJIOTHOCTBIO OKayKeTCs BHYTPHU CBOETO COD-
CTBEHHOT'O T'PABUTAIMOHHOIO PAJILyCa U IIPEBPATUTCS
B YEPHYIO JBIPY. B mpemnosioykennn criekTpa Xappuco-
Ha — 3esibJioBuYa [3,4] IEepPBUYHBIX BO3MYIIEHHUH ILIOT-
HOCTH TIOA00HBIH Tipotiecc co3manus [TY /I moxkeT mpu-
BECTH K UX 3HAYUTEJIHHON IJIOTHOCTH.

* E-mail: arnabchaudhuri.7@gmail.com
** E-mail: dolgov@fe.infn.it

Macca BayTpu ropuzonTa Bo Bceslennoit Ha ctajgnm
JomuHEpoBanust nsiaydenusi (RD) cocrasisier

Mpor = mQPlta (1)

rae macca Ilmanka pasa mp; ~ 2.176-107° 1, a t —
KoCcMoJtorndeckoe Bpemsi (Bospact Beesennoit). Coor-
BETCTBEHHO, COIMVIACHO TMHOHepcKuM orenkam 3H, wa-
qaabHbIT MoMeHT co3manus [TY/] ¢ maccoit M moxkHO
NPUHATH PABHBIM

tin(M) = % (2)

Bosee Tounble pacdyersl ¢ y9eTOM ypaBHEHUSI COCTOsI-
HUsI TEPBUYHON TJ1a3MbI TPUBOJIAT K HECKOJIHLKO HHOMY
pPe3yJIbTATY, HO JIJIs HAIIUX IPUOIMZKEHHBIX OT[EHOK 9TO
HE CJIUIIKOM CYIECTBEHHO.

Kak npaswio, mpeanosiaraercs, 9To CIEKTP MaccC
ITY/1, cozmannbix mexann3mMoM 3H, ouenb y3ok. s
HEro OOBITHO MPUHUMAETCS CTElNeHHas (hopMa MK J1a-
xe penbra-GyHknusa. OmMHAKO CYIECTBYET JIOBOJIHHO
MHOTO Jpyrux crenapues oopasosanusa [IYJI. Moxmo
YHOOMSIHYTh, B 9aCTHOCTH, MEXAHU3M, IIPEJJIOKEHHBII
B paborax [5, 6], KOTOpPBI NPUBOJAUT K JIOPHOPMAJIb-
HOMY PACIIPEMIEJIEHUI0 10 MACCaM W MOXKET, B IPUH-
nurne, co3gaBaTh [IYJ] ¢ maccamMu 10 THICAT U J1axKe
MUJLJIMOHOB COJTHEYHBIX Macc OJiarogaps 00pa30BaHUIO

3*
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zapogpimeit Y1 Bo BpeMs KOCMOJOTHIECKON mHbJIs-
nuu. pyrue mexarnusmbr obpasoBanus [TH/], crumy-
JInpOoBaHHbIe MHMJIAIUE!l, PACCMOTPEHBI, HAIPUMED, B
crarbax [7,8]. Paborsr mo obpazosanuto IT9]] ¢ pac-
IIAPEHHBIM CIIEKTPOM MacCC BKJIIOYAIOT, B YaCTHOCTH,
crarbu [9-12]. Bosuukuoserne ITY]] BenencTeue da-
30BOr0 IIEPEeX0/ia B MEPBUYHON ILTa3Me HCCIIEIYeTCs B
pabore [13]. HepaBuuii 0630p 06pa3zoBanus MacCUBHBIX
ITY/T mozkHO HafiTu B [14].

JIOrHOpMAJIBHBII CHEKTP Macc CTaJl JOBOJIBHO IIO-
[yJIAPHBIM B T€YEHUE IOCIETHUX HECKOJBKUX JIET, I10-
CKOJIBKY OH XOPOIIIO OIIUCHIBAET HAOJIIOTaeMble MaCCHB-
HBbIE YepHbBIE JIBIPBI B cCOBpeMeHHoit Beenennoii. B gacr-
HOCTH, aHAJIU3 PACIPEIETIEHNS 10 «IUPII»-MACCaM CO-
6bITHit, 3apeructpupoBanubix LIGO, 3amedarensho co-
[JIACYETCsI C JIOTHOPMAJIBLHEIM CIeKTpoM [15]. Pasymeer-
csl, BOBMOXKHBI Jipyrue cineKTpsl Mace [T/, Ho 3a1a1a
U3yYeHNsT BCEX BO3MOYXKHBIX CHEKTPOB BECHMa CJIOXKHA,
[TO3TOMY MbI OIPAHUYUMCS CIIEKTPOM B (pOpME JIeJTb-
Ta~PyHKIMU U [IPUBEJIEM J[Ba IPUMEPA PACIIHPEHHBIX
CIEKTPOB, & MMEHHO, IJIOCKHU CIEKTP U CTEIEHHON
CITeKTp, OMM3KuUit o dopme K JOTHOpMaTbHOMY. Jlis
000UX THUIIOB PACIIUPEHHBIX CIEKTPOB IIPEJIII0IaraeT-
cs1, aro Macchl 1T/ orpanndersl HeKOTOPBHIMEA M in
u Ma:. Bece Tpu Tuma cuekTpoB NPHUBOIAT K CPaB-
HUMBIM PE3yJIbTaTaM Jjist KO3(DDUIMEHTOB TOIaBICHUST
SHTPOIIUH.

Msur1 6yzmem paccMaTpPUBATD JOCTATOYHO MAJIbIE Mac-
cot ITY/I, Takue ITO YepHBIE JIBIPHI UCIAPITCS JI0CTa-
TOYHO PaHO, paHee TEPBUIHOTO HyKJeocuHTe3a (BBN).
Xora Takne KopoTkoxkusytue [T9/] ncaesnmm 3am05ro
JI0 HAIIIETO BPEMEHU, X BJIMSHUE HA COBpeMeHHY0 Bee-
JIEHHYIO MOKeT OBITH XOPOIio 3amMeTHo. C 0[HOH cTopo-
wbl, pacnaasl [IY9]] MoryT nmpuBecTu K 3HAYUTETHLHOMY
BBIOPOCY KOJIMYECTBA SHTPOIUU B MEPBUYHYIO ILIA3MY
U YMEHBIIUTHh BEJUUUHY paHee CO3MAHHON OapHOHHOM
ACMMMETPUY UM YMEHBIIUTH OTHOCUTENbHYIO (110 OT-
HOIIEHUIO K (DOHY PEJIUKTOBBIX (POTOHOB) IJIOTHOCTH
vactur TemHOi Marepun [16,17]. C mpyroit cToponsbI,
6aproHHAsT ACHMMETPHS MOTJIA BO3HUKHYTDL [IPU UCIIa-
pennn ITY/T [18,19], na u TeMHast MaTepHst TAKXKe MOT-
Jia OBITH co3/iaHa B TakoM mporecce. OHAKO MBI IIpe-
HebpekeM BTOPBIM BHUIOM IIPOIECCOB U OYIeM paccMaT-
pUBaTH JIUIIHL pa3baBjieHe OApUOHOB U YaCTHUIL TEMHOM
marepun ucnapenuem [[Y/1. leitcTBUTEIFHO, MOXKHO
[I0KAa3aTh, YTO IIPA BHIOPAHHBIX 3HAYEHUSIX HapPAMET-
POB CTabUJIbHBIE CYIIEPCUMMETPUYHBIE PEJINKTHI, 00pa-
3ytoniuecs: B rnporecce uctnapenus [19/]; 6yayr naBars
IpeHebpeKNMO MAJIBIH BKJIAJT B IIJIOTHOCTH TEMHOM Ma-
Tepun, cM. IIpuioxkenne A.

WurepecHbIit XOPOITO U3BECTHBII 3D DEKT, He 3aTPO-
HYTBII B 3TOI paboTe, — 3TO POCT BO3MYIIEHHIA IIJIOTHO-

644

CTH Ha paHHell CTaj iy JOMUHUPOBAHUs BemecTBa. Fc-
Jin ObI CyIIECTBOBAJIa 3I0Xa JOMUHUDOBAHUS PAHHUX
ITY/1, Bo3pacraroniue BO3MYINEHUS ILIOTHOCTH MOTJIN
6B co3/maTh HEOOJIBINNE CKOILIEHUS MAaTEPUUd B COBPE-
MeHHOI BcejieHHOl, Takue Kak IIapOBble CKOILIEHUSI
WINA JIa2Ke KaPJIMKOBBIE TAJIAKTHKH.

B paccmorpenHOM HuUXKe CIleHAPUU TPEIIIOJIATaeT-
cs1, 9TO BeesleHHast M3HAYAIBHO HAXOIMIACH B COCTOS-
HUU JOMWHWPOBAaHUS WU3JIyYeHMsI, HA TaK Ha3bIBAEMOM
RD-cramgmm, Kora KocMOJIOTHI€ecKasi MaTepusi B OCHOB-
HOM COCTOs1JIa U3 PEJIATUBUCTCKUX dacTull. KocmoJsioru-
YecKas MJIOTHOCTh SHEPTUU B 3Ty SIOXY ObLIa paBHA

(1) _ 3mpy
rel 7 3272’

(3)

a MacITabHbI (PaKTOP SBOTIOIMOHUPOBAT KAK
t

1/2
alm <—) .
tin

Ecam 661 B 3TOT mepmon ObLIa cO3maHa HOCTATOY-
O Oouibriast wiotHOCTh [TY/] u ecoim 661 ITY /I ObLn
JIOCTATOYHO MACCUBHBIMU, YTOOBI JOXKUTH JO TOI'O MO-
MEHTa, KOT/la OHU HAYaJl JOMUHUPOBATH BO BceseH-
HOM1, TO 3aKOH KOCMOJIOTHYECKOTO PACITUPEHUS IPEBPa~

Arel (t)

(4)

THJICSA OBI B HepeﬂﬂTHBHCTCKHfL a IIJIOTHOCTDL 9HEPruun
cTaja Obl AaCUMIITOTUYIECKHT CTPEMUTHCA K

2
mpi

Gr(t+ 0 “

Pnr =
rae 11 ompelendercsa U3

SICJIOBI/ISI PaBEHCTBA ILIOTHO-
creit sHepruu pp, (5) u p )

1
el (3), ITO IIPOU30MILIO ObI B
MOMEHT PaBHOBECHS, KOTOPBII MbI 0003HAYUM KaK teq.
CpaBHuBast 9TU JBa BBIPAYKEHUsI, HAXOJUM, 9TO tq

= tegq /3, a teq MOXKHO HAWTU U3 ypaBHEHMIA
_ PpH

1/2
:< > = “(n)’

rel
B xomeunoMm wmrore BCce WM 3HAYUTENbHAS YaCTh
ITY/T ncnapuiack, 06pa30BaB PEJSATHBUCTCKYIO MaTe-

(2279

Qegq teq

CM. HHZKEe.

puto, u Upu t = o PEXKUM PACIIUPEHUs BEPHYJICA K
PEIATUBUCTCKOMY:

@ 3mpy

= P 6
Prel = 3or(t + 12)2 ©

(2

e to OIpesIesIsleTCs yCIOBUEM PABEHCTBA Py (5) U p,2)

(6) B momenT pacnaga ITYJL, T.e. ipu t = TpH.
Kone4uno, mpuBe/IeHHbIE BBINE OIEHKH SBJISTIOTCS

IPUOIUBATEILHBIMEA U [TPEICTABICHBI 37€Ch, YTOOBI TI0-

HATH cyTh 3 dekTa. Tem He MeHee OHM TPUMEHSAIOTCS
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WcnapeHne nepBuyHbIX YepHbIX gblp, bapnoHHasi acummeTpusi. . .

HIKE JIJI pAaCcYeTOB B IPUOJIMKEHUN MIHOBEHHOT'O PAC-
maJ1a /11l MTHOBEHHOI'O U3MEHEHUS PEeKUMa, pacIInpe-
uusi. CpaBHEHHE C TOYHBIMU PACIETAMU ITPOJIEMOHCTPH-
POBAJIO, YTO 3TU «MI'HOBEHHBIE» PE3YJIbTaThl OKa3aJIUCh
JIOBOJIBHO TOYHBIMH.

B TensioBoM paBHOBeCHU IIOTHOCTH SHEPTHUH PeEJIs-
TUBUCTCKHUX YaCTHUI] paBHA

_ m2g.(T)T* (7)
Prel = 30 ;

rae T — Temmeparypa mwiasmbl, (1) — KOIMIecTBO
TUIOB PEJSITUBUCTCKUX YACTHUI] B IJa3Me [PU TeMIIe-
parype T'.

Kaxk umssectno, cMm., Hanpumep, [20,21], suTponus
PaBHOBECHOU KOCMOJIOIMTIECKOM TIJIA3MBI C HYJIEBBIM XU-
MUYECKAM ITOTEHIINAIOM COXPAHSIETCS B COILYTCTBYIO-
meM obbeme:

S:p+P

T a® = const, (8)

rJe p — IUIOTHOCTDb SHEPTUH ILIA3MBbI, P — €€ JIaBJIeHue.

B ob6brambIX crieHapusx 6apuoreHe3nca HecoXpaHe-
Hre 6APHOHHOTO YUCJIA IIPOMCXOUIIO IIPH OYEHb BBICO-
KX TEMIIEpaTypax, a IPU HU3KUX TEeMIepaTypax Oa-
puoHbI 3d(eKTUBHO coxpaHsanch. COOTBETCTBEHHO, B
[IO3/IHIE KOCMOJIOTUYECKHUE SI0XU IIJIOTHOCTH OapHOH-
HOTO uncja [Np TakyKe COXPAHSIACH B COILYy TCTBYOMIEM
obbeme. [losTomy GapuronHasi acCUMMETPHST OCTABAIACH
TIOCTOSTHHON B XO/e paciupenns: Bcejennoit, ecin He
OBLIO IPUTOKA SHTPONUN B ILIA3MY, T.€. UMEJIO MECTO
COOTHOITICHHE

B = Np/s = const. 9)

EcTh HECKOBKO PEaMCTUYHBIX MEXAHU3MOB IIPO-
U3BOJICTBA SHTpoNHU B panueit Beemennoit. Hampumep,
SHTPONUS BbIpACTaJIa B IPOIECCe JIEKTpocaaboro da-
30BOTO TIEPEXO/IA, MTaXKe e€CJIU ITO OBLI MEPEX0] BTOPO-
ro poza (miu MsArkuii Kpoccosep). Pocr snTponuu mor
6bITh Ha yposHe nopsiika 10 % [17]. Ecan B x01€ KOCMO-
JIOTMYIECKO 3BOJIIOIUN [TPOU30Ies (DAa30BbIil Iepexo/l
mepBoro pojia, Hampumep B dazoBom mepexoge KX
POCT SHTPOIHK MOXKeT ObITh TUraHTCKUM. HekoTopbrii
POCT HTPOIMH MOXKET OBITh TaKKe BBI3BAH OCTATOU-
HOI aHHUTUJISIIEel HEPABHOBECHBIX HEPEJISITUBACTCKIAX
YACTHI[ TEMHON MATEPUU MOCJIe TOrO, KAK OHM ITPAKTHU-
YECKH OTKJIOUUINCH OT IUIA3MbI (3aMOPO3HUIIUCD ).

B sroit pabore MBI paccMaTpuUBaeM IUIOTETHIECK I
cayd4ait Beesennoit, B KOTOpOit Ha KaKOM-TO dTaIle JI0-
vuaupoBaan [THJI, u BeaucasgeM yMeHbIIEHUE Tpe-
IeCTBYONEl OAPUOHHON AaCHMMETDPUHU, a TaK¥XKe OT-
HOCHUTEJIbHOE yMEHBIIEHUE IJIOTHOCTU YACTHUI TEeMHOMN
Marepun (Jajee Ha3blBaeMbIX X-dactunamu). Mel no-
KaykeM, 4YTO npu pazyMHoM kosmdectBe [T/l mogas-

JIEHHE TJIOTHOCTH ¢J1ab0 B3aNMOJIEHCTBYIOIINX MACCUB-
ubix gactun (WIMP), MoxkeT GbITh JOCTATOYHO CHIIb-
HBIM, 9TOOBI HO3BOJIUTH UM OBITH PEATHUCTUIECKIMU
KaHAuJaTaMu Ha POJb HOCHUTEJed TEeMHOU MaTepuu,
HECMOTPsI Ha TO, YTO CHUJIa X B3aMMOJIEACTBUS TUIINY-
Ha JJI CYMEPCUMMETPHUM, B YACTHOCTH, [IPA CEICHUU
AHHUTUISATIN, PABHOM Oqnn¥ & a2/ m?x pu a ~ 1072,
3aech mx — macca X-9acTHILHI.

IIpocTpancTBO MApaMeTPOB CYIIEPCHMMETPHUH, KaK
M3BECTHO, CYIIECTBEHHO OIPAHUYEHO IAHHBIMUA BOJIb-
moro anaponsoro kostainepa (BAK) [22], o nHeko-
TOpBIE TUIIBI JIErYafillinX CYyIepCUMMETPUIHBIX YaCTHUIL
BCe €II[e OCTAIOTCS YKU3HECITOCOOHBIMY KAHINIATAMU Ha,
poJb dacTul, TeMHuol Marepuu [23,24]. Honosmuresin-
HOE BbIJIeJIEHIE SHTPOIINH, 00CYKIaeMO€ B 3TOI CTAThE,
MOXKeT IPUBECTH K 60Jjiee MHUPOKOMY KJIACCY BO3MOZK-
HBIX JIEMYAMIIAX CyIePCUMMETPUYHBIX IaCTUIL HOCUTE-
Jleil TeMHON MaTepuu.

Pabora mocTpoena ciemyromnum obpaszom. B pazz. 2
MBI IIPUBOJUM IIPOCTYIO OIEHKY BEJIMYMHbBI BbIJIEJIEHUS
surporun i caydas [TH/1, nmeronux dpukcnpoBaH-
Hyl0 Maccy (mesnbra-yHKIWs), TPUOIUKEHUs MIHO-
Bennoro pacmnasga [IYJ] m MIHOBEHHOTO MMEpexojia OT
HagaTbHoit RD-cTanm K cTa un JOMIHAHTHOCTH HEpe-
JISTUBUCTCKOM Marepuu, win MD-crajuu, u obparHo.
B pazza. 3 4mcienHo mosiydeHbl PEIeHus [JIsi 3aKOHA
KOCMOJIOTMTY€ECKOI 9BOJIIOINHU U BBIJEIEHNUS SHTPOIINU B
CJIydae CMeCH PeJIATHBHCTCKON MaTepHU U PACIaIaio-
muxcsa [TY/1 ¢ menbra-QyHKIIMOHHBIM CIIEKTPOM MacC.
Paznen 4 mocesmen u3ydeHWIO SBOIONUM IS JIBYX
IPUMEPOB MUPOKOTo pactpeienenns [TY/] mo maccam.
B paza. 5 Mmbl aHajmsupyem pedyabrarhbl U (GhOpPMYJIU-
pyeM BbIBOfbI. [Ipmitoskenne A TOCBSIEHO pacdeTam
IUIOTHOCTHU YMC/Ia X -JaCTHUIl, BOSHUKAIOIMIUX [P UCIIA-
pennn [TY/I, Tema, KoTOpast HECKOJIBLKO y/IaJIEHa OT OC-
HOBHO# JInHAU CTATHU. MBI TOKA3BIBAEM TaM, ITO ILIOT-
HOCTb YACTHUI[ TEMHOW MaTepuu, O0O0Pa3yIOMMXCA IPU
ncnapennu 119/, HemocTaTovHO BEJIMKa, 94TOOBI KOM-
reHcupoBaTh noaassenue surponuu. B [Ipunoxennn B
[IPE/ICTABJIEHBI BBIPAYKEHUS [JIsl AHAJTUTUIECKU BBIYUC-
JIEHHBIX WHTEI'PAJIOB, BXOISIINX B yPABHEHUS BOJIO-
[IAN.

2. MTHOBEHHA A4 CMEHA PE2KVIMOB
PACIINPEHNA 1 MTHOBEHHOE
NCIIAPEHUE

Pacemorpum mipocreiimyio mozmens [TH/] ¢ dukcn-
poBanHOU Maccoit My M IUIOTHOCTHIO, HA MOMEHT BO3-
HUKHOBEHU:A PaBHOI

dNpH

DI 3 6(M — M), (10)
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re [4] — IOCTOSHHBIN IapaMeTp Pa3MepPHOCTH MACCHI.
Bcee stu [TY/I 6b11u1 CO3aHBI OJTHOBPEMEHHO B MO-
MeHT BpeMeHu t;, (Mo) = My/m%;, cM. ypasHenue (2).
IIpemnomosKuM, 9To JOJIsl TUIOTHOCTH SHEPIUU (MACCHI)

ITY /I ipu poKaeHUN COCTABJISIIA
P

)

=eK 1.

(11)

Ecau npenebpeunr ncnapenunem [TYJ u ecoin B3aun-
mogeiictueM 1TY/I ¢ pensTuBuCTCKOM MaTepuei MOXK-
HO TpeHedpedb, TO 00a WHIPEIMEHTa KOCMUYIECKOMN

IJIa3MbI 9BOJIIOIIMOHUPYIOT HE3aBUCUMO COIVIaACHO 3aKO-

HaM
4
prel(t) = < ) P
)

ppH(t) = <a(t)>3p

PacemorpuM ciryvail, Korja IUIOTHOCTH PEJISITH-
Bucrckoii u nepessrusucrckoit (ITY/1) marepun cramm
paBHEI IpH t = t.q 10 pacmaga [IY9/1. Cornacro ypas-

alin)

a(t)

(in)

rel

(12)

(in)
BH*

uerusim (11) u (12) sTo npoucxoaut, Korma

pBH(teq)
Prel (teq)

(13)

B sToM pasgesie MBI mpeaiojiaraeM, 9To IpH ¢ < teq
pacmupenue BcesleHHOI ONMMCHIBACTCS YNUCTO PEJISITHU-
BUCTCKUM 3aKOHOM, KOTJIa MacIITabHbIH (DaKTOp n3Me-
HsieTcsd B coorBercTBuu ¢ ypasaenweMm (4). Coorser-
CTBEHHO HAXOJIUM
2
teqg = tin /€. (14)
ITY/1 Berzkmsi OBI B IEPBUYHOI IIa3ME JI0 MOMEHTA Pa-
BEHCTBA IIOTHOCTEH PEJIATUBUCTCKON U HEPEJIATHBUCT-
CKOIf MaTepu, ecju Obl BBLIIOIHATIOCH YCJIOBHE teq —
— tin < TBH, T1e BpeMd xu3Hu [[Y]] mo oTHOIIEHUIO
K UCIAPEHUIO JIAeTCs BhIparkeHueM |25]
3
Mz

4 b)
Mpy

—4 _
Pl —

C

e ~ 3 10°N_; M ym (15)

rne C' =~ 30 u Negr — abdexTuBHOE KOJIUIECTBO Pa3-
HOBHUHOCTEH YACTHIL C MACCAME, MEHBIIIMMA TEMIIepa-
TYpbI YepHOii AbIpbl. JIjis BHIOpAHHBIX 3HAYEHUI Macc
ITY Negr =~ 100. (Ha camom gere g, 6mmxe x 200, Ho
9Ta pas3HUIA He UMeeT GoJIbIoro 3uadenus.) Temmnepa-
Typa YepHOii JBIPbI paBHA

mb

— . 1
87TMBH ( 6)

Ty =

646

Takum obOpasom,
IJIOTHOCTEHl 3HEepruil peJIATUBUCTCKOA U HEPEJIATU-

yciaoBue AOCTUZKEHUA PaABEHCTBA

BHUCTCKOII KOMIIOHEHT IIEPBUYHON ILJIA3MBI JIO Pacla/ia
Y /I BBITVISIAT CJIEIYIONIAM 00Pa30M:

(3]

VCe
CoriacHO IPeAIoJIOKEHIIO O MTHOBEHHON CMEHE pe-
JKAMa, PACIIAPEHus MAcIITabHbIN (haKkTop mocse Toro,

1

€2

2
m
MBH > [i

g (a7)

KaK JOCTUTaeTCs MOMEHT PaBEHCTBa IJIOTHOCTENH SHep-
i peIdTUBACTCKON 1 HEPEJIATUBUCTCKOM KOMIIOHEHT,
T.€. IpH t > teq, HAUMHACT SBOJIIOIUOHUPOBATDL COTJIAC-

)2/3

a KOCMOJIOTHYECKad IIJIOTHOCTH 9HEPIuHh y6])IBaeT II0

HO 3aKOHY

t+teg/3

Atog/3 (18)

Anr(t) = Grei(teq) <

HEePeJIATUBACTCKOMY 3aKOHY PaCIIMPEHU:

2
mpy

67 (t +teq/3)% (19)

PBH =
Taxue dopmbl ypasrenuit (18) u (19) mpogukrToBa-
HBI HEMPEPBIBHOCTHIO ITapaMerpa Xab0J/1a U MIOTHOCTH
SHEPrUH (T.€. PABEHCTBOM pPre; U PBH) UPH T = teq.
MD-pexkum (19) mmwicst 10 ¢ = Tpp, KOTJA MTHO-
BeHHBIN B3pbIB [IY/] co3718a/1 HOBYIO PEIATUBUCTCKYIO
IJIa3My C TeMIileparypoit

5mipy
739u(Theat ) (TBH + teq/3)?

3/ech IPeIToIaraeTcsd MITHOBEHHAST TEPMAJIH3AIUS .
Temmeparypa peIITUBUCTCKON IJIa3MbI, COCYIIE-

(20)

4 —
Theat -

crBytomeit ¢ gomuuupyomumu [THJI, yMenbIinagach
KaK MaCIITaOHbIH (hpaKTop:
2/3
) . (21)

:Teq (

CoOTBETCTBEHHO, TeMIeparypa BHOBb CO3IIaHHON

At
37-BH + teq

Qegq

Tre = Te N
: ! Anr (TBH)

PEeJIATUBUCTCKON IJIA3MBbI, BO3HUKAIOLICH B pe3ysibTa-
Te pacmaga [[YJI, moryia ObITH HAMHOTO BBIIIE, U€M
Tre1, naBaemas ypasaenueMm (21). Kosddunuent no-
JIaBJIEHUs SHTPOIINH, PABHBIN KyOy OTHOIIEHUS TeMIle-
paTypbl HOBOIl PEIATUBUCTCKOI IIJ1a3Mbl, CO3JaBaeMONi
MraoBeHHBIM ucnapennem [[Y/], n Temmepatypnl «cTa-
POIi» PEJATUBUCTCKON ILIa3Mbl IUIIOC €AUHUIIA, 3aIld-
ChIBaeTCS KaK

a(TBH

>>3/4:

)1/2 L (22)

Geq

(1+

_leq

37'BH
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Ham nogxopn geiictsurenen jjis Tpyg 2> teq, & B IIpe-

JIeTbHOM CJTy9ae TBH = teq KOIPDUIUEHT HONABICHNS

SHTPOIIUU COCTaBJisseT S = 2, IPOUCXOJAIINNA U3 pe-

naTuBucTCKOit Matepun u ot [IYJl B paBHBIX T0/ISX.

TTockosibKy MUHUMAIBHOE 3HAYEHUE OTHOIICHUST
TBH - OM% H62

2
mp;

- (23)

eq
paBHO egmHUIlEe, MUHIMaIbHAs Macca [IY9 /I, nsa koro-
POl MOXKHO JOBEPSITh MPUOJIMKEHHBIM PACIETAM, [IPU-
BEJICHHBIM BBIIE, PABHA

1 —12

Mpy > MM = MPL 4. 105

=7

rae C = 30 cornacuo dopmyse (15).
JIist GOTBIHX T > teq, KOTIA S BEJIUKO, 3TO TTOJAB-

;o (29)

€

JIeHUe IPUMEPHO PaBHO

3TBH o \/3C€M o

S ~
Ateq

2mp
e M
10-12 p
Macca ITY]/I orpanumveHa cBepXy YCJIOBHEM, UTO
TeMIIepaTypa HarpeBa Mocjie UCIapeHus JTOJKHA ObIThH

=2.14-1077 (25)

Boirie Temiepatypbl BBN, cocrasisiorieit mpumepHo
1 M»sB. U3z ypasuenus (20) ciexyer, 9ro

>3/2

CaenoBarenbno, Maccehl [TY I 10MKHBI OBITH MEHBIIIE
109 r.
Kosddburnuentsr mogaBiaeHus SHTPONUU IS €

mpy
Theat =~ 0.06
heat mpy <MBH

(26)

= 107'? B 3aBucumoctu or Mpy HpeICTABIEHbI HA
puc. 1 1y MaJIbIX 1 OOJIBIITIX MAacc.

3. TOYHOE PEIMIEHUWE JdJI4A
AEJIBTA-®@YHKIIMOHHOTI'O CITEKTPA
MACC ITEPBNYHBIX YEPHBIX JAbIP

3/ech MBI OTKaXKEMCs OT MPUOJIMAKEHUsST MTHOBEH-
HOTO PACIajia ¥ MIHOBEHHOTO W3MEHEHUsI PEKWMOB
KOCMOJIOTUYECKOT'O DPACIHIMPEHUS U YHUCJIEHHO PEIINM
YPABHEHUS, OIMUCHIBAIOIINAE IBOJIOIIIO KOCMOJIOTTIEC-
KHX TJIOTHOCTeH sHeprum HepenasatuBuctcknx [[YJ] u
PeNATUBUCTCKON MaTepun. Y100H0 paboTarh ¢ 6e3pas-
MepHOIT lepeMeHHO BpeMeHu 1) = t/Tpy, KOrjua ypas-
HEHUsI MOYKHO 3aIACATh KaK

d
J%£z—@H@g+U@H, (27)
d re

an = —4HTBHpPrel + PBH- (28)

647

S
25

20

15

10

2.10"  4.10" 6-10° s8-10"7 1-10°
M, r
S
200
150
100
50

1-10°
M, r

6-10°  8.10°

Puc. 1. KoadprumenT nogasneHust sHTponumu ns-3a pacna-
aa MY B npubnuxeHnn MrHOBEHHOrO pacnaja Kak yHKLus
maccel Y[, Hauunas ¢ M{™" go M = 10® r (a), 10° r (6)

ans e = 10712

IIpencrasum mnornoctu sueprun [IYJ u pensartu-
BUCTCKON MaTE€PUU COOTBETCTBEHHO B CJIEIYIOIIEM BU-

me:

(in) yH (M)
- i) P2 (29
PBH PBH exp( n+n ) Zg(n) ( )
(in) Yre1(n)
Prel = Prel a7 ° (30)
bz
vae y'y)) =y = 1u
= L%’l <1 (31)
Nin = C'M%H .

Tocrosinnast C' onpenensiercst B ypasHeHuu (15).
Kpacuoe cmemenue z(n) = a(n)/a, yrosiaersopsier
YDABHEHHIO
dz

- :HTBHZ,

a (32)

e napaMmeTp Xabosa H ompejessieTcs OOBIMHBIM BbI-
pazkeHueM JJTsl TPOCTPAHCTBEHHO-TIJIOCKON Beenennoit:
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3H?m3,

- = Prel + PBH-

(33)

Ucnons3yst ypasaenns (30) u (29) c pgg), oIpe/ieJIeH-

HO#t opmymoit (3) mpu ¢ = t;,, U yIHTBHIBaAs, UTO

PBr = €Ppey s HAXOLUM
C ]\42 Yrel € 1/2
Hopy = M (3 €y,
TBH =5 m%, \ 24 Z3en—nin (34)

Ouesupno, ypasuenue (27) ¢ pgy, JaHHON ypaBHe-
HueM (29), nMeeT perenune

(in)

yer (1) =Ygy =1, (35)
a Pret(N) YIOBIETBODSIET yPABHEHUIO

d

_Z:fl' = ez(n)e " (36)

VYpasuenust (32) u (36) MOXKHO PEIIUTH YUCIEHHO C Ha~

YAJIBHBIMU YCJIOBUSIMU TIPU 1) = 1)y,

Yoh = Yret = 2 = 1. (37)

OpxHako GoJibioe 3HaYeHNe Koahduimenra HT e-

JIaeT YUCJIEHHYIO MPOTIEyPy BechbMa MeJjjienHoit. dro-

6B TOrO M36€XKATH, BBEIEeM HOBYIO dyHKIUIO W co-
IJIACHO COOTHONIECHHIO

z=VW/e (38)

aw

U OpujaeM K YpaBHCHUAM

2 1/2
2 —N+Nin
o = Ce ( ) (yrel+\/W€ ) . (39)

dyrel _ \/We_""'m"
dn ’

M

mpi

(40)

riae W (1) = €. Boije/ienne sHTPOIUT OT HCTIAPEHUST
ITY /T moxkHO paccauTaTh ciaeayrommuM obpasom. B or-
cyrcrue IIY/] BemImHbI, COXPAHSIONINECS B COILYT-
CTByTOTIeM 0bbeMe, 9BOJTIONHORNPoBaIH Obl Kak 1/2°.
C ydYeToM JIOTOJHUTEIHHOTO W3JIy9IEeHUsI, MUCXOISIIe-
ro or ucrmapenuns I[IY]/I; saTponms m3MeHsieTcsa Kak
yfe/;l /23, cm. ypasuenme (30). Orciona koaddurment
[I0/IABJIEHNS] OTHOCUTEJIBHON YNCIIEHHOCTH 3aMOPOYKEH-
HBIX YaCTHUI[ TEMHON MaTE€pPUU WU paHee CreHepUpO-
BaHHOI OAPUOHHON aCHMMETPHUH CTPEMUTCH K

S = [yra(n)*"* (41)

[P BPEMEHU, CTPEMSIIEMCsi K OECKOHETHOCTH. JBOJIIO-
mus S ToKazaHa Ha puc. 2 s 3HadveHuit Mpy = 107,
10%,10° T m e = 1012,
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2.5

2.0

1.5

10 15 20

15

10

10 15

200

150

100

50

10 15 20
n

Puc. 2. BpemenHas ssontounst S ana Mpmp = 107 r (a),
10% r (6), 10° r (6) m e = 1072

ITpu Gonpmmx 7 (pakTuaecku mpu 7 > 15) Koadh-
durmenT momaseHns S, KAK U 0XKUIAIOCH, CTPEMUATCST
K IIOCTOSTHHOMY 3HAYEHUIO. Pe3ysibTarsl, TpeacTaBIeH-
Hble Ha PUC. 2, OY€Hb XOPOIIIO COIVIACYIOTCS C IPHUOJIU-
3UTEJIbHBIMU 3HAYEHUSIMU, TTOKA3aHHBIMU Ha, puc. 1.

Ha puc. 3 mpejicraBieHbl acCHMOTOTHYIECKUE 3HATE-
HUA KO3 DUIIMEHTa TMOIABICHUS SHTPOIUN s Pas3-
ubix Mace IT9/] u e = 10712, Onn raxske oueHnb 61M3KN
K TPEJEIbHBIM 3HAYEHUIM, KOTOPBIE MOYKHO WU3BJIEYb
1.

OrHomrenne ko3 dumenTa MONABIEHAsT SHTPOIIAN

U3 pHuc.

JUTs TOYHBIX PAcCYeTOB Mpu (DUKCHPOBAHHON Macce
ITY/1 x xo3ddunmenTty, MOJIyIeHHOMY B HIPUOJIIKE-
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S dNBy

— = f(M,t), 42

ol DI (1) (42)

160 - rie N — mornocts uucaa ITYJI. TTockosnbky ITH/T

140 + HEPEJISTUBUCTCKUE, UX quddepeHnnaabHast IJI0THOCTh
120 + 3HEePIruy paBHA
100 dpBH

=o(M,t) = Mf(M,1). 43

ol PBE = (M) = MF(M,1) (43)

60r . . . . . . . . IlepBudHbIe YepHBbIC JBIPBI, CO3JAHHBLIC CTAPLIM

3.10% 4-10% 5-10% 6-10% 7-10° 8-10% 9.10% 10° TPAJUIUOHHBIM MEXaHU3MOM [1,2], T0/KHBI UMETh OCT-

M, v pBIil crlekTp Macc, OJm3Kuit K Jeabra-pyskimn. O -

Puc. 3. KoadbdpuuueHT nogasnerus sHTponuu Kak dyHKUns
Maccbl Ans € = 10712

Sezact/ Sinstant

1.2

1.0

0.8
0.6
0.4
0.2

8-10

To1a108
M, r

Puc. 4. (B ugete onnalin) OTHoweHune koadbpuymenTa no-
AaBEeHNs SHTPONUN AAS TOUHbIX BblYncaeHnii npu dukcmpo-
BaHHOIi Macce (KpacHas KpuBasi) m Toro xe KoaddbuumenTa,
BbIYMCAEHHOrO B NPUGVKEHNI MFHOBEHHOMO pacnaaa 1 MrHo-
BEHHOIO U3MEHeHUs peXuma paclunperns. CuHss AuHus onu-
CbIBAE€T rMNOTETUYECKOE OTHOLUEHUE, PAaBHOE EANHILE

HUU MI'HOBEHHOT'O PACIa/ia U MIHOBEHHOI'O U3MEHEHUS
peXKUMa PaCIIApEHus, KaK (DYHKIUS MaCChl JIJIsl € =
= 107'2, mpencrasieno ma puc. 4. Poct 3TOro oTHO-
mreHnst npu MaJbix M MOXKHO OOBSICHUTDH HEIOOIEH-
KOU BBIJIEJIEHUs] SHTPOIUN B MTHOBEHHOM ITPHUOJIIAKE-
wun. efictBurenbHo, st M, MEHBIMUX T'PAHUIHOTO
3HAYeHNUs1, 38 JaHHOTO hopMyIIoi (24), BEICBOGOXK TeHNE
SHTpONUU OyJIeT PABHO HYJIO, B TO BPeMsI KAK TOYHBIE
BBIYUCJIEHUsI IPUBOJSAT K HEHYJIEBOMY Pe3yJIbTaTy, IO-
9TOMY MX OTHOIIEHUE CTPEMUTCsI K OECKOHEYIHOCTH.

4. PACILINPEHHBIN CIIEKTP MACC

Paccvorpum Temepb BMeCTO jiestbTa-GyHKIHH 00-
Jiee IMHUPOKOE PACIIPEIESIEHUE TT0 MaCCaM:

649

HaKO B HECKOJBKHUX OoJiee MO3IHUX paboTax ObLIM UC-
CJIEJTOBAHBI MEXAHU3MBbI, TPUBOJIAIINE K PACITHPEHHOMY
CIIEKTDPY MAcC, CM., HAIPUMED, paHHue cTaTbu [5-8].

B nocseyromiem paccCMOTPEHIH MBI IIPEJIIIOIATAEM,
9T0 IIoTHOCTH uncaa u sueprun [TY/1 B equnnne o6b-
eMa 3aKJIIOYEeHBI B mperenax Mexkiay Mpin 1 Mpaz-
Suauerune M, JOJZKHO OBITH HUZKE BEPXHET'O IIPEJIE/Ia
M = 10° r, KOTOpBIii HaJIATAETCH YCIOBUEM, UTO HCIIA-
perne ITYJI He mcka3mio OBl yCIENIHBIX PE3YJILTATOB
TEOpHUH IEPBUYHOrO HykJeocuHTesa. OHAKO HEOOIb-
mag gacts IT9]] MoxkeT uMeTh Macchl Gosbmre 107 , n
ux Biusiaue Ha BBN moxer 6bITh MHTEpECHBIM, XOTSI
elre He WCCJIEIOBAHO B IOJTHOM Mepe.

Munumaabnoe 3nadenne wmaccebl Y, M,
JOKHO OBITH Gombime, wem M{™", zamanmoe dop-
Mysi0ii  (24), 9TOOBI pPean30BAJIOCH IIPEJIIOIOKEHIE
TBH = teq, HEOOXOJUMOE [JIf TOrO, YTOOLI JOJIA
[I0/IABJIEHNs SHTPONUU ObLIa OOJIbIIE €IUHUIBI, NHAYE
BJUSHUE MAacCC, MeHbIUX M, ObLIO OBI Hecytie-
CTBEHHBIM.

ITapameTrpusyem 3uadenue maccor [T/ 6e3paszmep-
HBIM TapaMeTpoM x, TakuMm 4to Mpy = xMy, Tthoe
My — cpennee 3HavYeHUE paCUpEe/IeHUs] [LIOTHOCTH
MaCChl, WX 3Ha4YeHue, 1pu KoropoM o (M, t) nocruraer
makcumyma. OUeBUIHO, UTO T UMEET HEHYJIEBOE 3HATe-
HU€ B CJIEAYIONIUX MIPEIEIax:

Mmin Mmam
My

Tmin <2 < Tpax = (44)

Mo

Onpenenum Temepb 0e3pa3MepHOE «BpeMsi» 1) Kak
n =t/7(My), tae 7(My) = 790 — Bpems xuzuan [TH]] ¢
maccoit My. Bee ITY /I umeroT pasnyo Maccy u, CJIeI0-
BATEJIbHO, BpeMsl uxX »KU3HU (15) ¥ MOMEHTHI BO3HUK-
HoBeHUs (2) pa3Hble.

Bpemennas sBosonus auddepeHnnaabHol mI0T-
noctu sueprun [IY ]I onperensieTcs ypaBHEeHTEM

G(M,t) = — [3H + T(M)] (M, ), (45)
e (M) = 1 _ mzlljl
(M) (M) CM3¥’

cM. ypasHeHue (15).
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B Trepmunax 6e3pasmMepHOro BpeMeHH 1) 3TO ypaBHE-
HHUE IPUHUMAET BHU]L
3
> o

Hauanbpuoe 3nHavuenne n — momenT obpasoBanus 11
Ono zasucur or M u, coryiacuo ypasaenuio (31), pas-

do

M,
—:U/Z—[3HT0+< 0

1% (46)

n

HO
_ m%lM'
C My

Nform (M) (47)
Ouesnnno, uro o(M) = 0, xorma (M) < Nform.

VpaBHeHnune, OINCHIBAIONIEE IBOJIONUIO ILJIOTHOCTHU
SHEpPIuU PEeISTUBUCTCKON MaTepuH, Telepb IIPUHUMA-
eT BUJ

dprel
dn

U
rel —

My

M

3
—4HTOprel+/dM( ) o(M). (48)
[To anajoruu ¢ UPEJBIIAYIIUM DPAa3/eJIOM MBI BBO-
JIUM KPaCHOE CMEIeHUe, HOPMUPOBAHHOE HA 3HAYEHUE
MacITabHOro haKkTopa, Koraa 00pa3oBaIach HANMEHEE
maccuHasg [TY/T:

z(n) = a(n)/ansorm(Mmin)] -

Dpomonus z(1) oupeesieTcs ypaBHEHHEM, AHATOT Y-
HBIM ypaBHeHH:o (32):

(49)

— = Hrpz, (50)

dn

¢ mapameTpom Xab061a, KOTOPBIt Telephb OMpPe/IeIsIeTCs
BBIPAYKEHUEM

3H2mzpl

oy = Prel + PBH = Prel + /dMU(M) (51)

VYpasuenue (46) umeer ciejyroliee pelleHue:
o(M;n) =0 (n—ng)o(M,ng) x

X exp [(771" ) (M(J)S] ( )37 (52)

rjae JJigdd KpaTKOCTH BBEJIEHO HOBOE 0003HAYeHIEe ng =

z(ny)
z(n)

M

= Nyorm (M), a Tera-dynxiusa obecrednBaer obpaire-
HEEe B HyJb pemmenus s 1) < 1y. HaganbHoe 3nade-
aue mwiotHoctu ITY T B MomenT obpasosanus o (ny(M))
(47) onpenensiercs poseit €(M) IUIOTHOCTH SHEPIUU
ITY9]1 ¢ maccoit M MO OTHOIIEHUIO K IJIOTHOCTH YHEP-
U PEJIATUBUCTCKOI MATepUu B MOMEHT 00pa30BaHUs

YT

650

o(M;ng(M)) = e(M)pra(ng (M))/M,

rue €(M) saBucur or cuenapus obpasoBamus [TI]]

(53)

u OyJieT B3ATa HUXKE B COOTBETCTBUU C HEKOTOPBIME
Pa3yMHBIMH IIPEIIONOKEHUAMEA. B JII060M ciIydae Mbl
upegnonaraeM, uro €(M) obpainaercs B HyJsb, ecjn
M < My 1 M > M.

ITpemosiozkuM, d9TO Ha BPEMEHHOM HHTEPBAJIE
Nf(Mmin) < 1 < Nf(Mpmqz) 0oOmas noss MaccoBoit
wrotaoctu [IBJ] nmpenebpexknmo masia 1Mo CpaBHEHUIO
¢ IUIOTHOCTBHIO 3JHEPIUU PEJIATUBUCTCKON MaTepHH,
MOSTOMY PEKHUM PACHIMPEHHs] SBJISETCA HEBO3MY-
NIEHHBIM DPEJIATUBUCTCKUM, M. dopmynbl (3), (4).
CoOTBETCTBEHHO C IIOMOIIBIO ypaBHeHUs (2) HAXOUM,
YTO IJIOTHOCTD SHEPTUM PEJIATUBUCTCKON MaTepUM Ha
MOMEHT CO3JIAHUST <IIEPBLIX» JIEMMAHIIMX YE€PHBIX JIbID

paBHa

6
3 mp

= 327 M2

min

Prel (tzn) (54)
Ecaun mnoraocts sueprum ITY/1 ocraercss mebosbInoit
[0 CPABHEHUIO C IJIOTHOCTBIO PEJIITUBUCTCKOU MaTe-
pun 70 obpazoBanus Hanbosee Tsizkeabrx [IYJ1, To mo-
CJIETHUM YJIEHOM B TIPABOIi 9acTh ypaBHeHus (48) MOXK-
HO NpeHedpeyb, U MIO3TOMY BO BPEMEHHOM HHTEpBaJie
N(Mpmin) <1 < n(Mpaz) IWIOTHOCTD SHEPTUHA Pre PAB-
Ha

3 m?gl 1

327 M2, z(n)*

Prel = (55)

CaenoBaresbHO, IuddepeHITnaIbHAs IIJIOTHOCTD HED-
ruu [TY/1 sBosionuonupyer Kax

3m$ e(M)
M _ Pl
) = SN, S (M)
0(n —ns (M
X — (n 77f(3 ) (56)
z3(n) exp [(Mo/M)3(n — 1y (M))]
B srom ypaBHeHwmm 1) 3aKJIOYEHO B IpeeIax

n(Mmzn) <n< n(Mmaw) nJjm nf(M) <n< n(Mmaw)
B 3aBUCAMOCTH OT TOIO, KAKOH HUXKHUI IIpees
ITockonbKy

OoJIbIIIe.
( )BmM)

JJIST JIIOOOTO 7), SKCIIOHEHTY MOYKHO PA3JIOKHUTDH KaK

|

2
mpi

T oM?

My

1
i <

My

M

3
) (n— nf<M>>]
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B ¢Bs13u ¢ HEOOX0AMMOCTHIO HHTErpupOBaHus Mo M
COOTBETCTBYIOIIE JBOJIOINOHHBIE YPABHEHUS OKa3bI-
BalOTCA HMHTErpoauddepeHnaIbHbIMI U YHCJIEHHbIE
pacdeTbl OOBIYHO CTAHOBATCHA JIOBOJIBHO TI'DOMO3JIKU-
vu. OJHAKO MBI PACCMOTPUM HEKOTOPBIE YIIPOIIEHHBIE
dopmbl HavaIbLHBIX pactpepenenuit [IY/] mo maccam,
JIJIsI KOTOPBIX MHTErPaJibl 10 M MOXKHO B34Th aHAJINTH-
Jecku, a 3areM auddepeHnuaabHble YPaBHEHUsT MOXK-
HO OBICTPO W MPOCTO PEIUTH YHUCJIeHHO. Vcmosb3yst
TaKue UCPYIIeYHbIE MOJEIN, Mbl MOXKEM IIOHATH CYTh
ocobennocTu npoussojicTBa duTponuu 119/ ¢ pacmu-
pennabiM ciekTpoM Macc [TY/I. K coxkaienuio, Mbl He
CMOIJIN HAWTHU pabOTOCIIOCOOHYIO UTPYIIETHYIO MOJED
JUIS. PEAJTUCTUYHOTO JIOTHOPMAJIBHOIO CIEKTPa MAacc,
cM. [12]. Tem He MeHee CIIEKTDPBI, KOTOPBIE JIOIYCKAIOT
AHAJINTUIECKOE MHTEIPUPOBAHNE, MOTYT OBITH YHCJIEH-
HO JIOBOJIBHO OJIM3KAMHU K JIOTHOPMAJIHLHOMY.

Jlajiee paccMOTPUM APy WIIIOCTPATUBHBIX IIPUMe-
POB, IpeAoaras, 9To QyHKIHs

e(M)/z(ns(M))

3aKIIOYEHA MEXKIY Tpmin = Mmin/Mo U ez =
maz/Mo. 3nech cormacuo dopmyne (53) e(M) —
gousga nmotHoctu Heprun 11971 ¢ maccoit M wa Mo-
MenT cozmanus [TY/1. /Iaa mpocToThl MBI TIpe/Iosiara-

Fla) (58)

eM, uro F'(z) — nosmHoMuasbHasT (DYHKISA O I[EJIBIM
CTEIEHsIM X, XOTs B IIOCJIETHEM HET HEOOXOIUMOCTH.
Bospmem gBa nmpumepa gus F':

€0

Fi(x) (59)

Tmax — Tmin
TS Topin, < T < Tmae 1 F1 = 0 U1 © BHE 3TOrO MHTEP-
BaJia. O9YeBUIHO, 9TO TOUKA T = 1 JOJIKHA HAXOIUTHCS
BHYTPH 9TOTO WHTEPBAJIA.
Eme ogna maTepecuas dopma F':

( >2 (
Snecb N — HOPMUPOBOYHbIN KO (MUIUEHT, BHIOPaH-
HBII TakKuM 00pa3oM, 9TOOBl MAKCUMAJbHOE 3HAUEHHE

1

a

1

T

1

€0
= a?p? 5
x

Fy(z) = N

(60)

Fy/e = 1. Dra dyuknus obpaimaercs B HyJb IPU T =
= Tmin = G U T = Tpmez = b, C UCUE3AONUMHA TIPO-
M3BOJHBIME B 9THX TOYKaX, U Fh TOXKECTBEHHO PaBHA
HyJIIO BHe 3Toro mHTepBasa. Pymxmusa Fh mocruraer
MakcumyMa upu o = 2ab/(a + b):

>4

F5 Moxer OBITH 9UCIEHHO JOBOJIBHO OJIM3Ka K JIOTHOD-

1 1

a b

F2(maac) _ ‘o

1.
16

Na?b? ( (61)

MaJIbHOMY PACIIPEJIEJIEHUIO IIPU IIPABUJIBHOM BBIOODE
mapamerpoB. B kauecrse paboduero npumepa mpu a = 1,
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F
1.0

0.8

0.6

0.4

0.2}

0.2 0.4 0.6 0.8 1.0
z

Puc. 5. (B ugete onnaiin) MogenbHas yHKLMs cnekTpa Macc
F, (kpacHasi kpuBasi) 1 NOrHOpManbHbIl cnekTp (CuHas Kpu-
Basi) oT © = M /My

b
byHKImeii:

30 mpoBesieM cpaBHenme Fh ¢ JOrHOPMAJIHHOM

Frn = eexp [-1.5 (In*(152))] . (62)

IIpn BHIGPAHHBIX 3HAYEHUAX MAPAMETPOB (yHKIHHI
Fy(z) u Frn(x) upencrasiens: Ha puc. 5.

B ypaBHeHue 9BOIOINH BXOAAT JBA CJIELYIOMIX
unrerpasna (51) u (48):

To = / Mo (M, ) (63)
Iy = /dM (%)BU(M, n). (64)

MpbI MOKEM BBIYUC/IUTH UX $IBHO, CJEJIaB HEKOTODBIE
ylupornaommue mpejnosoxenus o dpopme F (58), koro-
pble obcyxkmarorcs B pasm. 4.1, 4.2.

4.1. PacyeTbl Uis MJIOCKOTO CIIEKTpa

3sech Mbl HaiifeM KO3 UIMEHT TOJaBIEHIs JHT-
POIIUY JIJIsT <ILUTOCKOTO» criekTpa Fy (z):

(M)
z(ny (M))

€CJIU T HAXOJUTCA B IIPEIEIaX @ = Tmin < T < b = T
u Fi(x) = 0 3a upegenamu sroro orpeska. [lapamerps

€0
b—a

= const,

Fy(z) (65)

a n b 31neck u HIKe, cM. dopmyny (75), OmpenessoT
[IUPUHY CIIEKTPa Macc. Bejquuuna S I0BOJIBHO CJ1a00
3aBUCUT OT HUX. [TOCKOJIbLKY HET 3HAYUTEIHLHON pas-
HUIBI MEXKJIy BEJIMYUHAMU TOJIABJICHUSI SHTPOIUU JIJIst
PACIIIIPEHHOTO0 U JeJIbTa-00PA3HOTO CIIEKTPOB MAacc,
Bapualust ¢ U b He UMeeT CyNEeCTBEHHOIO 3HAYCHMUSI.
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Ucnonbsysa ypasuenue (56), Haxomum

Moz

- / dMo(M,n) =
Mmin

aM 0ln — ny(M)] _

M exp[(Mo/M)3(n —ny(M))]

b
_ K(n)/d_flf O —ny(M)]  _

3m?3l€0
32m23(n) M2,

min

s

b—a)

X

T b—a x exp[r3(n—ny(M))]
K(

) .
b
b—a J(lo)((% ) 1 77f)7

(66)

(67)

Moz

-

Mpin

Km) [Tde  om-n00)]
b—a

T el =, D)

K .
S5 b _(TZ J13 (:Emina Tmaxs Ty 77]‘)

Mo

70
M

)30(Mﬂ7) -

= (68)

Boraucium unerpasint o) U j(13) aHAJUTHYECKH,
ucnosib3ys Mathematica, u mogcTaBuM ux B ypaBHe-
Hust (47)—(49), KoTopble permmM YnucjieHHo. IToCKOIbKY
77f(M ) < 1) TIOYTH HA BCEM WHTEpPBAJeé WHTErPUPOBa-
HUsI, MBI IIpeHebperaem 7y, CM. TakKe ypasrenue (57).
Pesynbrarer npeacrasienst B [Ipunoxenun B.

Bynem wuckarh pelenne, Kak 3TO JIeJIaeTCS B
pa3n. 4, npuHUMaS, 9TO Pre; UMEET BUT

Prel = Yrel prel)/z (69)
e
(in) _ _ 3mp,
DT VER
U TTOTOMY Yrel U 2 YJIOBJIETBOPSIOT YPABHEHUSIM
y;"el = €0 Z(n)j(13)7 (70)
CM3 Yrel €0 1/2
/! 0 re .
= 0 — . 71
200 = g — (T + i) (71)

ITo anasnoruu ¢ ypasHeHueM (38) BBOJMM HOBYIO

dyukiuio W, corsacuo

z =/ W./eo,

(72)
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Il KOTOPOH IIOJIY YUM

AW, — CeEM? 2
= re We ) =
n 1102 Min (y 1+ vV Weiao
Ce2M? 1/2
= 0 0 (yrel + \/ .7 10 ) ) (73)
mPla
dyrel
=V Wejas) (74)
C HaYaJIbHBIMUA YCJIOBUAMU W(ln) = 6 n y,f,ln) =1.

OTH ypaBHEHUs MOXKHO IIPOUHTEIPUPOBATEH YUCJIEH-
HO. ACHMIITOTHYECKOE 3HAYEHUE yfé;l pu OOJIBIIHX 1),
KOTOPOE, COTJIACHO ypasHeHuto (41), mpejcrassier co-
601t K03(bDUIMEHT TOIABIEHNsT SHTPOIINU, M300parKe-
HO Ha puc. 6, 7 I Pa3HBIX 3HadeHmi € = 107'2
Toin = 1/3 U Timae = 5/3. Pesynbrar nponopimonases
Mpy v TOCTATOYHO XOPOIIIO COTJIACYETCS ¢ TPUOJIN3HU-
TEeJILHBIMU PE3yJIbTATAMHU, PACCUUTAHHBIMU B IPUOJIU-
JKEHIU MI'HOBEHHOI'O PACIa/ia ¥ MI'HOBEHHOI CMEHbI pe-
xuma (25).

4.2. PacyeTrbl ¢ HEIIPepbIBHBIM MOYTU
JIOTHOPMAJIBHBIM CIIEKTPOM Macc

3J1ecb MBI IIPEJIIOIAraeM, YTO CIIEKTP MacC UMEET
BUT

(M)
z(ns(M))
ea’b*(l/a—1/z)* 1)z —
B 16a2b2 (1/a — 1/b)*

Fy(z) =

1/b)?

(75)

(68) momudmim-
pytoTcst nobaBieHneM MHOXKUTENst Fo () B HOIBIHTE-
rpajibHble BblpazkKeHus. Boipazkenus i jioo) U J(23)
npeacrasiensl B [Ipumoxkennu B.

CootrsercrBenno ypasaenus (66) u

YpaBHEHUS IBOJIIOIUN COBIAJIAIOT C YPABHEHUSAMU
pasj. 4.1 mocie 3aMeHbI Ji10y —* J(20) 4 J(13) — J(23)-
Kosddurnmentsr momasienns sHTpoOnMM I HEIIpe-
PBIBHOTO CIIEKTPa MacC U PAa3JUIHBbIX 3HAYEHUN Tapa-
METPOB IpeJICTaBJIEHBI HA puc. 8, 9.

Mpr BugmM, 9TO KO3MDDUIMEHTHI TTOTABICHNST SHT-
pomnu Jiyist 06enx (popM PACIIUPEHHBIX CIIEKTPOB MACC,
MIPSIMOYTOIbHON 1 G0Jiee PeauCTHIHON JIOTHOPMAJTh-
HOI1, BeJyT cebst KaK PYHKINS [IEHTPAJIHHOTO 3HAYEHU S
maccel II9]] u € o cymecTBy aHAJIOTHYIHO BBIYHCJICH-
HOMY Il JIeJIbTa~-(PyHKIIMOHHOTO CIIEKTPa MAacCC, pac-
CMOTPEHHOTO B Pa3/. 2 U 3, U U3MEHSIOTCS OT BEJIMIH-
BBl 2-3 g M = 107 r go 100-300 mus M = 10° r
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Puc. 6. (B usete oHnaiiH) JBontouus noAaBaeHns SHTPONUM
y>/! ans nnockoro cnektpa macc (65) npu Mgy = 107 r
ne = 1072 kak dpyHkums BGespasmepHoro spemeHu 7 ans
a=1/3,b=4/3 (cunne kpussie). Mo = 107 r (a), 10% r (6),
10° r (6). KpacHble nuHuu — koscbduLeHT nofasneHmns sH-
Tponuu, NpubAVXKEHHO PacCHMTaHHbIN B MFHOBEHHOM Npubau-

eHun (25)

Bce ke HyKHO 3aMeTUTh, 9TO CpABHEHHE HEOTHO3HAY-
HO, TaK KaK OHO 3aBUCUT OT HOPMHUPOBKHU CIIEKTPOB, Ha-
[IpUMep, MBI MOXKEM CPAaBHUBATL UX IIPU PABHBIX ILJIOT-
Hoctax mMacc [IY9]] nnu npu ux paBHBIX YHCIaX B €IU-
Hute oobeMa. Pe3ybraThl CpaBHEHUS TAKXKE 3aBUCSIT
OT TIUPHUHDBI PACIIUPEHHBIX CIIEKTPOB. B J1000M citytae
pe3yJIbTaThl COBIAJIAIOT 110 MOPSIJIKY BEJIUINHBI. 3aBU-
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Puc. 7. (B ugete oHnaiit) To xe, 4To Ha puc. 6, Ho c a = 0.95

nb = 1.05 (cunne kpusbie). My = 107 r (a), 10% r (6),

10° r (6). KpacHble nunun — koschhMUMEHT NOAABEHUS SH-

Tponuu, NPUBANKEHHO PaCCHUTAHHbIN B MTHOBEHHOM npubau-
xenun (25)

CHUMOCTH OT € B TOYHOCTHU TaKasl »Ke, KaK 3T0 OBLIO 00-
Hapy»KeHO B aHAJUTUYECKUX pacdyeTax B pasi. 2.

5. SAKJIFOYEHUNE

Kak mokazano B maHHOI paboTre, MOJABJICHUE 3a-
MOPOXKEHHO TJIOTHOCTH PETUKTOBBIX YACTHUI] UIU KOC-
MOJIOTUYIECKONl OAapUOHHON acCUMMETPUHM MOYXKET OBITh
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Puc. 8. (B ugete oHnaiin) To xe, 4To Ha puc. 6, HO € Henpe-
PbIBHBIM CriekTpoMm Macc u ¢ a = 1/3, b = 4/3 (cunue kpu-
Bole). Mo = 107 r (a), 10° r (6), 10° r (6). KpacHble nuHum —
KO3(ppNLMEHT NOAABAEHUSI SHTPOMUU, NPUBAN3NTENBHO pac-
CHUTaHHBIA B MrHOBEHHOM npubamxkerun (25)

BeCbMa 3HAYUTE/ILHBIM, €CJIM OHU OBbLIN 0Opa30BaHBI
o ucnapenus [ITY. [Ipu yupormneHHbIX TPUOIHKEHU-
X 0 Jresbra-pyHKImonaoM cruekrpe macce [T9/1, mrao-
BennoM pacrasie [TYJ[ u MrHOBEHHOM M3MEHEHUHU pe-
JKAMOB PACIIAPEHUST OT HAYAJBHOTO JOMUHUPOBAHUS
PEeJIITUBUCTCKONW MATEPUU JI0 HEPEJISITUBUCTCKOTO I0-
vuanpoBanus Y/ u obparHo Ko3dduImeHT nomgasie-
HUSI SHTPOINH, S, MOXKET ObITH BBIYNCJIEH AHAJTUTHICC
Ki, cM. ypasHenue (25). TouHble pacdeTsl, HO BCe elle
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Puc. 9. (B ugete oHnaiin) To xe, 4To Ha puc. 6, HO € Henpe-
pbiBHBIM criekTpoMm macc 1 ¢ @ = 0.95 n b = 1.05 (cunue kpu-
Bole). Mo = 107 r (a), 10° r (6), 10° r (6). KpacHble nuHum —
KO3(ppNLMEHT NOAABAEHUSI SHTPOMUUN, NPUBANSNTENBHO pac-
CYMTaHHbIA B MrHOBEHHOM Npubnmxerun (25)

C ,ILGJILT&—(byHKHI/IOHHbIM CIIEKTPOM MacCC, HaXOOATCA B
OY€Hb XOpoIlIeM COBIIaACHUHN C HpI/I6JII/I3I/IT€J'II)HI)IMI/I.

Benmuunaa mogaBieHns mponopriuoHaabHa IPOn3Be-
nennto eMpy u, Hampumep, s Mpy = 10° ru e =
1072 kosdduIMeHT HOIABIEHNs COCTABIsIET S ~
400. Macca 1epnoit apipsl 107 T cocTapigeT Mak-

~
~

CUMaJIbHOE 3HAaUeHHe, pa3pelieHHOe TePBUYIHBIM HYyK-
JIEOCWHTE30M, CM. BBIBOJ| TI0CJIe ypasHeHus (26). 1o
orpanmveHue cupasemso, ecan [TY/] momuaupoBam
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B panneii Beesernoit 0 snoxu BBN, wro morio mpo-
n30iTH, ecin MUHUMaIbHaA Macca [19/] onpeensitach
ypaBrenueM (24).

Pacdersr ¢ Gostee peaMCTUIHBIMEU PACIIAPEHHBI-
mu criekTpamu Mace ITH/] moka3biBaioT aHAJOTUIHBIE
9epThl KOIPDUIMEHTA TTOJABICHUS S, KOTOPBIA TaKKe
[IPOTIOPIINOHAJIEH € U IEHTPAJbHOMY 3HAYEHUIO MACCHI
B MAacCOBOM pacupezesiennn. VmMeercs HeKoTOpas 3a-
BUCHUMOCTH OT (POPMBI CIIEKTPA U OT 3HAUCHUN Mg, U
Min, HO OHHU CYIIIECTBEHHO HE MEHSIOT HAINX PE3YJlhb-
TaTOB.

Cy1irecTBeHHOE OrpaHUYEHNE ITPOCTPAHCTBA ITIapa-
METPOB MHWHHMMAJIHHON CYIIEPCUMMETPHYHON MO/IENH,
nostygennoe Ha BAK, mpuBemo K COMHEHHSIM OTHOCH-
TEJILHO TUIIOTE3bI, ITO HOCUTEJM TEMHOI MATEPHUHU CO-
CTOSAT U3 JIErYaflIINX CYyIIePCUMMETPUIHBIX JacTull. Bo-
Jiee TOrO, OOBIYHDBIE CJIA00 B3AMMOIEHCTBYIOIINE Mac-
cusnble dacTuipl (WIMP) ¢ maccoil HuKe Tepasiiek-
TPOHBOJIBT TAK2Ke KaXKyTCs UCKIIOYeHHbIMH. Paccmor-
PEHHBIN 37eCh MEXaHH3M I[I03BOJISE€T CIIACTA OTHOCH-
TenbHo Jierkne WIMP wm pacmmpuTs mTpocTpaHCTBO
mapaMerpoB [Ijisi CYII€PCUMMETPUYHON TEeMHO# MaTe-
puu. ITockosbKYy, COrIacHO H3BECTHOMY PE3YJIBTATY, OT-
HOIIIEHWE KOCMOJIOTMYECKOH TJIOTHOCTH YHEPIUU MAaC-
CHUBHBIX PEJIMKTOB K IJIOTHOCTU SHTPOIMH ITPOIOPIIU-
OHAJILHO KBAJIPATy MACChl ITUX YACTHI], BO3MOXKHOE
MIOBBINNIEHNE IJIOTHOCTH SHTpormu B 100 pa3 mo3Bos-
eT yBEJIMYUTH JOMyCTUMYIO Maccy dactur] B 10 pas,
9TO OTKPBIBAET BO3MOXKHOCTD JJIs CyIePCHMMETPU-
uoit (SUSY) TeMHOII Marepun ¢ MAacCoii, IPEBBITIAIO-
el orpanndenusi, ycranosjenuasie BAK.

YMeHbIlleHne KOCMOJIOTHYECKO OapHOHHON acuM-
METPHUH 38 CYeT YKA3aHHOI'O 3J1eCh MEXaHU3Ma J0-
[IOJTHUTEJLHOTO  BBICBOOOXK/IEHUST IHTPOIIHNH
[IOKA3aThCS HE CTOJIb CYIIECTBEHHBIM, ITOTOMY YTO

MOZKeT

TEOPETUYIECKHE OIEHKN aCUMMETPHUH JTOBOJIBLHO HEOIpe-
JeJeHHbBI B CHJIy TOTO, 9TO OHU CHJIBHO 3aBUCAT
OT HEU3BECTHBIX IIAPAMETPOB TEOPUHU IIPU BBICOKUX
O/iHaKO €eCcThb HECKOJIbKO WCKJIIOUYEHUH,
pasbaBiyieHHE MOXKET

SHEPIUsX.
JUIsl  KOTOPBIX 3HTPOIMIHOE
NIPEJICTABISATL HMHTEPEC. BO-TEPBBIX, 3TO MEXaHU3M
Addneka—Taiina [26], KOTOpBIH eCTECTBEHHO NPUBO-
JIAT K BeJIMuuHe 6apUOHHOIT aCUMMeTPUH, CYIIeCTBEHHO
npeBbImalonieil nadbmogaemyio. Ilomasiaenue ma 1-2
MOPSAJIKA MOKET OBITH IOJIE3HO, HO HE BCEraa J0C-
TaTO4YHO. BO-BTOpBIX, 3TO CclieHapHii OapHoreHesmuca
[OCPEJICTBOM JienTorenesa [27], omnucanue KOTOPOro
MOXKHO HaiiTu, Hampumep, B o63opax [28]. Corsacuo
9TOI MOJIeIM KOCMOJIOTMYEeCKasl OapHOHHAS aCUM-

MeTpHUs BO3HHUKJIA W3 II€PBOHAYAJIBHO CO3JaHHOM
JIENTOHHOI acUMMETPHUU, KOTOPas BO3HUKJIA B PE3YJ/ib-

TaTe PAaclag0B TAXKeJbIX MaXlOpPaHOBCKUX HEHTPUHO.
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B Hekoropbix Mojesisix napamerpbl CP-mapyrmarommx
PaCIa/I0B 9TOI'0 THAXKEJIOr0 HEUTPHUHO MOYKHO BBIPA3UTh
qepe3 CP-meuernbie dhasbl ocruaasduii Jierkux Heii-
TPHUHO, YTO TO3BOJISIET MPEJICKA3ATh BEJINYNHY U 3HAK
senrronnoit acummerpun. OJHAKO, €CJIM B IIPOILIOM
CYIIECTBOBAJIO SHTPONMITHOE Pa3baB/IeHNe ACUMMETPUI
C BEJIMYMHOMN, 3aBUCHAINEl OT MOJEJU, ee BeJUInHa He
MOXKeT OBITh IIPeJICKa3aHa, HO 3HAK, BEPOATHO, MOKET.

®dunaHcupoBanue. Pabora pu

nopyepkke Poccuiickoro mayunoro douga (rpasr

Ne19-42-02004).

BBITIOJIHEHa

IMPNJIOZKEHUNE A

3/1ech MBI OIEHUM IUIOTHOCTH CTAOUIBHBIX CYIIEp-
CHUMMETPUYHBIX PEJIMKTOB, 00PA3yIOIIUXCS TPU HCIa-
pennu [T/, u mokaxkem, ITO UX BKJaJ B KOCMOJIOTH-
9eCcKyI0 TEMHYIO MATEPHUIO HE3HAUUTEJIEH U3-32 OYEeHb
au3koit wiotTHocTu [T/ 1 m3-3a mx GBICTPOrO OXJIAXK-
Jennsi (DOHOBBIMU peJaTUBUCTCKUMEU dacTturamu. C
9TON IEJIbI0 IIPEJCTABUM 3/1€Ch HECKOJIBKO IIPOCTHIX
OIEHOK ¥ YMCJIEHHBIX 3HAYEHUI.

Mowment obpazosanust I/ ¢ maccoit M pasen (2)

M
— =
mpy

tin -

2.5-1073 Mg, (76)
rae Mg = M /(108 r).

[To mpeamosokennio, B MOMEHT 0Opa30BaHUs Uep-
HbIE JIBIPBI COCTABJISIIOT HEOOJIBIIMYIO OO € K 1 MmI0T-
HOCTH SHEPIUU PEJIATUBUCTCKOI MaTepuu.

Taxum obpazom, mroraHocTH SHEprun u gucaa [T9/]
upu t = t;;, COOTBETCTBEHHO PABHbL

6 6

(n) _ 3¢ mp - (in) _ 3€ Mpy -

PBH = 30, 20 "BH T 307 A3 (77)

IImoTHOCTS HEPTUN PEIATUBUCTCKON MaTepun Ipu t =
= {3, pPaBHA

6 2 (in)
(n) _ 3 Mp _T°9x " a 78
Prel 397 M2 30 n ( )

(in)
e gs ~ ~ 100 — KOJIMIeCTBO TUIOB PENSITUBUCTCKUX
qactur; upu 1" = Tj,. COOTBETCTBEHHO TEMIIEPATYPA
PEeJIATUBUCTCKON KOCMOJIOTUYECKOI I1JIa3Mbl HA MOMEHT

poxyaenns [TY/] paBua

Tin ~ 1.72-10"2T5B/\/ Ms. (79)

Ornomrenne mnoraoctu [TY/] ¥ mioTHOCTH pesisiTu-
BUCTCKHUX YaCTHUIL B MOMEHT POXKJIEHNUS MOXKHO OIEHUTH
Kak
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(in)

(in)
_ Ny _ P Lin o 1a-31 —3/2
i = T = panr — 0010 e 80)

rie €12 = 102€ 1 nye = 0.3ppcr /T

DTO OTHOIIEHUE OCTAETCS IMPUMEPHO ITOCTOSHHBIM
1o pacmaga [TYJ, mockosbKy 0b6e TIJIOTHOCTH MPAKTHU-
9eCKU COXPAHSIOTCS B COILYTCTBYIOIMEM O0beMe C TOU-
HOCTBIO JI0 BO3MOYKHOT'O BOPOCA SHTPOINH, CO3JAHHOTO
AHHUTWIANIEN MACCHUBHBIX 4YacTull. Kaxk Mbl yBuauMm
HIZKE, TeMIIepaTypa PeJIATUBACTCKON Marepuu B MO-
menT pacnaga [IY]] cocraBager okono 20-30 MsB u
II09TOMY B 3TOT MOMEHT ¢, ~ 10.

CitesoBaTesibHO, OTHOINIEHWE T yMEHBIAeTCs B
10 pasz.

Cpennee paccrosaue Mexkiay ITU/ Ha MOMeHT X
CO3/IaHUSI COCTABJISAET

(n

B mowmenT paBuoBecusi, Korya miorHocTn U u pess-
TUBUCTCKOI MATEPUU CPABHSLINCH, CPETHEE PACCTOSTHUE
mexay 91 6b110

(in)
BH

JBH _

~1/3
) =240 My P (81)

(BH) dl('fH) —4 —4/3
deg W/ = —"—=24-10""Mge CM. (82)

TemnepaTypa peJIITUBUCTCKON MATEPUU B MOMEHT PaB-
HOBECHUS COCTaBJISIIA

T.q = €TinSY® = 3.7e12 My /* 5B, (83)

rye Seq — OTHOINEHHe KOJIMIeCTBa THUIIOB YACTHIL DK
T = T, ¥ Konm4uecTBy THIIOB JacTHll Ipu 1" = Teg:

 g.(10° IsB) _

Sea = 9+(3 T'sB)

10. (84)

IlockonbKy /10 mocTUKeHMs paBHOBecHus Beemennas
paCIIupSIACh B PEJISATUBUCTCKOM PEXKMME, KOT/Ia Mac-
urraGubil bakTop yBenmunpaica Kax a(t) ~ t'/2 pas-

HOBeCHEe JOCTUI'aJIOCh B MOMEHT BPEMEHH

tin _ _
teg = —5 = 2.5-107 Mgy, c. (85)
€
IIocse saToro m 10 MmomenTa pacnaga 91 mpu
30 M3
t=r="TEE =16-107"Mc (86)
M py

Beestennast pacmmpsiiach B perkuMe JJOMHUHAHTHOCTH
HEpPeJTATHBICTCKOI MaTepuu 1o 3aKomy a(t) ~ t2/3. Ta-
KM 00pa3oM, Ha 3ToM MD-3Tamne macimrrabHbIi hakTop
YBEJIMIMBAJICS KaK

(

T

2/3
(1) > = 74 (e1oMg)*/3. (87)

teg
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CootBercTBeHHO, I0THOCTH 3Heprun 1Y /] memocpe-
CTBEHHO TIepeJl MOMEHTOM HUX pacmaja Oymer OoJbIe,
9eM INUIOTHOCTb SHEPIHH PeJIATHBUCTCKOro ¢boHa, Ha
10T PaKTOpP KPACHOIO cMeneHus, z(7):

peH(T)

= T4 (e12M3)*/3.
prel(T) (612 8)

(88)

Temmeparypa pesgTUBUCTCKOTO (pOHA HEIIOCPEICTBEH-
HO TIepe/T PacIaoM 9e€pPHOI JIbIPI ObLIa PaBHA

T.,
(7)

Temmeparypa dgacTur, 00Opa3yIONMXCs TPHU pacraje
Y/1, paBHA

—1/3
12

—11/6

=50¢ My

Tcool = TT@I(T) = M>sB. (89)

z

_ mp
8TM

Teu =10°Mg ' I'sB. (90)
Wrak, smergaiiimme cynepcuMMETPUYHbBIE YACTUIBI MU-
puMasbaoil SUSY-Mmonenu ¢ maccoit myx ~ 103 I'sB
JIOJIZKHBI OOMJILHO 00PAa30BBIBATHCS B IIPOIIECCE UCTIape-
aus [[Y/] ¢ Tpy > mx, aro cocrapjsier okosio 0.01—
0.1 or obrmero KoJimvecTBa OOPA3OBABIINXCS TACTHIL.

ITockonbky ITY /I 06pa30BbIBAIICEH TPU TEMITEPATY-
pax, HAMHOT'O IIPEBBIIIAIONINX TEMIIEPATYPY OKPYKaIo-
el PeIATUBACTCKOM IIJIA3Mbl, IEPBOHAYAIHLHO OHUA HE
TePsAJIN MacCy U3-3a UCIIAPEHsI, & BMECTO TOrO IIpruob-
perasu ee 3a CUeT aKKPEeIuu OKPYKAIOIIEro BEIECTBA.
Omaaxo 3ToT 3PGHEKT OKA3LIBAETCS HE3HAUUTEIHHBIM.
HeiictBuresnbHO, 1wioma s mopepxuoctu ITYJ] pasHa
47r7"(2] I [OTOK BHEIITHEro U3JIydeHus 6yneT nopsaxka 1.
Takum 00pa30M, CKOPOCTb YBEJIUYEHUS MACChI OyIeT
paBHa

M = 47r2T*. (91)

Cornacuo ypasuenmio (3) T2t ~ mp; /30, u osToMy

mpldT
1573 °

dt

CJIe,ZLOBaTeIH)HO, yBesmm4IeHnne MacCCbl COCTaBUT

4 92
AM = %mp[Tng, (92)
rae T, 3amaercs dopmysoit (79). Urax, okoHIaTEILHO
HOJIy JaeM
AM
— =~ 0.1. 93

MuTepecHo, 9TO OTHOCUTEILHOE YBEJIUYIEHHE MACChI HE
3aBUCUT OT 3HadYeHusd mMacchl [TH/I.
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Dror pedysbrar nporusopednt pabore [2], Kak yka-
3aJ1 HAM pereH3eHT. JleficTBUTE/IbHO, OCHOBAHHBIE HA
OIeHKE CKOPOCTH aKKPeInH, MOyIeHHol B padore [1],
pacueTsl [2] IpUBeIM K OTPOMHOMY YBEJMIEHHUIO Mac-
cor ITY/I mo mumapaos mace CoJiHITa WIH Jake Ha-
MHOTO GOJIbIIE. DTO OIPE/IETIEHHO BEChMa 3aBBIIICHHAS
orneHka. Aprymentsr pa6or [1, 2] ocHOBaHBI Ha mHpHU-
MEHEeHMHN MexaHu3Ma akkperuun Boujan kK panueit Bee-
slennoit. Omaako uU3MYeCcKne CUTyallid B COBPEMEH-
Hoit BeesmeHnoit B 310Xy JTOMUHAHTHOCTH MATEPUM U B
panHeit BcesleHHO B 110Xy JOMUHAHTHOCTHU W3JTy I€HUS
OBLIM COBEpIIEHHO pa3jnvHbl. [Ipeamosaraercs, 9To B
pamneit Beemennoit ITY /1 mokouanch B COMyTCTBYIOIIEH
CHCTEME OTCYETa, & HOTOK PEIATUBUCTCKUX JACTHI HA
HUX WHJIyITTPOBAJICS JIMIIH ITPOIECCOM IPABUTAIIMOHHO-
IO HPUTSXKEHUS OKPYKAIONUX PEISTUBUCTCKUX YaC-
THUII, KOTOPBIA UMEeT UCKJIIOIUTETHHO HU3KYIO 3 dek-
TUBHOCTB, B YACTHOCTH, M3-3a XaOOJIOBCKOI'O pacIliupe-
Hust. B pabore [29] paccMoTpeHr n BBIMOIHEH pacier 3¢h-
GbEKTUBHOCTH AKKPENUH B PA3HbIE SIIOXH KOCMOJIOTH-
Jeckoit spoJironuu. [lpuBesem muraTy u3 91oit paboThI:
«Ina ITY/1, pazmep KOTOPBIX HAMHOTO MeHbIne M.,
AKKPeIns COBEPIIEHHO He BaXKHa», rje M., cocraBiser
npumepno 5-10 1. ITY/] ¢ maccoit 6ombire M., Moxker
JOXKUTDH 10 HACTOSIIErO BPEMEHU, B TO BpeMs Kak 00-
nee gerkue ITY]I ncmapsarcst mpexie, YeM JTOCTUTHYT
BpeMeHu, OJIarOIPUSITHOTO Jsd akKperun. [[ocKombKy
MBI mMeeM zedto ¢ ITY ]I ¢ maccamu He 6ombmme 10° T, Mo-
2KeM IpeHeOpedYb BO3MOXKHBIM YBEJIHYEHIEM UX MAaCChI
rocjie 0OpPa30BaAHUS.

Cpennee paccrosiane mexay [IT9/] memocpeacTeen-
HO TIE€peJT UX PACIIAIOM COCTABJISLIIO

dPH (7) = A a(r) ~ 175107 M (94)

OO6I11iee KOJINYECTBO SHEPIUYHBIX YACTHI], 0Opa30BaB-
mwuxcsi Ipu pacnaje ojuoi 4/1, paBHO

(

Mps1 npeationaraeM CIeAYIONLYIO MOJIENb: B PE3YJIb-
TaTe MTHOBEeHHOTO ncnapenns /I Kaxkmas depHasd JIbl-
pa IpeBpaIaeTcs B 00/1aKO SHEPTUIHBIX IACTHUI] C TEM-

Mpu _ 87
3Ty 3

M

mpy

2
Nhot = ) =1.8-10M3. (95)

nepatypoit Tpy = 105M8_1 I'sB u paguycom T, cM.,
unanpumep, dopmyiy (86):

e = 4.8 - 10° M3 cm. (96)

DTOT pajyc HAMHOTO OOJIBIIE CPEJIHEr0 PACCTOSTHUS
mex iy IJ1 (94) u umcso ITY/] B 9T0M 06Imem obsake
COCTaBJISAET

3
L )) =2-10%M], (97)

Ncou i N
loud (dBH(T

4 2K9T®, o 5 (11)
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[TO3TOMY ILIOTHOCTH WX YUCJIA HEIOCPEICTBEHHO MEPe]]
pacmaiom ObLIa

npg(t) =d3(1) =1.9-10°Mg " cm 3. (98)

IImoTHOCTH rOpsTYNX HacTHll ¢ TeMmeparypoit I gy, co-
3/IAHHBIX UCIIAPEHUEM 3TOr0 HAOOPa YEPHBIX JIBIP, PAB-
Ha

Nhot = N (T)Npot = 3.4 - 103 Mg P em™3.  (99)

II1I0THOCTD XOJIOMHBIX (DOHOBBEIX YACTHIL C TEMIIEPATY-
poit Teo0r (89) paBHA

3
TCOO

Neoot = 0.1g. T2, = 1.6 - 1037, Mg /% em™3, (100)

rae Mol B3su g, = 10 mpu T' < 100 MsB. Ormerum,
9TO Mool 2> Mhot-

Yacrturisl, oopasyrorruecs npu uctnapennu [T, co-
CTOAT TPEUMYIIECTBEHHO U3 PA3HOBUIHOCTEH JIEMKUX
i OBICTPO PACIAIAIOIINXCS TACTUIL M HEOOJIBITOTO KO-
JINYECTBA CTAOWIBHBIX JIEMIANIINX CyHepCHMMETPUY-
HBIX 9acTul (MiIn JIOOBIX APYTrUX CTAOMIIBHBIX YACTHIL,
[PE/IIIOJIAraeMbIX JACTHI[ TEMHON Marepuu), 0003Ha-
auM uxX Kak X. IlockonbKy 1o mpemmosioxenuio 15
BoIe, yeM macmrad mace SUSY, obimee KOIUIecTBO
BCEX CYNEPCUMMETPUYIHBIX HTAPTHEPOB, CO3JAHHBIX 32
CYeT MCIApPEHUsI, TOJ?KHO ObITh PABHO KOJUIECTBY BCEX
apyrux vacrui,. Kaxaerit SUSY-napraep cos3maer oj-
Hy Jierdafinnyio cynepcummerpuanyio gacruiy (X-aac-
THUILY) B IPOLECCE CBOETO PACIAA 1 HECKOJIBKO JIPYTHUX
BUJIOB YaCTHUIl. TakuM 00Opa3soM, KOJUIECTBO X-dac-
Tl Oy/IeT OKOJIO OJHOIO IPOIEHTa OT YHUCJIa JAPYTUX
qacTuil. bojlee TouHOE 3HAYEHNE 3/1€Ch HE TaK BaXKHO.
DTO COOTHOIIEHUE JTOJKHO eIrie OO0JIbIe YMEHbITHTHCS
B IIPOIIECCE TEPMAJIHM3AINN, CM. HIXKE.

BriOpotreHHbIE YePHBIMUA JIBIPAME YHEPIUIHBIE TaC-
TUIIBI PACIIPOCTPAHSIIOTCS Ha (POHE ropasigo Oojee Xo-
JIOJTHOW TIJIA3MbI M OCTBIBAIOT, OJJHOBPEMEHHO Harpe-
Basi ¢oH. OxJtaK/eHrne MPOUCXOIUT, B YaCTHOCTH, 34
CYeT KYJIOHOBCKOT'O PACCESTHIS, TOITOMY UMILYJIhC TOPsi-
YUX YACTHI[ YMEHbIIAETCs COMVIACHO ypaBHEHUIo (cia-
raeMoe, CBsiI3aHHOE C paciiupenneM BcejieHHOIl, B ToM
YPABHEHUU HE yUYUTBIBAETCsI, [IOCKOJIbKY XapaKTepPHBIN
BPEMEHHOIT MaciTab OCTBIBAHUS HAMHOTO MEHbIIIE, YeM
Bpems Xab6ua npu T ~ 100 MsB):

Ehot = —00Neool0E, (101)

rae 0F — mepejada MMITYJIbCa OT TOPSYHX YACTHIL K
xonomabiM. CedeHne pacCcesHms MOXKHO AIITPOKCHMI-
poBaTh Kak 0 = a2g./|p1 — p2|?. Jnsa 6e3mMaccoBbIx
JACTHIL

> = (p1 —p2)* = —2(E1E> — p1 - p2). (102)
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Saech F1 n F — HadajbHAs U KOHEIHAST SHEPTUH XO-
JIOJTHBIX YACTHII,

El ~ TCOOl7 5E = (Eg — El) ~ EQ.

Jutst 3aMeTHOI 1epeiaty SHEPTUH HEOOXOIIMMO Paccesi-
HEe Ha GOJIbINKE YIVIBI, TaK uTo ¢> ~ F1Fy. Oxonuva-
TEJIBHO MOJIY9UM

S 0.19.T3 a2

E ~ 107472
By

cool —

=6-10'"® MsB/c. (103)

COOTBETCTBEHHO BEJIMYMHA, MOTEPh SHEPTUH TOPSIHX
YACTHIL, 110 TOPSJIKY BEJIMYUHBI PABHAS UX TE€MIIEPATY-
pe (90), OyzeT HOCTUrHYTa B T€UYEHHE OY€Hb KOPOTKOIO
BPEMEHN:

teool = 107 10¢, (104)

Takoe ObICTpOE OXJIaXKJIeHIE ODOECIIEUMBAETCS 38 CUET
OTPOMHOH TIJIOTHOCTH XOJIOJIHBIX YACTHIL: UX OKOJIO
MIIJIHOHA HA KAYXKJYIO TOPSIYIO YaCTHUILY, CM. ypaBHE-
Hust (99), (100).

B pesynbrare cwmerenust M TepMaIH3aIMA JIBYX
KOMITOHEHTOB, TOPSIIEro U XOJIOIHOTO, TeMIIepaTypa 00-
pasyIoleicsd 11a3Mbl CTaHeT

1/4

Tpin = _) ~ 147M; > MsB.  (105)
COOTBETCTBEHHO, MOJTHASI [JIOTHOCTH PEISITUBACTCKUX
qacTHIl Oy/IeT paBHA

Nrel = Olg*T}O’m =4 1038M8_9/2/CM$. (106)

Cormacao dopmyse (99) miorHOCTH uHMCTa X-dac-
THI, cpa3y IIOCAEe HCIAPEHUs JOJKHA OBITh OKOJIO
103°Mg ® em™3. Tlocste GBICTPOl TepMAU3AIUI OTHO-
IIeHne IIOTHOCTH X -9aCTUll K IJIOTHOCTU BCEX PEeJIs-
TUBUCTCKHUX YACTHI CTAHOBUTCH PABHBIM

nx/nre = 3-107°. (107)

OBOIOIMS  IJIOTHOCTH X -YACTHI] OIpPeIesIseTcs
ypaBHEHHEM

(ann)

2
-0y

nx +3Hnx = uny, (108)

IJle cjaraemMoe, OoTBedaroniee 00paTHON aHHUTIHJISITNH,
HE YUUTBIBAETCsI, TOCKOJIBKY TOPSYME YaCTUIBI OT WC-
napsionuxcsa [[Y ] oueHb OBICTPO OCTHIBAIOT ¢ XapaK-
repHbIM BpemereM (104) u, coemoBaTesbHO, TeMIepa-
Typa IIa3Mbl CTaHET HAMHOTO MeHbIne M x. OueBuiHO,
HOCKOILKY mx > Ty, (105), pacupenenenune X-uaac-
THI OyJIeT CUJIBHO OTJINYATHCS OT PABHOBECHOI'O Pac-
npenenerns boze — Ditamreitna mim Pepmu — Hupaxka,
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HO KMHETUYECKOE PABHOBECUE YCTAHABIUBAETCS OYEHD
OBICTPO, UTO IPHUBEJIET K PACIPEIEJIEHHUIO 110 SHEPIHUH,
6/IM3KOMY K DPABHOBECHOMY C HEHYJIEBBIMU ¥ PABHDI-
MJ XUMIYECKUMU [TOTEHINAJIaMHI JacTul, X U anTtu-X ,
B NPEJNONoXKeHnn HyaeBoit X /X—aCHMMeTpHH. Ecan
OBl YCTAHOBHUJIOCH TIOJTHOE KHHETHIECKOE M XMMHIIECKOe
pasroBecue, To mwiotHoctd X (1 X) GbLIH ObI Upes-
BBIYANHHO MAJIbl ¥ TPOOJIeMa M30bITKA TAKUX YACTHI] HE
BOBHUKJIA Obl. KJTIOUEBBIM MOMEHTOM 371€Ch SIBJISIETCST
OBICTpOE OXJIAXKJICHHE IIIa3Mbl 00PA30BaBIIMXCS TOPSI-
YUX YaCTHIl, HAMHOTO 0oJiee OBICTPOE, eM KOCMOJIOTH-
JecKoe pacuimpenue, cM. ypasaenue (104).

ITapamerp Xab66sa H, BXomdmmii B ypaBHEHHE
(108), onpemesieTcst BIpaKeHUEM

()"

rJie 2 = @ /G — OTHOIIEHNE HAYAJIBLHOTO MACIITAOHOTO
KO3 dunmenTa K TEKyIeMy, a s HAYAJIbHOrO 3Ha-
yeHus Temueparypbl T, Mbl BosbMeM 1y, 3aJaHHOE

813 g,
90

T2 0A4TE

szpl

, (109)

mpj

ypasaeruem (105). Hajeemcst, 9T0 He IpUBEJIET K 11y-
TaHUIE.

BBoud r = nxz° U MeHAA BPEMEHHYIO IIePEMEHHYIO
HA Z, MBI IPUXOIUM K YPABHEHHIO

dr r? _ OannVMpj r2

dz Hz* 0472, 2%’
KOTOPO€ JIErKO MHTEIPUPYETCsl, IIPUBOJS K CJIELYIOIIe-
My De3yJIbTaTy:

3

= —OannV

(110)

Tin _ 1
2(1-1/2)  Qz%

_ 2
rae Q = ovmp/(0.477).
[TostHOE CeUeHME AHHUTIIIATIAN MOXKET OBITH 3aOUK-
CHPOBAHO YCJOBHEM, 9YTO X-YaCTUIBI SABJISAIOTCS JO-

ny = (111)

MHHUPYIONIUMU HOCUTEJIAMUA KOCMOJIOTUY€ECKOIT TEMHOM
MaTepuu. CorjacHO MHOTIOYUCJICHHBIM Ha6J'IIO,ZLaTeJIb—
HBbIM JTaHHBIM,

Qpa =0.26, Qcmp =5.5-1077, (112)

i (px /py) e = 5 - 103,

ITo pacderaM, NPUBEJICHHBIM, HAIPAMED, B KHHUTE
[30], 3aMoporKeHHAsT KOCMOJIOTHYECKasI IUIOTHOCTD MAac-
cbl X -9aCTHI] ONIPEIeJIAeTCs yPaBHEHIEM

1091']0
mp; 3B (0annv)

Qxh? ~ ~0.12, (113)
rme h ~ 0.67 — 6e3pa3mepublit mapamerp Xabbsa, a
x5 =Ty/mx = 20-30 — OTHOILIEHNE TeMIEPATYPHI 3a-
Mep3anusg K macce X . [locseamit 4ien B mpuBeIeHHOM
BBIIIIE COOTHOIIIEHUN SBJIsIeTCs HAOJII0/1aeMbIM 3HAYEHNU-

em. CremoBaTeIbHO,
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Cannvmpy = 3 - 1011 TsB™! (114)

nx ~ 1071227372 T'sB. (115)

Wrak, ams oTHOMEHNsT WIOTHOCTH X K MJIOTHOCTH De-
JIATUBUCTCKUAX YACTHUIL HAXOIUM

nx 10712 I'sB

~ 710712
Nrel Tz

(116)

TaK YTO OTHOIIEHHE COOTBETCTBYIOIIUX IIJIOTHOCTEH
SHEPIUU B HACTOsIee BpeMs PaBHO

pPx __  mx  nx 9+(0.1 MsB) -
pcvuB  3TcmB Nrer 9+(150 MsB)
<103 2X 0 (117)

TsB’

910 0Ee30MaCHO HUXKe HaDIIOMATETbHOIO 3HAYCHUS
px/pcmB = 5-103, ocobernno ecim my < 1 T3B. 3aech
MbI B3 g, = B0 nmpu T = 150 MsB u ¢g. < 10 upnu
T = 0.1 MaB.

Pesynbrarsr, npeicraBieHHBIE B 9TOM TPUIOXKEHIH,
He COTVIACYIOTCS € ONMyOIMKOBaHHBIMHA B padorax [31,32]
O POXKIEHNH BO3MOXKHBIX JACTUIL TEMHON MATEPUU WC-
mapenuem [IY/1. Ho saTo pa3noriacue ecTecTBEeHHO, MO~
CKOJIbKY B 9THX paboTax He YUUTHIBAETCs Psif CyIIie-
CTBEHHBIX (pusndeckux 3ddexkToB. Bo-nepBrix, B 91X
paboTax IperoaraeTcs, ITO UCIApeHne UIeT B IIy-
CTO€e TIPOCTPAHCTBO, & B HaIlleM ciy4dae Bcemennast Obl-

JIa 3aIoJHeHa 0oJiee XOJIOIHON PesIATUBUCTCKON I171a3-
Moii. Bo-BTOpBIX, HE YyUNTHIBAETCS OCTATOYHAS AHHUT U~
JISITUST CO3JIAHHBIX YACTHUI[ TEMHON MaTepuu, B TO Bpe-
Msl KaK BbIIIEe ObLIO MOKA3aHO, 9TO 9TO OYEHb BAXKHO.
C apyroii CTOPOHBI, OXJIaXKI€HUE TACTUI, TEMHON MaTe-
pUH UIeT HACTOJIBKO OBICTPO, ITO MX OOPATHON AHHU-
TUJISIIAN HE TPOMCXOJIUT, TIO3TOMY OHU HE CO3JIAI0TCS B
9TOM IIPOIIECCE.

IMPMNJIO2KEHUE B

31ech MBI IpUBeIeM AHAJATHYCCKUE BbIPAXKEHUS
qtst maTerpasios Iy (63) u I3 (64) qyst 1Byx hopM criex-
tpa macc IT9/I; mwiockoro (nepsbiii MHAEKC j paBeH 1)
U HEIIPpEpLIBHOTO IJIaJIKOTO CIEKTPAa, KOTOPBIH YHCIIeH-
HO GJIM30K K JIOTHOPMAJIbHOMY (TI€PBBIN MHJIEKC j pa-
BeH 2), cM. ypasHenue (60) u Boire. Bropble nH/IeKCh
1 mm 3 coorBercTByIioT Iy M I3 cooTBeTcTBeHHO. [l
KPaTKOCTH MBI HCIIOJIb3yeM 0003HAUEHHS ¢ BMECTO 1).

. 1 t
]lo(taaub) = g |:_F |:07 g

t
+T [O,b—BH (118)
— aHAJUTUYECKHIl pe3yIbTaT /Il UHTerpaja jig, OIpe-

JIeJIEHHOTO B ypaBHeHuH (66).

—exp[—t/a®] + exp[—t/b?]
3t

jl3(taa7b) = (119)

— aHAJMTHYECKHI Pe3yJILTAT JIJId HHTErPAJIa, j13, OIPe-
| JIeIeHHOTO B yPABHeHUN (68).

24+/3am 8bI'[—2/3,t/a?]

. 1
Joo(t,a,b) = —WSasz (27exp [_E

~ 2b(4a+b)I'[-1/3, t/a3

t } _ 8al'[-2/3]
+1/3

2a2b2F[1/3,t/a3]_ 36al'[4/3,t/a®] 9a*T'[5/3,t/a’]

11/3T[—1/3] 1173

1
3
IE +6I[0,t/a’]+ /3 VE SIE ) +9(a—b)4 X
- t1 SbU[-2/3]  24v3br  SaT[~2/3,¢/b%]  2a(db+ a)T[—1/3,¢/b7]
X st (27exp {_b?] B R I B VE] s 2/ +
2a20°T[1/3,¢/b%]  36bT[4/3,¢/b%  9b°T[5/3,1/b7]

3 ) ’ 5

+ 60, /6% + e - . . ) (120)

— AHAJUTUYIECKUIl Pe3yJIbTaT /i HHTErpaJja joo, KAK 00ObsICHEHO B pa3i. 4.2.

1

.]23( 7aab) 27(a—b)4t7/3

16020 (—6atT[1/3,t/a’] + 6a*t>/°T[2/3,t/a’] + b|—18a% exp[—t/a’]t"/3 —

— 18abexp[—t/a?] -

+ 9(4a+b)t2/3T[5/3,t/a’|+9abI'[7/3, t/a’]])+

4173 18 exp[—t/a®|t*/3  18bexp[—t/a®|t*? 8v/3abr
a? I'[—1/3]

27(a—b)7/3
18 exp[—t/b?)t*/3  18aexp[—t/b%tY3  8V/3b%ar

—9a2bI[7/3] — 18tT'[4/3,t/a’] +

1
16a20%(—6btI[1/3,/b%)+6b2t2/3T[2/3, /%] +

+ a[—18b% exp[—t/b*|tY/3 — 18abexp[—t/b?|t}/3 —

— 9b%al'[7/3] — 18tT'[4/3,¢ /6% + 9(a + 4b)t*/3T[5/3,t/b%] + 9b%al'[7/3,¢/6%]])

b b2 T[—1/3]

(121)
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