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Y nyJibCcapHbIX TyMaHHOCTeH HabJIIOJAeTCsl CJI0XKHASK PEHTIEHOBCKask MOPGoJIorust ¢ 60JbLIHM pa3Hoo0-
pasveM CTPYKTyp — TOPOB, KoJell, apoK, JIKETOB, MOJOCOK U y3eJKOB. COBpEMEHHbIE PENSTHBUCTCKHUE
maruuroruaponuamuueckue (PMIJ]) monenn 3THX OOBEKTOB yCHEIIHO OODBSACHSAIOT U BOCMPOUIBOJIAT
Ux 0a30BYI0 JLKET-TOPOBYIO CTPYKTYpy. Mexay Tem rnpupoiy OoJiee TOHKHX PEHTI€HOBCKHMX jeTaljieid
JUKET-TOPOBbBIX TYMAHHOCTEH — TaKHX, HallpPUMep, KaK y3eJKH Ha BHYTPEHHEM KOJblie TyMaHHOCTH Kpao,
WM Y3€JIKM BOKPYI SIPKOH 4acTH 10ro-BOCTOUHOIO JuKeTa TyMaHHOCTH Besia — elle TOJIBKO MPeaCTOUT
BbISICHUTb. HenaBHo y3esnkn B TymanHocTH Kpa® Oblin HHTEpPNpeTHPOBAHbl KaK FMraHTCKHE MMJ1a3MOM/Ib,
BO3HHKAIOLIME B €€ 5KBATOPHAJILHOM MOsice — cpasdy 3a YAAPHOH BOJHOH OCTAHOBKH IMyJIbCAPHOTO BeTpa —
B XOJle MArHWTHOTO MepPecoenHeHHs] MOTOKOB MJa3Mbl Pa3jMYHON MoJspHOCTH. B nanHo# paborte Mbl
ucedielyeM, MOTYT JIH PEHTTeHOBCKHE Y3€JIKH TYMaHHOCTH Besia ObITb CBSI3aHHBIMU C H3JlydeHHEM TMIaHTCKHX
nnasmounioB. B pamkax uncnennon PMIJ] Moznesn Mbl moKa3biBaeM, uTo B 06beKTax Tuna Besbl — nByxTo-
POBBIX TYMAHHOCTSIX B TPAHC3BYKOBOM JIBU?KEHHH OTHOCHTEJILHO BHELIHEH Cpelibl — YCJI0BUS /sl HauboJee
MOLLHOTO MarHHUTHOIO T1€PeCOeIMHEHUs CO3/1al0TCsl Ha OKpauHaX PEHTIeHOBCKOH TYMaHHOCTH, Tje 10 o6e
CTOPOHBI OT €€ 3KBaTOPHAJIbHOTO M0sica PeryJsipHO BO3HUKAIOT y4aCTKH MOBbILLIEHHOH 3aMarHHUeHHOCTH.
B npoekuuu Ha HeGECHYIO MJIOCKOCTb 3TH YYaCTKH BbICTPAUBAIOTCS BJIOJIb JIBYX Y3KHX COOCHbBIX “BHELLHHUX
KoJiell”, U3 KOTOPbIX HaBeTpeHHOe GoJiblile TTOJIBETPEHHOTO. FI3-3a pa3Hullbl KoJlell B pa3Mepax UX JajbHUe
CTOPOHBI JIOJI2KHBI ObITh OUeHb GJU3KH JIPYT K JIPYTY, €CJH TYMAHHOCTb BHJIHA C MOJBETPEHHOH CTOPOHbI MOJ
TeM Ke yrjioM, uTo ¥ Besa. IToTOMy ruraHTCcKue njasmouzibl ¢ AajbHed CTOPOHbI TYMAHHOCTH JOJIAKHbI
KOHLIEHTPUPOBATLCA B 06J1aCTH, UMelollel GopMy Y3KOH Jyrooo6pas3HON MOJIOCKH, OrpaHUYeHHOH 3THMH

IMMOJIOBUHKaMH.
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1. BBEAEHUE

[Tysbcap — cusibHO 3amarHuyeHHasi, GbICTPO Bpa-
ularpulascs HeHUTpoHHas 3Besfa. bousblias yacTb
€e BpallaTe/bHbIX MOTEepPb SHEPTHH YHOCHTCS MYyJb-
CapHBIM BETPOM — MOTOKOM XOJIOJAHOH, YJbTpape-
JIATUBUCTCKOH, OECCTOJIKHOBUTEJNBHOH  3JIeKTPOH-
MO3UTPOHHOM (eT) MaasMbl ¢ BMOPOMKEHHBIM TOPO-
UJaJbHBIM MarHUTHbIM noJieM. [Ipu cToJIKHOBEHHH ¢
OKpY2KalollleH Cpe/lof MyNbCapHbIH BeTep TOPMO3UTCS
¢ oOpasoBaHHeM yIapHOH BOJIHBI OCTaHOBKH. Ha He#
nJ1a3Ma BeTpa HarpeBaeTcs, a ee JaBJeHHe, MJIOTHOCTh
¥ MarHuTHoe roJie nopbllIaTes ckaukom. Cpasy 3a
(GpOHTOM ynapHO# BOJIHBI e HAUMHAIOT HCIyCKATb
MHTEHCHBHOE CHHXPOTPOHHOE H3JydeHHe, HabJIo-
JaeMoe Kak sipKas TyMaHHOCTb BOKPYP IyJibcapa.
PenrreHoBckoe u3JjydyeHue MmyJibCapHbIX TYMaHHOCTEN

’ DJIEKTPOHHBIH azpec: a.e.petrovlmail.ioffe.ru

(I'1T) umeet cJ102KHYIO TIPOCTPAHCTBEHHYIO CTPYKTYPY
(Mopdodsioruio). Bo Bcex jneransix sta mopdosiorus
M3yueHa MoKa uTo y JByX 00'beKTOB, MPHHA/IeKALLIUX
K TYMaHHOCTSIM C JUKEeT-TOPOBOH MopdoJiorueil —y
oaHotopoBoi TymanHoctd Kpa6 (Baiicckond u ap.,
2000; Xectep u ap., 2002; Mopu u ap., 2004) u 1Byx-
TopoBo#i TymanHoctH Bena (ITenbdann u ap., 2001;
[Tanos u np., 2001). B pycckosizbiuHol juTepatype
OHHM TaK»Ke U3BeCcTHbI Kak KpaGoBuiHasi TYMaHHOCTb H
TYMaHHOCTb B co3Be3auH [lapycoB cooTBeTCTBEHHO.
Huwxke pisi Kpatkoctd Mbl OyfeM  HMCMOJb30BaTh
umena Kpa6 u Bena s 0603HaueHust KOMIAKTHbIX
PEHTTeHOBCKHX CTPYKTYP 3THX 0ObEKTOB.

Ha penrrenockux kaprax Kpaba u BeJibl BuaHbI
KaK KpyMHble peryJsipHble CTPYKTYPbl — TOPbI, KOJIb-
1a, JUKeTbl, TaK U MeJIKHEe CHJIbHO MepeMeHHble 0CO-
OEHHOCTH — y3€JIKH, MOJIOCKH, KIYTbl (CM., Harpu-
mep, 0630pbl Xectepa, 2008; KapranbueBa u mp.,
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Puc. 1. (a)—(B) — Tpu ormesnbHbIX HaOJIOJEHHUS TMyJbCAPHOH TyMaHHOCTH Besa, caefaHHble PEHTIEHOBCKHM TeJIECKOIIOM
Chandra (0.5—8 k3B). CHUMKH MOKa3bIBAIOT TYMaHHOCThb B JIMHAMHKe Ha MacliuTabax rojaa u Mecsiia. CtpesikaMu moMeueHbl
KpOLLEUHble PEHTTEHOBCKHE Y3€JIKH BOKPYT IPKOTO I0r0-BOCTOUHOTO JpKeTa Besibl. X0Ts 9TH y3e/KU MepeMeHHbl, Ha KaXKIoM
CHUMKE OHH BBICTPAMBAIOTCS 110 Iyre. YTJIOBblE PACCTOSIHUS OT MyJIbcapa 10 Y3eJKOB (B MOPsIIKe CTPEJIOK, OT BepXHEH K HUKHER )
npuBeleHbl Haj KapTamu. (r)— PenrtreHoBckoe uzoGpaxenue (0.5—8 ksB) tymannoctu Kpa6, nosyueHHoe TejiecKonom
Chandra. Ha nanbHeii ot Ha6smoaTesst (HUKHeH Ha KapTe ) CTOPOHE BHYTPEHHEr0 KOJlblia TYMAHHOCTH XOPOLLIO 3aMeTHa LleroyKa
spkuX y3eskoB. LlIkana spKoCTH Ha KapTax MHBEPCHAasi — TEeMHbIe LBETA COOTBETCTBYIOT HanGoJlee IPKUM YacTsAM TYMaHHOCTH.

2015). B To Bpem$si Kak MpUPOJy PETYJSIPHBIX CTPYK-
Typ yCIHELIHO 00bSCHSIOT YHCJEHHbIE PEJIITHBUCTCKUE
MI I (PMI' 1) monenu TymaHHocCTel (CM., HAaNpUMep,
Komuccapos, Jlio6apckuii, 2004; dens 3anna u np.,
2004, 2006; Kamio u ap., 2009; [Topt u ap., 2014),
MPHUPOLYy HEKOTOPHIX TOHKHX CTPYKTYp €lle TOJbKO
TMPEICTOUT BBISICHHUTD.

B nannoii paGote nccieayercs npupojaa LENnoukH
CHJIbHO-TIEPEMEHHbIX PEHTIeHOBCKUX Y3€JKOB BOKPYT
SIPKOTO CErMEHTa I0T0-BOCTOUHOTO JIKETA TYMAHHOCTH
Bena. 9TH y3esik1 yKaszaHbl cTpejKaMu Ha puc. 1, rie
NpUBEJIEHbI TPU OT/E/NbHBIX HaboneHust Besbl pent-
reHoBckuM Tesieckoniom Chandra. CorniacHo Ha6J110-
JIEHUSIM, Y3€JIKH MOTYT MEHSITb CBOIO SIPKOCTb U [10JI0-
JKeHHe, MOSIBJAATLCS M MCUe3aTh, HO BCErJa BbICTPa-
MBAIOTCS B HeKoe Mojobue ayrooOpasHOH LENOuKH.
Ckopee Bcero, 3Ta LeNnoyka MojuepKUBaeT JajbHION
oT HabJioaTe s CTOPOHY KaKOro-Ju60 KoJsblla WJIH
Topa TymaHHocTH. CBOeH y3/0BaTOH CTPYKTypoOH Lie-
MouKa HAMOMMHAET JAJbHIOI0 CTOPOHY Tak Ha3biBae-
MOTr0 BHYTPeHHEero KoJiblia TyMaHHocTH Kpa6. CHumok
nocJenHel NpuBesieH Ha puc. 1 crpaBa, rie BHYTpH
JuddysHoro Topa Xopouio paszauuuMo SIpKoe U y3J10-
BaTOe BHyTpeHHee KOJIblI0 BOKPYI TEMHON 00J1acTH ¢
MyJbcapoM B 1ieHTpe (LBeToBas 1IKaja Ha PUCYHKe
MHBepTHpPoBaHa). BHyTpenHee kosblo KpaboBumHoth
TYMaHHOCTH JIEXKUT B €€ IKBATOPHAJIbHOH IMJIOCKOCTH;
€ro 4acTo acCOLUMUPYIOT ¢ 3KBATOPHAJbHBIM ydacT-
KOM YJIapHOH BOJIHbI OCTAHOBKH BeTpa. B TymaHHOCTH
Besna uenouka ysejnkoB cMellleHa K I0rO-BOCTOKY OT
MJIOCKOCTH 3KBATOPa, MO3TOMY MpsiMasi aHaJoTusi ¢
BHYTPEHHUM KoJsibLIOM TymaHHocTH Kpa6 misi ee uH-
TeprpeTalyi He MIPUMeHUMa.

HenaBHo npupona mnapbl JecsiTKOB y3eJKOB Ha
BHyTpeHHeM KoJiblie B KpaGe Oblia nccienoana Ye-
pyrtu 1 JDkpsunnt (2021). Mx TpexmepHoe umc-
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JeHHoe MmojenupoBanue meronom PIC (Particle-in-
Cell — “uactuua B siuefike”) 1mokasaJjo, UTO Y3eJKH
MOTYT OBbITb CBSI3aHbl C THTAHTCKMMM TJIAa3MOUJIAMH.
[Tocaennue opmupyroTCst MPU MAarHUTHOM I€peco-
e/IMHEHUH B 9KBAaTOPHAJbHOM TOKOBOM CJlO€ Cpasdy
3a (DpOHTOM ynapHOH BOJIHBI OCTAHOBKH MyJbCaPHO-
ro Berpa. TOKOBBIH CJIOH pasnensieT CHJIbHO 3amar-
HUUEHHbIe UCTeUeHHsT TPOTHUBOIMOJOKHOK MOJISIPHOCTH
M3 pasHbIX MoJycdep TyMaHHOCTH. B TymaHHOCTSIX C
OJIHMM TOPOM 3TH Pa3HOMOJISIPHbIE UCTEUEHHST BCTpe-
yarTesl cpasdy 3a ylapHoi BoJHOH ocTaHoBKH (Kamio
u ap., 2009; Ilopr u np., 2014; Bionep, Jlxuomu,
2016; ITonomapés u ap., 2019). Ecan nysnbcaphblii
BeTep CHJIbHO 3aMarHuueH, TO B KOJbLeBOH 06JlacTH
nepecoenHeHns B X0/ie MOCAe0BATENbHOTO CAUSHUS
MEePBUUHBIX MEJKHX MJIa3MOUJIOB MOKET BO3HUKHYTb
BCEro HECKOJIbKO KPYMHOMACIITAOHBIX MJIa3MOMIOB.
[TosToMy ussyueHue 3ToH 06JaCTH OYAET BBITJIAAETD
He PaBHOMEPHO SIPKUM, a y3J10BaTbIM, KaK 3TO M Ha-
6J101aeTCs y BHYTPEHHEr0 KoJblla TymMmaHHOCTH Kpab
(puc. 1). Yepyrtu u Jkbsiunat (2021) npuuiin
BBIBOJLY, UTO /151 0O'bsICHeHHUsT HabJIl0laeMoro umcJa
y3€JIKOB Ha 3TOM KOJblle MPENouTHTeNbHA BbICOKAs
(Mo MepKaM MyJibcapHbIX TYMAaHHOCTeH) cpe/iHsist 3a-
MarHuueHHOCTb MJ1a3Mbl BeTpa: (o) = 5, Tie o — 3T0
OTHOLLIEHHE MJOTHOCTEH SHEPTUH MArHUTHOTO MOJIs U
YaCTHIL.

B nacrosiwieit pabote Mbl HccCJleyeM, MOXKeET JH
LlernoyuKa cy1abblX PEHTIeHOBCKHX Y3€JIKOB B JIByXTOPO-
BOi TymanHocTH Besa Takxke 6bITh 00pasoBaHa mnjas-
MOMIAMH, HECMOTPSI HA TO, UTO Y3€JIKH PACMOJI0KEHbI
3aBeJIOMO BHE 3KBATOPHAJIbHOTO MOSICA TYMAHHOCTH U
JlaJieko oT (ppoHTa YAApHOH BOJIHBI OCTAHOBKH BeET-
pa. Ha ocnoBe uucnennoit PMI'JI-moaenu TymaHHO-
CTH Tvna BeJibl, Mbl MoKasbiBaeM, UTO B JBYXTOPO-
BbIX 00bEKTaX yCJOBHSl JJisi MATHUTHOTO Mepecoe/y-
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HeHHs MOTYT (POPMHPOBATHCS HA OKpauHaX TyMaH-
HOCTH, €CJIM TOCJeHsIsT B3aUMOJEHCTBYET C TpaHC-
3BYKOBbIM TeueHHeM. CoryiacHO pajiMoHalJ/I0eHUSIM,
Bena nelcTBUTENLHO JIBUXKETCS CKBO3b HATeKalOLIUH
TPaHC3BYKOBOH MOTOK'. CuMTaercs, 4To TOT MOTOK
OblJl HTHUUMHPOBAH TNPOX02KIEHHEM Yepe3 TYMaHHOCTb
ACHMMETPUYHON O0OpaTHOM YAApHOW BOJIHBI CBEpX-
Hosoil ([loxcon u ap., 2003; cm. Takxke llleBasbe,
Pefinosbac, 2011).

2. PEHOMEHOJIOTHMYECKAY MOJIEJIb

st uccnenoBanus y3enkos Besibl Mbl HCToONb3y-
eM ocecummerpuunyto PMIJ] moaenb TyMaHHOCTHC
He3aBUCUMbIM OMUCaHWeM ‘“ceBepHON” W “I0XKHOH”
noJycdep (2.5D Mosesb). BoaMoyKHOCTL TaKoro noji-
xojJia 000CHOBaHa:

(i) nabmonennsimu Benbl. CorsacHo ¥M, MarHuT-
HO€ 1oJle TYMAaHHOCTH HMEET BbICOKOYNOPSI0YEeHHYIO
TOPOUJIAJIBHYIO T€OMETPHUIO, UTO CJIeyeT U3 KapT I0-
JISIPU30BAHHOrO H3JTyUeHHsl B PaJIHO- U PEHTI€HOBCKOM
nuanazonax. J1oJist moJisipu30BaHHOTO U3J1y4eH s TIPH-
OJ12KaeTCs K CBOEMY CHHXPOTPOHHOMY nipejienty. B pa-
JIMOU3JTyUeHHH U3 OJIMKANIINX OKPECTHOCTEN TBOHHO-
ro Topa 3ta joJsi 6m3ka K 60% (oxcon u ap., 2003),
a B PEHTIeHOBCKOM M3JyueHHWH BCell TYMaHHOCTH OHa
Bhitlie 60%), Kak nokasbiBatoT gaHubie cnytHika IXPE
(Ken u ap., 2022). Ctosib BbiCOKasi CTeneHb MOJsi-
pU3alMK 10JipadyMeBaeT HU3KUH YypOBeHb KpYyMHO-
MacTabHONH TypOyJEeHTHOCTH CHJIbHO 3aMarHU4eH-
HbIX HCTEUeHHH, OTBETCTBEHHbIX 34 CHHXPOTPOHHOE
U3JlydeHue TyMaHHOCTH. TypOyJIeHTHOCTb He paspy-
1LIaeT BbICOKOYNOPSII0UEHHOE TOPOUIaIbHOE MAarHHUT-
HOe [MoJie, yHacJ/el0BaHHOE 3THMHU HCTEUEHUSIMH OT
MnyJibCapHOro BeTpa. Pery/isipHocTb MarHUTHOrO MoJIsl
SIBJISIETCS] OTJIMUUTEJLHON UepTOl 0CeCUMMETPHUHbBIX
(2.5D) uneanbubix PMITJ] Mmonesedt, uto 060CHOBbIBA-
€T UX NpUMeHeHHe 1151 MoJiesipoBatus Besbl. B oTim-
ume OT HUX, B TpexMepHbIX (3D) MosesiX, 0CHOBaAHHbBIX
Ha Ge3nuccunatuBHol uaeasnbHoil PMIJI, pasBuBa-
I0TCS MOLHASI TPeXMepHast BUXpeBasi TypOyJ/JIeHTHOCTb
M LIJaHroOBble (KMHKOBbI€) HEYCTOHUMBOCTH, ObICTPO
Xa0TH3UpYIOLLKe 10JIe MyTeM rnepepaboTKH ero Topo-
MJaJIbHOH KOMITOHEHTbI B MOJIOMAAJNBHYIO U panaJjb-
HY10;

Mo “TpaHc3ByKOBLIM” TIOHHMAeTCA JBHKEHHE C UHCJIOM
Maxa Mg ~ 1, T.e. uyTb BbIllle WJIH HHUKE CKOPOCTH 3BY-
Ka. IToutn Kaxkaplil My/Jbcap OJHaXK/bl COBEPLUHT Mepexo]
OT JI03BYKOBOT'O K CBEPX3BYKOBOMY JIBUXKEHHIO OTHOCHTEJIb-
HO BHeLIHel cpesibl — JH60 NoBCTpeuan 06paTHyIO YAAPHYIO
BOJIHY CBepXHOBOH (Kak Besa), 160 MHHOBaAB paccTosiHue
~68% ot paanyca 060JIOUKH OCTATKA CBEPXHOBOI (corsac-
HO otleHkaM BaH fep CaauoBa u ap., 1998). Mckiouenne
COCTABJISIIOT JIMLIb MyJbCAPbI, MOJYUYHBLIHE TIPH POKIEHHU
CKOPOCTb B HECKOJIbKO COTEH KM €™ ', KOTOpble C CaMOro
Hauajia OKa3blBalOTCS B CBEPX3BYKOBOM PEXKHME JBHKEHHS
OTHOCHTEJIbHO BELeCTBA OCTaTKa.
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(ii) ombiToM umcsenHoro mojennpoBanus Kpaba.
Ero nepsble 3D Moze/n ycneuHo ycnemHo BoCnpo-
U3BeJIM ero Top, “BUCMbI” U “BHYTPEHHHH Y3eJOK’,
OJIHAKO K€ CTOJIKHYJMCb C OfpejieseHHbIMU CJIOXK-
Hoctsimu. [lopt u np. (2014) samertnau, uto B 3D-
MOJIeJIN He (DOPMHUPYIOTCS XOPOLLO Pa3BUTbIE JKEThI
(BMECTO HHX BH/HBI JIHIIb MarHUTHbIE MIJIeH(pb —
plumes), a Tak:ke He TPOMCXOMHUT 0XKHUAAEMOH CTa-
OUJIM3aLMK yIapHOH BOJIHBI OCTAHOBKH BeTpa (B TO
BpeMst kak y Kpaba nabgionaercs v To, U JIpyroe).
3arem Oamu 1 1p. (2016) rcnosb3oBasnu 3HaUeHHe o,
BbITEKalolllee M3 aHa/M3a OTHOCHTENbHbIX BKJA0B B
crnekTp usJyuenusi Kpa6a o6paTHoro KOMITOHOBCKOTO
M CHHXPOTPOHHOTO H3JlydeHHWH, W [oKasajH, uTo B
00beKTaX ¢ TaKUM 0 JUKETbl JIOJKHbI ObITh HAMHOTO
MolHee, yeM Habuonaercs y Kpa6a. Omnwit ¢ Kpa-
60M M0Ka3bIBAET, UTO a/IeKBATHYIO YHCJIEHHYIO MOJIE/b
3TOH TYMaHHOCTH IOKa YTO He yJaeTcsi MOCTPOUTh U3
MepBbIX NPUHLMIOB — MyTeM MPOCTOro noja6opa Kom-
O6uHalKK 6a30BbIX TapaMeTPoB U nepexoja B 3D — no
KpaliHed Mepe, B paMKax WjeasbHON Oe31UCCUITaTHBR-
Hoit PMI'JI;

(iii) orbITOM MOJIETUPOBAHHUS IBYXTOPOBBIX TyMaH-
HocTefl. B ocecHMMeTpUUHBIX MOJE/SIX He TOJbKO
(hopMHpYIOTCS 1B TOPA, HO U €CTECTBEHHO OObSICHSI-
I0TCS1 IPyTHe CHHXPOTPOHHbIE neTau Besbl ([Tonoma-
peB u ap., 2019, 2021). B cBoem HenaBHem 0030pe
Oumu v bykkuantunu (2023) noguepkHyJi, uTo Mpu
onucaHuu BHyTpeHHer tymanHocti Kpa6 2D u 3D mo-
JIeJIH IAI0T CXOXKUe pe3dysbTaThl. MoxKHO 0XKHIIATh, UTO
111 Besibl passinune Mexiy TUMH MOJIEJISIMH JIOJKHO
ObITh ellle MeHee 3HAYUMBbIM, TOCKOJIbLKY ee MarHUTHOe
oJie Topas/Io peryJsipHed, a ee JIBOKHOW TOp ropasao
KomnakTHeil, yem y KpaGa (MeHee 1ByX paauycoB
yaapHoil BoJIHbI NpoTHB Tpex y Kpaba).

Cpenu MHO)KeCTBa MyJIbCApHBbIX TYMaHHOCTH ¢
JUKET-TOPOBOH PEHTTeHOBCKOH Mopdosiorueii, Be-
Jla — 10Ka YTO €JIMHCTBEHHbI W3BECTHbIH 00BEKT ¢
nBymst Topamu. [lomumo aByx TopoB, y Besbl umeercs
ellle psij JeTased, aHaJoroB Kotopbix HeT y Kpaba.
ITH JleTal CTOJb HeOObIUHbI, UTO IHMOTe3bl 00 MX
MPOUCXOXKJIEHHH Ja’Ke He pacCMaTPUBAJIHUCh B Hayu-
HOH JIUTepaType, HACKOJIbKO HaM 3T0 u3BecTHO. Cpenu
HUX — CMellleHHe MyJibcapa OT LIeHTPa HUKHEro Topa;
pasHast BeJIMUMHA CAMUX TOPOB; MEKTOPOBAsi pHOCe-
Basi Jietajb, Kotopyto [1asjos u ap. (2001) umenytor
“BHYTPEHHHUM JKETOM”; SIPKOCTb MMEHHO CpEJIHEro
yuyactka OB mkera, a Takxke nomnepeuHasi noJjocka
B HauaJ/le 3TOro ydyacTKa M Lieroyka y3eJKOB BOKPYT
Hero, u ip. HeoObluHOCTL MOposiornu npeanoJaraer,
uto Bena dopmupoBasach npu oco60M couyeTaHHH
ycsoBuid. Tlonck 3TOro covetaHusi myTeM MPOCTOro
nepebopa 6a30BbIX MNapamMeTpoB TMoTpeboBal Obl
OIPOMHBIX KOMIbIOTEPHBIX PECYPCOB, TTOCKOJBKY MOP-
cosiorus [T uyBcTBUTENbHA K LIeJIOMY PsILy TapameT-
poB mnyJibcapa W BHellHell cpeabl. bosee Toro, onbit
¢ KpaGom He MCKJ/IOUAEeT, UTO TAaKOW MOUCK MOXKET U
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He YBEHYaTbCsl YCIIEXOM, eCJiM MOJIe/IMpoBaHue Oyaer
orpaHuueHo pamkamu upaeanbHoit PMIJI. Bsamen
3TOr0, OBIIO OBl pasyMHel — Mo KpalHeH Mmepe, Ha
HauaJIbHBIX Tamax MoCTpoeHusi uaeasbHon PMIJL
mojiesin BeJsibl — nenpo6oBaTh heHOMEHOIOrHueCKHi
MOJIXO/L M TIOMNBITAThCs1 OMPEAEUTb (PU3HUECKHE YCJ10-
BHsI, CMOCOOCTBYIOIME (POPMUPOBAHUIO OTAEIbHBIX
CTPYKTYP TYMaHHOCTH U BCeH HX COBOKYITHOCTH.

MogenbHble pacueThl MOKa3bIBaIOT, YTO BOBHUKHO-
BeHHe JIByX CTaOWJ/IbHBIX TOPOB TpeGyeT coveTaHus,
KaK MHHHMYM, TpeX YCJOBHH — HaJMUUsi B TyMaH-
HOCTH LLIMPOKOT0, Me/IJIEHHOTo ¢/1a603aMarHi4eHHOro
9KBATOPUAJIBHOTO HCTEUEHHs], TTOBBILIEHHOTO JaBJie-
HUSI B 9TOM HCTEUEHHH (M0 CPABHEHHIO CO CMEXKHbI-
MU 06JIaCTSIMM), W TOBbILIEHHONH (MO CPaBHEHHIO C
onHotoposbiMU [1T) ctabuiibHOCTH TeoMeTpuu yaap-
HOW BOJIHbI ocTaHOBKH Betpa ([lonomapés u np.,
2020). Bce Tpu ycsoBusi crocoGCTBYIOT peryJisipu-
3allMM CHUJIbHO 3aMarHUYEeHHBIX MCTEUeHHH TyMaHHO-
CTH, 6erylmx no o6e CTOPOHbI OT IKBATOPHUAJBHOTO
nosica, U MpPensiTCTBYIOT Pa3BUTHIO B HHUX CHJIbHOH
TypOYJEHTHOCTH. DTO MO3BOJISIET HCTEUEHUSIM COXpa-
HATb YNOPsII0UEHHOE TOPOUabHOe MarHUTHOE T10Jle,
yHaCJIeIOBAHHOE OT TyJbCAPHOTO BETpa, 0 CaMbIX
IPaHULL PEHTIEHOBCKOH TYMAHHOCTH, M MPENsTCTBYeT
JIMCCHIAIMY MAaTHATHOH 9HeprHu. Tak uTo Ha rpaHuLIax
[1T HanpsKeHHOCTb MArHUTHOTO TOJISI OKA3bIBAETCs
MOUTH CTOJIb K€ BBICOKOH, KaK W BOJIM3H YlapHOH
BOJIHBI TOPMOZKEHHSI MY/IbCaPHOTO BETPA.

Crnoco6 o6ecreunTb MOBbILIEHHOE JaBJieHHe Ha
skBatope [IT oueBunen. Ilpu Gosbliom yrie o Ha-
KJIOHEHHS] MarHUTHOH OCH MyJibcapa K OCH €ero Bpa-
eHust (Hanpumep, « 2 70°) B MyJbCapHOM BeTpe
(hopMHupyeTcs MHMPOKUH ceKTop “moJocaTtoro Betpa’
(striped wind). DTtoT cekTop ¢ yrJIOBBIM pa3Mepom
+a (cuMTasi oT BpalllaTeJbHOr0 KBaTOpa MyJsbcapa)
3aroJiHeH [0JI0CaMH T1yJIbCAPHOH MJa3Mbl C Mepe-
MEHHOH MAarHUTHOH MOJISIPHOCTbIO, MPH MePecoein-
HEHHH KOTOPBIX MArHUTHOE T0Jie TIOUYTH TMOJHOCTBIO
nuccunupyet (Jlio6apekui, 2002). B pesynbrate npu
nojixojle K yjaapHomy ¢poHTy “moJiocatblii” BeTep
OKasblBaeTcsi ¢iabo 3aMarHuueHHbIM; K TOMY 2Ke, OH
atakyetT ¢poHT no HopMasu. O6a o6CTOsATENLCTBA
NPUBOJAT K TOMY, UTO “roJiocaThlil” 3KBaTOpHAJIb-
HbIl BeTep TOPMO3MUTCSl HaMHOro 3(deKTHBHee, yeM
BbICOKOLUMPOTHBIN “HernoJsiocaTblii” BeTep, KOTOPbIH
3aMarHuueH CMJbHO M aTakyeT yldapHbl (PPOHT 1oj
KOCbIM yrjioMm (cm., Hanpumep, Kennen, Koponuty,
1984; Komuccapos, 2012; Ilean 3anna u ap., 2004).
AddexTrBHOE TOPMOKEHHE, COTIACHO COOTHOIIEHH-
ssm Pankuna—Iloronno, cornpoBoKaaeTcsi MOBbILIEH-
HBIM yJIapHbIM C2KaTHEM TJIa3Mbl, TaK 4TO caabo3amar-
HUUEHHBIH “TIoJlocaThiil BeTep” MomnajaeT B 9KBATOPH-
agnbHbif nosic I1T nepec:kaThiM M HelOpaclIMPEHHBIM
OTHOCHTEJIbHO CMEXHBIX C HUM CHJIbHO 3aMarHuueH-
HbIX McTeueHui. Ero nocsenytollee pacuimpenue npe-
MATCTBYET TPOHUKHOBEHHIO B 9KBATOPHUAJIbHBIN TMOSIC
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MarHUTHOH TypOYJIEHTHOCTH, CIIOCOOCTBYS TE€M CaMbIM
MOJJIEPKAHUIO TTOHHKEHHOH CHHXPOTPOHHOH CBeTH-
MOCTH 3TOT0 M0osica.

3aMeTuM, 0JIHAKO, UTO YCJOBHUS JIOJTOBPEMEHHOTO
nojiiep>Kannst U3ObBITOUHOTO JaBJIEHHS BO BCEM 3KBa-
TOPHAJLHOM TMOsICe KOMIAKTHOH TYMaHHOCTH HY»KJa-
I0TCS B JaJbHedleM uccaenoBadud. OQHUM M3 ITHX
YCJIOBUHA MOXKET ObITh MOBbILIEHHAs CTaOUJIbHOCTb
reoOMeTPHH Y1apHOH BOJIHBI, MPHUMHBI KOTOPOH TaKKe
HeOoOXOAUMO HccaenoBaTh. Kak oTMeuasoch BhIle,
60Jiee ueM yMepeHHasi aKTHBHOCTb yJIaPHOH BOJIHbI B
Kpabe pe3ko KoHTpacTHupyeT ¢ ee GypHOU AUHAMUKOH
B PMI'Jl mopmensix stoll TymaHHocTH. BoJjee Toro,
quddysHocTh U3aydenus: B Besie 0 ycToHUMBO HU3KAaS
CBETUMOCTb €€ IKBATOPHANBHOTO MOsica CKOpPee BCEro
03HaualoT, uTo HcTeueHus B Besie ropasjio perynsipHee,
yem B KpaGe. Mnaue 6b1 B Hell HabJionasuch Tak
HasblBaeMble “BHCIbI”, KOTOPbIX Ha jleJie He BHJHO,
xotsi Besia B 7 pag 6simke x Ham, ueMm Kpa6. (Hamom-
HHUM, 4TO “BHCMamMM” Ha3bIBAIOT SIPKUE MepeMeHHble
JKTYTOOOpa3Hble CTPYKTYPbl, KOTOPbIE CBSI3bIBAIOT C
KPYMHOMACIITAOHBIMH MATHUTHBIMM BUXPSIMH, KOTO-
pble pPa3BUBAIOTCS] B 3KBATOPUAJILHOM T0SICE TyMaH-
noctu Kpab.) Mopaenuposanue [lopra u ap. (2014)
u bronepa u Jxuomu (2016) nokasano, uto mo-
JIBUXKHOCTb YIAPHOHU BOJIHBI MOXKET ObITh OcJiabJieHa
MOHHXKEHHEM CpeJIHel 3aMarHiUeHHOCTH MyJIbCaAPHOTO
Berpa. OmHAKO 3TO ocjabJieHHe OKa3bIBAETCs HElO-
CTaTOUHbIM JJI51 TTOJUIEPIKAHUST PErYJSIPHOCTH HCTede-
Hui. Panblile win no3ke, B3auMopacKkauka yaapHo#
BOJIHBI U COPOIIEHHBIX €10 TIOTOKOB TMJIa3Mbl MOPOXK-
JlaeT CUJbHYIO BUXPEBYIO TYpOYJEHTHOCTh; OHA HAUH-
HaeT BO3MYIIATb MArHUTHbIE UCTEUEHUS], BBIHYXKIAET
UX BTOPraThCsl B 9KBATOPUAJbHBIN MOSIC U pa3pyllaTh
JIBYXTOPOBYIO cTpyKTYypy. Pacuetsl [Tonomapéra u ap.
(2020) mokasbIBaIOT, UTO IPYTUM CIIOCOOOM peryJisipu-
3all1 reOMETPUH yIaPHON BOJIHBI U UCTEUEHHH MOXKET
CJIY>KUTh YCKOPEHHBIH OTBOJ MJIadMbl C MepUtepun
KOMITAKTHOH (PEHTreHOBCKOH) TyMaHHOCTH. KMMeHHO
¢ nepudepyud B JBYXTOPOBLIX 0ObeKTaX HAUuHHAETCS
HAKOTIJIeHe MarHUTHOH TYpOYJIeHTHOCTH, TaK UTO OT-
BOJI OTTy/la MarHWUTHOW MJa3Mbl U BMOPOXKEHHBIX B
Hee BUXpeH MPenATCTBYeT 3TOMY HakorjeHuio. OT-
BOJI TaKxKe MPeJ0TBpallaeT HaKoIJIeHre U30bITOUHOH
nsasmbl Ha cpenHux wmporax [1T, B pesysbrate Ko-
TOPOTO JAaBJEHHE TaM MOTJIO Obl TIPEBLICUTD JaBJIECHNE
B 5KBAaTOPHAJLHOM MOSICE ¥ CTIPOBOLIMPOBAThL KOJIJIATIC
MOCJIEJTHETO.

YcKkopeHHBIH OTBOJI MJ1a3Mbl MOKeT ObITh obecrie-
YeH BHEIIHUM TMOTOKOM, WAYLIIUM MHMO TyMaHHOCTH

W/MIK BO3HMKILEM M3-3a COGCTBEHHOTO JBHIKEHHs!
nyJibcapa OTHOCHTENbHO BHellHel cpefbl. [ToTok Mo-
JKeT TakKyKe BBICTYMaThb B POJIM BbIHYXKJAAIOLIEH CH-
Jibl, KOTOpas nepepacnpesessieTiaBleHie B o0beme
MyJIbCaPHOH TYMAaHHOCTH W PeryJ/isipu3yeT ee ucreue-
HUS1, CIVIaXKUBasi UX MesIKoMaclliTaOHble BO3MYLLEHHS,
YTO JIOMOJHUTENbHO CTAOUIN3UPYET YAAPHYIO BOJIHY U
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CrocoOCTBYET COXPAHEHUI0 HU3KOH 3aMarHHueHHOCTH
Ha skBarope. HakoHell 3aMeTHM, 4TO BHELIHWH MOTOK
sIBJIsieTCsl HauboJsiee BEpOSITHON MPUUMHON SKBATOPHU-
AJIbHON acUMMeTpuH, HaOJonaeMol y 00JbLIMHCTBA
[1T (Bk/ouas Beny u Kpa6), nocko/sibKy HaBeTpeHHAast
U TIOJIBETPEHHAs YaCTH TYMAHHOCTH JOJKHbI B3aUMO-
JIEHCTBOBATh C MOTOKOM Mo-pagHomy (JleBendui u
ap., 2021).

[Ipu BkJlOYeHWM BHelllHero notoka B PMIJL
monenb [IT uyucsao HeompenesneHHbIX WM caabo-
OTPaHUUEHHBIX TMapaMeTPOB MOJENH BO3pPACTaeT Kak
MUHUMYM Ha 8. Mojesb TpeGyeT 3ajaHusl MJOTHOCTH
U CKOPOCTH MOTOKA, a TaK K€ ILIeCTH YIJIOB, KOTOPbIe
3a7al0T OpPHUEHTALMI0 MOTOKA OTHOCHTEJBbHO OCH
BpallleHUs1 MyJibcapa, CKOPOCTH €ero CoOCTBEHHOTO
JIBIKEHHS, W Jiyda 3peHusi Habmwopartens. [Ipensa-
putesbHble 3D-pacueTbl, KOTOPblE Mbl BbITOJHHUJIH,
NoKasaJju OueBHJHOe: MOPQOJIOTHSI TPAaHC3BYKOBOH
TYMaHHOCTH BeCbMa YyBCTBHUTEJbHA K HeOOJbIIOMY
MU3MEHEHHUIO JIaXKe OJIHOTO U3 napaMeTpoB. UpesBbi-
Ya#HO peCcypcoeMKOoe HCCJIeIOBaHWEe TPOCTPAHCTBA
napameTpoB paay MOHUCKA MX KOMOWHAlMU, Hau-
Jyuniedt st oO0bsicHeHusi Mopdosiorud Benbl, Ha
ceroyiHsi HeBO3MOxkHO. [ToaTomMy B naHHO# pabGoTe Mbl
nojGUpa It 3Ty KOMOMHALMIO (heHOMEHOJOTHUECKH.
[Tono6HbIM 06pa3oM 0OBIUHO MOCTYNAIOT MPH MOUCKE
9KCTpeMyMa (PYHKIHMM MHOTMX TepeMeHHBIX, KOorjia
HauaJibHble 3HAUEHWS] 3THUX MEPEeMEHHBIX MbITAITCS
3a7aTb KaK MOXKHO OJiMKe K HMX TMpearnosaraeMbiM
3HAUEHUSM B SKCTPEMYME.,

OO6111eH3BECTHO, UTO H YMEPEHHO, U CHJIbHO CBEpX-
3BYKOBbI€ BHEIIIHME TeYeHHs] CO31al0T 30HYy TOBbI-
LIEHHOTO JaBJenusi ¢ HaBeTpeHHOH ctoponbl [IT u
30HY pa3peKeHusi ¢ TOABETPEHHOM CTOPOHbI. B 06111em
cJlyuae pasHoOCTb 3THUX JaBJEHHH 3aBUCHT OT MHOTHX
napaMeTpoB (oT uucjia Maxa W OpUeHTalMH HaTe-
Kalollero noTokKa, U OT CBOHUCTB CAMOH TYMaHHOCTH).
B Haummx pacuerax mMbl pOpMHpOBaA/IM 3Ty pPasHOCTb
UCKYCCTBEHHbIM MOJO0POM JIOKAJIbHOTO TeUeHHusl, W
3aTeM, MyTeM MOJEJIHPOBAHHS, ONPeIesaIH HHTEPBaJ
ee 3HauyeHUH, KOTOPbIH MO3BOJISIET HAWUJIYULIUM 00-
pa3oM BOCIPOU3BECTH OOJBUIMHCTBO JAeTajiell Mop-
tosiorun Besbl. DTOT MHTEpBaJI, BbIpasKeHHBIH uepe3
OTHOLIEHHE JaBJEHUH C HAaBeTPEHHOH U MO/IBETPEHHON
CTOPOH TYMAHHOCTH, OXBATbIBAET 3HAUEHUSA ~10%2-103
U TIpUOJHKEHHO OTBeUaeT 3BYKOBBIM uucjam Maxa
notoka Mg ~ 1.3—2.3. Takoii BHELIHUH MOTOK OTBO-
JIUT U30BITOUHYIO MJIa3My, CTaOUJIM3UPYET TEOMETPHIO
yJapHOH BOJIHBI, U TIPH 3TOM He pa3pylliaeTr JABOHHOH
TOP.

B kauecTBe 0CHOBbI Obl1a HCIOJb30BAHA OCECUM-
MetpuuHasi 2.5D MoJiesib TyMaHHOCTH TMyJbcapa c
OOJIbIIMM MarHUTHBIM HaKJOHEHHeM U cjabo 3amar-
HUUeHHbIM BeTpoM (o = 80°, g = 0.03—0.1). Takas
TYMaHHOCTb CKJIOHHA K ()OPMHPOBAHUIO JIByXTOPOBOH
CTPYKTYpPbl (CM. puC. 2a, TOANHUCh K HEMy H MOsiC-
HeHusi Bbille). JleTasbHoe HMCcenoBaHWe MOKAa3aso,
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YTO HAJIMUKE OTIPeeJeHHON Pa3HOCTH JIaBJIeHHH C Ha-
BETPEHHOU W MOABETPEHHOH CTOPOH 3TOH MOJEJIbHON
TYMAHHOCTH BAXKHO IS MHTEpHpeTalrn OGOJbIINH-
cTBa CTPYyKTYyp Besbl. B uacTHocTH, OHO momoraer
00BSCHUTbL pas3nuuHbli pazmep ee TopoB (IloHoma-
péB u ap., 2021), MocKoJbKY HM3-3a TOBbILIEHHOTO
JIaBJIEHUS] C HABETPEHHOH CTOPOHBI HABETPEHHBIH TOP
orctynaer ot ocu I1T, a us-3a paspexxkenusi nosauu
TYMAHHOCTH MOJIBETPEHHBIN TOP MOKUMAETCS K ITOH
ocu (cM. puc. 2). Kpome Toro, paszpexketue nomoraer
MOJIBETPEHHOMY JKETY C(OPMHPOBATH TPEXUACTHYIO
CTPYKTYPY C SIPKO# CpejiHell uacTblo, KOTopasi He Bbl-
XOJIUT 3a mpejienibl nojaserpeHHoro topa (Ilonomapén
u ap., 2021; cm. puc. 26). MimenHo Takyio HeoOblu-
HYIO CTPYKTYPY HMEET M0JIBETPEHHbIH I0ro-BOCTOUHBIN
JoKeT Besibl (CM. B 3TOM BBINyCKe KypHaJja CTaTbio
®ateeBolt W np., 2023, Npo MonepeuHylo MOJOCKY
B 3TOM Jukete). Heranu uucaennou PMIJ] monenn
TYMaHHOCTH, BBIOOP CETKH U CNOCO0 MOCTPOEHHUS KapT
CHHXPOTPOHHOTO HM3JydyeHHsi Ha Gase 3TOH Mojesu
onucanbl B [Ipunoxenusx A u C.

3. PESYJIbTATDI
3.1. Kaptuua teyernnti B AByXTOpOBOI TYMAHHOCTH

[Ipexxne uem oGCYIUTb pe3yJbTaThl MOJETHPO-
BaHHUS1, MOSICHUM CTPYKTYpY MJIa3MEHHbIX TeueHHi B
JIByXTOpPOBOH TyMaHHocTH. ClesaeM 3TO Ha MpuUMepe
KapThl ee MarHuTHOro noJist. OHHU MoKa3aHbl Ha TOJIOU-
JlaJIbHOM cpe3e TYMaHHOCTH Ha puc. 2. [lry6okue kpac-
HbIH ¥ CHHMI LIBETA HA 3THX KapTaX OTBEUAIOT CHIIbHO
3aMarHMueHHbIM HCTEUEHUSIM PA3HON MOJSIPHOCTH; HX
nepecoeHeHne MOTEHIMATbHO MOYKET MPUBOIUTH K
(hOpMHPOBAHHIO ITHTAHTCKHUX MJ1a3MOUJIOB.

B nmeyxtopoBbix moxensix [IT 3T ucreuenus He
BCTPEUAlOTCs Cpa3y 3a yAapHOH BOJIHOH OCTaHOB-
KM, KaK 3TO MMeeT MeCTO B OJIHOTOPOBBIX MOJe-
Jasax. HanpoTtus, oHM ocTatoTcs pasieseHHbIMH 110
CaMbIX OKpPaWH PEHTTeHOBCKOH TYMaHHOCTH ILMPO-
KHM, MeJJIEHHBbIM, ¢/J1a00 3aMarHUUeHHbIM 3KBaTOPH-
anbHbIM HcTeueHneM. [locsennee Qopmupyercs 3a
nosicom Maxa — 3KBaTOpHaJIbHBIM y4acTKOM yaap-
HOro (hpoHTA, HOPMAJbHBIM K pajdajbHbIM JIMHUSM
TOKa MyJbcapHoro perpa. Ha sToM yuacTke nmoTok
MyJbCapHOKU TasMbl ca1ab0 3aMarHuueH, M aTakyeT
(pOHT Mo HOpMaJH, MOITOMY TOPMO3HUTCSI TOPasflo
CUJIbHEE, UeM TOTOK TMepeceKalolid apouHble CBOJIbI
ynapHo# BoJiHbl. [lo 3Toll npuurHe 3KBaTOpHAJbHbIN
MOTOK BXOJIUT B TYMaHHOCTb NEepPeCcKaTbiM M Helopac-
LIMPEHHBIM OTHOCHUTEJIbHO CMEXHBIX C HUM HCTeye-
HUHA. DTO MpensTcTByeT MPOHUKHOBEHHIO B KBATO-
puasbhbiil nosic [1T ucreuenn#t cuibHO 3aMarHuyeH-
HOH MJ/1a3Mbl, COPOLIEHHBIX B TYMAHHOCTb C apOYHbIX
CBOJIOB yjiapHo# BoJiHbl. [lo Mepe mpoaBuKeHHsT K
rpanuuam [IT, skBaTopHa/bHBIH MOTOK MOCTENEHHO
pacuIupsieTcsl, CTPEMSICh BLIPOBHAITh CBO€ JaBJIEHHE C
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Puc. 2. KapTbl asuMyTasbHOrO MarHUTHOTO MOJIsl, WIIOCTPUpYIOliMe KapTuHy TeueHudt B PMIJ] monensix nByxtopoBoit

nyabcaproil tymanHoct (I1T), nokosiueficss 0THOCHTEIBHO

BHeILHeH cpelibl (a) M B3aMMOJEHCTBYIOLIEH C TPAHC3BYKOBBIM

TeuenueM (6). [lapamerpnl Mozesneii npuBenensl Han Kaptamu. HamnpsikeHHocTb mosist (B MKIC) mokasaHa 11BeTOM COTJIaCHO
LIBETOBOH LIKaJie HaJl PUCYHKOM; KpacHbI!l U CHHHH LIBETa OTBEYAIOT HCTEUEHUSIM PAa3JIMUHON MarHUTHOM noJisipHocTH. [TouTn uto
6eJIblil 9KBATOPHAJIBbHBIN 1105IC TYMAHHOCTH (MEXK/1y Pa3HOMOJISIPHBIMH UCTEUEHHSIMH ) COOTBETCTBYET MeJIeHHOMY csiabo3amar-
HUUEHHOMY HCTeUeHHI0 3a nosicom Maxa yapHo# BOJIHbI OCTAHOBKH MyJIbCAPHOT0 BeTpa (ouepueHa uepHbiM KOHTYpoM ). CTpeJiku
Ha JIeBOH KapTe yKa3blBAlOT HarpaB/eHHe BPALLeHHs LMPKYJSLUHMOHHBIX (IUTPUXIYHKTHPHAS) M MOTPAHHUHBIX (CIJIOLIHAS)
TOPOMAANbHBIX BUXPeil B Kax10il u3 nojycdep [1T. Uepnast cTpeska Ha npaBoii KapTe ykasblBaeT HarpaBjeHye Ha HabJloaTedIs],
TIPUHSITOE MPUOJIHM3UTENLHO TAKUM 2Ke, KaK B TyMaHHocTH Bena — 120° Kk HaBeTpeHHOMY KOHLly ocH cumMerpun 1T (ceBepo-

3anajaHomy y Beuibl, 0 BepxHeMy Ha pUCYHKe).

COCEeIHUMHU 00J1aCTIMU. DTO BbIHY:KIA€eT IpaHuyalme
C HMM MarHUTHble HCTEUEHHsl MOJAHUMAThCS Ha Bee 60-
Jiee BbICOKHE HIMPOThl TYMAHHOCTH M CO3/IaBaTh pas-
HOMOJISIPHBIE CTPYKTYPbI HA J1a/IEKOM PacCTOSIHUU APYT
ot apyra. Ilpu Tako#i KapTHHe TeueHHH Moje/bHast
TYMaHHOCTb PUOOPETAET ABYXTOPOBYIO MOP(OJIOTHIO,
KaK BHUJIHO Ha KapTe ee CHHTeTHUECKOr0 CHHXPOTPOH-
HOI'O PEHTIeHOBCKOI0O U3JlydeHHsl Ha puc. 30.

3.2. Pouib BHellIHEro 10T0Ka B (QOPMHPOBAHHH
VCJIOBHIT JVIST TEPECOETHHEHHS

B ynpoutennoit PMI'JI monenu, e aByxtopoasi
TYMaHHOCTb MIOKOUTCS1 OTHOCHTEJILHO BHELLHEH Cpejibl,
ee pasHoMOJIsSIpHble CHJILHO 3aMarHUueHHble HCTeye-
HUSl He cMeluBaloTes (puc. 2a). B kaxmnoit us nosy-
cep I1T pensituBuctckoe (v/c ~ 0.75—0.85) cuibHO
3aMarHMueHHOe HCTeueHHe JOCTHraeT TPaHMLbl Ty-
MaHHOCTH, Pe3KO TOPMO3HTCS TaM W paclIerIsieTcst
Ha JIBa PEryJIsiPHBIX TOPOUIAJNbHBIX MATHUTHBIX BUXPS.
Ha Tot, uto pacnoJsio:ken Ha 6oJsiee BBICOKHX LIMPOTAX,
Mbl Oy/leM cchlIaThCsl KaK Ha KpyrnHOMacluTaGHYyIo
LMPKYJISILMIO T171a3Mbl B TYMaHHOCTH, @ Ha TOT, UTO

TPaHUYHUT C YKBATOPUAJbHBIM MOTOKOM — KaK Ha T0-
rpaHuuHbIil BUXpb. Hanpassenusi BpauleHuss 060HX
BUXpel MoKa3aHbl CTpeJKaMu Ha puc. 2a. PasHomo-
JIPHBIE BUXPH U3 MPOTHBOTONOXKHBIX mogrycdep [1T
pasziesisieT IUMPOKUI 5KBATOPHAJIbHBIN M0SIC, 3aHATHIN
MeJIJIEHHBIM, cJ1ab0 3aMarHuueHHbIM ucTeuenueM (I 1o-
HOMapés u 11p., 2019).

Ecan TymaHHOCTb B3aMMOJIEHCTBYET C TPAHC3BY-
KOBBIM MOTOKOM, KapTHHA TeUeHHi B Hell H3MeHsieTCs
(puc. 26). TymanHocTb B 1esIoM TpHoGpeTaeT Kymno-
J000pasHyio (opmy, MOCKOJbKY ee BHEIIHHE YacTH
HAYHHAIOT cJlerka OTCTaBaTh OT BHYTpeHHHX. [IBa pe-
TYJISIPHBIX Pa3HOTIONSPHBIX LUPKYJISIIHOHHBIX BUXPS
“BbIKMBAIOT”, HO MEHSIIOT CBOH pa3Mep M M0JIOYKEHHE!
“HaBeTpPeHHBIH” BUXPb OTOJBUTAETCS OT OCH TyMaH-
HOCTH M CTAHOBUTCS 60JIblie (10 MO TJIABHOMY pajif-
yCy, a He B ceueHnu TpyOKH Topa) “TojBeTpeHHoro”,
KOTOPbIH, HA060POT, MoLKUMaercs K ocu. [lpu sTom
o06a TOPOMAAJLHBIX BHXPSl MPOJOJIKAIOT JepKaTcs
Moojia/b JAPYT OT JApyra.

YuacTb norpaHuuHbIx BUXpel nHast. OHu paspbiBa-
IOTCSl ¥ BBITSITMBAIOTCS HAMoj00Me MarHUTHBIX TJ1a3-
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(a) JioKkaJibHas 3aMarHUYEHHOCTbH TIJIa3Mbl (6) MonenbHasE KapTa CUHXPOTPOHHOTO M3JIyYeHUs
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Puc. 3. (a)— Kapra JoKa/JbHON 3aMarHUUEHHOCTH ohot B PMIJ] Momesu mysbcapho#i TymanuocTd (o = 80°, oo = 0.1,
M, = 2.3). TemHast HCKpHBJIEHHasl JIMHMSI 33 YNApHOH BOJIHOH OCTaHOBKH cCJlellyeT TOKOBOMY CJIOK Mex]y HCTeUeHHAMH
pa3Hoil MarHUTHOM moJisipHocTH. O6J1aCTH MOBbILIEHHON o BOJIM3H TOKOBOTO €J1051 OTMeueHbl OykBamu A, B. B stux obsacTsix
NOTeHLHaTbHO MOTYT 00Pa30BbIBaTbCsl THIAHTCKHUe J1a3MoM kL. (6) — KapTa cMHTeTHUeCKOr0 CHHXPOTPOHHOIO PEHTTEHOBCKOTO
U3JlyueHHs] MOJEJIbHON TyMaHHOCTH cJieBa (0 noctpoeHuu kapTbl ¢M. B Ilpunoxennu C). Ilkana sipkocTH H3/yueHHs] —
JIMHeHHas, B IPOM3BOJILHBIX efMHULaX. [TosioxKeHHe My/bcapa OTMEUEHO KPeCTHKOM. DJIIMIICHl — MNPOEKILHH (Ha MJI0CKOCTD
Heba) AByX KoJiell ¢ ueHTpoM Ha ocu cumMmerpuu [1T, npoxoxsumx uepe3 okpectHocTH Touek A u B. Kapra siBasiercst cymmoit
11 MOMEeHTAaJIbHBIX CHHXPOTPOHHBIX KapT MofesbHO# T1T, mocTpoeHHbIX ¢ HHTePBAIOM 0KOJIO Mecsila 3a nepuos ssostouuu I1T

B 0H rojl. M306paxeHust C/IUTbL, 4TOObI TOAYEPKHYTH CTALLMOHAPHOCTD IByXTOPOBOH CTPYKTYPBbI.

MEHHBIX 13bIKOB, KOTOPbIE C OKPAHUH OIHOH MoJTycdepbl
[IT moryr croxactuueckuMm o06pa3oM MPOHUKATH B
JpyTyio noJycdepy, rie MarHUTHOE 1oJie UMeeT o6paT-
HbIH 3HaK. B mecTe csyuallHOro KOHTaKTa $13bIKOB C
PeJIITUBUCTCKUM CHJIBHO 3aMarHHUE€HHbIM UCTEUEHHEM
00paTHOM MOJIIPHOCTH MOKET MPOHUCXOIUTb MOLIHOE
MarHuTHOE MepecoerHeHne, KOTopoe, B CBOIO Oue-
pellb, MOXKET MPUBOJIUTH K 00pa30BaHHIO MJIA3MOUJIOB.

Takum o6pasoM, B IByXTOPOBOH TyMaHHOCTH yCJIO-
BHUSI JIJIsI MOLIHOTO MArHMTHOTO MepecoeIMHeH sl BO3-
HHUKAIOT Ha BHELIHMX OKpauHax KBaTOPHAJbHOIO MO-
sca, €CJIM C HaBETPEHHOH M TIOJBETPEHHOHW CTOPOH
TOPOUAJBLHON CTPYKTYPbl (HDOPMUPYETCS aCHMMET-
pHUUHOE TI0JI€ JABJICHHS], CBS3aHHOE C OTHOCHTEJNb-
HbIM JIBU’KEHHEM TYMAHHOCTH W BHELIHeH cpefibl. DTO
OTJIMUAET JBYXTOPOBYIO MyJIbCAPHYIO TYMaHHOCTb OT
OJIHOTOPOBOM, B KOTOPOH — HE3aBUCHMO OT €€ JIBUKe-
HHSI OTHOCHTEJILHO Cpelibl — HauboJiee MOLIHOE [e-
pecoeHeHHe UMEET MeCTO Ha BHYTPEHHEH TpaHulie
9KBaTOPHAJILHOTO T105ica, NMPUMBIKAOLLEH K yAapHOH
BOJIHE OCTAHOBKH BeTpa (CM. pHc. D).

33MeTI/IM, 4ToO C pPOCTOM HAIlOPHOIo JaBJIEHHS
BHEIIHEro 1oToKa, 6bICprIe 3dMdIrHhM4eHHbIe UCTeue-
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HUs OyIlyT CXOJUTHCS Bee OJIMKE K SKBATOPY, a TYMaH-
HOCTb GyzeT Bce GoJiee TIOXOAUTb Ha OJHOTOPOBYIO.
[Ipu M > 1 jker-TopoBasi CTPYKTypa TYMaHHOCTH
CMEHHUTCSI CTPYKTypoil Tuna “rosioBa-xsoct  (head-
tail morphology), TUHUHOM /151 TYMAHHOCTEH CHJIbHO
CBEP3BYKOBBIX MyJIbCAPOB.

3.3. [J1e B AByXTOPOBOK TYMaHHOCTH MOTYT
popMHPOBATECS 111a3MOH/IbI

B 1ByXTOpOBbIX 06beKTaX a3uMyTasJbHOE MArHUT-
HOEe [oJie COXPaHSIeT CUJIYy U PEryJsipHOCTb JI0 CaMbIX
okpaun TtymanHoctd (Ilonomapés u ap., 2019; cwm.
puc. 2). DTo jaeT oCHOBaHMeE ToJ1araTh, UTO Ha BHel -
Hell TpaHuLle 9KBAaTOPUAJIBHOTO Tosica MoTeHIUa bHOe
MarHuTHOE [epecoeiMHeHne MOXKeT ObITb He MeHee
MOLIHBIM, YeM OHO OblI0O Obl HA BHYTPEHHEH IPaHHULIE,
ecJii Obl Pa3HOMOJIsIPHbIE TOTOKH MOIJIM BOUTH TaM B
KOHTaKT. OJIHAKO B 11€JIOM 3TO MlepecoelMHeHNE 0K~
HO ObITh cjabee, uem B onHoTopoBbix [T, Tak Kak y

MocCJIeIHUX Cpeﬂ,HHHQ 3aMardtM4eHHOCTb I1yJIbCaApPHOTO

?Cpejuiue 3HaueHns paccuntanb o gopmyaam padots [Topra
u 1p. (2014 ), npusenennsivu B [Tpusoxennu B.
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BeTpa — (0cold), BEPOSITHO, Bhiliie ([ToHoMapér u ap.,
2019). Ilpumep npuBenen Ha puc. d B [Ipunoxennu,
rJle MoKa3aHbl KapThl JIOKAJIbHOH 3aMarHUU€HHOCTH
Ohot B 00beMe CTallMOHAPHBIX MOJEJbHBIX TyMaH-
HOCTE: B JIByXTOPOBOM, TIle (0coq) = 0.00021, u B
OJIHOTOPOBOIA, TJle BeTep 3aMarHUueH Ha TPH MOPsijiKa
cusibHee, (0coq) = 0.19. CKOpoCTb MepecoeirHeH st
MAarHuTHOTO M0JIs1 B 1J1a3Me PACTeT ¢ POCTOM 3aMarHi-
YeHHOCTH (cM., Harpumep, Bepuep, ¥Yanenckuit, 2021).

Monenb Uepyrtu u Jkbsiunntu (2021) nnreprpe-
THPYeT Y3eJKM Ha BHyTpeHHeM Kouiblle KpabGa kak
TMUraHTCKHeE MJ1a3MOUIbl, KOTOpble (POPMUPYIOTCS B TO-
KOBOM cJloe, 6epyleM CBoe HauaJlo cpasy 3a (poHTOM
yIapHOH BOJIHBI OCTAHOBKH MyJIbCAPHOTO BeTpa. dTta
MOJleJIb OCHOBaHa Ha MepapXHUuyecKoH MOJIe/IH 9BOJIIO-
uuu yucaa maasmonnoB (JKoy u np., 2019), T.e. Ha
M0CJIe/I0BATENIbLHOM OMApHOM CJIMSIHMH PaBHOBEJH-
KUX TJ1a3MOMJOB OT MEJKHUX K KpymHbIM. CorsacHo
mMosienbHol olieHke Yepyrru u JDkbsiunntu (2021),
UMCJI0 MePBUYHbIX MJ1a3Mou/10B B Kpabe MoxkeT 10CTH-
rath ~2 x 10%. UToG6bl B KOHLIE NMpoLIecca CAUSHHS KX
YUCJIO0 YMEHBIIUIOCH 110 ~20 HabJI0aeMbIX Y3€/KOB,
B XOJle 9BOJIIOLMH TOKOBOIO CJIOSI MepBHUHbIE MJ1a3-
MOMUJIbl JIOJXKHBI MCMBITATh MOPSIAKA JECATH TMOC/e-
JIOBATEIbHBIX MOTMAPHBIX CJAUSHUN. DTO MpearnoJaraer
CYLLLECTBOBAHHE JIOCTATOUHO CTALLMOHAPHOTO M pery-
JISPHOTO Ha GOJIbILIMX MaciTabax TOKOBOTO CJIOsl, Ha-
JIMUHe KOTOPOTO HA BHEIHEH rpaHulle PEHTTEHOBCKHUX
MyJIbCAPHBIX TyMaHHOCTEH MaJioBeposiTHO. [losTomy
mosiesb Yepyrtn u Jkbsiuuntu (2021) nanpsimyio
HenprUMeHHUMa K JIBYXTOPOBbIM 06bEKTaM, B KOTOPbIX
pasHoMNoJISIPHble CHJIbHO 3aMarHUYeHHble HCTeueHHs
BCTPEUAIOTCS] HMEHHO y BHEIIHEH rpaHHUIIbI.

HecmoTpst Ha TO 4TO B IBYXTOPOBBIX MOJIEJISIX a3U -
MyTaJlbHO€ MarHUTHOE MoJle W CHJIbHO 3aMarHHueH-
HbI€ UCTEUEHHST COXPAHSIIOT CBOIO KPYITHOMACITaOHYIO
peryJsisipHocTb 10 camblx rpaHul 1T, BosHuKawowmi
TaM K€ TOKOBBIH CJIOH JOJIKeH OBITb HeCTalHOHa-
peH U cuibHO (parMeHTHpoBaH. [Ipuuem HezaBuCH-
MO OT pasMmepa (PparMeHTOB, JIOCTATOUHO SHEPTHU-
HBIH V151 TOPOKJAEHUS TUTAHTCKUX MJ1a3MOUIOB TOKO-
BBIH CJION JIOJI2KEH OBbITb CPABHUTENBHO KOPOTKOXKHBY -
LIMM M3-32 JIByX 0COOEHHOCTeH CBOel TMHAMUKH. Bo-
MEePBbIX, ITOT CJAOH BO3HUKAET Ha OTAEJALHOM CJydaii-
HOM y4acTKe pPeJIITHBUCTCKHX CHJIbHO 3aMarHHueHHbIX
UCTeUeHHH, K KOTOPOMY CJy4alHbIM 00pasoM M Ha
KOPOTKOE BpeMsl TOATSHYJICS 3blK 0OpaTHON 10Js1p-
HOCTH. Bo-BTOpBIX, CpaBHHUTEJNbLHO KPYMHBIH MNJas-
MOMJL MOXKeT C(OPMHPOBATBLCS JHIIb TOT/A, KOTaa
3TOT CJIydakHbIi YUaCTOK CJIyUaliHO COBIIaJ C JIOKaJb-
HBIM MAaKCHMyMOM 3aMarHHU€HHOCTH Opot, TOCKOJIBKY
MMEHHO TaM CKOPOCTb MarHHUTHOTO IepecoeIrHeHHUs]
OyZeT BbILIE, M, CJIEA0BATEJbHO, UHUCJO MOCIEN0BA-
TeJIbHbIX CJUAHUE Oyner 60JbIIMM. B-TpeTbux, mo-
JIOXKEHHE CaMOTO MaKCHMyMa 3aMeTHO (DJIyKTYyHpYeT B
TypOYJIEHTHOM TOTOKE Ha BHELUHEH TpaHHLe peHTre-
HOBCKOH TYMaHHOCTH, XOTSl U JIEPXKHUTCSA MOOJU30CTH
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OT IpaHuLbl ocJenHed. MakcuMym 3aMarHHueHHOCTH
BO3HHMKAeT TaM, TJie PeJATHBUCTCTKHE CHJIbHO 3aMar-
HUUEHHblE MCTEUeHHUs] TYMAHHOCTH PE3KO TOPMO3SITCS
1 YIJIOTHSIIOTCS, UTO UMeeT MeCTO JIMOO MPH UX pPa3Bo-
pote Ha rpanulle 1T, iubo npu UxX KOHTaKTe C POTH-
BOHAIPAaBJIEHHBIM 5I3bIKOM 00PaTHOH MOJISIPHOCTH.
JlokasibHble MaKCHMyMbl 3aMarHM4eHHOCTH Ha
OKpaWHax TpaHC3BYKOBOH nByxtopoBoid [1T xopoio
BUIHBI Ha puc. 6 (B [lpunoxkennu), rme sta mo-
JleJlb COTIOCTaBJIeHA ¢ OJHOTOPOBOH. A Ha puc. 3a
MOMEHTaJIbHYIO KapTy JIOKaJbHOH 3aMarHHUeHHOCTH
JBYXTOPOBOW MOJie/Id MOXKHO YBHIETb BO BCeX jleTa-
Jsx. TOKOBBIH CJIOH, pasaessiolndi Pa3HOMOJIPHYIO
nJ1a3My, M0Ka3aH TeMHbIM KOHTYPOM, KOTOPBIH GepeT
Havyaso 3a (POHTOM YJIapHOH BOJIHBI OCTAHOBKH.
CuibHO 3amarHuueHHble 00JaCTH B HEMOCPEJICTBEH-
HOW OJIM30CTH OT Hero orMeueHbl OykBamu A u B.
MMeHHO B 3THX MeCTax MOXKHO 0XKHMJATb [OSIBJEHUS]
TUFAaHTCKUX MJIa3MOMA0B B ABYXTOPOBbIX [1T.

3.4. O BHAUMOCTH y3€/IKOB HA PEHTIeHOBCKHX KapTax
TyMaHHOCTH BeJia

BrisicHum, rae Ha CHHXPOTPOHHOH KapTe MOXKHO
0KMJIaTh MOSIBJICHHUST SIPKMX PEHTIeHOBCKHUX Y3€JIKOB,
CBSI3aHHBIX C T'HTAHTCKUMH TJIa3MOUJIAMH, €CJIH TI0-
cJefHMe B caMoM Jiesie (hOPMHUPYIOTCS B 06JACTSIX,
nono6ueix A u B (puc. 3a). A umeHHO, B CHIbHO
3aMarHuueHHbIX 00J1acTsX 6J1M3 TOKOBOTO CJ1051, KOTO-
pble peryJisipHO BO3HUKAIOT HA OKPaUHAX JIBYXTOPOBBIX
[IT B OKpecTHOCTH OBICTPBIX MAarHUTHBIX MCTEUEHHH
B Ka)Kaoil M3 mosycdep, U K KOTOPbIM CTOXaCTH-
UyecKUM 00pa3oM TMOITAIHBAIOTCS SI3bIKM MarHUTHOM
nsia3Mbl 00paTHol MoJisipHocTH. B oceBoii cummer-
puM, B TIPOEKIMK Ha HeOECHYI0 TJIOCKOCThb, 3TH 006-
Jactd — K npumepy, A u B — OGynyt BbiraisiieTs Kak
sjsmncesl (puc. 36). Mx 6amxkHue K HabgioaaTenio
CTOPOHbI OYyIyT MpPOeLUHpOBaTbCS Ha JIOMJIEPOBCKH-
ysipueHHble ydacTKH JH(Yy3HbIX TOPOB — apKH, Ha
SIPKOM (pOHE KOTOPBIX OT/EJbHbIE KPOIIEUHbIE PEHT-
FeHOBCKHE y3eJIKH MOTYT ObITh HepasauuuMbl. OyHa-
KO JUISl Y3€JIKOB, KOTOpble MPOELUPYIOTCS Ha JaJjib-
HHE CTOPOHBI TOPOB, CHUTYyallMsi MHAS — TaM H3Jyue-
HUe ObICTPbIX 3aMarHHUeHHbIX MOTOKOB JIOMJEPOBCKH
ocjabsedo. Ha ero done wuanyueHue HeTenJoBbIX
3JIEKTPOHOB Ha “MarHUTHBIX OCTPOBKaX MJIa3MOMUJIOB
MOZKET CTaTh 3aMETHBIM M y3€JIKH, OTBeUalollfe STHM
OCTPOBKAaM — BHJIMMbIMH.

B pasnene 3.2 mbl ynmomuHaJM, uTO TOJA BO3JEH-
CTBHEM BHEIIHEro MOTOKA HABETPEHHBIH LUPKYJISIH-
OHHBII BUXPb OTOJIBUraeTCsi OT OCH TYMaHHOCTH, a
MoJBETPeHHbIN nprxKkuMaercst K Hell. [TockoJbKy 3TH
JIBa KPyMHOMAcIITaOHbIX BUXPs OTBEUAIOT 32 MOSIB-
JieHWe JIByX PEHTTeHOBCKHUX TOPOB Ha CMHXPOTPOHHOMH
kapre [T, y TpaHCc3ByKOBOH TyMaHHOCTH HaBeTpeH-
HbIl PEHTreHOBCKMI TOp OKasblBaeTcsi OoJblue MoJ-
BeTpeHHOro (uTo, cO6CTBEHHO, U HabJoaaercs y Be-
abl). Jlast ynanennoro Habuoartesist, KOTOPbId BUAWT
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TaKyl0 TYMaHHOCTb C ee TOJBETPEHHOH CTOPOHHI (a
3HAUWT, CO CTOPOHBI €e MeHbIIEero Topa), MPOeKIHH
JIaJIbHUX CTOPOH TOPOB Ha MJIOCKOCTb HeOa JOJIKHbBI
ObITb 0YeHb GJM3KH APYT K JpYyTy. DTOT 3hPeKT X0po-
1110 3aMeTeH Ha KapTe CHHTETHYECKOTO PEHTTEHOBCKO-
ro uaaydyenus® Ha puc. 36. ToT e caMblii reoMeTpHue-
cKHil athhekT npumeHnm K saauncam A u B (A 6oabiie
B) (puc. 36). Takum 06pa3oM, peHTTeHOBCKHE Y3eJKH
C JIaJIbHUX CTOPOH 3THX 3JUIMIICOB OYIyT Monajiath B
npeJenbl OYeHb Y3KOH JyrooOpa3Hoi MoJIoChl, KOTO-
pasi mepecekaer ocb TyMaHHOCTH. Ec/in TyMaHHOCTb
HabJ10/1aeTcCs B poeKLnK Bedbl, To 5Ta y3kas noJoca
(KoTopast B TpexMepHH MpejcTaBJsiia Obl LENouKy
JICKPETHBIX Y3€JIKOB) J0JI2KHA TepeceKaThbesl ¢ SpKUM
CerMeHTOM MojIBeTpeHHoro mkera. Ha puc. 3a co-
OTBETCTBYIOIIAS TTPOEKIIUs MoKa3aHa ctpenkoil A+B,
napaJiyiesbHO# Jlyuy 3peHust Ha myJbeap.

4. 3AKJIIOYEHHME

Llesbro npesicTaB/ieHHOH paboThbl ObIJIO BBISCHUTD,
cojepxat Ju pensituBuctetkue MIJL moznenu nyJb-
CapHBbIX TyMaHHOCTEH Kakue-Jau00 yKa3aHWsl HA TO,
YTO LeNnovKa cJabblX PEHTTeHOBCKHUX Y3eJIKOB, Mepe-
cekatowasicst (B NpOEKLHH ) MO J1yTe ¢ 0ro-BOCTOUHbIM
JUKETOM JIByXTOPOBOH TYMaHHOCTH Besa, MoxKeT npej-
CTaBJSITb M3 ce0sl UENouKy THraHTCKUX TJIa3MOM-
noB. JIast 5TOH UeNd Mbl MCCJENOBAIN B3aUMOJIEH-
CTBHE MOZCJLHON IBYXTOPOBOH MyJIbCaAPHOH TYMaHHO-
CTH €O ¢cJ1ab0 CBEPX3BYKOBBIM MIOTOKOM BHELIHEH cpe-
1bl. (B rymannoctu Bena takoii notok ¢ uncsaom Maxa
M ~ 1.3 NpearoNoKUTeJNbHO CO31aH MPOXOXKACHH-
€M uepe3 TYMaHHOCTb 0OpPaTHOM y/lapHOH BOJIHBI PO-
JIUTEJIbCKOTO OCTaTKa cBepxHOBO#). Cepusi POOHBIX
2.5D-pacueToB nokasaJa, uTo B3aUMOJEHCTBHE TYy-
MaHHOCTH C BHELIHEM [TOTOKOM BeCbMa UyBCTBHTEJIbHO
K KaxKI0OMy M3 BOCbMH MapameTpoB, OMpeessiolInX
CBOHCTBA Takoro notoka. [1ocKoJsibKy MOJIHOLEHHOE
McceloBaHue POCTPAHCTBA 3TUX BOCbMHU Mapamer-
pPOB Ha CErojHsIIHUA JleHb HEBO3MOXKHO, Mbl M0JI0-
1K K 11pobJieMe heHoMeHosiornuecku. MaBecTHo, uTo
CBEPX3BYKOBble TeUeHHUs! CO3/AI0T 30HY MOBbILLIEHHO-
ro JIaBJieHdsl ¢ HAaBeTPEHHOH CTOPOHbI TYMAaHHOCTH M
30Hy paspexKeHUs IM03aad Hee. B Hawmx pacuerax
MBI CO3/1aBaJIi 3Ty Pa3HOCTb AaBJIeHHH HCKYCCTBEHHO,
nyrem noadopa JOKajJbHOTO TeueHus: BOJIM3H MOJIesb-
HOH JBYXTOPOBOH TYMAHHOCTH, HaJyBaeMoH MyJbca-
poM ¢ OOJIbIIUM MarHWTHbIM HAKJIOHEHHEM W cyabo

33aMeTHM, uTo TOSIBJIEHHe Ha 3TOH KapTe AaJbHMX CTOPOH
TOPOB, a TaKXKe HECKOJIbKHX SIPKUX apPOK B XBOCTe MOJIeJIbHON
[1T, siBnsieTcst apredpakTomM oceBoit cuMMeTpuH. B TymanHO-
¢t Besa motok HanpapsieH noj yryiom ~120° K 0CH CHM-
MeTpPHH, CUMTasl OT ee ceBepo-3arajHoro KoHua Mo yacoBou
CTpeJIKe, H, BEPOSITHO, HMEET KOMITIOHEHTY, HalpaBJIeHHYIO B
KapTUHHYIO MJ10cKOCTb. [1pH Takoli reomeTpuu NoToKa JaJjb-
Hue yacth [1T Gblin Obl MOUTH HEBUAMMBI /1Sl HAbJt01aTesd,
HO JUISl HILJIIOCTPALIMK STOTO cJiyuasi Hy»KHbl 3D Mozesu.
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3aMarHUYeHHBbIM TMyJbCapHbIM BeTpoM. MbI Hally,
YTO MpU pa3Hulle JaBJEHUH, OTBevarollell 3ByKOBbIM
yycsiam Maxa BHelHero noroka ~1.3—2.3, Moesb-
Hasi TYMAHHOCTb XOPOLLIO BOIPOU3BOJUT APKHE ACTAJH
peHTreHoBcKoi MopdoJiorun Besbl — siBa ee Topa, U3
KOTOPBIX MOJIBETPEHHbIA MEHbLIE; CMEeLIEHHUE MyJbCca-
pa OTHOCHUTEJIBHO LIEHTPA MOABETPEHHOrO TOPA; JBA
HECXOXKHX JKeTa, U3 KOTOPbIX HABETPEHHbIH BUJEH
MeXKJly TOPaMHM, a MOABETPEHHbIA UMEET SIPKYIO Cpell-
HIOIO YaCTh, BO3HUKAIOLLYIO M3 TOMEPEUHOM MOJOCKU
¥ OTPaHHUUEHHYI0 aKCHabHbIM Pa3MepoM (TOJIIHHOH )
MOJIBETPEHHOI0 TOpa.

KacarenbHo Lenn MOACJUPOBaHKUsl, HALIK paCcUeThbl
[MoKaaaJiu CJeyroulee:

1. B ob6bekrax tuma Benwl, T.e. B AByXTOpo-
BbIX MyJIbCAPHBIX TYMAaHHOCTSIX B TPAHC3BYKO-
BOM JIBU2KEHHHM OTHOCHTEJIbHO BHELIHEH Cpeibl,
YCJIOBHS JIIs1 TIepecoeiMHeHns1 U hopMUpOBa-
HUS1 MIa3MOMJIOB CKJIAJIbIBAIOTCS HA BHeELIHeH
rpaHulle PEHTTeHOBCKOH TyMaHHOCTH, a He cpa-
3y 3a yIapHOH BOJHOH OCTAHOBKHM BeTpa, Kak
B OJHOTOPOBBIX OODBEKTAX THIA TYMAaHHOCTH
Kpa6.

2. Ha nepudepun nsyxroposbix [1T moryr Bo3-
HHKaTb JIOKAJbHble MAaKCHMyMbl 3aMarHuyeH-
HOCTH MJ1a3Mbl, MOCKOJIbKY HMEHHO TaM peJisi-
THUBHUCTCKHE CHJIbHO 3aMarHMyeHHble HCTeUeHHs!
pe3Ko TOpPMO3SITCSl MPH Pa3BoOpoTe WJIM KOH-
TaKTe ¢ NPOTHBOTOKOM. B OKpecTHOCTH Takux
MaKCUMYMOB MOKHO OXKH/IaThb BO3HHKHOBEHMUSI
HauboJ1Iee MOLIHbIX MJ1a3MOUJIOB.

3. B 1ByxTOpoBO# TyMaHHOCTH, B MPOEKUMH Ha
HeOeCHYI0 MJI0CKOCTh HAbJII01aTe 1sl, TeOMeTPH -
yeckKoe MecTOroJIoyKeHre HauboJiee MOLIHBIX
Ma3MOUIOB JO/KHO OBITh MPEACTABJIEHO JIBY-
Msl COOCHBIMH 3JITUINICAMH (JIByMsl “BHEIIHUMH
KOJIbIIaMK~, B OTJIMUKE OT OJJHOTO “BHYTPEHHETO
kosiblia” B Kpate).

4. V3-3a pasivunsi COOCHBIX 3JIIUIICOB B pa3mMe-
pax (HaBeTpeHHbIH GoJiblIe MOJBETPEHHOI0) HX
JlalibHUe OT HabJirojaTesisl MOJOBHHKH J1OJIK-
Hbl OBITb OYeHb OJIM3KH JAPYr K JPYTy, €CJn
TYMaHHOCTb, Mojo0HO Bese, nabgionaercs ¢
MOJIBETPEHHON CTOPOHbI, B TIPOEKIIUH, CXOJHOH
¢ npoekuuned Besbl. [losTomy nmasmounst c
JIAJIbHAX CTOPOH 3JIJIUICOB JIOJRKHBI KAa3aThCsl
HabJMIOAATEI0 PACIIOJNOKEHHBIMU “TIO 11€MOoU-
Ke”, n3-3a UX KOHLIEHTPALKH B Mpejeiax y3Kou
JyrooOpa3Ho# MOJIOCH, OTPAHHUUEHHOH 3THMH
MOJIOBUHKAMH.
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10137
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12073
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Puc. 4. AnantuBHO criia>keHHble PEHTIEHOBCKHME KapThl MyJbcapHoi TymanHocTd Besa (0.5—8 k3B; apxuBHble aaHHbIE
tesieckoria Chandra). Jlatel HaGmonenuii 1 ux Homepa B apxuBe (ObsID) npuBenenst Ha Kaprax cjeBa BHM3Y. CriiaxKuBaHue
BbITOJIHEHO CONIACHO alropuT™y asmooth (26esunr u ap., 2006). Ha npescraB/ieHHbIX KapTax spKue ToUeUHble pEHTTeHOBCKHE
y3€JIKM 3aMeTHbI He TOJIbKO BOKPYT I0I0-BOCTOUHOTO JXKETa, HO U Ha JI0TIJIEPOBCKHU IPKUX apKax. bes afgantuBHoro criaxkuBanust

y3eJIKH Ha apKax ObliIM Obl Hepa3JMUUMbI (CM. pHc. 1).

5. B npoekunn tymanHoctu Besa Bbilieykasan-
Hasi “llerouka” J0J/KHA TepeceKaTbesi ¢ sp-
KHM CPeHHUM YYacCTKOM IOJIBETPEHHOI0 JKeTa
JIBYyXTOPOBOH MyJIbCAPHOH TYMaHHOCTH.

6. Bce Bbllllenepeunc/ieHHOE 1aeT HAM OCHOBAHHUS
NpeJIoKUTh MHTepIpeTaltio HabJo1aeMol B
Beuste 1ienouku cabbiXx peHTTeHOBCKUX Y3€JKOB
KakK I1IeMOYKH TJIa3MOUJIOB U3 JaJjibHell OT Ha-
6JioJ1aTesisi CTOPOHbI 3TOH PEHTreHOBCKOH Ty-
MaHHOCTH.

WHTepecHo, uTO alanTHBHOE CrJIa)KHBAaHHE PEHT-
FeHOBCKOH KapTbl Besibl Mo3BoJisieT BBISIBUTH Hasd-
uhe PeHTreHOBCKHUX Y3€JIKOB He TOJIbKO BOKPYT Oro-
BOCTOUHOTO JPKeTa, HO M Ha SIPKMX ydacTKax 000HX
TOpoB (puc. 4), T.e. Tam, Ile NpejackasbiBaeT Halla
PMI'I mojiesib. CTOUT OTMETHTh, UTO TOPbI TYMaHHO-
ctu Bena peBepGepupyloT moj aefcTBHEM BHEIIHETO
notoka. M3-3a peepbOepalii Kpblibs 006eUX apok
MoryT cmeriatbesi o ~2” —4” Ha peHTreHOBCKHX
CHUMKAaX TYMaHHOCTH, C/Ie/IaHHBIX B Pa3Hble MOMEHTbI
Bpemenu (ITasnoB u ap., 2001; Kaprasbuer u ap.,
2002). uTepecHo, UTO 1 y3€JIKH BOKPYT I0XKHOTO JIXKe-
Ta BeJsbl TakxKe csierka cmeatoresi ot HabJto1eHUs
K HaOJI0/IeHHIO, TIPUUEM aMIUIMTyIa HMX TPOCTpPaH-
CTBeHHBIX cMelieHni (<2”; ¢M. MoANKCH Hajl KapTaMu
puc. 11) conocraBUMa ¢ TAaKOBOH y KPbIJIbEB apOK.
B 3ak/ouenue ele pa3 nopuepkHeM, YTO B Hallled
YIPOILIEHHON MOJIE/H laibHIE TIOJIOBUHKHU JIBYX TOPOB
(a 3HAUUT — ¥ “BHEIIHUX KoJel U3 TJIa3MOUJIOB)
pacrnoJioxKeHbl ajblie JIPyr oT Apyra, 4YeM 3TO UMeJIO
6b1 Mecto B 3D momesmu. O6 3TOM roBOpPSAT HalIH

[MTMCbMA B ACTPOHOMMWUYECKHUI JKYPHAJI

npenBapuresbible 3D pacueTsl ¢ Gosiee peasUCTHU-
HbIM BHELIHHM MOTOKOM. A MMEHHO, TPaHC3BYKOBBIM
NOTOKOM, HaTeKalLMM Mo yrioM 60° K ocH TyMaH-
HOCTH, W MOJA yrjoMm nopsjaka 120° k Jydy 3peHHst
HabJsoaTesst ¢ HeOOMbIIOH MOJIOXKUTEJBHOH MPOeK-
uueil Ha stot Jyd. [lpu Takoil KoHpurypauuu cu-
CTeMbl “TYMaHHOCTb-TIOTOK-HabJ0/1aTeNb” OJIMKHKE
K HaOJII01aTeJI0 TIOJIOBUHKH TOPOB CJIerKa Pa3BOISATCS
MOTOKOM, a Ja/JibHHUe Hao00pOT IOLKUMAIOTCA OJiHA
K sapyroil. COoOTBEeTCTBEHHO BenyT cebs W JajbHHE
CTOPOHBI JIBYX “BHELIHHX KoJiell’, BJOJb KOTOPBIX,

BepOsiTHee BCEro, 00pas3yloTCs TMraHTCKUE TJIa3MOU/IbI
B JIBYXTOPOBBIX TYMaHHOCTSIX.

Mbl HUCKPEHHE TIPHU3HATEC/IbHbI PEUEH3ECHTY 34

OblCTpOE W BHMMaTeJbHOE MpouTeHHe Hallleii paboTbl
M 332 KOHCTPYKTHBHBbIE 3aMeyaHHsi, TO3BOJHUBIINE
HaM TMPOSICHUTb PsIJL BOMPOCOB W YJYULIMTb Tpes-

CTaBJieHWe HallMX pe3y/asraToB. Mbl GsarojgapHbl
A.M. BbiKoBYy 3a ToJie3Hble COBETbI H 3a 006CYXJle-
HUe pe3yJIbTaToB TPeACTaBAeHHONH paboThbl. ABTOpBI
TaK)Ke NpU3HaTesNbHbl pazpabotunkam koga PLUTO
(Munbotne u ap., 2007). Uucsnennoe MojienupoBatue
JIBYXTOPOBBIX MyJIbCAPHBIX TYMaHHOCTEH C MOMOLIbIO
kona PLUTO mnposeneno [LA. TloHomapéBbiM H
A.E. TlerpoBbiM, momiepKkaHHbIMH rpaHtom PH®
21-72-20020. MonenpoBaHne 4aCTHUHO BbIMTOJHEHO
Ha mnojcucteme “TopHamo” CynepKOMMbIOTEPHOTO
nentpa CII6ITY Ilerpa Benukoro. K.I1. Jlerenduin
nomiepkana 6azoBbiM npoektom 0040-2019-0025
OTU um. A.®. Modde.
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[IPHJIO)KEHHE

A. Jlerasn MonesinpoBaHus

UucsienHast Mojiesib nysbcapHoit tymanHoctd (117T)
ucnoandyer PMIJI-mMonysb 0oO6LIE0CTYTHOTO Koaa
PLUTO (Munbose u ap., 2007). Onucanue myabcap-
HOT'O BETPa U METOJ MOCTPOEHHUS KAPT CHHTETHUECKOT0
CUHXPOTPOHHOTO H3JyUYeHHsI aHAJIOTHUHbI TPeblay-
mmmM padortam (Ienb 3anna u ap., 2006; I[Topt u
ap., 2014; bionep, Txuomu, 2016). MoiHocTs BeT-
pa HOpMHpOBaHa Ha CKOPOCTb MOTePb BpallaTeJbHOH
sHepruu myJbcapa Bena, L = 6.9 x 1036 spr ¢ 1
[lnoTHOCTD BHELIHEH cpeibl B3sTa TaKOH »Ke, Kak
B pabote Biosepa u Ixuomu (2016): p, = 10728 ¢
cm3,

[TapameTpbl mysbcapHOro BeTpa — B T.U. HAKJIOHE-
HUE (v, U HauaJbHasi 3aMarHM4eHHOCTb 0 — KaK Mpa-
BUJIO, HEU3BECTHBI UJH CHJBHO MOJJbHO-32BUCHMBI
(B cayuae Besbl, cm., Hanpumep, Taba. 3 B pabore
Kaprasnbuesa u np. 2017). [Tosromy 8 PMI'II Mmozensix
UX 3aJal0T Hapsily C NPOYMMHM HayaJbHbIMH YCJIO-
Busimu. Haima monesib TyManHOCTH TOCTPO€Ha [pH
00 =0.1 u o =80° u ocecummerpuuna. [lpu stom
nosiychepbl TYMAHHOCTH MO 06€ CTOPOHBI OT €€ 9KBa-
TOPHAJIBHOH TJIOCKOCTH MOJIGJNUPYIOTCS HE3aBHCHMO.
[Ipexxne uem monenbHas [IT HauHer cBoe pasBHTHE,
BO BCel 00JIaCTH BBIUMCJEHUH HHUUMHpYyeTCs caabo
CBepX3ByKOBOe TeueHHe. [eomeTpusi 3TOTO JOKaJb-
HOTO TeueHus MojoOpaHa Tak, 4ToObl HCKYCTBEHHO
CO3/1aThb ONpejie/eHHy0 Pa3HOCTb JaBJEHHH C HaBeT-
pPeHHOH U TOIBETPEHHON CTOPOH TYMaHHOCTH.

OTtmetum, uto mojesib [1T, ocHoBaHHast HA 0CeBOM
CUMMeTpUd U uaeatbHoil PMIJl, umeer psan oue-
BU/IHBIX HEIOCTaTKOB. OHA He MO3BOJISIET MOJEINPO-
BaTb CAMM MPOLLECCHl MarHUTHOIO Mepecoe/IMHeH sl 1
(hopMHPOBAHUS MJIA3MOUIOB (JI/151 3TOrO HEOOXOUMO
obpalieHde K MHUKPOCKOIMUYECKHM MOJEJSM, TaKUM
kak Particle-in-Cell). Ona takke He MOXeT pac-
CMaTpUBaTh KOCOH BHELLIHUH MOTOK U BOCIIPOU3BOIHTh
A3UMyTaJIbHO HEOTHOPOJHbIE CTPYKTYpPbl, TaKHe Kak
MCKPHBJIEHHbIE JUKETbl UK JIMCKPETHbIE Y3J1bl B KOJIb-
LEBbIX CTPYKTypax; AJAsl UX MOJEIHPOBAHHUS HYXKHbI
TpexMepHble Mojes. TeM He MeHee OCeCHMMETpHU-
Hast ugeanbHast PMI'J] Moze/ib 1103BOJISIET BbIICHUTD,
crocoOeH JIM BHELIHWH TOTOK M3MEHHTb CTPYKTYpY
pasnonoJisipubix TeueHnt B [1T Takum o6pa3om, utTo6b!
YCJIOBHS /151 ©X MAaTHUTHOTO TepecoenHeHus ¢ oopa-
30BaHHEM THUTaHTCKHUX MMJ1a3MOMJI0B (HhOPMHPOBAHUCH
BJIaJIM OT yJIaPHOH BOJIHbI OCTAHOBKH.

BeruncsurenbHasi ceTka Mojield OCHOBaHa Ha 2-
MepHOH cdepuueckoil cucreme KoopauHat (r, ). o
pamvanbHON KoopjauHate 1 6as3oBasi CeTKa OXBa-
TbIBA€T TMPOCTPAHCTBEHHYID OOJACTb  [Fmin; Fmax] =
= [0.01; 3.13] cBeroBoro roaa (cB. I.) W pasbura Ha
96 uHTEepBaJsOB, pasMep KOTOPBIX JorapudMUuecKu
pacTeT ¢ ypaJjieHdueM ot myJbcapa. [ 1o nossipHomy yrity

[MMCbMA B ACTPOHOMMUYECKHUN YKYPHAJI

0 = [0; 7] ceTka pa3buta Ha 32 paBHOMEPHbBIX HHTEpP-
Basa. C Hauasa BbiuncJ/eHud (¢ ¢ = 0) B TPaHC3BYKO-
BOH MOJIe/IM JI/Is pa3pelleHnsl MeJKHX MacluTaboB B
cTpykType Teuenuit [1T ucnosbgyercst TpexypoBHeBoe
anantuBHoe uaMmesbueHne cetkd (AMR — Adaptive
Mesh Refinement). Mexny ypousimu AMR pasmepsl
slueeK pasJ/nuatoTcs B 2 pasa 1o Kaxkaoi U3 KoopanHat
r, 0.

3ameTnM, 4TO HEOOXOMMMOE TMPOCTPAHCTBEHHOE
paspelleHde CeTKH $SIBJSIeTCs] OTKPBITHIM BOMPOCOM.
[IpencraBsiennas Mmoaesb Besbl (Kak W uMetolecs B
autepatype monenn Kpaba) ocHoBana Ha ujeasnbHOM
6esauccunarupioin PMI'JL, nockosibKy BsI3KOCTb (B
T.4. MarHuTHasi U TypOyJ/eHTHas1) 6eCCTONKHOBUTEb-
HOH CHJbHO3aMarHMueHHOHW TYpOYJeHTHOH TJ1a3Mbl
MoKa 4To HeusBecTHa. K30bITouHoe H3MesbueHHe
CeTKH B HJ€aNIbHBbIX MOJEISIX MOXKeT TPUBECTH K
He(usnueckuM 3>(PdeKTaM 1 K TOSIBJIEHHIO B 3ITHX
MOJIEJISIX  JIOKHBIX ~ TTPOCTPAHCTBEHHbIX  CTPYKTYP,
€CJIi pa3Mep NMPOCTPAHCTBEHHOH siUeHKH (CJydarHo)
OKarKeTcsi MeHblIe (HEU3BECTHOr0) MaciuTaba Bs3KOM
Jquccunauuu. TTomumo sToro, cyuectByer npobJaema
CXOJIMMOCTH UMCJIEHHBIX CXeM, MCIOJb3yeMbIX B Ha-
crosiniee Bpems aias moaeauposanus [1T. [Topt u ap.
(2014 ) 3ameTn/in, 4TO B HEKOTOPBIX OCECUMMETPHUHBIX
PMIl Mozessix npu yBeJHMUeHUH pa3pelleHusl CeTKH
B ~16 pa3 ynapHasi BoJiHAa OCTAHOBKH BeTpa MOXKET
CKaTbCsl TMOUTH BJIBOE M0 pajMajJbHOMY H OCEBOMY
pasmepam.

[IpocTpaHcTBeHHOE paspelleHne Halllel BbIYUC/IH-
TEJIbHOH CETKH COMOCTAaBMMO C TAaKOBBbIM B paboTax
JIPYyrux aBTOpOB (cM. TabJ. 1). DTo paspelieHue a0-
CTAaTOUHO JYIsSl BOCMPOU3BEIEHUST MesIbUaillMX U3 Ha-
6monaembix Teseckoniom Chandra ctpykryp Besbl —
PEHTreHOBCKHMX Y3€JIKOB BOKPYT €€ I0r0-BOCTOUHOTO
Jokera (cMm. ta6a. 1). Pasmep otnenbHoro yaenka
cocrabJisier 3—4 nukcesna [13C-marpuubl geTekropa
ACIS 3toro Tesieckorna, 4To OTBeYaeT yrJoBOMY pas-

"
mepy ~1.5—2" Ha peHTreHOBCKOM M300paykerun Be-
Jabl. Tak Kak Besia HaxoauTesi Ha paccTosTHUM ~295 1K
ot 3emuin (Kapaseo u ap. 2001),, husdnuueckuii pasmep
y3eJIKa COCTABJISICT ~8 X 1073 cBeroBoro roja.

B. Jlokasibnast 3amMarinieHHOCTb H TOKOBBIH CJI0H
B OJJHOTOPOBOH H BYXTOpOBOH [ 1T

B cucreme otcuera HEMOABH2KHOI'O TiyJibCapa H
B CHUCTEME€ OTCYETa, ,ZLBH}KyU_LefICﬂ BMeCTe C IlJ1a3-
MOIU/I, JIOKaJIbHAs1 3aMariM4€HHOCTD I1JIa3Mbl TYMAHHO-
CTH oIipeaedisijiacb, COOTBETCTBEHHO, KadK

B? B?
Thot = 4nT%w — 4xD2(pc2 /T + 4p)

B/2 B/2

, — p—
Thot = Y 4(p'c® + 4p)’
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Tabauua 1
O06s1aCTb TYMaHHOCTH Ry | Aly | A/ 10%cm | Teom. | Koopn./tun cerku/ yp. AMR
PelypKy ISLHOHHbBI BUXPb 0.25 | 0.002 0.19 ctep. r/1+/3
[Tosic Maxa 0.6 | 0.0045 0.43 chep. r/1+/3
Topsl 1.0 | 0.0075 0.71 cep. r/1+/3
I[pannua TymanHocTH 1.4 | 0.01 0.95 chep. r/1+/3
Besi tymannocts (ITopr + 2014(): 3D) - 10.02 1.89 JIeKapT. (2,y,2)/u/5
Bes tymannocts (ITopr + 2014(%): 3D) - 0.01 0.95 JleKapT. (x,y,2)/u/6
[Tosic Maxa (Bronep u Jlxknomu 2016) 0.25 | 0.0015 0.14 chep. r/1+/4
Top Maxa (Brosep u Jkuomu 2016) 0.7 | 0.0045 0.43 ctep. r/1+/4
Bes rymannocts (Ouamu 4+ 20160%): 3D) — 0.005 0.47 JIeKapT. (z,y,2)/u/5

Mpumeuanne. ) — mogesm A3D, B3D, C3D; **) — monens B3Dhr B ta6a. 1 B paote ITopra u ap. (2014). 1+ — pasmep sueiixu
yBEJHUMBAETCS JIoTapH(MUUECKH C yBeJHUeHHEM 3HAaUeHHsT KOOPAHHATEI, U — OJHOPOJHAsK CeTKa: pa3Mep siueek OJMHAKOBbIH 10 Beeil

o 1
BBIUMCJIUTEJIbHON 06s1acTh. YTii0Boe paspelienne teseckona Chandra: ~0.5 ~0.002 ¢B. .. Pazmep ysenkos Besbl ~2 ~0.008 cB. T.

3nech w' = p'c? + yp/(y — 1) — MJIOTHOCTD IHTA/b-
MUK 11a3Mbl; y = 4/3 — 1nokasaTesib aaquadbatbl yJib-
TPapesSITHBUCTCKOTO  3JIEKTPOH-TO3UTPOHHOTO rasa
(c™., Hanpumep, . 4.1 B pabote [leabp 3anna u jp.,
2006). Besquunnbl B cucTeMe MOKOS MJa3dmbl (1ITPH-
XOBaHHbIE) CBA3aHbl C BeJMUMHAMH B J1a00paTOPHON
cucTeMe (CBSI3aHHOH C HEMOJABHXKHBIM TTyJIbCAPOM )
coorrouenusimu: B’ = B/T; p' = p/T, p' =p, rne
I' = (1 —v2/c?)~Y2 — nopenu-hakTop paauaibHO-
ro nyJbcapHoro Berpa. B npenese xosoaHoro Betpa
(p'¢® > ), Ohot = Teold, T

B? B?
Arc2pl AmwcZp'T?’
rJie paBasi yacTb (POPMyJibl BbIpaXkeHa uepe3 MpuMH-
TuBHble TepeMeHHble Koga PLUTO (Munbone u ap.
2007).

B naweit monenu, nogo6uo npounm PMIJ] mo-
nessM B siureparype no I1T, nmosoxeno I' = 10, no-
CKOJIbKY MpH peanucThunbix I' ~ 102—10% PMII ko-
Jibl HEYCTOHUHBBLI. DTO BLIOOP MOYTH He CKa3bIBAETCS
Ha cTpyKType U inHamuke [1T, Tak Kak oHUM TOJHOCTbBIO
omnpeneNifioTesl THHAMMUECKUMH CBOWCTBAMM TYJIb-
CapHOTO BeTpa — MJIOTHOCTHIO MOTOKA €ro KHHeTHUe-
CKOH 3HepTuu fiiy (MM HAMOPHBIM JIaBJEHUEM ) H €ro
3aMarHMYeHHOCTbIO 0 = fiin/ fmag. [locKosbKy o6a
3THX ITapaMeTpa 3aBUCAT TOJNLKO OT KoMOUHaLUH p'T'2,
a uMenHo, fiin = p'T%v.c® u o = B?/(4nc?p'T?), To
MOJIe/Ib MOYKHO OTMAacIITaGHPOBATh K peasiCTHUHbIM
3HaueHusiM I' 6e3 M3MeHeHHsl TMHAMHUYECKHX CBOHCTB
BeTpa, JIMlIb COOTBETCTBYIOUIMM 00Pa3oM oTMAacIITa-
6upoBaB naoTHOCTL BeTpa (p oc I'~2) (Komuccapos,
Jlio6apekuit, 2004; Kamio u np., 2009; ITopt u ap.,
2014, 2017). JlokasbHasi 3aMarHHUeHHOCTh BETpa 3a-
BHUCHUT TOJIbKO OT LIUPOTHI € M He 3aBUCHT OT pac-
CTOSIHUS OT MyJibCapa 7, MOCKOJbKY YpaBHEHHsI, OTH-
ChIBAIOLIME MyJbCAPHBIH BETEP, 0CECUMMETPHUHbI (He
3aBUCST OT ¢), MArHUTHOE MOJie — a3uMyTasbHO (B =

= By oc r~ 1), a otnocTb pf oc 12,

Ocold =
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C. IlocTtpoenue CHHXPOTPOHHBIX KaPT
MOJ€e/IbHOH TYMAHHOCTH

KapTbl CHHXPOTPOHHOrO H3JyUeHHs! OCTPOEHbI
obutenpuuateiM st PMIJL mopennpoanus I1T
cnocobom (nenb 3anna u ap., 2006; ITopt u ap.,
2014; bronep, Ixuomu, 2016). dtot cnocob nos-
BOJISIET CBSI3aTh JIOKAJbHOE 3HAUEHHE H3JyyaTebHOH
CMOCOOHOCTH YACTHLL, MUCIYCKAKOLIMX CHHXPOTPOHHOE
PEHTreHOBCKOe M3JyueHHe, C JOKaJbHbIMH 3Haue-
Huamu PMIJ] nmapameTpoB, BBIYHCJISIEMBIX B XOJ€
MOJIE/TIMPOBAHUS — JaBJ€HHEM, MAarHUTHBIM OJIEM,
M CKOPOCTbIO TeueHus: (POHOBOH TJa3Mbl. B Mojesn
NpeJronaraeTesi, 4To BbICOKOIHEPIrHUHbIE 3JE€KTPOHbI
M TO3UTPOHBI TMYJbCAPHOTO BETpa, HCIyCKalollne
peHTreHOBCKOe H3JyueHHe B oObeMe TYMaHHOCTH,
MCIBITBIBAIOT A/IBEKIIMOHHBIN TIePEHOC BOJb JIMHHH
ToKa mua3mbl. Mojesib TakxkKe MpeanoJaraer, 4to
pacripesiesieHHe 4YacTUL MO 3Hepruu Qopmupyetcs
BOJIM3M (DpOHTA YAAPHOH BOJIHBI OCTAHOBKH, MMeEET
Ha He# crenenHoll Xxapakrep f(E) o< E7% I'iyin <
SE/mCQSFmaX, rIe m — Macca 3JIEKTPOHa, WU
IBOJIIOUMOHUPYET BJIOJIb JIMHUH ToKa. PYHKIMS pac-
npenesieHds HOPMUPYETCs Ha JIOKaJlbHOE JaBJeHHe
MJa3Mbl, a MaKCUMaJibHasl 3HEPrusl H3Jydalollnx
YaCTUL MOJIyJIUPYETCS TOTEPSIMHU YACTHIL HA U3/TydeHHe
1 anuabatuyeckumu norepsmu ([enb 3anua u ap.,

2006).

[Ipennonoxenue 06 anBeKIMOHHOM TepeHOCe ya-
CTHUIL U HEYUYET MPOIeCCOB UX AUPPY3UH U YCKOpPEHHS
B XOJle PacrpoCTpaHeHUsi B TYMaHHOCTH (TpeOyIolHX
pecypcoeMKoro KHHeTHUECKOr0 MOJIETMPOBAHMUS; CM.,
Hanpumep, beikoB W ap., 2017) orpaHuunBaT BO3-
MOKHOCTb KOJIMY€CTBEHHOTO COMOCTABIEHUS MOJIEb-
HbIX U300paxKeHnH 1 CrieKTpoB ¢ HabJoiaeMbiMu. OJ1-
HaKo TMPOCTOTa ¥ HeTPeGOBATENbHOCTh UCTOJb3YEMOH
MOJIe/IH K KOMITbIOTEPHBIM pecypcam 00yC/J0BIUBAIOT
ee MpUMeHeHHe TIpU MoJeaupoBaHuu cTpyKTypbl 1T
IIMPOKAM Kpyrom aBTopoB. CpaBHeHHE pe3yJibTaToB
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(a) o = 80° c,=0.03 0) a=45°6,=3
1.e-05 l.e-04 1.e-03 1.e-02 1.e-01 l.e-03 l.e-02 l.e-01 1.e+00 l.e+01
'  r— o— e

2 8
. -1.0 0.5 0 0.5 1.0

X (y) X(y)
Puc. 5. Kaptoi orapudma nokanbHol 3aMarHiueHHOCTH oot B cTalinoHapHbix PMIT/] Mozesisix 1ByXTOpoBO#i (2) H 0IHOTOPOBOH
(6) nysbcapHbix TymaHHocTeil. [Tapamerpbl Mojesieil puBeeHbl Haa KapTamu. Besoii (a) 1 uepHo#i (6) JIMHHSIMHU 32 yIapHO#
BOJIHOM OCTAHOBKH MOKa3aHbl 5KBaTOPHA/IbHbIE TOKOBbIE CJIOM MEXK/y HCTEUeHUSIMH PA3HON MarHUTHOMH noJisipHOCTH. LIBeToBbIE
1LIKaJIbl HMEIOT pa3Hble Mpeesibl st JyUllel pa3MuiMOCTH AeTasei.

(a) a=45°6,=3, M;=0 6) a=280°c,=0.1, M,~2.3
1.e-03 l.e-02 l.e-01 1.e+00 l.e+01 1.e-03 l.e-02 l.e-01 1.e+00 l.e+01

-1.0 -0.5 0 0.5 1.0

X-Axis
Puc. 6. Kaprbl JloKaibHOIT 3aMarHHUeHHOCTH 0ot B OTHOTOPOBOI U JIBYXTOPOBOK MOJIE/IbHBIX TYMaHHOCTSX. [lapameTpbl Mojieneit
npHUBeeHbl HA KapTamu. [IByxTopoBasi TyMmaHHocThb anasoruuHo [ 1T Bena B3aumoseicTByer co ciabocBepX3BYKOBBIM TeUeHHEM
(c uncsiom Maxa M ~ 2.3). LIBetoBble LIKaJbl COBMNAAAIOT. B oT/IMUKE OT 0HOTOPOBOI TYMAHHOCTH, 1€ CHJIbHO 3aMarHUUY€eHHble
MOTOKH TIPOTHBOIOJIOAKHON MOJISIPHOCTH pasfiesieHbl H3BUIUCTBIM TOKOBBLIM CJI0€M, HaulHast OT CaMoTro ()pOHTA YAaPHOH BOJIHBI,
B cJj1abee 3aMarHHUeHHbIX JIByXTOPOBBIX TYMAHHOCTSIX OHH CXOJATCS JIMLLb Ha epudepun TYMaHHOCTH.

Halllero MoJeMUPOBAHUS C pe3yJbTaTaMM THX aBTO-  THHHOH mMJockKocTu. Kaprtel umelor paspeiienue N X
poB TpeGyeT MpUMEHEHHsI TOrO 2Ke MOAXO0/a. x N mnuKcesiell W MOJiyueHbl MyTeM HHTEerpUpOBaHHUS

M3JIyJ4aTeJIbHOH CI HOCTH Bosib N X N 1 -

KapTel CHHXPOTPOHHOTO H3/yueH s IeMOHCTpUpy- (o0 1aTCIBHOM € 0COGHOCTH BOS apar
0T MPOCTPAHCTBEHHOE pacrpe/esieHre HHTeHCHBHO-  /IG/IbHBIX JIyHEH SPEHHS, TPOHHUSBIBAIOIIHX MONCIbHYTO
CTH MOJIEJILHOTO CHUHXPOTPOHHOTO H3JyuyeHHsi B Kap-  TyMmaHHOCTb. B paborte ncnosbzoBano N = 300. M3-
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4.96e-07  3.47e-06

1.54¢-05

6.24§—05 2.51e-04

\

Puc. 7. Ta :xke xapTa CHHTETHUECKOTO CHHXPOTPOHHOIO PEHTI€HOBCKOTO H3JyueHHs], UTO U Ha puc. 3b, HO ¢ JlorapudMUuecKoil
LIKaJIoH SIPKOCTH (B NPOM3BOJIbHLIX eluHMLAX). [TosioxKeHne mnyJjbcapa OTMEUEHO KDPECTHKOM. OJIIMICHl — NPOEKLUH (Ha
IJIOCKOCTb He6a) ABYX KoJlell ¢ LieHTpoM Ha ocH cumMmeTpud 1T, npoxoasiux uepes okpectHocTH Touek A u B na puc. 3.

JiyyaTesibHast CoCOOHOCTh BbIUMCSAIACH 110 (hOpMy-
Jgam u3 pabotsl Ilenb 3anua u ap. (2006) Ha ocHoBe
JIOKaJIbHbIX 3HaueHWi napameTrpoB PMIJI-Teuenut
(CKOpOCTH, JaBJieHHsI M MarHUTHOro MoJisi (POHOBOM
1J1a3Mbl ), TIOJIy4eHHbIX B Pe3yJibTaTe MOJeJUPOBAHHUSI.

B MoJesbHOH TyMaHHOCTH MarHWTHbIEe MOJIsT J0-
BOJIbHO cJ1a0bl. B LMPKYJISLHUAX, 3aHUMAIOIINX 60Jb-
1Iylo 4yacTb oObeMa TyMaHHOCTH, oHM ~1—5 wmklc,
a B y3KHUX OBICTPbIX 3aMarHHUEHHbIX TOTOKaX ~25—
27 mklc. Caabble noJist Mo3BoJSIOT NpeHebpeyb CHH-
XPOTPOHHBIMH TIOTEPSIMH SHEPIHH M3JIydaloOLMX 4Ya-
CTHULL M CUMTATh UX CIIEKTP Heu3MmeHHbIM. [laxke eciin
6bl MoJie B 27 MKIC 3amoJ/iHs/10 O6bl BeChb 06bEM TyMaH-
HOCTH, TO M TOT/1a XapaKTepHoe BpeMsl CHHXPOTPOHHbBIX
1 00paTHbIX KOMIITOHOBCKHUX MOTEPb

1keV B 1/2>< )
Eph 3,uG

1+ B’
X _
3uG

npeBbIllaIo Obl BpeMsl a/IBEKLIMH H3JTydatolnX YaCTHLL
tady ~ R/u B1OJIb GBICTPBIX MATHUTHBIX HCTEUEHHI (CO
cKopocTbio u ~ 0.7¢), a Tak:Ke BpeMsl HX MaKCUMALb-
HO MeOAeHHOl 6omoscKkol nuddy3ud Ha paccTosi-
Hue R nopsizika pagmepa TymaHHocTH (~1.5 ¢B. rozia),

t,yr ~ 9000 (

R 10/ B \*? (R,1y)?
T,yI = — = — (2)
4D n \ b uG V Epn, keV

(Eph — sHeprus GoToHa, B — HanpsKeHHOCTh Mar-
HUTHOTO ToJist, D — Koauument auddysun). s
nosied ke B ~5 MKIC BpeMmsi moTepb SHEPrHU Tpe-
BbILLIAET OLEHOUHbIH BO3pacT KOMIIAKTHOW PEHTI€HOB-
CKO#l TyMaHHOCTH BeJia, OTCUMTBIBaEMbIF OT MOMEHTa
MPOXOXK/IEHUA OOPaTHOH YAapHOW BOJIHBI OCTAHOBKH

[MMCbMA B ACTPOHOMMUYECKHUN YKYPHAJI

yepe3 myJabcap (~2—3 Tbic. Jer; Marrana u np.,
2011). AnnaGaTHuecKuMH MOTEPSIMU B pacCMaTpHBa-
eMOH MOJIeJIH TaKxKe MOxKHO npeHebpeub. [1pu cnabbix
NoTepsixX Ha UaJyueHue ajnadaTHuecKue MoTepu B MO-
nemu eabp 3anna u ap. (2006) npuBoasiT K MeieH-
HOH BapHalMM BJOJIb JIMHUHM TOKA MAaKCHMaJIbHO BO3-

MOKHOH SHEPIHH YACTHULL €oo X nt/3 (rne n— KoH-
LeHTpalus Mmjaa3mbl). Bo BHyTpeHHHX yacTsx HallleH
MOJIEJIbHOH TYMAHHOCTH TUJIOTHOCTb YACTHLL MEHSIETCS
He3HAUUTEJIbHO, UTOObI MOBJHATL Ha GOPMY CHEeKTpa
U3JIyUalolUX YacTHLl, a BO BHELIHHUX YacTsIX B3aUMO-
JIEHCTBUE C MOTOKOM BHELIHEH CPellbl MOXKET, HANpO-
TUB, 00eCleuuTb HEKOTOPbII anabaTHueCcKUl Harpes.
[TapameTpbl UCTIOBL3YEMOTO B MOJIEJTH paCTIpeie/ieHUs
YaCcTHL, H3Jy4yalolllMX B PEHTreHe, COCTABJSIIOT S =

= 2.2, Tinin = 104, Tax = 10°.

Ha mMonesnbHbIX CHHXPOTPOHHBIX KapTax (puc. 30,
puc. 7) TYMaHHOCTb TpeJicTaB/eHa B TOH »Ke MpoeK-
uuH, B Kotopoit Besna BuaHa ¢ 3emsn. Ocb TymaH-
HOCTH HAKJOHEHA B KAPTHHHYIO MJOCKOCTb TakK, UTO
ee CceBepo-3anajiHblil KOHEL| COCTABJSIET YroJl Qyieyw =
= 120° ¢ HanpaBJ/eHueM Ha HabJoAaTeNst. A B MpOeK-
LMK Ha KAPTUHHYIO MJIOCKOCTb 3TOT KOHELL COCTaBJISET
NO3ULMOHHBI yroJ B 310° ¢ HanpasJ/eHHEM Ha ceBep
(uepes 3amaj-or-BoCcToK).

Ha puc. 7 nokaszana ta ke CHHXPOTPOHHAsi Kap-
Ta TYMaHHOCTH, 4TO W Ha pHc. 36, HO C Jorapudg-
MHUUECKOH 1IKaJoH sipKoCcTH. Kaxiasi U3 3THX KapT
SIBJIATCST CyMMOH 11 MOMeHTasbHbIX CHHXPOTPOHHBIX
KapT mozesbHol [1T, mocTpoeHHbIX ¢ MHTEpBAJIOM B
~1 mec 3a nepuon 3Bosounu [1T B omn roa. CaunsiHue
1300paxKeHuH cliesIaHo sl TOro, 4ToObl MOAYEPKHYTh
CTAllHOHAPHOCTD JIByXTOPOBOH CTPYKTYPHI.
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