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ACTPODODHMUI3NUKA

TOM 64 @OEBPAJID, 2021 BBIIIVCK 1

BSBOJIIONNWA CTPYKTVPBI BUJAMMDBIX C PEBPA
CITUPAJIBHBIX TAJTAKTHK

B.IL.PEINETHUKOB!?, I1.A YVCAYEB!*?
ITocrynuna 15 HosiOpa 2020

O6GcyxparoTess pe3yIbTaThi (DOTOMETPHYECKOIO aHAIM33a BUAMMEIX ¢ pebpa CIHpaNbHBIX
TANaKTHK B TPeX INYOOKHX ITONIFIX KOCMITUeCKOro Teneckoma Xab6a (HDF-N, HDF-S, HUDF).
TTokaszano, uTO TamakTHKH HAa z ~ 0.5 AEMOHCTPHPYIOT MEHbBIINE 3HAYEHHA DPAOUAJBHBIX 3KCIIO-
HEHIIMANbHEIX MAcIuTaboB /i, 3BE3OHBIX [MCKOB IO CPaBHEHHIO ¢ OJIM3KHMM TalaKTHKaMH.
Ha6monaemoe m3MeHeHIEe MACINTabOB MICKOB TANAKTHK COTVIACYeTCsA ¢ 3akoHoM 7, o« (1+z) ",
rme n~1. Ilomyyeno yKaszaHHe Ha 3aMCTHOC YMEHBIICHMS OO/M TadakTuk ¢ B/PS Gammkamm ot
z=0 K z=1.

Knarouesnie cnosa: SCOAOUUA CIMPYKIYPbL. CRUDANbHBEE 2ANAKMUKY

1. Beederue. Motomerpryeckoe H3ydeHHe BHAUMEIX ¢ pebpa (edge-on)
CHHPaNbHBIX TANaKTHK B OKpyXapouiel Hac obnmacti BceneHHON Bemercs yxe
MHOTO JIeT (cM., HanmpuMep, [1-4] u ccoinku TaMm xke). HakomieH 3HaYHTeNbHBIH
HaOMIONATENbHBIH MaTepHaN O PaAHANbHON H BEPTHKANBHOU CTPYKTYPE 3BE3MHBIX
OHCKOB, TONYYCHBI NAHHLIC O XapaKTEPHCTHKAX H PACIPENCICHHH INbUIA B
TaMaKTHKAX, O CBOMCTBAX HX TEMHBIX rano (Hampumep, [5-7]). C apyroii cTOpoHH,
XapaKTEPHCTHKA HANCKHX CHHPANIbHHX TaJakKTHK, BHONMBIX B OPHCHTAHH C
pedpa, H3yJeHH! MoKa Mano. B mepsyio ouepens 3TO CBA3aHO CO CIOXKHOCTHIO HX
HCCICHOBAHMSL - YIMIOBOE Pa3pelliCHHEe Ha3¢MHBIX ONTHYCCKHX TENECKOIOB HE
TO3BONSIET H3YYaTh BEPTHKAIBHOE PacIpeleicHAe SPKOCTH B TaKHX O0OBEKTaX.

D1y npobieMy yIaeTcd PEliuTh MPH HCIONL30BAHHH JaHHBX KOCMHUECKOTO
Teneckona Xa6on (HST). B psae paboT 6610 MpoaeMOHCTPHPOBAHO, YTO YIJIOBOS
paspemiende caumios HST (<0°.1) naer BO3MOXHOCTh aHANU3HUPOBATH PacIpe-
OeNICHHE 9PKOCTH YV BHOUMBIX C pe0dpa rajJakTHK Ha KPacHOM CMEIUCHHH Z ~ 1
[8-11]. HccnenopaHie ranakTuk B Heckonbkux rnydbokux mongx HST moxkazano,
Y10 NS NANCKHX CIHUPANbHLX IallakKTHK XapakTepHa NOBLIIICHHAS OTHOCHTENbHAY
TONIMHA 3Be3MHBIX AUCKOB [8,11]. KpoMe Toro, nuckm gpKux rajakTuk Ha Z ~1
BRITJISAAT YKOPOYCHHBIMH MO CpaBHEHHIO ¢ ONM3KHMH oO0bekTamu [11].

Hensro Halell paGoTel IBNIETCI COBMECTHBIM aHAJNN3 JaHHBIX O CTPYKTYPS
BHAMMBIX C pedpa CHUpPanbHBIX raiakTuk B Tpex rmyookux monax HST: Hubble
Deep Ficld North (HDF-N), Hubble Deep Ficld South (HDF-S) u Hubble Ultra
Deep Field (HUDEF).
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Bce uMCOBbIE BEJIMUYMHBI B CTAThE TIPUBEIEHBI UTsI KOCMOJIOTUYECKON MOJIENN
C mocTosaHHOi Xa66ma 70kmMc' Mnk' u Q, =03, Q, =0.7.

2. Bwibopka easakmuk. Hauia BbIOOpKAa BMIMMBIX C pebpa rajlakTUK
OCHOBaHa Ha ONyOJMKOBAaHHBIX pe3yJibTaTax AByX paboT. B mepBoii pabote ObuIU
paccmoTpeHbl 00bekThl B CeBepHoM U FOxxHOM rybokux mossix HST (HDF-N
u HDEF-S) [8], Bo BTOpOI1 - ranaktuku u3 Ceepxriayookoro noiast HST (HUDF)
[11]. B HDF-N u HDF-S ranaktuku ObUIM OTOOpaHbl Ha OCHOBE BM3YyaJlbHOTO
MPOCMOTpa OpUrMHajbHbIX KaapoB (Taba.1 u 2 B [8]). B HUDF npenBaputenbHbIi
0TOOpP OOBEKTOB OB OCYILIECTBIEH C MoMollblo rmakera SExtractor [12], okoHya-
TeJbHasi BIOOpKa ObL1a chopMUpOBaHA HA OCHOBE (POTOMETPUUYECKOTO MOJIEIUPO-
BaHusl (Taba.1 B [11]). Bbibopku u3 ob6eux pab®OT OTHOCUTEIBLHO MOJHBI IS
OoNbLIMX U APKUX M (B)S—18"1 rajlakTuk (CM. OOCyXIeHHE B OPUTMHAJbHBIX
paborax).

M3 HUDF Obimu B3sTHI 22 TalaKTUKM, KOTOpbIe corjacHo [11] ¢ Oosblinoit
BEPOSITHOCTBIO BUIHBI B OpMEHTAllUU ¢ pedbpa (eon=1, 2) u ux HabIIOIaeMbIe
pacrnpenesieHus SIPKOCTUM XOPOLIO OMNMUCBHIBAIOTCSI MOJEIbI0 BUAMMOIO ¢ pebpa
skcnoHeHuanbHoro nucka (fit=1, 2). Us HDF-N u HDF-S Obi11 oTOoOpaHbI
15 rajgakTvK, MMEIOIIMX 3KCIIOHEHIIMAIbHOE pacIipeneaeHe sipkocT. Bee ranakTtuku
M3 UTOTOBOrO CHMCKa HAXOASITCS Ha KpaCHOM CMelleHMU z<1.2.

TaxuMm obpa3om, n3yyaemasi B HACTOSIILEH paboTe UTOroBasi BHIOOPKA OOBEKTOB
COCTOMT U3 37 BUAMMBIX C pedpa rajlakTvK, IJISI KOTOPBIX M3BECTHBI 3HAYCHMUS
panuajbHbIX /i, U BEPTUKAIbHBIX /i, SKCIMOHEHLMAIbHBIX MACIITA00B X 3BE3IHBIX
JIUCKOB. JIaHHBIE B pa3HbIX IMOJSIX ObLIM MOJYyYeHbl B OJU3KUX LIBETOBBIX MOJIOCAX
(F775W (cpennsast mnvHa BosiHbl 775 HM) nass HUDF, F814W (cpenHsst anivHa
BojiHbl 814 HMm) nigs HDF-N u HDF-S) u B nmanbHeiiiieM Mbl TpeHeOperaem
HeOOJIbILIMM pa3InyueM 3TUX (UIBTPOB.

Ha puc.la nmoka3zaHO pacrnpenejeHrMe M3y4aeMbIX TajakTMK 1o z. s
OoJsibIIMHCTBA rajakTukK (28 u3 37) M3BECTHBI CIMEKTPOCKOMUYECKHE KpacHbIE
CMelIeHUs, 1151 9 UCnoab30BaIUCh (poTOMEeTpUUecKre oleHkr z . Kak BUAHO Ha
pPHCYHKE, OCHOBHAs YacTh raJJaKTUK pacroyioxkeHa Ha z ~ 0.5 (cpemaHee 3HaAYeHUE
<z> =0.53+0.23). OT™MeTuM, 4TO 3I0Xa, COOTBETCTByIOIIAsA z = (0.5, ymajeHa OT
HalIero BpeMEeHM MPUMEPHO Ha S MJIpA. JeT.

Ha puc.1b uzobpaxkeHo pacnpeaeieHre 00bEKTOB BHIOOPKM I10 aOCOIIOTHOM
3BE3AHON BelMuMHe B (puibTpe B, HaliieHHOe C MCMOJb30BaHMEM k-TIOMPaBKU JUISt
rajaktuk tuna Sc coriacHo [13]. M3yyaemble TalaKTUKU SIBISIIOTCSI OTHOCUTEILHO
SIPKMMU: MX HaO/IogaeMble CBETUMOCTH COCTABISIIOT ~ —19™ . Eciin yuecTh MonpaBky
3a BHYTpPEHHee MOTIJIOLIEHNE B BUAUMBIX ¢ pedpa Auckax (OHa MOXET JOCTUTraTh
3HauYeHui ~1™ —1™.5), TO CBETUMOCTH TaJIAKTUK CTAHOBITCHI CPaBHUMBIMU CO
CBETUMOCThIO MieuHoro IlyTu.
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CpenHue 3Haue€HUSI SKCIIOHEHUMANIbHBIX MACIITA00B TaJlaKTUK COCTABISIIOT
<h,> =2.73+1.03 KK 1 <hz> =0.53+0.23 koK. OTK 3HaYEHUs] TAIIMYHBI VIS SIPKUX
rajakTuk, MmogooHeix Miueunomy Ilytm [5].
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Puc.1. PacnpeneneHue rajakTuk Mo KPacHOMY CMELIEHUIO (a) W MO abCOJIIOTHON 3BE3AHON
BeinunHe B ¢unbtpe B - M(B) (b).

3. Pesyabmamul u obcyxcoeHue.

3.1. Omnowenue h,/h, . Pacnpenenenus oTHOIWEHUsT h, /h, Ui OIN3KKX
U JaJIEKUX TaJlakTUK CpaBHUBAIOTCA Ha puc.2. Kak BUAHO Ha 3TOM PUCYHKeE, Y
rajakTuK M3 TIyOoKMX moseit h, /h, <10, B TO BpeMs Kak rajJakTHKH M3 0630pa
SDSS panpenenensl 0oiee mupoko. OTMETUM, YTO HAa puUC.2 MBI CpaBHUBaeM
XapaKTEePUCTUKM JAJIEKUX TaJlakKTMK Ha JUIMHE BOJHBI A ~8000A ¢ xapakre-
PUCTUKAMU OJIM3KUX 00BEKTOB B usbtpe g (A ~4600A ). C yyeToM KocMoIo-

0.4

0.3

norm

Z 02

0.1

0 10 20 30
h/h,

Puc.2. HopMupoBaHHbIe pacnpele/ieHusl OTHOLIEHUI MaciuTaboB AMCKOB ralakTuK h, /h, [is
BBIOOPDKM [aJ€KMX TajlakKTUK (LUTpUXOBasi JIMHUSI) W sl OJIM3KUX rajakThk u3 ob3opa SDSS B
unpTpe g (HempepbiBHas auHuUs) [5].
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TMYECKOTO KPAacHOro CMEIIEHUS, NaHHbIE ISl TalaKTUK U3 TIYyOOKMX TMoJiei
COOTBETCTBYIOT JUIMHE BOJHBI ~8000A /1.53=5200A , 4TO HE CIMILIKOM CHJIBHO
OTJIMYAETCSI OT COOTBETCTBYIOILLETO NUaNa3oHa sl TrajakThuk Ha z=~0. Kpome
TOTO, BKCIMOHEHIMATbHbIE MACIITAOBI 3BE3AHBIX TUCKOB B OJU3KKX CIEKTPATbHbIX
JIMarna3zoHax Takke 0am3ku. Hampumep, cormacHo gaHHbIM [14], cpenHee OTHOLLIEHUE
paavaTbHBIX IIKAJI BUAUMBIX C pedpa COUPAIbHBIX TaJlaKTUK B puiabTpax B u R
cocrapsier (h,(B)/h,(R))=1.11£0.07 . Cref0BaTebHO, OTINUNE CIEKTPATBHBIX
JIMAIa30HOB IPU CPABHEHUU XApPaKTEPUCTUK TIAKTUK HAa z=0 UM z=(0.5 He
UTPAaeT 3aMETHOM POJIU.

s cpaBHeHMS TMOKa3aHHBIX Ha PUC.2 SMIIMPUYECKMX paclpeneeHUd Mbl
rcnoyib3oBau Kputepuit Konmoroposa-CmupHoBa. OKa3aaoch, YTO TMIIOTE3a O
TOM, YTO BbIOOPKM AaJeKUX U OJU3KUX TAIAaKTUK WU3BJIEYEHBI U3 OJHOTO U TOTO
Xe pacrpeseseHus o k. /h, otBepraetcsi Ha ypoBHe 99.9%. C 1pyroit CTOpOHBI,
u3 AaHHbIX [5] ciemyer, uTo y 23% rajaktuk Ha z~(0 OTHOLIeHUE h, /h,
npesbiinaeT 10. CiaegoBaresIbHO, BEPOSITHOCTE CIYy4aiiHOTO BEIOOpa 37 rajakTHK C
h,/h, <10, Kak B Halleil BBIOOPKE IaJeKUX 0ObEKTOB, OYCHb Majla U COCTABIISIET
(1—0.23)37 ~107*. Takum 06pa3oM, MOXHO 3aKITIOYMTb, UTO 3BE3IHBIE TUCKHU C
h,/h, >10 O4eHb PEIKM CPEIM TATAKTUK Ha z ~(0.5. PaHee aHAIOTMYHBII BBIBOA
Mo JaHHBIM ToJbKO 1Jis1 ogHoro mojsa (HUDF) Obu1 coenan st ralakTUK Ha
z~1 [11].

3.2. Paduanvnasa cmpykmypa easakmuk. Ha puc.3 cpaBHUBAIOTCS
BEJIMIMHEI pamTdaIbHBIX MacIITabO0B TajlaKTHK Ha z ~ (.5 ¢ TapaMeTpamMu OIM3KUX
ranaktuk. Kak BHUIHO Ha pPUCYHKE, OTHOCUTEJbHO cJabble TajlakKTUKU C
M (B) >—18™.5 pacronararorcsl Ha 3TOM MJIOCKOCTH MPUMEPHO BIOJb 3aBUCHMOCTH
JJ1s1 0711M3KKUX 00beKTOB. bosiee sApKue rajlakTMKu AeMOHCTPUPYIOT YKOPOUEHHbIE
3Be3IHBIC AUCKH 10 CPABHEHMIO C TUCKAMM OOBEKTOB Ha z ~ 0 . [IpmMevareabHO,
YTO 3TO 3aKJII0YCHME TMOATBEPXKAACTCS OTAHHBIMU IJIsS PA3HBIX TJIYOOKMX TOJIEH.

Crpenkamu Ha puc.3 MoKazaHbl MPUMEPbI OXKUAAEMOI IBOJIIOLIMU CITUPATBbHbBIX
TaIaKTHK TT0 TaHHBIM YHMCIEHHBIX pacdeToB B pamkax CDM momem ¢hopMUpOBaHUS
ranakTvk [15,16]. Hauano BepxHeii CTpeIKi COOTBETCTBYET CPEIHUM XapaKTEPHUCTUKAM
MOJIEJIbHOM TalaKTUKU Ha z =0.9, KoHell - Ha z=0 (cMm. Tabs.2 B [15]). Huxnss
CTpeJiKa (ee HayaJo COOTBETCTBYET z =1, KOHEII - z =0 ) IEMOHCTPUPYET U3MEHEHIE
XapaKTePUCTUK MOJCIM CIUpaJbHOM rajakTuku "h986" cornacHo Tta6n.3 B [16].
Kak BUIHO Ha pUCYHKE, B MPOLIECCE CBOEU IBOJIIOLIMU TaTaKTUKU AOKHBI PaCTU
B paiuajibHOM HarnpasjieHuu. [Ipu 3ToM HabnonaemMoe U3BMEHEHUE CBETUMOCTU
CBSI3aHO C 00Jie€ BBICOKMM TEMIIOM 3Be31000pa3oBaHus B amnoxy z =1 [15].

Ecim mipuHSITh, 9TO 3KCMTOHEHIMATBHBIN MacIuTad 3BE3AHBIX TUCKOB MEHSICTCS
C KPacHBIM CMEIIEHUEM MO 3aKoHY /i, oc (1+2)™" , TO M3 HAIIKMX JaHHBIX MOXHO
OLICHUTb 3HaYEHUE /1, MUHUMU3MPYIOLLIEe OTKIOHEHUE NaJIeKHUX TalakTUK OT CpelHen
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3aBUCUMOCTU I OJIU3KUX OOBEKTOB. s ranaktuk ¢ M (B)S—18"1 MOJTy4aeTcs
3Hauenne n=1.22+0.36, w1s 6onee spkux rasaktuk ¢ M(B)<—-18™5 n=1.53+
0.39. IlpuBeneHHbIE BbIlIEe OLIEHKM TMOJyYeHbl 03 yuyeTa BO3MOXHOW 3BOJIOLUU
CBETUMOCTEI TaJlaKTUK. Y4eT yMepeHHoil sBosonuu (Ha 0™.5-1" Mexny z=0
n z=1) yMeHblIAeT 3HaYeHUE 1 00 ~ 1. DTH 3HAYEHUS HAXOHATCS B COINIACUM
C OILIEHKAMW JPYTUX aBTOPOB, M3y4YaBIIMX M3MEHEHWE Pa3MepoOB TajakTUK C Z
(Hanmpumep, [17]).

1.5

-14 -16 -18 -20 -22
M(B)
Puc.3. Pacnipenenenue ranaktuk uz3 HUDF (otkpeiteie kpyxxku), HDF-N u HDF-S (uepHbie
KPYXKM) Ha Iuiockoctu M(B) - logh. HenpepblBHOIi MMpsAMO#i JIMHMENH NMOKa3aHa CPENHHAs 3aBUCH-
MOCTh [UI OJM3KMX TaJakKTUK B GUIBTpe g, comtacHo [5], TMHUM M3 TOYEK WILIIOCTpUpyloT 120

pazbpoc orToil 3aBucumocTu. CTpeiakamMu H300paxkeHa SBOJIOLUST XapaKTePUCTUK MOJIEIbHBIX
rajakTuk, cormacHo [15] (BepxHss crpenka) U [16] (HMKHAS CTpeska).

Yro Xe KacaeTcs BEpPTUKATIBHOIO MACIITaba pacHpeneaeHus IpKocTu /_, TO,
cornacHo [11], oH He MoKa3bIBaeT MPU3HAKOB CYIIECTBEHHON 3BOJIOLUM IPHU
z<l1.

3.3. Becmpeuaemocmv X-cmpykmyp. OnIHON U3 UHTEPECHBIX 0COOEHHOCTEN
BUIMMBIX C peOpa MAMCKOB TaaKTUK SIBISIOTCS TaK Ha3bIBaeMble X-CTPYKTYPHI,
MpeACTaBIsIIoNIMe co0oi JoKanbHble yapueHus BHyTpu B/PS (boxy/peanut shaped)
Oanmxeil, KOTopble, B CBOIO OYepelb, CBSI3aHbI C OPUEHTUPOBAHHBIMU C pebpa
O6apamu (cM., Hampumep, [18] u ccbuiku Tam xe). B/PS Ganmxu BcTpevarorcs
JIOBOJIHO YacTO - CPeau SIPKMX OJIM3KUX TaJaKTUK WX JOJS MOXET JTOCTUTaTh
~50% [19]. C npyroii CTOPOHBI, YMCICHHBIE PAaCUEThl ITOKA3bIBAIOT, YTO C POCTOM
z JONS TaJlaKkTMK C OapaMu M, COOTBEeTCTBeHHO, ¢ B/PS Oanmxamu, noixHa
yMmeHbllatbes [20]. HabnronareabHble JaHHbIE, TTO-BUAMMOMY, MOATBEPXKIAIOT 3TO
3aKioueHue - npu z~1 gonst rajaktuk ¢ B/PS Ganmkamu B 0o63ope HST
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COSMOS 6nu3ka K Hyhto [21]. PaccMoTpyM, 4TO MOXKHO CKa3aTh O BCTPEUAEMOCTU
X-ctpykTyp (4, coorBeTcTBeHHO, B/PS Ganmkeii) Mo BEIOOpPKe JaJeKUX TaJaKTUK,
BUIMMBIX B OpPHEHTAlIMM ¢ pebpa.

Mbl TIpoaHaNM3UpPOBAIM M300paxkeHUs] 58 BUIMMBIX C pebpa rajakTUK B
HUDF u3 pa6ots! [11]. Kak opuriHabHbIe Kaaphl ralakTuk B dribrpax FO06W
u F775W, Tak n ux pa3HOCTHbIE M300pakeHUs1 (OpUTMHAILHBINA Kaap - (OTo-
MeTpuYecKasi MoJieb) He MOoKa3adu MPU3HAKOB MPUCYTCTBUS X-CTPYKTYpP HU B
onHoi u3 rasaktuk. Paspeienue kaapoB HUDF Ha z ~1 npesblnaet 1 KMk, Tak
yT0 X-CTPYKTYPHI, TUIHMYHBIN pa3Mep KOTOPBIX IOCTHTAET HECKOJIbKUX KITK
(Hanpumep, [22,23]), AOJKHBI OOHAPYXKUBAThCSI.

PaccmarpuBaemble TanakTUKKA HaxXOmATCS Ha z =1, UX cpeaHssl HabmogaeMas
abcosloTHas1 3Be3[Hasl BeJMUMHA cocTaBisieT M (B)= —-18™.5 [11]. C yderom
MOMNPABKU 3a BHYTPEHHEE TOIVIOLIEHUE CBETUMOCTU TAIAKTUK B MOJOXEHUU "TIIamst”
OyIyT HaXOmUThCs B auana3oHe ot -19™ no -20™. CienoBaTebHO, IPU CTAHIAPTHBIX
KaTMOPOBKAX TUITMYHbIE 3BE3THBIE MACChl FAIAKTHK 3TOit BhIGOpKU M, ~10"° M .
st 6M3KuX rajakTHUK ¢ TaKoM 3Be3gHOM maccoil goas B/PS Ganmgxeit coctaBnsier
npumMepHo 20% [19]. Ecniu npuHsATh, 4TO cpeau rajakTuk Ha z =1 B/PS 6anmku
(1 X-CTpyKTypbl) BCTpEYaloTCs C TaKOW e 4acTOTOW, Kak M Cpeau OJIU3KUX
00BEKTOB, TO BEPOSITHOCTh HE OOHAPYXXUTb HU OJHOI TaKON CTPYKTYpHI cpeaud 58
rajlakTUK COCTaBJISIET p ~ 2 - 107 . Ecim xe MPEATOJIOXUTh, YTO YacToTa X-CTPYKTYpP
Ha z =1 paBHa 1%, To BeposTHOCTb p>(.5. TakuM 00pa3oM, TaHHBIE O MOP(OTOTIN
BUIMMBIX ¢ pedpa raiaktuk B HUDF cBUIETENbCTBYIOT O 3aMETHOM YMEHbBIIEHUN
pomu tajmaktuk ¢ B/PS Ganmkamu k z=1. bapel u B/PS Ganmku ramakTuk
bopMUPYIOTCS TIPEUMYIIIECTBEHHO TIpH z <1 .

PaHee nmomoGHoe 3akioueHUe ObUIO CAEJAHO Ha OCHOBE aHaiu3a OOJIbIION
BBIOOPKM BUIMMBIX He ¢ peOpa rajaktuk B o63ope HST COSMOS [21]. duag
raJJakTUK B OPHUEHTAIlUM C peOpa 3TOT BBIBOA CHEJIaH BIIECPBEIC.

4. 3akarouenue. Ha ocHoBe aHanm3a (POTOMETPUYECKOI CTPYKTYPhI 37 BUAMMBIX
¢ pebpa rajgakTuk B Tpex rmyookux nojiasx HST (HDF-N, HDF-S, HUDF) 6sum
MOJIYYEHBI CJIELYIOLIME PE3YIbTATHI:

- OGHapyXeHbl MPU3HAKW 3BOJIOLUU PaAUaIbHON CTPYKTYPhI IaJIaKTUK: SIpKUe
crupajbHble TAIaKTUKA Ha z ~ 0.5 JEMOHCTPUPYIOT 0ojiee KOPOTKUE 3BE3IHbIE
JIUCKU TIO CPAaBHEHMIO C OJIM3KUMU OOBEKTaMU, OTHOCUTEBHO C1abble TalaKTUKKU
c M (B)Z—lSm.S HE ITOKA3bIBAKOT 3aMETHON 3BOJIIOLUH.

- TanakTMKu ¢ TOHKMMM 3BE3IHBIMM IWCKaMu C h,/h, >10 Ha KpacHOM
CMEIIEHUN z ~ (0.5 BCTpPEYaloTCd peXe, YeM B OKpyxarollleil yactu BceseHHOIA.

- Habmopaemblii TeMIm U3MEHEHUsT paiuajibHOTO 3KCMOHEHIIMAIbLHOTO Maciitaba
JIMCKOB SIPKMX TaJaKTMK MpU z < 0.5 coctaBisier k. oc(1+2z)™", tne n=~1.

Kpome Toro, meranbHblil aHAIU3 M300paskeHUi S8 BUAUMBIX ¢ pebpa rajlakTukK
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B HUDF mnpuBen K BbIBOAY O OBICTPOM MHaA€HWUM JOJIU CIMPAJIbHBIX TaIaKTUK C
B/PS Ganmxamu OT COBpeMEeHHOI 3mMoxu K z=1.

OTU pe3yabTaThl MOTYYEHbl HA OCHOBE OTHOCUTEIBHO HEOOJBIIIOTO YMCIa OOBEKTOB
U, KPOME TOTO, OHU MOTYT OBbITh MCKaXKEHBI CJIOKHO (hopMannu3yeMbiMU 3¢ deKTaMu
HaOTomaTeNIbHOM ceiekuu. JlanbHeiiee u3ydyeHue JaieKuxX CupaibHbIX TAIAKTUK,
BUIMMBIX B OPUEHTALIMU C pedpa, OueHb BaxKHO JISI IOHMMAaHUSI 00pa3oBaHUsI U
9BOJIIOLMU OKPYKAIOLIMX HAC CITUPAIbHBIX TaJaKTHK.

Pabota BeinosHeHa npy noanepxkke rpaHtoB PODOU 19-02-00249 (uccnenosaHue
XapaKTePUCTUK X-CTPYKTYp HaJeKuX TajakTuk) 1 PH® 19-12-00145 (u3yuenue
XapaKTePUCTUK IMCKOB, BUOUMBIX C pedpa).

! Cankr-IleTepOyprckuii rocymapcTBeHHbI yHUBepcuteT, CaHkT-IletepOypr,
Poccusi, e-mail: v.reshetnikov@spbu.ru
2 CneunanbHast actpodusnueckas odbcepBaropuss PAH, Huxnuit Apxwi3z, Poccust

EVOLUTION OF THE STRUCTURE OF
EDGE-ON SPIRAL GALAXIES

V.P.RESHETNIKOV"?, P.A.USACHEV!?

The results of photometric analysis of edge-on spiral galaxies in the three deep
fields of the Hubble Space Telescope (HDF-N, HDF-S, HUDF) are discussed.
It is shown that galaxies at z~0.5 demonstrate shortened stellar disks in
comparison with nearby galaxies. The observed evolution of the exponential scale
lengths is approximately consistent with the law 4, oc(1+2z)™", where n=~1.
Evidence was obtained in favor of a noticeable decrease in the proportion of
galaxies with B/PS bulges from z=0 to z=1.

Keywords: structure evolution: spiral galaxies
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ITAHOPAMHAZA CITEKTPOCKOIIUAA T'AJJIAKTHUK C
OYAT'AMU 3BE3J1OOBPA3OBAHMNA.
NCCIHEJOBAHUE SBS 1539+597

CAAKOIIIH!, CHIOJOHOB?, A BMOHUCEEB?

Ilocrynuna 19 aeryera 2020
Ilpunsra k meyatu 23 mexabpsa 2020

IIpencTapner®l pesyNbTaThl OCTANBHBIX UCCHCGAOBAaHHN TalaKTUKH 3Be3m0dopMIpPYIOLeH
akTHBHOCTH SBS1539+597, mosydyeHHble Ha OCHOBE IAHHBIX IIAHOPAMHOM CIIEKTPOCKOIHH. Pabora
MPOBOMINACH B PAMKAX HAIllel MporpaMMbl MO0 KOMILUIEKCHOMY HccienoBarmio ~300 ramakTuk cemm
m3Gparriek nmosieii Broporo Diopakarckoro obsopa (SBS). Habmoaermia SBS1539+597 mpoomimics
Ha 6-M Teneckome CAO PAH ¢ mcmonbsoBaHMeM MyJbTHU3paukoBoro crexrporpada MPEFS. Cpemu
MIPHBEICHHBIX PE3Y/IbTATOB - ABYXMEPHBIE KapThl OCHOBHBIX IIaPaMETPOB H3JIVUCHHSI B JIMHUAX
popoporna Ho Bampmepa, saupeineHHb Aybneros asora [NII] 6548, 6583, cepmr [SII] 6716,6731
¥ B KOHTUHyyMe. JeTUHBE aHAm3 MOTYYCHHBIX JAHHBX BBIFB/IICT, B YaCTHOCTH: OOJMAacTh 3BE3H0-
00pa3oBakisi B IIEHTPAIBHOM YACTH TAJIaKTHKHM, B KoTopol muddepenmupyiorcs mse obmacti HII
(Gonee sApKast U3 KOTOPBIX OTOXIeCTRiAercss ¢ ofbekrom SDSS J154019.70 + 593606.1) u mpue-
Taollasa K HAM HeGopiass o6MacTh TYPOYACHTHOCTH; - IPSHMYILCCTBCHHOS BPallicHIe M3TYUalOLIX
ra30B IO HAHNCKOBOM CTIPYKTYype, B KOTOPOH OTYETJMBO BHAHO Da3lesicHHe OTXOHsINeH BETBH,
Gepylefi HAyaJo B 30HE 3Be3M000pa30BaHMsi. IIPHMBOAATCA YHC/IEHHBIE 3HAUEHHSI OCHOBHBIX
TIapaMeTPOB, OMHCBHIBAIOILIX OONACTh 3BE3IOO0PA3OBaHIIA M TANAKTHKY B LICJIOM.

Kniouesnie cnosa: 3D-cnexmpocxonus: Ho, -usayuenue: obnacmu HIT: o6sexnot:

SBS 1539+597

1. Bgedenue. IlporpamMma mccienoBaHHS BBIGOPKH TaNakTHK 3Be310Gop-
MHEpPYIOIeH aKTHBHOCTH, HMCIOMMX B Halllel KnaccuuKanuoHHOM cxeme [1,2]
obozHauenue SIG (Star-forming Galaxy), HaneneHa Ha H3ydeHUE CBI3H MPOIECCOB
dbopMupopaHug o0NacTell HOHH30BAHHOTO BOJOPONA H 3BE3M000pa30BaHud B HAX
¢ MOPGONOTHYSCKHMH H HHBIMH OCOOEHHOCTSIMH raNakTHK. B BHIOOPKY BOILIH
moutu 350 06vexToB M3 6onee 500 KaHAMIATOB B aKTHBHLIC TATAKTHKHI, OTOOpaHHbBIX
B ceMu H30paHHbIx monax [2] Broporo BropakaHCKOrO HH3KOAUCHEPCHOHHOTO
cnekTpanpHoro oozopa Heba SBS [3]. Tun akTuBHOCTH, KpacHbBIC CMEIIeHHI H
IPYTHE XapaKTEPUCTHKH BCEX OOBEKTOB ObUIM ONMPEAENCHBI IO PE3yNbTaTaM PaHee
BBHIMOMHEHHON NOCASAYIONISH CpeaHeIHCIEPCHOHHOMN ciekTpockonun ([4] B cChUTKH
B Heil).

Ha naHHOM 3Tamne BeAyTCS AeTaibHbie UCCNEAOBAaHHS TAMaKTHK, B YACTHOCTH,
NPOBOANTCH IMaHOPaMHAS CIICKTPOCKONHS ¢ HCIONb30BaHHEM MYJNbTH3PAIKOBBIX
cnexTporpadoB. Hecneayerca cieKTpaibHbIR AHANA30H C IEHTPOM BONU3H OGanbMe-
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POBCKOW JIMHMUA Hol TaJIAKTUKU, BKJIIOYAIOLIMI OIvpKaidme 3anpelieHHbIe 1y0aeThl
noHu3oBaHHbIX a3ota [NII] 6548, 6583, cepnr [SII] 6716, 6731 u kucnopona [OI]
6300, 6361 u gpyrue, B 3aBUCHMOCTH OT BBIOPAHHOM TUCIIEPCUH M MHTEHCUBHOCTEH.
IMonyyeHueM mapaMeTpUIecKMX pacipeae/eHrid o Moo 00beKTa, AeTaau3alus 1
BBISIBJIEHUME OCOOCHHOCTEI CTPYKTYPHI MOBBIIIAET TOYHOCTD MEPEKPECTHON UIEHTH -
(vKauuMu ¢ UCTOUYHUKAMU U3 JHOO0K aCTPOHOMMYECKON 0a3bl TaHHBIX.

B Hacrosiieit cratbe MNPUBOASATCS pe3yabTaThl HAOMIONEHUI TaJaKTUKU
SBS1539+597, npoBeneHHBIX Ha 6-M Tejeckone CrelualbHOi acTpohU3nIeCKO
obcepBaropuu Poccuiickoii akagemuu Hayk (CAO PAH) ¢ MyJabTM3paukoOBbIM
criekrporpagom nepsuuHoro gokyca MPFS (Multi Pupil Fiber Spectrograph) [5].
B Mop@donornyeckoii mocieaoBaTeIbHOCTA Xab0JIOBCKOM KiaccuguKaluy OHa OI13Ka
K tany SO 6aMKe K 2JIMNTAYECKUM rajaktukaMm. B criucku SBS o00bekT ObLI
BKJIIOUEH ¢ 0030pHBIM TUIIOM sd3e, B KOTOPOM 3aKOIUPOBAHO Hauue B MOpQoJI0-
FMYECKON CTPYKType KOHAeHCcAlUU, TUME@Y3HOI COCTaBISIONIel 1 SMUCCUOHHBIX
JIMHUM MpU ¢1aboM KOHTMHYyMe B YabTpaduosieToBoit yactu criekrpa. [1o pesyib-
TaTaM IIOCJHEAYIOIIEN MIMHHOIUEIEBON CHEKTPOCKOIIMU, BBIIOJHEHHOU B IBYX
JiMaria3oHax, IpUMEPHOE 3HAYEHUE KPACHOIO cMmelleHUd coctaBuiao z =0.009.
Brina 3aperucrpuponana "ciaabass KOHTpacTHAsI SMUCCHSI B 0aTbMEPOBCKOM TMHUUT
Ho u B 3anpeleHHoi JuHuu azota [NII] L6583, n abcopbiius B 6a1bMEPOBCKUX
JuHusax ot HB 1o He, npu HaIMuuMy HEOOJIBIIOTO 9MUCCUOHHOTO MUKa Ha (hoHE
abcopoumm HB" [6,7].

B paznene 2 nmpuBOISITCS OCHOBHBIE CBeleHHUS To rajaktuke SBS 15394597
1 pe3ybTaThl KPOCC-OTOXKIECTBICHUH ¢ ApYyrMMU ob3opamu. B pasnmene 3 uznoxeHa
OCHOBHasl MH(MoOpMalUsl Mo HabIOAeHUSIM U 00pabOTKe MOJyUeHHBIX JaHHBIX.
Paznenbl 4 1 5 moOCBsIIEHBI aHATU3Y TOBEPXHOCTHBIX paclpeaeieHnii MHTeHCUB-
HOCTEel M3JydyeHUs] B OaJbMEPOBCKOW JUHUM Boaopona Ho M B 3ampelleHHbIX
JIMHUSIX, COOTBETCTBEHHO. B pasmene 6 maercs ommcaHue IOJST PagdabHBIX
ckopocteit. TToaydyeHHbIe pe3yabTaThl MOABITOXEHBI B 7-M pa3ielie CTaTbU.

2. SBS 1539+597 - kpocc-omoxucdecmeénenus. Tanakruka SBS 1539+597
(amprepHatBHO PGC 055758), cornacHo 6a3ze naHHbix HyperLeda (http://leda.univ-
lyonl.fr), uMeer skBaTopuanbHble KoopauHaTel (J2000)15"40™19%.7+59?36™06,
pasmepsl 0'.45x0'.2, Bumumyto spkoctb m(B)=16".05. JIjs moaydeHHOTO HaMu
z (tabm.l), aGcomoTHast BeaWuyMHa WMeeT 3HaueHune M(B) =-16".8. Ilpensa-
PUTEIBHO raJaKTUKY MOXHO OXapaKTepU30BaTh KaK OIM3KYI0 K KapJIMKOBbIM. I1o
pe3yJIbTaTaM KPOCC-OTOXKICCTBICHMIA C TATAKTUKOM aCCOLIMUPYIOTCS. MICTOYHUKH U3
0030poB GALEX, SDSS, 2MASS, IRAS u WISE, nokpbiBasg BUAUMBIi, yabTpa-
(puroseToBBIM ¥ MHMPAKPACHBIM OUANIAa30HbI CIEKTPA.

Ha puc.la mokazaHo SDSS (http://skyserver.sdss.org) uzodpakeHue rajakTuKu,
noBepHyToe Ha 130° BIIEeBO, T.e. Ha BOCTOK, IJI¢ XOPOIIIO MTPOCMATPUBAETCS BHITSIHYTBIN
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Tabauya 1

YNCIEHHbBIE XAPAKTEPUCTUKHN 30HbI
3BE3/100GPA3OBAHUA B SBS1539+597

z (Ha),,, 0.0096+0.0001
D (M) 38.3+0.4
R,, (k) 266+3
I(Ha), . (107 apr/cm’c) 19.63
L(Ho) (10™3pr/c) 2.11
SFR(Ha) (M /rom) 0.016
1(6583) . (10 apr/cm2c) 5.93
1(6716), (10-'® apr/cmc) 3.33
1(6731), (10-'¢ apr/cm?c) 2.60
R/ 0.40
R} 0.31
R'/R? 1.29

BIOJIb TTO3UIIMOHHOro yria, PA ~ 150°, muMpokuii Tosc pa3peXeHHOro rasa,
OIOSICHIBAIOIIUI HEeOOIbIIYIO LIEHTPaAIbHYIO YacTb. OHa, B CBOIO O4Yepedb, UMEET
YyTh YIUIMHEHHYIO (POopMy, TIPUMEPHO B TOM XK€ TMO3UIIMOHHOM HaKJIOHeHWU. B
CTPYKTYype LeHTpaJbHOU YacTu nugGepeHIUPYIOTCI IBE KOHACHCALIMM, C OoJiee
SIPKO OTOXIECTBISICTCS €AUHCTBEHHBIN B T0JIe TrajlakTUKKU (POTOMETPUYECKUI
00BEKT, 3aperucTpupoBaHHbIil 0630poM SDSS J154019.70+593606.1. ITo naHHBIM
(oromMeTpum B TIATH AMarniazoHax ob3opa u, g, r, i, Z pPeTUCTPUPYETCI MOHOTOHHOE
M3MEHEHNE SIPKOCTH OOBEKTa B Mpeeiax Tpex 3B. Bel., oT u=16".99 mo z=14".06,

Puc.1. CooTtBeTcTBYIOIIMI M0N0 HAOMIOAEHUI y4yacTOK Heba ¢ M300pake€HMEM TaJlaKTUKU
SBS1539+597: a) komno3utHbii cHuMOK SDSS DRI15; b) B muuun Ho , monydeHHbIN U3 Kyba
nanHeix MPFS.
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rpu 3HaueHun r= 14".80. CrieKTpOCKOMMs M0 JaHHOMY OOBEKTY, BKITIOUasl PEJTU3
DR15, B SDSS He mpoBoauiachk.

KoopauHaTbl MICTOUHUKOB, 3aperucTpupoBaHHbIX 0030poM GALEX (https://
galex.stsci.edu/GR6), coBragaror ¢ BbileyKa3aHHbIM SDSS 06beKTOM. 31ech perucT-
PUPYETCsl €r0 HAMMEHbILAs UHTEHCUBHOCTD B JalbHEM yibTpaduonere, m, = 19.8,
U 4yThb Oojbliasg B OmvkHeM, m = 19.1.

Mznyuenue ramaktuku B ¢unbrpax JHK o63opa 2MASS (https://irsa.ipac.
caltech.edu) pacret B cooTBeTcTBUMM cO 3HadyeHusmu 14.109, 13.393, 13.122 3B.
BeJI. U Jajnee B MH@paKpacHBIX mojocax ob3opa IRAS.

lanakTuka 3aperucTpMpoBaHa TakKe B YeThIpeX auarazoHax ob3opa WISE,
KOTOpbIe YaCTUYHO MepekphiBaloTcsa ¢ IRAS, mpu 3ToM TOYHOCTh U3MEpEeHUI
3HAYUTEIBHO BhIIe. O pe3KOM yBeIMUEHUU SIPKOCTU TajmakTuku B MK cBume-
TeJabCTBYIOT 3HaueHus 12.0, 8.34 u 6.44 3B. Ben. B auamasoHax w2 (4.6 Mx), w3
(12Mmk) 1 w4 (22Mmk) 0630opa WISE (http://wise2.ipac.caltech.edu), cOOTBETCTBEHHO.
B nmamasone w4, mpu HanOONbIIEH SPKOCTH OOBEKTa, MPOSBISACTCS OOJbIIAsT
MPOTSDKEHHOCTh MbLIeBON o6osouku. Ee pasmepbl mocturarot 0.011 yro. rpan,
rokasbiBas 0oJiee yeM JABYXKpaTHOE yBeJWUYEHUE pa3MepoB rajakTuku. CremayeT
OTMETHTB, UTO TIpeobafalonice B MH(GPaAKpaCHOM AHalia3oHe M3ITydyeHne 00BbeKTa
HE MHAYLMPYETCS KOPOTKOBOJIHOBBIM M3TYUYEHHEM - IO KpaiiHeil Mepe NCTOUYHUKHU
KOPOTKOBOJTHOBOTO M3JyYeHMSsI, B yacTHOCTU, 0030poM ROSAT, B moJjie rajakTuku
He 3apeTCTPUPOBAHBL.

3. Habawodenus u obpabomka OaHHbiX. HabnogeHus rajiakTUKu
SBS1539+597 nposoaunucek Ha 6-Mm Teneckone CAO PAH 13-ro mag 2002r. ¢
HCIOJIb30BaHMEM MYJBTU3PauyKOBOIO CIieKTporpada neppuuyHoro goxkyca MPFS
(Multi Pupil Fiber Spectrograph) B xom0unHauum c¢ I13C-matpuneit Tektronix
1024 x 1024 pix. JInMTeIbHOCTh Kaxmoil skcro3uuuu cocraBmwia 1200 c. MuHu-
MaJibHbIe TOTEPY CBETA MPU KCMOJb30BAHUHU MYJbTU3PAUYKOBOIO CIieKTporpada,
npuMepHo 1%, obecrieunBaroT OIM3KYI0 K (POTOMETPUUYECKON TOYHOCTh PETMCTPaLln
U3JyYEeHUs OT 00bEKTA.

CHumok SDSS Ha puc.la npuBoauTCS B TpaHMIIAX, COOTBETCTBYIOLIUX IOJIIO
HaOJIIoIeHU I, ToKa3aHHOMY Ha puc.lb. Pa3mepsl mosst onpenesstoTcs: MaTpulieit
15 x 16 KBagpaTHBIX JMH3 C TMPOCTPAHCTBEHHOI NMCKpeTH3anueil B 1 yIi. c,
SKBMBAJIEHTHBIN AUAMETP 3JIeMEHTa Ha YCTAHOBJICHHOM IS O0BbEKTa PacCTOSIHUU
coctaBuil ~180 nmk. B KaxaoM U3 3JeMEHTOB, CBSI3AHHBIX C MYJIbTUJIMH30BbIM
GJIOKOM, 3aperCTPUPOBAH CIIEKTPaIbHBIN auana3oH mmHo 1108M (610-720 Hm)
C LIEHTpOM BOMM3M JuHMU Ho o0bekTa. C MCMOAb30BaHUEM AUMPPAKIIMOHHOMN
pewerky B 1200 lUTpUX/MM TOCTUTHYTO CIIEKTPaJbHOE paspelienue B 1.35A /1.

st 00paboTKM HaOI0NeHUI, BU3yaIu3allii U aHaJIN3a MMOJIyYeHHBIX JaHHBIX
HCIOJIb30BaJICA CeLMaIbHO pa3paboTaHHBIN MTpOrpaMMHBIN TakeT [8] Ha s3bIKe
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IDL (Interactive Data Language). ITepBuuHasi 0OpaboTKa BKJIIOYAET BCE CTAHAAPTHBIC
MPOLIEAYPhI, BKIIOYasl KTMOPOBKY JIMH BOJIH C UCIIOJIbL30BAHUEM aproH-HEOHOBOM
JIaMITBI ¥ KaJTMOpPOBKY TIOTOKOB. B KauecTBe craHmapra HaOmromamrach 3Be3na
GRW+70D5824. IlapaMeTpbl JUHUWI OMpPEACISIMCh HAa OCHOBAaHMU Taycc-
arMmpoOKCUMAalK CIEKTPaTbHBIX MPOGhUIeH.

BonbIIMHCTBO WILTIOCTPALNiA, TIPUBEACHHBIX B CTAThe, TTONYYEHBI C TTOMOIIBIO
paspaboraHHbIX J.Boulesteix-oM mporpaMMHBIX MakeToB 00paboTku gaHHbIx ADHOCw
(http://www-obs.cnrs-mrs.fr./ADHOC/), KoTopble HCIOJb30BAIUCh TaKXe ISt
BU3yaIM3alliA W aHaJIN3a JTaHHBIX.

4. Uznyuenue 6 6asvmepockou aunuu Hol. Pacripenenenue Ha puc.lb,
MpYBeAeHHOE (POHOBBIMU IpafaliUSIMU Y UBOJMHUSIMU, TIOJYYeHO B OabMEpPOBCKO
SMUCCUOHHOW JIMHUM Ho M WJUTIOCTpUpYET Tosie HabaoneHui 1eaukoMm. Bce
OCTaJIbHbIE KapThl, aHAJIU3UPYEMbIE€ B CTaTbe, OTOOpakaloT BbIAEJICHHbII Ha pucC.1b
CBETJIBIM TIPSMOYTOJIbHUKOM BHYTPEHHMI ydacTOK MoJisi, cocTosiiumii u3 11x7
ajeMeHTOB. OH 3aHMMaeT 0oJblIYI0 YacTh rajakTuku SBS1539+597, npu atowm,
MEHbILUI AUarna3oH WHTEHCUBHOCTEH 3/1eCh 00ecreynBaeT Jydllylo AeTabHOCTh
MPpU BU3YAJIU3ALNMN.

ITpuMepHbIE TpaHUIIbl MOHWU30BAHHOTO BOIOPO/A, HAOII0JAEMOTO B TATAKTUKE,
OYEPUYMBACT 3aMKHYTBIII KOHTYP, ITPOPUCOBAHHBIA TEMHOM CIUIOIIHON JIOMAaHOW Ha
puc.2a. OH BKJIIOUAeT BCe 3JI€MEHTbI, MHTEHCUBHOCTb KOTOpbIX, I(Ho) mpeBbiliiaer
nopor B 10% oOT WHTEHCUBHOCTM B mnuke uznyuyenus, I(Ha),, , 3HaAUYeHUE
KoTopoil mpuBoauTcs B Tabj.l1. IlonoxeHue muka Ho -M3TydyeHUS OTMEUEHO
KPECTMKOM Ha puc.2a U, B KaUeCTBE MO3ULIMOHHON CBSI3KM, Ha BCEX MOCEAYIOLINX
KapTax CTaTbH.

Ha puc.3 nokazaHa cnekTporpamma, rojydyeHHast B nmuke Ho -uznydeHusi. OHa
cpe3aHa ¢ JIByX CTOPOH [0 HauboJjiee MH(pOpMaTUBHOrO Avana3oHa JJUH BOJH,

Puc.2. KapTbl unTeHcuBHOCTe# usimydeHusi SBS1539+597: a) B 6ajibMepOBCKOI JTMHUM BOAOPOAA
Ho ; b) B KOHTHHYyMe, B HeGONBIIOM AUaNasoHe crekTpa 6660-6680 AA |, - Gombluum U MaibiM
"C" oTMeYeHBI TIEPBUYHBINA 1 BTOPUYHBINA MAKCUMYMbI, COOTBETCTBEHHO. BeJlblil KpeCTHK - MOJIOXEHUE
I(Ha)  (Ha Bcex KapTax CTaTbu).

max
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5.278E-16 Ho
=
'O
's
o [NI] 6583
[oR
o
iy [NI] 6548 [SI] 6716,6713
3.224E-17

Puc.3. ®parMeHT CrieKTporpamMMmBbl, MojtyyeHHoM B muke Ho -usmydenust ranaktukun SBS1539+597.

KOTOPBIN BKJIIOYAET 3aperucTpUpOBaHHBIE IMUCCUM - 3TO, NMoMuMo Ha, aBa
3ampelieHHBIX MybieTa OJHOKPaTHO MOHM30BaHHBIX asora [NII] 6548, 6583 u
cepsl [SII] 6716, 6731. OnpeneneHHoe o JuHUKA Hoo B IHMKE KpacCHOE CMELICHUE,
Z(Ha)max , M COOTBETCTByIOlllee paccTosiHue, D, mnpuBoasarcs B Tada.l. s
MOCTOSIHHOM Xa00Jia ucroab30Bagoch 3HayeHue H=75km/c/Mnk.

OcHoBHag 1oyt How -U3TydeHUs TaTaKTUKK TIPUXOAUTCSl Ha OOBEACHHYIO OEIbIM
CILTOITHBIM KOHTYpPOM 30HY, puc.2a. Ha3zoBeM ee 30HOIT 3Be31000pa30oBaHUs -
WHTEHCUBHOCTD BCEX COCTABJISTIOLINX €€ 3JIEMEHTOB, KOHTPACTUPYS CO 3HAYCHUSIMU
Mo BHEIIHEMY TepuMeTpy, mnpesbiiaer nopor B 50% or I(Ha),, .- B Tabn.l
TIPUBOMASITCS YUCACHHBIE XapaKTePUCTUKM IS 30HBI 3BEe37000pa3oBaHUS: -
SKBMBAJICHTHBIA panuyc, R,, :(S/rc)o's, rae S ee u3/Iyvyarpllasi MOBEPXHOCTD; -
CBETUMOCTb, L(Hoc); - TeMII 3Be31000pa30BaHMsI, SFR(Ha), MIpU BBIYMCICHUU
KOTOPOTO UCITO/Ib30BaJIach cTaHAapTHas (hopMyJia SFR(Hoc) Mey=179- 107% L(Ha)
[9]. Temn 3Be3mooOpa3oBaHUSI, HOPMUPOBAHHBLIM Ha €AWHUILY IUIOIIAAM 30HBI
3Be310006pasoBanus, coctasiser 7.20E-8 M g /ron/nk’.

PacnipeneneHue nsanyyeHus B Mpenesax 30HbI 3Be31000pa30BaHMsl MTOKa3bIBaeT
HaJTM4ue OBOMHOM CTPYKTYPHI, YTO BHM3yaJIbHO IIPOCIIEKMBACTCS HAa CHUMKE W3
SDSS. JIse cmexxHble obmactu HII, obo3HaueHHbIe regl u reg2 Ha puc.2a, B3aIMO-
CMEILICHBI OTHOCUTEJILHO CBETJION ILTPUXOBOM JIMHWUM, BAOJIb KOTOPOM OHU IPaHUYar.
B cooTBeTcTBMM C B3aMMHBIM pacrojioxeHueM aByx obsacteit HII u cooTHollieHrnemM
SIPKOCTE, MOXKHO KOHKPETU3UPOBAaTh, YTO MMEHHO regl OTOXIECTRISIETCS C OOBEKTOM
SDSS J154019.70+593606.1 n yka3aHHBIMU BBIIIE UCTOYHUKAMU W3JTyYEHUSI.

Cynsi, B YaCTHOCTHU, IO BBITSIHYTOM (hopMe regl u reg2, MOXHO MPeAToNOXUTb,
YTO UX BU3YyaJIbHOE COCEACTBO OOYCIOBJIECHO, MPEMMYILIECTBEHHO, OPMEHTUPOBaH-
HOCTbIO OTHOCHUTEJIbHO Jyya 3peHHUsl IMCKOBOM IIJIOCKOCTH TaJlaKTMKHU, TAe
pacnionoxeHsl 1Be odnactn HII. B takom ciyyae nuk I(Ha),,,, , onpeneiasieMbIid
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pacrnpeesieHUeM UHTEHCUBHOCTEM, SIBJISIETCS YCJIOBHBIM, - PE3YJIbTATOM HAJIOXEHUS
usnyyeHus. Eciu uckarh JBa NMUKa IO OTAEAbHOCTHM, TO TEPBUYHBIA - 3TO
aneMeHT B regl ciesa ot I(Ha),,,, , ¢ 4yThb MEHbILEH MHTCHCUBHOCTBIO, BTOPUYHBIA
MUK - HernocpeacTBeHHO Haa I(Ha),,,, , B reg2. Takum xxe o06pa3oM pacrionoXeHbl
JIBa MUKa pacnpeiesieHns] UHTEHCUBHOCTU B KOHTMHYYME, KOTOPOE UJIIOCTPUPYET
puc.2b. MoOXHO BUAETb, YTO B ABYX Au(depeHUUpyeMbIX 31eChb CTPYKTypax
MEepPBUYHBIIA M BTOPUYHBIN MUKW, OTMeueHHbIe OykBamu "c" 1 "C", COOTBETCTBEHHO,
3aME€THO OTCTOAT OPYr OT Apyra.

5. Hzayuenue SBS 1539+597 6 3anpewjennvix aunusx. B saperucr-
PUPOBAHHOM HAMU CIIEKTPaJIbHOM JAMAIla30oHe, M3 3alpeIleHHBIX, HaOIIOMaoTCs
JIMHUM OJHOKPATHO MOHM30BaHHBIX Ay0sietoB asora [NII] 6548, 6583 u cepsl [S1]
6716, 6731. CnaGoe, HeperyiasipHoe usnydenue B auHum [OI] 6300 mo moso
TaJJaKTUKU TOXKE TTPUCYTCTBYET.

Kapra manyuennst B auanm [NII] 6583 mokazana Ha puc.4a (GOHOBBIMU Tpajia-
LMSIMUA M U30JIMHUSAMU. PacnpeneneHue MMeeT €AMHCTBEHHBIN nuk, 1(6583), ..,
3HauYe€HWe WHTEHCUBHOCTU B KOTOpOM (Tabi.l) mpeBajupyeT Haa COCEAHUMMU
aJIeMeHTaMM, BKJIrodast obnactu regl u reg2. Ero mosoxeHune coBmagaeT ¢ MUKOM
I(Ha) COOTBETCTBEHHO, CIIEKTpOrpaMma puc.3 oToOpakaeT OTHOLICHUE UHTEH-
CUBHOCTE! B MNMUKAX IBYX JIMHUMN.

Ha puc.4b ¢oHOBBIMU TpafallsiMU U U30JMHUSMU TOKa3aHO pacrpeaeseHue
T10 TTIOJTIO TaJTaKTUKKA UHTEHCUBHOCTU U3TyYeHUS], CyMMHPOBAaHHON IO ABYM JUHUSIM
nybneta cepol [SII] 6716, 6731. OHO UMeeT MPUMEPHO Ty XK€, UTO U B JIMHUU
a30Ta, CTPYKTYPY PACXOMSIINIXCS OT €AMHCTBEHHOTO IMMKA KOHTYPOB, C TOM pPa3HUIICH
4TO 3/€Ch MUK MUHUMaTbHO cMelleH oT I(Ha),,, BJIeBO Mo pucyHKy. OTHOlLIeHUE
WHTEHCUBHOCTEN B JWHUAX myonera cepbl, 1(6716)/1(6731), koTopoe TIpu
(oToroHM3aK IBJISIETCI WHAWKATOPOM 3JICKTPOHHON IIJIOTHOCTHM, €CIM OHa
npesbimaer 80-100cM™, uMeeT cpenHee 3HaueHue n, ~1.45, npu GIyKTyamsax
no nomto or 0.8 mo 1.7.

max °

Puc.4. Kapra mHTeHCMBHOCTe#l M300paxkeHa (DOHOBBIMM IpagallUsIMUA CEPOrO U M3OJUHUSMU:
a) B samnpelleHHOM ymuHMU aszota [NII] 6583; b) mo cymMMe >MUCCUMM B JIMHUAX AybieTa cepbl
[SII] 6716, 6731.
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YuuteiBas opMy BHEITHUX U30JIMHUI ABYX MPEACTaBICHHBIX paclpeneaeHui,
MOXHO 3aKJIIOUMTb, YTO MITYYaAIOLIN B COOTBETCTBYIOLIMX 3alPEIEHHBIX JIMHUSIX
ra3 IMpoKo mpocTtupaetcs 3a npeneibl obdiacteir HII regl u reg2, oOpasyst o01iyto
OXJIAXXIAIOIIYI0 000I0UKY.

B Tabs.1, moMuMo 3HaYeHUI MHTEHCUBHOCTEH B MHMKaX SMUCCUM B JTUHUIX
a30Ta M Cepbl, TPUBOJATCS OTHOIIEHMS MOTOKOB R = [NII]6583/ Ho u R} =
= [SH](67 16+ 6731)/Hoc , PACCUMTAHHBIE IJISI U3JIYYalOLEd TOBEPXHOCTH S, T.€
cymmapHoit muiomaau regl u reg2. OTHOlIEHWE MHTEHCMBHOCTU WM3AYYEHUS B
3amnpelieHHoi auHuUM aszota [NII] 6583 Kk cyMMe MHTEHCUBHOCTEH B JIMHUSIX
ny6neta cepwl [SII] 6716, 6731, R] / R? MBI UCTIONb3yeM B KauecTBE XapaKTepUCTUKI
ob6nacreit HII uccinenyemMbix raiakTuk.

Ha pwuc.2a mTpuxoBoii JTWMHHENH BBIACIACH HEOOJBIION yJacTOK MO, reg3,
COCTOSIIIIMI U3 ABYX 2JIEMEHTOB, BU3yaJIbHO MPYMBIKAIOIIMX CBEPXY K 00JIacTH reg2.
Ha xaprte puc.5a, ¢ TeM xe (QOHOM, B CYIIePIO3ULIMK MOKa3aH (pparMeHT CIeKTpa
¢ aramna3oHoM, BKmovarommM tuHua Hoo 1 asora [NII] 6548, 6583. [IBa anemMeHTa
yJacTka reg3, BblIeJIEHHbIE TTPSIMOYTOJLHUKOM Ha pUC.5a, MOKa3aHbl B YBEIMUYEHHOM
BUae Ha puc.5b. OTauyue CIeKTpoB B HUX COCTOUT B TOM, YTO OTHOIICHHE
VIHTEHCHBHOCTE1 R, TIpEBBILIAET 3HAYEHMS, KOTOPbIe OOBIYHO PACCMATPUBAIOTCS B
KayecTBe IOPOroBLIX NMpM MoHM3aluu raza OB-3esgamu B obiaactsx HIL. Tlpu
9TOM MHTEHCUBHOCTH B TuHuM a3ota [NII] 6583 B AByx ameMeHTax reg3 COOTBETCTBYET
o0l1llell TeHAEHUMU pachpeneeHuss WHTEHCUBHOCTU IO TOd0 06e3 JIOKaJIbHbIX
oTkJIoHeHUi. COOTBETCTBEHHO, yIUMpeHHas Ho oTobpaxaeT Oosee TIydookue
TPOIIECChI, CBS3aHHbIE HEMOCPENCTBEHHO C BogopoaoM. U ToT ¢akT, 4To B JIMHUU
MpOCJeXUBaeTCs, KAK MUHUMYM, IBOMHAs CTPYKTypa, U JUCIEPCUSI CKOPOCTEM,
orpejesieHHas MO YIIUPEeHUI0 JTUHUK gocTturaeT 425 + 30 KM/c, CBUIETEIbCTBYET O
JIOKaJIbHOW TYpOYyJE€HTHOCTH B BUIE BUXPEBOTO BpalCHUS.

[NII] 6583 [NII] 6583

Puc.5. a) Kapra unteHcuBHoctd B Ho , mokazaHHasi (GOHOBBIMM IpajaliusiMU, ¢ (pparMEHTOM
CIEKTpa BO BCEX BJIEMEHTaX B CYNepIIO3ULIMU; b) yBeJIMYEHHOE M300pakeHue JABYX SJEMEHTOB
yJyacTka reg3, BbIIEJICHHOTO Ha pHC.5a MPSIMOYTOJIbHUKOM.
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6. Kunemamuka uonuzoeamHoeo easza. PacrpeneneHue paavaibHbIX
CKOpOCTel, ompeneeHHbIX 110 0aJbMEpOBCKOM JMHUM Bomopoaa Ho, Vr(Ha),
TIPUBOAUTCS Ha prc.6a (POHOBBIMU TpamanusiMi. YTOOBI 0TOOPA3UTh BEHISIBICHHBIC
B KMHEMATHKe Ta3a TeHACHLIMU, ObUIM MCIOJIb30BaHbI JBE IepeceKarolye MnoJe
yHun. Ilepsast, o6o3HayeHHas "1", Ha puc.6a Mmokas3aHa CIUTOIHOM JIMHUEN, BTOpast,
obo3HaueHHas "2" - MTPUXOBON JTUHUEH.

Ileprast TMHKUS OpUEHTUPOBAHA TPUMEPHO BIOJIb MO3ULIMOHHOTO YIJIa FATaKTUKU.
OHa TpOXOIUT IO BU3YAIbHON TpaHMIE, OTAENSIONICH YacThb Mojisg ¢ Oosee
TEeMHBIMU TpajaliMsiMU, T.€. OOJIbIIUMU 3HAYEHUSIMU Vr(Ha). DTa 4acTb MoJjs
CKOpOCTEl 3aXBaThIBaeT OOJBIIYIO YacThb 00jacTu regl, ¢ HaMOOAbIIMMU B MOJIE
3HAYCHUSIMU Vr(Ha) Ha ee nepudepun, U yacTb odsactu reg2. I1o nmporusoro-
JIOKHBIM KpasiM JIUHUU 2 perucTpupyeTcss HauboJbllash pa3HU1LA MO0 CKOPOCTSIM,
3aperMCTPUPOBAHHBIM B T0Jie. MUHUMATbHBIC 3HAYSHUS Vr(Ha) PETHCTPUPYIOTCS
B IPUTrpaHUYHON O0JIACTU IO MPABOMY YINIy M300paxkeHUs, ONpeaeasisl OMMKHUN
MO JIy4y 3peHMs y4yacTOK TajlaKTUKMU.

ITapbl KpUBBbIX, MOJyYEHHbIE ANMpPOKCMMAlLMEN 3HAY€HW Vr BIOJb IBYX
CTOPOH a M b Kaxmoii u3 uHuii 1 1 2, mokasaHbl Ha puc.6b 1 6¢C, COOTBETCTBEHHO.
B kayecTBe cucTeMHOU panvalbHONM CKOPOCTU TalaKTUKH B 11€JI0M UCMOJIb30BaloCh
3HayeHUe Vr(Ha): 2871430 kM/c, moayyeHHoe mjs 3iaeMeHTa I(Ha) Ha
puc.6a, b eif COOTBETCTBYET LITPUXOBAsT IPSIMasl.

Oto0paxast UBMEHEHHUS YCPeAHEHHBIX 3HaYeHU I Vr(Hoc), TPaeKTOPUU KPUBBIX
la u 1b Ha puc.6b (crpaBa-HajeBO) MOKA3bIBAIOT MX MOHOTOHHOE BO3pacTaHWe
B HampaBJIeHWM, YKa3aHHOM CTpeJIkaMu Ha puc.6a. Ha puc.6b BUIHO, YTO KpUBBIC
JIeXaT T0 pa3Hble CTOPOHbI OT CUCTEMHOIO ypoBHS. [1pu 3TOM, pa3Hulla 3HaYEHU I
10 KpasiM KpuMBoi 1a, mpesbliiaroinast 60 KM/c, IOYTH BTpOe OOJIbIIIE, YeM pa3HHUlla
o KpasiM KpuBoil 1b.

AHan13 U3MEHEHUI B MPUMBIKAIOIIMX K JJMHUU 2 TIOJIOBUHAX MOJISI CKOPOCTE,
puc.6a, BBISBJISIET HAJIMYME YYacTKa CKauKooOpa3HOTo pocra 3HayeHuit Vr. OH

max °*

TIPOSIBJISIETCS] TIPU TIePexoie K MaKCHUMaIbHBIM 3HAUEHMSIM, 3apETUCTPUPOBAHHBIM
B TI0JIe, M HanboJee BhIpaXkeH B HIDKHEH 10 pUCYHKY OT JIMHUU 2 TIOJIOBUHE TTOJIS
b. DTUM MU3MEHEHUSIM COOTBETCTBYET MYHKTUPHBIIA OTPe30K KpHBOW 2b Ha puc.6c.
CkauykooOpa3HbIil TMepexol 3HAUYeHWI paauaibHBIX CKOpPOCTel Oojiee YeTKO
nposiBiisieTcsT B criekTpanbHol ymHuu [NII] 6583. Ero MoxXHO TIpociieauTh ¢
MTOMOILBIO YMCIIEHHBIX 3HaYeHWI Vr(6583), moka3aHHBIX Ha ()OHE IO CKOPOCTEi
puc.7. B uyactHOoCTM, pasHMIa B 3HayeHMUsIX Vr(6583) mo OByM CTOpoOHaM OT
CBETJION JIOMaHOM TUHUU TTOCTETICHHO YBEJIWYMBACTCS BIOJIb Hee B HAIPaBIICHUU
OT LICHTPaJbHOM YacTU rajakTUKU A0 Kpasi, gocturas 110 km/c.

Takum ob6pazom, Ha OCHOBE JaHHBIX, MOJIYYEHHBIX MO paclpene/ieHUIO paaraib-
HBIX CKOPOCTEH T10 11010 TaakTuk SBS1539+597, BeIIBIsSETCS ClIeTKa M30THYTas
TPAEKTOPUSI, BAOJb KOTOPOU PETUCTPUPYETCS PETYJISIPHBIA CKAYOK 3HAYEHUI VT C
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IByX ee cTopoH. OH yBeJIMYMBAETCs 10 HANpaBlIeHUIO K nepudepuu, yKasbiBast
Ha pacClIoOCHHEe CTPYKTYpbl M OTCEYCHUE CIMpaJIbHOro pykasa. beps Hauajio B
LICHTPAJBHON YacTW TaJaKTWKHW, PyKaB BU3YaJIbHO 3aXBaThIBACT YacTh 30HBI
3Be31000pa30BaHMs M Y4acTOK reg3.

YyacTok reg3, nmpuieramolimii K 30He 3Be31000pa3oBaHMs (CM BHIILIe, HAIIp.
puc.6a) - 3T0 HEOOIBIION YIaCTOK TypOYICHTHOCTH, BBISIBICHHBIN 1O TTPOMUITIO

Vr(Ho)
a
H
3000 Y *
a
2900 Sys 1
b
o 2800 b
=
N4
3000 Rv Ha
a
2
2900 Sys
b
2800 ¢
1 2 3 4 5 6
pix

Puc.6. TlonydyeHHble B COOTBETCTBMM CO 3HAYEHUSMU paavaibHBbIX cKopocteir Vr(Ha): a)
pacripenejieHue 1Mo TMojo, (OHOBBIMM TpalallMsiIMU CEeporo, rae 0osiee TEMHBIM COOTBETCTBYIOT
OoJbllIvie 3HAUEHMST PaAMaAbHBIX CKOPOCTeil; b) M C€) mapa KpPWBBIX, a U b, TMPOCIEKUBAIOIINX
M3MEHEHMsI B YKa3aHHBIX CTPEJKaMK a U b HalpaBJIeHUSIX C JBYX CTOPOH OT IMOKa3aHHOM Ha puc.6a
ocu "1" m "2", COOTBETCTBEHHO.
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sMmuccuu B JMHUM Ho . Ho Tak a1 oH Man? AHanu3upysl 3HaUeHUsT paguaibHbIX
CKOpOCTEl B 30HE 3BE31000pa30BaHKs, JOCTATOYHO OTMETUTh, YTO OCh 1", puc.6a,
nmpoxoxdsi dyepe3 cocrapistomme ee odmactu HII, regl m reg2, menmmTt Kaxmyio
rormoJiaM, yKasbiBas Ha uUX BpauieHue. M, ¢paktruecku, yyacTtok reg3 siBisieTcs
BEPXYIIKOI 30HBI TypOYJIEHTHOCTU, B KOTOpyio nomangaior obiactu HII regl u
reg2, 4To AENAcT CBA3h MPOMCXOMAIINX 30eCh TTPOIIECCOB C TIOSBICHNEM U OTHCICHUEM
pyKaBa 0oJjiee OYEBUIHOI.

Vr(6583)

Puc.7. PacnipeneneHue omnpesneseHHbIX MO 3anpelieHHoi JuHun a3ota [NII] 6583 pamuanbHbIx
ckopocteil Vr, nokazaHHoe (HOHOBBIMM TpajalMsiIMM U YUCJIEHHbIE TMoKa3aTteau. Toi ke JMHUU
COOTBETCTBYIOT M M30JMHUU HMHTEHCUBHOCTEH, NMPUBEICHHbIE B CYNEPNO3ULIUHU.

7. Bbi60o0ubl. [leranbhbie uccaenoBanust SBS1539+597 npoBoaminch B paMKax
M3YyYeHHUsI TajlaKTUK 3Be310(DOpPMUpYIOILEH aKTUBHOCTH. B OCHOBY aHajm3a Jieriu
JaHHBIC HAOMIONEHUIA, TIPOBSICHHBIX C MCTIOIB30BAHNEM MYJIETU3PAUYKOBOTO CITEKTPO-
rpada MPES na 6-m tenmeckorie CAO PAH. IMoBepXxHOCTHBIE pacIpeneieHus
OCHOBHBIX IIapaMeTPOB JIMHUI, HauboJIee MHTEHCUBHBIX B HAOIIOIABILIEMCS CIICKT-
paJIbHOM JAMamna3oHe, a UMEHHO, SMUCCUN B OalbMepOBCKOM Ho. ¥ 3ampelneHHBIX
qmHusx [NII] 6548, 6583, [SII] 6716, 6731, B couetaHuu ¢ uHGOpPMALUE,
JOCTYITHOM U3 JIMTEpaTyphl U JaHHBIX acTPOApXUBOB, B OCHOBHOM, I10Ka3aJa:

- HaJIMuMe aKTMBHOM 30HBI 3Be30000pa30BaHUs B LICHTPAIBHON YaCTH TaJIaKTHUKMH,
cocrosieit u3 nByx obnacreit HII, 6osee sipkast U3 KOTOPBIX OTOXAECTBISIETCS C
SDSS J154019.70+593606.1, u mpuieramollero K HUM y4acTka TypOyJIeHTHOCTH;

- obImee KpyroBoe BpallleHHe HM3Ty4alollUX Ta3oB IO JUCKOBOM CTPYKTYpE,
HanboJjIee BBIPasKEHHOE B LIEHTPAJIbHOM YaCTH TAJIAKTUKY - B 30HE TypOYJIEHTHOCTH,
oxsatbiBatolleil 1se obnsactu HII u yyacTtok TypOy/leHTHOCTH;

-HaJIMYMe OTAEIISIONIETOCST pyKaBa, MCXOISIIETO OT aKTUBHOM 30HBI B IIEHTPATh-
HOM YacCTH TaJaKTHKMN.

Taxum obpazom, ramaktuka SBS1539+597, mopdonoruu SO, ¢ AByMs obaacTsiMu
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HII B ueHTpanbHOIM YacTH, HAXOAUTCS HA HAaYaJIbHOM CTaAuM aKTUBHBIX IIPOLIECCOB,
YTO MOXHO CBSI3aTh C JOCTHKeHMEM ha3bl (pparMeHTalMu MPU rPaBUTALMOHHOM
cxatuu. [losydeHHas1 neTajiM3alidsl TaHHBIX yKa3blBaeT Ha BJIUSHHUE MPOLECCOB
3Be31000pa30BaHMsI Ha M3MEHEHMS B OCHOBHON cTpykType. Hanmuume ydyactka
TypOyJIEHTHOCTH, IIPUMBIKAIOIIEro K ABOMHOM 30HE 3Be31000pa3oBaHusI, 000C00-
JIEHHOE BpalleHUE KOTOPOU TOXE YCTAHOBJIEHO, YKA3bIBAET HA MPOLIECCHI, KOTOPHIE
MOTYT TMOBJUATh HA KUHEMATUKY OKpYXaroIlleil MaTepuu, CIIpoBOLMPOBAB HAOII0-
JaeMoe OTHeJIeHMe pyKaBa, U M3MEHEHUE MOP(OJOrUM rajakTUKU B 1IEJOM.

HeTanbHble UCCAEAOBAHUS TATAKTUK 3Be310(POPMUPYIOLIEH aKTUBHOCTH, COCTAB-
JISSIOUIMX Hally OJHOPOMHO MOCTPOEHHYIO BHIOOPKY, HalleJEeHHBI HA YCTAaHOBJICHUE
3aKOHOMEPHOCTEN MEXKIy MX aKTUBHOCTBIO U Mopcdostorueii. Ocoboe u CpaBHUTEIbHOE
3HauYeHue nojydyeHHbIX 111 SBS1539+597 pe3ynbraToB COCTOUT B €€ OTHOCUTEIBHO
MPOCTOM, OOLIEH 1T MHOTUX OOBEKTOB CTPYKTYPE C aKTUBHBIM JBOMHBIM SIIPOM.
HccnenoBanue SBS1539+597 Oynetr nmpoaokKeHO U B paMKaxX M3yYeHUs BHEIIIHUX
CJIOEB TrajakTUK.

Cratbst OCHOBaHa Ha HAOJIOATEIbHOM MaTepraie, TOJyIeHHOM Ha 6-M TeiecKorie
CAO PAH, pabora koToporo nomaepxuBaeTcss MUHUCTEPCTBOM HAYKW U BBICILIETO
obpazoBanus Poccuiickoit @eaepanni.

! BropakaHckasi actpodusuyeckasi oocepBaTopusi uM. B.A.AMOapuymsiHa,
ApmeHus, e-mail: susannahakopian@yahoo.com

2 CrrenmasibHast actpodusuveckas obcepBaTopus, Poccus,

e-mail: dodo@sao.ru moisav@sao.ru

PANORAMIC SPECTROSCOPY OF GALAXIES WITH
STAR-FORMATION REGIONS. STUDY OF SBS 1539+597

S.HAKOPIAN!, S.DODONOV?, A MOISEEV?

The results of detailed studies of star-forming galaxy SBS1539+597 are
presented, based on the data from integral-field spectroscopy. The work was carried
out in the framework of our program to the complex research of ~500 galaxies
of the seven selected fields of the Second Byurakan Survey (SBS). Observations
of SBS1539+597 have been realized with the multipupil spectrograph MPFS at
the Russian 6-m telescope. Among the given here data are 2D distributions across
the field of the galaxy of some parameters of radiation in the lines of hydrogen
Balmer Ho, forbidden doublets of nitrogen [NII] 6548, 6583 and sulfur [SII]
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6716, 6731, and continuum. Detailed analysis of the data obtained reveals, in
particular: a region of star formation in the central part of the galaxy, in which
two HII-regions and the adjacent small area of turbulency are differentiated. The
brighter of HII-regions is identified with the object SDSS J154019.70+593606.1;
- predominant rotation of emitting gases across the disc structure, in which evident
seen separating of the outgoing branch, rooted in the zone of star formation.
Numerical values of the main parameters, describing the region of star formation
and the galaxy as a whole are given.

Keywords: 3D-spectroscopy: H o -radiation: HII regions: individual: SBS 1539+597
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In this study we continue spectral class determinations for large numbers of optically faint
periodic variables taken from the Catalina Surveys Data Release 1 (CSDR1) and LINEAR data
sets. Spectral classes and physical parameters are presented for 1184 periodic varnables with periods
P>10 days, taken from modern large sky area spectroscopic and photometric databases, including
LAMOST (Large Sky Area Multi-Object Fiber Spectroscopic Telescope), SDSS (Sloan Digital Sky
Survey), the Hamburg Quasar Survey (HQS), the Hamburg/ESO Survey (HES), and Gaia Data
Release 2 (DR2). In Gaia DR2 catalogue, luminosities are presented for 276 objects and radial
velocities (RV) for 108 objects out of 1184. Spectral classes were confirmed for more than 650
objects. The majority of the variables are found to be F, G, K, M dwarfs and giants, a few dozen
carbon (C) stars (N-type Asymptotic Giant Branch (AGB) stars), and a few S stars. Some periodic
variables are blue objects, such as B and A stars. The periods are in the range 10 < P <1504 days
and Catalina magnitudes in range 11.5 <V < 20.0 mag. Finding new and faint evolved AGB stars
in the halo of our Galaxy is the first priority. A catalogue containing multi-parameter data for 1184
periodic variables from modern astronomical databases has been generated.

Keywords: Catalogs-periodic variables: surveys: late-type stars: M and C stars, general

1. Introduction. The study of variable stars is one of the most popular and
dynamic arcas of modern astronomical research. Variability is a property of most
stars, and as such it has a great deal to contribute to our understanding of them.
It provides researchers with additional parameters (periods, amplitudes, etc.) which
are not available for non-variable stais. These parameters can be used to deduce
characteristics of the stars. The study of variability also allows us to directly observe
changes in the stars: both the rapid and sometimes violent changes associated
especially with stellar birth and death, and also the slow changes associated with
normal stellar evolution. An overview of variable stars, including an introduction
to variable stars in general, the techniques for discovering and studying variable
stars, and description of the main types of variable stars are presented in more
detail in the book by John Percy [1].

Determination of the correct classes of variables can be very important for
studies of stellar populations. Some types of variable stars, such as RR Lyrae stars
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and Cepheids, are an excellent tool for studying our Galaxy. Being nearly standard
candles (as distance indicators) and being intrinsically bright, they are a particularly
suitable tracer of Galactic structure [2-4]. Long period variables (LPV, AV >2.5
mag, or Miras), which are Asymptotic Giant Branch (AGB) stars, are also very
important distance indicators for old and intermediate age populations [5].

The variable optical sky was largely unexplored and poorly quantified until
recently, especially at the faint end (V> 15mag) in the Galactic plane and also
at high Galactic latitudes in the halo of our Galaxy. Numerous questions remain
unanswered for faint variables, in particular: what degree of different variable
populations contribute to the overall variability, and how they are distributed in
magnitude and color. To answer these questions, several contemporary projects
were started which aimed at regular monitoring of the optical sky [6]. In paper
[6], we reported eight new confirmed C stars in the Catalina Sky Survey (CSS
Data Release 1, Drake et al. [7]).

In this paper we continue spectral class determinations for a large number of
optically faint periodic variables (hereafter PV). These variables are taken from the
CSS DRI dataset and from the LINEAR database (Lincoln Near-Earth Asteroid
Research, Palaversa et al. [8]). We study 1184 CSS and LINEAR PVs for which
P>10 days (an arbitrary choice), and present spectral classes for a large number
of PV stars. We significantly increase the known sample of faint Catalina and
LINEAR LPV evolved stars out of the Galactic plane. This paper is organized
as follows: in Section 2, some useful details on the surveys that we use are given.
In Section 3 we describe the modern large area low and moderate resolution
spectroscopic databases which were used for spectral class determination; in Section
4 we present the list of 1184 PV stars with important data from the modern large
sky area surveys, such as SDSS (Sloan Digital Sky Survey) [10]), second Gaia
data release (DR2) [11] and LAMOST (Large Sky Area Multi-Object Fiber
Spectroscopic Telescope) [12]; in Section 5 2MASS (Two Micron All-Sky Survey)
[9] colour-colour plots for these variables are presented and some very interesting
cases among the samples are considered; in Section 6 for a few of the newly
confirmed M-class AGB stars and for M dwarfs some parameters are estimated;
finally, we conclude in Section 7. We note that distant pulsating red giants,
selected from the CSS are considered in [13].

2. Surveys and PV catalogues used. Variability data come primarily
from DRI of the CSS. The main focus of this survey is the discovery and tracking
of Near-Earth Objects (NEOs) and potentially hazardous asteroids (PHAs), but
their multi-epoch imaging of large areas of the sky provides excellent data for more
general studies of the time-varying sky, including variable stars. In total the survey
covers ~33000deg’ of the sky within the region —75° <8< +65° and more than
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10°-15° from the Galactic plane. The time baseline is greater than 7 yr. The whole
survey has three components: the Catalina Sky Survey (CSS), the Southern Sky
Survey (SSS), and the Mount Lemmon Survey (MLS), which cover the northern
sky, southern sky and the ecliptic (£10°), respectively. In many cases, stars have
data from more than one of these surveys (online access at http://nesssi.cacr.caltech.
edu/DataRelease/).

The Catalina Survey data are provided by three telescopes: (1) the 0.7 m
Catalina Schmidt telescope, which has a 8.1deg? field of view, a pixel scale of
2.5arcsec, and which reaches a limit of V'~ 19 - 20 mag (2); the 1.5 m Mount
Lemmon reflector, with a 1.2deg” field of view and a deeper limit, V'~21.5 mag;
and (3) the 0.5m Uppsala Schmidt at Siding Spring, Australia, with a 4.2 deg’
field of view, a 1.8 arcsec pixel” image scale and depth of V'~ 19 mag. All three
telescopes operate with cooled, 4k x4k back-illuminated unfiltered CCD cameras.
Drake et al. [7] presented a catalogue of periodic variables selected from the
CSDRI1 dataset, from a search of 5.4 million variable star candidates within the
20000 deg” area covered by the CSDR1. To select PVs, these authors use Lomb-
Scargle periodogram analysis for all variability classes (pulsating, eclipsing, and
eruptive). The catalogue contains data for 47055 variable objects - ("Catalina Survey
Periodic Variable Stars", CDS VizieR Catalogue J/ApJS/213/9). All the Catalina
data are analyzed for transient sources by the Catalina Real-Time Transient Survey
(CRTS [14]). Papers [15,16] are devoted to the new RR Lyrae and Cataclysmic
Variables (CV) found in the CRTS database.

We also use the LINEAR [8] database in addition to the Catalina Surveys.
The LINEAR survey is similar to Catalina and the focus of the program is to
discover and track NEAs larger than 1 km diameter. It operates from two 1 m
telescopes located at the White Sands Missile Range in New Mexico. The camera
is unfiltered and has a ~2deg’ field of view and 2.25arcsec/pixel image scale. This
survey (nearly 10000deg” of the northern sky) is not as deep as Catalina, reaching
down to V<18 (see details at http://astroweb.lanl.gov/leneardb/). Palaversa et al.
[8] presented a catalogue of the 7194 PVs ("LINEAR III. Catalog of Periodic
Variables", CDS Vizier Catalog J/AJ/146/101, based on visual classification of light
curves) acquired by the LINEAR asteroid survey. We selected 1142 PVs from CSS
DR1 and 96 from the LINEAR datasets. 54 LINEAR PVs are included also in
the CSS DRI database. From both catalogues 1184 objects were selected with
P>10 days.

3. Spectroscopic databases used. Very useful quantities for our work are
the covered area and the limiting magnitude. In order to determine spectral classes
for PVs we use the following main sources of information. They are: Hamburg
Quasar Survey (HQS) and Hamburg/ESO (HES) surveys (online access to HQS
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and HES surveys at https://www.hs.uni-hamburg.de/DE/For/Exg/Sur/hgs/online/
index.html/). For HQS, the area covered is 13600deg” and B(lim)=19".0; for HES,
6400 deg” and B(lim)=18".0. HQS offers a low resolution (1300 A /mm at Hy)
from 3400 to 5400 A , while it is 3200A to 5300A (450 A /mm near Hy) for HES.
Supplementary spectral information is also given by the Sloan Digital Sky Survey
Data Release 15 and the LAMOST spectra (coverage 3700 to 9000 A , Data Release
5. Finally, for each of 1184 PVs we check for any spectral information in the
SIMBAD database.
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Fig.1. The LAMOST telescope spectra in the range A3700-9000A for the two PVs CRTS
J012510.2+173825 (classified as a LPV M star) and CRTS J020202.8+274204 (classified as G star,
RS CVn type variable).
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Fig.1 shows an example of LAMOST DRS5 spectra for two CRTS periodic
variables, which are classified as M and G-stars. They are CRTS J012510.2+173835
(classified as LPV by Drake et al. [7]) and CRTS J020202.8+274204 (classified
as a RS CVn type variable). Fig.2a, b illustrates corresponding HQS and HES
objective prism low resolution (Ir) spectra for CRTS J170621.4+142735 and CRTS
J151432.4-093932, which we classify as M stars based on the presence of TiO
absorption bands in the Ir spectra. An important note is that for a certain
classification, we present HQS and HES class in our list only for M and C stars,
showing absorption bands of TiO and C, molecules respectively in Ir spectra (at
a given resolution there are no spectroscopic criteria to discriminate F, G, and
K stars on HQS and HES digitized plates).

CRTS J151432.4+093932=he 151432+093932 CRTS J170621.4+142735=hs170621+142735
TiO
TiO
TiO
a b

Fig.2. HE Ir spectra in the range A3200-5400A for the newly confirmed M-type star CRTS
J151432.4-093932. TiO molecule absorption bands are indicated. Field is 15’ x 15" (a), and (b) HS
Ir spectra in the range A 3400 -5400A for the newly confirmed M-star CRTS J170621.4+142735.
TiO molecule absorption bands are indicated. Field is 5'x 5.

In the SDSS DRI5 database, spectra in the range 3600-10000 A are available
for 32 PVs. Only 3 objects have APOGEE (Apache Point Observatory Galactic
Evolution Experiment) infrared spectra (in the range 1.5 to 1.7 um , for more detail
see the site http://www.sdss.org/instruments/apogee spectrograph/). They are CRTS
J114143.6+262359, APOGEE id. is 2M11414364+2623592, which is an M4.5 111
Mira variable, CRTS J140556.0+014031, APOGEE id. 2M14055603+0140310, an
M2 subclass star, and CRTS J224228.1+060856, APOGEE id. 2M?22422816+0608567.
According to LAMOST DRSS, the last object is of K1 subtype.

4. The list of 1184 PVs with P>10 days. All 1184 periodic variables
are cross-correlated with available modern astronomical catalogues and databases,
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namely 2MASS, SDSS DRI15, Gaia DR2, and LAMOST DRS5. The contents of
the list are as follows:

1) CRTS - Catalina Sky Survey identifier (JHHMMSS.s+DDMMSS) or
LINEAR Number,

2) RA, Dec (J2000), <V> mag, P (days), and amplitude (mag) and variability
type according to the CRTS DRI catalogue (J/ApJS/213/9 [7]),

3) 2MASS J, H, and Ks magnitudes and errors, J- H and H - Ks colors,

4) Gaia DR2 Name, Gmag, T, f/(K), BP - RP color index, radius and luminosity
in solar units with errors when available (CDS VizieR Catalogue 1/345/gaia2),

5) HQS and HES associations (hs or he number, spectral classes only for
M and C stars, see section 4 for details),

6) LAMOST DRS5 catalogue associations and spectral classes (if available),

7) SDSS DRI15 associations and spectral classes (if available),

8) Alternative names of objects from SIMBAD and spectral class, references
or elsewhere.

A representative sample table with key columns and key rows is given as
Table 1. The columns are follows: (1) CRTS Name, (2) CRTS <V> median
magnitude, (3) Period (in days), (4-6) Gaia DR2 G mag., BP - RP color, and
T, consequently, (7) hs or he associations, (8) Gaia DR2 luminosities (in solar
units), (9) spectral class of the object.

5. 2MASS colors. In Fig.3 the 2MASS J- H vs. H- Ks (two-color) diagram
is illustrated for all PVs except the 22 objects out of 1184 that have no 2MASS
J, H, and K photometric data. The 2MASS two-color diagram is considered in

Table 1
A SAMPLE LIST OF THE CRTS PV STARS!?
CRTS and |<V>| P G |BP-RP| T, hs Lumin.|  Sp.
LINEAR number | mag | days |mag | Color | K Association Ly class
J010453.2+450136 | 12.61 | 248.01 |12.49| 4.35 [3380|010453+450136 M

J010354.4+203955 |13.89| 24.55 |13.84| 1.25 |5130|010354+203955| 48.87 G

J020424.0+325248 | 14.14| 15.71 |14.32| 1.39 |4620|020424+325248 | 2.36 |Unknown
J032905.5+305924 |15.05| 17.24 |15.27| 2.80 |3820 0.10 |Unknown
J034525.1+294352 | 14.36 | 13.88 |14.75| 2.63 |3470|034525+294353| 0.32
J163525.0+383247 | 14.15 | 146.52 |14.07| 2.29 |3800 | 163524+383246
J220910.4+022323 | 15.57 | 330.86 |15.58 | 0.96 |5360|220910+022323| 2.25
LINEAR 3577682 |15.17 | 179.42 [15.06| 1.93 (4060 | 122041+491844
LINEAR 13990545(16.80 [1503.71|17.05| 0.14 {9460 | 151916+064529

wZzmZZ

''Table 1 does not present all parameters which are included in the electronic format of the
list, see Discussion and Conclusion.
2 Notes for some interesting objects and their other associations in SIMBAD data base.
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CRTS J010506.6+021333, <V>=19.06, P=533.62 days, Amp. = 1.87 mag. This object is
noted by Menzies et al. [17], as a LPV AGB in a local dwarf irregular galaxy IC 1613 (Gaia DR2
G=19.69, BP - RP =2.53 mag).

CRTS J034345.1 + 320358 = IC 348 LRL 245, Young Stellar Object (YSO). Object shows
periodic variability with amplitude Am =~ 2.0 mag.

CRTS J034855.8 + 350332 = LAMOST J034855.83 + 350332.6 is an eclipsing binary with Al
subclass and L =0.27 L, luminosity, the distance of the object is 411 pc from the Sun (CDS Vizier
Catalogue 1/347/gaia2dis) [18].

CRTS J052909.7 + 035128, <V >=1594, P=14.4 days, J- H=0.66, H - K= 0.25, this
object is the source with the lowest Gaia DR2 luminosity value among the sample (L =0.05L )
and is an eclipsing binary at a distance 339 pc from the Sun [18].

CRTS J053347.7 - 045208 = LAMOST 1J053347.70 - 045208.4 = V731 Ori, which is a RS
CVn type variable and is an M dwarf star (M3 subclass). Gaia DR2 data are: L=0.13L,, G=
15.34, T = 3690 K, the distance r= 338 pc [18].

CRJZI'S J075525.0 + 2359522 = LAMOST J075525.0 + 235952.2 (<V>=17.01, P=323.71
days, /- H=0.82, H- K=0.12), is known also as ULAS J075525.09 + 235952.2. In paper [19] this
object is presented as an M giant at a distance 50 kpc from the Sun.

CRTS J094757.4 + 131643 = IRC + 10216 (CW Leo), an N-type carbon star [20] and well
known protoplanetary nebula (PPN), the reddest object among the sample (see Fig.3, J- H=4.09,
H- K=2.46, P=652 days).

CRTS J111320.6 + 221116, <V>=18.28, P=183.35 days, this object is an N-type C star
in the dwarf spheroidal galaxy Leo II [21].

CRTS J181216.8 + 311455 =PZ Her, a LPV, L =480L, (having the maximum luminosity
among the sample) is an M type giant, Gaia DR2 BP - RP = 2.84 mag.

LINEAR 2825992 = LP 376-6 is a high proper motion star (Plx = 30.5 mas) at a distance
33 pc from the Sun.

CRTS J122846.8 + 052726 = EL Vir= LAMOST J122846.80 + 052726.4, an eclipsing binary,
subclass is K3, L =5.57L,, distance is 1860 pc according to [18].

CRTS J123014.1 + 251806 = LINEAR 3766947 (<V> = 15.6 mag, P=897.65 days, Amp. =
2.24 mag) = ICRF J123014.0 + 251807 (BL Lac object) [22].

CRTS J124219.4 + 093820 = LINEAR 7682813 = LEDA 1367921 (galaxy) [23].

CRTS J151915.9 + 064529 = LINEAR 13990545 = LAMOST J151915.86 + 064529.1, P=
1503.71 days, <V>=16.8, Amp. = 0.63 mag, object with largest P among the 1184 sample
considered [24].

CRTS J170810.3 - 022022 (<V>=12.97, P=1385.21 day, /- H=1.37, H- K=1.11) is
presented by Drake et al. [7] as a LPV. This object is observed in the H,O maser line by Yung
et al. [25]. In our list we noted spectral class as "Unknown".

CRTS J211429.5 + 074833 = IRAS 21120 + 0736, J- H=1.16, H- K=0.96, is a Mira
variable Galactic OH/IR star [26] with large Gaia DR2 color index (BP - RP = 7.68 mag).

CRTS J224003.3 + 251532 =2MASS J22400335 + 2515346 = LAMOST J224003.34 + 251534.6
with Gaia DR2 radial velocity data RV =-403 km/s is an M4 subclass AGB star at a distance 6610
pc from the Sun [18].

numerous papers as a dwarf/giant discriminator. It can select the area on the
diagram (0.0<H-K <0.7, and 0.2 <J- H <1.0) where the maximum concen-
tration of objects is evident. Primarily F, G, and K type stars are in this region.
Objects with J—H >1.0 are M and N-type AGB stars only. A few unknown
objects lie in the zone where J- H<0.8 and H- K> 0.2. Further spectroscopic
observations are necessary to clarify the nature of these objects. Usually in this
region of the diagram M dwarfs, carbon dwarfs (dC) and brown dwarfs are located.

6. Parameters for some M stars. Faint LPV stars offer the best
opportunity to probe and study the outer halo of the Milky Way and are ideal
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for tracing the Sagittarius dwarf galaxy (Sgr) tidal streams, and also to map the
all sky view of the Galaxy. Table 2 presents some important data for newly
confirmed M stars having J- K> 1.2. They are presented by Drake et al. [7] as
LPV stars.

The distance estimation (Table 2) is based on applying the Period-Luminosity
(P- L) relation from Whitelock et al. [27]. The P- L relation used here is:

M(K)=-3.69(log P-2.38)—17.33. (1)

The last two objects in Table 2 deserve more attention. They are fainter than
11 mag in the 2MASS Ks band and belong to the leading arm of the Sgr dwarf

E +
3.0 1
. o X
| -
2.0 - v
1 gf+ +
i Q¥ X
T
- 1.0
| ~p~ = o - | SonlNE
0.0 | L
] A S Star ‘ |
1 ° |
'1.0 T T T T T T T T T T T T T
-0.5 0.0 0.5 1.0 1.5 2.0 2.5

H-K
Fig.3. 2MASS color-color diagram for CSS and LINEAR PVs.

Table 2
SOME IMPORTANT GAIA DR2 DATA FOR 6 PV STARS

CRTS and LINEAR | <V> | Period G BP-RP hs or he D (kpc)
Number days color associations

J012510.2+173835 1273 | 42535 1254 | 3.08 hs 012510+173835 18.0
J012842.1+433218 13.05 | 119.00 |1326 | 3.34 hs 012842+433218 10.0
J063516.1+524425 1208 | 25959 |12.12 | 4.83 hs 063516+524424 3.98
J133725.3-014948 1291 | 147.53 |12.65 243 he 133725-014948 10.5
J152042.9-093148 15.75 | 23337 |16.03 333 he 152042-093148 50.0
LINEAR 9809348 15.47 76.87 | 15.46 1.71 he 133646+075230 33.0
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galaxy (see more detail in Fig.22 of Huxor and Grebel [28]). Drake at al. [7]
discussed and presented the distribution of LPVs (see their Fig.37, compared to
the Law & Majewski [29]) in a model of the Sagittarius streams for objects with
14.9 <V <15.9 but without information about spectral classes and adopted for
all LPVs M ,=-3.0. However, LPV stars have a very broad range of absolute
magnitudes [30]. Note that only for object CRTS J063516.1+524425 (M8 subclass
star) are the distance estimation based on P- L relation and presented in catalogue
1/347 /gaia2dis [18] based on parallaxes in good agreement. These two values of
the distances are inconsistent for the remaining objects of the Table 2.

Table 3 presents CRTS and LINEAR PVs with available Gaia DR2 luminosity
and LAMOST DRS spectral class information.

Table 3
LAMOST DR5 SPECTRAL CLASSES FOR 9 PV STARS

CRTS or LINEAR | Period | Gaia DR2 | Luminosity] LAMOST DRS5 Sp. Class
(days) | T, (K) | Lg

J034525.1+294352 13.88 3470 0.33 J034525.07+294352.8 M3
J035614.7-022826 240.9 5070 2.15 J035615.47-022810.6 F9
J040513.0+220743 10.00 3570 0.06 J040513.07+220743.8 M2
J045535.3+213800 60.46 4080 21.82 J045535.29+213800.4 G5
J144715.4-021415 13.57 4440 2.60 J144715.50-021415.2 K3
J170211.1+175334 10.24 4970 26.73 J170211.11+175334.2 G9
J173134.5+573738 14.98 4970 69.17 J173134.56+573738.0 G5
LINEAR 3513885 16.18 4980 6.5 J121628.86+313743.5 K1
LINEAR 13990545 | 1503.71 9470 J151915.86+064529.1 | BO IV

In Fig.4 LAMOST telescope spectra in the range 13700 —9000A for objects
CRTS J034525.1+204352 and CRTS J144715.4-021415 of Table 3 are presented.
Fig.5 presents Gaia DR2 color-temperature relation for 1184 PVs. We selected
76 PVs out of 1184 having large Gaia DR2 BP - RP colors (>5.0 mag). All of
them are Miras (M stars later than M7 subclasses). In our list we could not classify
23 objects with very red colors. They are all unknown and associated with IRAS
Point Sources (CDS VizieR catalog 11/125/main) and are out of the HQS and
HES fields. Their V_ is brighter than 13 mag. In the blue part of the diagram
(T, e 9000 K), there are 3 objects. They are LINEAR 13990545=SDSS J151915.86
+064529.1 (BO IV star, V=+76km/s) is a CV star, LINEAR 152733636=CT Ser
= SDSS J154539.08 + 142231.6 (B0 IVe star, V=-28 km/s [31], and CRTS
J204053.8 - 115426 (eclipsing binary, spectral class unknown).

7. Discussion and conclusion. PV stars include different classes of objects
with different absolute magnitudes. In this paper we continue the spectral class
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Fig.4. LAMOST telescope spectra for CRTS J034525.1+294352 (classified as eclipsing binary)
and CRTS J144715.4-021415 (RS CVn type variable) in the range A 3700 -9000A .

determinations for faint PVs at high Galactic latitudes selected from the CSS and
LINEAR databases. We listed 1184 CRTS and LINEAR objects for which P >10
days. A large amount of objects among the sample are newly confirmed faint
pulsating LPV, M and N-class evolved giants and AGB stars at high latitudes.
Spectral classes are confirmed for more than 650 PV stars. The most important
results in this paper can be summarized as follows: (a) using modern large sky
area spectroscopic databases, we classify more than 650 CRTS and LINEAR PVs,
(b) many PVs are associated with the F, G, K, and M giants and dwarfs, also
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the faint N-type AGB C stars at high Galactic latitudes, (c) a significant number
of the faint Mira variables are classified as M stars of very early subclasses, (d)
for a large number of the PVs, we confirm spectral classes for objects presented
in the "General Catalogue of Variable Stars: Version GCVS 5.1" [32] but without
spectral class information. Our list should be very useful for future versions of
the GCVS.
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Fig.5. Gaia DR2 color-temperature relations for CRTS and LINEAR PVs. The symbols are
the same as in Fig.3.

Five objects in our list deserve more attention. For all of them Gaia DR2
RV >300km/s. They are CRTS J102416.0+240215, RV=+317.9km/s, <V>=13.12,
P=324.44 day, T,= 4069 K, r=6442pc [18], RS Cvn type variable, spectral class
"Unknown", CRTS J133855.8 + 184241 = AL Boo, variable star of Mira Cet type,
RV =+307.01 km/s, <V>=12.66, P=165.45 days, T, =3641K, r=28349pc [18],
CRTS J163945.4+ 091635 =hs163945+ 091636 = V1118 Her, Mira variable, RV=
-368.15km/s, <V>=11.67, P=126.63 day, T, =3800K, r=3220pc [18], CRTS
J171457.0 + 182559 = hs174757 + 182559, RV— -412.6 km/s, <V>=12.77, P=
327.4 day, Amp.=0.27 mag, r=8517pc [18], RS CVn type variable, CRTS
J224003.3 + 251533 = LAMOST J224003.34 + 251534.6, RV =-403.46km/s, <V>=
13.33, P=127.72 day, r=6610pc [18]. We confirm spectral classes for last four
objects. They are M stars.

We note also that a few southern objects (8 <—10°, and brighter than 13 mag.
in visual) was cross-matched with the ASAS [33] (see the CDS VizieR Catalogue
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11/264/asas3). We confirm the spectral classes for some of PVs in ASA data base.
Meanwhile, it is worthy to note also the ASAS-SN (onlain at https://www.astronomy.
ohio-state.edu/asassn/index.shtml/) variability data base, which covers all sky. Both
variability surveys are not deeper (<16 mag) than Catalina and LINEAR.

Nearly 100 LPV stars and 25 objects with very large Gaia DR2 BP - RP colors
still need to be confirmed spectroscopically, and they will be included in our future
observations. For a large fraction of the LPVs, the CRTS <V> median magnitudes
is fainter than 15.0-16.0. Our list very significantly extend the census of M giants,
faint N-type AGB carbon stars, and M dwarfs in the Solar vicinity up to 17.0
mag in the visual.

The full catalogue is available on request by mailing to kgigoyan@bao.sci.am.
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NCCIEAOBAHUE IMEPUOANYECKHWX ITEPEMEHHDbIX
N3 BA3 JAHHbBIX CATALINA W LINEAR

K.C.TUTOAH!, T.P.KOCTAHIAH', K.K.TUT'OAH?,
A.CAPKMCCHUAH?}, M.ME®TAS, 1.PYCCEWUJI*, ®. KAMKOYAH?,
O .PAXMATYJUJIAEBA®, I TIAPOHAH!

B HacTtosiei pabote Mbl POIOKAEM OTpeaeeHUe CIIEKTPATbHBIX KJIACCOB IS
0OJIBILLIOrO KOJIMYECTBA OINTUYECKU CJa0bIX MEePUOINYECKUX MEPeMEHHbBIX. DTU
nepeMeHHble B3sThl M3 AaHHbIX Catalina Surveys 1 (CSDR1) u LINEAR. Crekr-
pajibHbIE KJIACChI M HEKOTOPbIE APYTHMe OYeHb BaXKHbIE TapaMeTphbl MPeACTaBICHbI I
1184 mreprommuecKrx IepeMeHHBIX, UIT KOTOPBIX P > 10 IHEH, UCITONL3Ysl COBPEMEHHbBIS
CIIEKTPOCKOIMYECKUE U (poTOMETpUUECKHE 0a3bl TaHHBIX Ha OOJIBLION 00sacTh Heba,
takux kak LAMOST (Large Sky Area Multi - Object Fiber Spectroscopic Telescope),
SDSS (Sloan Digital Sky Survey), Hamburg Quasar Survey (HQS), Hamburg/
ESO Survey (HES) m Gaia Data Release 2 (DR2). B Gaia DR2 karanore
CBETUMOCTH TpeICTaBiIeHbl IjsT 276 00BEKTOB, a JydyeBble cKopocTH - st 108
00beKkToB U3 1184. CniekTpasiibHble KJacChl ObUIM MOATBEPKACHBI ISl 0oJjiee ueM
650 0ObEKTOB. YCTaHOBJIEHO, YTO OOJBIIMHCTBO MEPEMEHHBIX - 3TO KapJauKWA U
ruranTel F, G, K, M cnekrpajibHbIX KJIaCCOB, HECKOIbKO JECSATKOB - YIIePOIHbIE
3Be3nbl (C) (3Be3gni AGB (Asymptotic Giant Branch) ximacca N), a takxke
HECKOJIbKO 3Be3II CIIEKTpaIbHOro kiacca S. HekoTopble mepuoanyeckue rnepeMeHHbIe
- 3TO TOJyOble OObEKTHI, TaKM€ KaK 3BE€3[bl CIEKTpPaIbHBIX KjaaccoB B u A.
Ilepuoabl st Bcex 3Be3n HaxoAsTcsl B auanazoHe 10< P <1504 nHeit, a CSDR
1 BesmumHBI B quamnasone 11M.5< ¥V <20™.0 . ObHapy:KeHUe BOTIOLMOHMPOBAHHBIX
HOBbIX U cllabbix AGB 3Be3n B I'ano Haieii ['agakTvku sIBIsIeTCSl IepBOOYEPETHOM
3apaveit. Co3naH CIUCOK, cojaepKalluii MHOrornapaMmeTpyuyeckue qaHHbie ms 1184
MEePUOANYECKUX TIEPEMEHHBIX U3 COBPEMEHHBIX aCTPOHOMUYECKMX 0a3 JaHHbIX.

KitoueBbie cnoBa: Kamanoeu: nepuoduueckue nepementbie: 0030pbl: 36e30bl HO30HUX
M u C kaaccoe
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We present the first photometric observations and light curve modelling of the discovered
systems GSC 01870-00458 and USNG-A2.0-0975 04721840. Our modelling was carried out using
a recent Windows interface version of Wilson and Devinney code based on model atmospheres
provided by Kurucz. The accepted models revealed absolute and physical parameters that can be
used to study the evolutionary states of systems. The parameters show that primary component is
more massive and hotter than the secondary component for both systems, and spectral types of
the system components were adopted. Locations of both systems on theoretical mass-luminosity and
mass-radius curves revealed a good fit for components of both systems except for the secondary
component of the system GSC 01870-00438.

Keywords: light curve: eclipsing binary: GSC 01870-00458: USNO-A2.0-0975 04721840

1. Introduction. Studies of eclipsing binaries are the primary source of our
knowledge of the fundamental properties of stars, which often a combination of
photometric and spectroscopic data (Kallrath, Milion [1]). Photometric and
spectroscopic observations of eclipsing binary systems are essential in deriving
absolute parameters of the components, such as the stellar radii and effective
temperatures. These parameters and many others are important to understanding
the evolutionary stage and stellar structure of eclipsing binary systems (Yilmaz et
al. [2]). The present paper models the light curves of the discovered systems GSC
01870-00458 and USNO-A2.0-0975 04721840. Table 1 lists the coordinates of
the systems together with their comparison and check stars. The remainder of the
paper is organized as follows. Section 2 briefly describes the studied systems while
section 3 models light curves. Section 4 discusses the evolutionary status for both
systems. The summary of the results and conclusions of the study are presented
in section 5.

2. Observations.

2.1. GSC 01870-00458. The system GSC 01870-00458 was used as a
compartison star for the system V781 Tau by Liu et al. [3] and discovered to be
a variable star by Nakajima and Nagai [4] during their observations of the system
V781 Tau. Nakajima, Nagai listed the system as an Algol-type eclipsing binary
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Table 1

COORDINATES AND BV MAGNITUDE OF THE VARIABLE,
COMPARISON AND CHECK STARS

Star Name o (2000.0) | & (2000.0) | B V |B-V
Variable (GSC 01870-00458) 05"5025".88 | +26°56'50".60 [10.91 |10.89 | 0.02
Comparison (GSC 01870-00582) 05"5020".80 | +26°56'42".36 | 11.92 | 11.46 | 0.46
Check (GSC 01870-00514) 05"5022".39 | +26°59'55".00 10.13 | 9.68 |0.45

Variable (USNO-A2.0-0975 04721840) 07"09'56".34 | +12°06'08".20 | 16.06 | 15.18 | 0.88
Comparison (USNO-A2.0-0975 04707248) | 07'09'26".30 |+12°12'16".92 | 14.6 | -
Check (GSC 00770-00051) 07"0925".84 | +12°11'42".43 |13.53 | - -

variable star with a period P=1°.08481. Complete BVRc light curves were observed
by Nakajima and Nagai [4] on 37 nights from December 15, 2003 to January 7,
2005 using a Meade LX200 0.25-m /6.3 SCT telescope with a CV-04 (KAF-401)
(CCD) detector. The systems GSC 01870-00582 and GSC 01870-00514 were used
as comparison and check stars respectively during the observations. Table 1 lists their
basic information while Fig.1 presents observed light curves in BVRc pass bands.
The ephemeris adopted by Nakajima and Nagai [4] was used to calculate the
individual phases of all observational data:

Min.I = HJD2452996.043 +1.084737x E . (1
10 . . . .
i |
10.4 \%
g
=
10.8
1 B
11.2
-0.4 0 0.4 0.8 1.2
Phase

Fig.1. CCD light curves of the system GSC 01870-00458 in the BVRc pass band.
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2.2. USNO-A2.0-0975 04721840. Liakos and Niachros [5] discovered
the system USNO-A2.0-0975 04721840 (P=0.50460) to be a variable star in
the field of the systems AV CMi and GSC 00770-00523 and classified as an EB-
type light curves. They carried out the first CCD photometric observations of the
new system in V7 (Bessell) pass bands using a 0.4-m Cassegrain f/8.1 telescope
equipped with an SBIG ST-10XME CCD camera at the observatory of the
University of Athens, Greece. The systems USNO-A2.0-0975 04707248 and GSC
00770-00051 were used as comparison and check stars respectively during the
observations. Their basic information is listed in Table 1, while the observed light
curves are presented in Fig.2 in VI (Bessell) pass bands. The phases of the
individual observations were calculated using the first ephemeris estimated by
Liakos and Niachros [5]:

Min.I = HID 2455594.4123(6) + 0.50460(3)x E . )
I
0.4
Vv
0.8
=
(]
1.2
1.6
0 0.4 0.8 1.2
Phase

Fig.2. CCD light curves of the system USNO-A2.0-0975 04721840 in the V7 (Bessell) pass band.

3. Photometric analysis. The observed light curves of the studied systems
were analysed using the 2009 version of the Wilson and Devinney code (Windows
interface version by Nelson [6]) to estimate the orbital elements describing the
observed curves. The used code applies a model atmosphere created by Kurucz
[7] and produces synthetic light curves similar to observed light curves using
constructed models and adopted absolute parameters. The initial values of tem-
peratures of the primary component 7, for both systems were estimated using the
color index (/- H) for each system listed in SIMBAD (http://simbad.u-strasbg.fr/
simbad/sim-fbasic), where the corresponding temperature was estimated using the
(J - H) color index relation of Pecaut, Mamaek [8]. The temperature adopted for
the primary component of each system was used as an initial value in the
modelling of light curves. Gravity darkening exponents (g, g) and bolometric
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albedo values (A4,, A,) were adopted following Lucy [9] and Rucinski [10] for
the convective envelopes (7 e 7500 K) of late-type stars as g, =g,=0.32 and
A =A,=0.5. Limb darkening coefficients based on the interpolated logarithmic
law were taken from the tables of Van Hamme [11]. Spectroscopic measurements
of the radial velocity for eclipsing binary systems are known to be important in
adjusting the mass ratio ¢q. The studied systems are new systems and thus do not
have a history of spectroscopic observations, and we thus adopted a g-search to
estimate the initial values for the systems mass ratio g. A g-search based on mass
ratios ¢ with values ranging from 0.10 to 0.9 was conducted by means of Mode
(5) for the system GSC 01870-00458 and Mode (2) for the system USNO-A2.0-
0975 04721840. A convergent solution was obtained for each assumed ¢ value.
The sum of squared deviations (O -C)2 for each ¢ value is presented in Fig.3a,
b for the two studied systems. The mass ratio g corresponding to the minima
of Z(O - C)2 was used as an initial value. Adjustable parameters in modelling were
the orbital inclination i, mass ratio g, mean temperature of the secondary star
T,, potential of the components Q,,Q,, and luminosity of the primary star L,.
The relative brightness of the secondary star L, was calculated from stellar
atmospheric models.

0.34 0.08
| a . A t b *
0.07 '
0.32
o s 0.06
o .
A 0.05
0.28
0.04 M
0.26 0.03 e
0.08 0.16 0.24 0.6 0.8 1 1.2
q q

Fig.3. g-search of binary systems: a) GSC 01870-00458, and b) USNO-A2.0-0975 04721840.

3.1. GSC 01870-00458. The first observed BVRc light curves of the
discovered system GSC 01870-00458 were analysed using Mode 5 (semidet-Algol)
of the Wilson and Devinny code (Windows interface version) developed by Nelson
[6]. As mentioned earlier, the initial value of the mass ratio ¢ was adopted
according to a g-search (see Fig.3a). An acceptable model was adopted following
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Table 2

PHOTOMETRIC SOLUTION FOR THE SYSTEMS GSC 01870-00458
AND USNO-A2.0-0975 04721840

Parameter GSC 01870-00458 USNO-A2.0 0975-04721840
i () 78.29+0.10 84.95+0.26
=8 0.32 0.32
A =4, 0.5 0.5
q (M,/M,) 0.1556 % 0.0009 0.8955+0.0045
Q, 2.3941 £0.0035 4.1105+0.0126
Q, 2.1182 3.6777+0.0119
T, (°K) 7110 (fixed) 5300 (fixed)
7, (°K) 4272+ 11 4896+ 5
. 2.1182 3.5780
Q.. 2.0178 3.0826
r, pole 0.4441 £ 0.0009 0.3073 +0.0055
r, side 0.4705+0.0011 0.3163 £ 0.0062
r, back 0.4806 +0.0013 0.3290+0.0075
r, pole 0.2165+0.0009 0.3345+0.0073
r, side 0.2251 0.0009 0.3490 +0.0088
r, back 0.2571£0.0009 0.3746+0.0122
2(0-C)* 0.25045 0.03947

trials with adjustable parameters. The parameters obtained using the model are
listed in Table 2, which shows that the primary component of the system GSC

Normalized flux
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Fig.4. Synthetic and observed curves for the system GSC 01870-00458.
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01870-00458 is hotter than the secondary component by 2838 K, and conse-
quently, their spectral types are F1 and K6 respectively according to their adopted
temperatures (Popper [12]). Fig.4 presents the observed light curves (normalized
flux) of the system GSC 01870-00458 (filled circles) together with synthetic light
curves (solid line) obtained using the adopted model in BVRc pass bands.

3.2. USNO-A2.0-0975 04721840. A photometric study of the discovered
EB system USNO-A2.0-0975 04721840 was first carried out using the observed
light curves in the VI (Bessell) pass band adopting Mode 2 (detached) of the
Wilson and Devinney code developed by Nelson [6]. The accepted model shows
that the spectral types of the primary and secondary components are G8 and K2
respectively and that the primary component is 404 K hotter than the secondary
component. Table 2 lists the estimated parameters of the photometric solution
while Fig.5 displays the reflected observed points (normalized flux) in V7 (Bessell)
pass bands together with the corresponding theoretical light curves obtained using
the model.

1—

<‘I' : '- . ' .f ' _I

0.8

(V-0.25)

0.4

Normalized flux

0 0.4 0.8 1.2

Phase

Fig.5. Synthetic and observed curves for the system USNO-A2.0-0975 04721840.

Spectroscopic observations of the radial velocity are the main source of data
used in estimating physical parameters of the eclipsing binary components. For
the discovered systems there are no previous spectroscopic observations, and the
absolute physical parameters were estimated using the empirical 7 ;- nass relation
given by Harmanec [13]. Table 3 lists the calculated absolute physical parameters
of the components of the studied systems. The parameters show that the primary
components are more massive than the secondary component for both systems.
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Table 3

ABSOLUTE PHYSICAL PARAMETERS FOR GSC 01870-00458 AND
USNO-A2.0-0975 04721840

Element Star name
GSC 01870-00458 USNO-A2.0-0975 04721840
M (Mg) 1.5399 +£0.0629 0.9477+£0.0387
M, (M) 0.2396 £0.0098 0.8487 £0.0347
R (Ry) 1.5944 £0.0651 1.0460 £0.0427
R (Ry) 0.6670£0.0272 0.9011£0.0368
T, (Ty) 1.2305£0.0502 0.9173+0.0375
T,(Ty) 0.7394 £0.0302 0.8474 £0.0346
L (Ly) 5.8205+0.2376 0.7735+£0.0316
L,(Lgy) 0.1328 £0.0054 0.4180%+0.0171
M, 2.8376 £0.1159 5.0289+0.2053
M, 6.9423+£0.2834 5.6970+0.2326
Sp. Type (F1)!, (K6)? (G8)!, (K2)?
Phase=0.75 Phase=0.90

Fig.6. Three-dimensional structure of the binary system GSC 01870-00458.

Geometrical structures of the studied systems were created according to the
calculated parameters using the software package Binary Maker 3.03 (Bradstreet,
Steelman [14]) and are displayed in Fig.6, 7.

4. Evolutionary states. Evolutionary states of the studied systems were
investigated using the estimated physical parameters listed in Table 3 by means
of mass-luminosity M-L and mass-radius M-R relations and the evolutionary
tracks computed by Girardi et al. [15] for both zero age main sequence stars
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Fig.7. Three-dimensional structure of the binary system USNO-A2.0-0975 04721840.

(ZAMS) and thermal age main sequence stars (TAMS) with metallicity z=0.019.
We also used the luminosity-effective temperature L-T,, relation of non-rotating
models and the empirical mass-effective temperature M-T, relation of intermediate
and low-mass eclipsing binaries. Fig.8a, b present the locations of the components
of the studied systems on the curves of mass-luminosity M-L and mass-radius
M-R relations. The figures show that the components of the system USNO-A2.0-
0975 04721840 (S,, S,) are located near the ZAMS while the primary component
S, of the system GSC 01870-00458 is located on the ZAMS, and the secondary

«+GSC 01870-00458 S,

4}'
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|
2
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Fig.8. Positions of the components (S,,S,) of the systems GSC 01870-00458 and USNO-
A2.0-0975 04721840 on the a) theoretical mass-luminosity diagram and b) theoretical mass-radius

diagram of Girardi et al. (2000).
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component S, lies above the TAMS track. The deviation of secondaries is ascribed
to energy transfer from the primary to secondary through the common convective
envelope, as suggested by Lucy [16]. Using the non-rotating evolutionary models
of Ekstrom et al. [17] at solar metallicity z=0.014, we assigned components of
the two systems on the T,-L relation as shown in Fig.9. Both components of
system USNO-A2.0-0975 04721840 (S,, S,) and the primary component S, of
4 | T T T [ T l
- +GSC 01870-00458 S
| NS ~ +GSC 01870-00458 s; |

+USNO-A2.0-0975 04721840 S,
+USNO-A2.0 0975 04721840 S,
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1.7 Mg
I MR ——— N 15M [
~  14Mg ©

i ®
12M
0= LMy °

1L.OM,
09M,
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—_
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— r MWW T — 20Mq
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3.4 3.6 3.8 4

logT,g

Fig.9. Positions of the components (S,,S,) of the systems GSC 01870-00458 and USNO-
A2.0-0975 04721840 on the effective temperature-luminosity diagram of Ekstrom et al. (2012).

system GSC 01870-00458 lie on expected tracks, while the secondary component
S, of system GSC 01870-00458 deviates from the expected track. The mass-
effective temperature relation M-T, 7 for intermediate and low-mass stars (Malkov
[18]) is displayed in Fig.10 for both systems. The locations of the studied systems
on the M-T . diagram have a good fit for the components of system USNO-
A2.0-0975 04721840 (S,, S,) and the primary component S, of system GSC
01870-00458, while the secondary component S, of system GSC 01870-00458 has
a poor fit. The components thus have the same behaviour in terms of mass-
luminosity and mass-radius relations.

5. Discussion and conclusion. The semidetached system GSC 01870-
00458 and detached system USNO-A2.0-0975 04721840 were discovered as
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1.2
. : |
+GSC 01870-00458 S,
| +GSC 01870-00458 S,
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Fig.10. Positions of the components S,, S, of the systems GSC 01870-00458 and USNO-
A2.0-0975 04721840 on the empirical M-T,; curve for low-intermediate-mass stars provided by
Malkov (2007).

eclipsing binary systems in 2006 and 2011 respectively. CCD observations of the
two systems were used to estimate orbital solutions, which revealed absolute and
physical parameters. The estimated parameters showed that the primary component
is hotter and more massive than the secondary component for both systems.
Spectral types of the system components were adopted according to estimated
temperatures. The evolution of the studied systems was investigated to explore
behaviours in terms of M-R and M-L relations. The locations of components of
both systems on M-R and M-L relations fitted ZAMS tracks except in the case
of the secondary component of the system GSC 01870-00458. The system GSC
01870-00458 is semidetached whereby the secondary component star is filling its
Roche lobe and transferring mass to the primary on a thermal time scale. The
secondary star is out of thermal equilibrium, which may explain its behaviour.
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AHAJIN3 KPUBBIX BJIECKA HEKOTOPbBIX
SATMEHHbBIX IBOMHbLIX CUCTEM

M.C.AJIEHA3U'!, M.M.DJIbXATUDB!*

IIpencraBiaeHbl IiepBbIe (POTOMETpUUYECKUE HAOMIONECHUS U MOJEJIMPOBAHUE
KpuBbIX Ojecka oboHapyxeHHbIx cucteM GSC 01870-00458 u USNO-A2.0-0975
04721840. MoaenupoBaHNue ITPOBOIMIOCH C MCITOJb30BAHNEM MOCIEIHEN BEpCUM
kKoma YuicoHa u JleBuHHU U151 uHTepdeiica Windows Ha ocHOBe Mozesieit atMocdep
Kypyua. IlpuHsATbIE MOAEIM MO3BOJUIU OINPEACTUTh (U3NYECKUE MapaMeTphl,
KOTOPBIE MOTYT OBITH MCITOJIb30BAHbBI JUIST U3YYCHUS SBOJIOIMOHHBIX COCTOSHUM
CHCTEM, a TaKXe CIeKTpaJbHble KJIAacChl KOMIIOHEHTOB cucTeMbl. IlapameTphl
MOKa3bIBAIOT, YTO U1 00EMX CUCTEM MEPBUYHBIN KOMIIOHEHT 00Jiee MacCCUBHBIM
U TOPSYNi, YeM BTOPUYHEIN. PacmonoxkeHne cucTeM Ha TEOPETUISCKUX KPUBBIX
Macca-CBETHMOCTb M Macca-paanyc XOpOIIO COOTBETCTBYET OXMAIAEMOMY pacro-
JIOXKEHUIO i1 KOMITOHEHTOB OOEMX CHCTeM 3a MCKIIOYEHUEM BTOPUYHOIO
koMnoHeHTa cucteMbl GSC 01870-00458.

KoiroueBble cioBa: kpueas 6aecka:3ammennasn oeotinaa: GSC 01870-00458: USNO-
A2.0-0975 04721840
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The orbits of visual binary systems still atiract the interest of many working groups in
astronomy. These orbits are the most important and reliable sources of stellar masses. In the present
paper, we computed the orbits and dynamical masses of some visual binaries using an independent
code. We used the Kowalsky method to compute the geometrical elements, while the dynamical
elements (the orbital period and the time of perastron passage) were computed by implementing
the double areal constant. We used the developed code to calculate the orbits for four visual binaries:
WDS J02262+3428, WDS J14310-0548, WDS J17466-0354, and WDS J12422+2622. We
mtroduce a new orbit for the neglected visual binary WDS J17466-0354 and modified the orbits
for the remaimng three binaries. Using Gaia DR2 parallaxes, we computed the total and individual
dynamical masses of the systems. Comparing the adopted masses with those derived from the mass-
spectral type relation revealed good agreement.

Keywords: methods: Kowalsky, stars:visual binaries: orbital elements, stellar masses

1. Introduction. The study of visual binaries is one of the most crucial
sources of existing knowledge regarding stellar masses. In addition, the utilization
of these masses led to the discovery of the mass-luminosity relation, which in
turn supports many theories of stellar evolution. On the other hand, the correlation
between binary parameters provides important data for theories concerning star
formation. Many authors have developed automated orbit determination techniques
with the advent of modern computers. For example, in the same manner as the
Thiele-Innes-van den Bos method [1-3], a 3.5 observing points method was
proposed in which all observations are used simultaneously in the final stage only.

A sufficiently accurate set of orbital parameters is required for a first approxi-
mation by many techniques and methods. Eichhorn and Xu [4] developed a
method that requires a precise initial orbit, and only in the improvement phase
are all the observations used at the same time. Catovic and Olevic [5] suggested
a falsified observation approach for the least-squares solution, which should be
chosen as an ellipse; as a result, many elliptical orbits can be created by changing
the position, and the final choice of the best orbit is left to the computer. Pourbaix
6] and Pourbaix and Lampens [7] developed a function-based method to quantify
the distance from the observed position to the calculated position; the simulated
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annealing method has been used to minimize this distance successfully, thus
minimizing the function of the best orbit. Nouh et al. [8] introduced an algorithm
implementing an optimum point (p,,0,) that minimizes the average length of
a particular function between the smallest and least-squares solutions.

The aim of the present paper is two-fold. The first is to introduce compu-
tational algorithms for the determination of visual orbits using the Kowalsky
method. The second is to implement the proposed algorithm to determine the
orbital elements and individual masses of selected visual binary systems. To
confirm the calculation efficiency, we predict the ephemerides of the systems and
compare the present orbits and masses with those in the sixth orbit catalog of
visual binary stars.

The structure of the remainder of this paper is as follows. Section 2 is devoted
to the computational method used to calculate the orbits. In section 3, we compute
the orbital elements of the visual systems under study. Section 4 describes the
computational algorithm. Section 5 presents the results. In section 6, we outline
the conclusion.

2. Computational method. The orbital elements are extracted from ob-
servations of celestial motions. To characterize the movements of the components
of visual binaries in their orbits, seven quantities are required: the orbital period
P (usually expressed in years for visual binaries); the inclination i of the orbital
plane measured with respect to the tangent plane of the celestial sphere centered
on the star; the position angle Q (measured clockwise from north) of the line
of nodes joining the points of intersection between the orbital and tangent planes;
the longitude of the periastron ® ; the angle between the direction pointing to
the ascending node (at which the star crosses the tangent plane while receding
from the observer) and the direction oriented toward the point of closest approach
of the two stars (periastron) (this angle is measured in the orbital plane in the
direction of orbital motion); the length of the semimajor axis of orbit a, usually
expressed in kilometers or astronomical units; the eccentricity of orbit e (a
dimensionless number between zero and unity); and the time of periastron passage
T (the time at which the two stars pass through the periastron).

The Kowalsky method was described first in [9], after which Smart [10]
offered formulae and an elegant proof. An analytical formulation and a compu-
tational algorithm for the Kowalsky scheme are presented here briefly. Given the
apparent separation p in arcseconds and the position angle 6 in degrees, the
equation of the apparent ellipse is given by

Ax*+ 2 Hxy+ By* + 2 Gx+ 2 Fy+1=0, (1)

where x=pcos® and y=psind.
The constants A, B, ..., F of Equation (1) for the apparent orbit are first
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derived from the least-squares method. After some manipulation, the following
equations are obtained:

cos2Qtan?i

2 2
F-G +A—B:T, 2)
where
p=dfi-&). 3)
. 2.
FG—H - sin2Q2 t;m i . @
2p

Combining Equations (2) and (4) gives

(F?= G+ A B)sin2Q + 2(FG- H )cos20= 0, )

from which Q can be determined.
Using the value of Q found above, the value of tan” i/ p2 is found by either
Equation (2) or Equation (4). Additionally, we have

2.
F2+G2—(A+B)=i2+tanzl. 6)

p p
However, tanzi/ p? has already been determined; hence, the value of p* can
be determined from Equation (6). When p has been found, the value of tan?i
(and hence, the inclination) can be calculated. Finally, we can compute ® from

B (F cosQ —sinQ G)cosi
~ FsinQ+GceosQ )

Using the above equations, we can determine the geometrical elements
(a,e,i,QQ,®); the details of the computational steps will be described in section
2.2. The remaining two of the seven orbital elements, namely, the orbital period
and the time of periastron passage, are computed as follows. The double of the
areal constant C computed for the number N of observed positions (p,0) takes
the form

tan®

c-—L S
N5 ®)
where
S; =, Ay,~y, Ax./)/Ath :

The period P is then given by

e
p==""""Y " cosi. 9
C CcoSi )

The mean motion p and eccentric anomaly can be written as
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H:?a (10)

E= 2tan'1{ /:—ztan(v/Z):l . (11)

The true anomaly v is computed from

and

tan(v + o) = tan(0 — Q)cosi . (12)
The mean anomaly M is computed from the Kepler equation:
M =E-esinE. (13)
Finally, the time of periastron passage 7T is given by
T=(ut—M)u. (14)

3. Total and individual masses. The total and individual dynamical
masses can be computed using the well-known formula
d*a’

Ma+Mb = ? , (15)
where d is the distance to the system in parsecs, a is the length of the semimajor
axis in arcseconds, and P is the period in years. We determine the mass ratio
M,/M, from the relation [11]

%=1070.1157(m,;m1,)’ (16)

where m and m, are the apparent magnitudes of the primary and secondary
components, respectively. Consequently, the individual masses are derived by
solving Equations (15) and (16). The errors in the masses can be obtained from

the equation
Gy c, o, Gp
—L = 9] = [+9| L |+4| L.
()2 (%) <17>

4. Computational algorithm. To calculate the seven orbital elements
(a,e,i,QQ, o, P,T), we traverse the following computational sequence.

- Input: p" and ©°

1. Compute the following for i=1, ..., N: x; =p,cos0;, y;, =p,sin0;.

2. Solve Equation (1) by the least-squares method, which yields A, B, F, G, H.

3. Compute the quantities X,, X,, X, from X, =—2(FG— H ),

X, =F*~Gy,+A-B, X;=F>+G*~(4+B).

4. Compute Q (the angle of the ascending node) from Q= (1/2)tan'1[X /X 2].

5. Compute Y, and Y, from ¥, = X,/cos2Q, Y, =2/(X;-Y,).

1
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6. Compute the semiparameter p from p =\/z .

7. Compute i (the inclination) from i=tan” [p\/?1 ] .

8. Compute ¢, and ¢, from ¢, = [F cosQ - GsinQ]cosi, ¢, = [FsinQ + G cosQ].
9. Compute ® (the angle of the descending node) from m=tan'1[¢1 /4)2].
10. Compute Y, from Y; =7 +43.

11. Compute e (the eccentricity) from e=\/Y_3 .

12. Compute a (the length of the semimajor axis) from a = p/ (I—Yf).
13. For all i=1(1)N, compute the true anomalies v, from

| tan(ej - Q)
cosi

14. For all i=1(1)N, compute the eccentric anomalies E from

E, =2tan" ‘/I_—etan&
I+e 2|

15. For all i=1(1)N , compute the mean anomalies M from M;=E —esink;.
16. Compute the double areal constant from

1 N-1
CN-1% 51,8, =(xjij‘3’ijj)/A’j+1 :

2012
17. Compute the period P from P=%cosi.

v; =tan’ -—0; j:l(l)N.

18. Compute the time of periastron passage T from T :(pt—M )/ u,
1 & - 1 ¥ on

Loy m= L r=oyn 2
N-15T T ON-1g T N1 TP

To determine the true anomaly v, we employ the following sequence. First,
we determine the kind of motion: if the motion is retrograde, Rl=v+o;
otherwise, if the motion is direct, R1=2n-v-w®. Then, we determine the
quadrant of R1. Second, we set R=0-® and determine the quadrant of R. Third,
we compare R and R1 as follows: if the quadrant of R1 is greater than the
quadrant of R, then v must be reduced to v—m/2; if the quadrant of R is greater
than the quadrant of R1, then v becomes v=v+7/2.

=

5. Results. Based on the Kowalsky method described in section 2, we
developed an independent FORTRAN code utilizing the computational algorithm
described in section 4 to calculate the orbits of the four visual binaries whose
information is listed in Table 1. The apparent magnitudes m_  and m, in columns
2 and 3, respectively, are derived from the Washington Double Star Catalog [12],
the distances d in parsecs listed in column 4 are derived from Gaia DR2 [13]
except for the system WDS J17466-0354, and the spectral types in column 5 are
obtained from [12]. Columns 6, 7, and 8 represent the masses, effective tempera-
tures, and absolute magnitudes, respectively, derived from the mass-spectral type
relation presented by [14]. The epochs of the observations ¢, the position angles
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Table 1
OBSERVATIONAL PARAMETERS OF THE FOUR VISUAL BINARIES
WDS name | m, m, d (pc) Sp. type Masses Teﬁ, M,
02262+3428 | 8.70 | 9.14 | 44.41£0.21 | G8+G9 | 0.99, 0.95 | 5559, 5450 | 4.92, 5.25
14310-0548 | 8.81 | 8.39 | 41061 +0.43 | G5+G5 |1.031, 1.031 | 5741, 5741 | 4.64, 4.64
17466-0354 | 9.34 | 10.22 -— F8 1.222,1.222 | 6152, 6152 | 3.8, 3.8
12422+2622 | 10.09 | 10.8 41.0846 K4V 0.8, 0.8 4400, 4400 7,7

4

0°, and the angular separations p" are retrieved from the Fourth Catalog of
Interferometric Measurements of Binary Stars (astro.gsu.edu/wds/int4.html). The
updated list for each system is formed using additional observed positions collected
from the literature and added to the list retrieved from the Fourth Catalog of
Interferometric Measurements of Binary Stars.

To determine the errors accompanying the orbital elements, we use the trial
and error technique, while the standard deviation is calculated in the usual way.
The best orbit is chosen according to the following criteria. The dynamical masses
for the computed orbits are determined by employing the parallax of Gaia DR2;
therefore, these masses are compared to the masses derived from the mass-spectral
type relation. Moreover, to compute the ephemerides from the calculated orbits
and determine the orbit with the smallest A6 and Ap, we used the algorithm
developed by [15-16]. In the following subsection, we present the results for the
four selected visual binaries.

5.1. WDS J02262+3428. The visual binary WDS J02262+3428 (HD
15013, HIP 11352, GR2 326940164774368384) is a late-type star (G8+G9) with
apparent magnitudes m_=8.74 and m,=9.14. The Gaia DR2 parallax n=22.515

Table 2

ORBITAL ELEMENTS AND MASSES FOR THE VISUAL
BINARY WDS J02262+3428

Element Present work Sixth orbit catalog
a” 0.101£0.003 0.099
e 0.27+£0.02 0.291
i° 51.47+£0.50 49.9
Q° 13.80*+ 1.5 16.0
®° 4.13+0.22 2.8
P (years) 6.63+0.30 6.937
T 1998.98 +0.20 2015.82
M (M) 2.05+0.14 1.87
M, (My) 1.08 £0.07 0.99
M, (My) 0.96 £ 0.06 0.88
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mas, and the spectral type of both stars is G5V. The orbit in the sixth orbit catalog
(http://www.astro.gsu.edu/wds/orb6.html) is calculated by [17]. Table 2 lists the
two sets of orbital elements (our orbit and the orbit calculated by [17]) and the
dynamical masses calculated using Equations (15)-(17). The difference between our
time of periastron passage and that computed by [17] is remarkable. By inves-
tigating the observed angular separation, one can easily obtain that the minimum
value of the separation is approximately p =0.057 arcseconds, and this separation
occurred at epoch 2000, which ensures the validity of our result. The total and
individual masses agree well (within error) with the masses derived from the
empirical relation by [14] listed in Table 1. In addition to the observed positions

| @ Present work WDS J02262+3428 |

0.08 \ . Observed positions
Six orbit catalouge

0.04

-0.04

-0.08 -T

-0.15  -0.1 -0.05 0 0.05 0.1
X

Fig.1. The orbit of the visual binary WDS J02262+3428.

plotted in Fig.1, we illustrate the positions computed from the present orbit and
those computed from the orbit calculated by [17].

3.2. WDS J14310-0548. The two components of the system WDS J14310-
0548 (HIP 70973, HD 127352, IDS 14258-0522, Gaia DR2 3641365877340584064)
are late-type stars (G5V) with apparent magnitudes of m =8.81 and m,=8.39,
and the Gaia DR2 parallax ©=24.354 mas. The orbit in the sixth orbit catalog
computed by [18] and the present orbit are described in Table 3. The total and
individual masses computed from the present orbit using the distance derived from
the Gaia DR2 catalog (d=41.061pc) are in good agreement (the mass of the
primary is slightly overestimated) with the masses derived from the mass-spectral
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Table 3

ORBITAL ELEMENTS AND MASSES FOR THE VISUAL
BINARY WDS J14310-0548

Elements Present work Sixth orbit catalog
a” 0.24+0.01 0.243
e 0.48+0.02 0.499
i° 50.44£0.50 49.1
Q° 11.62+0.50 13.8
»’ 122.82+0.88 121
P (years) 21.43+0.42 22.98
T 1996.18 £0.60 1993.62
M (M) 2.13+£0.21 1.881
M, (M) 1.12£0.11 0.993602
M, (Mg) 1.01+0.11 0.884202

type relation by [14]: M = M,=1.03. In Fig.2, we plot the positions computed
from the present orbit and those computed from the orbit calculated by [18].

3.3. WDS J17466-0354. The spectral type of the system WDS J17466-
0354 (ADS 10780, HD 161588, IDS 17413-0352, CCDM J17466-0354) in
Simbad is between F3 and F8, and the apparent visual magnitudes are m_ =9.34
and m,=10.22. There is no parallax for the system in the Hipparcos or Gaia

= Present orbit
_ Observed orbit

WDS J14310-0548 !

0.2 Six orbit catalouge
1 - - 1
> 0
1 - 1
1 - I
-0.2
-0.2 0 0.2 0.4

X

Fig.2. The orbit of the visual binary WDS J14310-0548.
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Table 4

ORBITAL ELEMENTS AND MASSES FOR THE VISUAL
BINARY WDS J17466-0354

Element Present work
a” 0.37%0.03
e 0.23£0.01
i° 67.58+£0.72
Q° 62.56+1.71
»’ 167.82 £0.40

P (years) 56.28 £0.02
T 1891.73+0.05

DR2 surveys. This neglected system has no orbital elements in the sixth orbit
catalog. We list our computed orbital elements in Table 4. The computed and
observed positions are plotted in Fig.3 for the sake of comparison.

2
WDS J17466-0354
® Observed positions
Present orbit
I - I
9 =
| = - |
> | = - |
e |
I - I
| - - |
-1
-0.8 -0.4 0 0.4 0.8 1.2
X

Fig.3. The orbit of the visual system WDS J17466-0354.

34. WDS J12422+2622. The components of the system WDS J12422+2622
(ADS 8635, HD 110465, HIP 61986) have apparent magnitudes of m =10.09 and
m,=10.8. The present orbital elements and the orbital elements from the sixth
orbit catalog calculated by [19] are listed in Table 5. The total and individual
masses computed from the present orbit using the distance supplied by the Gaia
DR2 catalog (d=41.0846 pc) are slightly different from those derived from the
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Table 5

ORBITAL ELEMENTS AND MASSES FOR THE VISUAL
BINARY WDS J12422+2622

Element Present work Sixth orbit catalog
a” 0.41£0.05 0415
e 0.27£0.01 0.252
i° 31.13£1.52 26
Q° 104.61 £3.42 129.8
o’ 383.22+£5.38 319.5
P (years) 63.71£2.3 61.3
T 1958.09 +£3.21 1959.3
M (Mgy) 1.17£0.42 1.332
M (My) 0.64+0.02 0.66
M, (My) 0.53£0.04 0.66
' _ Present work WDS J02262+3428 '
0.08 ' :

Observed positions
Six orbit catalouge

0.04

-0.04

0.08
| |
015 -0 005 0 005 0.1
X

Fig.4. The orbit of the visual system WDS J12422+2622.

mass-spectral type relation (M = M,=0.8) [14] but are in good agreement with
the masses computed using the orbital elements provided by [19].

6. Conclusion. In the present work, we introduced a computational algo-
rithm to determine the orbital elements of visual binaries. The geometrical
elements are computed using the Kowalsky method, while the orbital period and
the time of periastron passage are determined by utilizing the double areal constant.
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We derived the orbital elements, total masses, and individual masses for four visual
binaries, namely, WDS 102262+3428, WDS J14310-0548, WDS J17466-0354,
and WDS J12422+2622. Comparisons between our orbits with those listed in the
sixth orbit catalog present good agreement. A comparison between the total
dynamical masses derived from the present orbits and those computed from the
empirical mass-spectral type relation also show good agreement. Finally, we
introduced a new orbit for the neglected visual binary WDS J17466-0354.

Acknowledgments. The authors gratefully acknowledge the approval and the
support of this research study by grant number SCI/2019/1/10/F/8282 from the
Deanship of Scientific Research at Northern Border University, Arar, Saudi Arabia.

! Physics Department, College of Science, Northern Border University, Arar,
Saudi Arabia

2 Astronomy Department, National Research Institute of Astronomy and
Geophysics (NRIAG), 11421 Helwan, Cairo, Egypt,

e-mail: abdo_nouh@hotmail.com

3 Physics Department, Faculty of Arts and Science, Northern Border
University, Turaif Branch, Saudi Arabia

OPBUTHI 1 MHANBUAYAJIIBHBIE MACCbl HEKOTOPBIX
BU3YAJIbHO-ABOWUHbLIX 3BE3/]

B.A.DJIXO0JIN'2, B.X.OJIbCAHXYPU?*}, M.M1.HOY?

OpOUTHl BU3yaJbHO-IBOMHBIX CUCTEM IO-TIPEXKHEMY BBI3BIBAIOT MHTEPEC Y
MHOTHUX pabOYMX TPYMI 110 aCTPOHOMUM. DTU OpOUTHI SBJSIIOTCS HanboJsiee BaXKHBIMU
U HaleXHbIMU MCTOUYHMKAMHU 3BE3AHBIX Macc. B JaHHOI cTaTbe BbIYMCIEHBI
OpOUTBI M TMHAMMYECKUE MACChl HEKOTOPBIX BU3YaTbHO-IBOMHBIX 3BE31 C IMOMOIIIBIO
He3aBUCHMMOTro Koja. [J1s1 BBIUMCIeHUS] TEOMETPUUECKUX 2JIEMEHTOB MCIOJIb30BaH
MeTon KoBanibcKoro, B TO Bpemsi Kak TMHAMUYeCKUe 3J1eMEHThI (Ieproj obpallieHus1
1 BpeMsl MIPOXOXKIEHHUS IepracTpa) OmnpeneeHbl C UCIOIb30BAHUEM MOCTOSTHHOM
IBOMHOM Tutomaau. PazpaboTaHHBI KOI MCIIOJIB30BaH IJIST pacdyeTa OpOUT IS
YETBIpEX BU3YAIBHBIX TBOMHBIX cucteM: WDS J02262+3428, WDS J14310-0548,
WDS J17466-0354 u WDS J12422+2622. ITonyueHa HOBast opouTa BU3YaIbHO-
nBoitHoM cucteMbl WDS J17466-0354 v MomuULIMpOBaHBI OPOUTHI UTSI OCTATBHBIX
Tpex ABOMHBIX cucteM. Mcrnonb3ys napamuiakcel Gaia DR2, BblYMCI€HBI MOJIHbIE
Y MHIVBUIyaJlbHbIE TMHAMMUYECKHE Macchl cucTteM. CpaBHEHME TPUHSTHIX MAcc C
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MacCaMHM, IOJYYCHHBIMHU M3 COOTHOLICHUA MaCC-CHCKTpaﬂbeIl;JI THUII, ITOKa3aJlo
Xopouiee coryjacue.

KoitoueBnie ciioBa: memodsi: Kosanbckuil, 36e30bl: 6U3YAAbHO-080LHbIE CUCTEMDbL:

S/1eMEHN1bl 0p6u7)1bl.' 36¢€30Hble MAaCChl

11.
12.
13.
14.
15.
16.
17.
18.
19.
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AKKPENMA U MATHUTHBIE ITOJIA
3BE3/l Ae/Be XEPBUTI'A

A.OXONTBHITNH!, O.AITUOIIA?, A JOPOHHUHA!, ©.M.TYMAHOBA?,

E.B.PBICTIAEBA’, O A MEPKVJIOBA!

TlocTymina
Ilpunara K uedatu

Uccnenoparnia MarHUTHEIX ToseH Ae/Be 3Besn XepOura (HAeBe) MOTYT IOMOYP B TIOMIIMAHKHK
TOro, KaK CO3HAIOTC M SBOJEOLMOHHPYIOT MAarHHTHEIC NOJBI AB 3Be3 IPOMEKYTOUHBX MAacc.
TloxazaHo, YTO MArHHTHBIE IIOJII W MAarHWTHBIE TIOTOKH 3Besl, HAeBe mepel HX BHIXOAOM Ha
I'napiy0 HOCISMOBATENBHOCTD 3HAYMTENBHO MEHbINe, 4YeM VY HX IIOTOMKOB, 3Be3n AB Iuawoi
TOCHCAOBATSBHOCTH. UTOOE! OGBSICHHTD STY 3arafKy, H3YUCHO RILIEIC AKKPCIUH Ha 3BE3ABL
XepOura ¥ Ha UX MarHHUTHBEE T10J1. OCHApyXKeHB! CEHAETEIHLCTBA B IOJb3Y IPEAIIOJIOXEHUS, UYTO
v MartuTHBIX HAeBe 3Besn ¢ Gosbliieli CKOPOCThIO aKKPEIMH MATHUTHEIC O B CPEAHEM MeEHbIIE.
Omiako B CHJIY TOIO, YTO CKOPOCTH aKKPCIMH SKCIOHCHIHMATHHO VOHBAIOT C BO3PACTOM 3BE3AH,
510T 5hdexT, maxe eciu oH OyAeT HOATBEPKAEH, He MOXET IOJHOCTHIO OOBICHUTH CKAYKOOOpasHOe
BO3PAcTaHMe MATHUTHBIX IIOJIeH M MarHWTHBIX IOTOKOB Ipu Bexoie HAeBe 3Besn Ha IumaBHyio
HOCISAOBATEIBHOCTD.

Kmouesnie cnopa: 36e30si: macrummoe nose - 36e30ot: Ae/Be 36e306t Xepbuea: axxpeyus

1. Beedernue. TlponcxoxaeHne MarHUTHHIX IIONCH Y 3Be3/ PaHHMX CICKT-
panbHBIX KNAaCcCOB N0 CHX IIOp OCTaeTcd 3aramiodHbiM. OOLIYHO CYMUTACTCH, YTO
MATHUTHEIC TOJII MOTYT OHITh JIMOO PENIMKTOBHIMHE, JI00 OHM MOTYT IeHEPHPOBATHCA
Tpy CAUSHUHN 3BE3M Mepel MX BHXoAoM Ha Imapuyio mocaeaosarensHocTh (ITI)
[1]. Hzygenne MarauTHbIX noneii Ae/Be 3pe3n XepOura (HAeBe), Haxomauxcs
Ha cTaguu spomonuu ao I'Il, Moxer mponuTh CBET Ha MPOHCXOXKACHHE U
9IBOMIOIINIO MATHUTHBIX ITOJICH mX moroMkoB, AB apesn I'TI.

B craree [2] Obino yXe mOKa3aHOo, YTO CPEAHNE MATHUTHBIS TIONI 1 MArHUTHBIS
notoku HAeBe 3Bean cymiecTBeHHO HIDKE, YCM COOTBETCTBYIOMIHMG 3HAMCHUS V HX
noroMkoB, AB 3Be3n I'll. Henasree nccnenosanme [3] mokazano, Yro MarHHUTHbBIC
nond 3Be3n XepOura ¢nabo BO3pacTaloT ¢ BO3PACTOM, TOTAA KAK COOTBETCTBYIOIIHE
MATHHUTHBIC TIOTOKH YOBIBAIOT, JOCTHIas MUHHUMANBHOTO 3HAYCHUS HETIOCPEACTBEHHO
nepen sbixogoM Ha I'll. VausurensHbiM hakToM SBWIOCH TO, YTO MATHUTHBHIC
TMOTOKH 3BE3/ MPOMEXKYTOUHBIX MAacC ¢ OOHAPYKMMBIMI MATHUTHBEIMH ITOIIMH HA
I'TI Bospacraior Ha MOPSAOK mociie Bhixoxaa 3Be3an Ha I'TL.

B pabote [4] mokazamo, YTO CKOPOCTh aKKpEeUMH Ha 3Be3Ibl XepOHra 3aBHCHT
OT BeNUYMHH WX MATHUTHOTO Mond. TeM caMbiM MOXHO TIPEANONOXUTH, YTO
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ckopocTh akkpeliuu Ha HAeBe 3Be3ny B CylLIECTBEHHOM Mepe OIpPEesieT BEIMUUHY
€e MarHutHoro nojig. B HacTosiei paboTe uccienyeTcsl BIUSIHUE aKKPEeLWU Ha
BEJIMUMHY MarHUTHBIX Tosielt 3Be3n Ae/Be XepoOwura.

CraThsl OpraHM30BaHa CJIEAYIOIIMM 00pa3oM. MICTOUHNKM CBeIeHMIT O MAaTHUTHBIX
MOJIIX W APYTUX XapaKTepUCTHMKax 3Be3n XepbOura omucaHbl B pasgene 2. B
pasnene 3 ucciaeayeTcs 3aBUCMMOCTh CKOPOCTU aKKpelMy OT BO3pacTa 3Be3Ibl
Xepb6ura. O6cyxneHue TMOJIYYeHHBIX Pe3yJbTaTOB IpPeACTaBieHO B pasiaene 4.
HexoTtopble BBIBOIBI JaHbl B 3aKJIIOYEHUU K paboTe.

2. CpedHue 3HaueHUs MASHUMHbIX noAell U Macc 36e30 Xepbuea.
0O0630p MaHHBIX U3MEPEHUIT MarHUTHBIX TToJieli HAeBe 3Be3n cienaH HemaBHO B
pa6ote [3]. JOMOIHUTENbHO K JaHHBIM, MCIIOJIb3YEeMBIM B HacTosllIel pabdoTe,
J00aBJIeHbI HelaBHKME M3MEPEHUsI MAaTHUTHBIX ITOJIel B padoTax [6,7], BbIILIEIINX
rocJie onyonukoBaHus ctaTbu [3]. B KauecTBe Hambosiee TTOAXOMSIIECH XapaKkTe-
PUMCTUKM MarHUTHOTO TIOJIST 3Be3lbl OyIeM HCIOJb30BaTh, Kak U B pabdore [3],
CpemHeKBaapaTUIHOe MarHUTHOE IoJIe, omnpeneacHHoe Borra et al. [5]:

(D)

rlie CYMMUPYIOTCS KBaJapaTbl BCEX U3MEPEHHBIX MPOIOIbHBIX MArHUTHBIX TOJEN
B/ nns manHOM 3Be3abl. 31ech j - HOMep HaGMIIONeHNs, a 1 - UX obllee YMUCIIO.

AHaJIOTMYHO TOIXOMy, MCIIOJIB3yeMOMY B cTatbe [3], pasmenuM Bce Ae/Be
3Be3abl Xepoura Ha 4 rpynibl. K nepsoii rpynme DD (Defenite Detection) orHecem
OJMHOYHBIE 3BE3/Ibl, Y KOTOPBIX MO KpaiiHeil Mepe [Jis1 OJHOTO M3MEPEHUS IO
C HOMEPOM j abCOIIOTHOE 3HAUEHUE M3MEPEHHOTO MarHUTHOTO TOJIs ‘BZJ B 3 paza

0OJIBlIIE OLIMOKM €ro U3MepeHUs G, JBoitHbie 3Be3abl, 111 HAeBe koMoHeHTOB
KOTOPBIX BBITTOJHSETCS 3TO YCJI0BHUe, oTHeceM K rpyrme BS (Binary Stars). TpeTbio
rpyrny MD (Marginal Detection) cocTaBisitoT 3Be3/bl, IS KOTOPBIX XOTS ObI IJIsT
OJIHOTO VMBMEPEHUST C HOMEPOM j MATHUTHOTO TIOJIST BBITIONIHSIETCS YCIJIOBUE ‘B Zf ‘ / G,>2.

Bce octanbHbie 3Be3anl oTHeceM K rpymnme ND (No Detections). K atoit
60b10i#1 (cBbIe 200) rpymre 3Be30 OTHOCITCS KaK 3Be3Mbl, Y KOTOPhIX MarHUTHOE
T10JIe U3MEPSIOCh, HO He OBbLJIO 3aperiCTpHMpPOBaHO, TaK U 3BE3[bl, MATHUTHOE T10JIe
KOTOpBIX €l11l€ He ObLJI0 U3MEPEHO.

Bo 2 u 3 cronbuax tabi.1 gaHbl cpeaHue 3HaYeHWS] MATHUTHBIX MOJIei m
I yKa3aHHBIX TPYII 3Be3[ M COOTBETCTBYIOIIME CTaHOAPTHBIE OTKJIOHEHUS
log(c, ). TIpeacTapneHHbIe B TAGIMIE 3HAYECHMS m u log(o,) crerka orm-
YaloTCs OT MPUBEIECHHBIX B cTaThe [3] BCIeACTBUE NOOABICHUS HOBBIX U3MEPEHUI
MarHUTHBIX Nojieit. JIisa cpaBHEHMS B MOCIECIHENH CTPOKe TaOIMIIbI JaHbl XapaKTe-
PUCTUKM (PYHKLIMM pacrpeneeHUsI MAaTHUTHBIX ToJieil MarHuTHBIX AB 3Be3n I'T1,
B3STBIe U3 cTaThu |[3].
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OTMeTUM TaKKe, YTO BBUIY CIOXKHOM KOH(PUTYpalluid MAarHUTHBIX ToJieit Ae/Be
3B€3l1 XepOura U BO3MOXHBIM 3HAUMTEJIbHBIM BKJIagaM JIOKAJIbHBIX MarHUTHBIX
MOoJIeH, pealbHOoe MarHUTHOE T10JIE MOXKET OTJIMYATLCH OT TOJYy4aeMOro yCpeTHEHUEM
HECKOJIbKMX M3MepeHuii o dopmysie (1) BBUIY KOMIIEHCAY BKIaA0B MarHUTHBIX
MOJIeld MarHUTHBIX CWJIOBBIX TPYOOK pa3HOTO 3HaKa.

B paborte Vioque et al. [9] maHa oOumMpHas cBoIKa omnpeneeHU Macc 3Be3
Xepoura. CpegHue 3HaYeHUSI MacC U COOTBETCTBYIOIIMX CTAHAAPTHBIX OTKIIOHEHUM
IUTS YKA3aHHBIX BbIIIE TPYIN 3Be31 XepOura MpUBEAEHbI B ABYX IOCIEIHUX
croabuax taon.l.

Tabauuya 1

CPEJJHUE 3HAYEHUWSA MATHUTHBLIX TTIOJIEM, MACC U
UX CTAHIAPTHBIX OTKJIOHEHUW /I PA3JIMUHBIX
I'PYIIIT HAeBe 3BE3/1

I'pynma 38e3n log(B) S M/Mg St /ag
DD 1.96 0.30 2.54 1.27
BS 2.00 0.33 2.51 1.17
MD 1.91 0.31 2.47 0.72
NM - - 3.78 3.14
AB 2.53 0.54 - -

3. Bausnue akkpeuuu Ha maeHummusle noas 36e30 Xepouea. Ckopoctu
aKKpelu Ha 3Be3nbl XepOura orpenesicHbl B HepaBHeil padorte [8]. B craTbe [9]
TMpeACTaRIeHbI BO3pacTa f 3Be31 XepOura ¢ MCIOIb30BAHNEM YTOYHEHHBIX PACCTOSTHUIA
IO 3Be31, OMpeaeIeHHBIX U3 aHaiu3a JaHHBIX BToporo penusa DR2 cmytHuka
Gaia. [Ing onpeneneHusT 3HAYSHUI ¢ MCIIOJIb30BaHbl TPEKU MO 3Bomouu [10]
3B€3/l Pa3JIMYHOTO XMMUUYECKOTO cocTaBa Ha cramuu sBomouuu a0 I'TI. Hynb-
IMyHKT JAaHHOW MOJEJM COOTBETCTBYET ITOJIOXKEHUIO 3BE3Ibl HAa TpeKe XaslIlu ¢
LEHTPAIbHOM TEMIIEPATypOi 3BE31bl B LUEHTPE 3Be31bl T, = 10°K.

Hcronbp3oBaHMe 3HAYCHUI ¢ TIO3BOJISIET U3YUYUTh 3aBUCUMOCTh XapaKTEPUCTUK
Ae/Be 3Be3n Xepoura ot BpeMeHU. CKOPOCTb 3BOJIOLIMH 3Be31 Xepoura CUIbHO
3aBMCHUT OT UX HaYaJIbHBIX Macc, IMO3TOMY yI00OHee HMCIOJb30BaTh BMECTO abco-
JIIOTHOTO OTHOCHTEJIbHBIN BO3PACT 3BE3ABI T, =1/Tpys » THE Tpys - IOJHOE
BpeMs XKU3HU 3Be3Abl Ha craguu go I'TI.

Tak Kak XMMHUUYECKMI cocTaB 3Be3l Xepbura OJM30K K COJHEUHOMY, TO
CJleflyeT MCTIONb30BaTh 3HAYCHWUS T , TIOJYYCHHbIC B MOZIE/IN [10] m1st comHEeYHOro
3HayeHusa Z=0.017. 3aBUCUMOCTb MOJHOTO BpeMeHU KU3HU 3Be3Ibl Xepoura ot
ee Macchl M B Mopenu [10] mig naHHOro 3HaYeHMST Z MOXHO TIPENCTaBUTh TaKUM
o0pazom:
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10g(Tpys )= 7.66 —2.27¢—1.02¢*+0.904° , ()

rae g = log(M /M @). ITapameTpsl 3aBUCUMOCTH (2) YTOUHEHBI TIO CPAaBHEHUIO C
JNlaHHBIMU B pabote [3]. HeoOxomuMble mJis pacueTa BEIUYUH Tpyg MAacchl 3Be3l
XepOura B3gThl U3 paboTHl [9].

Ha puc.1 nokazaHa 3aBUCMMOCTb CKOPOCTEM aKKpeLn M Ha 3Be3pl Xepbura
OT OTHOCHUTEJILHOTO BO3pacTta 3Be3bl. BUIHO, YTO MaKCUMAaJIbHbIE 3HAUSHMS BEJTMUMH
M COOTBETCTBYIOT CAMBIM MOJIOIBIM 3BE3IIaM.

M3 pucyHka BHUIHO, YTO CKOPOCTHM aKKpelUW YOBIBAIOT C YBEJIUYEHUEM
OTHOCUTEJILHOTO BO3pacTa 3Be3abl. [IpyM MCKIIOUeHUM U3 BBIOOPKHU 3BE3I CO
CKOPOCTSIMU aKKpEeLU logM <—6.5, UMEIOIIMMU HU3KYIO TOYHOCTb, 3aBUCUMOCTD
CKOPOCTEH aKKpeluyd OT OTHOCUTEJIBHOTO BO3pacTa 3Be3l XepOura MOXKHO
armpoKCUMUPOBATh CIEAYIONIEH (hOPMYJION:

log(M )=-3.65+0.21-(3.41£0.37)r,,, . 3)

DTa 3aBUCUMOCTb MOKa3aHa MyHKTUPHOM JMHUEN Ha puc.l.

PaccMoTpuM BIMSIHME aKKpeLMM Ha MarHUTHbIe MoJisl 3Be3n Xepobura. [Tpu
00JILIION CKOPOCTU aKKpPEUUUW CUJIOBBIE JUHUM MArHUTHOTO MOJISI MOTYT CTaTh
omke K oTocdhepe 3Be3ObI O CPAaBHEHUIO ¢ aHAJOTUYHOM 3Be300 ¢ HU3KOM
CKOPOCTBIO aKKpeLIMU. DTO MOXET MPUBECTU K TOMY, YTO 3BE3IbI C OAMHAKOBOM
BEJIMUYMHOU MArHUTHOTO TOJISI, HO C Pa3HbIM TEMIIOM aKKPELIMU MOTYT UMEThb
pa3nyHbIe BEIWYMHBI UBMEPSIEMOTO MAarHUTHOTO TIOJIS.

YT00ObI MMPOBEPUTH 3TO TMPEATOI0XKEHUE Mbl NTPOAHAIU3UPOBAIN 3aBUCUMOCTh
BEJIMUMHbBI CPETHEKBAAPATUYHOTO MATHUTHOTO 10151 3BE3[l OT CKOPOCTU aKKpPELMH.
YKazaHHas 3aBUCHMOCTb TIpeAcTaBieHa Ha puc.2. i oqMHOYHBIX MarHUTHBIX
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Puc.1. 3aBUcMMOCTH CKOpOCTeld aKKpelMM Ha 3Be3nbl Xepbura oT Bo3pacra 3Be3mbl. [1yHK-
TUPHOU JIMHUEW TOKa3aHa JIMHEWHas amnmnpoKCUMauusi 3TOW 3aBUCUMOCTHU.
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Puc.2. CneBa: 3aBUCMMOCTb CpeIHEKBAIPATUYHOIO MArHUTHOTO TIOJIS 3Be3 XepOura OT CKOPOCTei
akkpeuuu s rpynmbl 38e3n DD. [lyHKTUpHOW JMHMEH TMoKasaHa ee JIMHeiHasl arnmpoOKCHMALIus,
IITPUX-TIYHKTUPHOUM - JIMHEWHasl arrpoKCUMalus ISl 3HAYeHUI logM >-7.0. CnpaBa: 10 Xe,
YTO Ha JIEBOM pHCYHKe, HO mist Tpynmbel DD+BS+MD. [lyHkTupHast TWHUSI - JUHEWHAas arlIpoK-
cuManusl JTaHHOW 3aBUCUMOCTH.

3Be31 Xepbura rpynmnsl DD (puc.2, ciieBa) 3aBUCUMOCTb CpeIHEKBaapaTUYHBIX
MAarHMTHBIX TIOJIEi OT CKOPOCTEei aKKpelMy He3HaYnMa (KoM GULIMEHT KOPPEIISLINU
R=-0.03).

B 10 ke Bpemsl, eciu OrpaHUYUTRCS TOJBKO 3BE3IaMM CO CKOPOCTBIO aKKPELIMU
logM >—7.0, TO 3aBUCUMOCTb MEXIY CKOPOCTIMU aKKPELUU U CPEAHEKBAIpA-
TUYHBIMU MAarHUTHBIMU TIOJISIMM, TIOKa3aHHAas IITPUX-IIYHKTUPHON KPUBOM,
CTaHOBUTCS JIy4llle BhIpaXKeHHOU. BUIHO, 4TO y 3Be3n ¢ 0OJbIIel CKOPOCTHIO
aKKpelMy MarHUTHBIE MOJI B cpelHeM MeHble. B To ke BpemMs KoadhduimeHT
KOpPEJSILIMM MEXIY 3TUMU BeJnuruHamMu R=-0.5 ¢ ypoBHeM 3HaUMMOCTH o =0.15,
YTO HE MO3BOJISIET CAEJaTh TOCTaTOYHO HANEXXHBIN BBIBOA 00 YMEHBILIEHUN Mar-
HUTHOTO TOJISI ¢ POCTOM CKOPOCTH aKKPELIMH.

Ecin xe 106aBUTh K OMMHOYHBIM MarHUTHbBIM 3Be371aM XepOura MarHUTHbIE
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HAeBe 3Be31bl B IBOMHBIX CUCTEMAX W 3BE3[Ibl C MAPTMHAIBHO OIpPEAeIEHHBIMU
MarHUTHBIMU monsgMu rpynin DD u MD (puc.2, crpaBa), TO 3aBUCUMOCTb
CpeIHEeKBaApPaTUIHBIX MAarHUTHBIX TOJIEH OT CKOPOCTU aKKpelUH MEHSETCs Ha
obOpaTHy1o. Bripoyem, yuuThIBas, 4To B JAHHOM CiIydae KO3(MOULIMEHT KOppeIsuu
R=0.18 u ypoBeHb 3HAYUMOCTU o =0.40, TO CIEAyeT, YTO 3Ta 3aBUCUMOCTh
TaKXKe SIBJISIETCSI HE3HAUUMO.

4. O6cyixncoeHue pe3yrbmamos. Pe3toMupyst, MOXHO CIEJIaTh BBIBOJ, 4TO
WMEIOIIMX Ha HACTOslIee BpeMs JaHHBIX O MarHUTHBIX nosssx HAeBe 3Be3n u
COOTBETCTBYIOIINX CKOPOCTSIX aKKpELIMM HEIOCTaTOUHO IJIS TOTO, YTOOBI CHaenaTh
CKOJIb-IM0O OTpeAeSIEHHbIN BbIBOI 00 UX KOppEsLMU. B To Xe BpeMs, naxe eciu
Takasi 3aBUCUMOCTb OyZeT YCTaHOBJIEHa, OHA HEe CMOXET B TTOJIHOM Mepe OObSICHUTh
CKavyoK BEJIMYMHBI MarHUTHBIX Tojieli HAeBe 3Be3n npu ux Beixoae Ha I'TI, tak
KakK y 3Be3l XepOura CKOpOCTH aKKPELMU HEMOCPEACTBEHHO Mepe BHIXOIOM Ha
I'TT MUHUMATBHBI.

ITo 5roii MpuyMHE BaXHO OOCYIUTH APYrve BO3MOXHBLIE TPUYMHBI TAKOTO
¢eHomeHa. ODHMM U3 BO3MOXHBIX MEXaHU3MOB (POPMUPOBAHUS 3BE3IHBIX
MAaTHUTHBIX TOJIEH SIBISETCSI, KaK OTMEUEHO BO Bgedenuu, CISITHUE TIPOTO3BE3I
nepen ux BeixogoM Ha I'Tl u reHepalss MarHUTHOTO TOJISI TIPY 3TOM IIpoliecce
JIUHAMO-MeXaHu3MoM [1].

OuyeBUIHO, YTO B TOM CJIy4ae MacChl OMMHOYHBIX MAaTHUTHBIX 3Be31 OymIyT
CYILLIECTBEHHO BBIIIIE MACC HEMAarHUTHBIX 3Be3M, KaK YCTAaHOBJIEHO, HAIIPUMED, IS
OIVMHOYHBIX MATHUTHBIX OeJIbIX KapJuKoB [12]. I1o 3Toit nmpuunHe caeayeT BISICHUTD,
BBITIOJTHSIETCS JTU 9T0 cooTHoleHue st HAeBe 3Be3n. CpenmHue Macchl pa3iMyHbIX
rpyrn 3Be3n XepOura AaHbl B MITOM CTOJIOLE Tabs.l. AHaiu3 3THUX JaHHBIX
MOKa3bIBAET, UTO CpeaHUEe Macchl HeMarHUTHbIXx HAeBe 3Be3n 3HauuMMo BbIlIE
CPEeIHUX MacC pa3MYHbIX TPYIN 3Be3n Xepbura. Tem caMbiM MOXHO ClejaThb
BBIBOII, YTO rumote3a [l1] reHepaluu 3Be3MHBIX MArHUTHBIX TIOJIEH BPSO JU
crnpaBeiuBa JJis 3Be3l Xepoura.

ITponuTth CBET Ha 3arajKy reHepaluyi MarHWTHBIX T0Jiei 3Be3n XepOura Morjio
Obl MX MCCJIeNOBaHME HE TOJBKO B ONTUYECKOM, HO M B APYIUX AUAMa30HaX
crnekTpa. HemaBHMIT aHaIN3 apXUBHBIX PEHTIEHOBCKMX CIIEKTPOB BOCbMU 3BE3[I
XepOura, MoydeHHBIX Ha ciyTHMKe XMM [11], mokasai, yto 2 3Be3abl U3 3TOMU
BeIOOpKU, a mMeHHO HD104237 u HD144668, y KOTOpBIX OBUIO M3MEPEHO
MarHUTHOE II0Jie, XapaKTepM3ylIoTCs Haubojee KeCTKMMU PEHTTeHOBCKUMU
CIIEKTpaMM.

ZKecTKoCTH 1X CIIEKTpOB, OMpeae/sieMble KaK OTHOIIIEHNE PEHTTEHOBCKUX ITOTOKOB
B MHTepBayax sHepruii 2 - §kaB u 0.2 -2k3B, cocrasusawor 0.75 u 0.71, coot-
BETCTBEHHO, YTO CYILIECTBEHHO BHIIIIE, YeM Y 3Be31 XepOura, Y KOTOPhIX MarHUTHOE
rnosie He oOHapykeHo. CTOJIb BBICOKME 3HAYEHUS XKEeCTKOCTH CIIEKTPOB BO3MOXKHO
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CBUJETEJIbCTBYIOT O MPUCYTCTBUU AOIOJHUTEIBHOTO MCTOYHUKA HETEIIOBOTO
PEHTTEHOBCKOTO M3JIyYeHUs, CBI3aHHOTO, BO3MOXHO, C JIOKaTbHbIMA MAarHUTHBIMU
nonsmu HAeBe 3Be3n.

IToaBoas UTOTM HAlLIETO MCCIENOBAaHWS MAarHUTHBIX MoJsield 3Be3d Xepbura,
MOXHO BbICKa3aTh MPEAIOJIOXKEHNWE, YTO UMEHHO BO BpeMs Bbixoga HAeBe 3Be3mbl
Ha I'Tl Bo Bpems 3aropaHusl Bogopoaa B SApe 3BE3Mbl MIPOMCXOIUT MEPeCTpoiika
pacnpeneseHus 3apsi0B B 3Be3/1e, MPUBOAAIIAY K YCUJIEHWIO HAYaIbHOTO MAarHUTHOTO
MOJI 3B€3/1bl, BKIIIOYAIOILIETO KaK INI00AJIbHOE MarHUTHOE TT0JI€, TaK U JIOKAJIbHbIE
MarHUTHBIE MOJIS.

17151 TpOBEPKM 3TOTO MPEATIONOXEHUS ObLIIO Obl BaXKHO MCCJIEAOBATH CBOMCTBA
3Be3] XepOura HEnocpeacTBEeHHO mepen BbixogoM Ha I'Tl u Bo BpeMs 3TOro
Tpolecca.

5. 3akawuenue. B HacToseil paboTe BBINOJHEH aHAIU3 3aBUCUMOCTHU
CPEIHEKBAAPATUYHOTO MAarHUTHOTO MOJIS 3Be3 XepOura oT CKOPOCTE aKKpelun
Ha 3Be3ay. B pesynbTaTe aHajiu3a MOXHO CAEIaTh CJIEAYIOLIWE BbIBOJbI:

- Ckopoctn akkpeluu Ha Ae/Be 3Be3nbl XepOura 3KCIIOHEHITMAIBHO YObIBAIOT
C YBEJWUYEHHUEM BO3pacTa 3BE3[Ibl.

- MarnutHbeie HAeBe 3Be3/1bl ¢ 601bIIMMU CKOPOCTIMM aKKPELUU BO3MOXKHO
00;1a1a10T B CpeITHEM MEHBIIMMU MAarHUTHBIMU TOJISIMU.

Hacrosiiiee ncciaenoBanue nomiepxaHo rpaHToM Poccuiickoro HaydHoro (poHzaa
18-02-00554.

' Cankr-IletepOyprckuii rocygapcrBeHHbiin yHuBepcuter, C.-IletepOypr,
Poccust, e-mail: afkholtygin@gmail.com

2 I'maBHas (ITynkoBckast) AcTpoHOMMYecKast oOcepBatopusi, Poccust

3 KpeiMckast acTpodusndeckas obcepsaropust, Poccust

ACCRETION AND MAGNETIC FIELDS OF
Ae/Be HERBIG STARS

A.F. KHOLTYGIN!, O.A.TSIOPA?%, Ya.A.DORONINA!, LM.TUMANOVA?,
E.B.RYSPAEVA}, O.AMERKULOVA!

Studies of magnetic fields in Herbig Ae/Be (HAeBe) stars can help us to

improve our understanding how the magnetic fields of these stars are generated
and evolve. As recently shown by Kholtygin at al. (2019) the magnetic fields and
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magnetic fluxes of HAeBe stars just before the main sequence are significantly
smaller than those for main sequence AB stars, the descendants of Ae/Be Herbig
stars. To explain this enigma we study the impact of accretion onto Herbig star
on their magnetic fields. It appears that the role of the accretion is not enough
strong to explain this enigma.

Keywords: stars: magnetic field - stars: Ae/Be Herbig stars: accretion
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TOM 64 @OEBPAJID, 2021 BBIIIVCK 1

B3AUMOCBA3b MEX/1Y KOPOHAJIBHBIMHU
BBIbPOCAMHA MACCHI THUIIA TAJIO U
BCIIBIITKAMMW HA COJIHIE IIO
HABJIIIOJAEHUAM B 23-m U 24-m ITUKJIAX

E.ABPYEBHY'? BA BYPOB?, A.C.APAKEJIOB?, I0.I1.OYEJIKOB?

Iloctymuna 16 umroma 2020
Ilpunsra k meyatu 23 mexabpsa 2020

IIpoBemen amarm3 aktupHocTH COJHIIA B3pbIBHOTO XapakTepa B 23-M ¥ 24-M IIHMKIax.
HcnommsoBamck AaHHBIE CIYTHHKOBBIX HabiomeHmii peHrreHoBckoro manmyuerma GOES-15 so
BCIIBIIIKAX W HaOmome A BbIOpocos KopoHabHOM Maccsl (CME) Ha koponorpade SOHO/ LASCO.
Brum mpoaHamisupoBatbl HHTEPBANEL 3aCPXKKH MEXIY HaYaloM BCIBIUKHN M HavaaomM CME tuma
Tano, cesi3aHHbIX OmMHON M TOM Xe aKTHUBHOM oOmacThio. IIoKa3aHO, YTO BPEMEHHON HHTEPBAI
MeX/Ty HawyajioM BCrbiiuky # HadawtoM CME B cpemseM B 2 pasa MeHbINe I BCIBIIEK KJIACCOB
> X1, yeM misi MeHee MOIIHBIX Bembiiek. OTaeqbHO G pacCMOTPEHBI BCe COOBITHS, KOTOPBIE
COIPOBOXMANCH MOIIHBIMI BCIBOIKAMA KIaccoB > X1 . IIpoeenmena orenka B3aumocssisu CME
Tuna [ano ¥ nHACKCOB reoMarHuTHON akTHEHOCTH Kp u Dst, HCnomp3yeMBIX [/ IpOrHO3HPOBAHIA
KocMIUecKoH moroabl. 1lokazaro, YTo BeposTHOCTh oIlacHON MarHuTHOH Sypu Ha 3eme ¢ Kp> 7
cocrassier Goee 80%, eciii OFHOBPEMEHHO BBIIOJESIOTCA [Ba YCJIOBHS: Vip >1000 KM/C H
Dst| > 100 &T.

Kniouesnie cnoBa: Coanye: 23-ti u 24-1f uuxsol: 6CRBIUKH: 6CRBIUKU 6 MASKOM
penmeenosckom ouanazone: CME muna [ano: undexcol

2EOMACHUMHOY GKMUGHOCMU

1. Beedenue. IlepeMeHHOCTh MOTOKOB CONHEYHOIO M3AYYCHHS M ILNA3MBI,
ONPEICITIONIast KOCMIYCCKYIO TIOTOMY, CBI3aHa C HEIPEPHIBHO MEHAIOIIMMCS MarHHT-
oM ioneM Conrmia. CHnoBble NHHUE MATHUTHOTO TIONY W3MEHSIOTCS M 3allyTHBAIOTC
B pe3ynbTaTe BoznelicTBug midxbeperinansHoro ppamicHna CoNHIA Ha BCIUIBBAIONTHG
KOHBEKTHBHBIE MOTOKH TIa3Mbl. Pacnpenenenye MATHUTHLIY TTONEH HA MOBEPXHOCTH
CosnHIla CHITBHO HEOMHOPOTHO: XXTYTH CHAOBBIX IMHKH TONS B IITHAX XapaKTePH3YIOTCS
HATIPSLKEHHOCTRIO B cOTHY H 1, py cpenreli HANPKeHHOCTH MO0aNbHONO MATHHTHOTO
nond B 0.1-1HT. B paspexensoli mmazMe KOPOHbI 3TH JOKaJbHBIC MaTHHTHBIC TONS
3aMBIKaloTCa, GopMupyd AyrH cunoBbiX juauii. Iloreps paBHOBeCHS B CIOXHBIX
ROHGHUrypanuax nons Haj NITHAMHA BAeYeT 33 CO0OM COGLITHI B3PHIBHOTO XapaKTepa
- CONHEYHBIC BCHBIIUKH, COMHEYHbIC MPOTOHHBIC coOnTha (Solar Proton Events -
SPE) u xopoHanshbie BuOpoch Maccht (Coronal Mass Ejection - CME),
CONPOBOXIAIOIIMECT BHICBOOOXKACHHEM GOABINIOro KonmdecTBa 3Heprud. B xome SPE,
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COMPOBOXIAMOIIMX CaMbIe MOLLIHbIE BCITBIIIKU, TEHEPUPYIOTCS HETETJIOBbIE MPOTOHBI
U ApyTHe YacTULBl - COJIHEUHbIe KocMuueckue ayuu. CME xapakrepusylorcs
BBEIOPOCOM B COJIHEUHBIN BeTep OOJBIIOrO0 KOJIMYECTBA COJTHEYHOW IUTa3MBI U
MarHutHoro nois. CormacHo [1,2], HauGoJiee MOILHBIE 3PYNTUBHBLIE COOBITHS
COIPOBOXIAIOTCSI BCEMU 3THMM MPOSBICHUSIMU. B HacTosiiee BpeMsl He 10 KOHIIA
SICHO, HacKojJbKo TecHO Bcmbiiku, SPE nu CME B3aumocssizanbsl. Hampumep,
Hebosbinast yactb CME (kak Oyner nokasaHo Hike ~5-8% miss CME tuma Iano)
MPOUCXOIUT BHE aKTMBHBIX 00JacTell U CBsI3aHa ¢ MPOTyOepaHLAMU, TePSIIOLINMU
crabuabHOCTS [3,4]. CME gBinsiorcs Hanbosiee MOITHBIMU MPOSIBJICHUSIMI COJTHEYHOM
akTUBHOCTU. OHM MPEACTaBISIIOT co00it pacrpocTtpaHsitoiire oT ColHLIa KPYITHO-
MaclITaOHble MarHUTOIUIA3MEHHBIE CTPYKTYpPbl, KOTOpPbIE YACTO UMEIOT (POpMY
MarHUTHOM MeTNIH, paciuupsiolieiics npu ygareHun ot CoiHIla. MarHWUTHBIE
obnaka, cBga3aHHbie ¢ CME, pacnpocTtpaHsitoTcst Ha (hOHE CIOKOMHOro (HeBO3MY-
LIEHHOr'0) COJIHEYHOTO BeTpa co cKopocTsiMu A0 2500 KM/c U UMEIOT CUIbHOE U
yropsimoueHHOe MarHuTHoe nojie B necatku HI. Ecau ckopocts CME mipeBbliiraeT
CKOPOCTb OCHOBHOTO MOTOKA COJHEYHOI'O BeTpa Ha JIOKAJIbHYIO CKOPOCTb 3BYKa,
TO Mepel, KOPOHATbHBIM BBIOPOCOM 00pasyeTcs yaapHasl BOJIHA, 32 KOTOPOil MArHUTHOE
rojie ycuieHo cxkarreMm. MIMeHHO Takre o6pa3oBaHUs BBI3BIBAIOT CAMble MOIIHEBIE

oypu [35].

2. Benviuku u CME. CornacHO NOCIEIHNM UCCIENOBAHUSM, TIOCBSLLEHHBIM
CME (cMm., Hamipumep, [6]), MOIIHBIE COOBITHS, HAUOOJIEe BEPOSITHO CBSI3aHHbBIE C
MarHuTHBIMU OypsaMu, oTHocsaTcst K CME tuna Iajo u coctaBisiior ipuMepHo 5%
ot obuero yncia CME. CME tuna lajio uMeroT HauBbICILIME 3HAYEHUS] MAcChl U
sHepruu. AT1oT TUNl CME sBnsieTcss OTHOCUTEIBLHO PEIKWMM M3-3a J00ABOUHOTO
TpeGoBaHMS 0CO00M OpMEHTAIIMM BEKTOpa MarHUTHOTO MOMeHTa. M B To e BpeMst
nmeHHO 3ToT ™I CME oka3seiBaeT HamOobllee BO3AECHCTBME HAa KOCMUYECKYIO
noroay. Kak msBectHo, umeHHO CME (a He BCIBIIKA) BO30YXIAIOT MEXIJIAHETHBIE
BO3MYILEHUSI, a 3aTeM U MarHUTHbIE Oypy (CM., HarpuMmep, [7]). ITpu 3ToM BCTIBIIKA
MOTYT OBITH MCITOIB30BAaHBI MCCIEAOBATEIIMA M TIPOTHO3MCTAMU KaK WHIMKATOPBI
COJTHEYHOM aKTMBHOCTH, cBs3aHHble ¢ CME u MeXIlaHeTHBIMU BO3MYIICHUSIMU.
CME Ttuna Tajno MMEIOT pas3iMyHbIi XapakTep B MMHHUMyME U B MaKCUMyMe
COJIHEYHOI aKTMBHOCTHU, MTO3TOMY ISl HanboJiee MOJTHOro CTaTUCTUUECKOTO aHau3a
B JaHHOI paboTe M3ydeHbl BCE COOBITUSI JAHHOTO TUIA AJis 23-r0 U 24-TO LUKIIOB
u3 karajora [8].

Paccmotpum, kak cBsizanbl CME u Benbliiku Ha nipumepe coobitus 03.11.2011.
Ha puc.1 npeacrasien notok ot Berbiiku 03.11.2011 moiiHocteio X1.9 B nuanasoxe
0.1-0.8 um o maHHbIM GOES-15. OTMeueHo Havayio Berbiliku B 21:18.

Bunno, yto Benbimka 1 CME Havyaauch oYty ogHOBpeMeHHO. Takoke HaOo-
najoch HeGonbioe SPE-cobbiTHe, BhI3BaHHOE BCIBIIKOM (3.6 pfu B quamasoHe
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>10MeV) u cnaboe Bo3MyllleHME MarHMTHOTO 1oJs yeped 1.5 aHa (Disturbances
storm-time/Dst ~ -40HT). ['e03(hPeKTUBHOCTh 3TOr0 COOBITUSI HEBEJIMKA B PE3y/IbTaTe
TOTO, YTO aKTUBHasI 00J1acTh, KOTOpasi creHeprposaia Bembiiky 1 CME, Haxomwnach
B BOCTO4YHOM Yacth auMba (N22E63).
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Puc.1. ITotok uznydyenus ot Benbiiuku 03.11.2011 B auanazone 0.1-0.8 HM (Jorapudmuueckui
MaciTab Mo OCM OpAMHAT, NPUHATHIA B mpeacTaBieHuu naHHbIX GOES-15). OtMmeueHO Bpewms
Hayana CME (#) u Bpemsa nepporo Habmonenus CME (7).

3. Ce:a3b Meducdy HAUaA0M BCHbIUKU U ACCOUUUPOBAHHBIM CO BCHBIUKOLL
CME. CornacHo karanory [8], Bcero 3a asa nociaegHux uukia ¢ 1997 mo 2017rr.
Habmoganuchk okojo 700 CME tuna I'ano. Ho u3 paccMoTpeHus ObUIM UCKITIOUEHbI
coObITUs, Mpousolieninve 3a Jumoom ConHua. M3yuyeHue cpsazu mexay CME
(nHadbmonexnusi LASCO/SOHO [8]) u BcriblllIKaMu B 3THUX CIydasix He TIPeACTaBIsIeTCs
BO3MOXHBIM, TaK Kak BCHbIKA (HabmoneHus GOES [9]) 3a 1uMO0M He BUIHBI.
Hanubie HaOmwoaeHuit CME u ux xapakTepUCTUKU JOCTYIHBI B apXuWBax U B
pexume peanbHoro BpemeHu [8,10]. Bce cobbitust 23-ro u 24-ro LIMKIIOB, 3a
HUCKJIIOUEHUEM 3aTMMOOBBIX, ObLIM OTOOPaHbl HAMM JJIS1 CTATUCTUYECKOTO U3YYEHMS,
Bcero 385 coOwitnii ¢ CME tuma I'ano. Mb1 cumrtaem, uto Bemblmka 1 CME
CBSI3aHBI MEXIY CO0OM, eCTM MHTEPBAJI BPEeMEHU MEXAYy HayaJOM BCHBIIKH W
HauaioM CME He npesbiiaeT 40 MuH. O4eBUIHO, YTO JaXe MPU TAKOM UHTEpBaJe
3ama3abIBaHUsI, COOBITHS TIePEKPHIBAIOTCA MeXmy co0oif o BpeMeHU. Hmxke u3
pUc.4 MOXHO OLICHWUTH BeJIMYMHY WHTEpBaJia 3ala3fablBaHUs. Pe3ynbraThl Tpen-
CTaBJIEHbl B CBOAHOW Tabi.1.

M3 Tabn.1 caenyer, uro B 93-95% cnyyaeB 111 pa3HbBIX IIUKJIOB CYILLIECTBYET
cBs3b Mexay CME Ttuna l'ano u BenbllIKaMu € pa3jiMUHON MOIIHOCTBIO.

B Tabnuue B mepBbIX ABYX KOJOHKaxX TMpUBeAeHBbI AaHHble O nojsx CME
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Tabauya 1

YACTOTA COJHEUYHBIX COBbITUM B3PBIBHOI'O XAPAKTEPA,
COITPOBOXIAIOIIMXCA BBICBOBOXIEHUWEM BOJILLIOT'O
KOJIMYECTBA SHEPTUN BO BCIIBIIIKAX U CME

CME cBsaszannbie | CME ne cBazannpie | Ywucnmo | Yucno CIIC | Yueno Benmblimex
CO BCHBIIIKAMU CO BCIHBIIIKAMU CME/Tano | Ipr>2 pfu > Ml
C5-X17.5 C5-X17.5 (210 M3B)
23-i1 MK
218 (95.6%) | 10 (4.4%) | 28 ] % | 1390
24-ii UK
157 (92.4%) 13 (7.6%) 170 52 750

CBSI3aHHBIX M HE CBSI3aHHBIX CO BCIBIIIKAMU (B TPOIIEHTaX OT OOIIETO Yucia
CME), nns 23-x 1 24-x 1HUKI0B. B mocienHeil KOJIOHKE IJisl XapaKTepUCTUKU
AKTUBHOCTH IIMKJIOB TPHWBEACHBI TaHHBIE O KOJMYECTBE BCIBIIMIEK > M1 .
IMpumepHo B 5-7% ciryyaeB cBa3b Mexkny CME tuma I'amo m BembIkamMu
HE YCTaHOBJIEHa. DTO O3HAYaeT, YTO MHTEPBAJ BPEMEHM MEXIY Ha4aJlOM BCIIBIIIKU
u HauajioM CME cocrapnsier 6osnee 40 MuH. Yailie Bcero 3To ciaydaercs il OYeHb
cnabbix Bembimek kiaacca C5-C9, conpoBoxnamommx CME, y KoTopbix aMIunTyna
B MakcumyMe B auanasoHe 0.1-0.8 HM cocrtapisier meHee 107 Bart/m’. Heomnpe-
JIeJICHHOCTh CBSI3M YCYT'yOJISIeT TOT (pakT, YTO €CJIM €CTh 3aMeTHbI BeIOpoc CME
tina ['ajo m ero compoBOXIaeT MaJOMOIIIHAs BCIBIIIKA, TO Yallle BCETO cama
BCIIBIILIKA PACTSIHYTAa IO BPEMEHM, MOTOKM OT BCHBIIIKM OJUM3KM K (DOHOBBIM
3HAYCHUAM, YTO 3aTPYAHSET ONpeneicHNe BpeMeH! Hauyaja BCITBIIIKM.

g ompenesieHUs] MTHTEPBAIOB BPEeMEHN MEXKIy HavyajoM BCIBIIIKY W HAYaJIOM
CME nHamm mpoaHanusupoBaHbl Bce 385 ciyyaeB ¢ CME Ttumna l'ano B 23-24-x
uukiax. [To ganusiM HabmoaeHuit SOHO/LASCO C2, nas Bcex ciiydaeB oIpee-
nsotest BpeMeHa Havana CME 7, kak, Hanpumep, B coObituu 03.11.2011 Ha puc.2.
Ha6monenus SOHO/LASCO C2 cobbitust 03.11.2011 npencrasieHsl B Buge 11
mmMepennii CME Ha pa3mmyHoOM ymajeHnH OT COTHEYHOTo ArcKa. HakioH mpsmoit
Ha puC.2 COOTBETCTBYyeT JuHelHoi ckopoctu CME (ocratoleiicsi nmpumepHO
TOCTOSIHHOM) 1 paBHO# 991.1kM/c. Y3 aTOTO Xe rpaddMuecKoro MnpeacTaBieHUs Ha
puc.2 onpenensierca Bpemsi Hayana CME - ¢, pasHoe 21:30:42. [1epsoe HabmoaeHne
SOHO/LASCO C2 Ha puc.2 (moJjible KpY>KK1) COOTBETCTBYET UBMEPEHUSIM CKOPOCTU
CME Ha paccrossHuu 10 panuycoB ConHua Rg .

Ha puc.3 npusoasitcss MoMeHThl TiepBoro HabmwoneHusi CME tuna Tano,
conyrcrByoiero Benbimke 03.11.2011, cooTBeTCTBYIOIIME HAYaNy BCHBILIKU 110
ganHeiIM GOES-15 (a) u MomeHTy Makcumyma (b). OTMETUM, YTO B MOMEHT
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Puc.2. Habmonenus CME Ttuna I'ano, accouuupoBaHHoro co Bembiikoi 03.11.2011 mo maHHbIM
Habmonenuit SOHO/LASCO (C2) [8]. Ilo ocu abeuucc Bpemsa Habmonenus (UT). Bpemsa f
cootsercTByeT Hadany CME, Bpems #, cooTBeTcTBYeT BpeMeHu nepsoro Habmonenusas CME. Ilo ocn
OpIMHAT - TpuBedeHHass Bbicota HabmogeHua CME B (R/Rg).

Hadyasia CME Ha puc.3a BUJIeH TMOTOK IJIa3Mbl B Y3KOM KOHYCE HaJ aKTHBHOM
001aCcThIO, PACIIONOXEHHONM Had BCIBbILIKOW. B MOMEHT mepBoro HabJroaeHUs
CME Ha puc.3b BUIeH KOpPOHAJIBHBIN BLIOPOC, OXBaThIBaMOIIMiA yroa B 360°, T.e.

Puc.3. Habmonenuss CME tuna lano, accouumpoBanHoro co Benbimikoir X1.9 or 03.11.2011
no aaHHbiM Habmonenuit SOHO/LASCO (C2) u SDO/AIA 19.3 um. (a) - B MmomeHT Hauana CME
(06o3HaueHHoro #) 1 (b) - B MOMeHT nepBoro HabmoneHnss CME (0603Ha4€HHOTO £,), MPOU3OLIEILLIETO
MpUMEPHO uepe3 2 yaca OT Hayasa.
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JanHblii CME otHocutes K tuny I'ano. OueBuaHo, uto opueHTauus CME tumna
I'ano mosponsier cuutarh 31 CME HaubGosiee reo3ddeKTUBHBIMU Cpeau BCex
CME.

Hnsa Beex 385 cobbituit CME tuna Tano onpeneneHbl MOMEHTHI f,, COOT-
BETCTBYIOIIME Havyaly KOPOHAJIBHOTO BhIOpoca (CM. puC.2 U puc.3a AT COObITUS
03.11.2011) u Bpems #, - BpeMs IMEPBOro HaOMIOAEHUSI KOPOHAJILHOIO BbIOpOCA
(cootBeTcTBYIOT puc.2 u puc.3b mis coobitust 03.11.2011). M3 kaTanoros BCIbIIEK
23-r0o 1 24-ro mkioB [11,12] misa atux 385 coObITUI OrpeaesieHbl BpeMeHa Havaja
BCOBILEK 7, . & TAKXe MHTepBal BpeMeHM Mexay Havaiom CME 7. - n
HA4aJloM COOTBETCTBYIOIUEH BCNbIIKM df=f, - f. . . Pacnpenenenue N
yuciaa COOBITUI OT BeJIMYMHBI df TIpencTaBieHo Ha puc.4. PacnipeneneHue umeer
HEKOTOPYIO aCUMMETPHIO C SIPKO BBIpaX€HHBIM MaKCHUMyMOM B IIEHTpe. DTo
COOTBETCTBYeT (PakTy, 4To mpakTtuyecku 14% cobbiTuii XapakTepusylorcs drf=0.
Ecau npeanonoxuth, 4TO pacnpeneieHue Ha puc.4 Mogo0HO HOPMaJbHOMY, TO

50“ Bce CME (Halo) “
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hy
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Puc.4. CBsi3b Mexjy HayajJoM BCHBILIKM W aCCOLUMMPOBAHHBIM co Bembllikoit CME s 385
CME Tuna Tano B 23-M u 23-M uuMKiIax.
MOXHO OLIEHUTb BEJMYMHY CTaHAAPTHOIO OTKJIOHEeHMs lo . s ucciemyeMoit
BeIOOpKM B 385 coObituit 1o =20 mMmH. Takum obpa3oM, B uHTepBaie *1o
3aKJII04eHbl 66.7% COOBITHIA.

4. Ceazb mexucdy Havarom écnvluku u Hauwarom CME 0as kpynHbix
cobbimutl (kaacc > X 1). JInst KpYIHBIX COOBITHIA, MPEACTABIISIOIINX OCOOBIIA
MHTEpPEC B CBSI3M C MOCIEAYIOIIMMU 32 HUMU BO3MYILEHUSIMU T€OMarHUTHBIX
MHIIEKCOB, MbI ITPOBEJIM aHAIN3 MEXIY HA4aJoM KPYITHBIX BCITBIIEK KiaccoB > X1
u accouuupoBaHHbIMU ¢ HUMU CME (cMm. puc.5). Takux coOblTUil B 2-X LUKIaX
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obu10 95.

M3 puc.5 BUIHO, YTO BPEMEHHOI pa3dpoc MeXKIy HayajaoM BCIBILLKKY 1 HayaioM
CME wmeHbliIe, yeM ISl BceX COOBITUI monpsia. JIist mccieayeMoit BEIOOpKU u3 95
cobbIThii 16 =10 MuH. OTMETHM, 4YTO JUI BCHBILEK KJIAaccOB > X1 BCIBIILIKU U
CME B3auMocBsa3aHbl mipakTruuecku B 100% ciyuyaes.

INpoBeneHHBIN aHAU3 TTOATBEPXKIACT, YTO CBSI3h (B YaCTHOCTH, OMpeAeIseMast
MO BeJWYMHE BPEMEHHOTO MHTEpBalia MEXAY HAyajJoM BCIBILIKM U BpeMeHEM
nepBoro HabmogeHusi CME) mexny Bcnbllikamu M CME yMmeHblaeTrcst ¢
YMEHBIIIEHEM KJIacca BCHEBILIEK, UYTO corjacyercs ¢ [13,14].

30 T T T T T T T T T T T
J CME (Halo) ans Bcnbiwek >X1 1

25 lo lo

20

N (Yucno cobbituii)

0 ' . ' : 1 . 1 . 1 . 1 . 1
-30 -20 -20 0 10 20 30

dt=t MUWH

flare start tCME start”

Puc.5. CBsi3b Mexay HauaJoM BCHBILIKM U CBsI3aHHBIM co Benblkoit CME mns 95 CME
tumna ['ajno, accounrpoBaHHBIX C KPYMHBIMU BCIbIIKAMU Ki1accoB > X1, B 23-M U 24-M LuMKIIax.

5. Cea3b mexcdy xapakmepucmukamu 2eodpdekmustvlx coObimuil
Ha Coanye (écnvtukamu u CME) u eeomacnumuvimu unoexcamu. Bnusuue
coObIThii Ha CoJTHIIE Ha IPOLIECChl Ha 3eMile ONpeNe/sieTcsl PY aHaIu3e Bapyaluit
MHICKCOB FEOMAarHUTHOM aKTUBHOCTH, XapaKTEPU3YIOLIMX MOLUIHOCTh MATHUTHBIX
oypb. Haubomnee yacto ncnonn3dyorca Kp m Dst-uHaeKkcol.

Kp-unnekc (BBemeH k. baprenbcom B 1938r.) - rioGanbHBIN MIaHETAPHBIN
WHIEKC TeOMAarHUTHOM aKTMBHOCTH, IIPEICTABISIOLINI COOOM TPEeX4acOBOM KBa3UJIO-
rapu(MUYECKUIT MHIEKC T€OMATHMTHOM AKTMBHOCTH IO OTHOLUCHUIO K KPUBOM
CIIOKOIHOTO JHS (CcM., Harmpumep, apxuB HaomoneHuit GOES [15]). IlnanerapHsblii
nHaekc Kp Beruncisietcss Kak cpeaHee 3HaueHue K-MHIEKCOB, onpene/icHHbIX Ha 13
T€OMAarHUTHBIX 00CEPBATOPUSIX, PACIIOIOXEHHBIX MexXay 44 1 60 rpamycamu ceBepHOI
Y I0XKHOM reoMarHUTHBIX 1upoT. Ero nuanaszon usmensercs ot 0 go 9, Ho Kp
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WMHICKC OIpeNessieTcsl ¢ TOYHOCThIo o 1/3: 7- o3Havaer 6 u 2/3, 7° - 7 poBHO,
7+ o3HavaeT 7 u 1/3.

It 6e30ITacHOCTH aBHATEPEIeTOB, KOCMUYECKMX aIlapaToB M OOeCTeueHUs
YCTOMYMBOM pamiMOCBI3U, BAXXHO MPOTHO3UPOBATh MarHUTHble Oypu ¢ Kp>7-8,
COOTBETCTBYIOIIME CAMBIM OIACHBIM COOBITUSM Ha 3emite. OUEeBUIHO, UTO MOJABISIOLIEE
KOJTMYECTBO MOIIIHBIX MATHUTHBIX OYpb CBSI3aHO CO BCITHIIIKAMU W COITYTCTBYIOIIIMMMU
um CME. Jlnga oueHku cBsizu Mexay CME u mociaenyolyMu COOBITUSIMUA B
MarHurocgepe Takke pacCMOTPYM BaXKHYIO XapaKTEPUCTUKY -JIMHENHYIO0 CKOPOCTh
Veye- BemmuuHa V- XapakTepusyeT MaciuTad sIBIEHMs], ONPENE/ISIET KUHETUYECKYIO
9HEPruio BriOpoca.

Ha puc.6 nmpuBoauTCsl ToUeUHAsI quarpaMma, XapakTepu3yloliasi CBsI3b MEXIy
JmHelHoi ckopocthio CME - V- 1 BbizBaHHbIMU CME MOLIHBIMY MarHUTHBIMU
oypsamu (Kp >87) miast cobbiTuit 23-ro u 24-ro nukioB. Ha puc.6 npencraBieHbl
BCE caMble KpYITHble COOBITUS 2-X HUKJIOB ¢ Kp>8 . B mpunHuumne, nmogobHas
CBS13b MOXET ObITh pa3jMyHa JJis1 COObITUM 23-T0 1 24-r0 LIUKJIOB, HO TTOCKOJIbKY
MOIO0OHBIX reo3(PEKTUBHBIX COObITUI B 24-M LIMKJIe ObUIO BCETo 8, Mbl OOBEIVHWIN
HUX C COOBITUAMU B 23-M LIMKJIE HAa OJHON AuUarpaMme.

JaHHBIC TI0O CAaMBIM MOIIHBIM Te03(DMEKTUBHBIM COOBITHSIM B3ATHI U3 KaTajora
[16], rme coGpanbl coObITHs 23-To umMkiaa U u3 [17] mnst 24-ro uukia. MoxHO
cAenaTh cleAylolliee 3akiarouyeHue: B 23-M LIMKJIe ObUIO Bcero 12 coObITUII C
Kp=9" u 40 cobbrtuit ¢ Kp>8~; B 24-M nukie cobeitusi ¢ Kp>9~ He ObuIO,
a cooniTuit ¢ Kp>8~ O6bUIO Bcero 8.

N3 puc.6 cnenyer, uto CME, BeI3bIBalole MarHUTHbIE OYpH C Kp29”B
OosbIIMHCTBE ciy4aeB (75%) xapakTepu30BaIMCh CKOPOCTAMU Vi 21500 kM/c,
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Puc.6. Bsaumocssasb mexny Kp m V. 3a 23-it u 24-it OUKIBL
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a cobnitusgs ¢ Kp>8~, B OGonbmmHCcTBe ciydaeB (80%) xapakTepu30BaKCh
CKOpOCTSIMU Ve 21000 kM/C.

Dst-mHIEKC TeOMarHMTHOM AaKTUBHOCTM B HU3KUX IIMPOTaX OBUT BBEICH
Cyruypoii B 1964r. kak Mepa U3MEHEHHUS IIOJISI M3-3a KOJIbLEBBIX TOKOB,
BO3HUKAIOIIMX B MarHuTocepe BO BpeMs MarHUTHBIX Oypb. Dst umHaexkc
BBEIYMCIISAETCA W TTyOIMKyeTcsT MUPOBBEIM LIEHTPOM JAHHBIX ITO T€OMAarHeTU3My B
Kuoto [18]. KputuueckuM 3HayeHUEM g Oe30MaCHOCTH, Hampumep,
aBMaIlepesieTOB U YCTOMYMBOM paguoCBA3U ABasgeTcsd Dst <-100.

Ha puc.7 nmpencrasneHa ctaTuCTUIeCKast 3aBUCUMOCTb, XapaKTepu3ylolasi CBSI3b
mexay V. ansa CME tuna I'ano u CBA3aHHBIMU C XapaKTEPUCTUKAMU MArHUTHOM
Oypu reoMarHuTHbIMU MHAeKcamMu Dst u Kp mis coobituit 23-10 1 24-r0 IMKIIOB.

N3 puc.7, mpencraBisiioniero co0oil TOUSYHYIO IMarpaMMy M COCTOSIIIIYIO U3
TOYEK IBYX LIBETOB (UYEepHBIE TOYKM XapakTepusyloT cobbitus ¢ Kp <7, cepnie
TOYKM - MOIIHBbIE MarHUTHBIe Oypu ¢ Kp >7), BUOHO, YTO CYLIECTBYET TeCHasl
cBs3b Mexay ckopoctblo CME u reoMarHuTHbiMU MHAekcamMu Dst u Kp. U3
PUCYHKA CJIEAYET, YTO KPUTUYECKOW BEJIMYMHON V. ISl MPOTrHO3a KPYIHbIX
MarHuTHbIX Oypb, siBIseTca BeauyuHa b, .=1000 xm/c. Ha pucynke ormeueHa
0671aCTh ¢ Ve 21000 KM/c m |Dst|>100 HT. Ecom V. 1 onHoBpeMeHHO Dst-
WHAEKC TeOMarHUTHOW aKTHBHOCTHU IOManaloT B 3Ty 00JacTh, TO BEPOSITHOCThb
coobiThs Ha 3emie ¢ Kp>7 paBHserca 0.83, a BEpOSITHOCTD JIOXKHOTO COOBITHS
pasusiercsa 0.17.
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Puc.7. Bzaumocssisb Mexny |Dst| u V., 3a 23-it 1 24-il UMKIBI C Y4ETOM 3aBHCHMOCTH OT
BeaunHbl Kp-nHpaexkca. Cepble 3aloHEHHBIE KPY>KKHM COOTBETCTBYIOT COOBITUSIM ¢ Kp>7.

6. Boi6o0bi. 1. MoluHble Benblliky KiaccoB = X1 csasanHel ¢ CME Ttuna
I'ano, ucxomsiMMM U3 TOM e aKTUBHOM objactu, mpakrudecku B 100% ciydaes.
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Hns Benbiinek kinaccoB < X1 ¢Bsg3b moaTeepxkaeHa B 92-95% ciydaeB. BpemeHHOI
MHTepBaJ MEXIy HadajoM BeIbllku ¥ HadyaioM CME B cpenHem B 2 pasa
MEHBbIIIE UIS BCIIBIILIEK KJIacCcOB > X1, ueM [IjIs1 MEHEE MOILUHBIX BCIIBIILEK.

2. Tlo BenuuuHe auHeitHO ckopoctt CME Tuma T'ajo MOXHO OLIEHUTH
HACTYIUIEHUE MarHUTHBIX Oypb ¢ Kp > 7, omacHbIX [UIsI aBUAIePesIeTOB, KOCMMYECKUX
arrapaTtoB M KayeCTBEHHOUN pamrocBs3u. TakuMm o0pa3oM, €Clii OJHOBPEMEHHO
BBITIOJIHSIIOTCS 1BA YCJIOBUS: Vg 21000 kM/C 1 |Dst| >100HT, TO BEpOATHOCTD
omacHoii MarHutHoi Oypu Ha 3emie ¢ Kp>7 cocrasiser 6onee 80%.

! Mockogsckuii ['ocymapcrBeHHbII# yHUBepcuTeT M. M.B.JloMmoHocOBa,
locynapctBenHbiit ActpoHomuveckuid MHCTUTYT U [1.K.IlItepubepra, Mocksa,
Poccus, e-mail: red-field@yandex.ru

2 Uuctutyr Ipuxknagnoit 'eopusuku um. E.K.Denoposa, Mocksa, Poccusi,
e-mail: globur2000@yahoo.com a.s.arakelov@gmail.com yur och@mail.ru

INTERCONNECTION BETWEEN CORONAL MASS
EJECTIONS AND SOLAR FLARES ACCORDING TO
OBSERVATIONS IN 23rd AND 24th CYCLES

E.A.BRUEVICH'?, V.A. BUROV?, A.S.ARAKELOV?, Yu.P.OCHELKOV?

Activity of the Sun of explosive type in 23 and 24 cycles has been studied.
The data from satellite observations of GOES-15 X-ray in flare's fluxes and
observations of coronal mass ejections (CME) on the SOHO/LASCO coronagraph
were used. The delay intervals between the onset of the flare and the Halo type
CME from the same active region were analyzed. Separately, all the events which
were accompanied by powerful flashes of classes > X1 have been considered. It was
shown that the delay interval between the onset of the flare and the onset of the
Halo type CME for flares X1 classes is half the average than for the less powerful
flares. The relationship between the Halo-type the onset of CME and the geomag-
netic activity indices Kp and Dst, used for space weather forecasting, was estimated.
It was shown that the probability of the dangerous geomagnetic storms with Kp >7
is equal 80% if at the same time Vi >1000 km/s and |Dst|>100 nT.

Keywords: Sun: 23rd and 24th activity cycles: flares: flares in the soft x-ray
range: CME of Halo type: Indices of geomagnetic activity
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CYANAMIDE (NH,CN) IN INTERSTELLAR MEDIUM:
POTENTIAL SPECTRAL LINES
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Cyanamide (NH,CN) has pyramidal equilibriun structure with two substates, denoted by 0*
and 0°. For each state of NH,CN, knowing rotational and centrifugal distortion constants in
conmjunction with electric dipole moment, energies for rotational levels and the probabilities for
radiative transitions between the levels are calculated. The radiative transition probabilities in con-
Junction with scaled values for rate coefficients for collisional transitions between the levels are used
in the Large Velocity Gradient analysis for each substate. For each substate, we have found
anomalous absorption in three doublets at high temperature and weak MASER action at low
temperature. We have also found emission feature in nine transitions in each substate. These
transitions, along with the observed ones, may play important role for identification of NH,CN
in a cosmic object.

Keywords: molecules: NH,CN: Einsiein A-coefficients: radiative transfer

1. Introduction. Containing two atoms of nitrogen, cyanamide is one of
the rare interstellar molecules. It is considered relevant for prebiotic chemistry,
as in the liquid water, it may convert into urea which is important in the biological
processes [1]. It is found to have pyramidal equilibrium structure with two
substates, denoted by 0 and 0. Spectrum analysis of cyanamide is carried out
from time to time [2-9]. We have considered spectroscopic data of Coutens et
al. [9]. For both the substates, rotational and centrifugal distortion constants
reported by Coutens et al. [9] are used in the present investigation and are reported
in Table 1. The substates 0" and 0. have electric dipole moment p, =4.25+£0.02D
and p, =4.24+0.02D, respectively [3]. Because of two hydrogen atoms, each
substate has ortho and para species. In the 0 substate, ortho specie is described
by even value of k£, whereas the case is reverse for the 0~ substate. First detection
of cyanamide towards solar-type protostars, IRAS 16293B and towards IRAS2A
are reported by Coutens et al. [8]. This molecule has also been detected in other
galaxies, such as NGC 253 and MS2 [10,11], in the massive star-forming regions
Ser B2 [12,13], in solar-type protostar IRAS 162932422 B [9] and in high-mass
proto-star IRAS 20126+410 [14].

In the ground vibrational state, they [8] have found 17
-17,,,, 18, -17, 5, 18, (-17, , 18, .-17, ,, and 18, .-17

0.17-160.16’ 172.15'162.149

18 transitions in IRAS

118 1172 216712152 3167 1315 3.15 3.142 1.16
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Table 1

ROTATIONAL AND CENTRIFUGAL DISTORTION CONSTANTS

OF NH,CN IN MHz

Constant 0* substate 0~ substate
A 312142.025 304454.083
B 10129.75679 10112.65371
C 9866.659953 9865.923593
D, 3.741178-10° 3.7782-10°
D, 396.199-10° 359.211-10°
D, 44.1278 27.9564
d, -140.8332-10° -119.7066 - 10"
d, -32.5952-10° -21.9978-10°
H, -1.031-10” -0.621-10”
H, 1.3677-10° 0.7919-10°
H, -338.05-10° -190.77-10°
H, 17.213-10° 4.307-10°
L, 12.47-10° 12.47-10°
Lo -4.034-10°¢ -3.328-10°
. 21.33-10° 10.69-10°
16293 B, and 12, ,-11, and 16, -15 |, transitions in IRAS2A. Most of the

1.15
transitions in are both the substates. The comparison of frequencies shows that

all these nine transitions belong to the 0* substate.

Using the spectroscopic data (rotational and centrifugal distortion constants,
and electric dipole moment), we have calculated energies of 120 rotational levels
of each specie in each substate and the radiative transition probabilities (Einstein
A and B coefficients) for radiative transitions between the levels by using the
computer code ASROT [15]. The radiative transition probabilities in conjunction
with scaled values of collisional rate coefficients are used for solving a set of 120
statistical equilibrium equations coupled with the equations of radiative transfer.
Out of a large number of lines, we have considered the strongest emission and
absorption lines. In each substate, three doublets, 1,-1,,, 2,,-2,,, 3,,-3,, are found
to show anomalous absorption at high temperature and weak MASER action at
low temperature. In each substate, nine transitions, 4,,-3,,, 5,-4,,, 6,.-5,5, 3,:-2,,»
4,730 Sos~4oss 70776060 8us70» 900-8,5 are found to show emission feature. The
intensities of observed lines are found weaker than the lines discussed here. These
lines, along with the observed ones, may play important role in the detection of
cyanamide in a cosmic object.

2. Model. The model used here is the same as discussed by Sharma et al.
[16-20]. In the Large Velocity Gradient (LVG) analysis, a set of statistical
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equilibrium equations coupled with the equations of radiative transfer is written
as the following.

120 120

n > P=3nP,  i=1,2,.,120
= (1)
J# J#

where n denotes the population density of energy level and the parameter P is
as the following.
(i) For a radiatively allowed transition

_{(AﬁBg]v,bg)Bg +ny,Cy i>j
i

ByI,4 By +ny.Cy i<j

(ii) For a radiatively forbidden transition
P.=n H, Cij .

q
Here, A and B are the Finstein coefficients, C the rate coefficient for collisional
transition and n, the density of molecular hydrogen. The escape probability f3
for the transition is

B =Bu = 1-opes) exp(— TV)
%
where optical depth t, is expressed as
B he
e 4n(d v, /dr)
where (d ur/dr) denotes the velocity gradient in the region. This is non-linear
set of equations.

The external radiation field impinging on the volume element, generating the
lines, is the cosmic microwave background (CMB) only, which corresponds to the
background temperature Tbg =2.73 K. The parameter Yy is expressed as
Y=n,, /(d v,/dr). Here, n . is the density of the species of cyanamide and
(d v,/ dr) the velocity gradient in the object. Equation (1) is a set of homogeneous
equations which does not have unique solution. In order to make the set of
equations inhomogeneous, the last statistical equilibrium equation is replaced by

the following equation, showing conservation.
120

Zni =Nyl -
i=1

Using the values of radiative and collisional transition probabilities, each set of
non-linear equations is solved through iterative procedure where the initial popu-
lation densities of levels are taken as the thermal populations, corresponding to
the kinetic temperature.

b

[Blunl_ Bulnu ]’
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2.1. Radiative transitions in cyanamide. In each substate, the electric
dipole moment is along a-axis of inertia. The radiative transitions are governed
by the selection rules:

J: AJ=0,+1
k,,k, : even,even <> even,odd
k ,k. : odd,even <> odd, odd.

a’’vc

For 120 rotational levels, for each specie in each substate, the 0* substate has
309 ortho and 310 para transitions whereas in the 0~ substate, there are 308 ortho
and 309 para transitions. For the given values of rotational and centrifugal
distortion constants, and electric dipole moment, we have calculated energies of
120 rotational levels and line strengths for radiative transitions between the levels
with the help of the software ASROT [15].

For a radiative transition from upper level u to lower level /, the line-strength
S, (=S,) is related to the Einstein A-coefficient, 4 , as
_ 64“4"31“12
R guhc3
where g, (=2J +1) is the statistical weight of upper level with rotational quantum
number J, u, is component of electric dipole moment and v,, the frequency
of transition. The Einstein 4 and B coefficients are related through the relations:

3
8nhv" g and B, —=SvB

3 u
c 8

A Sul b

ul

Aul =

where g, denotes the statistical weights for the lower level.

2.2. Collisional transitions. Though the collisional transitions, contrary
to the radiative transitions, between the rotational levels do not follow any selection
rules, the calculation of collisional rate coefficients for the transitions is a difficult
task [21-23]. The collisional rate coefficients for cyanamide are not available,
therefore, they are estimated following the procedure discussed by Sharma et al.

[16,17,19,20,24].
1" |r
clo. .. -7 =—‘/—.
("w"f "w"v) 27+1\30

This expression is equivalent to the cross section times the relative velocity of
collision partner, which is generally taken as the molecular hydrogen H,, whose
abundance is the largest in a molecular region. These collisional rate coefficients
are such that they do not generate any anomalous phenomenon from their own.

3. Results and discussion. In order to consider a large number of cosmic
objects, where the cyanamide may be found, the calculations are done for wide
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ranges of physical quantities. The molecular hydrogen density n, is taken from
10* to 10°cm™; the kinetic temperatures 7 are 20, 40, 60, 80, 100 K. However,
in figures we have given the values for 40 and 100K. Two values of y[=7,,, /(dv,/ dr)]
are taken as 107 and 10°cm™ (km/s) "' pc. Here, n_, is the density of the species
of NH,CN and (dv,/dr) the velocity-gradient in the region.

In Fig.1, we have plotted brightness temperature versus hydrogen density for
two temperatures, 40 and 100 K (written on the top) for six para transitions
(written on the left) in 0* substate. Fig.2, is the same as Fig.1, but for six ortho
transitions in 0 substate. Fig.3 and 4 are for ortho and para transitions,
respectively, in the 0~ substate. The kinks in the plots are due to numerical
instabilities. Interesting to note that Fig.1 and 3 are very similar whereas Fig.2
and 4 are very similar.

Three doublets, 1,-1,, 2,-2,,, 3,,-3,, in each substate are found to show
anomalous absorption at high temperature and weak MASER action at low

temperature. The transition 1,-1,,, in particular, may be utilized as a probe for

the search of molecule. In each substate, nine transitions, 4,,-3 ,, 5,-4,,, 6,,-5,,
40K 100K 40K 100K
12 12 4 2.8
w 8 8 o 2.6
"'?S ".’2‘ 3
© 4 4 ™ 2.4
0 0 2 2.2
15 15 5
2.6
=10 10 ~4
) N
w5 5 ~ 3 2.2
0 0 2 1.8
15 15 5
2.4
210 10 =4
o o
< 5 5 — 3 1.6
0 0 2 0.8
2 4 6 2 4 6 2 4 6 2 4 6
3 3
log(ny, /em™) log(ny, /em™)

Fig.1. Variation of brightness temperatures T, (K) versus molecular hydrogen density n, for
kinetic temperatures 40 and 100 K (written at the top) for six para transitions (written on the left)
in 0* substate of NH,CN. Solid line is for y= 107 ecm™ (km/s)™ pc, and dotted line for Y= 107
cm” (km/s)™ pe.
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100K

Fig.2. Same as for Fig.1, but for six ortho transitions (written on the left) in 0* substate of NH,CN.

Table 2

FREQUENCY, EINSTEIN A-COEFFICIENT, ENERGY OF UPPER
LEVEL, RADIATIVE LIFE-TIMES OF UPPER AND LOWER LEVELS

FOR TRANSITIONS IN 0* SUBSTATE OF NH,CN

Transition v (MHz) A, (s E, (cm™) t, (s) 1, (s)
11, 263006 | 1914-107 | 107409 | 5.22-10" »
2,-2, 789.280 1.723-10™" 12.0827 2.43-10° 2.53-10°
33 1578.540 | 6.891-10" 140954 | 567-10° | 5.90-10°
43, 79455036 | 4.394-10° 166913 | 228-10° | 5.90-10°
54 99317.825 | 8.988-10° 200019 | L11-10° | 2.28-10°
6,.-5,. 119179967 | 1.597-10* 239745 | 626-10° | L.11-10°
32, 59988.159 | 1.945-10° 39992 | 5.4-10° | 1.86-10°
4,30 79982.990 4.781-107 6.6652 2.09-10* 5.14-10°
5e-d,. 99976.775 | 9.550-10° 99979 | 1.05-10° | 2.09-10°
706 139960159 | 2.690- 10" 18662 | 372-10° | 5.97-10°
87, 159960235 | 4.049-10* 239939 | 247-10° | 3.72-10°
900-84s 179936.219 5.802-10° 29.9917 1.72-10° 2.47-10°
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Fig.3. Same as for Fig.1, but for six ortho transitions (written on the left) in 0- substate of NH,CN.

Table 3

FREQUENCY, EINSTEIN A-COEFFICIENT, ENERGY OF UPPER
LEVEL, RADIATIVE LIFE-TIMES OF UPPER AND LOWER LEVELS

FOR TRANSITIONS IN 0° SUBSTATE OF NH,CN

Transition v (MHz) A, (s E, (cm™) t, (s) 1, (s)
11, 246729 | 1571-107 | 104846 | 6.37-10" P
22 740.182 | 1.414-10" | 118247 | 245-10° | 2.54-10°
33 1480.346 | 5.657-10" | 13838 | 5.72-10° | 5.93-10°
43, 79416727 | 4367-10° | 164327 | 2.29-10° | 5.93-10°
5.4 99269960 | 8.933-10° | 197417 | L12-10° | 2.29-10°
6,- 5 119122561 | 1587-10° | 237124 | 6.30-10° | 1.12-10°
ENE 59934703 | 1.931-10° | 39957 5.18-10° | 1.87-10°
43 79911791 | 4746-10° | 66584 2.11-10° | 5.18-10°
Se-d.. 99887.896 | 9.480-10° | 9.9890 1.05-10° | 2.11-10°
To-6y. 139836.173 | 2.670-10° | 186456 | 3.75-10° | 6.01-10°
8T, 159807.855 | 4.019-10° | 239726 | 2.49-10° | 3.75-10°
9py-8.s 179777.572 | 5.759-10% | 29.9651 1.74-10° | 249-10°
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Fig.4. Same as for Fig.1, but for six para transitions (written on the left) in 0- substate of NH,CN.

305200 40473030 o540 75776060 805~ 707 909845 are found to show emission feature.
The intensity of a transition is found to increase with the increase of density and
kinetic temperature. Parameters for these transitions are given in Tables 2 and
3 for 0* and O~ substate, respectively. For all 24 transitions, the life time of lower
level is found larger than that of the upper level. Still finding MASER action
is interesting feature.

All nine observed lines, 170.17_160.16’ 172.15_162414’ 8"ty 182,16_172‘15’ 183416_
17, ,, 18, -17,,,, 18, ,-17, ., 12, -11  and 16  -15 |, in 0" substate are found
to have weaker intensity as compared to those discussed above. Besides the observed
lines, the lines discussed here may play important role in the detection of
cyanamide in a cosmic object.

18, -17

4. Conclusions. The LVG analysis carried out for 0" and 0 substates of
NH2CN has found 12 additional transitions, 1,-1,, 2,-2,,, 3,,-3,5, 5,54, 6,
515 3057200 40a=303 Sos %o 7076060 805707 00-8yg transitions, for each state, which
may help in the identification of cyanamide in a cosmic object.

Acknowledgements. The author is grateful to learned Reviewer for encour-
aging and constructive comments. He is also grateful to Hon'ble Dr. Ashok



CYANAMIDE (NH,CN) IN INTERSTELLAR MEDIUM 93

K.Chauhan, Founder President, and HonIfble Dr. Atul Chauhan, Chancellor,
Prof. Dr. Balvinder Shukla, Vice Chancellor, Amity University for valuable support
and encouragements. He is thankful to the SERB, Department of Science &
Technology, New Delhi for awarding the NPDF.

Amity Center for Astronomy & Astrophysics, Amity Institute of Applied
Sciences, Amity University, Noida 201313, India
e-mail: mohitkumarsharma32@yahoo.in mksharma4@amity.edu

LUMAHAMU/JL (NH,CN) B MEX3BE3IHOW CPEJE:
BO3MOXHBIE CITEKTPAJIBHBIE JTUHUU

M.K.ITAPMA

Huanamua (NH,CN) umeeT nupamMuaaabHyO CTPYKTYPY PABHOBECHS C IBYMsI
MOACOCTOAHUAMHU, 0003HaueHHbIMM 0F 1 0. g kaxmporo cocrosHus NH,CN,
3Has KOHCTaHTBl BpalllaTeJbHOTO U LIEHTPOOEXKHOTO AMCTOPCUII B COYETAHUU C
9JIEKTPUYECKUM IUMOJbHBIM MOMEHTOM, BBIYMCIEHBI HEPIMU BpallaTeJbHbIX
YPOBHEN M BEPOSITHOCTU PalMallMOHHBIX MEePEeX0J0B MeXay YpoBHsIMU. Mcnionb3ys
BEpPOSITHOCTU PAAMAlIMOHHBIX MEPEXOAOB B COYETAHMHM C MaclUTaOMpPOBAHHBIMU
3HAYEHUSIMU KO3(DUIIMEHTOB CKOPOCTH ISl CTOJIKHOBUTEIbHBIX TIEPEXOI0B MEXKIY
ypoBHsIMHU, BeioiHeH LVG aHanum3 [y Kaxmoro moacocTosHus. s Kaxmoro
MOACOCTOSTHUSI Mbl OOHAPYXUJIM aHOMaJIbHOE TOIJIOLIEHUE B TpeX AybJeTax mpu
BBICOKOI TeMImepaTrype U caadblii Ma3epHbI 3dEeKT Mpyu HU3KOI TeMIepaTrype.

Mbl TakKe OOHaApyXWJM OCOOEHHOCTW M3JydyeHUs! B JEBSITU Ilepexojax B
KaXkKIOM TIOACOCTOSTHUHU. DTHU Mepexobl, HapsiLy ¢ HaOI0JaeMbIMU, MOTYT UTPaTh
BaXHYI0 poib s uaeHtudukaumun NH CN B actpopusnyeckux oObeKTax.

Kmouesbie cnosa ISM: monexyav,, NH,CN: A-kosppuyuenmor Jiinwmetina:
nepeHoc unyyeHus
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Using known values of rotational and centrifugal distortion constants in conjunction with
electric dipole moment of NH,CHO, we have calculated energies of rotational levels in the ground
vibrational state, and the probabilities for radiative transitions between the levels. The radiative
transition probabilities in conjunction with the scaled values of collisional rate coefficients are used
in the Sobolev LVG analysis of NH,CHO. There are some strong lines. For ortho-NH,CHO, we
have found one transition 1 -1, showing anomalous absorption and five transitions 6 ,-5,,, 7 ,-6,,,
716615 815~ 71> 845-7,¢ showing emission feature. For para-NH,CHO, six emission transitions 5;-4,,,

06~ 05> 707006 Bog~Taz> Dug-8uss 105,4-9y are found. Out of these 12 transitions, three transitions, 1,-

1w D954y, and 8 -7 ., are already found in the ISM. Other relatively weaker lines are also found
in the ISM. In addition to the observed lines, 9 transitions may play important role in the
identification of NH,CHO in a cosmic object.

Keywords: ISM: molecules: NH,CHO: Einstein A coefficients: radiative iransfer

1. Introduction. Formamide is a characteristic hot core molecule which is
quite ubiquitous in the interstellar medium (ISM). In the ISM, the most abundant
triatomic inorganic molecule is the H,O and the organic molecule is the HCN.
Combination of these two molecules gives the formamide (NH,CHO).

H, 0+ HCN — NH,CHO. (1)

Hence, we may say that the NH,CHO is quite abundant in the ISM. The
formamide plays a vital role in the prebiotic chemistry because it not only has
amide linkage within it but also has four out of six elements (carbon, nitrogen,
hydrogen, oxygen) which are common in all life forms [1]. Formamide also acts
as a multifunctional prebiotic cursor because of its capability to produce a panel
of low molecular weight compounds upon partial degradation, which later acts as
intermediates for the synthesis of bio-molecules (nucleic acids) and thereby
increasing the network of possible transformations [2]. Formamide may be
considered as the origin point for the prebiotic synthesis of both metabolic and
genetic species like amino acids, nucleic acid bases, sugars, and carboxylic acids.

For a colossal period of time, the prebiotic importance of formamide was
hampered to the synthesis of adenine alone [3,4]. Gentle heating of NH,CHO
at 160°C in the presence of catalytic amounts of alumina (ALQO,), calcium
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carbonate (CaCO,), silica (SiO,), and zeolite (Y type) yielded cytosine and 4(3H)-
pyrimidinone, alongside adenine and purine [5]. Thymine and adenine were
produced from NH,CHO in the presence of titanium dioxide (TiO,) [6]. Uracil,
cytosine, adenine and hypoxanthine were obtained by the thermal condensation
of NH,CHO in the presence of clays of the montmorillonite family [7]. Adenine,
cytosine and uracil were obtained by warming NH,CHO in the presence of
mineral phosphates [8,9]. The guanine is also synthesized from NH,CHO by a
combined UV-irradiation/thermal condensation process in the presence of phos-
phate minerals [10]. Irradiation (UV light) of NH,CHO on the surface of a TiO,
(001) single crystal at low temperature in ultra-high vacuum conditions showed
the formation of all five nucleic bases [11]. The isocytosine, cytosine, adenine
and uracil are synthesized from NH,CHO and borate minerals [12]. Finally, in
interstellar conditions, uracil, isocytosine and adenine are synthesized by heat
driven condensation of NH,CHO in the presence of Murchison material (mete-
orite) [13]. The peptide bond, -C(=O)NH- plays an important role in holding
together chains of amino acids. A recent study [14] states that out of all possible
simplest interstellar molecules having a peptide bond, formamide is having more
stability energy wise.

It is a planar molecule with electric dipole moment having components
n, =2.7 Debye and p, =0.85 Debye [23], showing that a-type transitions are
much stronger than the b-types. Therefore, in the present investigation, we have
considered a-type transitions.

In the ISM, the first detection of formamide was made by Rubin et al. [16]
through the transition 2,, — 2,, towards the direction of Sgr B2. Then, Gottlieb
et al. [17] found formamide towards Sgr A through its transition 1,-1,,. Other
a-type transitions of formamide found in the ISM are, 4,,-3,, 5,-4,,, 5,,-4.5, 5,540
532'4317 734'633’ 835'734’ 1019_918’ 1258_1157’ 404'303’ 422'321’ 523'4227 725'6247 72(,'625’ 744'643’
85 Tom 1059795, 11,-10,,, 11, -10,5 [18,19]. Though the p, is very small, the
b-type transitions, 163.14_162.15’ 827_716’ 173.15_172.16’ 343.31_342.32’ 183.16_182.17’ 284.24_28
19, ,,-19, s 20, ,-20, 5, 20, ,-19, , are found by Coutens et al. [20].

Because of its importance, the NH,CHO has been studied in terrestrial
laboratories from time to time [15,21-23]. In the present investigation, we have
used the rotational and centrifugal distortion constants of Motiyenko et al. [23]
derived in the S-reductions of Watson Hamiltonian in /" representation, given
in Table 1 (column 2). They have also derived the constants in A-reduction. We
have also optimized the formamide with the help of the software GAUSSIAN
2009, where we have used B3LYP method, and aug-cc-pVDz and aug-cc-pVI1z
basis sets. The rotational and centrifugal distortion constants thus obtained, are
given in columns 3 and 4 of Table 1. The coordinates of the constituent atoms
of NH,CHO are given in Table 2.

12° 142 132

325
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Table 1

ROTATIONAL AND CENTRIFUGAL DISTORTION CONSTANTS OF
NH,CHO IN MHz

Constant Experiment aug-cc-pVDZ aug-cc-pVTZ
A 72716.89840 (19) 68917.7431 69897.7677
B 11373.509642 (28) 11792.3951 11827.5278
C 9833.952804 (27) 10069.4321 10115.8128
D, 10° 7.761879 (23) 8.660732 8.758405
DJK-IO3 -67.83261 (43) -4.090403 2.360077
DK-IO3 1400.6906 (38) 1710.978520 1822.174884
d 10° 1.5757698 (38) -1.653967 -1.640637
d2~103 0.1116821 (18) -0.167524 -0.172708
HJ-IO9 9.3375 (57) 1.640266469 1.530744346
H - 10° -0.19637 (18) -7.078574333 -7.099341329
Hy,- 10° -5.7948 (20) 114.5500560 127.7877675
HK~106 80.679 (48) -0.3172925461 -0.3319796552
hy- 10° 4.5512 (18) 4.080127967 4.125254139
}12~109 0.8207 (16) 0.9139578507 0.9532567955
h3-109 0.17663 (30) 0.2675426213 0.2783410987
L, -10° -0.01208 (49)
LKKJ-IO9 0.4272 (29)
LK~1(1)29 -5.41 (16)
1,-10 -0.01296 (26)
Table 2
STRUCTURE OF NH,CHO MOLECULE
Atom Coordinates (A)
X y z
N 0.000000 0.533591 0.000000
H -1.827698 0.131735 0.000000
H 1.994731 0.641477 0.000000
C 1.138419 -0.018162 0.000000
H 1.271245 -1.096833 0.000000
(0] -1.033599 -0.412817 0.000000

Owing to the pair of hydrogen atoms, the rotational levels are classified into
two distinct groups: ortho species having odd values of k and para species having
even values of k. For known values of rotational and centrifugal distortion
constants in conjunction with electric dipole moment p, of NH,CHO, we have
calculated energies of rotational levels, and the probabilities for radiative transitions
between the levels. The radiative transition probabilities in conjunction with the
scaled values of collisional rate coefficients are used in the Sobolev Large Velocity
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Gradient (LVG) analysis of NH,CHO. Among the strongest transitions, for ortho-
NH,CHO, we have found one transition showing anomalous absorption and five
transitions showing emission feature, whereas for the para-NH,CHO, six emission
transitions are found. Out of these transitions, 3 are already found in the ISM.
In addition to the observed lines, 9 transitions may play important role in the
identification of NH,CHO in a cosmic object.

2. Radiative transitions. The a-type radiative transitions between rotational
levels are governed through the selection rules:

J: AJ=0,£1
k,.k,: odd,even <> odd,odd (ortho transition)
even,even <> even,odd (para transition).

For each of the ortho and para species, we have considered 120 rotational levels.
For ortho species, the levels are up to 173 cm™ connected through 440 radiative
transitions, whereas for the para species, the levels are up to 171 cm™ connected
through 446 radiative transitions. Using the experimental values of rotational and
centrifugal distortion constants, and electric dipole moment p,, the energies of
levels and radiative transition probabilities are calculated with the help of the
software ASROT [24].

3. Collisional transitions. Besides the radiative transitions, the levels are
connected through the collisional transitions. Though the collisional transitions do
not follow any selection rules, the calculation of collisional rate coefficients is a
difficult task [25-27]. Hence, we have used some scaled values of collisional rate
coefficients. These values are calculated using the method discussed by Sharma
et al. [28-30]. The background temperature of the cosmic microwave background
is Tbg=2.73 K. The LVG analysis is carried out in accordance with the procedure
discussed by Sharma et al. [28-30].

4. Model. In the Large Velocity Gradient (LVG) analysis, a set of statistical
equilibrium equations coupled with the equations of radiative transfer is written
as the following.

120 120

niZPij=ZniPﬁ i=12,..,120
j=l j=l

J#l J#I

2

where n denotes the population density of energy level and the parameter P is
as the following.
(i) For a radiatively allowed transition

(4, By 1,5 JBy + 11, €, i>J
Byl pe By + 11, Cy i<J

ijtv.bg

i
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(ii) For a radiatively forbidden transition
P./. =n HZC

)

i i
Here, A and B are the Einstein coefficients, C the rate coefficient for collisional
transition and 7, the density of molecular hydrogen. The escape probability f3
for the transition is
I—expl-1,
Blu = Bul =#
%

where optical depth t, is expressed as
.- he
Y 4n(dv, /dr)
where (dv, /dr) denotes the velocity gradient in the region. This is non-linear
set of equations.
The external radiation field impinging on the volume element, generating the
lines, is the cosmic microwave background (CMB) only, which corresponds to the
background temperature Tbg =2.73 K. The parameter Yy is expressed as

b

[Blunl_ Bulnu ]’

40K 100K 40K 100K
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T, 6 <6
o ~
2 2
10 10
'Ti 6 ui 6
o ©
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Fig.1. Variation of brightness temperatures 7, (K) versus molecular hydrogen density » ", for
kinetic temperatures 40 and 100 K (written at the top) for six ortho transitions (written on the
left) of NH,CHO. Solid line is for y = 107 em™ (km/s)”' pc, and dotted line for vy = 10 em™ (kmy/
s)" pc. Observed line is denoted by 7.
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Fig.2. Same as Fig.1, but for six para transitions (written on the left) of NH,CHO.

Table 3

FREQUENCY v, EINSTEIN A-COEFFICIENT A4 , ENERGY E, OF
UPPER LEVEL, RADIATIVE LIFE-TIME ¢ OF UPPER LEVEL AND
t, OF LOWER LEVEL FOR TRANSITION

Transition v (MHz) A, (s E, (cm’) 1, (s) 1, (8)
11, 1539569 | 2.768-107 | 2.8029706114 | 3.61-10° oo
6.-5., 131620401 | 1.552-10* | 174394042223 | 6.44-10° | 1.14-10°
7.6, 142696.619 | 2.014-10* | 21.1190145030 | 4.97-10° | 8.01-10°
7.6, 153435988 | 2.504-10* | 225539371688 | 3.99-10° | 6.44-10°
8.7, | 162951459 | 3.039-10 | 265507298012 | 329-10° | 4.97-10°
8§70 | 175190823 | 3.776-10* | 283936312768 | 2.65-10° | 3.99-10°
54, 105463.870 | 8.081-10° | 105702233953 | 1.24-10° | 2.46-10°
60,-5,. 126246790 | 1.407-10* | 147784497182 | 7.11-10° | 1.24-10°
To-6. | 146869617 | 2239-10% | 19.6741036029 | 4.47-10° | 7.11-10°
8.7, 167317.144 | 3.336-10* | 252513417429 | 3.00-10° | 4.47-10°
9,,-8., | 187582562 | 4.730-10 | 315040938197 | 2.11-10° | 3.00-10°

10,,,-96 207669.073 | 6.449-10" | 38.4263962419 | 1.55-10° | 2.11-10°
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y=n,, /(dv,/dr). Here, n . is the density of the species of formamide and
(d v,/ dr) the velocity gradient in the object. Equation (2) is a set of homogeneous
equations which does not have unique solution. In order to make the set of
equations inhomogeneous, the last statistical equilibrium equation is replaced by

the following equation, showing conservation.
120

Zni =Ny00 5
i=1

where n_ is the density of NH,CHO molecule in the region. Using the values
of radiative and collisional transition probabilities, each set of non-linear equations
is solved through iterative procedure where the initial population densities of levels
are taken as the thermal populations, corresponding to the kinetic temperature.

5. Results and discussion. For each of the ortho and para species of
formamide, we have considered a set of 120 rotational levels connected by radiative
and collisional transitions. The LVG analysis is performed using wide range of
physical parameters in order to include a large number of cosmic objects where
formamide could be detected. The molecular hydrogen density n,, is taken from
10 to 10’cm™. The kinetic temperatures 7 are 20, 40, 60, 80 and 100 K. However,
in figures we have given the values for 40 and 100K. The values of y[z Nyt | (dv,/ dr)]

40K 100K 40K 100K
10
6
@Q "‘3
> Yo 6
~ 4 v
2 2
6 10
S.4 T 6
' <
2 2
10
2.8
Y. 6 o
ey ~ 24
2 2.0
2 4 6 2 4 6 2 4 6 2 4 6
log(nHz/cm'3) log(nHZ/cm'3)

Fig.3. Same as Fig.1, but for six ortho observed transitions (written on the left) of NH,CHO.
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40K 100K

835'734
S

2 4 6 2 4 6
log(ny, /em™)

Fig.4. Same as Fig.1, but for three ortho observed transitions (written on the left) of NH,CHO.
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Fig.5. Same as Fig.1, but for six para observed transitions (written on the left) of NH,CHO.
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are taken as 10° and 10°cm™ (km/s)"' pc. Here, n,, denotes the density of
NH,CHO and dv,/dr the velocity /background gradient in the region. The
background corresponds to the temperature Tbg=2.73 K. A large number of lines
are found to be produced. We have taken 6 strongest lines of each of the species.

Fig.1 shows the variations of brightness temperatures 7T, (K) versus the density
of molecular hydrogen n,, for the two kinetic temperatures 40 and 100K (written
on the top) for six ortho transitions, 1 -1,, 6.5, 7,6 7,6, 8.7,
8,,-7, (written on the left). The transition 1,-1, has been found in the ISM
and shows the anomalous absorption. The rest five transitions are found to show
emission feature. Fig.2 is the same as Fig.1, but for six para transitions, 5 .-4,,,
60s-505s 70776060 8os= 7070 Y09~8pgr 104,0-9y9> Showing emission feature. Out of them,
two transitions, 5-4,, and 8,-7 . are already found in the ISM. The details of
these 12 transitions are given in Table 3. With the increase of kinetic temperature,
for the absorption line 1,-1,,. the depth of the trough is found to decrease and
shift towards a lower density. All emission lines are found to show a peak in
intensity. The position of the peak is found to shift towards a lower density with
the increase of kinetic temperature.

Other 18 observed a-type lines are found to have relatively weak intensity.
Results for these lines are given in Fig.3-6. The transition 2,,-2 , is found to show

40K 100K

2 4 6 2 4 6
log(ny, /em™)

Fig.6. Same as Fig.1, but for three para observed transitions (written on the left) of NH,CHO.
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anomalous absorption whereas other 17 are found to show emission. In addition
to 21 a-type observed lines, there are 9 strong lines which also may help in the
identification of formamide in a cosmic object.

6. Conclusions. For each species, by solving a set of 120 statistical
equilibrium equations coupled with the equations of radiative transfer, we find that
there are 9 strong lines in addition to 21 observed a-type lines which may help
in the detection of formamide in a cosmic object.
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COBOJIEB LVG AHAJIN3 MPEBUOTUYECKOMU
MOJIEKVJIbl - ®OPMAMUIA (NH,CHO),
OBHAPYXEHHOH B ISM

M.K.IHAPMA!, B.I.MAMIIATTA!, M.IHIAPMA?, C.HAH/IPA!

Hcnomb3ys n3BecTHBIE 3HAYeHMS KOHCTAHT BPalllaTeJIbHOTO 1 IIEHTPOOEKHOTO
JAMUCTOPCUII BMECTE C SJIEKTPUYECKUM AUNonbHbIM MoMmeHToM NH,CHO, wmbi
paccUMTaI 3HEPTHM BpalllaTe/IbHbIX YPOBHEH B OCHOBHOM KOJ1€0aTeIbHOM COCTOSTHUM
1 BEPOATHOCTU PAJMALIMOHHBIX MEPEXONOB MexXay ypoBHaMHU. B ananmusze NH,CHO
HCTOJIb3YIOTCS BEPOSITHOCTU paJIvallMOHHBIX MEPEeXOJ0B BMECTe C MaclluTabu-
POBaHHBIMY 3HAYEHUSIMU KOI(MDOUITMEHTOB CKOPOCTH CTOJIKHOBEHUI. ECTh HECKOJILKO
cubHbIX JuHMiA. [t opro- NH,CHO Mbl Hauum oauH nepexoxn 1, -1, mokasbi-
BAIOILMII aHOMAJIbHOE MOIVIOLIEHUE, U TIATh SMUCCHOHHBIX T1epexoioB 6,.-5 ., 7,.-6,,
7,665 8,57, 8,,-7,c- Anaa mapa- NH,CHO o0HapyXeHO HIECTh SMUCCMOHHBIX
NIEPEXONOB 35, 404, 6 =550 776465 8, 707, 99978455 10419-9- W3 aTHIX 12 mepexonon
Tpu nepexoxa, 1,,— 1”, s 404 u 808—707, yxKe obOHapyxeHbl B ISM. [pyrue
OTHOCUTEJILHO OoJiee cabble TMHUU Takke BcTpevatores B ISM. I[Tomumo Habi0-

05’
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JaeMbIX JIMHUM, 9 MepexomoB MOIYT UIpaTh BAXHYIO POJb B WACHTU(UKALIUU
NH,CHO B acTpodusnyeckux 00beKTax.

[N I e e e e e e )
S O P AANNDE PO —oOP®ITRAUN R L~

21.
22.
23.
24.

25.
26.
27.
28.
29.
30.

Kimouessblie cnosa: mosexynvi: NH,CHO: koagppuyuernmor Jiinwmenina A: nepenoc
U3NyHeHUs
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Non-singular Kiskal-like coordinates of some black holes space-times in f(R) gravity are
presented in this research paper, and are also removed by establishing Kruskal-Szekeres coordinates
for Non-extremal case. Carter-like coordinates can also be built for its extreme case.

Keywords: Kruskal coordinates: black hole in f(R) gravity: Carter coordinates

1. Introduction. In practical sciences, it is well-thought-out that physics is
the science of dimension. Thus, the position possesses the fundamental standing
in the centre of all the quantities. For this purpose, to calculate precisely the exact
place of some paiticles in space-time, a coordinate system (CS) is chosen. After
selecting a CS, a tag is given to all points in space-time geometry. As physics'
laws are invariant, selection of any CS will not create any issue, thus, to compare
quantities amongst the two different CS's, we required a collection of equations
related to the two different points assigned to a like point physically. These types
of connections are so-called coordinate transformations which use in two coor-
dinate systems. In physics, a very famous, simple and the popular CS is Cartesian
CS8, with three axes which are 90° to each other, familiarized as x-axis, y-axis
and z-axis. Though, it is not our best choice every time. Generally, it is the most
appropriate to select a CS that has alike symmetries with the model under
discussion. Hence, for the spherically symmetric models of physics, spherical
coordinate-system will be preferred selection. In that condition, again a point is
categorized by three tags (quantities), one shows the locus of a point from the
centre (distance) and the rest 2 are angular coordinates. Again the set of
conversions accorded and narrate as the indicators of a mark of one CS to the
indicators of the same mark in another CS.

General relativity (GR), cosmology and astrophysics envisage amazing
phenomena's like neutron stars, black holes and gravitational waves. Vast CS's are
implemented in the black hole physics for the purpose of removing physical
singularity. This is for the purpose to find various geometrical shapes of black
holes, see [1-3]. Not theoretically, the number of CS's is also used during practical
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field of solar-terrestrial relationship to point out the trajectory of different satellites,
locations of boundaries, vector field parameter etc. The requirement of more
coordinate systems is the arisen question here. Possible answers are, rarely different
physical techniques are easy to understand, experimental informatio's are properly
ordered, and also easy to manipulate in one coordinate system related to the other
CS's. Transforming from one CS to others is necessary for these situations.

By the invention of cosmic acceleration, the phenomenon of a black hole (BH)
has become the most interesting illustration with useful physical aspects. Two
important existences of vacuum BH solutions under the field general relativity (GR),
like uncharged Schwarzschild and charged Reissner-Nordstrom black hole.
Schwarzschild's space-time temporary singularity in (¢, ) coordinates, when r=2m
by Kruskal (or Kruskal-Szekeres-like) coordinates are defined to this space-time by
direct substitution of #=2m in metric's coefficients. After substitution we get a finite
number (+16m? / e) henceforth, at horizon, the coordinates become regular [4]. The
Reissner-Nordstrom BH when Q<m is singular at (»_,r ) in the coordinates
(¢, r). An appropriate redefine an analogue to Kruskal-like coordinates helped to
avoid these singularities [5], but unable to vanish both simultaneously. As far as
to use that analogue, two independent coordinate patches are required. Although,
the number of black holes (BHs) is present in Einstein's general relativity, where
the presented case is for non-vacuum [6-13] and needed further illustration.

The presentation order of the research article is as follows. Section 2, consists
brief introduction of important cases of some BH in f (R) gravity space time.
For a given space time, we also have explained physical as well as curvature
singularities. The proceeding subsections contain non-singular coordinates of the
non-extremal space-time cases. Also possibility of obtaining non-singular Kruskal-
like coordinates for extremal case is explained. Furthermore, we built Carter-like
coordinates for the extremal case of the BH in f(R) geometry. The last section
is reserved for the final summary and conclusion.

2. Some BH in f(R) gravity. The action of GR has been reformed to
enlighten the accelerative expansions of space and currently f (R) gravity stands
among a good plan reform of GR. It is because of the fact that f (R) gravitational
theory is capable of generating an accelerative expansion in a universe [14]. Besides
this, if a cosmological constant occurs, it does not possess measurable effects of
the most astrophysical phenomena's [15]. Nevertheless, the f (R) gravity can have
astrophysical significance. Actually, astrophysical significance are used to govern
different types of f (R) gravitational models. Thus, it became more exciting and
essential to learn astrophysical phenomena by means of f° (R) gravity. Some space-
times in f (R) gravity models are studied in [15] debated the constancy of f (R)
BH. Additionally, there are numerous claims in [ (R) space-time theory, i.e. active
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equation approach, gravitational waves, LHC trial, brans models etc.

In the last decade, thought-provoking models of f (R) gravitation are under
study and performances of particles bounded by a BH have been invented. The
Lagrangian essential for such a f (R) gravity model is,

d? (6oc2 )71 R+20." R,
where A be a cosmological constant, R is integration constant and o and d
are unrestricted constraints for the model under consideration. The condition
required at the astronomical scale agrees to R >> A and d 2(6(12)_1 R >>2a.. Using
these limits, we have

f(R):R+A+d2(6oc2)_lRlnR£. 2
The limit which is pertinent at the cosmological scale is R~d2<6(x2)_1R~A,
resulted f(R)=R+A. Using that limit, usually constraints the accelerating devel-
opments.

It is therefore stimulating to present a parameter f3=a/d in terms of which
both restrictions of the gravity have been discussed. Under that gravity, BH's
metric, having a mass M, is given by
1

ds* =— f(r)dt*+ f(r)dr2+ rdQ?, )
where f(r) is
f(r):l—z—MJr[Br— Ar? |
r 3

Now, take G=c=1 and focused on a unique case A # 0, describes some BH
in f (R) gravity. When we put f (r):O, we get three horizons of the gravity
and are denoted by r, r, and r.. By observing nature of roots, two different cases
will generate and are:

1) Non-extremal BH Space-time (NEBHST) which have 3 distinct, but real
roots i.e. r, r, and r,

2) Extremal Space-time like (EBHST) having real and repeating roots,
r=r=r.

At first, taking non-extremal BH Space-time. The absolute value of 3 roots

of f(R) are:
_ /82 m-n
r, 3 cos 3 4)

/ T+
= %cosTn, 5)
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_ 1820067
e =5 e85 (6)

where, m is the angle with 0<n<n and r, r, and r, represents the horizons
in f (R) gravity. Given Ricci scalar "R" of the gravity under consideration is

R=5%_4n.
r
Clearly it shows that r, r, and r, can be physical singularities. Now constructing

the 2" curvature invariants

_2[sp> —6rpA+2r2A°)

I, =R} > ™)
r
and
48M* 8% 8BA  8A?
L=R——+—F ———+—, ®)

r r r 8
confirm that they are physical singularities. Hence, we can try to build non-
singular coordinates of the space-time. By the roots, r, r, and r,, we express f (r)
as

I"—I”a r—r I”—I”c
)= e=r) o
r
2.1. Non-singular Kruskal-like coordinates for the non-extremal
BH space-time in f(R) gravity. For elimination of physical singularities,
we defining »* by

1 _ P (r.=1) .| (r.=r) P (ry=ra)
r*=|——dr=35|Inl—-1 +In|—-1 +In|— -1 ,
=2 . (0
where
5= & .
(rb_ra)(rc_ra)(rc_rb)
Then Eddington coordinates are
- ’ Ta (l‘cirb) ’ ~7 (rciru) r e (rb 7ru)
v=t+9d lnz—l +1HZ—1 +an—1 , (ll)
_ P = .o (r.=r) . (rp-r2)
u=t—9|Inj—-1 +Inj—-1 +In|—-1 .
r, 7 . (12)

Using Eddington coordinates, the usual BH metric takes the form

f(r) 972 92
as” =20 1= (@v2+du?)+2 L [dvd | + 4 2. (13)
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Using Kruskal-like coordinates, the usual BH metric will be as

2
ds’ = —@AE—SZ(NSZ —9r2)(%dV2+#dU2j+

(14)

) 21, 80,1, )/B ~21,8(r -1, B 21, 3(r,r, /B
WiO; ENZ%——l KA KA dVdU+r2d Q7 ,
4 A8 a|r, r, 7,
where

dQ* =d6” +sin0* d ¢

It is known that Kruskal-like coordinates [3] can't eliminate all the three
singularities simultaneously. To this gravitation geometry, we need two different
coordinate patches. First for regions 0<r<r, and r, <r <o, another for the regions
r <r<r. For 0<r<r, region, we define non-singular coordinates similar to
Kruskal's-like coordinates as ¥, = —aexp™/? and U, = aexp"?, where the retarded
coordinates [16] are v=r+7" and u=r—r", choose a=rrr, and B=2rrr3 .
The space-time metric (14), according to these coordinates will be as

=I5 o \avav?)-2aviau ]

(’h"’a)/”a’b (15)
+d Q.

(ro=r )y ~(r.=r, )rar.

.
L
rC

r
——1
Ty

R

ra

X

Clearly, singularity exists at r=r,, where

o= )/rar (5 =ra)/rars

(”c Ty )/’h”c

Vi==rnr. exp't/zrﬂrb"fgl—l 1 =1 , (16)
Va rb rc

|, (re=ry )7 . ~(re=ry )rar. . (1 =ra )framy

U, =r,nr. exp!23| L -1 : (17)
ra rb Vc

. 2r.=ny )frie . 2Are=r, )rar . 2ry=ra)/ratiy

VlUl =_(Varbrc)2{__1J (__lj {__IJ (18)
Va rb Vc
and
t=2r,nr. Stanh ™ M
=,

As r—r, or r,, (VI,UI)—> 0, although in metric (15) singularity still exists at
r=r, This coordinate system cover regions 0 <r<r, and 7, <o of the whole
manifold. A CS, analogous to Kruskal-like coordinates for r <r<r regions are
v, = aexp”? and U, =—aexp ?, where the recent and retarded coordinates are
v=rt+r" and u=¢-r", choosing a=rnrr, and B=2rrr. 5. The space-time
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metric (14) then takes the form as

ds” = %[(A%z +9r2 \avi+ du?)-2av,aU, |x
~(re=n 1. (ro=r)frare

(ry=r ray
L +2d Q7 (19)

rL’

,
——1
Ty

R

r[l

X

This is non-singular at r=r, and r=r, where
(o= )rar ~(ry=ra rats

) (20)

~ —(’c Ty )/"b’c
t/2rﬂrbrc 3 L _ 1

T

,
——1
Ty

L

T

V, =r,rr.exp

(=13 )/ (re=r /rar (= )/ramy

U, ==rnr. expft/zrﬂrb"fgl—l LA - , (21)
7y Ty e
- =2 =1 )y, p 21,1, ) p =2y =1, )rum
VU, =—(rarbrc)2[——1j [——1J (——lj (22)
ra rb rc
and
t=2r,nr, Stanh ™ M
,—U,

As r—r, and r—>r., (V,,U,)—0 but singularity still exists at the horizon
r — 1, in the metric (19). This coordinate system V), U, only covers the region
r <r<r, of the whole manifold.

2.2. Kruskal-Szekeres like coordinates for the non-extremal BH
space-time in f (R) gravity. Now introducing space-time coordinates for
0<r<r, and r,<r<o regions as in [17]

& =V+U,, n=N-U,.

These coordinates transforming the metric (15) to

ds? = _L(V)z[(yg —or2-1)ag? + (A5 —9r2-1)a nf] %
vt A
(=r )t (23)

(re=r /1. (o= )/rar.

R +dQ?,

T

,
-1
)

R

T

X

where

t - (rc ) )/2 Tple 7(rc T )/2 Tale r (rb T )/2 Taly
) ——1

7,

c

r
R
Ty

LA

ra

&, =r,nr,sinh [2

TalpTe

(rc ) )/2 Tple 7(rc T )/2 Tale (rb T )/2 Talp
r

KA.

I

c

r
RAN
Ty

t ~
M, = r,n,r, cosh S ||=—1
2r,nr, ,

a
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Their inverse transformation is

t=2rnr, Stanh™ i
Ui
g, and m, are relating to r by
r (rL‘ 7rb )/ rb rf r 7("( 7"0 )/ r(l rf r (rb 7"0 )/ rﬂ r[?
— =\r,nr.) |—-— — — — -
é]z n12 ( a'b 0)2 1 1 1

7, 7,

a c

Again, introducing space-time coordinates for r, <r<r, regions [17].
& =n+U,, n,=V-U,.

Transforming the metric (19) by using above coordinates as:

ds* = _L(V)z[(Azg - 9r2—1)d 2+ (Azg - 9r2—1)d n%]x

rnr, A
- (=1 )y - (re =7 frar. - ~r=r)fran, (24)
x|——1 ——1 ——1 +dQ?,
Ta Ty e
where
T R I O L I R T
&, =r,nr.sinh S |l—-1 ——1 ——1 ,
21,17, 7, 7, 7,
t - r 7("( ) )/2 Tple r (rc T )/2 Tale r 7(rb T )/2 Talp
M, = 1,17, cosh o |—-1 ——1 — —1
2r,nr, r, 7, r,

Their inverse transformation is

t=2rnr, Stanh™ &_2
M2

€, and n, are relating to r by

- (rf - rb )/ rb rL‘ (rf - rﬂ )/ rﬂ rL‘ - (rb - r(l )/ r(l rb
KA

rC

r
RAR
Ty

&é _Tlg :(rarbrc)ZL_l

a

2.3. Compactification of Kruskal-Szekeres like coordinates for the non-
extreme BH space-time in f(R) gravity. Now defining the compactified
coordinates for 0 <r<r, and r, <r<oo regions [17].

G = tan” (E.:l +mn )+ tan”! (‘31 - ),

%, = tan” (‘31 M )_ tan_l(‘il - )
and for the region r <r<r, are defined as

G, = tan'l(§2 +nz)+tan'l(§z _le)»
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X2 = tan'l(ﬁz + T]z)_ tan'l(§2 - nz)-
They implicitly relate with these coordinates and r as

r (r( 7"[7 )/ rb rL‘ ’/- 7("( 7"“ )/ rLI rL‘ ’/- (rb 7r(l )/ r(l rb
-ny =rnr)|—- —— — - =
l2 T]lz a'b'c ? 1 1 1
a Ty e
_tan Ci+x tan G — %
2
and
P ~(re=n, )yt - (re=ra)rare - ~(ry=ra }rars
ag_ngz(rarbrc)z__l —-1 —-1 =
a ) Te

_tan G+ tan Co — %2 ‘

Compactified Kruskal-Szekeres like coordinates shows the geometry of NEBH.

2.4. Non-existence of Kruskal like coordinates for the extreme BH
space-time in f(R) gravity. For EBHST case, transforming metric (3) to
1

(r)

ds* = —h(r)de*+ dr2+r2(d 0” +5sind’ d(pz), (25)

where A(r) is

3r
In metric (25), singularity exists at »=0 and r=r, the former being an essential
and the latter a coordinate singularity. To avoid the coordinate singularity for an
extremal space-time, one defines " as

rt= J‘ﬁdr. (26)
The recent and retarded coordinates [16] are (v, u) as v=t+r" and u=t—r".
Then, the Kruskal-like coordinates (¥, U) are V =oexp” and U =-aexp ™
having o,B be constants. r* for EBHST's geometry will be
. = 3(2 r— re)
Ty @)

r

Here, a type of singularity, named as pole divergence, unlikely non-extreme
geometry, and all four are logarithmic divergence there. One more key difference,
namely that for non-extreme geometry. The singularity is at 2 various values of
r, but for extreme case, singularity exists at »=r. For non-extreme space-time
the singular point can be vanish by setting appropriate values of . But in extreme
space-time, the singular point can't be vanished through ordinary procedures. It
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is because the extreme metric for Kruskal like coordinates (V, U) will be

2 Br=n) ey 2(702 2402
ds =—3—zeexp rer )/ Blr=re dvdU+r (de +sin0” d ¢ ), (28)
o r
where singularity exists at = r,. Hence, Kruskal like coordinates have no use in
extremal case.

2.5. Non-singular Carter-like coordinates for the extreme BH
space-time in f(R) gravity. Now introducing Carter-like coordinates for
getting rid of coordinate singularities [18].

a1V aqw a1V aw
\VZtal’ll?-f'COtl?, éztanl?—cotl—,

t
where v=t+r", similarly w=—¢+r" having r* as

. (r— 7, )3 — 3(2 r— re)
r :I 3, dr = 2(r—re)2 .

The following coordinates (y,&,0,¢) transformed the line element (25) to

2 3
as? == 2wl "’f[dqﬂ —dg? ]’ (a0 +sin0d?).  (29)

127 2
Here v and & can be relating with radial parameter as
tanw+§+cot\u—é+3(2r_r‘;)=0.
2 2 l(r—re)
We can find the determinant of (23) as:
4.2 6
. __Ir 1(24%) sec’ W;écsc“ "’2 S in%6, (x,y=0,1,2,3), (30)
where
22 2
sect Y5 _ 1+ =[1+i2(z+r*)2) : (31)
2 / [
2\? 2
csc? Wzaz(HV;—ZJ :(1+li2<—t+r*)zj } (32)

We get a finite determinant if » -7, and y — &, like the extreme case of BTZ
BH. Also the metric (29) becomes non-singular at r=r, Hence Carter-like
coordinates vanishes the coordinate singularity of the EBHST.

3. Summary and conclusions. In our observation, all the three singularities
can’t be removed at a time by single coordinate patch through Kruskal-like
coordinates. For gravitation geometry, we need 2 distinct coordinate patches. First
is for the regions 0<r<r, and r, <r<oo. Similarly for the next patch, the region
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is r <r<r. By compactified Kruskal-Szekeres like coordinates, not only we can
remove coordinate singularities but in future be able for retrieving of space-time
diagram of the whole NEBHST. It also revealed that Kruskal-like coordinates are
unable for removing singularity at r=r, of EBHST's geometry. We try to resolve
Einstein's equations related to this case, but couldn't successful till now. Our efforts
show that EBHST metric can't be transform to a desired form such as in rotating
BTZ BH case [17]. Anyways, that can't be shown formally, hence the results
couldn't be relevant. Although to keep the metric away from physical singularity
of EBHST, we are successful to build non-singular Carter-like coordinates, regular
for extreme case only.

Department of Mathematics, COMSATS University Islamabad, Wah Campus,
G.T. Road, Wah Cantt. 47040, Pakistan, e-mail: jawwadriaz@yahoo.com

HECUHIVIAPHBIE KOOPAMHATBI HEKOTOPbBIX
YEPHbIX AbIP B f(R) TPABUTALIUN

C.M.Ix.PUA3, P.XYCCEVH

B crarbe mpencTtaBieHbl HECHMHTIYISIpHbIE KoopaumHaThl Tuma Kpyckana
MIPOCTPAHCTBA-BPEMEHN HEKOTOPHIX YePHBIX IBIP B TpaBUTAIM [ (R) CuHry-
JISPHOCTU KOOPAMHAT MOIYT OBbITh YHaJeHbl IMyTeM YCTaHOBJIEHMSI KOOpPAMHAT
Kpyckana-Cekepela s HEOKCTpeMaJIbHOIO ciydast. i1 SKCTpeMaJIbHOTO Cityvast
MOTYT OBITh TTOCTPOCHBI KOOpIWHATH THIa Kaprepa.

KitoueBnie cinoBa: Koopdunamer Kpyckana:uepnas oOvipa 6 epagumayuu | (R)
Koopounams Kapmepa
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In this paper, we have studied Friedmann-Robertson-Walker space-time in the presence of
domain walls in the framework of AG) theory of gravitation. We propose the generalization of
linearly varying deceleration parameter. It is observed that the universe is accelerating and expanding.
The values of state finder parameters are close to ACDM model. Some physical parameters of
the obtained models are discussed in detail.

Keywords: Domain walis: FRW, f (G) gravity

1. Introduction. Einstein's general theory of relativity (GR) laid foundation
of theoretical cosmology whereas observational cosmology is boosted by the work
of Hubble. Hubble has pointed out that galaxies are moving away from each other
i.e. the universe is expanding. The present observational data indicate that the
expansion of the universe is accelerating. The accelerated expansion of the universe
could not be explained in the background of general relativity. In addition to this
general theory of relativity has singularity problem. Hence, modified theories of
gravitation are proposed by replacing R in the Einstein-Hilbert action. When R
is replaced by f (R) in Einstein-Hilbert action, the resulting theory is known as
f (R) theory of gravitation [1]. Very recently Harko et al. [2] have constructed
a generalized f (R,T) gravity where the gravitational Lagrangian is given by an
arbitrary function of the Ricci scalar R and of the trace 7 of the stress energy
tensor. The fi (G) is another modified theory of gravitation which is obtained by
introducing the Gauss-Bonnet curvature invariants G. In the framework of the
7(G) theory, one can construct viable and consistent models with local constraints
of General Relativity. The curvature invariant G can avoid ghost contribution and
contribute to the regularization of the gravitational action [3]. Recently, various
cosmological models have been constructed in the f1 (G) theory for various physical
fluid. Capozziello et al. [4] have discussed Noether symmetry approach in the
context of the f (G) cosmology. Myrzakulov et al. [5] have studied cosmological
solution on the ACDM model in the f (G) gravity. Dadhich [6] has coupled
four dimensional space time with Gauss-Bonnet gravity. Bamba et al. [7] have
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explored bouncing cosmology in the f (G) gravity. Kang et al. [8] have obtained
static spherically symmetric star in Gauss-Bonnet gravity. Katore et al. [9] have
discussed string bulk viscous cosmological models in the f(G) theory of gravitation.

Early stages of evolution of the universe has been an active field of investigation
in recent days. It is assumed that, the universe has gone through the various phases
of transition. In the phase of vacuum domain walls are formed which may possibly
have survived to the present day. Topological defects play an important role in
the formation of the large scale structure of the universe. Recently, domain walls
have been received considerable interest. Katore et al. [10-12] have studied domain
walls in various context. Reddy et al. [13] have studied domain walls and cosmic
string in Bimetric theory. Press et al. [14] have investigated dynamical evolution
of domain walls in an expanding universe. Tiwari [15] have obtained transition
of the 5D perfect fluid universe in f (R,T) theory of gravitation.

In view of high energy physics, string theory is a valid modification of GR.
Gauss-Bonnet (GB) is correction to GR where GB terms in four dimenions has
no dynamics. In order to affect the GB terms on the Friedmann equation, we
require that couple GB term with matter field or to add it by a non-linear form
f (G) [16]. In f (G) theory the 6 primary constraints coming from the higher
derivative modes in the action generates only 5 secondary constraints and the
Hamiltonian still remain linear in the trace momentum. The Ostrogradsky mode
possesed by the f (G) theory is removed by adding kinetic term for the scalar
field in the action which result in generation of 6 secondary constraints and total
number of degree of freedom remain same. This makes f (G) is classically
equivalent to some Horndeski Theory [17-19]. In the literature, it is found that
f (G) has ability to describe the inflationary era, transition from deceleration to
acceleration epoch and crossing of phantom divide line [20,21].

The above discussion motivated us to study domain walls in the f(G) theory
of gravitation. The main purpose of this work is to present generalization of
linearly varying deceleration parameter proposed by Akarsu and Dereli [22]. The
paper is organized as follows: in section 2, we present metric and field equations.
In section 3 and 4 we obtain the solutions of the field equations. In section 5,
we conclude our discussion.

2. Metric and field equations. Recently, the detection of gravitational
wave by the LIGO-VIRGO placed the constraints on higher order gravitational
theories. Jana and Mohanty [23] have been obtained bounds on f° (R) such that
|#'(Ry)-1<3-107 where R is the curvature of the universe at present. In the
light of the GW170817, the constraints for f° (G) gravity are p; =0, equation
of motion and f,,.>0 [24]. Besides it was shown that there are some viable f(G)
models that can pass the solar system test [25-26]. The action of the f (G) gravity
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is given by the following equation

5, =L [[Rs AOINg v+ 5, (&7 o). m

where g is the determinant of the metric tensor 8 1> =8n G,, G, is the constant
of Newtonian, So is the action of matter. The matter is minimally coupled to the
metric tensor & which means f (G) is a purely metric theory of gravity, ¢ represents
the matter field. The f (G) is an arbitrary function of G which is given by

_p2 if ifpv
G=R-4R;R"+R; R™ )

where R is the Ricci scalar, R; stands for Ricci tensor and R;,, denotes
Riemannian tensors. Varying the action (1) with respect to the metric g; we obtain

the field equations as

1
R;~ ERgi/' +9 [Riujv+ R,;8i=Rn&i—Rig t Rivg
(3)

1 v
+5R(Ri/guv_givgju)ilvuv +(GfG_f)g;'/ =LT;,

here vV denotes the covariant derivative and f; stand for the derivative of f with
respect to G. Many cosmological issues like cosmological inflation, late time
acceleration of the universe are explained in the framework of scalar field.
However, modified gravity models with geometry-matter coupling play a vital role
in completer explaining the late time acceleration not only from geometrical
contribution but it is also depended on the matter content of the universe.
Moreover, they can provide alternative explanation of dark energy. These models
describe gravitational dynamics that usually assumed and are useful for connecting
the classical and the quantum worlds. The stress energy tensor 7 in the
gravitational action may be due to quantum effects or of some imperfect quantum
fields [2,27]. Friedmann-Robertson-Walker is the simplest homogeneous and
isotropic model of the universe. It is a good approximation of the present day.
We consider the Friedmann-Robertson-Walker (FRW) cosmological model in the
following form;

dr?

1-kr

2

ds” = dﬂ—sz( +72(d 0 +5ind? d¢)J. @
In FRW space time, the angles 0<0<n and 0<¢<2n are the usual azimuthal
and polar angles of spherical coordinates. The k represents the curvature of the
space. It has three different values. When k=1 the radius is finite and the universe
is closed. When k=0, the universe is flat and when k= -1 the radius is infinite
or imaginary corresponding to open universe [28]. Pradhan et al. [29] have
presented general solutions for domain walls in Lyra geometry. Khadekar et al.
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[30] have studied Kaluza-Klein type FRW cosmological model with domain walls.
The Ricci tensor and Gauss-Bonnet invariant are obtained as:

Kk S? S
R——6|:S—+S—+E:|, (5)
. . e
_Jsz +24kS ‘25, (6)

where over dot denotes dlf‘ferentlatlon w1th respect to . The energy momentum
tensor of domain walls is given as

Tij=p(gij+uiuj)+Puiuj' 7)
Based on the standard model of particle physics, it is believed that when the hot
early universe cooled and expanded, the field would have settled down to single
values within extended regions. The boundaries of those different regions would
be the domain walls. The 7, of domain walls contain normal matter p, and
pressure P as well as tension o, with the relation P=P,-c,, p=p, +0,
satisfying P, :(y—l)pm, 1<y<2. For the line element (4) with the help of
euations (3) and (7) we have the following set of field equations.

k S* 8§ _ SS. ko S?
?+?+2§+16?f6—8|:— :|fG+GfG f Lp (8)
koS k
38 432 o4l Ky +Gfe f=—LP.
S S2 |:S2 :|fG fG f (9)

Very recently, Houndjo et al. [31] have presented solutions for cylindrically
symmetric metric in (G) theory of gravitation. Sharif and Ikram [32] have
explored warm inflation in the background of f (G) theory of gravitation. Atazadeh
and Darabi [3] have studied the viability of an alternative gravitational theory
f (R, G). Sharif and Fatima [33] have discussed role of Gauss Bonnet term for
the early and late time acceleration phase of the universe in f (G) theory. Garcia
et al. [34] have studied f (G) gravity and the energy conditions. Here, we have
two equations in four unknown. Now, two more conditions are required to solve
the system of equations. Firstly we assume that

f(G)=a G (10)

where o, are arbitrary constants. Secondly, we assume varying deceleration
parameter as

g=-5 —bfo)-1. (11)

The law of variation for the Hubble parameter that yield a constant value of the
deceleration parameter is proposed by Berman [35]. Akarsu and Dereli [22] have
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presented generalized linearly varying deceleration parameter (LVDP) which is
generalization of Berman [35] law. In this work, we generalize the linearly varying
deceleration parameter given in equation (11). If we take b(t): at—m , we get the
LVDP proposed by Akarsu and Dereli [22]. Equation (11) further leads to

s___ 1
S [b(e)dr’ (12)

Akarsu et al. [36] also proposed hybrid law of expansion to obtain the solution
of the field equations. In this paper we investigate state finders defined as follows:

.5
r= (13)
r—1
SZ—I.
3[q—2j (14)

Sahni et al. [37] have introduced a new geometrical diagnostic pair for dark energy.
It is called state finder pair »*,s. It is constructed from scale factor S and its
derivatives up to the third order. In this pair »* is natural extension of Hubble
parameter and deceleration parameter g whereas s is a linear combination of 7”
and ¢. For spatially flat universe in the LCDM the pair corresponds to a fixed
point (S,r*):(O,l). In this paper we would like to discuss physical parameters
such as lookback time, proper distance etc. The time travel of photon from the
source at instant r* and destination at time 7, is given by -7, and we call it
as photon travel time or look back time. It is defined as
t—ty = Sd—.s
3 (15)

So
where S is the present value of the scale factor of the universe. The redshift Z
can be given by the equation

S
1+Z=?°. (16)

The distance travelled by photon from a source to receiver is a proper distance
and is defined by

D=5 [ (17)

3. Case I. In this case we assume the following form of the function b(7)
b(t) =—sech’z. (18)

The deceleration parameter and scale factor are obtained as
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g =sech? -1 (19)

S =sinht. (20)
It should be noted that the sign of the deceleration parameter indicate whether
the universe is accelerating or decelerating. Positive sign corresponds to decelerating
universe whereas negative sign indicate accelerating universe. It is clear that the
deceleration parameter vary from positive to negative values. The universe was
decelerating in the past and accelerating at the present (see Fig.3). The scale factor
is increasing function of time. The Gauss-Bonnet invariant G is found to be

12k
2

G= [coth? £+ 2]+ 24coth? Q1)

sinh~ ¢
The energy density p, Pressure P and tension of the domain walls o, have the

following expressions

d, sinhi—dycoshs 96cosh” 1+ 481, (3 +2sinh? t)}

L, =d+1L,G""
P b { sinh®¢ sinh*¢

ds . de 4 } (22)

+ofGP—d G‘H[—
4 sinh'®z  sinh®z  sinh®¢

12 ki, cosh ¢ N 48cosh* ¢

LP =-31,-31,1,G*!
2 23 { sinh ® ¢ sinh* ¢

} ap G 23)

Lo, —dy+d, Gﬁl{(y—l)(dz sinh — dy cosh)+ 36 k1, cosht _dy+ dyq sinh’ t}

ysinh® ¢ sinh* ¢

(y-1)d, N (y—1)d, cosht N (y—1)d; cosh? t} (24)

+op G+ d G
g ¢ ysinhlo t ysinh8 t ysinh6 t

where
I, =1+ 2coshz+3sinh*¢, [, = .kz +cosh’z, l3=80LB(B+1),
sinh~ ¢
dy=2+1,, d,=24kll,, dy=1024k+1,), d,=05B-1),
do =144kl , do=1152ki0,, do=23041,, dg=27"1+ hir+2)
¥ Y
dy =96(1—v)+144k(2—7), d,y =2401,+96-96y-961, 7.

From Fig.1, it is observed that energy density is positive only for k=1. It
is zero for k=0 and negative for k=-1. The tension of the domain walls is positive
in the early stages for k=1, -1 which tends to zero at later time and therefore
the domain walls will be vanished in the far future (see Fig.2), which is as per
the expectations of Zeldovich et al. [38]. The o, is zero throughout the evolution




FRW DOMAIN WALLS IN f(G) THEORY OF GRAVITY 125

x101
k=0
k=1
1 k=-1
2
‘B
c
9]
© 0
>
o
@
c
i
-1
0 0.2 0.4 0.6 0.8 1.0
Cosmic time, t
Fig.1. Plot of energy density with cosmic time.
x10%
k=0
% 2 k=1
z -
c
©
S
o)
© 1
°
[
.0
(2]
&
[ 0
0 0.2 0.4 0.6 0.8 1.0

Cosmic time, t

Fig.2. Plot of tension of domain wall with cosmic time.

for k=0. Since energy density is negative for k=-1. We are not interested in
this case. The model is in favor of closed universe. It is important to note that
in our earlier study of domain walls in f(R,T) theory we found that the
possibility of closed universe model is declined and model is in favor of flat and
or open universe [10]. In self creation theory in case of FRW space time, it is
found that the energy density tends to constant at large time [39].

3.1. Physical parameters. The look back time, Hubble parameter, proper
distance, luminosity distance, and a pair of state finders are obtatained as follows:
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inh ¢
{—t, =sinh™ Sty —coth™(H,
0 [ — (H,) (25)
H = cotht (26)
tanht—0
D =sinh¢, log
tanh— (27)
2
tanh
J - sinh” £, o i
Yosinhe T (28)
2
#* =tanh? ¢ (29)
_ 2
=T (30)

3(2 —3cosh? t)

The Hubble parameter is decreasing function of time ¢ The rate of expansion
of the universe was large in the early stages of evolution of the universe and at the
present the rate of expansion is decreasing. The »* start from zero and tends to 1
with increasing time whereas s is negative throughout the evolution of the universe.
From Fig.4 we see that (s, ") varies from (0.003, 0.98) to (0, 1) which corresponds
to flat ACDM model in state finder plane. From Fig.5, it is clear that (g, ") varies
from (-0.98, 0.98) to (-1, 1) which corresponds to steady state universe.

4. Case Il. In this case we assume the b(7) in the following form

1
blt)=——.
(t)=—> (31
The scale factor and deceleration parameter are obtained as
S=1¢ (32)
-1 33
9=-7 (33)

The deceleration parameter is negative i.e. the universe is accelerating. The scale
factor is increasing function of the time. The Gauss-Bonnet invariant have the
following expression

24k 48k 192
T e T (34)
The energy density, pressure and tension of the domain walls have the following
expressions

G

8 k Bl 2| b Ko ks ke ks ke ki K
Ly =5+ +aBG T+ af(B+ )67 ot 5 - - - (35)
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112 L [148k 288k 768
LP:—3kt—4—t—2—aBGB“—6aB(B+1)TGB 1[ 5 +t—8+t—6} (36)
Lcsd=4(21/;r1)+k(ytz)+0LBGB+1
v vt
pa Y=l kK ky kg ks kg kg
+ap(B+1)G —L1—8+t1—7 PR (37)
ol o | M8k 288 T
i t t t
where
k4 >
T=8 —+—|, k =(-227828-21904TB+209047T )k’
t t

ky = k*(85248T(1-B)—897024), k, = (5428 —82944B)k>T— 884736k ,
ky = (2998272 +103488kT )k, ks =227328kT—96768k*T— 227328k PT— 5898240,
kg =91392kT+221184kPBT, k, =571398kT+ 9437184, ky = 589824B T+ 1474567 .

From Fig.6, 7 we found that the energy density was large in the past and
it is tends to constant at the present for k=1, -1. It is similar to the result
obtained by Caglar and Aygun [39]. The universe may be steady state in the future.
The domain wall tension was positive and large in the past which conforms the
existence of the domain walls in the early universe. The term o, tends to zero
as Z — -1 which is as per expectation of Zeldovich et al. [38].

4.1. Physical parameters. We obtain look back time, Hubble parameter,
proper distance, luminosity distance, and a pair of state finders as follows:
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Fig.6. Plot of energy density with redshift.



FRW DOMAIN WALLS IN f(G) THEORY OF GRAVITY 129

0.5 [ =1 T T T 7\
_ k=-1
g 0.4
c
‘©
g 0.3
o
©
° 0.2
.0
(2]
Kz 0.1
0
-1 -0.5 0 0.5 1 1.5
Redshift Z
Fig.7. Plot of tension of domain wall with redshift.
2 12
t—ty =—|1+2)"* -1
o o2y -] (38)
2
== (39)
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4
tHh11 1
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L=5 LO t} (1)
]/’* = 0 (42)
s=1 43
3 3)

The Hubble parameter is decreasing function of time. Therefore, the rate of
expansion of the universe is slowing down with increasing time. The state finder

pair has fixed value ie (',s =(O, 1/3) which is the quiessence model of the
universe.

5. Conclusion. In this paper we have studied Friedmann-Robertson-Walker
space time with domain walls in the context of f (G) theory of gravitation. We
have investigated two different cases in which we have following observations:

1. In the case I, the model is in favor of closed universe. The behavior of
term o, indicate that the domain walls exists in the early epoch of the universe
which vanish at the present. The value of a statefinder pair (7,s) indicate that
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the universe is at like ACDM model whereas the pair (7", ¢) indicate the steady
state universe.

2. In the case 1I, we find that the energy density as well as tension of domain
wall behave alike. The universe may be closed or open. The energy density was
large in the past and tends to constant in the future whereas tension of domain
walls was large in the past and tends to zero as Z — —1. Thus, domain walls
exist in the past and will be zero in the future. We have p — const when Z — —1.
The universe may be steady state in the future. The statefinder pair (#*,s) is
constant which shows the quiessence model of the universe.

3. The Hubble parameter is decreasing function of time i.e. the rate of
expansion is decreasing with increasing time.

4. It is important to note that in both the cases we have g is negative therefore
the universe is accelerating

5. The look back time, proper distance, luminosity distance have also been
calculated.

In the summary of two cases we found that the universe may be steady state
in the future. The domain walls was exist in the past and vanish at the present.
The universe is expanding and accelerating.
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FRW JOMEHHbIE CTEHKHN B
MOINDPULITMPOBAHHOU TEOPUU T'PABUTALIMU f(G)

C.A.KATOPE!, C.I1.XATKAP?, I1.C.AYIXE?

B cratbe uccaemyercst mpocTpaHcTBO-BpeMs Dpunmana-PobepTcoHa-Yokepa
MpY HATMYMU JOMEHHBIX CTEHOK B paMKax f’ (G) -Teopum rpaButaumu. [Ipemiaraercsa
00001LIeHNe TMHEITHO U3MEHSIoNIerocs mapaMeTpa 3amemieHus. OTMedaercsl, 4To
Bcenennast yckopsieTcss M paclumpsieTcsl. 3HaUYeHMs ItapaMeTpa {r, s} OJIM3KU K
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Moaean ACDM . IToapo6GHO 0OCyXaaloTcsl HEKOTOPhie (DU3NUYECKHE MapaMeTphbl
TOJIYYEHHBIX MOJICJICH.
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ACTPODODHMUI3NUKA

TOM 64 @OEBPAJID, 2021 BBIIIVCK 1

I'EHEPALINST HAHOBCIUIECKOB B U3JIVIEHNHA
ITVIIBCAPA B KPABOBHUJHOHU TYMAHHOCTHU

I'"'MAYABEJIA!', 1. MAJIOB?, I TOTOBEPU/ISE!, H KEBJIMINIBUJIN!

ITocrynuna 7 aerycra 2020
Ilpunsara k meuatu 23 mexabpsa 2020

Hccnenosana minammika apeitdoBBIX BOMH B SJCKTPOHHO-IIOSHTPOHHOH ILTa3sMe MAarHHTO-
chepor mynbcapa. [lokasaHo, yro HeymHeliHoe B3auMopeicTBHe ApefidOBbIX BOJMH € YaCTHIIAMH
IJIa3MBI TIPUBOIHUT K OGPa30BAHUI0 MENKOMACIITAOHBIX CTPYKTYP. LIMKIOTpOHHAsA HEYCTONYHMBOCTD,
BO3HUKAIOWAsT B 3THX CTPYKTYpaxX, MOXeT OBITH HPHUMHON 06pa3oBaHHs HAHOBCIICCKOB,
O0HAPYXKEHHBIX B PagHOH3NIYyYeHUH MyJbcapa B KpaGoBHAHON TYMAaHHOCTH.

Kniouepwie citoBa: nysecapui paducussyienue: Kpabosudnaa mymannHocms

1. Bgedenue. KpabosunHas TYMAHHOCTh 9BISETCS YHHKANILHBIM OOBEKTOM
B Hamel Iamaktuke. OnHUM U3 €€ 3araflOMHBIX CBOMCTB ABNIETCS OCOOEHHOCTH
mwinydeHng nyabcapa PSR 0531421, koropwiii pacmonoxen B KpabosumnHoii
TYMaHHOCTH. B 9acTHOCTH, AaBHO H3BecTHO [1], 4T0o M3NMydeHHe 3TOro Mmyjabcapa
B pajiMoO, ONTHYECKOM, PEHTTEHOBCKOM W TraMMa-IHala3oHaX TeHepupyercd B
onmHOi1 B TOH e 00/lacTH MarHUTOC(hEePhl, KOTOPas PacHoNOKeHa BONU3H CBETOBOTO
IHIHHAPa (THINOTETHYECKOM MOBEPXHOCTH, HA KOTOPOM CKOPOCTh BPAIICHHUS
MATHATHBIX CHAOBBIX IHHAH CTAHOBHUTCS PaBHOM CKOPOCTH cBeTa). OObSICHEHHS
a1oro ¢akTa SBIIETCA OAHON M3 OCHOBHBIX 337124 OO0 MONENH PagHON3IyICHHAS
nyascapos. CyIIeCTBYIOT HECKONBKO MOJeNeH paAuous3iyde s myabcapos [2-0],
HO 0 HACTOSAMICTO BPEeMEHHM HH ONHA W3 HHX HC CMOIJIA IONHOCTHIO OObICHUTH
HMeIoIMecsd HAONIOneHns.

OnuH 13 BO3MOXHBIX MEXaHH3MOB PaAHOHM3NYYCHHS NyJAbcapa aHANIOTHYCH
MEXaHHu3My, OTBETCTBEHHOMY 34 CONHeYHble paAmnoBciiecku. JIByxmorokosag
HEYCTOMYHBOCTh MEXIY HEPBHYHBIM 3JCKTPOHHLIM IIYYKOM H 3IJIEKTPOHHO-
MO3UTPOHHON nnasMoil MarauTocdephl MyNbcapa TeHepHPYET CHABHYIO IEHTMIO-
POBCKYIO TYPOYJNEHTHOCTh [6]. BTH BONHH HE MOTYT IOKHHYTh MarHmrochepy
HaIpaMyio. MoayngnuoHHasg HEYCTOMYHBOCTh B CHJILHOM JIEHTMIOPOBCKOI
TypOYNEHTHOCTH TeHEPHPYET CONUTOHE, a HeNMHeHEIE BOMHOBLIC B3aHMONEHCTBHI
BHYTPU CONUTOHOB TCHEPUPYIOT BCIBINKH EKTPOMATHATHOTO M3IYYCHHS, KOTOPEIE
MOTYT TIOKHHYTh MarHuTOCc(hepy.

MexanusM, OCHOBaHHBIH Ha 3ICKTPOHHO-MA3¢PHOM H3NYYCHHH, TAKKE Ipel-
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ToJiaraeT, 4To MyYOK I1a3Mbl TeHEPUPYET JICHTMIOPOBCKYIO TypOyaeHTHocTh. Korma
TYpOYJIEHTHOCTb CTAHOBUTCS CHJIbHEE, TO TIEPBOHAYAILHBIN My4OK U TypOyJIeHTHbBIE
(bykTyaliuu CTaHOBSTCSI MPOCTPAHCTBEHHO HEOAHOPOAHBbIMU [4]. B pesynbraTe
KOJIJIEKTUBHOE NBUXXEHUE CTYCTKOB 3apsiia, B3aMMOACHCTBYIOIIMX C 3JIEKTPO-
CTaTUYECKUMU (DIYKTyallUsIMU B TYpOYJE€HTHOCTHM, MPUBOAMT K KOTE€PEHTHOMY
My4YKOOOPa3HOMY U3JTYYEHMUIO.

Eme onviH BO3MOXHBIA MeXaHM3M PaavMOM3JIyuyeHHUs] CBSI3aH C pa3BUTUEM
LIMKJIOTPOHHOI HeycToMuMBOCTH [5,7]. LIMKIIOTpOHHAsT HEYCTOMYMBOCTD pa3BUBAETCS
MPU BBHITIOJIHEHUU YCJIOBUSI pe30HaHca Ha aHoMayibHOM 3¢ dekre Joruepa. Dta
HEYCTONYMBOCTb T€HEPUPYET NIEKTPOMATHUTHBIC BOJHBI, KOTOPbIE MOTYT HAIpPSIMYIO
MOKUHYTh MarHuTocgepy.

[pyrvie Bo3MOXHbIE MEXaHU3MbI BKITIOYAIOT U3TyUeHNe, BbI3BAHHOE YCKOPEHEM
YacTUIl B BJIEKTPUUYECKOM ToJie KoyiebaHWi, MapajuieIbHbIX MAarHUTHOMY ITOJIIO
myabcapa [3], u3rubHoe u3IydeHHe KOTEPEHTHBIMM CTyCTKaMu [2] U Ma3zepHoe
u3rudHoe muanydeHue [8].

CpaBHeHUE TIpeacKa3aHWil Da3HbIX MoJeNieil ¢ HaOMIONeHUSIMU SIBISETCS
HerpocToit 3agaveil. OCHOBHAS CJIOKHOCTD 3aKJII0YAaeTCs B TOM, YTO BCE MOJIEIHN
OCHOBaHbl HA MMKPOCKOTIMYECKUX TJIa3MEHHbIX ITpolleccax B MarHuTochepe, Torna
KakK OOJIBIIMHCTBO CYILIECTBYIOIIMX HAOMIOAEHWI CBSA3aHbI C KPYITHOMACIITAOHBIMU
npoiieccamu. HenaBHue HaGMOAEHUST C OYeHb BLICOKMM BPEMEHHBIM pa3pellieHueM
MO3BOJUJIM [9] CpaBHUTH JaHHblE HAHOBCILIECKOB, HAOJ0AaEMbIX B OCHOBHOM
MMIYJIbCE, M HU3KOYACTOTHBIE MEKMMITYJIbCHBIE XapaKTepUCTUKHU Tyabcapa PSR
0531421, ¢ mpeacka3aHUSAMU Pa3IUYHBIX MOJEICH pPagMOU3IydYeHUSI. ABTOPHI
MPUILIM K BBIBOIY, YTO HU OJHA U3 CYIIECTBYIOIIMX MOJEIeH HE MOXET OObSICHUTD
OIIHOBPEMEHHO BCE TPU OCHOBHBIX CBOWMCTBA HAOJIONECHWIA: CIIEKTP, BpEMEHHbIE
MacIITa0bl SIBJIEHUI U HAOII0AaeMbIii BHICOKMIA YPOBEHb KPYTOBOU MOISIpU3ALINU.
Yto kacaeTcs Moneu, OCHOBAaHHOW Ha pa3BUTUU LIUKJIOTPOHHON HEYCTOMUYMBOCTH,
aBTOPBI MCCleAOBaHMS [9] MPUIIUIM K BBIBOLY, YTO 3Ta MOIEIb €CTECTBEHHBIM
00pa3oM 00BSICHSET HAbIIOIAaeMblil YPOBEHb KpYroBoii nojspusauuu [5,10], Ho,
C JIpyroii CTOPOHBI, MOCKOJbKY MEXaHU3M TeHepaluu SBJSIETCS JUHEWHbIM, B
paMKax MpocCTeiileil Bepcur MOJEJM HEBO3MOXHO OOBSICHUThH CYIIECTBOBaHHUE
SIBJICHUI C XapaKTepHbIM BPEMEHHBIM MacIlTaboM MOpsiiKa HAHOCEKYH/I.

B npencraBieHHoi paboTe MUCCIEN0BAaHO PAa3BUTHUE LIMKJIOTPOHHON HEYCTOM-
YUBOCTU B 3JICKTPOHHO-TTO3UTPOHHOI T1a3Me MarHuTocdepsl myascapa. I[TokazaHo,
YTO BO3JAEUCTBUE Apeii(pOBBIX BOJH Ha pa3BUTUE LIMKJIOTPOHHON HEYCTOMYMBOCTHU
MOXET MPUBECTU K 00pa3oBaHUI0 HabJI0JaeMbIX HAHOBCILIECKOB.

2. Pazeumue yuxasompouHoli Heycmotiyugocmu. CTaHzapTHas MOIENb
MarHuTocgepsl nmyiabcapa [11] mpearnosaraeT, 4YTo peaITUBUCTCKAsT 3JI€KTPOHHO-
MO3UTPOHHAS TUIa3Ma IBUXETCS BIOJb CWIOBBIX JMHMN MarHuTHoOro mojs. B
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pabote [12] ObUIO MOKa3aHO, YTO UYEPEHKOBCKOE WU3IYyYEeHUE B 3JIEKTPOHHO-
MO3UTPOHHOM I1a3Me nonarieHo. Ho mozxe odHapyxuiochk [5,7], uto apdekTuBHas
reHepauus 3JIeKTPOMAarHUTHBIX BOJIH BO3MOXHA MPU MOAU(UIIMPOBAHHOM YepeH-
KOBCKOM PE30HAaHCe, eC/IM MPUHAThL BO BHUMaHKe ApeiicoBoe IBMKEHME YACTHII,
BbI3BAHHOE MCKPUBIICHHMEM MArHUTHOIO TOJs (TaK Ha3blBaeMBblii ApeiichoBbIi
YEPEHKOBCKUI PE30HAHC). YCI0BUE PE30HAHCA UMEET CICAYIOIIUN BU:

(o~ &y~ ko, )=0. (1)

3nech v - mapajuiesibHasl COCTAaBIISIIOLIAss CKOPOCTH YaCTULBI, ) = yvﬁ /co s R,
CKOPOCTb Apeiiha 2/1eKTPOHOB, BbI3BaHHAs KPUBM3HOW CUIIOBBIX JMHUH, R -
paanyc KpMBHM3HBI CHJIOBBIX JIUHUMA, ®, =eB;/mc - WMKIOTPOHHASI YacToTa, € -
3JIEMEHTAPHBIIA 3apsil, ¢ - CKOPOCTh CBETa, B, - MarHUTHOE MOJIE MyJbcapa, o
- 4acToTa BOJIHBI, k; W k, - mapajiesibHas U MEePIeHANKYIAPHAA K MATHUTHOMY
TOJIIO COCTABJISIIOIIME BOJTHOBOTO BEKTODA.

DyHKIMS pacTpeieIeHsT YaCTHI] JIEKTPOH-TTO3UTPOHHOM TJIa3Mbl B MarHu-
Tocdepe mysabcapa OINMCHIBACT NBUKEHUE IUIa3Mbl OT MOBEPXHOCTU 3BE3IbI K
CBETOBOMY LIWJIMHIPY M COCTOUT M3 Tpex KomroHeHT [11,13,14]. TTepBas koMIoHeHTa
- 9TO NEPBUYHBIA My4YOK BJIEKTPOHOB C IUIOTHOCThIO [onbapaiixa-xynuaHa
n, =ng; =7-107 B, /P, tme B, - MarHUTHOE TI0Jie Ha MOBEPXHOCTH IyJIbCapa,
P - mnepuon BpameHusi. TUNMYHBIK JIOpEHI-(paKTOp MEPBUYHOIO TyuyKa
Yy~ 10° —107 . Bropast KOMIIOHEHTa - TaK Ha3bIBA€Mble XBOCTOBBIE UYaCTHLHI | 14]
c n, ~10" -10" cM™® M TUMUYHBIM JIopeHL-(haKTOpoM Y, ~ 10° —10°. Tpetbeit
KOMITOHEHTO! SIBJISIETCSI OCHOBHAS 3JIEKTPOHHO-TTO3UTPOHHAS [1a3Ma, MIOTHOCTh
KOTOPOI CUJIbHO 3aBUCUT OT XapaKTepa MarHUTHOTO TOJIst Imysbcapa. Eciu MarHuTHoe
ToJIe TyJibcapa AUIOJIbHOE, TOTA IIOTHOCTb 1, &Y, 1), /y »~ 10" em™ n Y, ~ 10°.
C nipyroii CTOPOHBI, /Ut KBaAPYMOJIbHOTO MarHUTHOTO rosist umeeM [15] v, ~3-10
uon,~ 10*° cm™. Best dyHKUMS pacrpeneaeHns] YacTULL SBISETCS OTHOMEPHOIA.
Takoit Bua yHKIMU pacrpeae/ieHUs] HEyCTOMUMB MO0 OTHOLIEHUIO K LIUKIOTPOHHOM
HEYCTOMUYMBOCTH [5,7] mpu BHIMOJIHEHUU YCJIOBUSI aHOMaJIbHOTO JOIJIEPOBCKOTO
pe3oHaHca:

(o—kHvH—kLuL+S®B =0. )
res
3necb s=+1,+2,£3... - HOMEp rapMOHUKM LIMKIOTPOHHOM 4YaCTOTHI U Y,
JIOpeHI-(haKTOP PE30OHAHCHBIX YACTHUII.

[ng aHanmn3a pe3oHAHCHOTO yciaoBUs (2) HaM MOHAmOOSTCSI OCHOBHbIC
XapaKTePUCTUKU COOCTBEHHBIX MOJI 3JIEKTPOHHO-TIO3UTPOHHOM 11a3Mbl. CyIIecTBYIOT
TPU COOCTBEHHBIX MOJIbI 3JIEKTPOHHO-TIO3UTPOHHOI TUla3Mbl. OHA U3 COOCTBEHHBIX
MoI, Tak HasbiBaeMmas O-BoJIHa, SIBJISIETCSI YMCTO TMonepeuHoit. Ee anekTpuueckoe
nose E; meprneHamMKy/IsipHO K IUIOCKOCTH, 0Opa3s0BaHHOM BOJIHOBBIM BEKTOPOM U
(pboHOBBIM MarHUTHBIM T0JieM. [IBe apyrve (Tak Ha3biBaeMble A U X-BOJIHbI) UMEIOT
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CMeIlIaHHbIN, TTPONOJIbLHO-TIONEepeYHbIN XapakTep. s BOJIH, pacrpoCTpaHsIIOIIMXCS
MOYTHU MapaljieIbHO CUJIOBBIM JIMHMSIM, TUCIIEPCUOHHBIE YpaBHeHUs Wi O, A u

X-MOJI MMEIOT CJ'IG,Z[YIOHII/Iﬁ BUI:
2

oy =ke(1-3), e 8=—"— 3
4y;w§ €)

k2c?
coA=k”cl—8—L—2 4
4y,0) “4)
033 = miyf +ch2c2 . %)

B ypaBHeHuu (3) coi, =4ne’n » /m - IUIa3MeHHas 4acToTa.

Kaxk usBectHo [13], ¢pyHKUMS pacnpeaeseHUs YacTULl B MarHUTocdepe sBisieTcst
omHoMepHo#. Takoit Bua GYHKIIMU pacrpeneeHUs] HEYCTONINB 10 OTHOIICHUIO
K IHUKJIOTPOHHON HEYCTOMYMBOCTH, M MIPU BHIMOJHEHUU PE30HAHCHOIO YCIOBUS
(2) mpouCXoAUT TeHepaLusl paavoBoIH. Bo BpeMst KBa3WIMHEWHOM CTaIuu HEYyCTOM-
YUBOCTH PATVOBOJTHEI BO3MEUCTBYIOT Ha (DYHKIIMIO pacIpeae/IeHUsT YaCTUII, ¥ 3TO
BbI3bIBaeT AMMPGY3UI0 YacTUll KaK BIOJb, TaK W MEPIEHAUKYISIPHO CUIOBBIM
JIMHUSIM. OTO OOCTOSITEILCTBO TNMPUBOAUT K HACBIIEHWIO HeycTroiumBocTu. C
JIIPYTOIl CTOPOHBI, YACTUIILI TTPUOOPETAIOT TIONIEPEUHYIO COCTABIISIONIYIO UMITYJIbCa
1 BCJAEICTBUE CUHXPOTPOHHOIO M3TYYeHUSI TeHEPUPYIOT 3JIEKTPOMArHUTHBIE BOJTHBI
B PEHTTEHOBCKOM M TaMMa-IMarna3oHax. DTOT CLeHapUil OOBSCHSET, KaK paauo 1
BBICOKOYACTOTHBIE BOJIHBI MOTYT T€HEpHPOBATHCS B OMHOM M TOH K¢ OOJIACTH.
Yacrora reHepupyeMbIX pPagUOBOJH MOXET ObITh HailieHa M3 ypaBHeHMS (2) ¢
HCIOJIb30BaHMEM ypaBHeHUs (3) U pasloKeHUt

1 ! k~k|l —ki
WEAQ T ARSI ) (6)
Y res ||
B atom ciyuyae
2
SO S®
oxkc=""2L =4y 5 _
1“3 s Vp Ve (7)

XapaKTepHaH qJacToTa BBICOKOYACTOTHOI'O CHMHXPOTPOHHOI'O M3JIYYCHUA AACTCA
BBIDAKCHUECM

2
(O (DB'Yres . (8)
HOCJICZLHI/IC JBa ypaBHCHHA OalOT CBA3b MEXAY TI'CHCPpUPOBAaHHLIMM paiuo M
BbICOKOYAaCTOTHBIMU BOJIHAMMU.
COFJ'IaCHO YPaBHCHUIO (7), 1A 'yp ~3 PaanoOBOJIHBI C 4YaCTOTaMM ITOpSAIKa

HeckoabkuX I'T1 MoryT ObITh BO30YXKIEHBI pe30HAHCHBIMU YaCTULIAMU C JIOPEHII-
(hakropom v, ~ 107 . Wcrionb3yst 3TH MapameTpbl, [UTsl KBAIPYIOIbHOTO MArHUTHOTO
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nons [15] monydaem 0)3, ~ 6.4-1028(R*/r)4 (pan/c)’, u g z1,4-1020(R*/r)4 pazn/c.
Hcnionn3ys ypaBHeHue (7) U Ipeanosarasi, YTo reHepalusl paauoBOIHbI IIPOMCXOIUT
npu r ~10%, 119 4aCTOTH TEHEPUPYEMBIX PALMOBOJIH MbI TOIYYaeM:

o=~4-10° pan/c. )

ITpu s=1 panuousnyyeHue cooTBeTcTBYyeT yactotaM mnopsiaka 1 I'Ti. ITockonabKy
YaCTULBI ABUXKYTCS BOOJIb CWIOBBIX JIMHWM, HampaBJIeHHBIX K HabjaiomaTelnio,
YIJIOBOE pacripeie/ieHue U3TydeHuUs JOCTUraeT HadoaaTessl CUJIbHO aHU30TPOITHO
[16,17] 1 B OCHOBHOM COCpPEOOTOUEHO B TIpeaesax yria

1
oam— 10
Y res (19)

OKOJIO CWJIOBBIX JIMHUIW MOJIS.

3. Tenepauyus Opeiighoevix 60aH. B mpembiayieM pasaese ObLIM pac-
CMOTpPEHBI BOJTHBI, pAaCIIPOCTPAHSIFOIIAECS TTOUTH TapajuIeIbHO K MATHUTHOMY TIOJIO.
3mech MBI PaCCMOTPUM TeHepaInio A-BOJTH ¢ BOJTHOBBIM BEKTOPOM, TIOUTH TIEPITEH-
JUKYJISIPHBIM K MarHUTHOMY Tomio [5,16,17]. Yactuisl ma3Mbl, IBUXKYIIMECS
BIOJIb CWJIOBBIX JTUHUM, TTIOABEPXKEHBI Ipeii(hOBOMY ABMKEHUIO M3-3a KPUBU3HBI
cunoBbIX TMHMIA. CKOpOCTh npeiicha BhIpaxkaeTcs claeaymoolueil (hopMyIIoii:

2
u, = & . (1 1)
Wp Rc

YacTuiibl IpeiidyioT B HallpaBlieHUH, TIEPITCHANKYIIPHOM TIJIOCKOCTH, COIep KaIieit
M30THYThIE TMHUU T0J1s1. [1oaToMy B3aummozeiicTBue apeiichoBOii BOJHBI ¢ YaCTULIAMU
IJ1a3Mbl YIOOHO M3y4YaTh B JIOKAJIBHON LMJIMHAPUYECKON CHCTeMe oTcueTa (X, 7,
¢). Ocb x HampaBjieHa MEePIEeHAUKYISIPHO K TUIOCKOCTH, COAepKallleil M30THYTYIO
JIMHUIO MarHUTHOTO TOJIs, ¢ -HampaBlIeHUe MepIeHAUKYISIPHO OCH X U HalpaBJIeHO
TT0 KacaTeIbHOM K CHMJIOBOM JIMHMM. LICHTp crcTeMbl HAXOMUTCS B IIEHTPE KPUBU3HEI
CWJIOBOU JIMHWUM, W CleJ0BaTebHO, YTOJ OIpesessieT paclojoXeHUe YacTUIIbI
BIOJIb JIMHUM MArHUTHOTO MOJIs.

B paGore [5] Obula u3yyeHa TreHepaLus ITOYTH IONEPEYHBIX (k. /k¢ >>1)
JpeiioBbIX BOJH Ha MOAUMUIIMPOBAHHOM YepeHKOBCKOM pe3oHaHce (1). s
YaCTOThl TeHEPUPYEMOI BOJIHBI ypaBHeHUE (1) MpUHUMaEeT BUL o~ k, v, + kyuy , @

MHKPEMEHT HEYCTOMYMBOCTHU JaeTCs ciaeaytoueii popmymnoii [16]:
12

kxux . (12)

3
ny Yp

ny Y

'~

MukpemeHT (12) poctMraer MakcuMmyma JJisi BOJHBI C BOJHOBBIM BEKTOPOM
ki << Smi / Zy; ¢? . Jlns mapameTpoB myJbcapa B KpaGoBUIHOM TYMaHHOCTH 3TO
ycaosue naer k <<0.5 cm™'. Mcronbsys ycaoBue n » Y pS Ny Y, JUISL THIMYHOTO
3HaueHUs UHKpeMeHTa ypaBHeHue (12) naet I ~10 ¢”'. TeHepupyemsie apeiidoBbie
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BOJIHBI PaCIpPOCTPAHSIOTCS TTOUTH MEePNEHANKYISIPHO K MarHUTHOMY 1ojito. OH1
LMPKYJIMPYIOT BOKPYT CUJIOBBIX JIUHUM, MEIJIEHHO MPUOIMKASICh 10 CIUMpaTbHOR
TPAeKTOPUM K MOBEPXHOCTU CBETOBOTO LWAMHApA. [103TOMY 3TH BOJIHBI JOBOJBHO
JIOJITO OCTalOTCsl B MarHuTocgepe 1 MoryT 3(p(eKTUBHO y4acTBOBATh B pPa3IMUHbBIX
JVHAMMUYECKUX Tpolieccax.

4. Henuneiinvie npouyeccol u ¢hopmupoeaHue HaHoecnieckos. Pac-
CMOTPUM JpeiioBYIO BOJHY, paCIIPOCTPAHAIOILYIOCS TTOYTH NEPNEHIUKYISIPHO K
MarHMTHOMY TIOJTIO, YIOBJICTBOPSIIOLIYIO YCIOBHIO ki, >> kyu, . JUIst Takux BOJTH
MBI IM€EM ® ~ k u, . BO3MyIIeHNE 3JIEKTPUYECKOTO MOJI NapAJUIEIbHO CUJIOBOM
JIVHUM, a BO3MYILLIEHNE MAarHUTHOIO TOJII UMEET TOJBKO 7-KOMIOHEHTY B, . U3
ypaBHeHUs1 MakcBesia nmeeM B, = E, (kxc/m)~ E, (c/ux), rae E, - BO3MyLIEHUE
aJIeKTpryecKkoro mnois. M3 atoro ypaBHeHust cienyer, 4to B, >>E,.

ITokaxem, 4yTo HapacTaHue B, TPUBOIUT K U3MEHEHWIO paninyca KPUBU3HBI
CUJIOBOW JIMHMM MarHUTHOro mnoss. B nekapTroBoil cucteme KoopawHat (x, y), B
KOTOPOM JIEXKXWUT CUJIOBASI JIMHUS, UMEEM:

dy _ By
dx B, (13)
A KpMBU3Ha CUJIOBOW JIMHUU p, :I/RC OTIPEAEIISIETCH U3 YPABHEHUS:
27732 5
dy d’y
=1+ — —
Pe ( dxj P (14)
KOTOPO€ B HMJIIMHAPUYECCKUX KOOpAHMHATAX UMCECT BUM!:
1|, ByaB
=—|B
Pe=8| " B o (15)

B sTOM ypaBHeHMU B = (B¢ 82 ) M3 BblpaxkeHus st B cienyeT, 4To ecinu
aMIUINTYJa BOJIHBI TOpa3mo MeHblle (POHOBOIO MOJSI Mmyjbcapa, B, /B¢ <<1, 1O
M3MEHEHNE B = (B¢ + Bz)/ ~B (1 + B’ / 2 B¢) npeHebpexrMo Mato. B To xe Bpems,
TIOCKOJIBKY B a3MMYTAJIbHOM HamNpaBlIeHUU B, ~explik,r), U3 ypaBHEHUs (15)
CIIEYET:

1 B,

Pe ™7 B,
¥ CJICIIOBATENIBHO, Ul TADMOHKK C k1 >>1 peiioBast BolHA MOXKET 3HAYUTEBHO
U3MEHUTb KPMBU3HY MAarHUTHOTIO IOJIS JaXe B ciiydae B, /B¢ << 1. PaccmoTtpum
KaK 3TO M3MEHEHMEC BIMSIET Ha pe3oHaHCHBIe ycioBus (1) m (2). Ucnons3ys
Pa3JIOXEHUE v, ~c 1—1/ 2y2 —ui / 22 ) U IUCIepcuoHHoe ypaBHeHue O-Mof,
ypaBHeHME (2) MPUHUMAET BUI:

; (16)
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l k—x—u—l l—k¢r& +—2—6=—S . (17)
21 ky ¢ B, 4kj ¥, kye

DTO ypaBHEHME OMMCHIBAET KaK pe30HAHCHI HA aHOMaJIbHOM 3dexre Jommiepa
(s=+1, +2, ...), Tak ¥ yepeHKOBCKUii pe3oHaHc (s=0). M3-3a Hamuuus apeidoBbIX
BOJTH HM MarHUTHOE TI0Jie, HM €ro KPUBHU3HA HE SBISIOTCS TTOCTOSHHBIMMU.
CraenoBatenbHO, pe3oHaHCHOe yciaoBue (17) MOXET BBINOIHSTBHCS TOJBKO IJIS
0CcOo0BbIX objacTeil, GopMUpPYs TEM CaMbIM "'M3JTydalolliye MATHA" B MarHuTocdepe.
B oGnactsx, rae apeiicoBasi BoJHAa BbI3bIBAET YBEJIMUYEHNE KPUBU3HBI MATHUTHOTO
MOJIsI, TAKXKe YBEJIMYMBAETCsS MarHUTHOE Tosie. Tak Kak peJsaTUBUCTCKUE YaCTHULIbI
JIBVDKYTCSI BIOJb CUJIOBBIX JIMHUI, YCUIEHUE MAarHUTHOTO TTOJISI BbI3bIBAECT YBEIMUCHUE
KOHIIEHTpallMX YacTULl, U CJeA0BATeJIbHO, YCUJIEHUE UHTEHCHBHOCTY U3JTy4YeHUS.
XapaKTepUCTUKH "M3JIydalollero MaTHa" CUJIbHO 3aBHCAT OT €€ JIOKAJIU3alluH, a
Takke (aspl aperidoBoil BoJHBI [5,7].

B npubnuxkenun ciaaboii TypOyJeHTHOCTU HeJMHEWHasl IMHaMUKa AperdoBbIX
BOJJH B MarHurtocgepe Myjabcapa MOXET BKIHOYaTh KakK 3-X U 4-X BOJHOBbBIC
PE30HAHCHBIC B3aUMOIEUCTBUS, TaK U HEJIMHEHHOE B3aUMOAECUCTBUE BOJIH C
YacTAIIAMU TIIa3MHI [16]. TpexBoTHOBOE B3aMMOAECTBIE BKITIOYAET KBAIPAaTHUIHO-
HEJIUHENHBIM TOK, KOTOPHINA SIBJISICTCS HEUEeTHOM (YHKUMEH 3apsma, TaK 4YTO
5JIEKTPOHBI U MO3UTPOHBI BHOCSAT BKJIAM, C MPOTHUBOMOJOXHBIM 3HAKOM, MPAKTUYECKU
MMOJIHOCTBIO KoMHeHcupys: apyr apyra [18]. YeTelpexBoJHOBOE B3aMMOJCIICTBIE,
KOTOpOe MpejroaraeT Kyouuecky HeJIMHEHHOCTb, Majio TP He OY€Hb CUJIbHOM
HEJIMHEMHOCTU, U CJIEA0BATEIbHO, HEJIMHEWNHOE B3aMMOICUCTBUE BOJIH C YaCTULIAMU
TJ1a3Mbl SIBJISIETCS] IOMUHUPYIOILMM HEJIMHEMHBIM MPOLIECCOM C YJacTUeEM Apeii(OBbIX
BOJIH [16]. DTU B3aMMOJIEICTBYSI BKIIFOUAIOT B ce0s KaK paccestHe BOJH YaCTULAMU
IUIa3Mbl, TaK U CIMSIHUE BOJH. B mepBoM ciyyae AjMHA BOJIHBI YBEJIMYMBAETCH,
U 3TOT NpOLIeCC OTpaHUYEH pa3MepaMM MarHuTocdepbl, TOrAa KakK B ciydae
CJIMSIHUSI BOJIH JIJIMHA BOJIHBI YMEHbIIIAETCSI, U 9HEPrus rnepekauynBaeTcs K 6ojee
MEJIKOMACIITAOHBIM BO3MYILICHUSIM.

HenuHeiiHble B3auMOAEMCTBUS BOJH M YaCTULL B 3JIEKTPOHHO-UOHHOM TI1a3Me
MOTYT OBITh CWJILHO OcJiabjieHb! [19] u3-3a monsipuzaunu cpeasbl (popMupoBaHUe
TaK Ha3bIBAEMOI'0 3KpaHUPYIOIIEro objaka). B oTjimune oT 3TOro B 3J€KTPOHHO-
MO3UTPOHHOM TIJIa3Me TMOJISIPU3ALIMOHHbBIE BKJIAIAbl 3JEKTPOHOB M IMO3UTPOHOB
KOMITEHCUPYIOT ApYT Apyra [5], u ciaenoBareibHO, U 3(pdeKT ocnabieHrs: B3auMo-
JIECTBUSI, CBSI3aHHBINA C ToJspu3auueii, orcyrcTByeT. CoxpaHeHUE DHEPTUU U
HUMITyJIbCa JJ11 HEJIMHEMHOTO B3aMMOJEHCTBUSI BOJIH C YaCTUIIAMU TLJIa3Mbl [IPUBOAUT
K CJAeAYIOIIUM YCIOBUSIM:

oo =(k,k )y (18)

3,H,er BEJIMUMHBI 03 IIpUMa OTHOCATCA K pacceuBaeMoﬁ BOJIHE, a BCJIMYUHLBI C
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MPUMOM OTHOCATCSI K BOJIHE MOCJIe HeJMHEHHOro B3aMOAeHCTBUS. 3HAaK MUHYC
B ypaBHeHUHU (18) COOTBETCTBYET HEIMHENHOMY pacCesIHUIO BOJIH, a 3HAaK ILIIOC
OIUChIBaeT clusiHue BosH. HenuHeiiHoe paccesiHue IpeidoBbIX BOJH IE€TabHO
MU3yyayoch paHee [5,16]. DTOT mpoliecc mepeaaeT HEPruio BOJHBI YaCTULIAM, U
CJIeIoBaTeIbHO, KacKal HepIMy MPOMCXOOUT K Oojiee HM3KUM yactotaMm. Hampotus,
CJVSIHUE BOJIH YBEJMUMBAaeT 4acTOTY BOJIHBI U TepeJaeT dHEpPruio K MEHbIIMM
MaciurabaM. BpemMeHHbIe MacIITabbl 3TUX MPOLECCOB UMEIOT OIMHAKOBBIN ITOPSII0K
[19] 1 kak mokasaHo paHee [5,16], aHeprust MOXeT ObITh 3((EKTUBHO MepeKavyaHa
K pa3IMYHbIM MacliTtabaM, npexuie yeM ApeiidoBble BOJTHBI TOKUHYT MarHUTochepy.
CiienoBarebHO, CIMSIHUE BOJH MPUBOAUT K (POPMUPOBAHMIO MEJTKOMACIITAOHBIX
JIpeiihoBbIX BOJTHOBBIX CTPYKTYp. MHTEHCMBHOCTb MarHMTHOTO TIOJS, a TaKXe
TUIOTHOCTD I1JIa3Mbl B 3TUX CTPYKTYpax YCWJIMBAIOTCS, YTO MPUBOIUT K (DOPMUPO-
BaHUIO MEJIKOMACIITaOHBIX MHTEHCHMBHO M3TyJaloluX MsaTeH. Eci pasmep uanmyyvaro-
IIEro IMSITHAa HE3HAYUTEJIeH IO CPaBHEHMIO C pa3MepaMyd MarHuTocdepbl, TO
MPOAOKUTENBHOCTb UITYYEHUS], TTOTYYEHHOTO HabII0aaTesieM, AaeTCsl BIPOKEHUEM
(cM. ypaBHeHue (10)):

1

QY
VYuureiBasgt, uro s mynbcapa B KpaboBugHoii TymanHOCTH Q =~ 200 c', a ms
YACTULBI IEPBUYHOIO My4yKa 7y ~ 10° —107 , MUHUMAaJIbHas IJIUTEJIbHOCTb CUTHAJIA,
CBSI3aHHOTO ¢ HEGOJBLIMM M3/IyYalolMM MSITHOM, cocTaBisieT t~107"c. Kak
BUIMM, TTOJIydEHHOE 3HAUE€HUE IO MOPSIAKY BEIMUMHBI COOTBETCTBYET HaO0AaeMOl
JUTUTEIbHOCTU HaHOBCILIECKOB. [IpencrapieHHasi MoJeb MpearoiaraeT, yTo u3-3a
HEJIMHEMHOI 3BOMIOLMY ApelichoBbIX BOJIH B MarHUTOC(epe Myjbcapa OMHOBPEMEHHO
00pa3yeTcsi MHOTO M3JIyYalollMX MSTeH, HO JIMIIb HEMHOTHE M3 HUX TepeceKkaroT
JIMHUIO HAOJIONCHUSI.

T~

(19)

5. 3akaruenue. B npencraBieHHOM paboTe UCCIENOBAHO BIMSHKE APEH(DOBBIX
BOJIH Ha (pOpMUPOBAHUE PAAUOUBITYYEHUS B 3JEKTPOHHO-TO3UTPOHHOM IJIa3Me
MarHutocdepsl mynbcapa. [TokazaHo, UTO B HEJTMHEWHON 3BOJIOLMU APeil(poBbIX
BOJIH Mpeo0safaeT HEeJIUMHEHOEe B3aUMOJECWHCTBUE BOJIH C YaCTULAMU ILIA3MBl,
KOTOPOE BKJIIOYAET KaK MHIYLIMPOBAHHOE PACCesTHUE, TaK U CUsIHME BOJIH. [locnenHuii
Mpoliecc MepeaaeT SHEPIr1I0 K MEHBIIIMM MacluTabam U MPUBOIUT K 0OpPa30BaHUIO
MEJIKOMaCIITaOHBIX CTPYKTYP, B KOTOPbIX YCUJIMBAIOTCSI MAarHUTHOE T0JI€ U TUIOTHOCTD
MJ1a3Mbl. OTU CTPYKTYPbl 00pa3yloT MHTEHCUBHO M3TyJarolye niaTHa. JUMTeIbHOCTh
CUTHa&JIa, CBSI3aHHOTO C MSATHOM, COCTaBJISIET MOpsIKa HAHOCEKYHI, CIe0BATEIbHO,
CTPYKTYpbI peiipoBOii BOJHBI MOTYT ObITh OTBETCTBEHHbI 3a HEJAaBHO OOHapy-
JKEHHbIE HAHOBCIUIECKU B PalMOU3TydyeHUU Tyjbcapa KpaboBUIHON TyMaHHOCTH.
PaccMoTpeHHasi Mozielib MpeAIosaraeT, YTo OJHOBPEMEHHO (DOPMUPYIOTCS MHOTO
U3JIyYyaloluX TSITeH, HO JIMIIIb HEMHOTME M3 HUX IepeceKaloT JMHMUI0 ob30pa
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HaOmonarens. [TocKoNbKy mpeacTaBieHHas MOJeNb MPearnoaaraet, YTo pa3Hbie
HAHOBCILIECKU CBSI3aHBI ¢ Pa3HbIMU U3IYYaIOLIUMU TISITHAMU, OHA MPEACKa3biBaeT
OTCYTCTBUE KOPPEJSILIMU MEXIY Pa3iuyHbIMU XapaKTepUCTUKAMU (TaKUMM Kak
Kpyrosasi Mojiipu3alius 1 T. A.) pa3HbIX HAHOBCILIECKOB.
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GENERATION OF NANOFLARES IN THE
EMISSION OF CRAB PULSAR

G.MACHABELI', LMALOV?, G.GOGOBERIDZE!, N.KEVLISHVILI

We study the dynamics of drift waves in the electron-positron plasma of pulsar
magnetosphere. It is shown that nonlinear interaction of the drift waves with
plasma particles leads to the formation of small scale structures. We show that
cyclotron instability developed within these nonlinear structures can be responsible
for the formation of nanoflares discovered in the radio emission of the Crab pulsar.

Keywords: pulsars: radio emission: Crab nebula
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ACTPODODHMUI3NUKA

TOM 64 @OEBPAJID, 2021 BBIIIVCK 1

CIIEKTP SMHUCCHUHN IIbIJIN B OCTBIBAIOIIIEM T'A3E

CAJPO3J0OB

IToctynuna 27 cemrabpsa 2020
Ilpunsara k meuatu 23 mexabpsa 2020

IIpoBeneHo MOZEMHUPOBAIIC SMICCHOHHOIO CISKTPa MBUMM, MCHEBITHLIBAIOLICH CYILECTBECHEBIC
duryKTyalluH TeMieparyphbl 3a (hporTamu cwibHBX (>100 xkM/c) ymapupx BOMH. MozmesmipopaHue
BKJIIOYAET pacyeT QYHKIMK PACTIPEIEIICHIS TEMIIEPATYPHI IIFUIMHOK, BOSHUKAIILEH 101 IelicTBHEM
CTOXAaCTHYESCKOTO HAIPeBa CO CTOPOHBI DJICKTPOHOB OKPYKAOLUCH IITa3sMBI, a TaKKe OCO0CHHOCTH
PE3YJNBTHPYIOIIETO CIIEKTPAIPHOIO PACIpelesieHusi SMUCCHH IBUIA. B Ipollecce OCTHIBAHHUA
OKpyXalollell IIasMbl SMHCCHOHHBIH CIEKTp MEHSAETCs, 3aMETHO OTIAYAsCh OT ' KBAa3H-
TUTAaHKOBCKOTO CIIEKTPa H30TEPMUUYCCKON HMBUH (WM CYNEPIO3UINY TaKMX CIEKTPOB). XapakTep
ero m3MeHeHHiT MOXeT ObITh HCIOVIb30BAH IS MHATHOCTHKH TEIIOBOIO COCTOSIHESI ILIA3MBL.
Kparko ofcyxmaroresi o0bekThl, Ire Takue 3(dexThl MOIYT OBITh CYIIECTBEHHDI.

Kurouesnie ciosa: eop}zwﬁ 2a3.‘meo:caee38ubtﬁ:Meofcea/taxmwteczcud:ceepxuoebte:

MEMC3IGe30HAA NbLLb. IMUCCUOHHDLE CREKmpbt noify

1. Beedernue. Mexspesnuag cpema (M3C) 3amonHeHa yAapHBIMH BOJHAMH
(VB) - MHOTrHE ©¢ TMHAMIUYECKIE OCOOCHHOCTH 1 CIICKTPATBHBIC CBOMCTBA ONPEICIISIOTC
IOeliCTBHEM CBEPXHOBBHIX, 3BE3HOTO BETPa, MOHM3AIHNOHHBLIX GpoHTOB H 1p. [1-3].
Crpykrypa M3C, B ToM smcne KpynHoMacimaOHag (Hanpumep, Cesepabiii [lonaprpriit
wmyp, cM. [4]) onpemengiorcd, NO-BMINMOMY, KOJUIEKTHBHLIMH BCTIBLIIIKAMH CBEPX-
HOBBIX [5-10]. Baxrag 3anaga, KOTOpas CTaBUTCA MPH HCCIEAOBAHUH 3THX OOBLEKTOB
- 3TO AHUATHOCTHKA Ta3a, HATPETOTO B PE3yAbTaTe NCHCTBHS yAapHBIX BoMH. OmuH
H3 crmoco0OB ONEHKH TapaMeTpoB cpelnl - 310 Habmionenue UK-uznyuenus ot
HAIpeTOH 3a (PPOHTAMH VIAPHBIX BOJH MBUIH, KaK OBUIO IPEIVIOKEHO B ITHOHSPCKUX
paborax [11,12]. TennoBrie CBOMCTBA IMBUTH ONUCHIBANKCH B OONee MO3AHHX paborax
[13,14]. B macrogmieii padore MBI pacCMaTpHBaeM BIHIHHC CTOXaCTHIESCKOTO HarpeBa
meiad 32 (PPOHTAMH PAAMANMOHHBIX YAAPHBIX BOJH HA HX SMHCCHOHHBIN CIEKTP.

B pacumpsiomeMca OCTaTKe CBCPXHOBOM CTONMKHOBHTENBHBI HAIPEB, KaK MPABHIIO,
mpeobiafacT Hall HATPeBOM OT Y (D-KBaHTOB MEXK3BCIAHOTO MONI HATydcHHS. Menkue
TMBUIHHKH HCOBITHBAOT OoJiee penkue yaapbl (BpeMa MeXTy KOTOPBIMH OONbIie
BPEMEHH OCTHIBAHNS NBUIMHKH) C TEMIIOM: V., =2na’nV, (n - KOHIEHTpalus
nAa3Mbt, V, - TeINOBasg CKOPOCTh YACTHI, ¢ - PAAMyC NbUIMHKHA), (CM. pasnen 3).
B pesynrraTe 3TOTO Kaxkdgasd OTACNbHASA NLUIMHKA HCHBITHIBACT TEMICPATYPHBIC
dnykryanun TOH HMAH WHOM aMIIHTYAR. Takol peXHM Harpesa Ha3bBaeTCs
croxacTuyeckuM [15]. AMInuTYsa TeMuepaTypHBIX BapHalUyil MbUIH IPH CTOXacTH-
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YECKOM HarpeBe B YCJIOBUsIX Topsiueid riasmbl (7, = 10°- 10" K) 3aMeTHO mpeBbILIaeT
TaKOBYIO TIpY Harpese Mblid Y@ KBaHTaMU MEX3BE3IHOIO MOJIs U3TyYeHUS (CM.
paznen 3). 1o aToit npuunrHe 3¢dekThl GayKTyaluii TeMnepaTyphl 3a (hpOHTaAMU
YB moryT nposBisThesa 3aMeTHee. 3a (pOHTAMU paguallMOHHBIX YAAPHBIX BOJH
peXUM CTOXaCTUYECKOI0 HarpeBa IMbUIMHOK M3MEHSETCS MO Mepe 3BOJIOLUU
rapaMeTpOB OCTHIBAIOLLIEH TJ1a3Mbl, & UMEHHO: BCJIEJCTBUE YMEHbBILIEHUS] TEMITEPaTyphl
M COOTBETCTBYIOILETO YBEIMUEHHs] TTIOTHOCTH Ta3a noc T~' 4acToTa CTOIKHOBEHUIA
OyneT yBeJIMYMBATHCS MPUOJM3UTEBHO KaK oc 772, Bonee TOrO0, YMEHbIUEHUE
TEMIIepaTyphl Ta3a MOXET NMPUBOAUTL K YBEJIWUYCHUIO TOJHM SHEPTUH, TepsIeMoit
yacTULAMM T1J1a3Mbl B TBUIMHKE (CM. pasfed 3). DTo 0OCTOSITeIbCTBO MOXKET
CYILIECTBEHHO BJIMSTb HA BMUCCUOHHBIA CHEKTp NbUlM. Ero wucciaemoBaHuio
MOCBSILEHa HacTosiass padora.

CraTthsl mocTpoeHa ciaeayolmM obpasom. Ilpoiiecc ocThIBaHMSI raza M €ro
XapaKTepHbIEe TEMITbI 0OCYKIAIOTC B pasnesie 2, a MOIe/ b HarpeBa MbUTMHOK MPUBOIUTCS
B pasmene 3. 31ech, MO CpaBHEHUIO ¢ paboToii [16], MBI UCIONB3yeM HOBBIA
CTaTMCTMYECKUI METOL, TS MOCTPOeHMS! (DYKHLIMM pacripeliesieH s TeMIIEpaTyp NMbUIMHOK,
KOTOpBIN sBIsieTCsl 00siee YHUBEPCAIbHBIM JIJIs1 pacueTa B IUIOTHOM U ropsiyeil cpene,
noapobHee 3TOT MeToa obcyxkaaeTcs B pasnese 4. U3MeHeHre mapaMeTpoB Cpe/ibl B
CBSI3M C OCTBIBAHMEM Ta3a OyleT OTpaxkaThCsl B SMHUCCHUOHHBIX cIiekTpax nbuii B UK
auanasoHe (cM. pasgen 5). IlomoOHbIE M3MEHEHMSI MOTYT CIYXWUTh XapaKTePHBIM
WHIMKATOPOM ITPOLIECCOB, KOTOPbIE UIYT B HEKOTOPBIX OOJIACTSIX MEX3BE3MHOM CPe/ibl
C BBICOKOM TeMIlepaTypoi raza, M 00ecreyrMBaTh TMAarHOCTUKY COCTOSIHUSI Ia30BOM
cpenbl B 3TUX obyacTsax. B pasnene 6 Mbl KpaTKO CyMMKMPYEM OCHOBHBIC Pe3yJIbTaThl.

2. Tennoeas 36ontoyus eaza 3a ppoHmom yO0apHol 60.1Hbl. YpaBHEHUE
OCTbIBaHHUS 2JIeMeHTa rasza 3a poHToM YB onpenensiercst BoipaxkeHueM [17]:
dl _ 2n (T)
a " Tan MO (1)
rne n=4n,T,/T , a n, - TWIOTHOCTb Tiepest ppoHTOM VB (T.€. POHOBas TIIOTHOCTH),
T, =3um, vf / 16k, - Temneparypa rasza cpasy 3a GppoHTOM YB, 1 - MoneKkysipHblit
Bec, m, - Macca IMPOTOHa, k, - mocrosHHas bonbumana, A(T) - (yHKUMSA
OXJIAXACHUS Ta3a.
3amaercs MIOTHOCTh (DOHOBOI Cpelbl, IO KOTOPOl MPOXOIUT yaapHasi BOJHA:
n,=0.3, 1, 3¢cM™ M CKOPOCTb YIApHOU BOJHBI v, =10’ KM/C, UYTO COOTBETCTBYET
HayaJbHOM Temreparype rasa 1, =2.2- 107 K. T'a3 3a (hpOHTOM CUMTAETCS! TTOJTHOCTHIO
VIOHM30BaHHBIM U OCTaeTCsl TAKOBBIM JIO KOHIIA CUE€Ta, MOCKOJIbKY BPeMsl OCThIBAHUS
ra3za Kopode XapakKTepHOIo BpeMeHU peKoMOMHauuu [17], cueT 3aKkaHYMBaeTCs TIpU
temmneparype 5-10° K. ®yHKUMS OXJIaXAeHUs ra3a 3aqaeTcsl B BUAE TaOIMULbI CO
3HayeHusiMu Temrnepatyp oT 10° K mo 10° K. JlaHHble B3siThl u3 [17]. ®parMeHT
3aBUCUMOCTU (DYHKIIMU OXJaXIEHUs OT TeMIepaTyphbl ITpUBeIeH Ha puc. 1, JeBas
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maHenb. Ha puc.1 (LueHTpanbHasa 1 TpaBas MaHeJn) TToKa3aHbl 3aBUCMMOCTH M3Me-
HEHYs TeMIIepaTyphl U TJIOTHOCTH OT BPeMEHU; BpeMsl HOPMUPOBAHO Ha XapaKTepHOe
BpeMSl OXJIAXKAEHMUSI

T (8n,T, A(T))
dar 3k,T? Q)
dt

rae 7' - xapakTepHasl TeMrepaTypa, 10 KOTOPOil OCThIBAeT ra3, paBHasl MoJOBUHE
HayaJIbHOM TeMIlepaTyphl.

Teool ~

102 102
—~102 107
_5 —_ &
2 < 3o
\f'), - cm
<10%
Z=1Z,
Z=0.1Z,
1024 108 10°
10° 10¢ 107 108 10 100 10 100
T(K) t/t, t/t,

Puc.1. Jlepaa manens - GyHkuma octeiBanuA raza A(7) s 3HaY€HMsA MeTaUIMYHOCTH 1 Z
B 3aBUCUMMOCTH OT TeMIlepaTyphl raza [17]. IlpuBeneHo uaMeHeHUe TeMIlepaTyphl raza (LieHTpaJbHas
MaHeslb) M IUIOTHOCTM (MpaBasi MaHesJb) CO BPEMEHEM B IMPOLECCE OCThIBAHMS rasa, HayajlbHast
IJIOTHOCTH Tasa #n,= 0.3 cM”. BpeMs OCTBIBAHMSI BBHIPAKEHO B XapAKTEPHBIX BPEMEHAX OCTHIBAHMUS
raza B J1Ba pasa OT HauyalbHO# Temmeparypel T, = 2.2-10 K, a xapakTepHOe BpeMs DaBHO f =
1.6 MiH. eT w1 Z = Zy,nt=335mH. ner i Z = 0.1Z . CrolHas JIMHUA - METALIMYHOCTD
rasa Z=Z,, a nyHktupHasg - 0.1Z, . 3aBUCMMOCTb TEMIIEPATYp M IUIOTHOCTM Tra3a OT
METAJUIMYHOCTU MPOSIBISIETCS, KaK JIETKO BUAETh, TOJBKO B UIMTEJBHOCTU OCTBIBAHMUS.

3. Modeav mennosoii 360ar0uuyu noviau. PaccMarpusaeTcss o0beM Tasa,
colepxXallluii eAIMHUYHBIA 110 Macce 3JeMEHT mbUid. Harpes mbuiM B yCIOBUSIX
BbICOKOM TEMIICPATYPbl 1 KOHUCHTpALIMU ra3a ImponucxoauT B OCHOBHOM 3a CUCT
yIapoB YacTHIl Ta3a o MbUIMHKY. HarpeBom 3a cuer morjomeHuss Y® KBaHTOB,
Kak OoTMe4yaJIOChb BbILIEC, MOXKHO npeﬂe6pelib IO CPpaBHEHUIO CO CTOJKHOBUTCIbHBIM
MEXaHU3MOM IIEp€Aayn OHCPIMM, TaK KaK THUIIMYHOC 3HAYCHUEC OSHCPIUU Y(I)
KBaHTOB MEC2K3BE3JHOI0 ITOJIA M3JIYUYECHMUA COCTABJIACT ~10 SB, B TO BpE€MA Kak
CpeHsIsl KWHeTUuecKast SHeprusl 2JeKTpoHa B rase ¢ Temreparypoii 10° K okoio
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1305B, 66mblast YacTh KOTOPOil MOXKET TepeJaBaThCs Ha HArpeB MbUIMHOK (CM.
paznen 5). 3a cyeT 3TOro TeMreparypa MbUIMHOK B rOpsiueii Tjia3mMe MCIbIThIBAeT
O6onpIMe GIYKTyallud, 4eM TIpu HarpeBe Y®-KBaHTaMM, CHJIBHO HWCKaxas
OMUCCHOHHBIA CIEKTp 1O CpPaBHEHUIO C H30TEPMMYECKUM pacIpeneeHUueM.
OCHOBHOH BKJIaJ B HarpeB MbUIMHOK OyIeT MPOMCXOAUTh 3a CUET CTOJKHOBEHUS
C 2JIEKTPOHAMU, M3-3a Pa3INuMsl B Maccax 4acToTa CTOJTKHOBEHUI 3JIEKTPOHOB C
MbUIMHKaMU BbIllIE, YeM Y HOHOB v, =42.8v,. [loatomy B noctpoeHun ®PT nns
MUY YYUTHIBAIOTCS TOJIBKO CTOJIKHOBEHMSI C BJIEKTPOHAMM, KOHIIEHTPALIMST KOTOPBIX
TIPEITOIaraeTcsl paBHOW KOHIIEHTPAIlIUM YacTHUII Ta3a.

B pacueTax MbI TpuHeOperaeM BIMSHUEM 3apsiia MbUTMHKY Ha CEYeHUE CTOJK-
HOBEHUS 2JIEKTPOHA ¢ Hel, IoJjarasi, YT0 MEeX3BE3IHOE T0JIe U3IYYEHMS, a TaKKe
M3JTydeHUe OT YIApHOU BOJTHBI KOMIIEHCHUPYET MPUTOK OTPUIATENIBHOTO 3apsiia
9JIEKTPOHOB Ha MBUIMHKY [18,19]. B 3TOM ciyyae MOTOK OTpULIATEILHOIO 3apsiaa
Ha MBUIMHKY 3a CUET TETUIOBBIX 2JIEKTPOHOB KOMIIEHCUpPYETCS (hoToMOHU3aIMei
MMBUTMHKY ONITUYECKUMU U YIbTPaprOIIeTOBBIMUA KBaHTaMU. JIeiiCTBUTENIBHO, €CITH
MPUHSTH [IJIs1 INIOTHOCTU KBAaHTOB MEK3BE3HOIO MOJIS 3HaUYeHUe XabuHra-/peitHa
~4-10™" sprcem™ m1g KBaHTOB ¢ JUIMHOI BOJHBI OKOJIO A ~1000A [20], To B
okpectHoctu OB-accommanuii, rme Hambojee YacTO TPOWCXOMAT BCIIBIIIKU
CBEPXHOBBIX, IOTOK MOXET MpPEeBbIIIaTh 3HaUeHe XabuHra-peiiHa Ha ITOPSIAOK
Ha BpeMeHax g0 =100 miH. Jyer [21]. Orcioma cieayeT OLieHKa CKOPOCTH
hoToapdexTa Ha eNMHUYHON MOBEPXHOCTU MBUIMHKU V oh (1 —10)- 10% em?c™.
Hexoropslii BkIag B (hOTOMOHU3ALMIO TMBIIMHOK JAeT M IMUCCHUS OT YAapHOit
BoJIHHI [18]. 3apsia, KOTOPBI MBUIMHKKA MPUOOPETAIOT OT CTOJIKHOBEHUH ¢ TETJIOBBIMU
3JICKTPOHAMM TIJIa3MBbI, OIIPEIEIISIETCS YaCTOTOM HAJUMaHWS WX Ha MBIIMHKY. DTa
YaCTOTA Ha EIMHMILY MOBEPXHOCTH MBUIMHKM COCTABIISIET V, = 71, vT,e(<Se> - (8)) 2(-¢),
(s,) - cpemHsisi BEPOSITHOCTh HAJMIIAHNST SEKTPOHA Ha TBUIMHKY, (8) - cpemHsis
BEPOSITHOCTh BBIOMBAHUSI C TTOBEPXHOCTH TBIIMHKM BTOPUYHOTO 3JIEKTPOHA,
g(p)=e®, ecm $<0, g(0)=1+¢ B nporusHOM ciyuae, ¢=Ze’/kT , Z - 3apsix
MBUIMHKY [22], YMC/IEHHOE 3HAYeHUE YaCTOThl HAJTMTIAHWS JIEKTPOHOB Ha MBbIIMHKY
Ve <nvp, ~4-10°n,T) 207 KT 2 ! (T,=10"T), Wist OTPULIATENILHO 3aPSIKEHHOM
nbuMHKY Z< 0. Jlerko Buneth, uto npu n,<(0.25-2.5) cM” MBUIMHKA 3apsiKXeHa
MOJIOXUTEIbHO, MPU OOJBIINX 3HAYEHUSIX 3apsa ee oTpuuarteneH. OmHako mwist
WHTEPECYIOLIMX Hac KOHILIEHTpaluii rasza yactoTa (otoaddeKToB M 4YacToTa
HaIMIAHUS 3JIEKTPOHOB OCTAIOTCSI CPABHUMbBIMU, TIOTOMY 3apsill MbUIMHKHA OCTAeTCsI
CYIIIECTBEHHO MEHBbIIIE PABHOBECHOIO CTOJIKHOBUTEHLHOTO 3HAUYEHUSI, OIPEAEISIEeMOro
TETUIOBBIMU 3JIEKTPOHAMU |Z | ~ 2kTa/ e’ , TIpU KOTOPOM BJIMSIHHE KYJIOHOBCKUX CHJI
OKa3bIBaeTCs 3aMETHBIM (CM. OoJiee moapobHoe obcyxaeHue B [19]).

DyHKIMS pacnpeaeJeHus 10 CKOPOCTSIM 3JIEKTPOHOB IMPUHUMAETCS] MaKCBE-
JIOBCKOM, BKJIaJl HETETIJIOBBIX 3JIEKTPOHOB 3a (DPOHTOM yIapHOI BOJIHBI C SHEPTHEi
>10k5B, cormacHo [23], Man U He y4uThIBaeTcsl B 3TOi pabdore. [lonsi sHepruu,
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rnepeaaBaeMasl MbUIMHKE MIPU COYIapeHUHU, OIpeaesieTcsl BolpaxkeHueM [15]:

E, E<E,
R[N R A ®

rie E,=1.4-10"° (a/ 107 )2/3 (p d)z/ *, @ - pamuyc TbUINHKH, p; - TJIOTHOCThL COpTa
nbUiM, E - 3Heprus maaarollero 3jJeKTpoHa.

ITpU1MHKA MOCIe NOMIOIIEHUSI KWHETUYECKON SHEPTUU 3JIEKTPOHA OCThIBAET 3a
cuer manydyeHuss B MK obGinactu. YpaBHeHUEe, OIMCHIBAIOIIEE M3MEHEHHUE €€
TEMIEPATypPhl, UMEET CIACAYIOUIUIA BUA:

de _ 47[&2 GSB (<Qabs>r ]—;4_ <Qabs >d Td4)

dr c(r,) ’ @
rae T, - Temneparypa (hOTOHOB PEJIMKTOBOTO U3Jy4eHus, paBHad 2.7 K, KoTopble
HE Jal0T MBbUIMHKAM OCTBIBATh HMIKE 3TOTO 3HAYEHUsl, Ggp - NocTosiHHAsA CredaHa-
bonbumana, T, - Tekyllas Temieparypa MblH, C(Td) - TEeIJOEMKOCTb TbLIH,
B3dTast U3 pabot [15,24], a <Qabs>, u <Qabs>d
PEMUKTOBLIX (POTOHOB 1 M3nydyeHuss MK-KBaHTOB, COOTBETCTBEHHO, YCPEIHEHHBIX

- KO3 DULMEHTHI MOIJTOLIEHMS

110 TTAHKOBCKOMY CIIEKTPY: (O, ) oc aT”, 4TO COOTBETCTBYET YaCTOTHOI 3aBHUCH-
moct O, ocav " ; B HacTosIel paboTe MPUHATO VIS IPOCTOTHI =2, TOUHbIE
BBIpAKEHMST UIST KO3(PMUILNEHTOB MOITOMEHNSI TPadUTOBBIX M CHIMKATHBIX
MbIMHOK TpuBeaeHbl B [20].

BpeMmst ocTbIBaHMSI MBUIMHKY OT HAYAIbHOI TeMIIEpaTyphl BCJIE 32 MOMIOLIEHIEM
SHEPTUM MEKTPOHA 10 3aJaHHOI TeMIepaTyphbl OMpPEIesseTCs BbIpakeHUEM

Td,AE dT!

_ d

=] lar; jdi]’ )

e T, ,p - TeMIepartypa Iocjie TOIIOLEHHUs dHeprun AE, v onpenesseMas
BBIPAXKCHUEM:

T;

Tyne
AE= [C(T,)drT. ©6)

Ty

4. Cmamucmuueckas modeav pacuema DPPT. B padore [15] onucsiBaeTcst
MOACJIDb ITOCTPOCHUA OPT I MBINIMHOK C MCIIOJB30BAHHUEM HMTCPALTMOHHOTIO
METONIa, OCHOBAHHOIO Ha CBEPTKE (PYHKILIMM OCTBIBAHUS IbUIM U PACOPELETEHUS
110 QHEPTUAM CTAJIKUBAIOIINXCA 9JICKTPOHOB. Ecm BpEMA OCTbIBAHUS ITBILIMHKU
MHOIo0 MEHbUIC, YEM CPEOHEC BPCMA MCXKAY COYAAapCHUAMU, TO MOXKXKHO OIpaHU-
YMBaTbCS OAHUM B3TaroM utepauuii 1 noctpoeHus OPT. OnHako mpu paccMoOT-
PECHNN KPYIIHBIX MBUIMHOK B JOCTATOYHO TUIOTHOUN 1 ropH‘{eﬁ cpeaec, rac Cpe€aHeEe
BpEMA MEXIAY COydap€HHUAMMU CpaBHMUMO C BPEMCHEM OCTbBIBAHUA TIBIJIMHKMU,
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HEOOXOIMM YYEeT MHOXECTBEHHBIX YIapOB, UTO TPeOyeT HECKOJIbKUX WUTEepalnil.
VYBennueHue KoJMyecTBa UTepALlMii CUJIBHO 3aMeJISIeET BPEMS PACYETOB, TTOITOMY
s ioctpoerust OPT B cpemax ¢ BHICOKOI TUIOTHOCTHIO HEOOXOIMMO MCITOTh30BaTh
JIpyroi, 6ojiee 3KOHOMUYHBIM METOM, a8 UMEHHO - CTaTUCTUYECKUIA.

MeTtos peaiuzoBaH B BUIE MPSIMOTr0 MOJEIMPOBAHUS CTOJIKHOBEHUI 3JIEKTPOHOB
¢ NbUTMHKONM. OCHOBHBIM MapamMeTpOM, KOTOPbIi ONpeaesisieT TOUHOCTh METO/A,
SIBJISIETCS KOJIMYECTBO COYAAPEHUI MBUIMHKU C 2JIEKTpOHaMM. [Tpeamnosoxum, 4yTo
MbI OMMCBhIBAEM N, CllydaeB CTOJIKHOBEHMI 3JIEKTPOHOB € MbUIMHKOM. [loiHoe
BpEMs1, KOTOPOE TPEOYETCsl MBbUIMHKE, YTOOBI UCIILITATL N, CTOJIKHOBEHMIA ONPIEIISIETC
BbIpaXEeHUEeM: T, =N, 1, , T1e T, =V, ONpeleNeHo Bhillle. BpemeHa cobbITHit
COyIapeHus1 BbIOMpAtoTCs ciyvyailHbiM 00pa3oM Ha uHTepBajie ot 0 1o 7.

Kaxnomy coObITUIO coymapeHust MPUCBAUMBAETCSl 3HAUEHUE SHEPIMU NaJat0IIEero
5JIEKTPOHA B COOTBETCTBUU C pacnpesesieHneM MakcBesuia, YTo ONpeaessieT Hayalb-
HYIO TEMIIEpaTypy NbLIMHKY TIOCJI€ COyAapeHUs ¢ 3JEKTPOHOM. ISt Kaxaoro ciyvast
paccunTbiBaeTcAd (YHKLMS U3MEHEHWS TEMITEpaTypsl MBUIMHKA T, (t) COIJIaCHO
ypaBHEeHUIO (4). YTOOBI y4ecTh BEPOSITHOCTb HAXOXIEHUS MBUTMHKYU C TeMITepaTypoil
T, B TaHHBI MOMEHT BPEMEHU, MbI OIIPE/IE/IsieM [UIsl KaXKI0rO 3HAYEHKsT TEMITEPATYPbI
CTaTUCTUYECKUIl BEC: ni(T d): 8 (T d )/ Tr, TOE O (Td) - BpEM#, NPOBEIECHHOE
NbUIMHKOM 1pu Temmneparype 7). CyMMUPOBAHUEM IO BCEM CIIY4asiM COYAApPEHUIA
B utore nosiydyaem 3HaueHue @PT mig nmaHHO¥ TeMmepaTypbl MbLIMHKM:

N,
Gla. T,)=2n,(Ty)- )

CxeMaTUYHO 3aBUCMMOCTb TeMIepaTyphl MbUIMHKU OT BPEMEHM IpeAcTaBIcHa
Ha DHUC.2, TOe TOKa3aHO M3MeHeHue 7, (t) MOJI BO3ACWCTBUEM COYIAPCHUN C
aJIeKTpoHaMM. 2KMPHOI TOJI0COM BbIAEIEH HEKOTOPBIM MHTEpBa, A1 KOTOPOro

2102
X
% 102
— . [ L\ |

J I TN I IN |
6-10"
410" I I
2.10° 3102
t, c

Puc.2. (DpaFMCHT 3aBUCUMOCTU TEMIIEPATYPbl TBUIMHKW OT BPEMEHMU.
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TIPOVICXONUT CUMTHIBAHUE BECOBOTO KO3(UIIMEHTA 110 BCEM CTydasiM CTOJIKHOBEHMUIA.
Takum o06pa3zoM, MbI iepedrpaeM BCe 3HAUCHUS B TEMIIEPATypPHOM JMana3oHe s
BCEX COOBITUIN CTOJKHOBEHUH TMBIIMHKU C 3JEKTPOHAMM.

5. Pe3yabmamoi. s narnsaHoctu 3Bomonnd @PT nblin B 0CThIBAIOIEM
rase Mbl OIPENCIIIEM XapaKTEPHYIO TEMIIEPATYPY IbUIU U MOKA3bIBAEM €€ U3MEHEHMUE.
IIpu 5TOM OTAMYMS B YCPEAHEHHBIX TeMIlepaTypax IbUIM B CIydasX COJHEUYHOM
METAUIMYHOCTA U (.17 HE3HAYUTEILHBI, II03TOMY JAJIEE PACCMATPUBAIOTCS TOJIBKO
pe3yabTaThl WIS Z =Zg, .

5.1. VYepeonennas no @PT noiau memnepamypa. Tlocie BHITOJHEHMS
pacuetoB Mbl niotydyaeM @PT w1 pa3HbIX pa3MepoB MbUIMHOK Ha CETKE MapaMeTpOB
OCTBHIBAIOIIErO raza ISl TpeX 3HauyeHUN HavyalbHOM (POHOBOM ILJIOTHOCTM rasa.
YT0OBI Ka4eCTBEHHO OXapakTepn3oBaTh 3Bomonnio @PT MbI olieHMBacM 3HaUeHME
TEeMIIEPATYpPbl, YCPEAHEHHOM 1O QYHKIIMU pacnpeneeHus:

(1)), = [oteriar; @®)
[Gla,1;)ar;

Hwxe Ha puc.3 moxasaHbl 3aBUCHMOCTHM TaKOW XapaKTEPHON TeMITEpaTyphl

rpa(bI/ITOBI)IX NBIJIMHOK OT M3MCHAIOIIMXCA MMapaMETPOB rasa. s rpa(bI/IKOB BUIHO,

4TO, 3HAYEHUSI TEMIIEPATYPHI TIHIIN <T y (a))  DAacTyT B TIpollecce OCThIBAHUS rasa

log(T)) [K] log(T)) [K] log(T)) [K]
75 70 65 60 75 70 65 60 75 70 65 60

140 1
n0=0.SCM'3 ‘ ‘ no=1.OCM'3 ‘ ‘ n0=3.OCM'3
120
=100
S
=
60
30 1000
100 3000
40 @ ] 1 |1 300
10° 10° 102 10°
n, (em®) n, (cm®) n, (em®)

Puc.3. 3aBucuMoCTb cpeHel TeMItepaTyphl <T Y (a)>u , onipenenieHHoi o ®PT, B ocThiBaollieM
rase s pa3HbIX Pa3MepoOB MBUIMHOK OT KOHLETpAlMW M TeMIlepaTypbl ra3a. JlaHbl 3aBUCUMOCTHU
IUIs TPEX Pa3HbIX HAYaIbHBIX 3HAYEHMI KOHUeHTpauuu rasa: n,=[0.3, 1.0, 3.0] cM”. 3aBHCHMOCTH
MOCTPOEHBI TSI TPa(UTOBOI TMBLIU.
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TOJIBKO [UISl TIBIMHOK MaJIbIX pasMepos (a =30A ). Uem Gosblie pa3Mep MbUIMHKY,
TE€M TPU MEHBIIMX IUIOTHOCTSIX U OOJIBIIMX TeMIIepaTypax MpeKpalaeTcsi pocT
ycpenHeHHOoil o ®PT Temneparypsl (a=100A), wiu naxe HauuHaeTcsl ee
YMEHbIIIEHUE BMECTE C OXJIKIECHUEM TUTa3Mbl. DTO JIETKO OOBSICHSIETCS TEM, YTO
KPYIHbIEC TIBUTMHKM MCIBITHIBAIOT OOJIblliee 32 €AMHMILY BPEMEHHU KOJUYECTBO
CTOJIKHOBEHUI C 3JIEKTPOHAMM, MTO3TOMY TeMIlepaTypHble (DIYKTYallu TSI HUX
MEHee CYIIeCTBEHHBl M UX TeMIlepaTypa cielyeT 3a TeMIepaTypoil mia3mel. Tax,
U1 KPYIHbIX hUIMHOK (=300, 1000, 3000 A ) 3HaYeHME XapaKTePHOIi TeMIIEpaTyphl
najgaer cpady C HavyaJloM OCTbIBaHHUS Tasa.

CylLeCTBEHHBIM MPY 3TOM, OCOOEHHO TSI MEJIKMX TLTMHOK, SIBISIETCSI M1 HEMO-
HOTOHHAs 3aBUCUMOCTb 3((MEKTUBHOCTU HAarpeBa MbLIMHOK, a MMEHHO, BEJIUYMHA
repeaaBaeMoil SJIEKTPOHOM SHEPTUU MBUIMHKE. DTO TIPOSIBIIIETCS B HEMOHOTOHHOM
3aBUCUMOCTH CpeIHel 1Mo (PyHKLMU pacripeaeaeHus] TeMIepaTypbl MU <Td (a)) G OT
TEMIIEPaTypHI Ta3a, BUIUMON Ha TpaduKax puc.3 T MelIKoi mbimn. B yactHOCTH,
KaK BUIHO M3 PUCYHKA, MAKCUMyM 3(DGEKTUBHOCTU Tepeaayn SHEPTUU MbUIMHKE
pammycom 100A B ocThiBalolieM rase C HAYaJIbHON IUIOTHOCTBIO 7, = 0.3 oM
JOCTHUTACTCs! PY MapaMeTpax Iuiasmel: 7, = 3.4-10° K, n=177 CM™ U BpeMeHH TocIie
Hayajta OCThIBaHMS ¢ =3.5-10° MiH. JIET; C HavyaJbHOM IJIOTHOCTBIO 7, = 1 oM™
rapaMeTpsl 1iasmbl: 7, = 5-10° K, n,=17.5 cM?, t=10° MJIH. JIeT; ¥ C HaYyaJIbHOI
IUIOTHOCTBIO 7, = 3 cM” TemriepaTypa <T > (a)) ¢ AIsd TIBUIMHKA pa3sMepoM 100 A
HaYMHAeT yObIBATH MpK napamerpax rasa: 7, =3.8-10° K, n,.=70cm”, 1=3.7-10

log(T,) [K] log(T ) [K] log(T)) [K]
7.0 65 6.0 55 7.0 65 6.0 55 7.0 65 60 55
'\n0=0~3CM-3 == Si " no=1.OCM'3 N no=3.OCM'3
! 2=300 A Y a=300A ! a=300 A
/ 4 /
/N 1M IV |
5 a=100 A a=100 A a=100 A
w 10°
a=30 A a=30 A a=30A
10° 10 10 10210° 10?
n, (cm?) n, (cm?) n, (cm?)

Puc.4. @parMeHTbI 3aBUCHMOCTY SHEPIUH, MepeiaBaeMoil IBUTMHKE TPY CTOJIKHOBEHHH C SJIEKTPOHOM,
obmamatoutm SHeprueil E, = 3kT, /2, tne T, - Temreparypa rasa, OT KOHLCHTPAallMM SJICKTPOHOB
OCTBIBAIOIIIETO Ta3a. 3aBUCUMOCTH JIaHBI JUTS Pa3HbIX HAYATBHBIX TUIOTHOCTEN Tasa W pa3sMepoB IMBUTUHOK.
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MJIH. JIeT.

B xauectBe wimoctpauuu 3Toro 3gdekra Ha puc.4 MokazaHbl 3aBUCUMOCTHU
SHEPIUH, TTOMIONIEHHOM MBUTMHKON TIOCIE CTOJIKHOBEHUS C IEKTPOHOM, OT U3MEHEHUSI
rapaMeTpoB rasza B IPOIIECCE OCThIBAHWS. DHEPrus 3JIeKTPOHA, IMafaloliero Ha
NbUIMHKY, 3a1a€TCs KaK CPeAHss TerioBas SHeprus rasa: E, =3kT/2, rne k -
noctosiHHasl bonbimMana, T - TeMrieparypa raza. OOheKTUBHOCTD Mepeaadynd SHepruu
onpeaensieTcss BolpakeHueM (4). Takum o6pa3oM, Mbl BUIMM, UTO HM3JIOMBI B
rpadukax, KaKk Ha puc.3, TaK U Ha puc.4 MPOUCXOAAT TMPU OJM3KUX 3HAYCHUSIX
IJIOTHOCTH. A pa3inyust MOXXHO OOBSICHHUTD TEM, UTO TIPY TTOCTPOSHUN YCPEAHEHHBIX
o ®PT Temnepatyp sHeprusi 3JeKTPOHOB He (DUKCUPOBaHa, a 3aJaHa MAaKCBEJLJIOB-
CKMM paclipefeieHueM. B pesynbrare 3Toro uznoMm B GyHKIUU 3G(PEeKTUBHOCTU
rmepenayd 3HEPTMM HayMHaeT TPOSIBIATHCS Ha 3aBUCUMOCTU YCPETHEHHOM
TeMIIEpaTyphbl OT MapaMeTPOB Ta3a YyTh MO3XKE M0 BPEMEHU B MPOLIECCE OCThIBAHMS.
Hznom 3aBUCMMOCTH (Td (a)) ; OOBsICHsIETCS TeM, 4TO pacteT 3h(EKTUBHOCTD
nepeaayd KUHETUYECKOM DHEPTUM n(E) OT MajalolX Ha MbUIMHKY 2J€KTPOHOB
(Kak moka3zaHo Ha puc.4), 3aTeM nepenada SHEPTUU MIPU CTONKHOBEHUM C BJIEKT-
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-1.84
-0.36 -0.28 -0.52 -0.44 -1.84 -1.76 -1.68
log(F10)-log(Fso) log(F 110)-log(F7o) log(F3s0)-log(F110)

Puc.5. [lnarpaMma "LiBeT-11BeT" SMUCCUM TbUIHA 3a (DPOHTOM YIAPHOI BOJHBI B MPOLIECCE OCTHIBAHUS
rasa. OTTEHKOM Ceporo MoKa3aHO 3HauyeHue Joraprudma BpeMEHM B rojiax, Kak yKa3aHO Ha LIBETOBOM
IIKaJie cripaBa. Pa3sHBIM pa3MepoM OTMEUYeHbI TuarpaMMbl "[IBET-LIBET [UISI Pa3HbIX 3HAYEHW HayabHON
TJIOTHOCTH: OT CaMbIX MaJleHbKMX MapKepoB IO CaMbIX KPYMHBIX MeHseTca 3Hauenue n,=[0.3, 1.0,
3.0] cM”, COOTBETCTBEHHO. M3MeHEHMe TeMIIepaTypsl M ILUIOTHOCTH IUIa3Mbl BIOJb 3BOMIOLIMOHHBIX
TPEKOB MarpaMMBbl "LIBET-1BET" MPOUCXOIMT C TETUTOBOW MCTOPHEH, TIOKA3aHHOI Ha puc.] JJIsi MOMEHTOB
BPEMEHH, YKa3aHHBIX Ha 1[BETOBBIX JIMHEHKaX, KOTOPble HOPMUPOBAHBI Ha HAYaIbHYIO TJIOTHOCTB Ta3a,
MOKa3aHHbBIX CIIpaBa.
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pOHAMU JOCTUTAaeT MaKCMMyMa 1 HauMHaeT MaaaTh C YMEHBIICHUEM TeMIIEPaTyphl,
yTo BbI3bIBaeT cMmenleHrne @PT mbuiM B HU3KOTEMIEPATypHYIO YacTb.

5.2. Deoarwuyus cnekmpa smuccuu noiau. Dsomouns OPT MbUIMHOK
B TIPOLIECCE OCTHIBAHMS Ta3a MMeeT HaOIronaTeTbHbIC TTPOSIBIICHUS, JITKO pa3MIiMbIe
Ha JABYXLBETHBIX AMarpaMMax. B KadecTBe MJUTIOCTpAIIMM MBI CTPOUM THATrpaMMy
"UBET-LBET" ®MUCCUU IbLUIM, HAXOOSIIEHCsT 3a GPOHTOM yaapHOI BOJHBL. Takue
JIarpaMMBl SBIISTIOTCSI XOPOIIIMM W HATIISIAHBIM CIIOCOOOM TMAarHOCTHKU M3MEHEHMSI
SMUCCHUOHHOTO criekTpa (cM., Harpumep [25,26]).

Huxe Ha puc.5 mokazaHa aurpamma "LBeT-LBET" AJISI MbUIM B OCThIBAIOLLEM
rasze. Jlerko BuIeTh, YTO HA HAYaJbHOM 3Tamne (40 MOMEHTa BpeMEHU (4 — 5)~ 10°
JIET) B TIpOLIeCcCe OCTHIBAHMS TUTa3Mbl TMArPaMMBbI "IIBET-1IBET" OMMCHIBAIOT 3BOJIIO-
LIMOHHbIE TPEKU, OMHO3HAYHO COOTBETCTBYIOIIME TETUIOBOMY COCTOSTHUIO OKpPYsKalolIei
OCTBIBAIOIIEH TIJIa3MBI, M B 3TOM CMBICITE TAIOT BO3MOXKXHOCTD ¢ HabIoaaTeIbHON
narHocTuky. [lout Bo Beex Aramna3zoHaxX M3MEeHEHUE SBOTIOIMOHHON OCIeI0Ba-
TEJbHOCTU "LIBET-LBET" MPOUCXOAUT C XapaKTEPHBIM M3JIOMOM AUArpaMMBbI, MOCIIE
KOTOPOTO HaIpaBJIeHNEe SBOTIOLMOHHOM TTOCIEeIOBATEIEHOCTY MEHSIETCST Ha 0OpaTHOE.
Takum obGpa3oM, B TIpollecce OCTBIBAHMS Ta3a CIIEKTP CMEIIaeTcsS CHadaja B
JUIMHHOBOJTHOBYIO YacTh, a MOCJIe JOCTVXKEHMST HEKOTOPOI KPUTUUYECKOM TeMIiepaTyphbl
rasa, B KOPOTKOBOJHOBYIO.

Touky MOBOPOTA 3BOJIOMMOHHON AMarpaMMbl MOXHO BUIETH Ha pUC.6, TOe
JEMOHCTPUPYETCS U3MEHEHHUE TTOJIHON CBETUMOCTH TbUIM B ITPOIIECCE OCThIBAHUS
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Puc.6. M3MmeHeHMe TEIUIOBOM CBETMMOCTM TBUIM B TIPOLIECCE OCTHIBAHMS Ta3a 3a (DPOHTOM
yaapHOii BOJMHEL JleBasi MaHelb COOTBETCTBYET HauyalbHON (POHOBOH IIOTHOCTH rasa n, = 0.3 cM?,
cpennas - n,= 1.0 cm3, npasas - n,= 3.0 cM>. 3HaueHUs CBETMMOCTU TPUBEAEHBI Il eAUHUYHOM
Macchl MblIUM. TOHKasl IITPUXMYHKTUPHAsl JIMHUSI - CUJIMKATHAsl TbUIb, MyHKTUPHAsl JUHUS -
rpacduToBasl TBUIb, @ TOJICTAs CIUIOLIHAS JIMHWUS - CyMMapHash CBETMMOCTb BCEX COPTOB ITBLIM.



CITEKTP OSMHUCCHUHA TIbUIN B OCTBIBAIOLIIEM T'A3E 153

raza. Touku uznoma 3BOTIOLIMOHHOI AarpaMmbl "LIBET-LBET" MPUMEPHO COBITANAIOT
C MOMEHTOM OCTBIBaHMS rasa, Mpyu KOTOPOM HauyMHAET YMEHbIIAThCS CBETUMOCTD
melu. [Ipupoma M3710MOB Ha puc.5 M Ha puc.6 OmHA M Ta XXe M OOBICHAETCS
YMEHBIIIEHUEM TeMIIepaTyphl ra3a HUKe HEKOTOPOIro KpUTUYECKOTo 3HaYeHHs. DTO
OIMCHIBAJIOCH BBILLIE M JAEMOHCTPUPYETCS Ha puc.4.

Hcmonp3oBaAre auarpamMM "HBeT-LBET' JaeT BO3MOXHOCTh ITHATHOCTUKHU
TEIJIOBOTO COCTOSIHUSI OKpYy»Kaloleil miuasmel. Ha puc.7 (sieBas maHesb) mokasaH
TUMUYHBIA CIIEKTP SMMCCUU MbLIM, HaxOAdlIelcs B OCThIBawolleM rase. Jlerko
BUJIETb, YTO B OCTBIBAIOILIEM ra3e CIEeKTp MbLIM OTIMYAETCS OT 3MUCCUU TBLIN
B CTallMOHAPHON TUTa3Me, rie HaOMIomaeTcsl xapakTepHas OBYXIUKOBas ¢opma,
KOTOpasi He MOXKeT ObITh alMPOKCUMUPOBAHA OMHOTEMIIEpaTypHBIM pacIipeaeieHueM
men (cM. [16]). it mpuMepa MBI CpaBHMBAeM CIIEKTp, TMOJYYCHHBIN C yUETOM
TeMIMepaTypHbIX (IAYKTyalldii, ¢ KBa3UIJIAHKOBCKHMM CIEKTPOM oOO0Jiaka IIbLIH,
MOIMagaloIIero Ha Jy4 3peHUsl, COCTOSIIEH M3 MbUIMHOK C CPeIHEB3BELIEHHBIM
pagnuycom <a> =0.1 MKM, omnpeaenseMbiM coriacHo [27]. TIblIb COCTOUT U3 ABYX
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Puc.7. Ha neBoil maHenu mnokKaszaH CIHEKTp H3JIy4eHUs] IbUIM 3a (DPOHTOM YyIApHOW BOJIHBIL.
IMapameTpe! OKpyxXatowero rasa: n,= 1.3 oM™ T, = 2-10" K. CIUIOMHON JUHUEl TOKA3aH CIIEKTP
SMUCCUU MOAETBbHOW MbLIU, TOJCTOM MyHKTUPHOW JIMHMENH M TOHKOM IUTPUXITYHKTUPHOM - CIEKTPHI
M3JTy4YeHUs CPeIHEB3BELICHHOM MbUK pannycoM 0.1 MKM ¢ pas3TMuHbIMU MacCOBbIMU KoadduLMeHTaMu.
3HaueHue TemmepaTypel rpadurtosbix mbUMHOK T, = 61 K, a cumikatuex - T, = 59 K. Ha npasoit
MaHeIM MPe/CTaBlIeHa 3BOMIOLMS CIEeKTpa M3Ty4eHUs MbUIM 32 (PPOHTOM yIapHOI BOJHBI B Mpolecce
OCTBIBaHMSI raza. TOJICTOI CIUIOIIHON JMHMEW ITOKa3aH CIEeKTpP 3MUCCHUM MbUIM TIpU TeMmIeparype
T =210 K, MyHKTHpHOI1 - CcrieKTp dMUCCHMU CpelHEB3BEeIUeHHON MblUTu paauyca 0.1 MKM C paBHO-
BeCHOIT TEMIIEPATYPOii, YKA3aHHOM Bblllie, MAacCOBbI KO3(DGUUMEHT m,= 3.1; CIUIOIIHOA IMHMEld 1
MYHKTUPHON CpenHEN TONIIMHBI - MPU TEMIEpaType rasa T =34- 10 K u Ttemneparype cpenHe-
B3peweHHoM meum: T, = 58 K, T, = 54, maccoBblii KOB(I)(I)I/ILH/ICHT m,= 5.2, TOHKOH CIUIOLIHOK M
MYHKTAPHON JIMHUAMU - TIPU TeMnepaTypbl rasa T =0.65-10°K u TeMIIEpaType CPeIHEB3BELIEHHOM
neum: T.= 51K, T, =47, maccoBblii Kos(p(puunem m,=7.1. Tlokazareqb TOINIOLIEHNs MbUIA Ha
BCeX MaHessax P =
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COpPTOB: CWJMKATHOI M rpaduToBOil ¢ IUIOTHOCTSIMU: 3.2TcM° U 2.2TrcMm>,
cooTBeTcTBeHHO. [Toka3zarenb morolleHus b =2 . Tak Xe, KaKk U B ciIyyae
¢ GykTyHpyoolieil MbUIbI0, MBI TIpEATIoiaraeM, YTO Macca M3JIydarollieil MbUIN
eannuyHa'. Temneparypa nbun 7, . (manee Takyioo TeMmIepaTypy Mbl Ha3biBaeM
"paBHOBECHOI") CUMTAETCS U3 YCJIOBUS TEIJIOBOTO PABHOBECHS TTIOTOKA SHEPTUU OT
CTOJIKHOBEHUSI C JIEKTPOHAMU U TEIUIOBOM SMUCCUEN NBUIMHOK: H ., ((a), T,, ne):
=L, ((a), T, ), rae H , - BBIYUCISETCS C MOMOLLUBIO BHIDAXEHUS TPEACTABIEHHOTO
B pabore [23], a 7; - TeMmrneparypa raza. [{s1 Toro 4ro0bl CIEKTp CpeaHEB3BEILIEHHOMN
MBI MaKCUMAaJIbBHO TOYHO OIMCHIBAJT 3MUCCUIO (IYKTYUPYIOIIEH ITBUTH, MBI
YMHOXaeM 3HauyeHue CMEeKTPaJbHONW CBETMMOCTM CPEIHEB3BEIIEHHON NMbUIM Ha
MaccOBbI KOO(MOULMEHT 11, TaK, YTOObI 3HAYEHUSI MAKCMMYMOB [IByX CIIEKTPOB
coBITany. JIerko BUIETh, YTO Ha PUC.7 MBI MIPEHEOPETIN BKIIAJAOM CITEKTPaTbHBIX
ocobeHHocTeil B oostacti oT 10 10 20 MKM, CBSI3aHHBIX C ITOJMLMKJIMYECKUMU
apoMatndeckumu yriaesopoponamu (ITAY). ITAY addekTuBHO pa3pyllamTcsl B
wIa3Me ¢ Temrepatypoil 6oibiue 10° K 1 ruioTHoCTbIO mopsiaka 1cM™, M Bpemst
UX KM3HU He npesbllaer 10° et [28], 4TO CyILECTBEHHO MEHbIIE XapaKTepPHOro
BPEMEHM OCThIBaHUA rasa f -~ 10° ner.

DBOIOIAI0 3MUCCUOHHOTO CITEKTpa B OCTHIBAIOIIEM Ta3e MOXHO BHUIETh Ha
puc.7 (rpaBasi MmaHesb). XOpollIo BUAHO, YTO C YMEHbIIIEHUEM TeMIIepaTyphl rasa
MPOAOJIKAET PacTy M3JIyueHUE B KOPOTKOBOJHOBOI 00JACTM CHEKTpa, TaK Kak
yBeJIMUMBaeTC Temmeparypa Meiakux nsuimHoK (30 A, 100 A ). Ilpu ocTeiBaHMK
rasa 10 MUHMMaJbHOro 3HayeHus 7, =0.65- 10° K nbLimHKY pamuyca 100 A yxe
MporpeBaloTcsl He Tak 3(PGEKTUBHO U JAIOT MEHBIIMI BKJIal B KOPOTKOBOJIHOBOM
YacTH CITeKTpa.

Ha puc.8 cTposiTcs 3BOJIOLIMOHHBIE ITMArpaMMbl "IIBET-IIBET" JUISI CIIEKTpa
MbUIM B OCTHIBAIOIIEM Tra3e M CPEIHEB3BEIIEHHOW MNbUIM C PaBHOBECHOI
TeMITepaTypoil. 3HaUeHMS [UIMHH BOJTH, JJIST KOTOPBIX CTPOUTCSI TUarpaMma, Takue
Xe, Kak ¥ Ha puc.S. [luarpamMmma cTpouTcs ISl 3HaYeHWSI HaYaJIbHOM TUIOTHOCTU
n,=0.3 cM”. VI3 9TOro pucyHKa MOXHO BUIETh, YTO Ha KOPOTKMX JUIMHAX BOJH
BO3HMKAeT MaKCHMMAJIbHOE OTJIMYME MEXIY CITEKTPOM CPeTHEB3BEIICHHOW TTHUTA U
CTIEKTPOM TBUIMHOK C TEMITepaTypHbIMU (IIYKTyallMsSIMU. DTO CBS3aHO C TeM, YTO
MeJIKMEe TIbUIMHKM, UCIBIThIBAIOIIME TeMIlepaTypHble (IYKTyallMd B IIMPOKMUX
Mpeaeiax, MOTYT HarpeBaThbcs 10 TemIieparyp 6osnee 200K, maBast CMIbHBINA BKJIA[,
B KOPOTKOBOJIHOBYIO YacTh CIIEKTpa.

DBOJMIIOIMOHHBIE TMArpaMMBbl CIIEKTpa MbUIM C PaBHOBECHOM TeMIepaTypoii
TaKKe MCITBITBIBAIOT M3JIOM, TTOC/IE YeTO BEIPOXKIAIOTCS, T.€. COBIANAIOT C KPUBBIMU
no usnoMa. Jlerko BUAETb, UTO 3BOJIOLMOHHBIE KPUBBIE, COOTBETCTBYIOLIVE
CTOXaCTMYECKOMY TEIJIOBOMY PEXUMY IMBUIMHOK, B LIEJIOM JIEXKAT 3aMETHO OTJIMYHO

I'B Ilpusoxcenuu A onucan cnoco6 noocuema KOAUYECMBA NbIAUHOK 6 eOUHUUHOU Macce NuLiu.
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OT KPMBBIX ISl paBHOBECHON TeMIIEpaTyphbl MbUIM. DTO OOCTOSITEILCTBO MOXKET
CIIYXXWUTh JJISI AUMAaTHOCTUKM TIJIa3Mbl. B 1ieJloM, aHaau3 HabIoAaTeIbHBIX 3HAUYSHU I
Ha ITuarpaMMax "IBeT-I[BeT" M MX CpaBHEHUE ¢ MOACTbLHBIMU OUarpaMMaMi MOXKET
OBbITh MCMOJb30BaH B KAa4eCTBE MHCTPYMEHTA TUATHOCTUKH.

0.6 005 6.5
g 12 04 W
8’ 81 ‘g,’ 6.3
2 k) 2 415
= 08 3 02 -3
w = w 6.1
3 04 8 0.0 g
025 5.9
00. . . .. . ) i ) i i . .
0 2 4 00 04 08 1.2 00 02 04 06
log(F20)-log(F 1) log(F 4)-log(F ) log(Fso)-log(F30)
032 100 6.5
5 2160 2
= w [
8,-0.36 5 = 6.3
- = -164 ° 02
5:0.40 E LLE ’ 6.1
> 5 -1.68 >
[e] [e]
= 0.44 2 o
5.9
R /S _ _ _ 104 _ _
0.25 0.15  -0.05 -0.44 0.36 .72 -1.64
log(F7)-log(Fso) log(F 110)-log(F o) log(F3s0)-log(F110)

Puc.8. DBonmounoHHasi quarpamma "UBeT-LBET" ISl MOJAEJBLHOTO CIEKTPa MbLIU, MOJYyYeHHOTO
C y4eToM TeMIepaTypHbIX (IyKTyaluit (MapKepbl OOJbIIET0 pa3Mepa) 1 CIEeKTpa CpeIHEeB3BEILIEHHOM
MbUTM C TOKa3aTteseM MomiolieHus =2 (Mapkepsl MeHbllero pasmepa). IameHeHue temrmeparypbl
U TUIOTHOCTH TUIa3Mbl BIOJIb SBOJIIOLIMOHHBIX TPEKOB AMAarpaMMbl "IIBET-LIBET" MPOUCXOIUT C TEIJIOBOI
WCTOpUEN, MOKA3aHHOM Ha puc.l, IUIT MOMEHTOB BPeMEHM, yKa3aHHBIX Ha LIBETOBBIX JMHEKax. Bpems
3aMaHO B 3HAYCHMSIX JiorapudMa KOJIMYECTBA JIeT ¢ MOMEHTa Hayajia OCThIBaHMS. 3BE3NOM OTMEYeH
MOMEHT BPEMEHM 2 MJIH. JIeT. HauanbHas mIOTHOCTH ocThiBatowero rasa n, = 0.3 oM.

6. BwvigoObl. B Hacrosieil pa6ore Mbl paccMaTpuBaiu 3(QdEKTHl CTOXac-
TUYECKOTO HarpeBa b B OCTHIBAIOIIEH M3HAYATBLHO TopsJeii Tura3me. TlokaszaHo,
YTO:

1) TennoBble cBoOiicTBa MBUIM 3a (PPOHTAMU YIAPHBLIX BOJH CYILIECTBEHHO
HEPaBHOBECHBI - MBUIMHKW Pa3HBLIX Pa3MepoOB AEMOHCTPUPYIOT NMPUHILIMITUATIBEHO
Pa3HYIO TEIJIOBYIO SBOJIIOLNIO. DTO 0OCTOSTENBCTBO MPOSIBISIETCS B OCOOEHHOCTSIX
CIIEKTpa UX cyMMapHoii smuccun. 1o Mepe OCThIBAaHUS ra3a MbUTMHKU C PaIAyCOM
30 A mponoKarT HarpeBaThes, TaK Kak pacteT 3(P(EeKTUBHOCTD MePeNaur SHEPTUN
IIPU CTOJIKHOBEHUSX C 21eKTpoHaMu. [TeumHky paguycoM 100 A BHauae rpomos-
JKaIOT HArpeBaThCsl, HO TOCJIE TOCTMKEHUST MaKcMyMa 3(GEKTUBHOCTH TiepeIadn
SHEPIUU HAYMHAIOT OCTBHIBATH BMECTE C ra30oM. bojee KpymHas mbuib (a > 300A)
HayMHAEeT OCThIBATh Cpa3y BMECTE C Ta30M, 4TO C1ab0 CKa3bIBAETCSI HA CyMMapHOM
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CIIeKTpe, KOTOPBIN OMpeaeseTcsl MpeuMylieCTBEeHHO MEJIKUMHU TbUTMHKAMMU.

2) DMUCCHUOHHBIE CITEKTPHI TTbUIA, OKPYKEHHON Topstieil OCTHIBAIOLICH TL1a3MOi,
MPUHIUITHATBHO OTIMYAIOTCS OT KBa3UTUIAHKOBCKUX CIIEKTPOB MbLIU C PABHOBECHOI
TEeMIIepaTypoil. DTH OTJIMUYUS CBI3aHBI C TEM, UTO IS MEJIKUX TBUIMHOK CYILECT-
BEHHBI 3(PDeKThl TeMIepaTypPHBIX (PIYKTyaluii, KOTOpblEe YCUJINBAIOT UX IMUCCHUIO
B KOPOTKOBOJIHOBOW YaCTH CHieKTpa. 3aBUCUMOCTb CTOXaCTUYECKOTO HarpeBa MbUIMHOK
OT TETUIOBOTO COCTOSIHUSI TLIa3Mbl TTO3BOJISIET UCMOIb30BaTh OCOOEHHOCTH CIIEKTpa
MbUIMHOK ¢ (QIYKTYUPYIOLIEH TeMIIepaTypoil Jisi AMarHOCTUKU OKpYXKalolllei ux
1a3Mbl. B KadecTBe "MHCTpYMEHTA" TaKOM TUATHOCTUKKA MOTYT CIYKUTh TarpaMMBbl
"UBeT-1IBEeT" Ha BpeMeHax t<(4—5)~105 JIET B KOPOTKOBOJHOBOI (BMHOBCKOIA)
00J1aCT¥ SMUCCUOHHOTIO CMEKTpa MbLIH.

Asrop onaromapeH E.O.Bacwuibeny, [1.3.Buoe, M.C.KupcaHoBoii 3a o0CcyXaeHue
pe3ynbTaTtoB, 1 otAciabHO IO A.llleknHOBY 3a MHOIOYMCICHHBIE AUCKYCCUM U
KPUTUYECKNE 3aMeUYaHMUSI.

®uznyecknii uacruryt um. I1.H.JIe6eneBa, MockBa, Poccusi,
e-mail: sai.drozdov@gmail.com

ITIPUIIOKEHHUE A
YNCJIO IIBIIMHOK
g HaxoXAeHWs] 4ucia MNbUIMHOK HeoOXOOMMO 3HaTh HOPMUPOBOUHBIN
k03(pPpuumeHT C HENIPEPHIBHOTO CIEKTPa pa3MePOB ITBUIMHOK: n(a) =Ca > . Haiitu
€ro MOXXHO C IIOMOIIBIO BBIPAXKEHUS

a

T”md (a)n(a)da =M,, (A1)

amm

rie a, . - MaKCHUMaJIbHbIA pa3Mep MbLIM, a
m(a) - Macca OTAENbHONM MbUIMHKK, M, - MojHas Macca coprta nbuid. OnHako B
3TOi paboTe UCIOJb3YETCH TUCKPETHBIA CIIEKTP pasMepoB MbUIMHOK: 30 A , 100 A |
300A, 1000A , 3000 A , KoTOpble pacIpenesieHbl COIJIACHO CTEINEHHOMY 3aKOHY

n(a)= Ca™?. Cunras Maccy rpadMTOBOM M CHJIMKATHO! IbUTH OXMHAKOBO, a 1X

- MMHUMAJIbHBIA pasMep NbUIM, g,

IX

Tabauya 1

YUCJIO MBITMHOK PA3HBIX PASMEPOB B EJMHUYHON
MACCE ITblIJIN

a (Mkm) 3-10° 0.01 0.03 0.1 03
N, 9.4-10" 1.4-10° | 29-10" 44-102 | 9.4-10°
» 6.4-10" 9.5-10° 210" 3-10% | 6.4-10°
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TOJIHYIO MacCy HOpMUpPOBaHHOM Ha 1T, HaxonuM KoadduiyeHT C 13 BbIpakKeHUS:
=35 3
ani 4/37[611‘ pd—O.S T, (A2)
i

rJ€ CyYMMHUPOBaHWE MPOUCXOAUT MO BCEM pa3MepaM MbUIMHOK U3 UCHOJIb3yeMOTO
HaMM JMCKPETHOIO CIEKTPA, @, - PaauyC MbUIMHKU. 3Hasg HOPMMPOBOYHBIN
ko3 ureHT C, Mbl ONpeAesieM YUCIO MbUIMHOK COOTBETCTBYIOLEE Pa3HbIM
pasmepam (cM. Ta61.1). Koadduiment € =9.5-107% cM*® 1151 CHIMKATHBIX TTBUIMHOK
u C=14-10° cm*’ st TpapUTOBBIX.

EMISSION SPECTRUM OF DUST IN A COOLING GAS
S.A.DROZDOV

Emission spectrum of dust experiencing considerable temperature fluctuations
behind strong shocks (>100 km/s) is modeled. The modeling includes calculation
of the distribution function of the dust temperature particle that emerges under
the action of a stochastic heating by electrons of ambient plasma, as well as
characteristics of the resulting spectral distribution of dust emission. As the
surrounding plasma cools, the emission spectrum changes, becoming noticeably
distinct from a "quasi-Planck” spectrum of an isothermal dust (or a superposition
of such spectra). Details of these changes can be used to diagnose the thermal
state of the plasma. A brief discussion of the objects where such effects can be
significant are discussed.

Keywords: hot gas: interstellar, intergalaxies, supernovae, interstellar dust: dust
emission spectra
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"Actpodpusuxa”
IIPABIJIA IJII ABTOPOB

1. Pykonucu Moryr OHITh mpencTapineHbl B nmedyaTHoM Buae (hard copies) B
IBYX IK3EMIUISpaX, OTICYaTAaHHBIC Ha ONHOM CTOpOHE nucTa popmata A4, BMecTe
C COOTBETCTBYIONICH MEKTPOHHOH BepcHell. ONHH U3 SK3EMILISIPOB JOIKEH OBbITh
MOANMCAaH BCEMH aBTOPaMH. YKa3hiBaioTCcd CBeneHHS 00 apropax: hammnud, uMs,
OTUECTBO, HA3BAHHE YUPEKICHUS, JMCKTPOHHEIA aipec.

2. Pykonucs Moxer ObiTh HabpaHa B BuAe daitna ¢ pacumpennamu .doc, .docx,
1tf, gepes 1.5 unTepBana, ucnonbsyg Font 12pt.

3. Pucynxu DOMXHB! OHITH BHIOMHEHB NPEAENbHO aKKYPaTHO ¢ Pa30opYHBHIME
Hangnucavu. Heobxonumeie 00BbICHEHHS MAIOTCI B MOAIHCIX K PHCYHKAM, KOTOPhIe
HE JOMNKHLI MOBTOPATHCHA B TeKCTe. PHCYyHKH HeOOXOAMMO OTNPaBHTh B BHAE .jpg,
Jbmp, .wmf, .eps daitnos. C yuerom dopmata KypHaia pasMephl PUCYHKOB peIakiineil
MOTYT OBITh H3MEHEHH. B TEKCTE PHCYHKH HYMEPYIOTCA B IOPSAKE OYSPEHHOCTH
(puc.1, puc.2, u 1.0.). Ecnu pucyHOK, COCTOUT M3 ABYX Wad Oonee maHenei, To
BO3MOXHBI 0003Ha4YeHHS THIA puc.la mwm puc.la, b.

4. Tabpuyst BOMXKIBI UMETh HOMepa B nHGOpPMaTHBHEIC Hazpauugd. IIpnMedanng
JOIDKHE OBITH CBEleHbl K MEHUMYMY W IPOHYMEPOBAHL! HACTPOUHBIME apabCKIuMu
nudpamu.

5. Humupoeanue sumepamypei. llutupyeMas IUTEPaTypa JacTCA NOPIIKOBBIM
HOMEpPOM B CTPOYKY B KBaApaTHHIX CKOOKax (Hampumep, [5]) u coorBeTcTBYET
HOMEPY B CIHCKE JuTeparyphl. COHCOK NUTEPaTyphl AOKEH ObITh OdOpMIIEH
CACAYIOmUM o0pa3zoM:

a) Jlng KypHanbHBIX CTaTell YKa3BIBAIOTCH MHHUUHAMH M (aMUJIUH aBTOPOB
KYPCHBHBIM WPpHGHTOM (B OPHTHHANBHON TPaHCKPHIIIWHK), Ha3BaHHE XypHaia B
MPHHITOM COKPAIICHHH (COKPAICHHT M1 HEKOTOPBIX HAHOOMEe YacTO BCTPSYAEMBIX
KYPHAJIOB, NIpUMEHAeMEBIX B "AcTpodu3nKke”, HaeTcad B caliTe XypHajia), HOMEP
TOMa XHPHHIM IIPHPTOM, HOMEP MEPBO CTPaHUIIH, rof w3naHug. Jlng pyccko-
SI3BIYHBIX KYPHANOB, KOTOPHE MEPCBOAATCS HA aHIMHMCKHH A3BIK, B CKOOKax
MPHBOAATCA COOTBETCTBYIOIIEE HA3BaHHE XKypPHAAa HA aHIJHHCKOM, TOM, CTPAHHIA
H roi myOJNHKalluu.

0) Mnsa kHAUr ciegyeT yKa3biBaTh HHHUHAJIL U (DaMIIHIO aBTOpa KYPCHBOM,
MECTO H IO H3NaHHI.



6. Ogopmaenue pyxonucu. Ha miepBoil cTpaHulie 1aeTcsl Ha3BaHUE CTAaTbu (110
BO3MOXHOCTU KpaTKO M MH(OPMATUBHO), MHULIMAJIbI, (haMUJIMsI KaXKI0ro aBTopa
M aHHOTAIlUS Ha PYCCKOM sI3bIKe. Ha BTOpoOil cTpaHuIIe TIpUBOIATCS Ha3BaHME
CTaTbW, WHULIMAJBI, (haMWINS KaKIOTO aBTOpa U TEKCT aHHOTAIIMU Ha aHTJIMMCKOM
SI3bIKE, KOTOPBIN JOJKEH TMOJTHOCTBIO COOTBETCTBOBATh PycCKOMY. B aHHOTauuu
JIOJKHBI OBITh M3JI0KEHBI TIaBHBIC Pe3yJIbTaThl pabOTHI O€3 CCHUIOK Ha JIUTEpaTypy.
MaxkcuMaIbHBI 00beM aHHOTALIMM HE JIOJDKEH IMPEeBbIaTh 5% OCHOBHOIO TEKCTA.
Tabnuilel, CIMCOK JIUTEPATYphl, PUCYHKM W HAAMUCU K PUCYHKaM Ie4yaTaloTcs Ha
OTIENBHBIX CTpaHUIIaX. PacromoxeHne TabIMIl 1 PUCYHKOB OTMEYAETCsT Ha TIOJISAX
OCHOBHOTI'O TeKCTa. AHHOTAIIMM, OCHOBHOM TEKCT, CIIMCOK JIMTEPATyphl U TaOJMIIbI
JOJDKHBI MMETh OAHY OOIlyl0 HyMepauuio cTpaHuil. CyMMmapHbIi o0beM He
JOJKEH TIPeBBIIIATh 16 cTaHAapTHRIX cTpaHuI. OO0beM KpaTKOTO COOOIIEHUS - He
boisiee 4 cTpaHUll.

CtaTbs COCTOUT M3 MPOHYMEPOBAHHLIX pa3iesioB, HauuHas ¢ "1. Bsedenue".
HasBanus pasnesnioB meyaTaloTcsl KypCUBOM B CTPOKE, OHU JIOJDKHBI OBITh KPAaTKUMU
u comepxareabHbIMU. Tloapasaensl MOryT ObITb TPOHYMEPOBaHHI Kak 2.1, 2.2 u
T.1. Heobxomumble cokpallleHUsT TEPMUHOB MM Ha3BaHUIA MOTYT OBITh MCITOJIb-
30BaHBI BO BCEll CTaTbe, OJHAKO MX OOBSICHEHME JaeTCs JUIIb ONWH pa3 IpH
MepBOM YIIOMUHAHUHU.

7. B ciaydae mpencrapieHMs IByX WM Oojiee cTaTeil OMHOBPEMEHHO HEOOXOAMMO
yKa3aTh XeJlaTeJIbHbI TOPSII0K UX MyOJuKalMu.

8. Pykomucu aBropaM He BO3BpallalOTCs.

9. ABTOpam cTaTbu (HE3aBUCMMO OT MX KOJM4YecTBa) MpeacTasisgercs 10
OTTUCKOB OecCIuIaTHO.
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