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Íà áàçå ìíîãîëåòíèõ íàáëþäåíèé ïðåäñòàâëåíû ðåçóëüòàòû ñïåêòðàëüíûõ èññëåäîâàíèé
ïÿòíàäöàòè ñåéôåðòîâñêèõ ãàëàêòèê â êðàñíîé îáëàñòè äëèí âîëí. Â äàííîì äèàïàçîíå
ðàñïîëîæåíû ëèíèè âîäîðîäà H , [NII], [OI] è [SII]. Ïðåäñòàâëåíû äàííûå îá àáñîëþòíûõ
ïîòîêàõ èçëó÷åíèÿ â ýìèññèîííûõ ëèíèÿõ è â íåïðåðûâíîì ñïåêòðå íà äëèíå âîëíû

Å6400 . Äëÿ òîãî, ÷òîáû îáúåêòèâíî ñðàâíèâàòü èññëåäóåìûå ãàëàêòèêè äðóã ñ äðóãîì,
ïîëó÷åíû çíà÷åíèÿ èõ ñâåòèìîñòåé â àáñîëþòíûõ åäèíèöàõ, ðàññ÷èòàííûå ñ ó÷åòîì ðàññòîÿíèé
äî ýòèõ îáúåêòîâ.

Êëþ÷åâûå ñëîâà: ãàëàêòèêè ñ àêòèâíûìè ÿäðàìè: ñåéôåðòîâñêèå ãàëàêòèêè:

     ýìèññèîííûå ëèíèè: ïîòîêè èçëó÷åíèÿ

1. Ââåäåíèå. Ñåéôåðòîâñêèå ãàëàêòèêè (Sy) îòíîñÿòñÿ ê êëàññó ãàëàêòèê

ñ àêòèâíûìè ÿäðàìè (ÀßÃ). Ãëàâíîé îñîáåííîñòüþ ýòèõ îáúåêòîâ ÿâëÿåòñÿ

íàëè÷èå öåíòðàëüíîãî ÿäðà, èçëó÷àþùåãî êîëè÷åñòâî ýíåðãèè, ñîïîñòàâèìîå

ñ ýíåðãèåé, èçëó÷àåìîé âñåé îêðóæàþùåé ãàëàêòèêîé. Îñíîâíûìè èñòî÷íèêàìè

ýíåðãèè ñëóæàò ïðîöåññû àêêðåöèè ìàòåðèè íà ìàññèâíóþ ÷åðíóþ äûðó. Â

ñïåêòðàõ ñåéôåðòîâñêèõ ãàëàêòèê ïðåäñòàâëåíû øèðîêèå (Sy1) èëè óçêèå

(Sy2) ýìèññèîííûå ëèíèè. Çîíû ôîðìèðîâàíèÿ øèðîêèõ ýìèññèîííûõ ëèíèé

(BLR) ñîñòîÿò èç ïëîòíûõ îáëàêîâ èîíèçîâàííîãî ãàçà, âðàùàþùèõñÿ â ïîëå

òÿãîòåíèÿ öåíòðàëüíîãî òåëà (ÖÒ). Èñòî÷íèêîì èîíèçàöèè èçëó÷àþùåãî ãàçà

ñëóæèò íåïðåðûâíûé ñïåêòð àêêðåöèîííîãî äèñêà. Ïåðåìåííîñòü ÀßÃ

ðåãèñòðèðóåòñÿ â øèðîêîì äèàïàçîíå äëèí âîëí è íà ðàçíûõ âðåìåííûõ

èíòåðâàëàõ [1-10]. Èññëåäîâàíèÿ ïåðåìåííîñòè ïðîâîäÿòñÿ äëÿ îïðåäåëåíèÿ

ôèçè÷åñêèõ óñëîâèé â îêîëîÿäåðíûõ îáëàñòÿõ, èçó÷åíèÿ èõ ñòðóêòóðû, îöåíêè

ðàçìåðîâ è ñîñòàâà çîí ôîðìèðîâàíèÿ ýìèññèîííûõ êîìïîíåíòîâ â ñïåêòðàõ

îáúåêòîâ. Áîëüøîå êîëè÷åñòâî ðàáîò ïîñâÿùåíî èçó÷åíèþ ïåðåìåííîñòè

ïîòîêîâ èçëó÷åíèÿ â ýìèññèîííûõ ëèíèÿõ è êîíòèíóóìå [11-13]. Â ÷àñòíîñòè,

îäíèì èç ðåçóëüòàòîâ ìîæíî ñ÷èòàòü îáíàðóæåíèå àíòèêîððåëÿöèè ìåæäó

ñâåòèìîñòüþ â êîíòèíóóìå è ñòåïåíüþ ïåðåìåííîñòè ñåéôåðòîâñêèõ ãàëàêòèê

[14,15]. Äëÿ èíòåðïðåòàöèè äàííîé çàâèñèìîñòè ïðåäëàãàåòñÿ èñïîëüçîâàòü
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ìîäåëè íåîäíîðîäíûõ àêêðåöèîííûõ äèñêîâ [15]. ×åòêàÿ ñâÿçü ìåæäó

èçìåíåíèÿìè ïîòîêîâ èçëó÷åíèÿ â ëèíèè H  è â êîíòèíóóìå ïðîñëåæèâàåòñÿ

â ñïåêòðàõ ìíîãèõ (íî íå âñåõ) ñåéôåðòîâñêèõ ãàëàêòèê [12]. Ïîÿâëÿþòñÿ

äàííûå î âçàèìîñâÿçÿõ ìåæäó ðàçëè÷íûìè ïàðàìåòðàìè ýòèõ ñëîæíûõ çâåçäíûõ

ñèñòåì [16].

Â Êàçàõñòàíå, â Àñòðîôèçè÷åñêîì èíñòèòóòå èì Â.Ã.Ôåñåíêîâà (ÀÔÈÔ)

ñïåêòðàëüíûå è ôîòîìåòðè÷åñêèå èññëåäîâàíèÿ ñåéôåðòîâñêèõ ãàëàêòèê íà÷àëèñü

áîëåå 50 ëåò íàçàä è ïðîäîëæàþòñÿ äî íàñòîÿùåãî âðåìåíè [17-20].

Â äàííîé ñòàòüå ïðèâîäÿòñÿ ðåçóëüòàòû îáðàáîòêè ñïåêòðîãðàìì 15-òè

ãàëàêòèê Ñåéôåðòà, ïîëó÷åííûõ â "êðàñíîì" ñïåêòðàëüíîì äèàïàçîíå, ãäå

ðàñïîëîæåíû ýìèññèîííûå ëèíèè âîäîðîäà, àçîòà [NII] è ñåðû [SII]. Öåëüþ

ðàáîòû ÿâëÿåòñÿ îöåíêà ñòåïåíè ïåðåìåííîñòè èññëåäóåìûõ ãàëàêòèê è íàëè÷èå

êîððåëÿöèè ìåæäó ñâåòèìîñòüþ â ýìèññèîííûõ ëèíèÿõ è êîíòèíóóìå è

ìàññîé ÿäðà ãàëàêòèêè.

2. Íàáëþäåíèÿ è îáðàáîòêà äàííûõ. Îáùèå ñâåäåíèÿ îá èññëåäóåìûõ

ãàëàêòèêàõ: âèäèìàÿ è àáñîëþòíàÿ Â-âåëè÷èíû, êðàñíîå ñìåùåíèå Z, ìàññà

ÿäðà è âèäèìîå ñæàòèå ìàòåðèíñêîé ãàëàêòèêè b/a ïðèâåäåíû â òàáë.1.

Îöåíêè ìàññ ÷åðíûõ äûð â öåíòðàõ ãàëàêòèê âçÿòû èç ñòàòåé [21-28].

Ñïåêòðàëüíûå íàáëþäåíèÿ ãàëàêòèê âûïîëíÿþòñÿ â ÀÔÈÔ íà äâóõ

òåëåñêîïàõ: ÀÇÒ-8 äèàìåòðîì 0.7 ì, óñòàíîâëåííîì íà þæíîé îêðàèíå ãîðîäà

Àëìàòû è 1-ì òåëåñêîïå ôèðìû Êàðë-Öåéññ Éåíà, óñòàíîâëåííîì íà âûñîêî-

ãîðíîé Òÿíü-Øàíñêîé Îáñåðâàòîðèè (ÒØÀÎ). Òåëåñêîïû ñíàáæåíû

äèôðàêöèîííûìè ñïåêòðîãðàôàìè ñ ðåãèñòðàöèåé èçîáðàæåíèé ñïåêòðîâ íà

 Îáúåêò B MB Z MM /log b/a

Mr 6 14.3 -21.41 0.0186 8.1 [24] 0.5
Mr 231 14.3 -21.7 0.0411 8.3 [22] 0.52
Mr 335 13.7 -21.02 0.0251 7.3 [22,24] 0.66
Mr 486 15.2 -20.74 0.0397 7.2 [26] 0.6
Mr 530 14 -21.46 0.0295 0.74
Mr 766 13.5 -20.14 0.0128 6.8 [21] 0.73
Mr 1040 13.6 -20.73 0.0164 6.2 [25] 0.21
Mr 1095 13.6 -22.36 0.0327 8.1 [24] 0.67
Mr 1502 14.3 -22.78 0.0614 8.57 [28] 0.65
Mr 1506 14.3 -21.81 0.0331 7.74 [22,24] 0.59
Mr 1513 14.6 -22.54 0.0617 0.29
NGC4051 11 -18.87 0.0023 6.2 [22-24] 0.74
NGC4151 11.1 -19.3 0.0033 7.33 [22,24] 0.68
NGC5548 13.2 -20.9 0.0168 7.7 [22-24] 0.83
NGC7469 12.6 -21.63 0.0167 7.0 [22-24] 0.69
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Îáúåêò Äàòà Äèàìåòð F
cont

F(Ha+NII)
cont
L L

emis cont
Llog log(L

emis
)

íàáë. òåëåñêîïà Å6400 10-12 ñðåäíåå ñðåäíåå èñïðàâ- èñïðàâ-

(ì) 10-15 ýðã/ñì2
 ñ ýðã/ñì2

 ñ ýðã/ñì2
 ñ ëåííîå ëåííîå

ýðã/ñì2
 ñÅ

1 2 3 4 5 6 7 8 9

Mrk 6 15.01.2015 0.7 14.2 5.1 6.91±0.01 3.65±0.30 43.85±0.01 42.58±0.01

15.12.2015 0.7 14.0 4.3 E+43 E+42

Mrk 231 08.04.2011 0.7 12.5 3.8 3.02±0.01 6.80±0.01 44.69±0.01 42.84±0.01

E+44 E+42

Mrk 335 05.08.2011 0.7 6.1 2.05 3.74±1.75 2.64±0.24 43.60±0.01 42.45±0.01

19.11.2020 1 2.2 1.71 E+43 E+42

19.06.2009 0.7 3.1 1

23.05.2014 0.7 4.6 1.1

Mrk 486 31.08.2018 1 7.4 1.2 9.32±1.45 3.94±0.10 43.99±0.07 42.61±0.10

15.04.2022 0.7 3 1.14 E+43 E+42

08.05.2022 0.7 4.1 1.17

19.05.2022 0.7 3 1.12

Mrk 530 22.02.2009 0.7 9.5 2.6 1.59±0.40 5.00±0.05 44.24±0.05 42.74±0.06

19.06.2009 0.7 16.1 2.56 E+44 E+42

12.01.2007 0.7 12 1.7

Mrk 766 19.04.2020 0.7 7.6 1.3 2.20±0.26 4.72±0.90 43.36±0.05 41.69±0.08

31.01.2022 0.7 8 0.6 E+43 E+41

08.05.2022 0.7 10 1.6

Mrk 1040 15.12.2014 0.7 9.3 0.8 3.89±0.32 5.70±0.60 43.67±0.03 41.84±0.04

10.11.2020 1 11 1.0 E+43 E+41

ÏÇÑ-ìàòðèöàõ SBIG STT-3200 (2184 x 1472, 6.8 m ). Äî 2018ã. íà òåëåñêîïå

ÀÇÒ-8 èñïîëüçîâàëàñü ÏÇÑ-ìàòðèöà SBIG ST-8. Ñïåêòðîãðàììû ãàëàêòèê

ïîëó÷åíû ñ äèñïåðñèåé 0.5 - 1.1Å /ïèêñåëü.

Íà÷èíàÿ ñ 2007ã., îäíîâðåìåííî ñî ñïåêòðàìè ãàëàêòèêè íàáëþäàëèñü è

ñïåêòðû ñòàíäàðòíûõ çâåçä ñ èçâåñòíûìè ðàñïðåäåëåíèÿìè ýíåðãèè èç êàòàëîãà

[29]. Â ïðîöåññå îáðàáîòêè ñïåêòðîâ ââîäèëèñü ïîïðàâêè, ó÷èòûâàþùèå

àòìîñôåðíîå ïîãëîùåíèå è ñïåêòðàëüíóþ ÷óâñòâèòåëüíîñòü àïïàðàòóðû.

Ñòàíäàðòû èñïîëüçîâàëèñü äëÿ àáñîëþòíîé êàëèáðîâêè ïîëó÷åííûõ ðåçóëüòàòîâ.

Ôîòîìåòðè÷åñêèå íàáëþäåíèÿ âûïîëíÿþòñÿ íà âòîðîì 1-ì òåëåñêîïå

ôèðìû Êàðë-Öåéññ Éåíà ÒØÀÎ. Èñïîëüçóåòñÿ ÏÇÑ êàìåðà KAF-09000 è

íàáîð BVR- ôèëüòðîâ. Â êà÷åñòâå ñòàíäàðòà âûáèðàþòñÿ çâåçäû â îêðåñòíîñòè

ãàëàêòèêè ñ èçâåñòíûìè çâåçäíûìè âåëè÷èíàìè.

Äëÿ èçó÷åíèÿ ôèçè÷åñêèõ ïðîöåññîâ, ïðîèñõîäÿùèõ â ñåéôåðòîâñêèõ

ãàëàêòèêàõ, íåîáõîäèìî çíàòü èõ ïàðàìåòðû â àáñîëþòíûõ åäèíèöàõ. Äëÿ
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1 2 3 4 5 6 7 8 9

02.11.2007 0.7 12.5 1.8

15.12.2015 0.7 9.9 2.5

Mrk 1095 04.12.2018 1 9.1 2.7 1.53±0.09 5.81±0.38 44.30±0.02 42.87±0.03

05.01.2019 1 8.5 2.5 E+44 E+42

11.01.2021 0.7 9.6 2.3

14.02.2021 0.7 10.5 2.9

Mrk 1502 22.08.2007 0.7 5.8 0.95 2.90±0.22 7.44±0.55 44.52±0.03 42.93±0.03

23.09.2008 0.7 5 0.8 E+44 E+42

Mrk 1506 12.01.2007 0.7 5 1.5 1.17±0.38 3.87±0.22 44.33±0.03 42.85±0.04

24.11.2020 1 10 1.7 E+44 E+42

17.09.2007 0.7 4.8 1.4

Mrk 1513 29.06.2008 0.7 5 1.7 2.43±0.24 1.21±0.13 44.42±0.04 43.12±0.04

31.08.2014 0.7 3.6 1.2 E+44 E+43

25.05.2012 0.7 16 1.4

06.05.2019 1 15 1.7

NGC 4051 17.04.2020 1 17 1.8 1.18±0.12 1.67±0.40 42.08±0.02 40.23±0.05

23.04.2021 0.7 18 0.8 E+42 E+40

31.03.2022 0.7 15 1.2

28.04.2022 0.7 13 1.6

13.01.2007 0.7 33 17

24.04.2011 0.7 27 25

18.06.2018 1 34 25

06.05.2019 1 39 21

17.04.2020 1 44 27 6.39±0.63 4.57±0.62 42.83±0.04 41.68±0.06

NGC4151 18.04.2020 1 56 26 E+42 E+41

23.04.2021 0.7 68 22

31.03.2022 0.7 55 25

28.04.2022 0.7 40 6.4

26.05.2022 0.7 28 6.8

04.06.2022 0.7 28 6.1

15.04.2016 0.7 14 4.0

12.05.2020 0.7 11 3.0

05.03.2021 1 19 3.2

19.03.2021 1 18 3.7 5.36±0.55 2.09±0.22 43.75±0.04 42.34±0.03

NGC5548 31.03.2022 0.7 12.5 3.2 E+43 E+42

28.04.2022 0.7 18 4.0

08.05.2022 0.7 8.7 3.43

26.05.2022 0.7 10 2.1

07.05.2022 0.7 8.7 3.43

18.10.2007 0.7 16 3.1

23.08.2009 0.7 15.8 2.4

NGC7469 31.08.2014 0.7 20 4.3 8.02±0.95 3.03±0.58 43.96±0.04 42.54±0.07

10.11.2020 0.7 25 7.6 E+43 E+42

19.11.2020 1 24 6.5

Òàáëèöà 2 (îêîí÷àíèå)
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ïåðåõîäà ê ìîùíîñòè èçëó÷åíèÿ êàê â êîíòèíóóìå, òàê è â ýìèññèîííûõ

ëèíèÿõ, ñäåëàíî ïðåäïîëîæåíèå î òîì, ÷òî ãàëàêòèêè èçëó÷àþò ýíåðãèþ â

ïðîñòðàíñòâî èçîòðîïíî. Ïðè ýòîì, çíàÿ êîëè÷åñòâî ýíåðãèè, ïîñòóïàþùåé íà

1 ñì2 çåìíîé ïîâåðõíîñòè, ìîæíî ïîëó÷èòü ñâåòèìîñòü ãàëàêòèêè. Äëÿ ýòîãî

ìîæíî èñïîëüçîâàòü ôîðìóëó 250257 10232сэрг10232 Z.EZ.L obs   âàòò, ãäå

Z - êðàñíûå ñìåùåíèÿ ãàëàêòèê, èñïðàâëåííûå çà âðàùåíèå Ãàëàêòèêè èç

[30]. Âõîäÿùàÿ â ôîðìóëó ïîñòîÿííàÿ Õàááëà çäåñü Z = 69.5 êì/ñ Ìïñ. Ñâåòè-

ìîñòè, ïîëó÷åííûå òàêèì ìåòîäîì, ìîãóò îêàçàòüñÿ êàê çàíèæåííûìè, òàê

è çàâûøåííûìè. Çàíèæåííûìè îíè áóäóò, åñëè ïðîèçîøëî îñëàáëåíèå èçëó-

÷åíèÿ òóìàííîñòÿìè â ñàìîé ãàëàêòèêå èëè â ìåæãàëàêòè÷åñêîì ïðîñòðàíñòâå.

Çàâûøåííûå çíà÷åíèÿ ïîëó÷àòñÿ, åñëè ó ãàëàêòèêè íàáëþäàåòñÿ äæåò, íàïðàâ-

ëåííûé â ñòîðîíó íàáëþäàòåëÿ.

3. Ïîëó÷åííûå ðåçóëüòàòû. Â òàáë.2 ïðèâîäÿòñÿ îáîçíà÷åíèÿ

èññëåäóåìûõ ãàëàêòèê, äàòû íàáëþäåíèé, äèàìåòðû òåëåñêîïîâ è àáñîëþòíûå

ïîòîêè èçëó÷åíèÿ â êîíòèíóóìå íà äëèíå âîëíû 6400Å  è â ëèíèÿõ âîäîðîäà

H  è àçîòà [NII]. Òî÷íîñòü ðåçóëüòàòîâ ñîñòàâëÿåò 15%-20%. Â ñòîëáöàõ 6

è 7 äàíû ñðåäíèå ñâåòèìîñòè â êîíòèíóóìå ( contL ) è â ýìèññèîííûõ ëèíèÿõ

L
emis

, çíà÷åíèÿ ýòèõ ïàðàìåòðîâ, èñïðàâëåííûå çà ïîãëîùåíèå â Ìëå÷íîì

Ðèñ.1. Ïðîôèëè ýìèññèîííûõ ëèíèé [NII]H   â ñïåêòðàõ èññëåäóåìûõ ãàëàêòèê.

6300 6500 6700 6300 6500 6700 6300 6500 6700
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Ïóòè, ïðèâåäåíû â äâóõ ïîñëåäíèõ ñòîëáöàõ òàáë.2.

Ïðîôèëè ýìèññèîííûõ ëèíèé â ñïåêòðàõ âñåõ èññëåäóåìûõ ãàëàêòèê

ïðèâîäÿòñÿ íà ðèñ.1. Èçìåíåíèÿ óðîâíÿ êîíòèíóóìà è ïîòîêà èçëó÷åíèÿ â

ýìèññèîííûõ ëèíèÿõ çàðåãèñòðèðîâàíû â ñïåêòðàõ íåñêîëüêèõ ãàëàêòèê. Òàê,

íàáëþäàþòñÿ íåðåãóëÿðíûå êîëåáàíèÿ çíà÷åíèé   NIIHF   (â 2-3 ðàçà) â

ñïåêòðàõ Mrk 766, NGC 4051 NGC 5548. Â àïðåëå 2022ã. â ñïåêòðå NGC 4151

çàðåãèñòðèðîâàíî ðåçêîå îñëàáëåíèå (â 5 ðàç) ïîòîêîâ èçëó÷åíèÿ â ëèíèÿõ è

â êîíòèíóóìå, êîòîðîå ñîïðîâîæäàëîñü îñëàáëåíèåì áëåñêà îáúåêòà. Êðèâàÿ

áëåñêà NGC 4151 ïðèâîäèòñÿ íà ðèñ.2. Ïðè ýòîì ôîðìà ïðîôèëåé ýìèññèîííûõ

ëèíèé ïðàêòè÷åñêè íå èçìåíèëàñü. Ìîæíî ïðåäïîëîæèòü, ÷òî íàáëþäàåìûå

èçìåíåíèÿ âîçíèêëè â ðåçóëüòàòå óâåëè÷åíèÿ ïîãëîùåíèÿ íà ëó÷å çðåíèÿ.

Òàêæå ñóùåñòâåííûå ñïåêòðàëüíûå èçìåíåíèÿ ïðîèçîøëè â ãàëàêòèêå NGC

7469 - ê 2020ã. èçëó÷åíèå â ýìèññèîííûõ ëèíèÿõ âîçðîñëî â 2-3 ðàçà.

4. Çàêëþ÷åíèå. Ïðîâåäåííûå èññëåäîâàíèÿ â î÷åðåäíîé ðàç ïîäòâåðäèëè

ñïåêòðàëüíóþ ïåðåìåííîñòü áîëüøèíñòâà ãàëàêòèê èç íàøåãî ñïèñêà. Íàèáîëåå

ÿðêî âûðàæåííûìè ÿâëÿþòñÿ ðåçóëüòàòû, óêàçûâàþùèå íà áûñòðûå èçìåíåíèÿ

â ñïåêòðàõ ãàëàêòèê NGC 4151 è NGC 7469.

Àíàëèç ñâåòèìîñòåé, ïîëó÷åííûõ äëÿ íàøèõ îáúåêòîâ, ïîêàçàë, ÷òî

ñóùåñòâóåò íåêàÿ çàâèñèìîñòü èíòåíñèâíîñòè ëèíèé [NII] îò ñâåòèìîñòè

ãàëàêòèêè. Òàê, â ñïåêòðàõ ãàëàêòèê âûñîêîé ñâåòèìîñòè Å6400contL  ëèíèè

àçîòà ñóùåñòâåííî ñëàáåå.

Íà ðèñ.3 ïðèâîäÿòñÿ äàííûå èç ïîñëåäíåãî ñòîëáöà òàáë.2 â çàâèñèìîñòè

Ðèñ.2. Êðèâûå áëåñêà ãàëàêòèêè NGC 4151. Îñü X - âðåìåííàÿ øêàëà (ãîäû). Îñü Y -

çâåçäíûå âåëè÷èíû â ôèëüòðàõ B è V

Äàòà

B
V

2015
13.5

2017 2019 2021 2023

B
V

13

12.5

12

11.5

11
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îò ìàññû ÖÒ. Ñ ðîñòîì ìàññû ìîæíî ïðîñëåäèòü òåíäåíöèþ óñèëåíèÿ

ïîòîêîâ èçëó÷åíèÿ â ýìèññèîííûõ ëèíèÿõ. Áîëüøîé ðàçáðîñ òî÷åê ñâÿçàí,

â òîì ÷èñëå, ñ îãðàíè÷åííûì îáúåìîì èñïîëüçóåìûõ äàííûõ. Áîëåå ïîäðîáíûå

èññëåäîâàíèÿ âçàèìîñâÿçè ìåæäó ìàññîé ÷åðíîé äûðû è îïòè÷åñêèì

èçëó÷åíèåì ãàëàêòèêè ïðîâîäèëèñü ðÿäîì àâòîðîâ. Ïðè ýòîì áûëè ïîëó÷åíû

ïðîòèâîðå÷èâûå ðåçóëüòàòû. Òàê, â ðàáîòå [30] ïîëó÷åíû ÷åòêèå çàâèñèìîñòè

ìåæäó ïîòîêîì èçëó÷åíèÿ â ëèíèè H  è îïòè÷åñêèì êîíòèíóóìîì, à òàêæå

âûÿâëåíà âçàèìîñâÿçü ìåæäó ìàññîé ÖÒ è îáùåé ñâåòèìîñòüþ ãàëàêòèêè.

Îäíàêî áîëåå ïîçäíèå èññëåäîâàíèÿ, íàïðèìåð [31,32], íå âûÿâèëè êîððåëÿöèé

ìåæäó ìàññîé ÖÒ è ñâåòèìîñòüþ â ðåíòãåíîâñêîì, ðàäèî è îïòè÷åñêîì

äèàïàçîíàõ.

Èññëåäîâàíèå ôèíàíñèðóåòñÿ Àýðîêîñìè÷åñêèì êîìèòåòîì Ìèíèñòåðñòâà

öèôðîâîãî ðàçâèòèÿ, èííîâàöèé è àýðîêîñìè÷åñêîé ïðîìûøëåííîñòè Ðåñïóá-

ëèêè Êàçàõñòàí (ïðîãðàììà ¹ BR 11265408).

Àñòðîôèçè÷åñêèé èíñòèòóò èì Â.Ã.Ôåñåíêîâà, Àëìàòû,

Êàçàõñòàí, e-mail: eddenis@mail.ru

Ðèñ.3. Ñâåòèìîñòè ãàëàêòèê â ýìèññèîííûõ ëèíèÿõ [NII]H   â çàâèñèìîñòè îò ìàññû

ÖÒ. Îñü X - ìàññû ÖÒ â ëîãàðèôìè÷åñêîé øêàëå, îñü Y - ñâåòèìîñòü â ëîãàðèôìè÷åñêîé
øêàëå.
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RESULTS OF THE SPECTRAL OBSERVATIONS
OF FIFTEEN SEYFERT GALAXIES

E.K.DENISSYUK, R.R.VALIULLIN, S.A.SHOMSHEKOVA,
L.N.KONDRATYEVA, I.V.REVA, G.A.AIMANOVA, M.A.KRUGOV

The results of spectral studies of fifteen Seyfert galaxies in the red wavelength

region based on the long-term observations, are presented. Some emission lines

H , [NII], [OI] è [SII] are located in this wavelength range. Data on the absolute

fluxes of radiation in emission lines and in continuum at the wavelength of

Å6400  are presented. In order to objectively compare the studied galaxies with

each other, the values of their luminosities in absolute units were calculated, taking

into account the distances to these objects.

Keywords: active nuclei galaxie: seyfert galaxies: emission lines: emission fluxes
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In the present paper, we report the photometric and spectroscopic observations of the
pulsating star BL Cam obtained by the 1.88 m telescope at the Kottamia astronomical observatory
(KAO). Fourier analysis of the light curves indicates one frequency, 25.14427 c/d, with harmonics
51.112 c/d, 33.388 c/d, and 17.72464 c/d. The frequency of  31-32 c/d reported in the literature
is not detected in our data except for one close to 33.3882934 c/d. A total of 55 new times of
maximum light have been presented. A new value of (1/P) dP/dt is estimated using the O-C
diagram based on all newly obtained times of maximum light combined with those taken from the
literature, assuming the periods are decreasing and changing smoothly. Using model atmosphere
analysis, we computed the effective temperature and surface gravity as T

eff
 = 7625 ± 300 K and

logg = 4.30 ± 0.37. The bolometric magnitude M
bol

 = 2.335, radius 

R.R 691 , luminosity


L.L 9570 , the mass 


M.M 681 , and pulsation constant Q = 0.025 days. Locations of the star

on the M-R and M-L diagrams indicate that it is close to the ZAMS track and is an unevolved
star.

Keywords: stars: variables: SX Phe stars: frequency and pulsation analysis: model

     atmosphere analysis

1. Introduction. SX Phoenicis (SX Phe) stars are typically found in the

galaxy's outer regions, known as the galactic halo. Their luminosity changes over

1-2 hours and have short periods ( 080. day) and large amplitudes ( 30. mag).

In globular clusters, they are mostly found among blue stragglers [1]. These stars

exhibit short-period pulsation behavior that varies on time scales ranging from 0.03

to 0.08 days (0.7 to 1.9 hours). SX Phe stars have spectral classifications in the

A2-F5 range and magnitude differences of up to 0.7.

Giclas et al. [2] discovered BL Cam (= GD 428 in Simbad, 2MASS

J03471987+6322422, Gaia DR2 487276688415703040), which was thought to be

a candidate for a white dwarf. It is a pulsating star with a period of 0.039 days

and an amplitude of 0.33 mag, according to Berg & Duthie [3]. McNamara [4]

classified it as a Population II star with a metal abundance of [Fe/H] = -2.4.

Previous researchers have investigated its multiperiodic character [5-7]. Hintz et

al. [8] measured 32.679 c/d for the first overtone and 0.783 for the period ratio

of the first overtone to the fundamental mode. Previous authors [9-12] had also
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discovered the first overtone at 31.6 c/d, resulting in a period ratio of 0.810. On

the other hand, the first overtone did not detect [7]. In a multi-site photometric

investigation of BL Cam, 21 distinct pulsation frequencies (excluding the funda-

mental mode) with amplitudes ranging from 1.6 to 7.4 mmag were discovered [6].

As demonstrated by [1], the period content of BL Cam is dominated by

25.5790 ± 3 c/d and its two harmonics and an independent frequency of

25.247 ± 2 c/d. An analysis of their times of maxima from the literature [13]

determined a periodic change that made BL Cam a binary system and demon-

strated that the evolution of the ephemerides of the different authors was natural

and correct, given the shortness of the available data at their times. They showed

that a binary system causes long-term variation with a longer time horizon.

In the present paper, we carried out photometric and spectroscopic observations

for the star BL Cam. We will use a model atmosphere to determine the star's

effective temperature and surface gravity at different phases. Frequency analysis,

O-C curve, and period change of the star are investigated. The structure of the

paper is as follows. The photometric analysis is presented in section 2. The spectral

analysis is described in section 3. Section 4 is devoted to determining the star's

physical parameters and evolution state, and the conclusion reached is presented

in section 5.

2. Photometric analysis.

2.1. Observation and data reduction. We present new photometric

observations of BL Cam by using the 1.88m telescope of the Kottamia Astro-

nomical Observatory (KAO), Egypt. We applied data reduction, bias subtraction,

and flat-field correction to the raw CCD images without dark subtraction, which

was already negligible. All observations were taken using an EEV 42-40 CCD camera

with a format of 2048 x 2048 pixels, cooled by liquid nitrogen to -120 Co. Fig.1

Fig.1. CCD image (8' x 8') of BL Cam taken with KFISP; the variable star is denoted as (V),

the comparison star as (C), and the check star as (K).
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shows the field BL Cam taken with the KAO. The variable star, the comparison

star, and the check star are marked as V, C, and K, respectively. Fig.2 shows

the KAO observations obtained in Johnson BVR filters and the SDSS in g, r,

i, and z filters for the two nights, November 24 and November 26, 2021. All

observations were analyzed using the MuniWin v.1.1.26 software [14], implement-

ing the differential magnitudes method of aperture photometry.

2.2. Frequency and pulsation analysis. The frequency analysis of the

BL Cam light curves was carried out with the help of two codes: Period04 [15]

and Peranso V3.0.3.4 (www.cbabelgium.com/peranso). Both codes searched for

significant peaks in the amplitude spectra using Fourier transformations of the light

curves. Following the first frequency computation, we created the "periodogram"

Fig.2. The differential magnitude of BL Cam; SDSS g, r, I, and z bands and VR bands.
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by fitting a sinusoid to the Period04 period and subtracting the sinusoid from the

original magnitude (pre-whitening). Then we calculate the periodogram again, but

the first frequency will not be presented, so the highest peak in the periodogram

will be the subsequent frequency. We repeated this procedure many times if

necessary to search for other peaks until no more peaks could be seen in the

periodogram. Results of our analysis presented in the Table 1. The sigma of the

residuals is 6.747 mmag

Frequency (F ) (c/d) Amplitude (a) (mmag) Phase (deg) S/N

f
0

25.14427±0.032979 157.193±1.179 0.696± 0.001 85.50
2f

0
36.083±1.180 0.750±0.006 19.76

3f
0

7.4578±1.199 0.928±0.025 15.05
f
1

51.112±0.0000342 14.762±1.224 0.835±0.013 64.30
f
2

33.3882934±0.0000383 12.893±1.211 0.732±0.015 23.17
f
3

17.72464±0.44729 11.590±1.254 0.970±0.016 41.90

Table 1

RESULTS OF FOURIER ANALYSIS APPLIED TO OUR DATA

SET OF KAO OBSERVATIONS

Fig.3. Observed light curves (left panel) represent the differential V and SDSS i magnitudes

with the first frequency (25.5768439 c/d) in addition to other harmonics (solid lines), while the right

panel is for the Fourier calculation using all data available from AAVSO and the spectral window

in our observations.
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The V-band light curve analysis reveals one peak in the periodogram at

0.03977049 d (25.1442704±0.032979 c/d) (Fig.3).

We compared our results in Table 1 to that of [5], who used the data sets

of [9,11] listed in Tables 5 and 6 together with the corresponding S/N values.

Our results are in good agreement with those of [9]. The first impression from

our results is; that we didn't find the secondary peak f
1
 claimed by some authors

in the region 31-32 c/d, [8] estimated f
1
 as 32.6443 c/d, but we found the peak

at 33.388 c/d. Also, we found a small difference between our f
0
 (25.14427 c/d) and

that of [7] (25.181 c/d) and [9] (25.5768 c/d). This difference may be attributed

to our data being too short or not having enough data sets. In addition,

independent frequencies f
2
 and f

3
 are detected together with the combinations

f
2

 + f
3

 ~ f
1

 ~ 2f
0
, and the amplitudes of f

1
, f

2
, and f

3
 are larger than 3f

0
. We do not

detect at a significant level the linear combination f
0

 + f
1
 as reported by [9].

The sum of the squared residuals 
2  derived from a multi-parameter least-

squares fit of sinusoidal functions was used to calculate the error for each value.

Fig.3 depicts the frequency spectra; Fourier fits on the observational points for

all sets of observations and the spectral window of each star.

2.3. O-C curve and period change. We used the Hertzsprung [16]

method to construct the O-C curve to determine the time of brightness minima or

maxima. We used all the data published in the literature to fill in the gaps in the

O-C diagram. We use it if the scatter is the same as the raw data (about 0.2 mag.).

Fig.4 depicts the maximum-light times used to investigate the period change. To

derive the O-C differences for BL Cam from a computed linear ephemeris, we

used the method described by [16]. We establish a reference time of maximum

light from existing photoelectric observations. The adopted pulsation period is based

on recent observations of the star from KAO data. The following relationship gives

the least-square fit by the quadratic elements:

Fig.4. O-C data points fitted with a quadratic and the residuals of the quadratic fitting for

BL Cam.
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, QEPEMHJD 2
0max  (1)

where M
0
 is a new epoch, P is the new period, and Q is used to measure the period

change values (dP/dt) in seconds per year (dP/dt = (2Q/P)365.25 x 24 x 60 x 60).

We employed a second-order polynomial least-squares approach to fit the

O-C residuals. The revised ephemeris was evaluated using all available photometric

observations from ASAS, KWS, and KAO to justify its validity throughout all

observations. The linear ephemeris equation by [8] was used to calculate the light

maximum

HJD- Epoch O-C No. of Ref. HJD- Epoch O-C No. of Ref.
2450000 (days) Obs. 2450000 (days) Obs.

3041.279 253607 0.04946 18 1 6186.419 334051 0.02209 60 1
3293.459 260057 0.04926 249 1 6186.458 334052 0.02170 56 1
3424.354 263405 0.04535 121 1 6280.259 336451 0.02717 35 1
4031.848 278943 0.04164 22 1 6280.298 336452 0.02776 40 1
4034.859 279020 0.04183 24 1 6623.336 345226 0.02268 262 1
4064.612 279781 0.04144 325 1 6623.375 345227 0.02287 220 1
4109.692 280934 0.04242 139 1 6623.416 345228 0.02483 255 1
4419.462 288857 0.04164 82 1 6630.372 345406 0.02189 201 1
4480.723 290424 0.03695 145 1 7034.402 355740 0.01740 28 2
4499.528 290905 0.03597 40 1 7074.440 356764 0.01935 44 1
4514.657 291292 0.03441 51 1 7314.652 362908 0.01525 58 2
4793.737 298430 0.03558 152 1 7362.901 364142 0.01779 48 1
4859.577 300114 0.03480 131 1 7370.719 364342 0.01681 48 2
4863.604 300217 0.03538 288 1 7437.457 366049 0.01466 37 2
4884.597 300754 0.03265 226 1 7651.398 371521 0.01329 37 2
5261.299 310389 0.02913 35 1 7715.639 373164 0.01701 133 1
5923.378 327323 0.02913 21 1 7745.935 373939 0.01310 47 2
5942.414 327810 0.02502 93 1 7942.947 378978 0.01173 41 2
5943.704 327843 0.02483 137 1 8077.636 382423 0.00977 39 2
5977.484 328707 0.02405 120 1 8394.755 390534 0.00762 35 2
5979.361 328755 0.02424 91 1 9168.884 410334 0.00469 60 1
5980.416 328782 0.02365 50 1 9177.642 410558 0.00450 93 1
5986.360 328934 0.02502 44 1 9543.434 419914 -0.00059 20 3
5993.357 329113 0.02326 42 1 9543.473 419915 -0.00039 17 3
5995.389 329165 0.02287 177 1 9543.512 419916 -0.00020 27 3
5996.367 329190 0.02346 156 1 9543.512 419916 -0.00020 7 3
6014.312 329649 0.02287 34 1 9544.529 419942 0.00000 90 3
6186.380 334050 0.02209 63 1

Table 2

THE NEW 55 TIMES OF MAXIMUM LIGHT, A NEW EPOCH, O-C,

NUMBER OF OBSERVATIONS, AND DATA SOURCE

1: AAVSO, 2: ASAS-SN, 3: KAO.
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. 03909783080262443125HJDmax E..  (2)

The 55 new times of maximum light obtained for BL Cam are presented in

Table 2. The least-squares fit for O-C with the root mean square 95402 .R   is

      . 10692757310150349510149947 21382 E.E..CO   (3)

The quadratic trend in O-C data reflects a regular period decrease or increase.

After constructing the O-C diagram, we found the decreasing period rate given

by the equation

. yrs05-0.14378E02-E170280  .dtdp

The standard deviation of the residuals of a quadratic fit to the O-C values

is 0d.002, with a correlation coefficient of 0.97.

3. Spectroscopic analysis. We observed BL Cam covering the spectral

ranges 3360-5870 Å  and 5300-9180 Å , with spectral resolutions of ~1000. The

spectra were taken with the Kottamia Faint Imaging spectropolarimeter (KFISP)

mounted on the 1.88 m telescope at Kottamia Astronomical Observatory (KAO) for

a single night on November 25, 2021. The data were reduced using the Astropy-

affiliated package CCDPROC [18]. We used the LACosmic routine [19] to remove

cosmic rays from the images processed by Astro-SCRAPPY [20]. A particular

Python routine was used to extract the spectra and calibrate the wavelength. Using

IRAF, the spectra were flux calibrated. The signal-to-noise ratio was calculated with

the specutils snr derived function [21]. Table 3 shows the log of the spectroscopic

observations, and we plotted the BL Cam spectra in Fig.5. The upper panel

represents the blue region, while the lower panel represents the red region.

We created a small grid of synthetic spectra from LTE model atmospheres

with the effective temperature range of 100006000  effT  K. We adopted ATLAS9

grids [22] as input models for LTE computations, assuming solar metallicity, a

microturbulent velocity of 2 km/s, and a mixing length to scale height ratio of

Time (UT) HJD- Phase Exposure Standard  Range R Airmass Average
2450000 (s) Star S/N

21:29:32.96 9544.39554 0.376 900 HR9087 3360-5870 1025 1.198 113.9
21:59:40.35 9544.41644 0.939 900 HR9087 3360-5870 1025 1.206 113.3
22:25:30.52 9544.43438 0.406 900 HR9087 3360-5870 1025 1.220 105.5
23:01:03.12 9544.45906 0.931 900 HR9087 3360-5870 1025 1.252 108.0
21:17:03.84 9544.38687 0.598 600 HR9087 5300-9180 1133 1.198 146.0
21:48:45.29 9544.40886 0.133 600 HR9087 5300-9180 1133 1.202 166.2
22:15:05.11 9544.42714 0.592 600 HR9087 5300-9180 1133 1.213 159.0
22:44:36.40 9544.44764 0.223 600 HR9087 5300-9180 1133 1.235 189.6

Table 3

OBSERVATION LOG OF THE BL Cam SPECTRA



482 M.ABDEL-SABOUR  ET  AL.

1.25. The effective temperatures span the model grid's temperature range of 250

K. The surface gravities of the models are of 5log1  g . We used the SPEC-

TRUM code [23,24] to synthesize the LTE spectra (for the range Å80001500 ).

SPECTRUM takes the depth points, temperatures, and total pressure and calculates

them at each stage using a system of seven nonlinear equilibrium equations.

We developed a FORTRAN code that compares the flux values at each point

on the observed and theoretical spectra. It then tabulates the differences to produce

a single number that characterizes how good the fit is. The synthetic spectra are

convolved with a Gaussian profile with Å5FWHM . We adjusted the wavelength

scale to begin comparing the observed and theoretical spectra. After that, we

developed a code that minimizes the Euclidian distance between the observed and

theoretical spectra to compare the grid with the observed spectra. The equivalent

Fig.5. The observed spectra of BL Cam in the blue (upper panel) and red (lower panel) bands

at different phases.
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Fig.6. Comparison of observed line profiles at differ-

ent phases with that from synthetic spectra for the star

BL Cam.
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widths of the spectral lines are calculated numerically using the Runge-Kutta

technique.

Following the above procedure, we calculated the star's effective temperatures

and surface gravities at different phases listed in Table 4. The mean effective

temperature and surface gravity are adopted as T
eff

 = 7625 ± 300 K and logg = 4.30

± 0.37. Fig.6 shows the best fit of spectral lines  H ,H ,H ,H  at different phases

in both the red and blue parts of the spectrum. In most cases, we obtained a

good fit for the line centers, while the significant difference between the observed

and the synthetic spectra occurs for the line wings.

4. Physical parameters and the evolution state. We computed the

physical parameters of BL Cam using the mean photometric colors, effective

temperature, and the parallax. Adopting the effective temperature as T
eff

 = 7625 ±

300 K, we calculated the bolometric correction as BC = -0.089 [25]; the star's

absolute magnitude and bolometric magnitude in the visible filter as M
V

 = 3.426

± 0.061 and M
bol

 = 3.337.

The stellar radius is calculated from a polynomial fit to the temperature-radius

relation of [23] as 03204941 ..RR  . The masses M can be calculated from

the equation by [26] ( bolMM 0.10-0.46log  ) as 1.338MM  , and the luminos-

ity is 6423.LL  . The pulsational constant Q could be determined using the

Phase T
eff
 (K) log g

0.376 8000 4.0
0.406 8000 4.0
0.939 7750 4.0
0.931 7750 4.0
0.598 7250 4.5
0.592 7250 4.5
0.133 7500 4.5
0.233 7500 5.0
Mean 7625±300 4.30±0.37

Table 4

EFFECTIVE TEMPERATURES AND SURFACE GRAVITIES AT

DIFFERENT PHASES OF BL Cam

T
eff
 (K) MM / LL /log RR / M

bol
logg Age(yr) Q (days)

7625 1.68 0.957 1.69 2.335 4.3 2.295 Gy 0.025

Table 5

PHYSICAL PARAMETERS OF BL Cam
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Star name T
eff
 (K) logg Ref.

SX Phe 7850 4.2 30
KZ Hya 7650 4 31
CY Aqr 7930 4.13 32
BS Tuc 7250 3.75 33
DY Peg 7800 4 32
XX Cyg 7530 3.66 34

Table 6

EFFECTIVE TEMPERATURES AND SURFACE GRAVITIES

OF SIX SX Phe STARS

Fig.7. Locations of the BL Cam on the mass-luminosity (upper left panel) and temperature-

radius (upper right panel) diagrams of [28] evolution models, and temperature-gravity (lower left

panel), temperature-luminosity (lower right panel) of [28] evolution models for the metallicity

Z = 0.03 (solid lines), and Z = 0.019 (dashed lines).
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Consequently, the Q value of  f
1
 is 0.025(17), which is within the theoretical

range, 0.0096 < Q < 0.067, for the fundamental mode by [27]. The results are

presented in Table 5; for the low-frequency pulsations ( 25 c/d).

In Fig.7, we plotted the mass-luminosity relation (M-L) and mass-radius

relation (M-R) for both zero-age main-sequence stars (ZAMS) and terminal-age

main-sequence stars (TAMS) with metallicity Z = 0.014 from the grid of [28]. The

locations of BL Cam on the two diagrams are close to the ZAMS track, indicating

an unevolved star.

Also, Fig.7 (lower left panel) illustrates the position of BL Cam and six SX Phe

variables on the log T
eff

 - logg diagrams for the masse tracks  MM 21.4  . The

parameters of BL Cam agree well with those predicted for SX Phe candidates listed

in Table 6 [29]. The tracks are plotted for the metallicity values Z = 0.019 ([Fe/H]

= -1.61) and Z = 0.03 ([Fe/H] = -1.41). In the lower right panel of Fig.8, we plotted

the isochrones appropriate for the effective temperature and luminosity of BL Cam.

In this figure, we can notice that the star crossed the instability strip's red edge (RE).

From this diagram, the age of BL Cam could be determined as 2.295 GY.

5. Conclusion. We thoroughly analyzed the star BL Cam using photometric

and spectroscopic observations obtained at the Kottamia observatory. According to

the Fourier analysis of the light curves, the fundamental mode is independent

pulsation mode at 25.14427 c/d and three harmonics, 51.112 c/d, 33.388 c/d, and

17.72464c/d. We combined the new times of maximum light with those provided

by previous literature to perform an O-C analysis for the period change for BL

Cam, yielding 55 times of maximum light. The variation rate of the fundamental

period derived from the long-time scale of observations shows a negative period

change ( 05-14002-170280 E.E.dtdp  s/yr).

We used LTE model atmospheres to simulate the observed spectra. The effective

temperatures and surface gravities at different phases are calculated by comparing the

spectra to the appropriate synthetic spectra. We adopted the effective temperature and

surface gravity of BL Cam as T
eff

 = 7625 ± 300 K and logg = 4.30 ± 0.37, which is

in good agreement with earlier studies. We located the star's physical parameters

on the evolutionary models to investigate its evolution state. The calculated mass

(1.68 M ) is in good agreement with mass tracks around 1.6 M  and higher than

the possible masses (  M.M 411.0  ) of the SX Phe stars predicted by [29].
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ÔÎÒÎÌÅÒÐÈ×ÅÑÊÈÉ È ÑÏÅÊÒÐÎÑÊÎÏÈ×ÅÑÊÈÉ
ÀÍÀËÈÇ ÇÂÅÇÄÛ ÒÈÏÀ SX Phe BL Cam

Ì.ÀÁÄÅË-ÑÀÁÓÐ, Ì.È.ÍÎÓ, À.ØÎÊÐÈ, Ã.Ì.ÕÀÌÅÄ,
Õ.À.ÈÑÌÀÈË, À.ÒÀÊÅÉ, Ñ.À.ÀÒÀ, È.ÇÅÀÄ

Â íàñòîÿùåé ðàáîòå ïðåäñòàâëåíû ôîòîìåòðè÷åñêèå è ñïåêòðîñêîïè÷åñêèå

íàáëþäåíèÿ ïóëüñèðóþùåé çâåçäû BL Cam, ïîëó÷åííûå 1.88-ìåòðîâûì

òåëåñêîïîì â àñòðîíîìè÷åñêîé îáñåðâàòîðèè Êîòòàìèÿ (KAO). Ôóðüå-àíàëèç

êðèâûõ áëåñêà ïîêàçûâàåò ÷àñòîòó 25.14427 ö/ñóò, ñ ãàðìîíèêàìè 51.112 ö/ñóò,

33.388 ö/ñóò è 17.72464 ö/ñóò. ×àñòîòà 31-32 ö/ñóò, î êîòîðîé ñîîáùàåòñÿ â

ëèòåðàòóðå, íå îáíàðóæåíà â íàøèõ äàííûõ, çà èñêëþ÷åíèåì ÷àñòîòû, áëèçêîé

ê 33.3882934 ö/ñóò. Â îáùåé ñëîæíîñòè ïðåäñòàâëåíî 55 íîâûõ ìàêñèìóìîâ

áëåñêà. Íîâîå çíà÷åíèå (1/P) dP/dt îöåíèâàåòñÿ ñ èñïîëüçîâàíèåì äèàãðàììû

O-C, îñíîâàííîé íà âñåõ âíîâü ïîëó÷åííûõ âðåìåíàõ ìàêñèìóìîâ â ñî÷åòàíèè

ñ ïåðèîäàìè, âçÿòûìè èç ëèòåðàòóðû, ïðåäïîëàãàÿ, ÷òî ïåðèîäû óìåíüøàþòñÿ

è èçìåíÿþòñÿ ïëàâíî. Èñïîëüçóÿ ìîäåëüíûé àíàëèç àòìîñôåðû, âû÷èñëåíû

ýôôåêòèâíàÿ òåìïåðàòóðà è óñêîðåíèå ñèëû òÿæåñòè T
eff

 = 7625 ± 300 K è logg

= 4.30 ± 0.37 dex. Áîëîìåòðè÷åñêàÿ âåëè÷èíà M
bol

 = 2.335, ðàäèóñ R.R 691 ,

ñâåòèìîñòü L.L 9570 , ìàññà M.M 681 , êîíñòàíòà ïóëüñàöèè Q = 0.025

ñóò. Ðàñïîëîæåíèå çâåçäû íà äèàãðàììàõ M-R è M-L óêàçûâàåò íà òî, ÷òî

îíà íàõîäèòñÿ áëèçêî ê  ZAMS è ÿâëÿåòñÿ íå ýâîëþöèîíèðîâàííîé çâåçäîé.

Êëþ÷åâûå ñëîâà: çâåçäû: ïåðåìåííûå: çâåçäû òèïà SX Phe: ÷àñòîòíûé àíàëèç

      ïóëüñàöèé: àíàëèç ìîäåëåé àòìîñôåð
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FIRST LIGHT CURVE MODELLING OF ECLIPSING
BINARY SYSTEMS V1264 Cas, V0664 Lac AND

GSC 0199-2035

M.S.ALENAZI1, M.M.ELKHATEEB2

Received 12 June 2022
Accepted 11 November 2022

Photometric analysis for the newly discovered systems V1264 Cas, V0664 Lac and GSC 0199-2035
were carried out using the most recent version of the Wilson-Devinney binary star modeling code
(WD) based on model atmospheres by Kurucz. Accepted models revealed physical parameters use
to adopt the spectral type of the components of the studied systems. Locations of the systems on
the theoretical mass-luminosity and mass-radius relations revealed good fit for all the systems
components except for the secondary components of the systems; V1264 Cas and GSC 0199-2035
where they lie above the TAMS track.

Keyword: eclipsing binaries: light curve modelling: evolutionary state

1. Introduction. Eclipsing binary systems are one of the variable stars groups

which have a light curves shape that depends on the physical properties of the

systems components and geometrical configuration (Hilditch [1]). The shapes of

the binary components described and classified (detached-semidetached-contact)

according to Roche geometry which depending on the degree of filling Roche lobe

(Prša [2]). Orbital solutions for new discovery systems of eclipsing binary type

are the main sources of knowledge about their physical and geometrical properties

which reveal, among other solutions, relative dimensions of stars; their orbital

inclination, effective temperatures, the eccentricity of the orbit, and potential spots.

Combined orbital solutions using photometric observations together with radial

velocities obtained from spectroscopic observations, reveal masses of the compo-

nents, and radii. The estimated physical parameters for the eclipsing binary

systems are of great importance in studies related to their stellar structure and

evolution. In this paper we used an extensive photometric data to perform a

comprehensive study of three newly discovered eclipsing binary systems: V1264

Cas, V0664 Lac and GSC 0199-2035. The variability of the discovered systems

was detected for the first time during observations of other eclipsing binaries.

The structure of this paper is as follows: in Section 2 we display the basic

information about the studied systems, Section 3 is devoted to the light curve

modeling, and in Section 4 we discuss the evolutionary status of the studied
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systems. Summary of the results and conclusion are outlined in Section 5.

2. Observations.

2.1. V1264 Cas. The system V1264 Cas was announced as variable star with

period of 0d.30408 (V = 14m.80) by Liakos and Niarchos [3] and listed as eclipsing

binary of W UMa type (overcontact) in the AAVSO data base. It was discovered

inside the field of view of the known variable star V364 Cas. The observations

were carried out at the Gerostathopoulion Observatory of the University of Athens

in the period from 2007 to 2009, using a 40-cm Cassegrain telescope equipped

             Star Name   (2000.0)   (2000.0) B V B-V

Variable (V1264 Cas) 00h51m18s.54 +50o22'28".11 15.51 14.80 0.71
Comparison (GSC 3270-01412 ) 00h51m41s.05 +50o22'52".32 12.64 -- --
Check  (GSC 3270-00210 ) 00h51m39s.86 +50o20'31".02 13.04 -- --

Variable (V0664 Lac) 22h14m03s.68 +48o35'17".90 14.40 13.70 0.70
Comparison (USNO-A2.0 1350-16135725) 22h14m10s.32 +48o37'47".78 12.84 -- --
Check  (USNO-A2.0-1350-6139130) 22h14m10s.32 +48o37'47".78 12.84 -- --

Variable (GSC 0199-2035) 08h07m31s.00 +01o59'43".50 12.01 11.29 0.72
Comparison (GSC 0194-0498) 08h07m35s.88 +01o56'06".29 10.69 10.13 0.56
Check (GSC 0194-0292) 08h07m00s.62 +01o47'15".53 11.12 10.51 0.61

Table 1

BASIC INFORMATION OF THE VARIABLE, COMPARISON,

AND CHECK STARS

Fig.1. Observed light curves for the system V1264 Cas.
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with ST-8XMEi and ST-10XME CCD cameras and the BVRI Bessell photometric

filters. The stars GSC 3270-01412 and GSC 3270-00210, indicated in the finding

chart, were used as comparison and check stars, respectively, during the obser-

vations. Table 1 lists their basic information while Fig.1 presents observed light

curves in BVRI pass bands. The differential magnitudes were obtained for all

systems using the software Muniwin v.1.1.26 (Hroch [4]). The shape of the

observed light curve indicates typical W UMa (EW) eclipsing binary (MaxI - MinI

= -0m.67) and (MaxI - MinII = -0m.60) in R filter. We used Equation (1) which

represents the ephemeris adopted by Liakos and Niarchos [3] to calculate the

individual phases of all observational data.

. 0.3040832455140.26 HJDMinI E (1)

2.2. V0664 Lac. The system V0664 Lac (P = 0d.65321) was observed and

reported as a variable star of Beta Lyrae type (semidetached) by Liakos and

Niarchos [5]. The system was discovered in the field of view of the system AU

Lac and observed in the period from Aug 29 to Dec 6, 2010 using 0m.4 Newtonian

f/5.1 telescope equipped with SBIG ST-10XME CCD camera and the VI Bessell

photometric filters, at the University of Athens Observatory. The stars USNO-

A2.0-1350-16135725 and USNO-A2.0-1350-16139130 were used as a comparison

and check stars, respectively, during the observations. The coordinates of the

variable, comparison, and check stars are listed in Table 1, while Fig.2 displays

the observed light curves in VI Bessell pass bands. Equation (2), represents the

ephemeris adopted by Liakos and Niarchos [3] was used to calculate the individual

phases of all observational data.

. 0.6532162455538.31 HJDMinI E (2)

Fig.2. Observed light curves for the system V0664 Lac.
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2.3. GSC 0199-2035. The variability of the system GSC 0199-2035 was

discovered by Liakos and Niarchos [6], the system was classified as a detached

system (EA) with a period of P = 1d.012714. First observations for the system were

carried out in period from February 4 to March 29, 2010 in B and R pass bands

using 0m.2 reflector f/5 telescope of the National and Kapodistrian University of

Athens observatory supplied with SBIG ST-8XMEi CCD camera and BR Bessell

photometric filters. They used GSC 0194-0498 and GSC 0194-0292, with

coordinates listed in Table 1, as a comparison and check stars, respectively, during

their observations. The variability of the system GSC 0199-2035 was discovered

in the field of variable stars YY CMi and BI CMi. Fig.3 displays the observed

light curve in BR (Bessell) pass bands, where the individual phases of the curves

were calculated using the ephemeris of Equation (3), adopted by Liakos and

Niarchos [6]:

. 012714162454933.53 HJDMinI E. (3)

3. Light curve modelling. Orbital elements determination and light curve

analysis for the systems V1264 Cas, V0664 Lac and GSC 0199-2035 were

performed by means of windows interface version of Wilson-Devinney binary star

modeling (WD) code [7], which apply model atmosphere of Kurucz [8]. The

adopted theoretical model reveals absolute parameters and synthetic light curves

similar to the observed ones. The colour index (B-V) of the studied systems listed

in SIMBAD (http://simbad.u-strasbg.fr/simbad/) were used to estimate their pri-

mary stars temperatures T
1
 by means of colour index temperature relation by

Fig.3. Observed light curves for the system GSC 0199-2035
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Takunaga [9]. The adopted primary stars temperatures were used as initial values

in the light curve modelling. All individual observations of the observed light curves

in each band were analyzed. We adopted gravity darkening and bolometric albedo

exponents for convective envelopes (T
eff

 < 7500 K), where A
1

 = A
2

 = 0.5, Rucinski

[10]) and g
1

 = g
2

 = 0.32, Lucy [11]. The logarithmic limb darkening coefficients

were interpolated from the tables of Van Hamme [12]. The initial values of the

mass ratio q was adopted by means of q-search technique, which assumed mass

ratios q with the values ranging from 0.10 to 0.90 using the adopted mode for

each system. The convergent solution implies sums of the squared deviations

 2C-O  for each assumed q value which are plotted in Fig.4a, b, c for the studied

systems. The adopted q values for each system corresponding to the minima of

 2C-O  which are used as initial values in the system modelling runs. Each

system was fitted with model containing seven free parameters: orbital inclination

i, photometric mass ratio q, surface potentials of both components 1  and 2 ,

effective temperatures of the primary and secondary component T
1
 and T

2
, and

Fig.4. q-search of the binary systems:

a) V1264 Cas, b) V0664 Lac, and c) GSC

0199-2035.
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the primary star luminosity (L
1
). Table 2 lists the accepted models for the studied

systems with the estimated parameters.

3.1. V1264 Cas. Light curves of the system V1264 Cas in BVRI pass bands

were analyzed using the WD code [7] under the condition of Mode 3 (over

contact). Trials were made to estimate the set of parameters which represent the

observed light curves. Best photometric fitting was reached after several runs, which

shows that the primary component is hotter than the secondary one. The accepted

model reveals parameters listed in Table 2, while Fig.5 displays the observed light

curves of the system V1264 Cas together with the synthetic curves in BVRI pass

bands. According to the accepted orbital solution, the components of the system

V1264 Cas are of spectral types K1 and K2, respectively, (Popper [13]).

3.2. V0664 Lac. First CCD observations for the binary system V0664 Lac

in VI pass bands were analysed using Mode 2 (detached) of the WD code [7].

Mass ratio q was adopted, as mentioned before, using a q-search method (see

Fig.4b). An acceptable model was assumed after some trials with the adjustable

parameters as listed in Table 2, which show that the primary component of the

system V0664 Lac is hotter than the secondary one. According to the adopted

temperatures T
1
 and T

2
, the primary and secondary components are of spectral

Parameter V1264 Cas V0664 Lac GSC 0199-2035

i (o)  82.94±0.44 68.78±0.20   78.82±0.07
g

1
 = g

2
0.32 0.32 0.32

A
1
 = A

2
0.5 0.5 0.5

q (M
2
/M

1
) 0.4063±0.0022  0.7118±0.0049  0.2653±0.0010

1 2.5974±0.0067  3.7042±0.0128  4.3913±0.0048

2 2.5974±0.0067 3.5147±0.0132  3.1323±0.0105
T

1
, K  5028±17 5702±57 5004±8

T
2
, K   4880±6  4415±5  4748±5

in   2.6908  3.2640  2.3881

out  2.4433 2.8565  2.2215
r
1
 pole 0.4491±0.0034  0.3302±0.0052  0.2419±0.0025

r
1
 side 0.4838±0.0047 0.3412±0.0059   0.2442±0.0026

r
1
 back 0.5180±0.0067 0.3548±0.0071   0.2454±0.0026

r
2
 pole 0.3025±0.0049 0.2952±0.0054   0.1494±0.0034

r
2
 side 0.3183±0.0062  0.3049±0.0062  0.1506±0.0035

r
2
 back 0.3669±0.0127  0.3232±0.0082  0.1534±0.0038

2C)-(O 0.13586 0.07593  0.00947

Table 2

PHOTOMETRIC SOLUTIONS FOR THE SYSTEMS V1264 Cas,

V0664 Lac AND GSC 0199-2035
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types G3 and K5, respectively, (Popper [13]). Fig.6 presents the observed light

curves together with synthetic light curves obtained by the model in VI pass bands.

3.3. GSC 0199-2035. Orbital solution of the discovered Algol system GSC

0199-2035 was carried out using the observed light curves in BR (Bessell) pass

bands using Mode 2 (detached) of the WD code [7]. Photometric solution

Fig.5. Synthetic (lines) and observed (dots) light curves for the system V1264 Cas.
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Fig.6. Synthetic (lines) and observed (dots) light curves for the system V0664 Lac.
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parameters are listed in Table 2, it turns out that the spectral types of the primary

and secondary components are K1 and K3, respectively, (Popper [13]. The

adopted temperatures showed that the primary component of the system GSC

0199-2035 is hotter than the secondary one. Fig.7 displays the reflected observed

points in BR (Bessell) pass bands together with the corresponding theoretical light

curves obtained by the model.

The main source of data used in estimating the physical parameters of the

eclipsing binary components came from spectroscopic observations of the radial

velocity. Since the studied systems are new discovered systems, there are no

previous spectroscopic observations, therefore, the absolute physical parameters of

the systems were estimated using effective temperature-mass (T
eff

 - M) relation given

by Harmanec [14]. Table 3 lists the calculated absolute physical parameters of the

components of the systems V1264 Cas, V0664 Lac and GSC 0199-2035. The

parameters show that all the primary components of the studied systems are

massive than the secondary components. The calculated parameters assumed by

the acceptable models were used in the software Package Binary Maker 3.03

(Bradstreet and Steelman [15] to display the geometric structure of the studied

systems as shown in Fig.8.

4. Evolutionary states. The physical parameters estimated in Table 3 were

used to study the evolutionary states of the studied systems by means of mass-

radius (M-R) relation for zero age main sequence (ZAMS) and terminal age main

sequence (TAMS). Luminosity-effective temperature (L-T
eff
) relation of non-

 Fig.7. Synthetic (lines) and observed (dots) light curves for the system GSC 0199-2035.
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rotated models and the empirical mass-effective temperature (M-T
eff
) relation of

the intermediate and low mass eclipsing binaries were used. We also used the

evolutionary tracks computed by Girardi et al. [16] for both ZAMS and TAMS

main sequences with metalicity z = 0.019. Fig.9a, b displays the locations of the

components of the studied systems on the curve of mass-radius M-R and mass-

luminosity M-L relations. The figures show that all the components of the studied

systems located near the ZAMS track except for the secondary components of the

systems; V1264 Cas and GSC 0199-2035 where they lie above the TAMS track.

Fig.8. Three dimensional structure of the binary systems a) V1264 Cas, b) V0664 Lac, and

c) GSC 0199-2035.
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Deviation in the locations of the secondary's components of the systems V1264

Cas and GSC 0199-2035 can be ascribed to energy transfer from the primary

to the secondary component of the two systems through the common convective

envelope as suggested by Lucy [17]. Using the non-rotating evolutionary models

Parameter Star name

V1264 Cas V0664 Lac GSC 0199-2035

MM /1 0.8530±0.0348 1.0851±0.0443 0.8446±0345

MM /2 0.3466±0.0142 0.7724±0.0315 0.2241±0.0092

RR /1 0.9492±0.0388 1.1825±0.0483 0.9405±0.0384

RR /2 0.8953±0.0366 0.7213±0.0295 0.8465 ±0.0346

TT /1 0.8702±0.0355 0.9869±0.0403 0.8660±0.0354

TT /2 0.8446±0.0345 0.7641±0.0312 0.8217±0.0336

LL /1 0.5159±0.0211 1.3243±0.0541 0.4969±0.0203

LL /2 0.4073±0.0166 0.1771±0.0072 0.3263±0.0133
M

bol1
5.4685±0.2233 4.4450±0.1815 5.5093±0.2249

M
bol2

5.7252±0.2337 6.6294±0.2706 5.9660±0.2436
Sp. Type (K1)1, (K2)2 (G3)1, (K5)2 (K1)1, (K3)2

Table 3

ABSOLUTE PHYSICAL PARAMETERS FOR THE SYSTEMS

V1264 Cas, V0664 Lac AND GSC 0199-2035

Note: The subscript/superscript 1 and 2 refers to the primary and secondary components,
respectively.

Fig.9. Positions of the components (S1, S2) of the systems V1264 Cas, V0664 Lac and GSC

0199-2035 on the theoretical: mass-luminosity diagram (a) and mass-radius diagram (b) of Girardi

et al. [16].
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of Ekstrom et al. [18] at solar metallicity z = 0.014, the components of the studied

systems were assigned on the (T
eff

 - L) relation as shown in Fig.10, where all

components of the studied systems lie on the expected tracks.

Fig.11 displays the mass-effective temperature relation (M - T
eff
) for interme-

diate and low-mass stars (Malkov [19]) for the components of the systems.

Locations of the systems components on M - T
eff
 diagram have a good fit except

for the secondary's components of the systems V1264 Cas and GSC 0199-2035.

It's clear that the same components have the same behaviour in terms of mass-

luminosity and mass-radius relations, as shown in Fig.9, where we ascribed such

behaviour to an energy transfer from the primary to the secondary component

of the two systems through the common convective envelope as suggested by Lucy

[17].

5. Discussion and conclusion. First orbital solutions were carried out for

the new discovered eclipsing binary systems V1264 Cas, V0664 Lac and GSC

0199-2035 by means of CCD observations in different pass bands. A set of absolute

parameters were estimated, which showed that the primary components of all

Fig.10. Positions of the components (S1, S2) of the systems V1264 Cas, V0664 Lac and GSC

0199-2035 on the effective temperature-luminosity diagram of Ekstrom et al [16].
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studied systems are hotter and more massive than the secondary components. The

spectral types of the systems components were assigned according to the estimated

temperatures. Behaviour of the studied systems components in terms of M-L and

M-R relations was investigated to explore their evolutionary states. It is found that

all the components of the studied systems are located near ZAMS track except

for the secondary components of the systems V1264 Cas and GSC 0199-2035,

which we attributed to energy transfer from the primary to the secondary

component of these two systems through the common convective envelope.
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 Saudi Arabia, e-mail: m.alenazi@nbu.edu.sa
2 Astronomy Dept., National Research Institute of Astronomy and Geophysics

 (NRIAG), Cairo, Egypt, e-mail: magdyelkhateeb55@gmail.com

Fig.11. Positions of the components (S1, S2) of the systems V1264 Cas, V0664 Lac and GSC

0199-2035 on the empirical mass - T
eff
 relation for low-intermediate mass stars by Malkov [19].
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ÏÅÐÂÎÅ ÌÎÄÅËÈÐÎÂÀÍÈÅ ÊÐÈÂÛÕ ÁËÅÑÊÀ
ÇÀÒÌÅÍÍÎ-ÄÂÎÉÍÛÕ ÑÈÑÒÅÌ V1264 Cas,

V0664 Lac È GSC 0199-2035

Ì.Ñ.ÀËÅÍÀÇÈ1, Ì.Ì.ÝËÜÕÀÒÈÁ2

Ôîòîìåòðè÷åñêèé àíàëèç íåäàâíî îáíàðóæåííûõ ñèñòåì V1264 Cas, V0664

Lac è GSC 0199-2035 áûë ïðîâåäåí ñ èñïîëüçîâàíèåì ñàìîé ïîñëåäíåé

âåðñèè êîäà ìîäåëèðîâàíèÿ äâîéíûõ çâåçä Óèëñîíà-Äåâèííè (WD),

îñíîâàííîãî íà ìîäåëÿõ àòìîñôåð Êóðóöà. Ïðèíÿòûå ìîäåëè èñïîëüçóþò

âûÿâëåííûå ôèçè÷åñêèå ïàðàìåòðû äëÿ îïðåäåëåíèÿ ñïåêòðàëüíîãî êëàññà

êîìïîíåíòîâ èññëåäóåìûõ ñèñòåì. Ðàñïîëîæåíèå ñèñòåì ïî òåîðåòè÷åñêèì

ñîîòíîøåíèÿì ìàññà-ñâåòèìîñòü è ìàññà-ðàäèóñ âûÿâèëî õîðîøåå ñîîòâåòñòâèå

äëÿ âñåõ êîìïîíåíòîâ ñèñòåì, êðîìå âòîðîñòåïåííûõ êîìïîíåíòîâ ñèñòåì;

V1264 Cas è GSC 0199-2035, ãäå îíè ëåæàò íàä ïîñëåäîâàòåëüíîñòüþ TAMS.

Êëþ÷åâûå ñëîâà: çàòìåííî-äâîéíûå ñèñòåìû: ìîäåëèðîâàíèå êðèâîé áëåñêà:

   ýâîëþöèîííîå ñîñòîÿíèå
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ÏÅÐÈÎÄÈ×ÅÑÊÈÅ ÈÇÌÅÍÅÍÈß ÁËÅÑÊÀ ÊÐÀÑÍÎÃÎ
ÊÀÐËÈÊÀ V647 Her

Í.È.ÁÎÍÄÀÐÜ1, Ê.À.ÀÍÒÎÍÞÊ1,2, Í.Â.ÏÈÒÜ1

Ïîñòóïèëà 29 èþíÿ 2022
Ïðèíÿòà ê ïå÷àòè 11 íîÿáðÿ 2022

Èññëåäîâàíû ôîòîìåòðè÷åñêèå ðÿäû êðàñíîãî êàðëèêà V647 Her (M3.5V), ïîëó÷åííûå
ïî ðåçóëüòàòàì íàáëþäåíèé 2019ã. â Êðûìñêîé àñòðîôèçè÷åñêîé îáñåðâàòîðèè è ïî äàííûì
êàòàëîãà SuperWASP â 2004-2007ãã. Àíàëèç ðàññìîòðåííûõ êðèâûõ áëåñêà ïîêàçàë íàëè÷èå
ïåðåìåííîñòè ñ àìïëèòóäîé 0

m
.04 è ïåðèîäîì 20.69 äíåé. Èññëåäîâàíà ñòàáèëüíîñòü õàðàêòå-

ðèñòèê ýòîé ïåðåìåííîñòè â ðàçíûå ýïîõè. Àìïëèòóäà ïåðåìåííîñòè è ôàçà ìèíèìóìà
ñîõðàíÿþòñÿ íà èíòåðâàëå 40-60 äíåé. Ïîñëå âû÷èòàíèÿ âêëàäà 20-äíåâíîé ïåðèîäè÷íîñòè
ïî ðÿäó îñòàòêîâ 2019ã. çàïîäîçðåíû áûñòðûå èçìåíåíèÿ ñ ïåðèîäîì 1.1 äíÿ ñ âåðîÿòíîñòüþ
îêîëî 95%. Ïî äàííûì êàòàëîãà SuperWASP òàêæå îáíàðóæèâàþòñÿ èçìåíåíèÿ áëåñêà ñ
òàêèì ïåðèîäîì è ñëó÷àè îïòè÷åñêèõ âñïûøåê.

Êëþ÷åâûå ñëîâà: çâåçäû: êðàñíûå êàðëèêè: âñïûõèâàþùèå çâåçäû: ôîòî-

ìåòðè÷åñêàÿ ïåðåìåííîñòü: V647 Her

1. Ââåäåíèå. Ìàãíèòíàÿ àêòèâíîñòü ïîçäíèõ êàðëèêîâ èññëåäóåòñÿ êàê

îáùåå åå ïðîÿâëåíèå ïî âûáîðêàì îáúåêòîâ è êàê êîíêðåòíàÿ õàðàêòåðèñòèêà

îòäåëüíûõ çâåçä. Ì-êàðëèêè îòëè÷àþòñÿ îò çâåçä ñîëíå÷íîãî òèïà âíóòðåííèì

ñòðîåíèåì è òîïîëîãèåé ìàãíèòíûõ ïîëåé. Òåîðåòè÷åñêèå ðàñ÷åòû ïîêàçûâàþò,

÷òî êðàñíûå êàðëèêè ñ ìàññîé ìåíüøå 0.35 M  ñòàíîâÿòñÿ ïîëíîñòüþ êîíâåê-

òèâíûìè [1-3], à ñëåäîâàòåëüíî, óñëîâèÿ ãåíåðàöèè ìàãíèòíûõ ïîëåé è äåéñòâèÿ

äèíàìî-ïðîöåññîâ, ïðèâîäÿùèõ ê ðàçâèòèþ çâåçäíîé àêòèâíîñòè, áóäóò îòëè-

÷àòüñÿ îò áîëåå ìàññèâíûõ G-M êàðëèêîâ, âî âíóòðåííåì ñòðîåíèè êîòîðûõ

ïðèñóòñòâóþò ðàäèàòèâíàÿ è êîíâåêòèâíàÿ çîíû [4].

Â äâîéíîé ñèñòåìå Gl 669AB îäèí êîìïîíåíò (V639 Her, M4.5V) ÿâëÿåòñÿ

ïîëíîñòüþ êîíâåêòèâíîé çâåçäîé, à ó äðóãîãî, áîëåå ðàííåãî ñïåêòðàëüíîãî

êëàññà (V647 Her, M3.5V), åùå ñîõðàíÿåòñÿ ðàäèàòèâíàÿ çîíà. Ýòè çâåçäû

îáðàçóþò øèðîêóþ ïàðó, ðàçäåëåííóþ â ïðîåêöèè íà 16".8 [5,6], è ðàññìàò-

ðèâàþòñÿ êàê íåâçàèìîäåéñòâóþùèå îäèíî÷íûå îáúåêòû [7]. Òåîðåòè÷åñêèå

ìîäåëè è ðåçóëüòàòû íàáëþäåíèé ïîêàçûâàþò, ÷òî àêòèâíîñòü G-M êàðëèêîâ

â çíà÷èòåëüíîé ñòåïåíè çàâèñèò îò èõ ñêîðîñòè âðàùåíèÿ [8-12]. Ó çâåçäû

V639 Her, ñîãëàñíî [13] V sini ~ 6.79 êì ñ-1, ïåðèîä âðàùåíèÿ V647 Her ïî

äàííûì [14] ðàâåí 19.81 äíÿ. Ïî ïîâåäåíèþ áëåñêà íà èíòåðâàëå 1939-2018ãã.
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ó çâåçäû çàïîäîçðåíî ñóùåñòâîâàíèå ïðîäîëæèòåëüíîãî öèêëà, äî 76 ëåò [15],

è òîãäà, ñîãëàñíî äèàãðàììå ïåðèîä âðàùåíèÿ - äëèíà öèêëà, ïåðèîä âðàùåíèÿ

çâåçäû äîëæåí áûòü íåñêîëüêî äíåé. Ïî âûáîðêå V-âåëè÷èí  ôîòîìåòðè÷åñêîãî

êàòàëîãà SuperWASP (Wide Angle Search for Planets) â [16] áûë íàéäåí ïåðèîä

âðàùåíèÿ 1.09 ñóò. Î áûñòðîì âðàùåíèè çâåçäû ñ ïåðèîäîì 0.95 ñóò ñîîáùàåòñÿ

â ñòàòüå [17], îäíàêî ïîçäíåå ýòîò ïåðèîä áûë ïðèçíàí ëîæíûì [18].

Ñêîðîñòè âðàùåíèÿ êàæäîé èç çâåçä â ñèñòåìå Gl 669AB îáñóæäàëèñü â [7],

àâòîðû ïðèøëè ê âûâîäó, ÷òî ïî ðåçóëüòàòàì ðàçíûõ èññëåäîâàíèé îáå

çâåçäû ìîæíî ñ÷èòàòü ìåäëåííî âðàùàþùèìèñÿ, íî íàéäåííûå â ðàçíûõ

èñòî÷íèêàõ çíà÷åíèÿ ïåðèîäà âðàùåíèÿ äëÿ V647 Her ðàçëè÷àþòñÿ. Äëÿ åãî

óòî÷íåíèÿ íåîáõîäèìî ïîëó÷èòü êà÷åñòâåííûå ðÿäû íàáëþäåíèé, à òàêæå

îïðåäåëèòü óãîë íàêëîíà îñè âðàùåíèÿ.

Â íàñòîÿùåé ðàáîòå ìû ïðåäñòàâëÿåì ðåçóëüòàòû ïîèñêà ïåðèîäà âðàùåíèÿ

çâåçäû V647 Her ïî ôîòîìåòðè÷åñêèì äàííûì, ïîëó÷åííûì íà 1.25-ì òåëåñêîïå

Êðûìñêîé àñòðîôèçè÷åñêîé îáñåðâàòîðèè â 2019ã. è ïî ðÿäàì 2004, 2006ãã.

ñ âûñîêèì âðåìåííûì ðàçðåøåíèåì èç êàòàëîãà  SuperWASP. Ñâåäåíèÿ î

ôîòîìåòðèè çâåçäû â 2019ã. è àíàëèç ïîâåäåíèÿ åå áëåñêà ïðèâåäåíû â

ðàçäåëàõ 1, 2; àíàëèç äàííûõ èç êàòàëîãà SuperWASP - â ðàçäåëå 3, â ðàçäåëå

4 îáñóæäàþòñÿ ïîëó÷åííûå ðåçóëüòàòû, â ðàçäåëå 5 ïðèâåäåíû âûâîäû.

2. Ôîòîìåòðèÿ 2019ã. è àíàëèç êðèâîé áëåñêà.

2.1. Ôîòîìåòðè÷åñêèå äàííûå. Ôîòîìåòðè÷åñêèå õàðàêòåðèñòèêè

V647 Her, ñâèäåòåëüñòâóþùèå î åå àêòèâíîñòè, îïðåäåëåíû â ðÿäå ðàáîò ïî

ðåçóëüòàòàì øèðîêîïîëîñíîé ýëåêòðîôîòîìåòðèè è ÏÇÑ- íàáëþäåíèé. Áëåñê

çâåçäû â V-ôèëüòðå, ñîãëàñíî [19], ðàâåí 11m.36, ñîãëàñíî [5,20] V = 11m.42.

Âñïûøå÷íàÿ àêòèâíîñòü V647 Her â ôèëüòðå Â è â ëèíèè H  îòìå÷àåòñÿ â

ðàáîòå [21]. Ïî ôîòîãðàôè÷åñêèì äàííûì 1939-1991ãã. îáíàðóæåíû èçìåíåíèÿ

ñðåäíåãî ãîäîâîãî áëåñêà çâåçäû [22], à àíàëèç êîìïèëèðîâàííîé êðèâîé

áëåñêà íà èíòåðâàëå ñ 1939 ïî 2018ãã. ïîçâîëÿåò ïðåäïîëîæèòü íàëè÷èå

76-ëåòíåãî öèêëà ôîòîñôåðíîé àêòèâíîñòè [15].

Â ýòîì ðàçäåëå ìû ïðèâîäèì ðåçóëüòàòû íàáëþäåíèé â V-ïîëîñå, ïîëó-

÷åííûå â 2019ã. ñ 21 èþíÿ ïî 24 íîÿáðÿ íà 1.25-ì òåëåñêîïå Êðûìñêîé

àñòðîôèçè÷åñêîé îáñåðâàòîðèè (ÊðÀÎ) ñ ïîìîùüþ ÏÇÑ- êàìåðû ProLine

PL230 ñ ïðèåìíèêîì (ìàòðèöåé) e2v CCD230-42G. Ðàçìåð êàäðà 20482048

ïèêñåëåé, ïîëå â êàäðå 901901 ..  , ðàçìåð ïèêñåëåé 15 ìêì, 0".32/ïèêñåëü.

Ïàòðóëüíûå íàáëþäåíèÿ âûïîëíåíû â ïîëîñàõ BVRI ñèñòåìû Äæîíñîíà -

Êîçèíñà ñ âðåìåííûì ðàçðåøåíèåì 1 ìèí, ïî 3 çàïèñè â êàæäîì ôèëüòðå

â äàòó íàáëþäåíèé. Çà 92 íî÷è íàáëþäåíèé (òàáë.1) ïîëó÷åíî 280 çíà÷åíèé

áëåñêà â V-ôèëüòðå ñ òî÷íîñòüþ íåñêîëüêî òûñÿ÷íûõ çâåçäíûõ âåëè÷èí.

Îöåíêè áëåñêà V  ïîëó÷åíû â èíñòðóìåíòàëüíîé ñèñòåìå îòíîñèòåëüíî
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çâåçäû ñðàâíåíèÿ TYC 2082-2143-1, V = 11m.22 (SIMBAD database). Íà ðèñ.1

ïðèâåäåíà êðèâàÿ áëåñêà, íà êîòîðîé ðÿä V-âåëè÷èí äëÿ äàëüíåéøåãî àíàëèçà

îòìå÷åí ÷åðíûìè êðóæêàìè (N = 258), à èñêëþ÷åííûå çíà÷åíèÿ, â òîì ÷èñëå

âîçìîæíûå âñïûøêè, ïîêàçàíû îòêðûòûìè êðóæêàìè (N = 22).

Êðèâàÿ áëåñêà õàðàêòåðèçóåòñÿ ñîõðàíåíèåì ìàêñèìàëüíîãî óðîâíÿ

áëåñêà â ýïîõó íàáëþäåíèé è êâàçèïåðèîäè÷åñêèìè åãî îñëàáëåíèÿìè íà

0m.05-0m.07 îòíîñèòåëüíî ìàêñèìàëüíîãî çíà÷åíèÿ. Õàðàêòåðèñòèêè êðèâîé

áëåñêà: 140m.Vmax   ( 0030. ), 210m.Vmin   ( 0080. ), èçìåíåíèÿ áëåñêà

V
var

 = 0m.07.

Äàòà, 2019ã. JD2450000+ ×èñëî äàò Êîëè÷åñòâî
íàáëþäåíèé êàäðîâ

21.06-28.06 8656.34-8663.33 7 21
02.07-31.07 8667.30-8696.27 16 48
01.08-31.08 8697.29-8727.22 18 57
01.09-30.09 8728.26-8757.26 19 58
01.10-24.10 8758.22-8781.20 15 45
01.11-24.11 8789.19-8812.18 17 51

Âñåãî 156 92 280

Òàáëèöà 1

ÆÓÐÍÀË ÍÀÁËÞÄÅÍÈÉ V647 HER ÍÀ 1.25-ì ÒÅËÅÑÊÎÏÅ ÀÇÒ-11

Ðèñ.1 Êðèâàÿ áëåñêà V647 Her ïî ðåçóëüòàòàì íàáëþäåíèé íà 1.25-ì òåëåñêîïå. Ïî îñè

îðäèíàò - èçìåíåíèÿ áëåñêà çâåçäû îòíîñèòåëüíî çâåçäû ñðàâíåíèÿ. Îòêðûòûå êðóæêè îòìå÷àþò

V -âåëè÷èíû, èñêëþ÷åííûå èç äàëüíåéøåé îáðàáîòêè (N = 22). Ïóíêòèðíîé ëèíèåé ïîêàçàí

óðîâåíü ìàêñèìàëüíîãî áëåñêà. Íà âñòàâêå ïðèâåäåí ðÿä, âûáðàííûé äëÿ ïîèñêà ôîòîìåò-

ðè÷åñêîãî ïåðèîäà (N = 211).

JD2450000+


V

8650

0.25

8700 8750 8800

0.20

0.15

0.10

0.05

8700 8800

0.20

0.15
V647 Her

21.06-24.11.2019
01.08-24.11.2019



506 Í.È.ÁÎÍÄÀÐÜ  È  ÄÐ.

2.2. Àíàëèç êðèâîé áëåñêà. Äëÿ ïîèñêà ôîòîìåòðè÷åñêîãî ïåðèîäà

âûáðàí âðåìåííîé èíòåðâàë 01.08 - 24.11 (JD2458697-2458812), íà êîòîðîì

ïðîñëåæèâàþòñÿ 6 ïîñëåäîâàòåëüíûõ âõîæäåíèé â ìèíèìóì áëåñêà. Âûáðàííûé

ðÿä ïðèâåäåí íà âêëàäêå ðèñ.1, îí ñîäåðæèò 211 îöåíîê áëåñêà. Ïîèñê

ïåðèîäîâ âûïîëíåí ìåòîäàìè Þðêåâè÷à, Ñêàðãëÿ è Õàðòëè ñ ïîìîùüþ

Ðèñ.2. Èçìåíåíèÿ áëåñêà ó çâåçäû V647 Her ñ ïåðèîäîì 20.69 äíÿ. Íà âåðõíåì ãðàôèêå

ïîêàçàíû èçìåíåíèÿ áëåñêà íà èíòåðâàëå 01.08-24.11.2019 ñ ïåðèîäîì 20.69 äíÿ, íà âñòàâêå -

ïåðèîäîãðàììà Ëîìá-Ñêàðãëÿ, ïóíêòèðíîé ëèíèåé îòìå÷åí óðîâåíü 52. . Íà íèæíåé ïàíåëè

ïðèâåäåíû ôàçîâûå êðèâûå äëÿ èíòåðâàëà 21.06-30.07 (îòêðûòûå êðóæêè) è 01.08-24.11 (çà÷åðíåííûå

êðóæêè); âåðòèêàëüíûìè ÷åðòî÷êàìè ïîêàçàíû îøèáêè ñðåäíèõ ïî äàòå çíà÷åíèé áëåñêà.
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ïðîãðàììíîãî ïàêåòà AVE [23]. Ïåðèîäîãðàììíûé  àíàëèç ïîêàçàë, ÷òî â

èíòåðâàëå çíà÷åíèé 1-40 äíåé íàèáîëåå çíà÷èìûé ïèê ñîîòâåòñòâóåò ïåðèîäó

20.69 äíÿ. Ìåòîäîì Ëîìá-Ñêàðãëÿ [24] îáíàðóæåíû ãàðìîíè÷åñêèå êîëåáàíèÿ

ñ ïåðèîäîì 20.62 (±0.07) äíÿ (ðèñ.2 âåðõíÿÿ ïàíåëü), ÷òî â ïðåäåëàõ òî÷íîñòè

îïðåäåëåíèÿ ñîãëàñóåòñÿ ñî çíà÷åíèåì 20.69 äíÿ. Àìïëèòóäà ïåðåìåííîñòè

ñîñòàâëÿåò 0m.047. Ïîñòðîåííàÿ ñîãëàñíî ôîòîìåòðè÷åñêèì ýëåìåíòàì

HJD = 2458733.2449 + 20.69 E ôàçîâàÿ êðèâàÿ áëåñêà äëÿ âñåãî èññëåäóåìîãî

ðÿäà ïîêàçàëà, ÷òî â ðàçíûå ýïîõè ìèíèìóì áëåñêà ïðèõîäèòñÿ íà ðàçíûå

ôàçû ïåðèîäà. Íà íèæíåé ïàíåëè ðèñ.2 ïðèâåäåíû ôàçîâûå êðèâûå ïî

íàáëþäåíèÿì ñ 21.06 ïî 30.07 è ñ 01.08 ïî 24.11 è àïïðîêñèìàöèè ñðåäíèõ

â áèíàõ 0.05 ôàçû çíà÷åíèé áëåñêà ïîëèíîìàìè 4-é ñòåïåíè (òîíêàÿ è æèðíàÿ

ëèíèè, ñîîòâåòñòâåííî).

3. Ïîâåäåíèå áëåñêà â 2004, 2006ãã. ïî äàííûì èç êàòàëîãà

SuperWASP. Áîëüøîé îáúåì äàííûõ î ïîâåäåíèè áëåñêà V647 Her ïîëó÷åí

â 2004, 2006-2007ãã. â õîäå îáçîðíûõ øèðîêîóãîëüíûõ íàáëþäåíèé ïî

ïðîåêòó SuperWASP. Àâòîìàòèçèðîâàííûå òåëåñêîïû, èñïîëüçóåìûå â ýòîì

ïðîåêòå, îñíàùåíû ÏÇÑ êàìåðàìè, îáåñïå÷èâàþùèìè ïîëå êàäðà 7o.8 õ 7o.8

è óãëîâîå ðàçðåøåíèå 13".7 íà ïèêñåëü. Òî÷íîñòü ôîòîìåòðèè çâåçä, ó

êîòîðûõ V-âåëè÷èíû ~7m.0 - 11m.5, îêîëî 1% [14,26,27]. Äëÿ V647 Her â

êàòàëîãå SuperWASP ñîäåðæèòñÿ áîëåå 10.7 òûñ îöåíîê áëåñêà ñ îøèáêàìè èõ

îïðåäåëåíèÿ. Î÷èñòêà äàííûõ âêëþ÷àëà óäàëåíèå ÿâíî îøèáî÷íûõ çíà÷åíèé,

çàòåì äëÿ âèçóàëüíîãî âûÿâëåíèÿ îòêëîíÿþùèõñÿ çíà÷åíèé ñòðîèëèñü êðèâûå

áëåñêà íà âûäåëåííûõ èíòåðâàëàõ è èñêëþ÷àëèñü çíà÷åíèÿ ñ ó÷åòîì

ñòàòèñòè÷åñêîãî êðèòåðèÿ 3 . Õàðàêòåðèñòèêè ïîëó÷åííûõ ðÿäîâ ïðèâåäåíû

â òàáë.2, çíà÷åíèÿ V
max 

è
 
V

min
 îïðåäåëåíû ñ òî÷íîñòüþ îêîëî 1%. Íàáëþäåíèÿ

2007ã. ïðîâîäèëèñü òîëüêî 12 äíåé è ïîñëåäóþùåé îáðàáîòêå íå ïîäâåðãàëèñü.

Ïîèñê ïåðèîäè÷íîñòè âûïîëíåí ìåòîäàìè, îïèñàííûìè â ãë. 2.2, ïî

íàèáîëåå ïëîòíîìó è ïðîäîëæèòåëüíîìó ðÿäó 2004ã. Â 2006ã. íàáëþäåíèÿ

ïðîâåäåíû â òå÷åíèå 4 ìåñÿöåâ, íî îíè ïðåäñòàâëÿþò ñîáîé íåñêîëüêî

êîðîòêèõ, ðàçðîçíåííûõ ñåðèé è ðàññìîòðåíû äëÿ ïîäòâåðæäåíèÿ ïåðèîäè-

Äàòà JD2450000+ minmax VVV  ×èñëî
(mag) èçìåðåíèé

03.05-30.09.2004 3128.51-3278.40 11.19-11.29 4515
02.04-04.08.2006 3827.60-3951.42 11.19-11.28 5214
01.04-12.04.2007 4191.60-4202.75 11.04-11.18 547

Òàáëèöà 2

ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ ÊÐÈÂÛÕ ÁËÅÑÊÀ ÏÎ

ÄÀÍÍÛÌ ÊÀÒÀËÎÃÀ SuperWASP
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÷íîñòè, íàéäåííîé ïî äàííûì 2004ã. Ðåçóëüòàòû ïåðèîäîãðàììíîãî àíàëèçà,

âûïîëíåííîãî ïî âñåìó ðÿäó 2004ã. è íà îòäåëüíûõ èíòåðâàëàõ, ïîäòâåðäèëè

Ðèñ.3. Èçìåíåíèÿ áëåñêà V647 Her ïî íàáëþäåíèÿì 2004ã. Íà âåðõíåé ïàíåëè - êðèâàÿ

áëåñêà, íà ñðåäíåé è íèæíåé ïàíåëÿõ ïðèâåäåíû ñâåðòêè äàííûõ íà óêàçàííûõ èíòåðâàëàõ

ñ ïåðèîäîì 20.69 äíÿ è èõ àïïðîêñèìàöèÿ ïîëèíîìàìè.
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ïðèñóòñòâèå ïåðèîäà 20.69 äíÿ. Ïîñòðîåííûå ñ ýòèì ïåðèîäîì ôàçîâûå êðèâûå

äëÿ ïðîèçâîëüíî âûáðàííîé íà÷àëüíîé ýïîõè T
0

 = 2453128.5102 ïîêàçàëè, ÷òî

ëó÷øåå ñîãëàñèå ïî ôàçå è àìïëèòóäå ïîêàçûâàþò äàííûå íà âûäåëåííûõ

èíòåðâàëàõ îêîëî 60 äíåé. Íà ðèñ.3 ïðèâåäåí âåñü ðÿä V-âåëè÷èí 2004ã. è

ñâåðòêè íà óêàçàííûõ èíòåðâàëàõ. Àïïðîêñèìèðóþùèå ïîëèíîìû 4-é ñòåïåíè

ïðîâåäåíû ïî óñðåäíåííûì â áèíàõ 0.05 ôàçû ïåðèîäà V-âåëè÷èíàì. Íà ðèñ.4.

ïðèâåäåíû äàííûå 2006ã. è ôàçîâûå êðèâûå, ïîñòðîåííûå ñ óêàçàííûìè

çíà÷åíèÿìè ïåðèîäà è íà÷àëüíîé ôàçû äëÿ ñåðèé íà èíòåðâàëàõ JD2453827.5964

- JD2453856.7350 (îòêðûòûå êðóæêè) è JD2453882.4462 - JD2453951.4223

(êðåñòèêè). Êàæäàÿ èç ðàññìîòðåííûõ ñåðèé íàáëþäåíèé ïîêðûâàåò îãðàíè-

÷åííûé èíòåðâàë ôàç, íî âèäíî, ÷òî ôîðìû ôàçîâûõ êðèâûõ îòëè÷àþòñÿ.

4. Îáñóæäåíèå ðåçóëüòàòîâ. Íàáëþäåíèÿ, âûïîëíåííûå â 2019ã. íà

1.25-ì òåëåñêîïå ÊðÀÎ, ïîêàçàëè, ÷òî â òå÷åíèå íåñêîëüêèõ ìåñÿöåâ óðîâåíü

ìàêñèìàëüíîãî áëåñêà ñîõðàíÿëñÿ. Ñòàáèëüíûé óðîâåíü ìàêñèìàëüíîãî áëåñêà

ïîäòâåðæäàþò è äàííûå êàòàëîãà SuperWASP çà 2004ã. è 2006ã. Èçìåíåíèÿ

áëåñêà ñîñòàâëÿþò 0m.07 - 0m.10. Ôàçîâûå êðèâûå, ïîñòðîåííûå ñ ïåðèîäîì

20.69 äíÿ, ïîêàçûâàþò, ÷òî õàðàêòåðèñòèêè ïåðåìåííîñòè, àìïëèòóäà è ôàçà

ìèíèìóìà, ñîõðàíÿþòñÿ 40-60 äíåé. Ïî äàííûì 2004ã. ìèíèìóì áëåñêà íà

èíòåðâàëå 24.05 - 23.07 íàáëþäàëñÿ íà ôàçå 0.43, à íà èíòåðâàëå 15.08 - 24.09

- íà ôàçå 0.17 ñ íåçíà÷èòåëüíûì óìåíüøåíèåì àìïëèòóäû îò 0m.03 äî 0m.026

( 0070. ). Àïïðîêñèìèðîâàííûå ïîëèíîìàìè ôàçîâûå êðèâûå íà óêàçàííûõ

èíòåðâàëàõ 2004ã. ïðåäñòàâëåíû íà ðèñ.5 (ââåðõó). Íà íèæíåé ïàíåëè ýòîãî

ðèñóíêà ïðèâåäåíû ôàçîâûå êðèâûå, ïîñòðîåííûå ñ òîé æå íà÷àëüíîé ýïîõîé

ïî íàáëþäåíèÿì 2019ã. íà èíòåðâàëàõ 21.06 - 31.07 è 1.08 - 24.11. Ìèíèìóìû

Ðèñ.4. Êðèâàÿ áëåñêà ïî íàáëþäåíèÿì 2006ã. (ñëåâà). Ôàçîâûå êðèâûå (cïðàâà) ïîñòðîåíû

äëÿ èíòåðâàëîâ JD2453827 - 2453856 (îòêðûòûå êðóæêè) è JD2453882 - 2453951 (êðåñòèêè),

íà÷àëüíàÿ ýïîõà T
0
 = 2453128.5102.
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áëåñêà ïðèõîäÿòñÿ íà ôàçû 0.22 è 0.55, àìïëèòóäà èçìåíÿåòñÿ îò 0m.027 äî

0m.044 ( 0050. ).

Òàêîé õàðàêòåð ôîòîìåòðè÷åñêîé ïåðåìåííîñòè íàáëþäàåòñÿ ó êðàñíûõ

êàðëèêîâ ïðè íàëè÷èè íà èõ ïîâåðõíîñòè õîëîäíûõ ïÿòåí, ÷òî ïðèâîäèò ê

ìàëîàìïëèòóäíîé ìîäóëÿöèè áëåñêà ñ ïåðèîäîì âðàùåíèÿ çâåçäû, à èçìåíåíèÿ

àìïëèòóäû è ôàçû ìèíèìóìîâ âûçâàíû ïðîöåññàìè îáðàçîâàíèÿ, ðàñïðåäåëåíèÿ

è ðàçðóøåíèÿ ïÿòåí.

Òàêèì îáðàçîì, ïåðèîä 20.69 äíÿ ìîæíî ðàññìàòðèâàòü êàê ïåðèîä âðàùåíèÿ

çâåçäû, à íàáëþäàåìûå ôàçû ìèíèìóìà è ñîõðàíåíèå óðîâíÿ ìàêñèìàëüíîãî

áëåñêà óêàçûâàþò íà çàïÿòíåííîñòü îäíîé ïîâåðõíîñòè ôîòîñôåðû. Ïåðèîä

20 äíåé ÿâëÿåòñÿ õàðàêòåðíûì äëÿ  õîëîäíûõ êàðëèêîâ ñ T
eff

 ~ 3500 Ê [25].

Îäíàêî, ñîãëàñíî îöåíêå âîçðàñòà, V647 Her îòíîñèòñÿ ê ìîëîäûì çâåçäàì,

èõ ïåðèîäû âðàùåíèÿ <10 äíåé.

Ðèñ.5. Àìïëèòóäà è ôàçà ïåðèîäè÷åñêèõ èçìåíåíèé áëåñêà V647 Her â ðàçíûå ýïîõè.

2004ã.: 24.05-23.07 (æèðíàÿ ëèíèÿ), 15.08-24.09 (òîíêàÿ ëèíèÿ); 2019ã.: 21.06-31.07 (òîíêàÿ

ëèíèÿ) è 01.08-24.11 - æèðíàÿ ëèíèÿ, áàðû ïîêàçûâàþò ñðåäíþþ êâàäðàòè÷åñêóþ îøèáêó.
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Ìû âûïîëíèëè àíàëèç ðÿäà îñòàòêîâ ïîñëå ó÷åòà âêëàäà ïåðèîäè÷íîñòè

20.69 äíÿ ïî íàáëþäåíèÿì 2019ã. Îí ïðèâåäåí íà ðèñ.6 (ñëåâà), èçìåíåíèÿ

áëåñêà 0290.V  , ÷òî íå ïðåâûøàåò 22. . Ïî ýòîìó ðÿäó íàéäåí ïåðèîä

1.098 äíÿ (ðèñ.6, ñïðàâà). Áëèçêèå çíà÷åíèÿ ïåðèîäîâ ïîëó÷åíû ïî ñåðèè

Ðèñ.6. Èçìåíåíèÿ áëåñêà V647 Her ñ ïåðèîäîì 1.098 ñóò ïî íàáëþäåíèÿì íà 1.25-ì

òåëåñêîïå ÊðÀÎ â 2019ã. Ñëåâà ïðèâåäåí ðÿä îñòàòêîâ ïîñëå ó÷åòà âêëàäà ïåðèîäè÷íîñòè

20.69 äíÿ è çíà÷åíèå ñðåäíåé êâàäðàòè÷åñêîé îøèáêè, ñïðàâà - ñâåðòêà äàííûõ ñ óêàçàííûì

ïåðèîäîì.

JD2450000+


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8750 8800
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Ðèñ.7. Âñïûøêè â V-ïîëîñå ïî

äàííûì èç êàòàëîãà SuperWASP.
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äàííûõ 2004ã. èç êàòàëîãà SuperWASP [26,27], îäíàêî íèçêàÿ òî÷íîñòü

îïðåäåëåíèÿ ýòèõ ïåðèîäîâ îñòàâëÿåò îòêðûòûì âîïðîñ î áûñòðîé ïåðå-

ìåííîñòè.

Îòìåòèì, ÷òî ïî äàííûì êàòàëîãà SuperWASP, çâåçäà ïðîÿâëÿåò âñïûøå÷íóþ

àêòèâíîñòü. Íåñêîëüêî ñîáûòèé áûñòðîãî ïîâûøåíèÿ áëåñêà íà 0m.1 - 0m.2 ñ

åãî âîññòàíîâëåíèåì çà íåñêîëüêî äåñÿòêîâ ìèíóò ê óðîâíþ äî âñïûøêè

ïðèâåäåíû íà ðèñ.7. Èçó÷åíèå áûñòðîé ïåðåìåííîñòè òðåáóåò àâòîìàòèçè-

ðîâàííûõ ìíîãî÷àñîâûõ íàáëþäåíèé â òå÷åíèå íî÷è.

5. Âûâîäû. Ôîòîìåòðè÷åñêèå íàáëþäåíèÿ V647 Her, âûïîëíåííûå â

èþíå - íîÿáðå 2019ã. íà 1.25-ì òåëåñêîïå ÊðÀÎ, ïîêàçàëè, ÷òî ïîâåäåíèå

áëåñêà çâåçäû õàðàêòåðèçóåòñÿ èçìåíåíèÿìè íà 0m.05 - 0m.07 îòíîñèòåëüíî åãî

ìàêñèìàëüíîãî óðîâíÿ ñ ïåðèîäîì 20.69 äíÿ. Ôàçà ìèíèìóìà è àìïëèòóäà

ïåðåìåííîñòè ñîõðàíÿþòñÿ íà èíòåðâàëå îêîëî 60 äíåé. Íàáëþäàåìûå õàðàêòå-

ðèñòèêè ïåðåìåííîñòè ïîçâîëÿþò ïðåäïîëîæèòü, ÷òî íà îäíîé èç ïîëóñôåð

çâåçäû îáðàçóþòñÿ õîëîäíûå ïÿòíà, à ïåðèîä 20.69 ñóò ÿâëÿåòñÿ ïåðèîäîì

âðàùåíèÿ.

Äàííûå êàòàëîãà SuperWASP, ïîëó÷åííûå â 2004ã. è 2006ã., ïîäòâåðæäàþò

ïîëó÷åííîå çíà÷åíèå ïåðèîäà è õàðàêòåðèñòèêè ïåðèîäè÷åñêèõ èçìåíåíèé

áëåñêà. Îäíàêî äëÿ óâåðåííûõ âûâîäîâ òðåáóåòñÿ èçó÷åíèå ïîêàçàòåëåé öâåòà

çâåçäû.

Îòìåòèì òàêæå, ÷òî çàïîäîçðåíî ïðèñóòñòâèå áûñòðûõ èçìåíåíèé áëåñêà

ñ ïåðèîäîì 1.098 äíÿ, à òàêæå ðàçâèòèå îïòè÷åñêèõ âñïûøåê, ñ ïðîôèëåì,

õàðàêòåðíûì äëÿ àêòèâíûõ çâåçä òèïà UV Cet.

 Àâòîðû âûðàæàþò áëàãîäàðíîñòü ðåöåíçåíòó çà ïîëåçíûå çàìå÷àíèÿ è

ðåêîìåíäàöèè, à òàêæå êîëëåêòèâàì, îáåñïå÷èâàþùèì èñïîëüçîâàíèå ðåñóðñîâ

àñòðîíîìè÷åñêèõ áàç SIMBAD database, Ñòðàñáóðã, Ôðàíöèÿ è The Interna-

tional Variable Star Index (AAVSO), êàòàëîãà SuperWASP, ×åøñêàÿ Ðåñïóáëèêà.

1 Êðûìñêàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ ÐÀÍ,

 Ðîññèÿ, e-mail: otbn@mail.ru
2 Ñïåöèàëüíàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ ÐÀÍ, Ðîññèÿ
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PERIODIC VARIATIONS IN THE BRIGHTNESS
OF THE RED DWARF V647 Her

N.I.BONDAR'1, K.A.ANTONYUK1,2, N.V.PIT'1

The photometric series obtained for the red dwarf V647 Her (M3.5V) from

the results of observations at the Crimean Astrophysical Observatory in 2019 and

the data of 2004-2007 from the SuperWASP catalog are studied. An analysis of

the considered light curves showed the presence of variability with an amplitude

of 0m.04 and a period of 20.69 days. The stability of the characteristics of this

variability in different epochs has been studied. The amplitude of variability and

phase of the minimum persist for 40-60 days. After subtracting the contribution

of the 20-day periodicity, rapid brightness changes with a period of 1.1 days are

suspected with a probability of about 95% in the residual series in 2019. According

to the SuperWASP catalog rapid brightness changes with the same period and

optical flare events are also noted.

Keywords: stars: red dwarfs: flare stars: photometric variability: V647 Her
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ÄÅÂßÒÜ ÁËÈÇÊÈÕ Ê-ÃÈÃÀÍÒÎÂ Ñ ÏËÀÍÅÒÀÌÈ:
ÄÅÒÀËÜÍÛÉ ÀÍÀËÈÇ ÕÈÌÈ×ÅÑÊÎÃÎ ÑÎÑÒÀÂÀ

Ë.Ñ.ËÞÁÈÌÊÎÂ, Ä.Á.ÏÎÊËÀÄ, Ñ.À.ÊÎÐÎÒÈÍ
Ïîñòóïèëà 11 àâãóñòà 2022

Ïðèíÿòà ê ïå÷àòè 11 íîÿáðÿ 2022

Èññëåäîâàí õèìè÷åñêèé ñîñòàâ 9-òè Ê-ãèãàíòîâ ñ ïëàíåòàìè, ðàñïîëîæåííûõ â ïðåäåëàõ
100 ïê îò Ñîëíöà. Ïðè ýòîì èñïîëüçîâàíû ôóíäàìåíòàëüíûå ïàðàìåòðû çâåçä, íàéäåííûå
íàìè ðàíåå; äëÿ ãèãàíòà  Leo ïî ëèíèÿì FeI ïåðåîïðåäåëåíû èíäåêñ ìåòàëëè÷íîñòè
[Fe/H] = +0.26 è ïàðàìåòð ìèêðîòóðáóëåíòíîñòè V

t
 = 1.3 êì/ñ. Îïðåäåëåíî ñîäåðæàíèå 17-òè

õèìè÷åñêèõ ýëåìåíòîâ îò ëèòèÿ (Z = 3) äî ãàôíèÿ (Z = 72). Àíàëèç ëèíèé íåêîòîðûõ ýëåìåíòîâ
âûïîëíåí ïðè îòêàçå îò ïðåäïîëîæåíèÿ ËÒÐ (ëîêàëüíîå òåðìîäèíàìè÷åñêîå ðàâíîâåñèå). Ïî
èíôðàêðàñíûì ëèíèÿì ìîëåêóëû CN íàéäåíî ñîäåðæàíèå àçîòà è îòíîøåíèå èçîòîïîâ
óãëåðîäà 12Ñ/13Ñ. Íèçêèå çíà÷åíèÿ 12Ñ/13Ñ = 8-18 äîêàçûâàþò, ÷òî ïðîãðàììíûå ãèãàíòû
ïðîøëè ãëóáîêîå êîíâåêòèâíîå ïåðåìåøèâàíèå â ôàçå FDU (First Dredge-Up). Ïðè àíàëèçå
ïîëó÷åííûõ ñîäåðæàíèé äîáàâëåíû íàøè íåäàâíèå äàííûå äëÿ ìàãíèòíûõ ãèãàíòîâ EK Eri
è OU And, ïîëó÷åííûå ïî òîé æå ìåòîäèêå. Ëèòèé íå áûë íàéäåí ó 7 èç 11-òè ðàññìàòðèâàåìûõ
ãèãàíòîâ. Îòñóòñòâèå ëèòèÿ â àòìîñôåðàõ çâåçä, èñïûòàâøèõ ãëóáîêîå ïåðåìåøèâàíèå â ôàçå
FDU, ñîîòâåòñòâóåò ïðåäñêàçàíèÿì òåîðèè. Îäíàêî ó 4-õ ãèãàíòîâ ëèòèé áûë íàìè îáíàðóæåí;
ðàíåå ó 3 èç íèõ áûëî íàéäåíî ìàãíèòíîå ïîëå. Ýòè äâà ÿâëåíèÿ, ò.å. ïðèñóòñòâèå ëèòèÿ
â àòìîñôåðå è íàëè÷èå ìàãíèòíîãî ïîëÿ, íåîæèäàííûå äëÿ post-FDU ãèãàíòîâ ñ òî÷êè
çðåíèÿ ñòàíäàðòíîé òåîðèè, íàõîäÿò îáúÿñíåíèå â ðàìêàõ åäèíîé ãèïîòåçû: çàõâàò çâåçäîé
ïëàíåòû ñ ìàññîé â íåñêîëüêî ìàññ Þïèòåðà. Äëÿ 11-òè ðàññìîòðåííûõ ãèãàíòîâ ìû íàøëè
ÿðêî âûðàæåííóþ êîððåëÿöèþ ìåæäó âåëè÷èíàìè [N/C] è [N/O]. Ñðàâíåíèå íàáëþäàåìîé
çàâèñèìîñòè ñ òåîðåòè÷åñêîé ìîäåëüþ, ó÷èòûâàþùåé âðàùåíèå, ïîêàçàëî, ÷òî òåîðèÿ íå
ìîæåò îáúÿñíèòü âûñîêèå çíà÷åíèÿ [N/C] = 1.0-1.4, ïîëó÷åííûå äëÿ áîëüøèíñòâà ãèãàíòîâ.
Ïî-âèäèìîìó, çäåñü ñëåäóåò ïðèâëå÷ü èçâåñòíóþ ãèïîòåçó äîïîëíèòåëüíîãî íåêîíâåêòèâíîãî
ïåðåìåøèâàíèÿ (extra mixing). Ñóììàðíîå ñîäåðæàíèå C+N+O, êîòîðîå, ñîãëàñíî òåîðèè, äîëæíî
îñòàâàòüñÿ íåèçìåííûì ñî âðåìåíè ôîðìèðîâàíèÿ çâåçäû, ïîêàçàëî êîððåëÿöèþ ñ èíäåêñîì
ìåòàëëè÷íîñòè [Fe/H]. Ïðè ýòîì äëÿ çâåçä ñ íîðìàëüíîé ìåòàëëè÷íîñòüþ [Fe/H] = ±0.1 ïîëó÷åíà
âåëè÷èíà 978O)N(Clog . , êîòîðàÿ îòëè÷íî ñîãëàñóåòñÿ ñ ñîëíå÷íûì çíà÷åíèåì

948O)N(Clog . . Äëÿ ãèãàíòà  Leo ñ ïîâûøåííîé ìåòàëëè÷íîñòüþ [Fe/H] = +0.26 ïîëó÷åíî
ñàìîå âûñîêîå çíà÷åíèå 319O)N(Clog . . Íàéäåíà àíòèêîððåëÿöèÿ ìåæäó âåëè÷èíîé
[RE/Fe], ñðåäíèì ñîäåðæàíèåì ðåäêîçåìåëüíûõ ýëåìåíòîâ (îòíîñèòåëüíî Fe) è èíäåêñîì
[Fe/H]. Îíà õîðîøî ñîãëàñóåòñÿ ñ äàííûìè äëÿ F- è G-êàðëèêîâ â îêðåñòíîñòè Ñîëíöà è
îòðàæàåò íà÷àëüíûé õèìè÷åñêèé ñîñòàâ èññëåäîâàííûõ ãèãàíòîâ.

Êëþ÷åâûå ñëîâà: êðàñíûå ãèãàíòû: õèìè÷åñêèé ñîñòàâ: ýêçîïëàíåòû

1. Ââåäåíèå. Îòêðûòèå òûñÿ÷ ýêçîïëàíåò îêîëî õîëîäíûõ çâåçä ïîñòàâèëî

ïåðåä èññëåäîâàòåëÿìè íåñêîëüêî âàæíûõ âîïðîñîâ. Îäèí èç íèõ êàñàåòñÿ

õèìè÷åñêîãî ñîñòàâà òàêèõ çâåçä. Íå ïîêàçûâàåò ëè îí êàêèõ-ëèáî îòëè÷èé

(â öåëîì èëè â äåòàëÿõ) îò õèìè÷åñêîãî ñîñòàâà "íîðìàëüíûõ" çâåçä, íå
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èìåþùèõ ïëàíåò? Íå ìîãëè ëè îñîáåííîñòè õèìè÷åñêîãî ñîñòàâà, åñëè îíè

èìåþòñÿ, îêàçàòü îïðåäåëåííîå âëèÿíèå íà ôîðìèðîâàíèå ïëàíåòíûõ ñèñòåì

îêîëî òàêèõ çâåçä, èëè, ãèïîòåòè÷åñêè, íà âîçíèêíîâåíèå æèçíè íà îäíîé

èç ïëàíåò?

Äëÿ ðåøåíèÿ ïðîáëåìû õèìè÷åñêîãî ñîñòàâà çâåçä ñ ïëàíåòàìè ïðèìåíÿþò

ñòàòèñòè÷åñêèé ïîäõîä, ðàññìàòðèâàÿ îäíîâðåìåííî äî òûñÿ÷è òàêèõ çâåçä è

èñïîëüçóÿ ïðè ýòîì àâòîìàòè÷åñêèå ìåòîäû îòáîðà è àíàëèçà ñïåêòðàëüíûõ

ëèíèé. Ìû ïðèìåíÿåì â äàííîé ðàáîòå èíîé, òðàäèöèîííûé ïîäõîä, â

êîòîðîì äëÿ èçáðàííûõ çâåçä ïðîâîäèòñÿ äåòàëüíûé àíàëèç ñîäåðæàíèÿ

ìíîãèõ ýëåìåíòîâ ïî âñåì äîñòóïíûì ëèíèÿì, êàê â âèäèìîé, òàê è â

èíôðàêðàñíîé îáëàñòè, ïî âîçìîæíîñòè ïðè ó÷åòå îòêëîíåíèé îò ëîêàëüíîãî

òåðìîäèíàìè÷åñêîãî ðàâíîâåñèÿ (ËÒÐ).

Çäåñü ìû äåòàëüíî àíàëèçèðóåì õèìè÷åñêèé ñîñòàâ 9-òè áëèçêèõ è ÿðêèõ

Ê-ãèãàíòîâ ñ ïëàíåòàìè, èññëåäîâàíèå êîòîðûõ áûëî íà÷àòî íàìè ðàíåå

(Ëþáèìêîâ è äð. [1]). Â òàáë.1 ïðèâåäåí ñïèñîê ýòèõ ãèãàíòîâ âìåñòå ñ

íåêîòîðûìè äàííûìè î íèõ èç [1], âêëþ÷àÿ íàáëþäàåìóþ ñêîðîñòü âðàùåíèÿ

Vsini è ðàññòîÿíèå d, íàéäåííîå ïî ïàðàëëàêñó  . Âèäíî, ÷òî ðàññòîÿíèÿ d

âàðüèðóþòñÿ îò 10 äî 93 ïê, ò.å. ýòî äåéñòâèòåëüíî äîñòàòî÷íî áëèçêèå

çâåçäû. Ñêîðîñòè âðàùåíèÿ ìàëû (Vsini = 2.4-6.9 êì/ñ),  ïîýòîìó ëèíèè â

ñïåêòðàõ ýòèõ çâåçä äîñòàòî÷íî óçêèå è ðåçêèå, ÷òî âàæíî ïðè àíàëèçå

õèìè÷åñêîãî ñîñòàâà.

Â [1] ïðèâåäåíû ñâåäåíèÿ î ïëàíåòàõ, íàéäåííûõ îêîëî ýòèõ ãèãàíòîâ.

Îòìåòèì, ÷òî ìàññû ïëàíåò m (òî÷íåå, âåëè÷èíà m sini) âàðüèðóþòñÿ îò 1.8

äî 8.8 M
Jup

, ãäå M
Jup

 - ìàññà Þïèòåðà.

Â [1] áûëè îïðåäåëåíû ôóíäàìåíòàëüíûå ïàðàìåòðû 9-òè ãèãàíòîâ, âêëþ÷àÿ

èõ ýôôåêòèâíóþ òåìïåðàòóðó T
eff

 , óñêîðåíèå ñèëû òÿæåñòè â àòìîñôåðå logg,

èíäåêñ ìåòàëëè÷íîñòè [Fe/H] è äðóãèå. Òàì æå áûëè îïðåäåëåíû ñîäåðæàíèÿ

3-õ ëåãêèõ ýëåìåíòîâ - ëèòèÿ, óãëåðîäà è êèñëîðîäà (ñ ó÷åòîì îòêëîíåíèé

Çâåçäà HR HD V, mag Sp Vsini, êì/ñ  , mas d, ïê

 Ari 617 12929 2.01 K1 III 4.2 49.56 20
 Tau 1457 29139 0.86 K5 III 4.3 48.94 20

 Gem 2990 62509 1.14 K0 III 2.8 96.54 10
3145 66141 4.38 K2 III 4.7 12.84 78

 Cnc 3249 69267 3.52 K4 III 6.9 10.75 93
 Leo 3905 85503 3.88 K2 III 4.5 26.28 38
1 Leo 4057 89484 1.98 K1 III 4.3 25.96 39

 UMi 5563 131873 2.08 K4 III 5.0 24.91 40
 CrB 5947 143107 4.13 K2 III 2.4 14.73 68

Òàáëèöà 1

ÍÅÊÎÒÎÐÛÅ ÄÀÍÍÛÅ Î 9-òè ÏÐÎÃÐÀÌÌÍÛÕ ÃÈÃÀÍÒÀÕ
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îò ËÒÐ). Òåïåðü ìû ìîæåì ñóùåñòâåííî ðàñøèðèòü íàøè äàííûå î õèìè÷åñêîì

ñîñòàâå ýòèõ çâåçä. Â ÷àñòíîñòè, ÷òîáû èìåòü ïîëíûå äàííûå îòíîñèòåëüíî

ãðóïïû CNO-ýëåìåíòîâ, íåîáõîäèìî îïðåäåëèòü ñîäåðæàíèå àçîòà. Òàê êàê

ëèíèè NI â ñïåêòðàõ Ê-ãèãàíòîâ ñëèøêîì ñëàáû, ìû áóäåì èñïîëüçîâàòü

èíôðàêðàñíûå ëèíèè ìîëåêóëû CN. Àíàëèç ýòèõ ëèíèé ïîçâîëèò òàêæå

îïðåäåëèòü îòíîøåíèå èçîòîïîâ óãëåðîäà 12C/13C, âàæíûé ïîêàçàòåëü

ýâîëþöèîííîãî ñòàòóñà êðàñíûõ ãèãàíòîâ.

Ìåòîäèêà îïðåäåëåíèÿ ñîäåðæàíèÿ N è îòíîøåíèÿ 12C/13C ïî ëèíèÿì

CN, à òàêæå àíàëèç ñîäåðæàíèé ýëåìåíòîâ òÿæåëåå æåëåçà îò Cu äî Hf áûëè

äåòàëüíî îïèñàíû â íåäàâíåé ðàáîòå Ëþáèìêîâà è äð. [2]. Â íåé áûëè

ðàññìîòðåíû äâà êðàñíûõ ãèãàíòà ñ ìàãíèòíûìè ïîëÿìè, EK Eri (K0 III) è

OU And (G1 III), êîòîðûå ïðåäïîëîæèòåëüíî ÿâëÿþòñÿ ïîòîìêàìè ìàãíèòíûõ

Àð-çâåçä. Òàì æå áûë ðàññìîòðåí â êà÷åñòâå çâåçäû ñðàâíåíèÿ ãèãàíò Gem

(Ïîëëóêñ), êîòîðûé âêëþ÷åí è â íàñòîÿùóþ ðàáîòó. Ìåòîäèêà ñòàòüè [2] è

ïîëó÷åííûå òàì ðåçóëüòàòû èñïîëüçîâàíû íàìè â äàííîì èññëåäîâàíèè.

2. Ôóíäàìåíòàëüíûå ïàðàìåòðû ãèãàíòîâ è ìåòîäèêà

ðàñ÷åòîâ. Ôóíäàìåíòàëüíûå (èëè áàçèñíûå) ïàðàìåòðû èññëåäîâàííûõ

ãèãàíòîâ ïðåäñòàâëåíû â òàáë.2; îíè áûëè ïîëó÷åíû â [1], çà èñêëþ÷åíèåì

ïàðàìåòðîâ [Fe/H] è V
t
 äëÿ  Leo (ñì. íèæå). Çäåñü ïðèâåäåíû, ïðåæäå âñåãî,

ýôôåêòèâíàÿ òåìïåðàòóðà T
eff
 çâåçäû è óñêîðåíèå ñèëû òÿæåñòè â çâåçäíîé

àòìîñôåðå g (óêàçàíà âåëè÷èíà logg). Äàëåå ïðåäñòàâëåíû äâå âåëè÷èíû,

ïîëó÷åííûå èç àíàëèçà ëèíèé FeI: èíäåêñ ìåòàëëè÷íîñòè [Fe/H] è ïàðàìåòð

ìèêðîòóðáóëåíòíîñòè V
t
. Íàïîìíèì, ÷òî      FelogFelogHFe  , ãäå

 Felog  è  Felog   - ñîäåðæàíèå æåëåçà â àòìîñôåðå çâåçäû è Ñîëíöà,

Çâåçäà T
eff

logg [Fe/H] V
t
, êì/ñ MM / logt

 Gem 4830 2.85 0.03 1.4 2.3 8.89
 Ari 4510 2.40 -0.11 1.2 2.0 9.10
 Leo 4475 2.50 0.26 1.3 1.5 9.56
1 Leo 4465 1.90 -0.35 1.7 2.8 8.62
 CrB 4360 2.12 -0.10 1.4 2.0 9.10

HR 3145 4265 1.87 -0.35 1.8 1.2 9.73

 UMi 4020 1.31 -0.33 1.3 1.6 9.29
 Cnc 4010 1.37 -0.18 1.5 2.5 8.89
 Tau 3920 1.20 -0.37 1.4 1.2 9.74

EK Eri 5025 3.26 0.10 1.2 1.8 9.16
OU And 5330 2.83 -0.11 1.6 2.9 8.60

Òàáëèöà 2

ÁÀÇÈÑÍÛÅ ÏÀÐÀÌÅÒÐÛ 9-òè ÏÐÎÃÐÀÌÌÍÛÕ ÃÈÃÀÍÒÎÂ, À

ÒÀÊÆÅ ÃÈÃÀÍÒÎÂ EK Eri È OU And Ñ ÌÀÃÍÈÒÍÛÌÈ ÏÎËßÌÈ,

ÈÑÑËÅÄÎÂÀÍÍÛÕ Â [2]
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ñîîòâåòñòâåííî. Â [1] äëÿ Ñîëíöà áûëî ïðèíÿòî ñîäåðæàíèå   507Felog .
[3]. Â íàñòîÿùåé ðàáîòå ïðè âû÷èñëåíèè [Fe/H] ìû èñïîëüçîâàëè óòî÷íåííîå

çíà÷åíèå   487Felog .  [4].

Äëÿ ãèãàíòà Leo, õèìè÷åñêèé ñîñòàâ êîòîðîãî ïðåäñòàâëÿåò ïîâûøåííûé

èíòåðåñ (ñì. íèæå) è ïîýòîìó òðåáóåò îñîáîé òî÷íîñòè îò èñïîëüçóåìûõ

âåëè÷èí [Fe/H] è V
t
, ìû çàíîâî îïðåäåëèëè ýòè ïàðàìåòðû, ïðèìåíèâ

ñïåêòðû PEPSI [5]. Ïðîàíàëèçèðîâàâ 21 ëèíèþ FeI èç ñïèñêà [1], ìû

ïîëó÷èëè äëÿ  Leo ñîäåðæàíèå æåëåçà   060747Felog ..   è ïàðàìåòð

ìèêðîòóðáóëåíòíîñòè V
t
 = 1.29 ± 0.09 êì/ñ. Â äàëüíåéøèõ ðàñ÷åòàõ áûëè ïðèíÿòû

çíà÷åíèÿ [Fe/H] = 0.26 è V
t
 = 1.3 êì/ñ.

Â òàáë.2 ïðèâåäåíû òàêæå äâå âåëè÷èíû, ìàññà Ì è âîçðàñò t, êîòîðûå

áûëè íàéäåíû â [1] ñ ïîìîùüþ ýâîëþöèîííûõ òðåêîâ. Ïðè ýòîì áûëè

èñïîëüçîâàíû ýâîëþöèîííûå òðåêè Êëàðåòà [6,7]. Êàê áûëî ïîêàçàíî íàìè

â [2] íà ïðèìåðå Gem, â ñëó÷àå íàøèõ ãèãàíòîâ ïåðåõîä ê áîëåå ñîâðåìåííûì

òðåêàì MIST [8] íå ïðèâîäèò ê çàìåòíûì èçìåíåíèÿì â ýâîëþöèîííûõ

ïàðàìåòðàõ.

Äëÿ íàøåé çàäà÷è âàæíî òî÷íîå çíàíèå âåëè÷èí T
eff 

 è logg, òàê êàê íà

íèõ îñíîâàíà ìîäåëü çâåçäíîé àòìîñôåðû, ïðèìåíÿåìàÿ ïðè àíàëèçå

õèìè÷åñêîãî ñîñòàâà. Êàê èçâåñòíî, îïðåäåëÿåìûå ñîäåðæàíèÿ ýëåìåíòîâ â

ñëó÷àå õîëîäíûõ çâåçä îñîáåííî ÷óâñòâèòåëüíû ê îøèáêàì â ýôôåêòèâíîé

òåìïåðàòóðå T
eff

 . Òî÷íîñòü çíà÷åíèé T
eff

 , ïðèâåäåííûõ â òàáë.1, äîñòàòî÷íî

âûñîêà: ñîãëàñíî [1], îøèáêà îïðåäåëåíèÿ T
eff
 äëÿ 3-õ çâåçä ( Tau, 1 Leo

è CrB) ñîñòàâëÿåò ±40 Ê; äëÿ îñòàëüíûõ 6-òè ãèãàíòîâ îíà ðàâíà ±30 Ê.

Îòìåòèì, ÷òî â [1] ïîëó÷åííûå íàìè äëÿ Gem, Leo è  Tau ïàðàìåòðû

T
eff
, logg, [Fe/H], V

t
 è Ì áûëè ñðàâíåíû ñî çíà÷åíèÿìè, íàéäåííûìè â [9,10]

äëÿ 34-õ ýòàëîííûõ çâåçä ("benchmark stars") êëàññîâ F, G è Ê, â òîì ÷èñëå

è äëÿ òðåõ íàçâàííûõ îáúåêòîâ. Ó÷èòûâàÿ íîâûå îïðåäåëåíèÿ [Fe/H] è V
t

äëÿ  Leo (ñì. âûøå), ìû ïðèõîäèì ê âûâîäó, ÷òî èìååò ìåñòî îòëè÷íîå

ñîãëàñèå ñ äàííûìè [9,10]; òåì ñàìûì ìû åùå ðàç ïîäòâåðæäàåì âûñîêóþ

òî÷íîñòü âåëè÷èí, ïðèâåäåííûõ â òàáë.1.

Èíòåðåñíî îòìåòèòü, ÷òî äëÿ 2-õ çâåçä èç 9-òè ãèãàíòîâ, ïåðå÷èñëåííûõ

â òàáë.1, áûëè îáíàðóæåíû ñëàáûå ìàãíèòíûå ïîëÿ; ñîãëàñíî [11], ìàêñèìóì

ïîëÿ ñîñòàâëÿåò B
max

 = 0.7 Ãñ äëÿ Gem è 0.3 Ãñ äëÿ  Tau. Äëÿ ãèãàíòîâ

EK Eri è OU And, èññëåäîâàííûõ â [2], ïîëå ñóùåñòâåííî ñèëüíåå: B
max

 =

98.6 Ãñ è 41.4 Ãñ, ñîîòâåòñòâåííî (ýòî íàèáîëüøèå çíà÷åíèÿ B
max

, íàéäåííûå

â [11]).

Íàøè âû÷èñëåíèÿ îñíîâàíû íà ìîäåëÿõ àòìîñôåð, ðàññ÷èòàííûõ ïî

èçâåñòíîé ïðîãðàììå Êóðóöà (Kurucz's code) ATLAS9 ñ èñïîëüçîâàíèåì

íîâûõ çíà÷åíèé ODF [12]. Àíàëèç ñîäåðæàíèé ýëåìåíòîâ îñíîâûâàëñÿ íà

ðàñ÷åòàõ ñèíòåòè÷åñêèõ ñïåêòðîâ è èõ ñðàâíåíèè ñ íàáëþäàåìûìè ñïåêòðàìè.
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Àòîìíûå äàííûå, íåîáõîäèìûå äëÿ ðàñ÷åòîâ ëèíèé èññëåäóåìûõ ýëåìåíòîâ,

à òàêæå ëèíèé äðóãèõ ýëåìåíòîâ, ó÷àñòâóþùèõ â âû÷èñëåíèè ñèíòåòè÷åñêèõ

ñïåêòðîâ, áûëè âçÿòû èç áàçû äàííûõ VALD3 [13].

Ìû èñïîëüçîâàëè íàáëþäàåìûå ñïåêòðû çâåçä èç áàçû äàííûõ PolarBase,

ïîëó÷åííûå íà ñïåêòðîãðàôå NARVAL [14]. Çäåñü ðàçðåøåíèå áûëî

R = 65000, îòíîøåíèå ñèãíàë/øóì S/N > 350, à äèàïàçîí äëèí âîëí ñîñòàâëÿë

3700-10480Å . Äëÿ íàøåãî àíàëèçà õèìè÷åñêîãî ñîñòàâà áûëî âàæíî, ÷òî

èñïîëüçóåìûå ñïåêòðû îõâàòûâàþò íå òîëüêî âèäèìûé, íî è èíôðàêðàñíûé

äèàïàçîí.

3. Ëåãêèå ýëåìåíòû Li, C, N è Î. Ýòè ëåãêèå ýëåìåíòû ÷àñòî

íàçûâàþò êëþ÷åâûìè (key elements), èìåÿ â âèäó èõ êëþ÷åâóþ ðîëü â

çâåçäíîé ýâîëþöèè. Ñîäåðæàíèÿ 3-õ ýëåìåíòîâ, Li, Ñ è Î, áûëè îïðåäåëåíû

íàìè â [1] ïî àòîìàðíûì ëèíèÿì LiI, CI è OI, ïðè ýòîì ó÷èòûâàëèñü

îòêëîíåíèÿ îò ËÒÐ. Â ñëó÷àå àçîòà èç-çà îòñóòñòâèÿ àòîìàðíûõ ëèíèé NI

â ñïåêòðàõ õîëîäíûõ çâåçä, êàê è â [2], èñïîëüçîâàíû ëèíèè ìîëåêóëû CN.

Êðîìå ñîäåðæàíèÿ N, ïî ëèíèÿì CN îïðåäåëåíî òàêæå îòíîøåíèå èçîòîïîâ

óãëåðîäà 12Ñ/13Ñ.

3.1. Ñîäåðæàíèå ëèòèÿ. Ëèòèé, êàê èçâåñòíî, ÿâëÿåòñÿ îäíèì èç

ñàìûõ ÷óâñòâèòåëüíûõ èíäèêàòîðîâ çâåçäíîé ýâîëþöèè. Ñîäåðæàíèå ýòîãî

ýëåìåíòà ó 9-òè ãèãàíòîâ áûëî îïðåäåëåíî â [1] ïóòåì ïîäãîíêè ñèíòåòè÷åñêîãî

ñïåêòðà ê íàáëþäàåìîìó â îáëàñòè ðåçîíàíñíîé ëèíèè LiI 6707.76Å . Óêàçàííàÿ

ëèíèÿ áûëà äåòåêòèðîâàíà òîëüêî â ñïåêòðàõ 2-õ çâåçä, Gem è  Leo; äëÿ

íèõ áûëè ïîëó÷åíû ËÒÐ-ñîäåðæàíèÿ ëèòèÿ   730Lilog .  è 0.16, ñîîò-

âåòñòâåííî (ñ îøèáêîé ±0.06 dex). Äëÿ îñòàëüíûõ 7-è ãèãàíòîâ óäàëîñü

îöåíèòü ëèøü âåðõíèé ïðåäåë âåëè÷èíû  Lilog . Ê íàéäåííûì çíà÷åíèÿì

 Lilog  â [1] áûëè äîáàâëåíû íå-ËÒÐ ïîïðàâêè NLTE , êîòîðûå ñîñòàâèëè

0.19 dex äëÿ Gem è 0.29 dex äëÿ  Leo; âåëè÷èíû NLTE  áûëè íàéäåíû

íà îñíîâå âû÷èñëåíèé [15].

Íåäàâíî áûëè âûïîëíåíû íîâûå íå-ËÒÐ ðàñ÷åòû ëèíèè LiI 6707.76Å

äëÿ êðàñíûõ ãèãàíòîâ [16], êîòîðûå ïðèâåëè ê ñóùåñòâåííîìó ïåðåñìîòðó

(óìåíüøåíèþ) íå-ËÒÐ ïîïðàâîê â ñîäåðæàíèè ëèòèÿ. Â ÷àñòíîñòè, âåëè÷èíà

NLTE  òåïåðü ñîñòàâëÿåò òîëüêî -0.02 dex äëÿ Gem è +0.02 dex äëÿ  Leo.

Ïîñêîëüêó äëÿ âñåõ 9-òè ãèãàíòîâ íå-ËÒÐ ïîïðàâêè NLTE  îêàçàëèñü ìàëû

ïî ñðàâíåíèþ ñ îøèáêàìè îïðåäåëåíèÿ ñîäåðæàíèé  Lilog , ìû èìè ïðåíå-

áðåãàåì, ò.å. îêîí÷àòåëüíî ïðèíèìàåì äëÿ âñåõ 9-òè ãèãàíòîâ ñîäåðæàíèÿ

ëèòèÿ, ïîëó÷åííûå â [1] ïðè óñëîâèè ËÒÐ.

3.2. Ñîäåðæàíèÿ Ñ è O. Íå-ËÒÐ àíàëèç ñîäåðæàíèé óãëåðîäà è

êèñëîðîäà áûë âûïîëíåí â [1]. Òàì æå ïðèâåäåí ñïèñîê èñïîëüçîâàííûõ

ëèíèé CI è OI; îí îõâàòûâàåò íå òîëüêî âèäèìóþ, íî è èíôðàêðàñíóþ
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îáëàñòü ñïåêòðà (âïëîòü äî ëèíèè CI 9658.44Å ). Ïðèìåíåííàÿ çäåñü ìåòîäèêà

íå-ËÒÐ ðàñ÷åòîâ ëèíèé CI è OI ðàçðàáîòàíà îäíèì èç àâòîðîâ íàñòîÿùåé

ðàáîòû (ÑÀÊ) è îïèñàíà â ñòàòüÿõ [17,18]. Ïîëó÷åííûå ñîäåðæàíèÿ Ñ è Î

ïðèâåäåíû â òàáë.3. Âèäíî, ÷òî ñîäåðæàíèå óãëåðîäà ó âñåõ ãèãàíòîâ â òàáë.3

ïîêàçûâàåò äåôèöèò îòíîñèòåëüíî ñîëíå÷íîãî ñîäåðæàíèÿ   478Clog . ,

÷åìó ñîîòâåòñòâóþò ïîíèæåííûå çíà÷åíèÿ [C/Fe] îò -0.2 äî -0.5 dex. Ñîäåðæàíèå

êèñëîðîäà, íàïðîòèâ, íå ïîêàçûâàåò êàêèõ-ëèáî ñèñòåìàòè÷åñêèõ îòêëîíåíèé

îò ñîëíå÷íîãî çíà÷åíèÿ   718Olog . .

3.3. Ñîäåðæàíèå N è îòíîøåíèå 12C/13C. Êàê è â [2], îïðåäåëÿÿ

ñîäåðæàíèå àçîòà è îòíîøåíèå èçîòîïîâ óãëåðîäà 12C/13C ïî ëèíèÿì ìîëåêóëû

CN, ìû ðàññìàòðèâàëè ñïåêòðàëüíûé èíòåðâàë 7985-8025Å . Çäåñü íàáëþäàåòñÿ

ðÿä ëèíèé 12CN, ñîäåðæàùèõ èçîòîï 12C, à òàêæå ìóëüòèïëåò 13CN 8004.7Å

ñ èçîòîïîì 13Ñ. Â ýòîì èíòåðâàëå íàìè ðàññ÷èòûâàëñÿ ñèíòåòè÷åñêèé ñïåêòð

çâåçäû, êîòîðûé çàòåì ïîäãîíÿëñÿ ê íàáëþäàåìîìó ñïåêòðó. Ïðè òàêîé

ïîäãîíêå ñîäåðæàíèå óãëåðîäà áûëî ôèêñèðîâàíî (îíî îïðåäåëåíî âûøå), à

ñîäåðæàíèå àçîòà âàðüèðîâàëîñü.

Íàéäåííîå ñîäåðæàíèå àçîòà  Nlog  è îòíîøåíèå èçîòîïîâ óãëåðîäà
12Ñ/13Ñ ïðèâåäåíû â òàáë.3, ãäå ñîáðàíû âñå ïîëó÷åííûå íàìè äàííûå ïî

CNO-ýëåìåíòàì. Çäåñü, íàðÿäó ñ 9-òüþ ïðîãðàììíûìè çâåçäàìè, ïðåäñòàâëåíû

òàêæå ãèãàíòû EK Eri è OU And, èññëåäîâàííûå â [2] ïî òîé æå ìåòîäèêå.

Âèäíî, ÷òî ñîäåðæàíèå àçîòà ó âñåõ ãèãàíòîâ â òàáë.3 ïîêàçûâàåò èçáûòîê

îòíîñèòåëüíî ñîëíå÷íîãî ñîäåðæàíèÿ   857Nlog . , ÷åìó ñîîòâåòñòâóþò

Çâåçäà (C)log (N)log (O)log [N/C] [N/O] O)N(Clog  12C/13C

 Gem 8.12±0.05 8.42±0.04 8.71±0.05 0.92±0.06 0.57±0.06 8.96±0.08 17
 Ari 7.89±0.07 8.57±0.03 8.65±0.05 1.30±0.08 0.78±0.06 8.95±0.09 18
 Leo 8.45±0.06 8.86±0.05 9.01±0.07 1.03±0.08 0.71±0.09 9.31±0.10 18
1 Leo 7.75±0.10 8.22±0.04 8.46±0.10 1.09±0.11 0.62±0.11 8.71±0.15 8
 CrB 7.88±0.11 8.62±0.04 8.65±0.09 1.36±0.12 0.83±0.10 8.97±0.15 9

HR 3145 7.84±0.11 8.33±0.05 8.52±0.10 1.11±0.12 0.67±0.11 8.79±0.16 -

 UMi 7.82±0.12 8.44±0.03 8.48±0.07 1.24±0.12 0.82±0.08 8.81±0.14 13

 Cnc 7.81±0.11 8.61±0.05 8.50±0.10 1.42±0.12 0.97±0.11 8.90±0.16 13
 Tau 7.73±0.10 8.50±0.06 8.37±0.08 1.39±0.12 0.99±0.10 8.78±0.14 13

EK Eri 8.15±0.07 8.17±0.06 8.81±0.07 0.64±0.09 0.22±0.09 8.97±0.12 17
OU And 7.90±0.15 8.40±0.10 8.80±0.12 1.12±0.18 0.46±0.16 8.98±0.21 -

Òàáëèöà 3

ÐÅÇÓËÜÒÀÒÛ, ÏÎËÓ×ÅÍÍÛÅ ÏÎ CNO-ÝËÅÌÅÍÒÀÌ ÄËß 9-òè

ÏÐÎÃÐÀÌÌÍÛÕ ÃÈÃÀÍÒÎÂ È ÃÈÃÀÍÒÎÂ EK Eri È OU And,

ÈÑÑËÅÄÎÂÀÍÍÛÕ Â [2]
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ïîâûøåííûå çíà÷åíèÿ [N/Fe] = 0.54 - 1.12.

×òî êàñàåòñÿ îòíîøåíèÿ 12Ñ/13Ñ, òî ïîíèæåííûå çíà÷åíèÿ 12Ñ/13Ñ = 8 - 18,

ïîëó÷åííûå äëÿ áîëüøèíñòâà ãèãàíòîâ â òàáë.3 (äëÿ Ñîëíöà 12Ñ/13Ñ = 89),

íåñîìíåííî äîêàçûâàþò, ÷òî ýòè ãèãàíòû ïðîøëè ôàçó FDU. Âåëè÷èíó
12Ñ/13Ñ íå óäàëîñü îïðåäåëèòü äëÿ çâåçä HR 3145 è OU And. Êàê îòìå÷åíî

â [2], â ñëó÷àå OU And ïðè÷èíà çàêëþ÷àëàñü â îòíîñèòåëüíî áûñòðîì

âðàùåíèè è ïîâûøåííîé ýôôåêòèâíîé òåìïåðàòóðå ýòîé çâåçäû, îäíàêî

íàéäåííîå äëÿ OU And âûñîêîå çíà÷åíèå [N/C] = 1.1 ìîãëî ñëóæèòü ïîäòâåðæ-

äåíèåì òîãî, ÷òî è ýòîò ãèãàíò ïðîøåë ôàçó FDU. Â ñëó÷àå HR 3145 íàì

áûë äîñòóïåí åäèíñòâåííûé íàáëþäàåìûé ÈÊ ñïåêòð, êîòîðûé íà ìåñòå

ìóëüòèïëåòà 13CN 8004.7Å  äåìîíñòðèðîâàë ñèëüíóþ áëåíäó, âîçìîæíî, òåëëóðè-

÷åñêóþ ëèíèþ. Îäíàêî è äëÿ HR 3145 çíà÷åíèå [N/C] = 1.1, ñòîëü æå âûñîêîå,

êàê è äëÿ OU And, äîêàçûâàåò ïðîõîæäåíèå ôàçû FDU. Ñëåäóåò îòìåòèòü, ÷òî

â [1] äëÿ 7 èç 9-òè ãèãàíòîâ áûëè ïðèâåäåíû çíà÷åíèÿ 12Ñ/13Ñ, íàéäåííûå

äðóãèìè àâòîðàìè ðàíåå (èç àíàëèçà ýêâèâàëåíòíûõ øèðèí ëèíèé CN, à íå ñ

ïîìîùüþ ñèíòåòè÷åñêèõ ñïåêòðîâ, êàê â íàøåé ðàáîòå). Ñðàâíåíèå ýòèõ äàííûõ

ñ òàáë.3 ïîêàçûâàåò õîðîøåå ñîãëàñèå.

4. Êîððåëÿöèÿ ìåæäó [N/C] è [N/O]. Äëÿ êðàñíûõ ãèãàíòîâ äàâíî

èçâåñòíà àíòèêîððåëÿöèÿ ìåæäó ñîäåðæàíèÿìè àçîòà è óãëåðîäà. Êàê áûëî

ïîêàçàíî â [17], â ñëó÷àå áîëåå ìàññèâíûõ À-, F- è G-ñâåðõãèãàíòîâ

àíòèêîððåëÿöèÿ "àçîò-óãëåðîä" îòðàæàåò çàâèñèìîñòü ýâîëþöèîííûõ èçìåíåíèé

â ñîäåðæàíèÿõ N è Ñ îò íà÷àëüíîé ñêîðîñòè âðàùåíèÿ çâåçä. Òåîðèÿ

ïðåäñêàçûâàåò, ÷òî áîëåå ÿðêèì ïîêàçàòåëåì ýâîëþöèè ìîæåò áûòü çàâèñèìîñòü

ìåæäó âåëè÷èíàìè [N/C] è [N/O].

Íà ðèñ.1 ïîêàçàíà çàâèñèìîñòü ìåæäó [N/C] è [N/O] äëÿ 9-òè ïðîãðàììíûõ

çâåçä, à òàêæå äëÿ ìàãíèòíûõ ãèãàíòîâ EK Eri è OU And, èññëåäîâàííûõ

â [2]. Íàáëþäàåòñÿ ÿðêî âûðàæåííàÿ êîððåëÿöèÿ ìåæäó ýòèìè âåëè÷èíàìè,

ïðè ýòîì âåëè÷èíà [N/C] ìåíÿåòñÿ îò 0.64 (EK Eri) äî 1.4 (Cnc è  Tau),

ò.å. óâåëè÷èâàåòñÿ ïî÷òè íà 0.8 dex. Êîððåëÿöèÿ õîðîøî àïïðîêñèìèðóåòñÿ

ëèíåéíîé çàâèñèìîñòüþ, ÷òî ïîäòâåðæäàåò øòðèõîâàÿ ïðÿìàÿ, ïðîâåäåííàÿ

ìåòîäîì íàèìåíüøèõ êâàäðàòîâ.

Èíòåðåñíî ñðàâíèòü çàâèñèìîñòü ìåæäó [N/C] è [N/O] äëÿ êðàñíûõ

ãèãàíòîâ, çâåçä ñðàâíèòåëüíî ìàëûõ ìàññ ( 8221 ..MM  , ñì. òàáë.1), ñ

àíàëîãè÷íîé çàâèñèìîñòüþ äëÿ ãîðàçäî áîëåå ìàññèâíûõ AFG-ñâåðõãèãàíòîâ

( 204 MM ). Â ÷àñòíîñòè, êàê âèäíî èç ðèñ.5 â [18], äëÿ áîëüøèíñòâà

ñâåðõãèãàíòîâ âåëè÷èíà [N/C] âàðüèðóåòñÿ îò 0.4 äî 1.6, ÷òî íåìíîãî øèðå,

÷åì âàðèàöèè [N/C] íà ðèñ.1.

Íà ðèñ.1 ïðåäñòàâëåíà òàêæå òåîðåòè÷åñêàÿ çàâèñèìîñòü [N/C] îò [N/O],

ñëåäóþùàÿ èç ðàñ÷åòîâ [19] äëÿ ìîäåëè âðàùàþùåéñÿ çâåçäû ñ ìàññîé
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2.5 M  (òîíêàÿ ñïëîøíàÿ ëèíèÿ). Ïðåäñòàâëåíû ðåçóëüòàòû ðàñ÷åòîâ äëÿ

ôàçû post-FDU (êîíåö ãîðåíèÿ ãåëèÿ). Óçëîâûå òî÷êè íà ýòîé êðèâîé

ñîîòâåòñòâóþò ðàçíûì çíà÷åíèÿì crit0 , ãäå 0  - íà÷àëüíàÿ óãëîâàÿ

ñêîðîñòü âðàùåíèÿ, à crit  - êðèòè÷åñêàÿ ñêîðîñòü âðàùåíèÿ. Çàìåòèì, ÷òî

èçìåíåíèÿì crit0  îò 0 äî 0.9 ñîîòâåòñòâóþò âàðèàöèè íà÷àëüíîé ñêîðîñòè

âðàùåíèÿ íà ýêâàòîðå îò 0 äî 316 êì/ñ (ñì. [19]).

Âèäèì, ÷òî ðàñ÷åòû äëÿ ìîäåëè M.M 52  íå ìîãóò îïèñàòü êîëè÷åñòâåííî

íàáëþäàåìóþ çàâèñèìîñòü [N/C] îò [N/O]. Âàæíî, ÷òî äëÿ áîëüøèíñòâà

ãèãàíòîâ íàáëþäàåìûå âûñîêèå çíà÷åíèÿ [N/C] è [N/O], ñîãëàñíî òåîðèè,

ìîãóò áûòü äîñòèãíóòû ëèøü ïðè áîëüøîé íà÷àëüíîé ñêîðîñòè âðàùåíèÿ,

ïðèáëèæàþùåéñÿ ê êðèòè÷åñêîé ñêîðîñòè èëè äàæå âûøå åå. Â ÷àñòíîñòè,

òåîðèÿ íå ìîæåò îáúÿñíèòü âûñîêèå çíà÷åíèÿ [N/C] = 1.0 - 1.4, ïîëó÷åííûå

äëÿ áîëüøèíñòâà ãèãàíòîâ. Îáñóæäåíèå ýòîãî ðàñõîæäåíèÿ, ïðèâîäèòñÿ íèæå.

5. Ñóììàðíîå ñîäåðæàíèå C+N+O. Âàæíîå ïðåäñêàçàíèå òåîðèè

Ðèñ.1. Êîððåëÿöèÿ ìåæäó âåëè÷èíàìè [N/C] è [N/O] äëÿ 9-òè ïðîãðàììíûõ çâåçä, à
òàêæå ìàãíèòíûõ ãèãàíòîâ EK Eri è OU And [2]. Øòðèõîâàÿ ïðÿìàÿ ïðîâåäåíà ìåòîäîì

íàèìåíüøèõ êâàäðàòîâ. Òîíêîé ëèíèåé ïðåäñòàâëåíû ðåçóëüòàòû ðàñ÷åòîâ äëÿ ìîäåëè
âðàùàþùåéñÿ çâåçäû ñ 


M.M 52  [18]. Îêîëî óçëîâûõ òî÷åê íà ýòîé êðèâîé óêàçàíû

çíà÷åíèÿ îòíîñèòåëüíîé íà÷àëüíîé óãëîâîé ñêîðîñòè âðàùåíèÿ.
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êàñàåòñÿ ñóììàðíîãî ñîäåðæàíèÿ Ñ+N+O, à èìåííî: íåñìîòðÿ íà çíà÷èòåëüíûå

èçìåíåíèÿ èíäèâèäóàëüíûõ ñîäåðæàíèé ýëåìåíòîâ Ñ, N è Î â ïðîöåññå

ýâîëþöèè çâåçäû, ñóììà ñîäåðæàíèé Ñ+N+O äîëæíà îñòàâàòüñÿ íåèçìåííîé

ñ ìîìåíòà íà÷àëà ýâîëþöèè. Ýòî îçíà÷àåò, ÷òî ó êðàñíûõ ãèãàíòîâ ýòà

âåëè÷èíà äîëæíà áûòü òàêîé æå, êàê è â íà÷àëå èõ ýâîëþöèè.

Çíà÷åíèÿ ñóììàðíîãî ñîäåðæàíèÿ  ONClog   ïðèâåäåíû â òàáë.3. Íà

èõ îñíîâå ïîñòðîåí ðèñ.2, ãäå ïîêàçàíà çàâèñèìîñòü  ONClog   îò èíäåêñà

ìåòàëëè÷íîñòè [Fe/H].

Íà ðèñ.2 îáðàùàåò íà ñåáÿ âíèìàíèå êîìïàêòíàÿ ãðóïïà òî÷åê, ñîîòâåòñò-

âóþùàÿ ïÿòè ãèãàíòàì ñ íîðìàëüíîé ìåòàëëè÷íîñòüþ [Fe/H] = ±0.1 è ñ

î÷åíü áëèçêèìè çíà÷åíèÿìè   988958ONClog ..   (â ñðåäíåì 8.97),

êîòîðûå ïðàêòè÷åñêè ñîâïàäàþò ñ ñîëíå÷íûì çíà÷åíèåì 8.94 [4]. Ýòîò ðåçóëüòàò

âàæåí ïî äâóì ïðè÷èíàì.

Âî-ïåðâûõ, ïîäòâåðæäåíî ïðåäñêàçàíèå òåîðèè: ãèãàíòû ñ íîðìàëüíîé

(ñîëíå÷íîé) ìåòàëëè÷íîñòüþ ñîõðàíèëè ïåðâîíà÷àëüíîå (ñîëíå÷íîå) ñóììàðíîå

ñîäåðæàíèå Ñ+N+O. Âî-âòîðûõ, ýòîò ðåçóëüòàò ìîæíî ðàññìàòðèâàòü êàê

îáúåêòèâíûé êðèòåðèé òî÷íîñòè íàøèõ ðåçóëüòàòîâ ïî CNO-ýëåìåíòàì.

Ðèñ.2. Ñóììàðíîå ñîäåðæàíèå C+N+O êàê ôóíêöèÿ èíäåêñà ìåòàëëè÷íîñòè [Fe/H].
Ëîìàíàÿ øòðèõîâàÿ ëèíèÿ àïïðîêñèìèðóåò íàáëþäàåìûé òðåíä.
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Ìàëîå ðàçëè÷èå â 0.03 dex â çíà÷åíèÿõ  ONClog   ìåæäó ïÿòüþ çâåçäàìè

íå ìîæåò áûòü ñëó÷àéíûì; ìû ñ÷èòàåì íà ýòîì îñíîâàíèè, ÷òî ðåàëüíàÿ

îøèáêà íàéäåííûõ íàìè äëÿ ýòèõ çâåçä ñîäåðæàíèé Ñ, N è O, âåðîÿòíî,

ñîñòàâëÿåò íå áîëåå ±0.05 dex.

Äðóãóþ êîìïàêòíóþ ãðóïïó íà ðèñ.2 îáðàçóþò ÷åòûðå ãèãàíòà ñ ïîíè-

æåííîé ìåòàëëè÷íîñòüþ; ó íèõ èíäåêñ [Fe/H] çàêëþ÷åí ìåæäó -0.33 è -0.37,

à çíà÷åíèÿ  ONClog   - ìåæäó 8.71 è 8.81 (â ñðåäíåì 8.77, ÷òî íà 0.17

dex íèæå ñîëíå÷íîãî çíà÷åíèÿ).

Øòðèõîâàÿ ëèíèÿ íà ðèñ.2 àïïðîêñèìèðóåò î÷åâèäíûé òðåíä âåëè÷èíû

 ONClog   ñ èíäåêñîì ìåòàëëè÷íîñòè [Fe/H]. Îñîáîå ïîëîæåíèå çäåñü

çàíèìàåò ãèãàíò  Leo ñ ïîâûøåííûì èíäåêñîì [Fe/H] = +0.26 è âûñîêèì

çíà÷åíèåì   319ONClog . , ÷òî íà 0.37 dex áîëüøå, ÷åì íà Ñîëíöå.

Âîçíèêàåò âîïðîñ: íàñêîëüêî äîñòîâåðíî áîëüøîå çíà÷åíèå  ONClog 

äëÿ  Leo?  Êàê óæå óïîìèíàëîñü, ïðè îïðåäåëåíèè ñîäåðæàíèé ýëåìåíòîâ

äëÿ õîëîäíûõ çâåçä ðåçóëüòàòû îñîáåííî ÷óâñòâèòåëüíû ê îøèáêàì â

ýôôåêòèâíîé òåìïåðàòóðå T
eff 

. Òî÷íîñòü îïðåäåëåíèÿ T
eff
 â ñëó÷àå  Leo

âûñîêà; ïîäòâåðæäåíèåì ìîæåò ñëóæèòü òàáë.4, ãäå äëÿ  Leo ïðåäñòàâëåíû

êàê íàøè çíà÷åíèÿ T
eff
 è logg, òàê è  ðåçóëüòàòû äðóãèõ àâòîðîâ, ïîëó÷åííûå

â ïîñëåäíèå ãîäû. Âèäèì, ÷òî èìååò ìåñòî îòëè÷íîå ñîãëàñèå â çíà÷åíèÿõ

T
eff
 (à òàêæå è â logg), Òàêèì îáðàçîì, ïîäòâåðæäàåòñÿ ïîâûøåííîå çíà÷åíèå

 ONClog   äëÿ  Leo.

6. Òÿæåëûå ýëåìåíòû. Ê òÿæåëûì ìû îòíîñèì õèìè÷åñêèå ýëåìåíòû

òÿæåëåå æåëåçà. Âñåãî íàìè áûëî ðàññìîòðåíî 12 òàêèõ ýëåìåíòîâ îò Cu äî

Hf; âîñåìü èç íèõ (îò La äî Er) îòíîñÿòñÿ ê ðåäêèì çåìëÿì (Rear Earthes,

äàëåå RE), òðè ýëåìåíòà ëåã÷å RE (Cu, Rb è Âà) è îäèí òÿæåëåå RE (Hf).

Ðàíåå â [2] äëÿ êîíòðîëÿ ìû îïðåäåëèëè ñîäåðæàíèÿ ýòèõ ýëåìåíòîâ äëÿ

Ñîëíöà, ïðè÷åì ïî òåì æå ñïåêòðàëüíûì ëèíèÿì, ÷òî è â [2] è â íàñòîÿùåé

ðàáîòå. Áûëî ïîêàçàíî, ÷òî ýòè ñîäåðæàíèÿ õîðîøî ñîãëàñóþòñÿ ñ ïîñëåäíèìè

äàííûìè äëÿ Ñîëíöà [4] (ñì. òàáë.7 â [2]).

T
eff

logg Ðàáîòà, ãîä

4475 2.50 [1], 2021
4474 2.51 [8], 2015
4471 2.45 [20], 2015
4461 2.65 [21], 2019

Òàáëèöà 4

ÏÀÐÀÌÅÒÐÛ T
eff
 È logg, ÍÀÉÄÅÍÍÛÅ Â [1] ÄËß ÃÈÃÀÍÒÀ  Leo,

Â ÑÐÀÂÍÅÍÈÈ Ñ ÄÀÍÍÛÌÈ ÄÐÓÃÈÕ ÀÂÒÎÐÎÂ
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Àíàëèç ñîäåðæàíèé òÿæåëûõ ýëåìåíòîâ â äàííîé ðàáîòå áûë âûïîëíåí

ïî ìåòîäèêå, îïèñàííîé â [2]. Â ÷àñòíîñòè, ñîäåðæàíèÿ ìåäè, ðóáèäèÿ è

áàðèÿ áûëè îïðåäåëåíû ïðè îòêàçå îò óñëîâèÿ ËÒÐ, à ïðè àíàëèçå ðåäêèõ

çåìåëü (RE) è ãàôíèÿ ìû ïðèìåíèëè ËÒÐ-ïîäõîä.

Ïîëó÷åííûå ñîäåðæàíèÿ âñåõ ýëåìåíòîâ, â òîì ÷èñëå òÿæåëûõ, ïðåäñòàâëåíû

â òàáë.5. Â ïîñëåäíåì ñòîëáöå äàíû ñîâðåìåííûå äàííûå äëÿ Ñîëíöà [4];

ïðè ýòîì óòî÷íåííîå ñîäåðæàíèå ëèòèÿ âçÿòî èç [16]. Ìû íå óêàçàëè çäåñü

îøèáêè â ñîäåðæàíèÿõ ýëåìåíòîâ (êðîìå Ñîëíöà), òàê êàê âêëþ÷åíèå â ýòó

òàáëèöó òàêèõ îøèáîê óâåëè÷èëî áû åå ðàçìåðû ïî÷òè â äâà ðàçà. Òåì áîëåå,

÷òî äëÿ CNO-ýëåìåíòîâ îøèáêè óæå ïðèâåäåíû â òàáë.3, à äëÿ Li îøèáêà

±0.06 dex â ñëó÷àå äâóõ çâåçä ñ îáíàðóæåííûì ëèòèåì (Gem è  Leo) áûëà

óêàçàíà â [1]. Îøèáêè â ñîäåðæàíèè æåëåçà ïðåäñòàâëåíû â [1,2] (îòìåòèì,

÷òî îøèáêè â ñîäåðæàíèè Fe âàðüèðóþòñÿ â äèàïàçîíå îò ±0.05 äî ±0.09

dex). Äëÿ òÿæåëûõ ýëåìåíòîâ òèïè÷íàÿ îøèáêà ñîñòàâëÿåò ±0.10 dex.

Âûøå, ïðè îáñóæäåíèè ðèñ.2, ìû ðàçäåëèëè èññëåäîâàííûå ãèãàíòû íà

òðè ãðóïïû â çàâèñèìîñòè îò èõ èíäåêñà ìåòàëëè÷íîñòè [Fe/H]. Â ãðóïïó

ñ íîðìàëüíîé ìåòàëëè÷íîñòüþ [Fe/H] = ±0.1 ìû âêëþ÷èëè òðè ïðîãðàììíûõ

ãèãàíòà (Gem,  Ari è CrB), à òàêæå äâà ìàãíèòíûõ ãèãàíòà, èññëåäîâàííûõ

â [2], - EK Eri è OU And. Õèìè÷åñêèé ñîñòàâ òðåõ çâåçä èç ýòîé ãðóïïû,

Òàáëèöà 5

ÑÎÄÅÐÆÀÍÈß ÝËÅÌÅÍÒÎÂ  Ellog  Â ÀÒÌÎÑÔÅÐÀÕ 9-òè

Ê-ÃÈÃÀÍÒÎÂ Â ÑÐÀÂÍÅÍÈÈ Ñ ÄÀÍÍÛÌÈ ÄËß ÑÎËÍÖÀ [4]

(ñîëíå÷íîå ñîäåðæàíèå Li ñì. â [16])

Z Ýëåìåíò  Gem  Ari  Leo 1 Leo  CrB HR 3145  UMi  Cnc  Tau Ñîëíöå

3 Li 0.72  -0.12 0.16  -0.24  -0.27  -0.43  -1.05  -0.63  -1.15 0.96±0.05

6 C 8.12 7.89 8.45 7.75 7.88 7.84 7.82 7.81 7.73 8.47±0.06

7 N 8.42 8.57 8.86 8.22 8.62 8.33 8.44 8.61 8.50 7.85±0.12

8 O 8.71 8.65 9.01 8.46 8.65 8.52 8.48 8.50 8.37 8.71±0.04

26 Fe 7.51 7.37 7.74 7.13 7.38 7.13 7.15 7.30 7.11 7.48±0.04

29 Cu 4.30 4.13 -- 4.00 3.97 3.85 4.16 4.09 4.05 4.18±0.05

37 Rb 2.39 2.25 2.75 2.12 2.27 2.10 2.21 2.10 2.24 2.47±0.07

56 Ba 2.19 2.20 2.35 2.00 2.19 1.74 2.28 2.46 2.14 2.25±0.07

57 La 1.15 1.09 1.23 0.91 0.98 0.82 0.97 1.11 0.82 1.11±0.04

59 Pr 0.71 0.68 0.85 0.55 0.57 0.54 0.50 0.69 0.50 0.72±0.04

60 Nd 1.51 1.48 1.56 1.27 1.39 1.09 1.38 1.46 1.03 1.42±0.04

62 Sm 1.00 0.93 1.1 0.77 0.83 0.74 0.85 0.93 0.75 0.95±0.04

63 Eu 0.55 0.49 0.81 0.42 0.45 0.37 0.43 0.51 0.30 0.52±0.04

64 Gd 1.12 1.09 1.17 0.94 1.01 0.88 0.94 0.96 0.87 1.08±0.04

66 Dy 1.11 1.20 1.22 0.92 0.88 0.77 0.64 0.80 0.56 1.10±0.04

68 Er 0.93 0.80 0.86 -- -- 0.60 0.89 -- 0.74 0.93±0.05

72 Hf 0.94 0.75 0.92 0.59 0.60 0.48 0.53 0.55 0.40 0.85±0.05
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Gem, EK Eri è OU And, óæå îáñóæäàëñÿ íàìè â [2]. Â ÷àñòíîñòè, áûëî

ïîêàçàíî, ÷òî äëÿ òÿæåëûõ ýëåìåíòîâ îò Fe äî Hf íàéäåííûå ñîäåðæàíèÿ

îòëè÷àþòñÿ îò ñîëíå÷íûõ ñîäåðæàíèé îáû÷íî â ïðåäåëàõ îøèáîê îïðåäåëåíèÿ.

Àíàëèçèðóÿ äàííûå òàáë.5, ìû ïðèõîäèì ê òàêîìó æå âûâîäó è â îòíîøåíèè

äâóõ îñòàâøèõñÿ çâåçä èç ýòîé ãðóïïû -  Ari è CrB.

Ðèñ.3. Ñîäåðæàíèå ýëåìåíòîâ (îòíîñèòåëüíî Ñîëíöà) â àòìîñôåðàõ 4-õ ãèãàíòîâ ñ

ïîíèæåííûì èíäåêñîì ìåòàëëè÷íîñòè [Fe/H] = -(0.33-0.37).
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Òàêèì îáðàçîì, äëÿ ãðóïïû ãèãàíòîâ ñ íîðìàëüíîé ìåòàëëè÷íîñòüþ

ïîëó÷åí âïîëíå îæèäàåìûé ðåçóëüòàò: îíè èìåþò ïðàêòè÷åñêè ñîëíå÷íîå

ñîäåðæàíèå òÿæåëûõ ýëåìåíòîâ. Î õèìè÷åñêîì ñîñòàâå ãèãàíòîâ ñ ïîíèæåííîé

ìåòàëëè÷íîñòüþ (ó íèõ [Fe/H] ìåæäó -0.33 è -0.37) ìîæíî ñóäèòü ïî ðèñ.3,

ãäå ïîêàçàíà ðàçíîñòü [El/H] â ñîäåðæàíèÿõ ìåæäó çâåçäîé è Ñîëíöåì äëÿ

âñåõ èññëåäîâàííûõ ýëåìåíòîâ îò Li äî Hf. ×òîáû ïî âîçìîæíîñòè óìåíüøèòü

ðàçìåðû ýòîãî ðèñóíêà äëÿ äâóõ íàèáîëåå õîëîäíûõ çâåçä ýòîé ãðóïïû,

UMi è  Tau, óêàçàí çàâûøåííûé âåðõíèé ïðåäåë ñîäåðæàíèÿ ëèòèÿ

001]H[Li . , â òî âðåìÿ êàê ðåàëüíûé ïðåäåë ñîñòàâëÿåò 012]H[Li .  è

-2.11 äëÿ UMi è  Tau, ñîîòâåòñòâåííî (ñì. òàáë.5).

Äîïîëíèòü îáùóþ êàðòèíó ìîãóò äàííûå î õèìè÷åñêîì ñîñòàâå  Leo,

ãèãàíòà ñ ïîâûøåííîé ìåòàëëè÷íîñòüþ [Fe/H] = +0.26, ïîêàçàâøåãî àíîìàëüíî

âûñîêîå ñóììàðíîå ñîäåðæàíèå C+N+O (ðèñ.2). Íà ðèñ.4 ìû ïðåäñòàâèëè

äëÿ ýòîé çâåçäû ñîäåðæàíèÿ ýëåìåíòîâ [El/H] îòíîñèòåëüíî Ñîëíöà. Âèäèì,

÷òî ñîäåðæàíèÿ RE-ýëåìåíòîâ îòëè÷àþòñÿ îò ñîëíå÷íûõ çàìåòíî ìåíüøå, ÷åì

ñîäåðæàíèå æåëåçà.

×èñëî ëèíèé, èñïîëüçîâàííûõ íàìè ïðè àíàëèçå êàêîãî-ëèáî ðåäêîçå-

ìåëüíîãî ýëåìåíòà, çàâèñåëî îò ñàìîãî ýëåìåíòà è îò êîíêðåòíîé çâåçäû.

Íàèáîëüøåå êîëè÷åñòâî ëèíèé (12-19) áûëî ïðèâëå÷åíî äëÿ àíàëèçà ñîäåðæàíèÿ

Nd. Ñàìîå ìàëîå ÷èñëî ëèíèé óäàëîñü èñïîëüçîâàòü äëÿ Dy è Er: òîëüêî

2-3 ëèíèè äëÿ Dy è 1-2 ëèíèè äëÿ Er (åäèíñòâåííîå èñêëþ÷åíèå ñîñòàâèë

ãèãàíò Gem c 4-5 ëèíèÿìè). Ïîýòîìó íàéäåííûå ñîäåðæàíèÿ Dy è Er ìû

ñ÷èòàåì ìåíåå íàäåæíûìè.

Íà ðèñ.5 ïðåäñòàâëåíà âåëè÷èíà [RE/Fe], ñðåäíåå çíà÷åíèå [El/Fe] äëÿ

øåñòè RE-ýëåìåíòîâ îò La äî Gd, êàê ôóíêöèÿ [Fe/H] (ðåçóëüòàòû äëÿ Dy è

Ðèñ.4. Ñîäåðæàíèå ýëåìåíòîâ (îòíîñèòåëüíî Ñîëíöà) â àòìîñôåðå ãèãàíòà  Leo ñ ïîâû-

øåííûì èíäåêñîì ìåòàëëè÷íîñòè [Fe/H] = +0.26.
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Er íå áûëè âêëþ÷åíû). Âèäåí îò÷åòëèâûé òðåíä [RE/Fe] ñ ðîñòîì [Fe/H],

ïðè ýòîì âåëè÷èíà [RE/Fe] óìåíüøàåòñÿ îò +0.2 äî -(0.11-0.15) dex ïðè

óâåëè÷åíèè [Fe/H] îò -0.35 äî 0.10-0.26 dex. Òàêèì îáðàçîì, ïðè ïîâûøåíèè

[Fe/H] íà 0.6 dex âåëè÷èíà [RE/Fe] ïàäàåò ïðèìåðíî íà 0.3 dex.

Íàïîìíèì, ÷òî àíàëèç ñîäåðæàíèé RE-ýëåìåíòîâ áûë âûïîëíåí íàìè

ïðè ïðåäïîëîæåíèè ËÒÐ. Âîçìîæíî ëè, ÷òîáû ïðèâåäåííàÿ íà ðèñ.5

çàâèñèìîñòü îáúÿñíÿëàñü íåó÷òåííûìè íå-ËÒÐ ýôôåêòàìè? Ñëåäóåò îòìåòèòü,

÷òî ëèíèè RE-ýëåìåíòîâ â ñïåêòðàõ èññëåäóåìûõ çâåçä, êàê ïðàâèëî, î÷åíü

ñëàáû è îáðàçóþòñÿ ãëóáîêî â èõ àòìîñôåðàõ. Äëÿ çâåçä ñ îêîëîñîëíå÷íîé

ìåòàëëè÷íîñòüþ íà òàêèõ ãëóáèíàõ âåëèêà êîíöåíòðàöèÿ ýëåêòðîíîâ, ñîóäàðåíèÿ

ñ êîòîðûìè îáåñïå÷èâàþò íàñåëåííîñòè óðîâíåé â àòîìå â ñîîòâåòñòâèè ñ

ËÒÐ. Ýòî ïîçâîëÿåò íàäåÿòüñÿ, ÷òî âîçìîæíûå íå-ËÒÐ ýôôåêòû äëÿ íèõ

äîñòàòî÷íî ìàëû. Ýòî ïðåäïîëîæåíèå îò÷àñòè ïîäòâåðæäàåòñÿ íå-ËÒÐ ðàñ÷åòàìè

ëèíèé Pr II [22], Nd II [23] è Eu II [24] äëÿ Ñîëíöà, èç êîòîðûõ ñëåäóåò,

÷òî ïðèìåíåíèå ËÒÐ-àíàëèçà ìîæåò âíîñèòü îøèáêó â îïðåäåëÿåìîå ñîäåðæàíèå

íå áîëåå ±0.03 dex. Ýòà âåëè÷èíà íà ïîðÿäîê ìåíüøå èçìåíåíèÿ [RE/Fe] íà

0.3, ïîêàçàííîãî íà ðèñ.5. Äëÿ îêîí÷àòåëüíîãî ðåøåíèÿ ïðîáëåìû æåëàòåëüíû

ïðÿìûå íå-ËÒÐ ðàñ÷åòû ëèíèé RE-ýëåìåíòîâ äëÿ õîëîäíûõ ãèãàíòîâ, ïîäîáíûõ

íàøèì.

7. Îáñóæäåíèå. Âàæíûé ðåçóëüòàò, ïîëó÷åííûé íàìè äëÿ 9-òè èññëåäî-

âàííûõ ãèãàíòîâ ñ ïëàíåòàìè, ñîñòîèò â òîì,  ÷òî âñå îíè èñïûòàëè ãëóáîêîå

êîíâåêòèâíîå ïåðåìåøèâàíèå â ôàçå FDU. Ýòîò ôàêò âàæåí èìåííî ïðè

îáñóæäåíèè èõ õèìè÷åñêîãî ñîñòàâà. Ê ýòîìó îáñóæäåíèþ ìû ïîäêëþ÷èëè

Ðèñ.5. Ñðåäíÿÿ âåëè÷èíà [El/Fe] äëÿ RE-ýëåìåíòîâ êàê ôóíêöèÿ èíäåêñà ìåòàëëè÷íîñòè
[Fe/H].

[Fe/H]

[R
E
/
Fe

]

EK Eri

0.0

 Leo

-0.4 -0.2 0.2

0.0

0.4

0.2

-0.2
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è äâà ìàãíèòíûõ ãèãàíòà, EK Eri è OU And, èññëåäîâàííûõ íàìè â [2] ïî

òîé æå ìåòîäèêå (îíè òîæå ïðîøëè ôàçó FDU, ñì. [2]).

Ëèòèé, ñàìûé ëåãêèé ýëåìåíò â íàøåì ñïèñêå, íå áûë íàéäåí äëÿ 7 èç

11-òè ðàññìàòðèâàåìûõ ãèãàíòîâ. Ýòîò ðåçóëüòàò ÿâëÿåòñÿ âïîëíå îæèäàåìûì

äëÿ òàêèõ post-FDU îáúåêòîâ; äåéñòâèòåëüíî, ó íèõ âñëåäñòâèå ãëóáîêîãî

ïåðåìåøèâàíèÿ ëèòèé èç çâåçäíîé àòìîñôåðû áûë ïåðåíåñåí â ãëóáîêèå è

ãîðÿ÷èå ñëîè çâåçäû, ãäå ïîëíîñòüþ âûãîðåë. Îäíàêî ó ÷åòûðåõ ãèãàíòîâ

(Gem,  Leo, EK Eri è OU And) ëèòèé áûë îáíàðóæåí, ÷òî ïðîòèâîðå÷èò

ñòàíäàðòíîé òåîðèè ýâîëþöèè çâåçä. Åùå îäèí íåïîíÿòíûé ôàêò ñîñòîèò â

òîì, ÷òî ó òðåõ èç ýòèõ ÷åòûðåõ ãèãàíòîâ (Gem, EK Eri è OU And) áûëî

íàéäåíî ìàãíèòíîå ïîëå, êîòîðîãî íå äîëæíî áûòü ó post-FDU îáúåêòîâ

ïîñëå ãëóáîêîãî ïåðåìåøèâàíèÿ.

Êàê áûëî îòìå÷åíî íàìè â [2], ó ýòèõ äâóõ çàãàäî÷íûõ ÿâëåíèé ìîæåò

áûòü åäèíîå îáúÿñíåíèå. Îíî çàêëþ÷àåòñÿ â ãèïîòåòè÷åñêîì çàõâàòå çâåçäîé

(óæå ïîñëå çàâåðøåíèÿ ôàçû FDU) ïëàíåòû-ãèãàíòà ñ ìàññîé â íåñêîëüêî

ìàññ Þïèòåðà.

Ðàñ÷åòû [25] ïîêàçàëè, ÷òî â ðåçóëüòàòå ïàäåíèÿ íà êðàñíûé ãèãàíò

ïëàíåòû ñ ìàññîé äî 15 M
J 
 (ãäå M

J 
- ìàññà Þïèòåðà) ñîäåðæàíèå ëèòèÿ íà

ïîâåðõíîñòè çâåçäû ìîæåò ïîâûñèòüñÿ äî âåëè÷èíû   22Lilog . . Ñëåäîâà-

òåëüíî, íàéäåííûå íàìè çíà÷åíèÿ   521160Lilog ..   ó ÷åòûðåõ óêàçàííûõ

âûøå ãèãàíòîâ âïîëíå îáúÿñíèìû â ðàìêàõ ýòîé ãèïîòåçû. Âàæíî, ÷òî çàõâàò

ïëàíåòû, êðîìå óâåëè÷åíèÿ ñîäåðæàíèÿ ëèòèÿ, ïðèâîäèò ê çíà÷èòåëüíîìó

ïîâûøåíèþ ñêîðîñòè âðàùåíèÿ êðàñíîãî ãèãàíòà. Ñîãëàñíî [26], ñëåäñòâèåì

ýòîãî ÿâëÿåòñÿ çàïóñê äèíàìî-ìåõàíèçìà è âîçíèêíîâåíèå ìàãíèòíîãî ïîëÿ.

Äëÿ êðàñíûõ ãèãàíòîâ, ó êîòîðûõ óæå îáíàðóæåíû ïëàíåòû, òàêàÿ ãèïîòåçà

ïðåäñòàâëÿåòñÿ äîñòàòî÷íî ðåàëèñòè÷íîé. Ïðè ýòîì ñëåäóåò ó÷èòûâàòü, ÷òî â

ôîðìèðóþùèõñÿ ïëàíåòíûõ ñèñòåìàõ ïðîèñõîäèò ìèãðàöèÿ ïëàíåò, ïðè êîòîðîé

ïàäåíèå îäíîé èç ïëàíåò íà öåíòðàëüíóþ çâåçäó ÿâëÿåòñÿ âïîëíå âåðîÿòíûì.

Ñîãëàñíî îöåíêå [27], çàõâàò ïëàíåò êðàñíûìè ãèãàíòàìè ïðîèñõîäèò â

Ãàëàêòèêå äîñòàòî÷íî ÷àñòî - ïðèìåðíî 3 ñîáûòèÿ â ãîä.

Ïåðåõîäÿ îò ëèòèÿ ê îáñóæäåíèþ ãðóïïû CNO-ýëåìåíòîâ, ñëåäóåò

îñòàíîâèòüñÿ íà ðàñõîæäåíèè ìåæäó íàáëþäåíèÿìè è òåîðèåé îòíîñèòåëüíî

çàâèñèìîñòè [N/C] îò [N/O]. Ñîãëàñíî ðèñ.1, ðàñ÷åòû ìîäåëè çâåçäû ñ

âðàùåíèåì íå ìîãóò îáúÿñíèòü âåñü íàáëþäàåìûé äèàïàçîí ýòèõ äâóõ âåëè÷èí.

Áîëåå òîãî, íàáëþäàåìûå íà ðèñ.1 äëÿ áîëüøèíñòâà ãèãàíòîâ âûñîêèå çíà÷åíèÿ

[N/C] = 1.0 - 1.4, ñîãëàñíî ðàñ÷åòàì [19], ìîãóò áûòü ïîëó÷åíû ëèøü ïðè

íà÷àëüíûõ ñêîðîñòÿõ âðàùåíèÿ áîëåå 150 êì/ñ, ÷òî ïðîòèâîðå÷èò íàáëþäåíèÿì

çâåçä ñ ìàññàìè 1-3 M .

Â ëèòåðàòóðå óæå áîëåå äâóõ äåñÿòêîâ ëåò îáñóæäàåòñÿ ãèïîòåçà äîïîëíè-

òåëüíîãî íåêîíâåêòèâíîãî ïåðåìåøèâàíèÿ (extra mixing) â êðàñíûõ ãèãàíòàõ
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ïîñëå FDU, ïðèâëå÷åííàÿ äëÿ îáúÿñíåíèÿ íåêîòîðûõ îñîáåííîñòåé â

íàáëþäàåìûõ ñîäåðæàíèÿõ ëåãêèõ ýëåìåíòîâ Li, C, N è Î ó òàêèõ çâåçä,

êîòîðûå íå óäàåòñÿ îáúÿñíèòü â ðàìêàõ ñòàíäàðòíîé òåîðèè. Íàïðèìåð, èäåÿ

"extra mixing" ïðèâëåêàëàñü â [28] äëÿ îáúÿñíåíèÿ íèçêîãî îòíîøåíèÿ èçîòîïîâ

óãëåðîäà 12C/13C ó òàêèõ çâåçä, à òàêæå â [29] ïðè àíàëèçå âåëè÷èíû [C/N]

äëÿ áîëüøîãî ÷èñëà ãèãàíòîâ ñ ðàçíîé ìåòàëëè÷íîñòüþ. Ïî-âèäèìîìó, ýòà

èäåÿ íåîáõîäèìà è äëÿ îáúÿñíåíèÿ ïîëó÷åííîé íàìè çàâèñèìîñòè [N/C] îò

[N/O].

Íà ðèñ.1 îñîáåííî íèçêîå ïîëîæåíèå çàíèìàåò ãèãàíò EK Eri, ó êîòîðîãî

áûëî îáíàðóæåíî çíà÷èòåëüíîå ìàãíèòíîå ïîëå. Ýòîò ïðèìåð ïîêàçûâàåò, ÷òî

õèìè÷åñêèé ñîñòàâ ìàãíèòíûõ êðàñíûõ ãèãàíòîâ çàñëóæèâàåò îòäåëüíîãî

èññëåäîâàíèÿ.

Åùå îäèí èíòåðåñíûé ðåçóëüòàò îòíîñèòåëüíî CNO-ýëåìåíòîâ êàñàåòñÿ

ñóììàðíîãî ñîäåðæàíèÿ C+N+O. Ìû íàøëè, ÷òî, â ïîëíîì ñîîòâåòñòâèè ñ

ïðåäñêàçàíèåì òåîðèè, äëÿ 5-òè ãèãàíòîâ ñ íîðìàëüíîé (ñîëíå÷íîé) ìåòàëëè÷-

íîñòüþ [Fe/H] = ±0.1 dex, ïîëó÷åííûå çíà÷åíèÿ   988958ONClog .. 

ôàêòè÷åñêè ñîâïàäàþò ñ ñîëíå÷íûì çíà÷åíèåì 8.94. Äðóãèìè ñëîâàìè, íåñìîòðÿ

íà çíà÷èòåëüíûå èçìåíåíèÿ â èíäèâèäóàëüíûõ ñîäåðæàíèÿõ Ñ è N â ïðîöåññå

ýâîëþöèè, îñîáåííî ïîñëå ôàçû FDU, ñóììà C+N+O îñòàåòñÿ íåèçìåííîé

ñ ìîìåíòà ôîðìèðîâàíèÿ çâåçäû.

Îñîáûé èíòåðåñ ïðåäñòàâëÿåò çàâèñèìîñòü ñóììàðíîãî ñîäåðæàíèÿ C+N+O

îò èíäåêñà ìåòàëëè÷íîñòè [Fe/H] (ðèñ.2). Îíà ïîëó÷åíà ïî 11-òè çâåçäàì,

ñðåäè êîòîðûõ îñîáîå ïîëîæåíèå çàíèìàåò ãèãàíò  Leo ñ ïîâûøåííûì

èíäåêñîì ìåòàëëè÷íîñòè [Fe/H] = +0.26 è ñ èñêëþ÷èòåëüíî âûñîêèì çíà÷åíèåì

  319ONClog . . Ïî íàøåìó ìíåíèþ, äëÿ ïîäòâåðæäåíèÿ è óòî÷íåíèÿ

òàêîé çàâèñèìîñòè ñëåäóåò ñóùåñòâåííî óâåëè÷èòü ÷èñëî ðàññìàòðèâàåìûõ

çâåçä, äîáàâèâ ãèãàíòû ñ ìåòàëëè÷íîñòüþ [Fe/H] < -0.4, à òàêæå íåñêîëüêî

çâåçä â èíòåðâàëå [Fe/H] îò 0.2 äî 0.4, ãäå ïîêà ìû èìååì òîëüêî ãèãàíò

 Leo. Åñëè çàâèñèìîñòü ñóììû C+N+O îò [Fe/H] ïîäòâåðäèòñÿ, ýòî áóäåò

îçíà÷àòü, ÷òî îíà èìåëà ìåñòî óæå â òîì èñõîäíîì ìåæçâåçäíîì âåùåñòâå,

èç êîòîðîãî ñôîðìèðîâàëèñü ðàññìàòðèâàåìûå çâåçäû. Òîãäà îáúÿñíåíèå

ýòîìó ÿâëåíèþ íåîáõîäèìî áóäåò èñêàòü â ñîâðåìåííûõ ìîäåëÿõ õèìè÷åñêîé

ýâîëþöèè Ãàëàêòèêè.

Îòíîñèòåëüíî òÿæåëûõ ýëåìåíòîâ ïðåäñòàâëÿåò èíòåðåñ íàéäåííàÿ íàìè

àíòèêîððåëÿöèÿ ìåæäó ñðåäíèì ñîäåðæàíèåì RE-ýëåìåíòîâ è âåëè÷èíîé

[Fe/H] (ðèñ.5). Ðàíåå àíàëîãè÷íàÿ àíòèêîððåëÿöèÿ áûëà ïîëó÷åíà â [30] äëÿ

RE-ýëåìåíòîâ Nd, Sm è Eu ïðè èññëåäîâàíèè íåñêîëüêèõ ñîòåí F- è G-

êàðëèêîâ â îêðåñòíîñòè Ñîëíöà, ïðè÷åì â áîëåå øèðîêîì äèàïàçîíå çíà÷åíèé

[Fe/H] îò +0.4 äî -1.4 (ñì. ðèñ.2 â [30]). Â ýòîì äèàïàçîíå, êàê îêàçàëîñü,

èìåþò ìåñòî ñóùåñòâåííîå ïîíèæåíèå çíà÷åíèé [El/Fe] ïðè ïîâûøåíèè
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[Fe/H], ïðèìåðíî 0.5-0.7 dex äëÿ Nd, Sm è Eu. (Îáñóæäåíèå ïîäîáíûõ

òðåíäîâ äëÿ äðóãèõ õèìè÷åñêèõ ýëåìåíòîâ ìîæíî íàéòè, íàïðèìåð, â [31]).

Â ñîâðåìåííûõ ìîäåëÿõ õèìè÷åñêîé ýâîëþöèè Ãàëàêòèêè ãëàâíàÿ ðîëü â

îáðàçîâàíèè  RE-ýëåìåíòîâ  îòâîäèòñÿ r-ïðîöåññó è  s-ïðîöåññó. Ðîëü ýòèõ

äâóõ ïðîöåññîâ â çâåçäíîì íóêëåîñèíòåçå è â õèìè÷åñêîé ýâîëþöèè Ãàëàêòèêè

ðàññìîòðåíà, íàïðèìåð, â [32]; äåòàëüíîå îáñóæäåíèå ðîëè r-ïðîöåññà ïðèâåäåíî

â îáçîðå [33]. Ïîä÷åðêíåì, ÷òî ïðåäñòàâëåííàÿ íà ðèñ.5 çàâèñèìîñòü [RE/Fe]

îò [Fe/H] íèêàê íå ñâÿçàíà ñ ýâîëþöèåé èññëåäîâàííûõ ãèãàíòîâ, à âñåãî

ëèøü îòðàæàåò íà÷àëüíûé õèìè÷åñêèé ñîñòàâ ýòèõ çâåçä (èëè, äðóãèìè ñëîâàìè,

õèìè÷åñêèé ñîñòàâ ìåæçâåçäíîé ñðåäû, èç êîòîðîé îíè ñôîðìèðîâàëèñü).

8. Çàêëþ÷åíèå. Â äàííîé ðàáîòå ìû èññëåäîâàëè õèìè÷åñêèé ñîñòàâ

9-òè Ê-ãèãàíòîâ, èìåþùèõ ïëàíåòû è ðàñïîëîæåííûõ â ïðåäåëàõ 100 ïê îò

Ñîëíöà. Ïðè ýòîì íàìè áûëè èñïîëüçîâàíû ôóíäàìåíòàëüíûå ïàðàìåòðû

çâåçä, íàéäåííûå íàìè ðàíåå [1]. Òîëüêî äëÿ ãèãàíòà  Leo ìû çàíîâî

ïðîàíàëèçèðîâàëè ëèíèè FeI è óòî÷íèëè ñîäåðæàíèå æåëåçà è ïàðàìåòð

ìèêðîòóðáóëåíòíîñòè V
t
.

Ìû îïðåäåëèëè ñîäåðæàíèÿ 17-òè õèìè÷åñêèõ ýëåìåíòîâ îò ëèòèÿ (Z = 3)

äî ãàôíèÿ (Z = 72). Ïðè ýòîì àíàëèç ëèíèé ðÿäà ýëåìåíòîâ áûë âûïîëíåí

ïðè îòêàçå îò ïðåäïîëîæåíèÿ ËÒÐ (ëîêàëüíîå òåðìîäèíàìè÷åñêîå ðàâíîâåñèå).

Íåäàâíî ïî òîé æå ìåòîäèêå íàìè â [2] áûëè èññëåäîâàíû ãèãàíòû EK Eri

è OU And, ó êîòîðûõ áûëè îáíàðóæåíû çíà÷èòåëüíûå ìàãíèòíûå ïîëÿ è

êîòîðûå áûëè îáúÿâëåíû âåðîÿòíûìè ïîòîìêàìè ìàãíèòíûõ Àð-çâåçä.

Àíàëèçèðóÿ ñîäåðæàíèÿ ýëåìåíòîâ, ïîëó÷åííûå â íàñòîÿùåé ðàáîòå, ìû

äîáàâèëè ê íèì ðåçóëüòàòû, íàéäåííûå â [2] äëÿ EK Eri è OU And.

Ìû ïîêàçàëè, ÷òî âñå 9 ïðîãðàììíûõ Ê-ãèãàíòîâ ïðîøëè ãëóáîêîå

ïåðåìåøèâàíèå â ôàçå FDU (First Dredge-Up). Äëÿ áîëüøèíñòâà ãèãàíòîâ íà

ýòî óêàçûâàåò íèçêîå îòíîøåíèå èçîòîïîâ óãëåðîäà 12C/13C = 8 - 18, íàéäåííîå

íàìè ïî ëèíèÿì ìîëåêóëû CN. Äëÿ çâåçäû HR 3145, ãäå âåëè÷èíó 12C/13C

îïðåäåëèòü íå óäàëîñü, äîêàçàòåëüñòâîì ñëóæèò âûñîêîå îòíîøåíèå N/C (íà

1.1 dex áîëüøå ñîëíå÷íîãî), õàðàêòåðíîå äëÿ post-FDU îáúåêòîâ. Ðàíåå âûâîä

î ïðèíàäëåæíîñòè ê post-FDU îáúåêòàì áûë ïîëó÷åí òàêæå äëÿ çâåçä EK

Eri è OU And.

Ëèòèé, ÿâëÿþùèéñÿ ÷óâñòâèòåëüíûì èíäèêàòîðîì çâåçäíîé ýâîëþöèè,

íå áûë íàéäåí ó 7 èç 11-òè ðàññìàòðèâàåìûõ ãèãàíòîâ. Îòñóòñòâèå ëèòèÿ

â àòìîñôåðàõ çâåçä, èñïûòàâøèõ ãëóáîêîå ïåðåìåøèâàíèå â ôàçå FDU, ýòî

âïîëíå îæèäàåìûé ðåçóëüòàò. Îäíàêî ó 4-õ ãèãàíòîâ, òàêæå ïðîøåäøèõ ôàçó

FDU, ëèòèé áûë íàìè îáíàðóæåí. Îäíîâðåìåííî ó 3 èç ýòèõ 4-õ çâåçä ðàíåå

äðóãèìè àâòîðàìè áûëî íàéäåíî ìàãíèòíîå ïîëå. Ýòè äâà ÿâëåíèÿ, ïðèñóòñòâèå

ëèòèÿ â àòìîñôåðå è íàëè÷èå ìàãíèòíîãî ïîëÿ, ñîâåðøåííî íåîæèäàííûå äëÿ
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post-FDU ãèãàíòîâ ñ òî÷êè çðåíèÿ ñòàíäàðòíîé òåîðèè, ñåãîäíÿ íàõîäÿò

îáùåå îáúÿñíåíèå â ðàìêàõ åäèíîé ãèïîòåçû: çàõâàò (engulfment) çâåçäîé

ïëàíåòû ñ ìàññîé â íåñêîëüêî ìàññ Þïèòåðà.

Äëÿ ãðóïïû CNO-ýëåìåíòîâ ïðåäñòàâëÿþò èíòåðåñ äâå çàâèñèìîñòè,

íàéäåííûå íàìè. Ïåðâàÿ èç íèõ - ýòî ÿðêî âûðàæåííàÿ êîððåëÿöèÿ ìåæäó

âåëè÷èíàìè [N/C] è [N/O], êîòîðàÿ ÿâëÿåòñÿ íàáëþäàåìûì ïðîÿâëåíèåì

ýâîëþöèè çâåçä. Ñðàâíåíèå íàáëþäàåìîé çàâèñèìîñòè ñ òåîðåòè÷åñêîé

ìîäåëüþ, ó÷èòûâàþùåé âðàùåíèå, ïîêàçàëî, ÷òî òåîðèÿ íå ìîæåò îáúÿñíèòü

âûñîêèå çíà÷åíèÿ [N/C] = 1.0 - 1.4, ïîëó÷åííûå íàìè äëÿ áîëüøèíñòâà

ðàññìîòðåííûõ ãèãàíòîâ. Ïî-âèäèìîìó, çäåñü ñëåäóåò ïðèâëå÷ü ãèïîòåçó

äîïîëíèòåëüíîãî (íåêîíâåêòèâíîãî) ïåðåìåøèâàíèÿ (extra mixing), êîòîðàÿ

îáñóæäàåòñÿ â ëèòåðàòóðå óæå áîëåå äâóõ äåñÿòêîâ ëåò.

Âòîðàÿ çàâèñèìîñòü êàñàåòñÿ ñóììàðíîãî ñîäåðæàíèÿ C+N+O, êîòîðîå,

ñîãëàñíî òåîðèè, íå äîëæíî ìåíÿòüñÿ ñî âðåìåíè ôîðìèðîâàíèÿ çâåçäû. Ìû

ïîêàçàëè, ÷òî ó ãèãàíòîâ ñ îêîëîñîëíå÷íîé ìåòàëëè÷íîñòüþ [Fe/H] = ±0.1

ïîëó÷åííûå ñîäåðæàíèÿ   988958ONClog ..   (â ñðåäíåì 8.97) ôàêòè-

÷åñêè ñîâïàäàþò ñ ñîëíå÷íûì çíà÷åíèåì 8.94. Íàéäåí òðåíä âåëè÷èíû

 ONClog   ñ ðîñòîì [Fe/H], îäíàêî äëÿ åãî ïîäòâåðæäåíèÿ íåîáõîäèìî

ðàñøèðèòü äèàïàçîí çíà÷åíèé [Fe/H] è, ñîîòâåòñòâåííî, ðàñøèðèòü ñïèñîê

ðàññìîòðåííûõ ãèãàíòîâ. Îòäåëüíîãî âíèìàíèÿ çàñëóæèâàåò âûñîêîå çíà÷åíèå

  319ONClog .  äëÿ ãèãàíòà  Leo, èìåþùåãî ïîâûøåííóþ ìåòàëëè÷-

íîñòü [Fe/H] = +0.26.

Íàéäåíà àíòèêîððåëÿöèÿ ìåæäó âåëè÷èíîé [RE/Fe], ñðåäíèì ñîäåðæàíèåì

ðåäêîçåìåëüíûõ ýëåìåíòîâ La, Pr, Nd, Sm, Eu è Gd  (îòíîñèòåëüíî Fe) è

èíäåêñîì ìåòàëëè÷íîñòè [Fe/H]. Îíà õîðîøî ñîãëàñóåòñÿ ñ äàííûìè äëÿ

F- è G-êàðëèêîâ â îêðåñòíîñòè Ñîëíöà è îòðàæàåò íà÷àëüíûé õèìè÷åñêèé

ñîñòàâ èññëåäîâàííûõ ãèãàíòîâ.

Àâòîðû áëàãîäàðÿò ðåöåíçåíòà çà âíèìàòåëüíîå ïðî÷òåíèå ñòàòüè è çà

ïîëåçíûå çàìå÷àíèÿ, à òàêæå âûðàæàþò áëàãîäàðíîñòü Ïðàâèòåëüñòâó

Ðîññèéñêîé Ôåäåðàöèè è Ìèíèñòåðñòâó íàóêè è âûñøåãî îáðàçîâàíèÿ

Ðîññèéñêîé Ôåäåðàöèè çà ïîääåðæêó (ïðîåêò 075-15-2020-780).

Êðûìñêàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ ÐÀÍ,

e-mail: lyub@craocrimea.ru
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NINE NEARBY K-GIANTS WITH PLANETS: A
DETAILED ANALYSIS OF THEIR CHEMICAL

COMPOSITION

L.S.LYUBIMKOV, D.B.POKLAD, S.A.KOROTIN

The chemical composition of nine K-giants with planets is studied, which are

located within 100 pc from the Sun. The fundamental parameters of the stars

obtained by us earlier are used in this regard; for the giant  Leo the metallicity

index [Fe/H] = +0.26 and the microturbulent parameter V
t
 = 1.3 km/s are rede-

termined from FeI lines. Abundances of 17 chemical elements from lithium

(Z = 3) to hafnium (Z = 72) are found. An analysis of lines of some elements is

made without the supposition of LTE (local thermodynamic equilibrium). From

the infrared CN molecular lines the nitrogen abundance and the carbon isotope

ratio 12Ñ/13Ñ are found. The low values 12Ñ/13Ñ = 8-18 show that the programme

giants passed through the deep convecting mixing in the FDU (First Dredge-Up)

phase. When analyzing the abundances obtained we added our recent data for the

magnetic giants EK Eri and OU And found from the same technique. Lithium

was not found for 7 of 11 giants in question. An absence of lithium in atmospheres

of stars passed through the deep mixing in the FDU phase corresponds to the

theory predictions. However for 4 giants lithium was found by us; earlier for 3

of these 4 stars the magnetic field has been detected. These two phenomena

unexpected for post-FDU giants from the viewpoint of standard theory, i.e. the

presence of lithium in atmosphere and the existence of magnetic field, can be

explained in the framework of one hypothesis: an engulfment by a star of the

planet with the mass of several Jupiter masses. For 11 giants considered we found

the pronounced correlation between the [N/C] and [N/O] values. A comparison

of the observed relation with the theoretical model computed with rotation showed

that the theory cannot explain the high values [N/C] = 1.0-1.4 obtained for the

most of the giants. Obviously, the known hypothesis of extra mixing is needed

here. The summary abundance C+N+O, which, according to the theory, should

remain constant from the star's formation, showed the correlation with the

metallicity index [Fe/H]. In this regard for the stars with the normal metallicity

[Fe/H] = ±0.1 the value   978ONClog .  was found that agrees perfectly with

the solar value   948ONClog . . For the giant  Leo with the higher

metallicity [Fe/H] = +0.26 the greatest value   319ONClog .  was obtained.

The anticorrelation was found between the [RE/Fe] value, the mean abundance

of rare earth (RE) elements (relative to Fe) and the index [Fe/H]. It is in good
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agreement with data for F- and G-dwarfs in the solar neighborhood and reflects

the initial chemical composition of the giants explored.

Keywords: red giants: chemical composition: exoplanets
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ÏßÒÅÍÍÀß ÀÊÒÈÂÍÎÑÒÜ ÌÎËÎÄÎÉ ÇÂÅÇÄÛ
HIP 94235 ÈÇ ÄÂÈÆÓÙÅÉÑß ÃÐÓÏÏÛ AB DORADUS

È.Ñ.ÑÀÂÀÍÎÂ
Ïîñòóïèëà 14 ñåíòÿáðÿ 2022

Ïðèíÿòà ê ïå÷àòè 11 íîÿáðÿ 2022

Íà îñíîâå âûñîêîòî÷íîãî ìàòåðèàëà èç àðõèâà êîñìè÷åñêîé ìèññèè TESS ïðîâåäåíî
èññëåäîâàíèå ôîòîìåòðè÷åñêîé ïåðåìåííîñòè áëåñêà HIP 94235 - ÿðêîé çâåçäû, âõîäÿùåé â
äâèæóùóþñÿ ãðóïïó AB Doradus ñ âîçðàñòîì 120 ìëí ëåò. Ìû ïîëó÷èëè îöåíêó ïåðèîäà
âðàùåíèÿ çâåçäû è àìïëèòóäû ïåðåìåííîñòè áëåñêà, à òàêæå ïî ñòàíäàðòíîé ìåòîäèêå
îöåíèëè âåëè÷èíó ïàðàìåòðà çàïÿòíåííîñòè A â àáñîëþòíîé ìåðå, êîòîðàÿ ñîñòàâëÿåò 31750
ì.ä.ï. è ñóùåñòâåííî ïðåâîñõîäèò ïëîùàäü ïÿòåí íà Ñîëíöå. Çà èíòåðâàë íàáëþäåíèé ñ
êîñìè÷åñêîé ìèññèåé TESS ïðîÿâëåíèÿ âñïûøå÷íîé àêòèâíîñòè ó HIP 94235 îòñóòñòâîâàëè.
Äëÿ êàæäîãî ñåêòîðà íàáëþäåíèé, ïîñëåäîâàòåëüíî îõâàòûâàþùåãî îäèí ïåðèîä âðàùåíèÿ
çâåçäû, èç ðåøåíèÿ îáðàòíîé çàäà÷è âîññòàíîâëåíèÿ òåìïåðàòóðíûõ íåîäíîðîäíîñòåé çâåçäû
ïî êðèâîé áëåñêà ïîëó÷åíû êàðòû ïîâåðõíîñòíûõ òåìïåðàòóðíûõ íåîäíîðîäíîñòåé, îïðåäå-
ëåíû ïîëîæåíèÿ àêòèâíûõ îáëàñòåé è èçó÷åíà èõ ýâîëþöèÿ ñî âðåìåíåì. Ïî îòíîñèòåëüíîìó
ðàçëè÷èþ â ñìåùåíèÿõ àêòèâíûõ îáëàñòåé îöåíåíà âåëè÷èíà ïàðàìåòðà äèôôåðåíöèàëüíîãî
âðàùåíèÿ çâåçäû 0700380 ..   ðàä/ñóò. Ïîëó÷åííûå ðåçóëüòàòû ñîïîñòàâëåíû ñ äàííûìè
î äðóãîé, èçó÷åííîé íàìè ðàíåå, ìîëîäîé çâåçäå ñîëíå÷íîãî òèïà ñ ýêçîïëàíåòîé TOI 837,
÷ëåíå  þæíîãî ñêîïëåíèÿ IC 2602 ñ âîçðàñòîì 35 ìëí ëåò.

Êëþ÷åâûå ñëîâà: çâåçäû: àêòèâíîñòü: ïÿòíà: ôîòîìåòðèÿ: ïåðåìåííîñòü:

ïëàíåòíûå ñèñòåìû

1. Ââåäåíèå. Â íàñòîÿùåå âðåìÿ ãðóïïà èññëåäîâàòåëåé THYME (TESS

Hunt for Young and Maturing Exoplanets), ïðîâîäèò ïîèñê è äàëüíåéøèé

àíàëèç õàðàêòåðèñòèê òðàíçèòíûõ ïëàíåò â ìîëîäûõ çâåçäíûõ àññîöèàöèÿõ

(~10-20 ìëí ëåò) è â áëèçëåæàùèõ ìîëîäûõ äâèæóùèõñÿ ãðóïïàõ (YMG)

(âîçðàñò <200 ìëí ëåò) (ñì. â [1]). Ýòà ïðîãðàììà ÿâëÿåòñÿ åñòåñòâåííûì

ïðîäîëæåíèåì îáçîðà ZEIT - ïîèñê "çîäèàêàëüíûõ ýêçîïëàíåò âî âðåìåíè".

Ñòàòüÿ [1] ÿâëÿåòñÿ óæå âîñüìîé ïî ñ÷åòó â ñåðèè ïóáëèêàöèé THYME, â

íåé âûïîëíåíî èññëåäîâàíèå äâóõ ñèñòåì KOI-3876 è Kepler-970 èç ìîëîäîé

àññîöèàöèè MELANGE-3 ñ âîçðàñòîì 105 ± 10 Myr.

Ðÿä ïðèìåðîâ íàøèõ èññëåäîâàíèé àêòèâíîñòè çâåçä èç îáúåêòîâ ïðîãðàìì

ZEIT è THYME ìîæíî íàéòè â ïðåäûäóùèõ ðàáîòàõ (ñì. èõ êðàòêîå

îïèñàíèå â [2]). Áûëè èçó÷åíû ïðîÿâëåíèÿ ïÿòåííîé è âñïûøå÷íîé àêòèâíîñòè

îáúåêòîâ. Íà îñíîâàíèè èçó÷åíèÿ äèàãðàìì, ñâÿçûâàþùèõ ïëîùàäü õîëîäíûõ

ïÿòåí ñ âîçðàñòîì, ïåðèîäîì âðàùåíèÿ è ÷èñëàìè Ðîññáè, íàìè áûë ñäåëàí
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âûâîä î íàëè÷èè îáùåãî õàðàêòåðà çàâèñèìîñòåé, óñòàíîâëåííûõ ðàíåå äëÿ

Ì êàðëèêîâ è çâåçä ñîëíå÷íîãî òèïà.

Â íàñòîÿùåé ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû àíàëèçà ïåðåìåííîñòè áëåñêà

çâåçäû HIP 94235, âõîäÿùåé â õîðîøî èçâåñòíóþ äâèæóùóþñÿ ãðóïïó AB

Doradus ñ âîçðàñòîì 120 ìëí ëåò [3], è ñîïîñòàâëåíèÿ ñ äàííûìè èññëåäîâàíèÿ

TOI 837 - ìîëîäîé G0/F9 V çâåçäû ñ ýêçîïëàíåòîé èç þæíîãî ñêîïëåíèÿ

IC 2602 ñ âîçðàñòîì 35 ìëí ëåò.

2. HIP 94235 - ìîëîäàÿ çâåçäà - ÷ëåí ãðóïïû AB Doradus.

Àâòîðû [3] îïóáëèêîâàëè ðåçóëüòàòû îòêðûòèÿ ïëàíåòû ðàçìåðîì ñ ìèíè-

íåïòóí ó ÿðêîé çâåçäû HIP 94235 (V = 8m.3), âõîäÿùåé â äâèæóùóþñÿ ãðóïïó

AB Doradus ñ âîçðàñòîì 120 ìëí ëåò, îäíó èç ñàìûõ ìîëîäûõ è áëèçêèõ

çâåçäíûõ àññîöèàöèé. Ìîëîäîñòü çâåçäû ïîäòâåðæäàåòñÿ àâòîðàìè [3] ïî åå

ñïåêòðàëüíûì è ôîòîìåòðè÷åñêèì õàðàêòåðèñòèêàì, òàêèì êàê áûñòðîå âðàùåíèå

è çíà÷èòåëüíàÿ ôîòîìåòðè÷åñêàÿ ìîäóëÿöèÿ, ýêâèâàëåíòíàÿ øèðèíà ëèíèè

ëèòèÿ è ðåíòãåíîâñêîå èçëó÷åíèå. Íåãëóáîêèå òðàíçèòû HIP 94235b (èõ

ãëóáèíà ñîñòàâëÿåò 600 ìä) áûëè âûÿâëåíû â åäèíñòâåííîì ñåêòîðå íàáëþäåíèé,

ïîëó÷åííûõ ìèññèåé TESS. Ïîñëåäóþùèå íàáëþäåíèÿ áûëè âûïîëíåíû ñ

ïîìîùüþ êîñìè÷åñêîãî òåëåñêîïà CHEOPS è ïîçâîëèëè ïîäòâåðäèòü ñóùåñò-

âîâàíèå òðàíçèòîâ è óëó÷øèòü ñïîñîáíîñòü ïðîãíîçèðîâàòü áóäóùåå âðåìÿ

òðàíçèòîâ äëÿ ïîñëåäóþùèõ èññëåäîâàíèé. Ïëàíåòà HIP 94235b èìååò ðàäèóñ

îêîëî 3 ðàäèóñîâ Çåìëè, ïåðèîä åå îáðàùåíèÿ ðàâåí 7.7 ñóò.

HIP 94235 ÿâëÿåòñÿ ìîëîäûì àíàëîãîì íàøåãî Ñîëíöà, åå ìàññà ñîñòàâëÿåò

M = 1.08 ± 0.11 ìàññ Ñîëíöà. Çâåçäà ïðèíàäëåæèò ê êàðëèêàì ñïåêòðàëüíîãî

êëàññà G1V, áëåñê â ôèëüòðàõ B è V ñîñòàâëÿåò 8m.90 è 8m.347, ñîîòâåòñòâåííî.

Îáúåêò îòîæäåñòâëåí ñ èñòî÷íèêîì Gaia EDR3 6632318361397624960, åãî

ïàðàëëàêñ ñîñòàâëÿåò   (mas) = 17.0609 ± 0.0365. Íà îñíîâå àíàëèçà êèíåìà-

òè÷åñêèõ ñâîéñòâ, ñîäåðæàíèÿ ëèòèÿ è îöåíîê ïåðèîäà âðàùåíèÿ â [3]

ïîäòâåðæäåíî, ÷òî HIP 94235 ÿâëÿåòñÿ ÷ëåíîì äâèæóùåéñÿ ãðóïïû AB

Doradus, âîçðàñò êîòîðîé ñîñòàâëÿåò 120 ìëí ëåò.

Çâåçäà HIP 94235 îòîæäåñòâëåíà ñ X-ray èñòî÷íèêîì  J191057.9 - 601611

èç êàòàëîãà 2nd ROSAT PSPC Catalog. Ðåíòãåíîâñêàÿ ñâåòèìîñòü HIP 94235

ñîñòàâëÿåò log(L
X

 /L
bol

) = -3.93 ± 0.13. Ýôôåêòèâíàÿ òåìïåðàòóðà çâåçäû ðàâíà

5991 ± 50 Ê, à ëîãàðèôì óñêîðåíèÿ ñèëû òÿæåñòè ñîñòàâëÿåò 4.46 ± 0.05.

Îòìåòèì, ÷òî ïåðå÷èñëåííûå íàìè ñâîéñòâà çâåçäû HIP 94235 ïðèâîäÿòñÿ

ñîãëàñíî äàííûì, óêàçàííûì â [3] (òàáë.3) è â àñòðîíîìè÷åñêîé áàçå äàííûõ

Simbad. HIP 94235 âõîäèò â äâîéíóþ ñèñòåìó - âòîðîé êîìïîíåíò ÿâëÿåòñÿ

çâåçäîé ñïåêòðàëüíîãî êëàññà Ì ñ ìàññîé 0.26 ± 0.04 M . Ðàññòîÿíèå ìåæäó

êîìïîíåíòàìè ñîñòàâëÿåò îêîëî 60 à.å. Ýòî îäíà èç íàèáîëåå òåñíûõ ñèñòåì

ñ ýêçîïëàíåòîé âîêðóã îäíîé èç êîìïîíåíò.
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Äëÿ HIP 94235 â àðõèâå TESS èìåþòñÿ äàííûå 27-ãî ñåêòîðà íàáëþäåíèé.

Íàøà îáðàáîòêà áûëà àíàëîãè÷íà ïðîâîäèìîé ðàíåå â ñëó÷àå èçìåðåíèé äëÿ

äðóãèõ îáúåêòîâ èç àðõèâà êîñìè÷åñêîãî òåëåñêîïà Êåïëåð è èç àðõèâà

íàáëþäåíèé ìèññèè TESS (ñì., íàïðèìåð, [2]). Íà ðèñ.1 ïðåäñòàâëåíû:

Ðèñ.1. Ñâåðõó âíèç: êðèâàÿ áëåñêà äëÿ HIP 94235, ñïåêòð ìîùíîñòè ïåðåìåííîñòè
áëåñêà, ôàçîâàÿ äèàãðàììà ïåðåìåííîñòè áëåñêà (ãîðèçîíòàëüíûå ëèíèè õàðàêòåðèçóþò
âåëè÷èíó àìïëèòóäû ïåðåìåííîñòè áëåñêà). Äàííûå ïðèâåäåíû äëÿ íàáëþäåíèé â ñåêòîðå 27.
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êðèâàÿ áëåñêà HIP 94235, ñîîòâåòñòâóþùèé ñïåêòð ìîùíîñòè è ôàçîâàÿ

äèàãðàììà. Õîðîøî çàìåòíà ïåðèîäè÷åñêàÿ ìîäóëÿöèÿ áëåñêà, îáëàäàþùàÿ

çàìåòíîé ïåðåìåííîñòüþ àìïëèòóäû. Ê êîíöó ñåêòîðà íàáëþäåíèé çâåçäà

óâåëè÷èëà ñâîþ àêòèâíîñòü. Íà øêàëå âðåìåíè ïîðÿäêà äëèòåëüíîñòè

íàáëþäåíèé â îäíîì ñåêòîðå (îêîëî 30 ñóòîê) ôîðìà ôàçîâîé êðèâîé è

ïîëîæåíèÿ ìàêñèìóìîâ è ìèíèìóìîâ ïðåòåðïåâàëè çíà÷èòåëüíûå èçìåíåíèÿ.

Íà ïîñòðîåííûõ íàìè ñïåêòðàõ ìîùíîñòè èìååòñÿ õàðàêòåðíûé ïèê,

ñîîòâåòñòâóþùèé âåëè÷èíå ïåðèîäà âðàùåíèÿ çâåçäû Ð = 2.223 ± 0.065 ñóò

(ïîãðåøíîñòü îöåíåíà ïî ïîëóøèðèíå ïèêà). Àâòîðàìè [3] áûëà ïðèâåäåíà,

ñîâïàäàþùàÿ ñ ïîëó÷åííîé íàìè, âåëè÷èíà ïåðèîäà âðàùåíèÿ HIP 94235  -

2.24 ± 0.11 ñóò.

Ðàññ÷èòàííûå ñïåêòðû ìîùíîñòè óêàçûâàþò íà äîñòàòî÷íî ñëîæíûé

õàðàêòåð èçìåíåíèé áëåñêà èçó÷àåìîé çâåçäû. Íà ñïåêòðå ìîùíîñòè

öåíòðàëüíûé ïèê Ð = 2.223 ñóò èìååò íåñèììåòðè÷íóþ ôîðìó, ïîìèìî íåãî

èìååòñÿ ïèê ìåíüøåé àìïëèòóäû, ñîîòâåòñòâóþùèé âåëè÷èíå 2.500 ñóò,

ïðîèñõîæäåíèå êîòîðîãî ìîæåò áûòü ñâÿçàíî (ñì. â [4]) ñ íàëè÷èåì ó çâåçäû,

îáëàäàþùåé äèôôåðåíöèàëüíûì âðàùåíèåì, ïÿòåí (èëè ãðóïï ïÿòåí),

ðàñïîëîæåííûõ íà ðàçëè÷íûõ øèðîòàõ. Ïðè ýòîì èçìåíåíèÿ ïåðèîäîâ

ïåðåìåííîñòè áëåñêà ìîãóò ñîîòâåòñòâîâàòü íå òîëüêî èçìåíåíèÿì ïîëîæåíèé

ïÿòåí ïî øèðîòå, íî è ýâîëþöèè (ïîÿâëåíèþ è èñ÷åçíîâåíèþ) àêòèâíûõ

îáëàñòåé, ëåæàùèõ íà ðàçëè÷íûõ øèðîòàõ íà ïîâåðõíîñòè çâåçäû. Ïî ìåòîäèêå,

îïóáëèêîâàííîé â [4] äëÿ îïðåäåëåíèÿ ïàðàìåòðîâ äèôôåðåíöèàëüíîãî

âðàùåíèÿ 12300 çâåçä ïî íàáëþäåíèÿì ñ òåëåñêîïîì Êåïëåð, ñ íàéäåííûìè

íàìè ïåðèîäàìè ìû âû÷èñëèëè âîçìîæíîå çíà÷åíèå ïàðàìåòðà äèôôåðåí-

öèàëüíîãî âðàùåíèÿ çâåçäû -  .

Äëÿ HIP 94235 óêàçàííûé ïîäõîä ïðèâåë ê îöåíêå ïàðàìåòðà

140310 ..   ðàä/ñóò, êîòîðàÿ ñóùåñòâåííî âûøå ñîëíå÷íîé âåëè÷èíû,

òåîðåòè÷åñêèõ ïðåäñêàçàíèé èç [5] è ýìïèðè÷åñêîé çàâèñèìîñòè èç [6], íî

â ïðåäåëàõ ïîãðåøíîñòè îïðåäåëåíèé âñå åùå ñîïîñòàâèìà ñ ìàêñèìàëüíûìè

îöåíêàìè äëÿ çâåçä òåìïåðàòóðíîãî äèàïàçîíà 5800 - 6000 Ê èç [4]. Òåì íå

ìåíåå, ñ ó÷åòîì òîãî, ÷òî îöåíêà ïàðàìåòðà ïîëó÷åíà âñåãî ïî îäíîìó ñåêòîðó

íàáëþäåíèé ïðîäîëæèòåëüíîñòüþ 24 ñóò, à òàêæå, ïîñêîëüêó íåçàâèñèìî

íàéäåííàÿ èç àíàëèçà ýâîëþöèè ïîëîæåíèé ïÿòåí íà ïîâåðõíîñòè çâåçäû

(ñì. íèæå) âåëè÷èíà ïàðàìåòðà   èìååò îòëè÷àþùååñÿ çíà÷åíèå, ìû íå

ðàññìàòðèâàåì ïîëó÷åííóþ îöåíêó, êàê äîñòîâåðíóþ. Ïðè÷èíà ïðîèñõîæäåíèÿ

ïèêà, ñîîòâåòñòâóþùåãî ïåðèîäó â 2.500 ñóò, òðåáóåò äàëüíåéøåãî èçó÷åíèÿ.

Êðîìå òîãî, íà ñïåêòðå ìîùíîñòè èìåþòñÿ ïèêè â äèàïàçîíå, ñîîò-

âåòñòâóþùåì ïîëîâèííîìó ôîòîìåòðè÷åñêîìó ïåðèîäó âðàùåíèÿ çâåçäû, ÷òî

ñâèäåòåëüñòâóåò î ïðèñóòñòâèè íà ïîâåðõíîñòè çâåçäû äâóõ àêòèâíûõ îáëàñòåé,
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îòñòîÿùèõ äðóã îò äðóãà ïðèìåðíî íà 180 ãðàäóñîâ (ñì. íèæå - ïîâåðõíîñòíûå

êàðòû).

Àìïëèòóäà ïåðåìåííîñòè áëåñêà ñîñòàâëÿåò îêîëî 2.5% îò óðîâíÿ ñðåäíåãî

áëåñêà çâåçäû. Ïî ñòàíäàðòíîé ìåòîäèêå (ñì. â [2]) íàìè áûëè îöåíåíû

âåëè÷èíû ïàðàìåòðà çàïÿòíåííîñòè HIP 94235, êîòîðûå äîñòèãàþò 3.6% îò

ïëîùàäè ïîâåðõíîñòè çâåçäû. Ïðèíèìàÿ îöåíêó ðàäèóñà çâåçäû R = 1.08 ± 0.11

ðàäèóñîâ Ñîëíöà èç [3], ìîæíî ïîëó÷èòü âåëè÷èíó ïëîùàäè ïîâåðõíîñòè

ïÿòåí À çâåçäû â àáñîëþòíîé ìåðå (â ìèëëèîííûõ äîëÿõ âèäèìîé ïîëóñôåðû

Ñîëíöà, ì.ä.ï.). Íà Ñîëíöå ñðåäíèå ïî ðàçìåðàì ïÿòíà èìåþò ïëîùàäü 10-

200 ì.ä.ï. (äåòàëè ñì. â [7]). Ïëîùàäü ïÿòåí íà ïîâåðõíîñòè HIP 94235

ìíîãîêðàòíî ïðåâîñõîäèò ìàêñèìàëüíóþ ïëîùàäü ïÿòåí íà Ñîëíöå è ñîñòàâëÿåò

âåëè÷èíó ïîðÿäêà 31750 ì.ä.ï.

3. Òåìïåðàòóðíûå êàðòû ïîâåðõíîñòè HIP 94235. Äàëüíåéøèé

àíàëèç ôîòîìåòðè÷åñêîé ïåðåìåííîñòè çâåçäû áûë âûïîëíåí íàìè ñ  ôîòî-

ìåòðè÷åñêèì ïåðèîäîì, ñîñòàâëÿþùèì 2.223 ñóò. Âåñü íàáëþäàòåëüíûé ìàòåðèàë

áûë ðàçäåëåí íà 10 ñåêòîðîâ, êàæäûé èç êîòîðûõ ïîñëåäîâàòåëüíî îõâàòûâàåò

îäèí ïåðèîä âðàùåíèÿ çâåçäû. Íåïîëíûå ñåêòîðû (à òàêæå ñåêòîð 5 ñ

èñêàæåííûìè äàííûìè) íå ðàññìàòðèâàëèñü, ïîñêîëüêó îíè íå äàâàëè

âîçìîæíîñòè îöåíèòü ïîëîæåíèÿ àêòèâíûõ äîëãîò (ñì. íèæå).

Êàê è â íàøèõ ïðåäûäóùèõ èññëåäîâàíèÿõ êàðëèêîâ ïîçäíèõ ñïåêòðàëüíûõ

êëàññîâ ìû âûïîëíèëè àíàëèç êàæäîé èíäèâèäóàëüíîé êðèâîé áëåñêà ñ

ïîìîùüþ ïðîãðàììû iPH [8]. Ïðîãðàììà ðåøàåò îáðàòíóþ çàäà÷ó âîññòà-

íîâëåíèÿ òåìïåðàòóðíûõ íåîäíîðîäíîñòåé íà ïîâåðõíîñòè çâåçäû ïî êðèâîé

áëåñêà â äâóõòåìïåðàòóðíîì ïðèáëèæåíèè (èíòåíñèâíîñòü èçëó÷åíèÿ îò êàæäîé

ýëåìåíòàðíîé ïëîùàäêè íà ïîâåðõíîñòè çâåçäû ñêëàäûâàåòñÿ èç äâóõ

êîìïîíåíòîâ: ôîòîñôåðû è õîëîäíîãî ïÿòíà). Îïèñàíèå ïðîãðàììû è åå

òåñòû ïðåäñòàâëåíû â [8]. Êàê óêàçûâàëîñü âûøå, ìû ïðèíÿëè òåìïåðàòóðó

çâåçäû ðàâíîé 5991 Ê [3], à âåëè÷èíó log g = 4.46. Ïîñêîëüêó èññëåäóåìóþ

íàìè çâåçäó ìîæíî ðàññìàòðèâàòü êàê ìîëîäîé àíàëîã Ñîëíöà, òåìïåðàòóðó

çàïÿòíåííîé ïîâåðõíîñòè ìû ñ÷èòàåì ðàâíîé òåìïåðàòóðå ñîëíå÷íîãî ïÿòíà

- íèæå òåìïåðàòóðû ôîòîñôåðû íà 1500 Ê.

Ñîãëàñíî íàøåé ìåòîäèêå, äëÿ êàæäîé ýëåìåíòàðíîé ïëîùàäêè ðàçìåðîì

6o
 õ 6o íà ïîâåðõíîñòè çâåçäû áûë îïðåäåëåí ôàêòîð çàïîëíåíèÿ f (äîëÿ

ïîâåðõíîñòè ýëåìåíòàðíîé ïëîùàäêè, çàíèìàåìàÿ ïÿòíàìè). Íà ðèñ.2

ïðåäñòàâëåíû ðåçóëüòàòû âîññòàíîâëåíèÿ òåìïåðàòóðíûõ íåîäíîðîäíîñòåé íà

ïîâåðõíîñòè HIP 94235 äëÿ 10-òè ñåêòîðîâ íàáëþäåíèé (ñåêòîð 5 íå ðàññìàò-

ðèâàåòñÿ). Íà ðèñóíêå òàêæå ïðèâåäåíû íàáëþäàåìûå è òåîðåòè÷åñêèå

(ïîñòðîåííûå ïî âîññòàíîâëåííîé ìîäåëè) êðèâûå áëåñêà. Åñëè íà

ïîâåðõíîñòíûõ êàðòàõ èìåþòñÿ êîíöåíòðàöèè ïÿòåí íà äâóõ äîëãîòàõ - èõ
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çíà÷åíèÿ ðåãèñòðèðîâàëèñü íàìè êàê äâå íåçàâèñèìûå àêòèâíûå äîëãîòû.

Ïîãðåøíîñòü îïðåäåëåíèé ïîëîæåíèé àêòèâíûõ äîëãîò ñîñòàâëÿåò âåëè÷èíó

ïîðÿäêà îêîëî 0.06-0.08 â åäèíèöàõ ôàçû.

Ïîñêîëüêó ñîãëàñíî [3], âåëè÷èíà óãëà i íàêëîíà îñè âðàùåíèÿ çâåçäû

ê ëó÷ó çðåíèÿ ïðåâîñõîäèò 70o, ìû ïåðâîíà÷àëüíî âûïîëíèëè âû÷èñëåíèÿ

ñ i = 70o. Çàòåì, âîññòàíîâëåíèå êàðò òåìïåðàòóðíûõ íåîäíîðîäíîñòåé áûëî

ïðîâåäåíî íàìè åùå äëÿ äâóõ çíà÷åíèé i (80o è 87o), êîòîðûå ìîãóò

ðàññìàòðèâàòüñÿ êàê ïðåäåëüíûå çíà÷åíèÿ. Êàê îêàçàëîñü, â ñëó÷àå âñåõ òðåõ

óêàçàííûõ âåëè÷èí i ðàçëè÷èÿ â  êàðòàõ íå èçìåíÿþò ñäåëàííûõ íàìè

çàêëþ÷åíèé (ñì. íèæå) î ïîëîæåíèè è ýâîëþöèè àêòèâíûõ îáëàñòåé íà

ïîâåðõíîñòè HIP 94235. Ìû ïðîàíàëèçèðîâàëè ðàñïðåäåëåíèÿ ôàêòîðîâ

çàïîëíåíèÿ f â çàâèñèìîñòè îò âðåìåíè è îò äîëãîòû íà ïîâåðõíîñòè çâåçäû

Ðèñ.2. Ðåçóëüòàòû âîññòàíîâëåíèÿ òåìïåðàòóðíûõ íåîäíîðîäíîñòåé íà ïîâåðõíîñòè HIP

94235 äëÿ 10-òè ñåêòîðîâ íàáëþäåíèé. Êàðòû ïîâåðõíîñòè ïðåäñòàâëåíû â åäèíîé øêàëå,
áîëåå òåìíûå îáëàñòè íà ðèñóíêàõ ñîîòâåòñòâóþò áîëåå âûñîêèì çíà÷åíèÿì ôàêòîðîâ
çàïîëíåíèÿ f. Íà ýòîì æå ðèñóíêå òàêæå ïðèâîäÿòñÿ íàáëþäàåìûå êðèâûå áëåñêà è

òåîðåòè÷åñêèå êðèâûå áëåñêà - ïîñòðîåííûå ïî âîññòàíîâëåííîé ìîäåëè.
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(ñì. ðèñ.3). Íà ðèñ.3 õîðîøî ïðîñëåæèâàþòñÿ ïîëîæåíèÿ äâóõ àêòèâíûõ

äîëãîò, îòñòîÿùèõ äðóã îò äðóãà ïðèìåðíî íà 180o. Ïîëîæåíèÿ áîëåå àêòèâíîé

(áîëüøåé ïî ïëîùàäè) îáëàñòè îòìå÷åíû êðóæêàìè ñ âåëè÷èíàìè õàðàêòåðíûõ

ïîãðåøíîñòåé èçìåðåíèé, à ìåíåå àêòèâíîé - ñèìâîëàìè ïëþñ. Ñîãëàñíî

íàøèì âû÷èñëåíèÿì, îáå îáëàñòè íå îñòàþòñÿ íåïîäâèæíûìè, à îáëàäàþò

ïîñòîÿííûì ñìåùåíèåì, êàê ïðàâèëî, ïðîòèâ íàïðàâëåíèÿ âðàùåíèÿ çâåçäû.

Ïî îòíîñèòåëüíîìó ðàçëè÷èþ â ñìåùåíèÿõ àêòèâíûõ îáëàñòåé ìû íàøëè

íåçàâèñèìóþ îöåíêó âåëè÷èíû ïàðàìåòðà äèôôåðåíöèàëüíîãî âðàùåíèÿ çâåçäû

07000380 ..   ðàä/ñóò. Ýòà îöåíêà ïðèìåðíî â äâà ðàçà ìåíüøå, ÷åì

âåëè÷èíà   äëÿ Ñîëíöà, íî ñîïîñòàâèìà ñ äðóãèìè îïðåäåëåíèÿìè ýòîãî

ïàðàìåòðà äëÿ çâåçä òåìïåðàòóðíîãî äèàïàçîíà 5800 - 6000 Ê [4]. Íà íàø

âçãëÿä, ïîëó÷åííîå çíà÷åíèå ïàðàìåòðà   ÿâëÿåòñÿ áîëåå äîñòîâåðíûì, ÷åì

áûëî íàéäåíî âûøå ïî ðàñùåïëåíèþ ïèêà íà ñïåêòðå ìîùíîñòè.

4. Öèêëû àêòèâíîñòè. Îöåíêà âîçìîæíûõ öèêëîâ àêòèâíîñòè HIP

94235 áûëà ïðîâåäåíà ïî äàííûì èç àðõèâà íàáëþäåíèé îáçîðà All Sky

Automated  Survey - www. astrouw. edu.pl.asas. Âñåãî áûëî ðàññìîòðåíî 956

îöåíîê áëåñêà çâåçäû â ôèëüòðå V. Ïðåäñòàâëåííûå íà ðèñ.4 (ââåðõó) äàííûå

íåñîìíåííî ñâèäåòåëüñòâóþò î ïðèñóòñòâèè öèêëè÷íîñòè â èçìåíåíèè áëåñêà

çâåçäû. Âåðîÿòíî, âåëè÷èíà öèêëà ïðåâîñõîäèò äëèòåëüíîñòü íàáëþäåíèé

îáçîðà. Íà îñíîâå ïîñòðîåííîãî ñïåêòðà ìîùíîñòè äëÿ HIP 94235 ìîæíî

ïðåäïîëîæèòü ñóùåñòâîâàíèå âîçìîæíûõ öèêëîâ àêòèâíîñòè áîëåå 4000 -

4200 ñóò (11 - 11.5 ëåò) è ìåíåå çíà÷èìûõ öèêëîâ â 400 ñóò è 1600 ñóò (ðèñ.4,

íèæíÿÿ äèàãðàììà). Öèêë ïðîäîëæèòåëüíîñòüþ 400 ñóò îòëè÷àåòñÿ îò ãîäîâîãî

Ðèñ.3. Ïîëîæåíèÿ äâóõ ñèñòåì àêòèâíûõ îáëàñòåé íà ïîâåðõíîñòè HIP 94235. Ïîëîæåíèÿ
áîëåå àêòèâíîé îáëàñòè ïðåäñòàâëåíû êðóæêàìè, ìåíåå àêòèâíîé - ñèìâîëàìè ïëþñ. Ïðåä-
ñòàâëåíû ïîãðåøíîñòè îïðåäåëåíèé ïîëîæåíèé àêòèâíûõ îáëàñòåé.

Âðåìÿ, ñóò
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öèêëà (øòðèõîâàÿ ëèíèÿ), êîòîðûé îáû÷íî èìååò ïðîèñõîæäåíèå íàáëþäà-

òåëüíîãî õàðàêòåðà.

5. Ñîïîñòàâëåíèå àêòèâíîñòè çâåçä HIP 94235 è TOI 837.

Ðàíåå â [9] íà îñíîâå âûñîêîòî÷íîãî ìàòåðèàëà èç àðõèâà  êîñìè÷åñêîé

ìèññèè TESS íàìè áûëè ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ ôîòîìåò-

ðè÷åñêîé ïåðåìåííîñòè áëåñêà TOI 837 - ìîëîäîé G0/F9 V çâåçäû ñ

ýêçîïëàíåòîé - ÷ëåíà  þæíîãî ñêîïëåíèÿ IC 2602 âîçðàñòîì 35 ìëí ëåò [10].

Êàê è HIP 94235, TOI 837 ìîæíî ðàññìàòðèâàòü êàê ïðîòîòèï ìîëîäîãî

Ñîëíöà. Îáå çâåçäû îáëàäàþò ýêçîïëàíåòàìè. Ýôôåêòèâíàÿ òåìïåðàòóðà TOI

Ðèñ.4. Ââåðõó - êðèâàÿ áëåñêà HIP 94235 ïî äàííûì èç àðõèâà íàáëþäåíèé All Sky

Automated Survey. Âíèçó - ñïåêòð ìîùíîñòè äëÿ äèàïàçîíîâ ïåðèîäîâ 1-6000 ñóò. Âåðòèêàëü-
íûìè ëèíèÿìè îòìå÷åíû öèêëû ïðîäîëæèòåëüíîñòüþ 4200 è 1600 ñóò. Ãîäîâîé öèêë
ïðîäîëæèòåëüíîñòüþ 365 ñóò îòìå÷åí øòðèõîâîé ëèíèåé.

Ïåðèîä, ñóò
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837 ðàâíà 6047 ± 162 Ê, à ëîãàðèôì óñêîðåíèÿ ñèëû òÿæåñòè log g = 4.467 ±

0.049. HIP 94235 îáëàäàåò î÷åíü áëèçêèìè ïàðàìåòðàìè - åå ýôôåêòèâíàÿ

òåìïåðàòóðà ðàâíà 5991 ± 50 Ê, à óñêîðåíèå ñèëû òÿæåñòè ñîñòàâëÿåò 4.46 ±

0.05. TOI 837 ïðèíàäëåæèò ê êàðëèêàì ñïåêòðàëüíîãî êëàññà  G0/F9 V, à

HIP 94235 -  ê êàðëèêàì ñïåêòðàëüíîãî êëàññà G1V. Îáà îáúåêòà äîñòàòî÷íî

ÿðêè è ïåðñïåêòèâíû äëÿ äàëüíåéøèõ íàáëþäåíèé - áëåñê äëÿ HIP 94235

è TOI 837 â ôèëüòðå V ñîñòàâëÿåò 8m.347 è 10m.64, ñîîòâåòñòâåííî.

Ìîëîäûå àíàëîãè Ñîëíöà âðàùàþòñÿ ñóùåñòâåííî áûñòðåå Ñîëíöà, ïåðèîä

âðàùåíèÿ HIP 94235 ðàâåí Ð = 2.223 ± 0.065 ñóò, à TOI 837 - 2.99 ± 0.08 ñóò.

Ïëîùàäè ïÿòåí À íà ïîâåðõíîñòè èññëåäóåìûõ çâåçä ñîïîñòàâèìû ìåæäó

ñîáîé, íî ñóùåñòâåííî ïðåâîñõîäÿò ïëîùàäü ïÿòåí íà Ñîëíöå, äëÿ TOI 837

âåëè÷èíà À íàõîäèòñÿ â èíòåðâàëå îò 21600 ì.ä.ï. äî 37700 ì.ä.ï., à äëÿ HIP

9423 ðàâíà 31750 ì.ä.ï.

Íàêîíåö, èìååòñÿ ðàçëè÷èå â ðåçóëüòàòàõ îöåíîê âñïûøå÷íîé àêòèâíîñòè

ðàññìàòðèâàåìûõ çâåçä. Â [9] íàìè áûëè èññëåäîâàíû ïðîÿâëåíèÿ âñïûøå÷íîé

àêòèâíîñòè TOI 837 çà èíòåðâàë íàáëþäåíèé â ÷åòûðåõ ñåêòîðàõ ñ êîñìè÷åñêîé

ìèññèåé TESS è ðàññìîòðåíû äâå íàèáîëåå äîñòîâåðíûå çàðåãèñòðèðîâàííûå

âñïûøêè. Ýíåðãèÿ âñïûøåê ñîñòàâëÿþò 351021 .
 
ýðã è 351012 .

 
ýðã, à âåðîÿòíàÿ

âåëè÷èíà ìàññû ñîïóòñòâóþùåãî ÿâëåíèÿ êîðîíàëüíîãî âûáðîñà ìàññû ìîæåò

äîñòèãàòü 211052 . ã. Äëÿ HIP 94235 çà èíòåðâàë íàáëþäåíèé â 27-ì ñåêòîðå

ñ êîñìè÷åñêîé ìèññèåé TESS îáùåé äëèòåëüíîñòüþ îêîëî 30 ñóò âñïûøåê íå

áûëî çàðåãèñòðèðîâàíî.

Îöåíêè âåëè÷èí öèêëîâ àêòèâíîñòè TOI 837 áûëè ïðîâåäåíû ïî äàííûì

èç àðõèâà íàáëþäåíèé îáçîðà All Sky Automated Survey è óêàçàëè íà íàèáîëåå

âåðîÿòíûé öèêë àêòèâíîñòè â 1500 ñóò (4.1 ãîäà). Íà îñíîâå ïîñòðîåííîãî

ñïåêòðà ìîùíîñòè äëÿ HIP 94235 ìîæíî ïðåäïîëîæèòü ñóùåñòâîâàíèå

âîçìîæíîãî öèêëà àêòèâíîñòè 4000 - 4200 ñóò (11 - 11.5 ëåò) è ìåíåå çíà÷èìûõ

öèêëîâ â 400 ñóò è 1600 ñóò.

6. Çàêëþ÷åíèå. Íà îñíîâå âûñîêîòî÷íîãî ìàòåðèàëà èç àðõèâà

êîñìè÷åñêîé ìèññèè TESS ïðîâåäåíî èññëåäîâàíèå ôîòîìåòðè÷åñêîé

ïåðåìåííîñòè áëåñêà HIP 94235 - ÿðêîé çâåçäû (V = 8m.3), âõîäÿùåé â

äâèæóùóþñÿ ãðóïïó AB Doradus âîçðàñòîì 120 ìëí ëåò [3]. Ïîëó÷åííûå

ðåçóëüòàòû ñîïîñòàâëåíû ñ äàííûìè î äðóãîé èçó÷åííîé íàìè ðàíåå ìîëîäîé

çâåçäå ñîëíå÷íîãî òèïà ñ ýêçîïëàíåòîé - TOI 837 (G0/F9 V) - ÷ëåíà  þæíîãî

ñêîïëåíèÿ IC 2602 âîçðàñòîì 35 ìëí ëåò.

Ïî íàáëþäåíèÿì TESS ìû íàøëè ïåðèîä âðàùåíèÿ è àìïëèòóäó ïåðå-

ìåííîñòè áëåñêà HIP 94235, à òàêæå ïî  ñòàíäàðòíîé ìåòîäèêå îöåíèëè

âåëè÷èíó ïàðàìåòðà çàïÿòíåííîñòè A â àáñîëþòíîé ìåðå. Ïëîùàäü ïÿòåí íà

åå ïîâåðõíîñòè ñîñòàâëÿåò 31750 ì.ä.ï. è ñóùåñòâåííî ïðåâîñõîäèò ïëîùàäü
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ïÿòåí íà Ñîëíöå. Óñòàíîâëåíî, ÷òî äëÿ HIP 94235 çà èíòåðâàë íàáëþäåíèé

ñ êîñìè÷åñêîé ìèññèåé TESS ïðîÿâëåíèÿ âñïûøå÷íîé àêòèâíîñòè îòñóòñò-

âîâàëè.

Äëÿ êàæäîãî ñåêòîðà íàáëþäåíèé, ïîñëåäîâàòåëüíî îõâàòûâàþùåãî îäèí

ïåðèîä âðàùåíèÿ çâåçäû, èç ðåøåíèÿ îáðàòíîé çàäà÷è âîññòàíîâëåíèÿ

òåìïåðàòóðíûõ íåîäíîðîäíîñòåé çâåçäû ïî êðèâîé áëåñêà ïîëó÷åíû êàðòû

ïîâåðõíîñòíûõ òåìïåðàòóðíûõ íåîäíîðîäíîñòåé. Ïî ïîñòðîåííûì êàðòàì ìû

îïðåäåëèëè ïîëîæåíèÿ àêòèâíûõ îáëàñòåé è èçó÷èëè èõ ýâîëþöèþ ñî

âðåìåíåì. Ïî îòíîñèòåëüíîìó ðàçëè÷èþ â ñìåùåíèÿõ àêòèâíûõ îáëàñòåé ìû

íàøëè îöåíêó âåëè÷èíû ïàðàìåòðà äèôôåðåíöèàëüíîãî âðàùåíèÿ çâåçäû

0700380 ..  àä/ñóò.

Ðàññìîòðåííûå íàìè ñèñòåìû HIP 94235 è TOI 837 ìîãóò ñûãðàòü

âàæíóþ ðîëü â ïîíèìàíèè ýâîëþöèè ïëàíåòàðíûõ ñèñòåì â òå÷åíèå ïåðâîé

ñîòíè ìèëëèîíîâ ëåò ïîñëå èõ îáðàçîâàíèÿ. Ìèíè-íåïòóí HIP 94235b

ÿâëÿåòñÿ ïëàíåòîé ðàäèóñîì ïîðÿäêà 3 ðàäèóñîâ Çåìëè è ïåðèîäîì îáðàùåíèÿ

7.7 ñóò. Ïëàíåòû, ïîäîáíûå HIP 94235b, ëåæàùèå âáëèçè "ïóñòûíè ýêçîïëàíåò

- íåïòóíîâ ñ êîðîòêèìè îðáèòàëüíûìè ïåðèîäàìè", ìîãóò îáåñïå÷èòü êëþ÷åâûå

íàáëþäàòåëüíûå òåñòû äëÿ èçó÷åíèÿ ìåõàíèçìîâ ïîòåðè ìàññû íà ìîëîäûõ

ïëàíåòàõ. HIP 94235b è äðóãèå íåäàâíî îòêðûòûå ïëàíåòû âîêðóã ìîëîäûõ

çâåçä ïîäâåðãàþòñÿ çíà÷èòåëüíîìó èçëó÷åíèþ âûñîêîé ýíåðãèè, êîòîðîå ìîæåò

áûòü îñíîâíîé ïðè÷èíîé áûñòðîé ïîòåðè ìàññû ïëàíåòàðíîé îáîëî÷êè ñðàçó

ïîñëå îáðàçîâàíèÿ. ×òîáû îöåíèòü ýâîëþöèþ ïîòåðè ìàññû HIP 94235b, â [3]

áûë èñïîëüçîâàí àíàëèòè÷åñêèé ïîäõîä [11]. Áûëî îáíàðóæåíî, ÷òî òåêóùèé

ðàäèóñ HIP 94235b ìîæíî âîñïðîèçâåñòè ñ ïîìîùüþ ìîäåëè, êîòîðàÿ èìååò

âûñîêóþ íà÷àëüíóþ ìàññîâóþ äîëþ îáîëî÷êè è îáëàäàåò áûñòðîé ïîòåðåé

ìàññû ñî âðåìåíåì (îñîáåííî â ïåðâûå 100 - 200 ìëí ëåò, ñì. ðèñ.18 â [3]).

Ïðè ýòîì, â íàñòîÿùåå âðåìÿ ñêîðîñòü ïîòåðè ìàññû HIP 94235 b ïî îöåíêå

èç [3] ñîñòàâëÿåò ïðèìåðíî GYrM5   ( 19103   ã/ãîä). Â èòîãå ìàññîâàÿ äîëÿ

îáîëî÷êè ìîæåò óìåíüøèòüñÿ ñ 10% äî 1% îò îáùåé ìàññû ïëàíåòû.

Âåðîÿòíî, òàêóþ ýâîëþöèþ ìàññû è ðàäèóñà ñëåäóåò îæèäàòü äëÿ ìíîãèõ

ýêçîïëàíåò - íåïòóíîâ è ñóïåð-çåìåëü, ðàñïîëîæåííûõ áëèçêî ê ðîäèòåëüñêîé

çâåçäå (â òîì ÷èñëå ñîëíå÷íîãî òèïà).

Àâòîð ïðèçíàòåëåí ïðàâèòåëüñòâó Ðîññèéñêîé Ôåäåðàöèè è Ìèíèñòåðñòâó

âûñøåãî îáðàçîâàíèÿ è íàóêè ÐÔ çà ïîääåðæêó ïî ãðàíòó 075-15-2020-780

(N13.1902.21.0039).

Ó÷ðåæäåíèå Ðîññèéñêîé àêàäåìèè íàóê, Èíñòèòóò àñòðîíîìèè ÐÀÍ,

Ìîñêâà, Ðîññèÿ, e-mail: igs231@mail.ru
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ACTIVITY OF YOUNG STAR HIP 94235 WITH A
PLANETARY SYSTEM FROM THE
AB DORADUS MOVING GROUP

I.S.SAVANOV

Using high-precision data from archive of the TESS space mission a study of

the photometric variability of the brightness of HIP 94235, a bright star belonging

to the 120 million years old AB Doradus moving group was done. We estimated

the rotation period of the star and the amplitude of the brightness variability, and

also estimated the value of the spottedness parameter A in absolute measure which

is 31750 MSH, and significantly exceeds the area of spots on the Sun. During the

observation interval with the TESS space mission there were no manifestations of the

flare activity on HIP 94235. For each set of observations sequentially covering one

period of the star's rotation maps of surface temperature inhomogeneities were obtained

from solving the inverse problem of restoring the temperature inhomogeneities of the

star from the light curve. Positions of the active regions were determined and their

evolution over time was studied. The differential rotation parameter of the star

0700380 ..   rad/d is estimated from the relative difference in the displacements

of the active regions. The results obtained are compared with data on another

previously studied young solar-type star with the exoplanet TOI 837, a member of

the southern cluster IC 2602 with an age of 35 million years.

Keywords: stars: activity: spots: photometry: variability: planetary systems

ËÈÒÅÐÀÒÓÐÀ

1. M.G.Barber, A.W.Mann, J.L.Bush et al., Astron. J., 164, 88, 2022.

2. I.S.Savanov, Astrofizika, 64, 178, 2021.

3. G.Zhou, C.P.Wirth, C.X.Huang et al., Astron. J., 163, 289, 2022.

4. T.Reinhold, L.Gizon, Astron. Astrophys., 583, A65, 2015.

5. M.Kuker, G.Rudiger, Astron. Nachr., 332, 933, 2011.

6. J.R.Barnes, A.Collier Cameron, J.-F.Donati et al., Mon. Not. Roy. Astron.

Soc., 357, L1, 2005.

7. Y.A.Nagovitsyn, A.A.Pevtsov, Astrophys. J., 906, id. 27, 2021.

8. I.S.Savanov, K.G.Strassmeier, Astron. Nachr., 329, 364, 2008.

9. I.S.Savanov, Astrophys. Bull., 77, 2022, (â ïå÷àòè).

10. L.G.Bouma, J.D.Hartman, R.Brahm et al., Astron. J., 160, 239, 2020.

11. J.E.Owen, Y.Wu, Astrophys. J., 847, 29, 2017.



ÈÇÌÅÍÅÍÈÅ ÄÎÏËÅÐÎÂÑÊÈÕ ÑÊÎÐÎÑÒÅÉ È
ÏÎËÓØÈÐÈÍ ËÈÍÈÈ D

3
 ÑÏÈÊÓË

Ä.ÕÓÖÈØÂÈËÈ1,2, Å.ÕÓÖÈØÂÈËÈ1, Â.ÊÀÕÈÀÍÈ1,
Ì.ÑÈÕÀÐÓËÈÄÇÅ1

Ïîñòóïèëà 17 àâãóñòà 2022
Ïðèíÿòà ê ïå÷àòè 11 íîÿáðÿ 2022

Â ïðåäñòàâëåííîé ðàáîòå àíàëèçèðóþòñÿ ñïåêòðàëüíûå íàáëþäåíèÿ ñïèêóë â ëèíèè
ãåëèÿ D

3
, ïîëó÷åííûå â Àáàñòóìàíñêîé àñòðîôèçè÷åñêîé îáñåðâàòîðèè (Ãðóçèÿ) ñ ïîìîùüþ

53-ñì âíåçàòìåííîãî êîðîíîãðàôà. Ñäåëàí âûâîä, ÷òî èçìåíåíèÿ äîïëåðîâñêèõ (ëó÷åâûõ)
ñêîðîñòåé è ïîëóøèðèíû ëèíèè D

3
 íàõîäÿòñÿ â ïðîòèâîôàçå. Ìàêñèìóìû ïåðèîäîâ êîëåáàíèé

äîïëåðîâñêèõ ñêîðîñòåé ñîâïàäàþò ñ ìèíèìóìàìè êîëåáàíèé ïîëóøèðèíû D
3
.

Êëþ÷åâûå ñëîâà: ëèíèÿ D
3
: äîïëåðîâñêèå ñêîðîñòè: ïîëóøèðèíû ëèíèè

1. Ââåäåíèå. Îäíîé èç îñíîâíûõ ïðîáëåì ïîíèìàíèÿ ïðîöåññîâ,

ïðîòåêàþùèõ â ñîëíå÷íîé àòìîñôåðå, ÿâëÿåòñÿ ìåõàíèçì ïåðåíîñà ýíåðãèè

â êîðîíå. Ñîãëàñíî ïîñëåäíèì èññëåäîâàíèÿì, îñíîâíûìè èñòî÷íèêàìè

íàãðåâàíèÿ êîðîíû ÿâëÿþòñÿ ñîëíå÷íûå ñïèêóëû, â ÷àñòíîñòè, ìàãíèòîãèäðî-

äèíàìè÷åñêèå âîëíû (MHD) è âûçûâàåìûå èìè ïåðåìåùåíèÿ ýíåðãèè è

âåùåñòâà èç íèæíèõ ñëîåâ ñîëíå÷íîé àòìîñôåðû â âåðõíèå. Ñïèêóëû ÿâëÿþòñÿ

ñâÿçóþùèì çâåíîì ìåæäó ôîòîñôåðîé è êîðîíîé. Îíè ÿâëÿþòñÿ òîíêèìè

äèíàìè÷íûìè îáðàçîâàíèÿìè. Â èññëåäîâàíèè ôèçè÷åñêèõ ïðîöåññîâ, ïðîèñ-

õîäÿùèõ â ñïèêóëàõ, îñíîâíûìè ïðîáëåìàìè ÿâëÿþòñÿ ñëîæíîñòü íàáëþäåíèé,

èíñòðóìåíòàëüíûå îãðàíè÷åíèÿ, êîðîòêîå âðåìÿ æèçíè, ìàëàÿ øèðèíà,

íàëîæåíèå èçîáðàæåíèé íåñêîëüêèõ ñïèêóë äðóã íà äðóãà è äð.

Íåñìîòðÿ íà òî, ÷òî ñïèêóëû îáíàðóæåíû áîëåå 130 ëåò íàçàä, â íèõ ìíîãî

íåðàçãàäàííîãî. Ðÿä ôèçè÷åñêèõ õàðàêòåðèñòèê äî ñèõ ïîð ïîëíîñòüþ íå

èçó÷åíû, è ýòî ïðèâåëî ê ñîçäàíèþ ðÿäà ðàçëè÷àþùèõñÿ ìåæäó ñîáîé ìîäåëåé

ïðèðîäû ñïèêóë [1]. Íîâûå êîñìè÷åñêèå íàáëþäåíèÿ ñ ïîìîùüþ ñîëíå÷íîãî

îïòè÷åñêîãî òåëåñêîïà (SOT aboard Hinode) âûÿâèëè äâå êàòåãîðèè ñïèêóë -

êëàññè÷åñêèå ñïèêóëû I òèïà è ñïèêóëû II òèïà, êîòîðûå, êàê âûÿñíèëîñü,

èìåþò ðàçëè÷íûå õàðàêòåð è ìåõàíèçìû ôîðìèðîâàíèÿ, âðåìåíà æèçíè, ñêîðîñòè

è äð. Äëÿ ñïèêóë II òèïà âðåìÿ æèçíè ñîñòàâëÿåò 10-150 ñ, äèàìåòð è

âîñõîäÿùàÿ ñêîðîñòü ðàâíû 200 êì è 50-150 êì/ñ [2-5], â òî âðåìÿ êàê äëÿ

êëàññè÷åñêèõ ñïèêóë I òèïà âðåìÿ æèçíè ðàâíî 5-15 ìèí, äèàìåòð íàä äèñêîì

Ñîëíöà, ñðåäíÿÿ âûñîòà è äîïëåðîâñêèå ñêîðîñòè íàõîäÿòñÿ â ïðåäåëàõ
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400-1500 êì, 5000-10000 êì è 15-40 êì/ñ, ñîîòâåòñòâåííî [3,6-8]. Ñïèêóëû II

òèïà äâèæóòñÿ ñóùåñòâåííî áûñòðåå è ìåíüøå æèâóò, ÷åì ñïèêóëû I òèïà,

÷òî ìíîãèìè èññëåäîâàòåëÿìè îáúÿñíÿåòñÿ èõ áîëåå áûñòðûì íàãðåâàíèåì.

Ýòî ïîäòâåðæäåíî íàáëþäåíèÿìè IRIS [9]. Èñõîäÿ èç ðåçóëüòàòîâ âûøåïðè-

âåäåííûõ íàáëþäåíèé, íåîáõîäèìî èçó÷åíèå ðàñïðåäåëåíèÿ ïîëóøèðèí ëèíèé

èçëó÷åíèÿ âî âðåìåíè. Ðàçëè÷èå ðåçóëüòàòîâ ìåæäó êëàññè÷åñêèìè è

êîñìè÷åñêèìè íàáëþäåíèÿìè ìîæåò áûòü îáóñëîâëåíî òåì, ÷òî äëÿ ñïèêóë

I òèïà ñòåïåíü ïðîñòðàíñòâåííî-âðåìåííîãî ðàçðåøåíèÿ ìåíüøå, ÷åì äëÿ

ñïèêóë II òèïà è ñïèêóëû I òèïà äîìèíèðóþò â àêòèâíûõ çîíàõ, â òî âðåìÿ

êàê ñïèêóëû II òèïà íàáëþäàþòñÿ â îñíîâíîì ïðè ñïîêîéíîì Ñîëíöå è â

êîðîíàëüíûõ äûðàõ.

Òèïè÷íàÿ ýëåêòðîííàÿ ïëîòíîñòü ñïèêóë ñîñòàâëÿåò îêîëî 1716 1021053 . ì-3,

òåìïåðàòóðà â ïðåäåëàõ 5000-8000 K [1,6]. Ïëîòíîñòü ñïèêóëû ïðèáëèçèòåëüíî

â 10 ðàç âûøå ïëîòíîñòè îêðóæàþùåé ñðåäû [6], ïîýòîìó èõ ìîæíî ðàññìàò-

ðèâàòü êàê ãîðÿ÷èå ìàãíèòíûå òðóáêè, îïóùåííûå â ñóùåñòâåííî áîëåå

ãîðÿ÷óþ êîðîíàëüíóþ ïëàçìó. Ìàãíèòîãèäðîäèíàìè÷åñêèå âîëíû ñïîñîáíû

óñêîðÿòü ñîëíå÷íûé âåòåð è íàãðåâàòü êîðîíó [2,10].

Â ðàáîòå [11] ïðèâåäåíû ñïåêòðû â ëèíèè H , ïîëó÷åííûå äëÿ áîëüøèõ

âûñîò ñ öåëüþ ìèíèìèçàöèè ýôôåêòà íàëîæåíèÿ èçîáðàæåíèé ñïèêóë äðóã

íà äðóãà. Îòìå÷àåòñÿ, ÷òî ìíîãèå ñïèêóëû èìåþò àñèììåòðè÷íûé ñïåêòð, à

íåêîòîðûå èìåþò íåñêîëüêî ïèêîâ. Àâòîðû óêàçûâàþò, ÷òî äëÿ 57 ñïèêóë

äîïëåðîâñêèå ñêîðîñòè ìåíÿþòñÿ â ïðåäåëàõ 20-30 êì/ñ. Òàêæå îòìå÷àåòñÿ,

÷òî ñïèêóëà ñîñòîèò èç íåñêîëüêèõ "íèòåé/âîëîêîí". Äëÿ îòäåëüíûõ ñïèêóë

áûëè îáíàðóæåíû ñïåêòðàëüíûå îòêëîíåíèÿ, ÷òî óêàçûâàåò íà ñëîæíóþ

äèíàìè÷åñêóþ ñòðóêòóðó ñïèêóë.

Ðàñïðîñòðàíåíî ìíåíèå, ÷òî ñïèêóëû ðàçíîãî òèïà âîçíèêàþò áëàãîäàðÿ

ìåõàíèçìàì, ðàññìîòðåííûì â [12,13], ãäå ðàçðàáîòàíû ðàçëè÷íûå òåîðåòè÷åñêèå

ìîäåëè [1]. Ýòè ìîäåëè äîëæíû îáúÿñíèòü, êàêàÿ ýíåðãèÿ íåîáõîäèìà äëÿ

óäåðæàíèÿ ñïèêóë íàä êðàåì Ñîëíöà â ïðîòèâîïîëîæíîñòü ñîëíå÷íîìó

ïðèòÿæåíèþ, êàêîé ìåõàíèçì óñêîðÿåò èõ äâèæåíèå ââåðõ è êàê îí âîçíèêàåò.

Ðàíåå Êðàò è äð. [14-16] âðåìÿ âûñêàçàëè ìíåíèå, ÷òî ñïèêóëû ñîñòîÿò

èç ðàçíîãî òèïà "âîëîêîí" ãåëèÿ, âîäîðîäà è ìåòàëëîâ ñ ðàçëè÷íîé òåìïå-

ðàòóðîé. Íèêîëüñêèé [17,18], Êðàò [15,16] è Woltjer [19] äîïóñêàëè, ÷òî

âîäîðîä èçëó÷àåò èç âíóòðåííèõ, ñðàâíèòåëüíî õîëîäíûõ ( 6000T K) ñëîåâ,

à ãåëèé èçëó÷àåò èç áîëåå ãîðÿ÷èõ ( 20000T K) ðàéîíîâ âíåøíèõ ñëîåâ

ñïèêóë. Â òî æå âðåìÿ, Íèêîëüñêèé, Êðàò è Ñîáîëåâ [18,20,21] îòìåòèëè,

÷òî â ëèíèè ãåëèÿ âèäíû áîëåå êðóïíûå è áîëåå ðàçëè÷èìûå äðóã îò äðóãà

ñïèêóëû. Ñ óâåëè÷åíèåì âûñîòû ÷èñëî âîäîðîäíûõ ñïèêóë, ïî ñðàâíåíèþ

ñ ãåëèåâûìè, óìåíüøàåòñÿ áûñòðåå [22]. Èññëåäîâàíèÿ ïîêàçûâàþò, ÷òî

ñïèêóëû H  äîñòèãàþò âûñîòû 10000 êì, â òî âðåìÿ êàê ñïèêóëû D
3
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ðàñïðîñòðàíÿþòñÿ íà áîëüøèå âûñîòû.

5-ìèíóòíûå âåðòèêàëüíûå êîëåáàíèÿ â ôîòîñôåðå âïåðâûå íàáëþäàë

Ëåéòîí è äð. [23]. Ïîçæå, 3-7 - ìèíóòíûå (ïèê íà 5 ìèí) êîëåáàíèÿ ñïèêóë

îòìå÷åíû â [24-29]. Êîëåáàíèÿ áûëè èçó÷åíû De Pontieu, Erdélyi & James

[30], Khutsishvili et al. [31,32] è äðóãèìè. Êîëåáàíèÿ ñïèêóë ñ ìåíüøèìè

ïåðèîäàìè óïîìèíàþòñÿ â ðàáîòå Nikolsky & Platova [33]. Îíè îòìå÷àþò, ÷òî

õàðàêòåðíûé ïåðèîä êîëåáàíèé ñïèêóë ñîñòàâëÿåò 1 ìèí. Àíàëîãè÷íûå

ðåçóëüòàòû (ïåðèîäû <120 ñ) áûëè ïîëó÷åíû ïîçæå [34]. Kukhianidze et al.,

[35] è Zaqarashvili et al., [36] ïîëó÷èëè äëÿ H -ñïèêóë êîëåáàíèÿ äîïëåðîâñêèõ

ñêîðîñòåé â äèàïàçîíå 30-100 ñ (ñì. òàêæå, [31,37,38]).

Âîçìîæíîñòü ñóùåñòâîâàíèÿ êîëåáàíèé â ìàãíèòíûõ òðóáêàõ îïèñàíà â

ðàáîòàõ [39-41]. Ïîëó÷åííûå â ðåçóëüòàòå íàáëþäåíèé ïåðèîäû êîëåáàíèé [42]

ôîðìàëüíî ìîæíî ðàçäåëèòü íà äâå ãðóïïû: îòíîñèòåëüíî êîðîòêèå (<2  ìèí)

è äëèííûå (>2 ìèí) ïåðèîäû. Êîëåáàíèÿ ñ ïåðèîäàìè áîëåå 2 ìèí ñòàòèñòè÷åñêè

âñòðå÷àþòñÿ ÷àùå è èçó÷åíû îòíîñèòåëüíî õîðîøî. Ïåðèîäû òàêèõ êîëåáàíèé

â îñíîâíîì êîíöåíòðèðóþòñÿ â èíòåðâàëàõ 3-7 ìèí è 50-110 ìèí.

Èçó÷åíèþ êîëåáàíèé ñïèêóë ïîñâÿùåíî ìíîãî ñòàòåé [30,35,43,44] Òî,

÷òî ãåëèîñåéñìîëîãèÿ ìîæåò îïðåäåëÿòü ñâîéñòâà ñîëíå÷íûõ ÿâëåíèé ïî

íàáëþäàåìûì êîëåáàíèÿì äëÿ õðîìîñôåðíûõ ñïèêóë, ïåðâîíà÷àëüíî áûëî

ïðåäëîæåíî Zaqarashvili et al [36]. Ïðè îöåíêå ïåðèîäà êîëåáàíèé â ñïèêóëàõ

íàáëþäàþòñÿ äâà òèïà ÌÃÄ-âîëí: èçãèáíûå âîëíû [33,45,46] è àëüôâåíîâñêèå

âîëíû, îïèñàííûå Jess et al. [40]. Íàáëþäåíèå êîëåáàíèé ñîëíå÷íûõ ñïèêóë

ìîæåò ñëóæèòü êîñâåííûì ñâèäåòåëüñòâîì ïåðåíîñà ýíåðãèè èç ôîòîñôåðû

ïî íàïðàâëåíèþ ê êîðîíå. Ñòàòèñòè÷åñêîå èññëåäîâàíèå, ïðîâåäåííîå Okamoto,

De Pontieu [47] ñ èñïîëüçîâàíèåì Hinode/SOT, ïîêàçàëî, ÷òî 59% âîëí,

îáóñëîâëåííûõ ñïèêóëàìè, ðàñïðîñòðàíÿþòñÿ ââåðõ, 21% âîëí ðàñïðîñòðà-

íÿþòñÿ âíèç è 20% âîëí ïðåäñòàâëÿþò ñîáîé ñòîÿ÷èå êîëåáàíèÿ.

Íàáëþäåíèÿ çà ñïèêóëàìè ïðîâîäÿòñÿ âî ìíîãèõ ñïåêòðàëüíûõ ëèíèÿõ

H , CaII H è K, Hei D
3
 è 10830 A. Â îñíîâíîì íàáëþäàþò â ëèíèÿõ H ,

D
3
, è CaII H [48]. Ñïèêóëàì îòâîäèòñÿ áîëüøàÿ ðîëü ïðè èçó÷åíèè áàëàíñà

âåùåñòâ ñîëíå÷íîé àòìîñôåðû.

Cïèêóëû ýòî òîíêèå, äëèííûå, ïîõîæèå íà ñòðóè, ìàãíèòíûå îáðàçîâàíèÿ,

ðàñïîëîæåííûå â î÷åíü äèíàìè÷íîé è ñëîæíîé îáëàñòè ìåæäó ñîëíå÷íîé

ôîòîñôåðîé è êîðîíîé. Â êà÷åñòâå äàëüíåéøåãî ïðèáëèæåíèÿ ñïèêóëû ìîæíî

ïðåäñòàâèòü êàê îñåñèììåòðè÷íûå öèëèíäðè÷åñêèå âîëíîâîäû, ñîåäèíÿþùèå

íèæíþþ è âåðõíþþ àòìîñôåðó Ñîëíöà. Ïîñêîëüêó ñïèêóëû ïëîòíåå îêðóæàþ-

ùåé èõ êîðîíàëüíîé ïëàçìû [6], èõ ìîæíî ñìîäåëèðîâàòü êàê õîëîäíûå

ìàãíèòíûå òðóáêè, ïîãðóæåííûå â ãîðÿ÷óþ êîðîíàëüíóþ ïëàçìó. Ìíîãèå

ÿâëåíèÿ, ïðîòåêàþùèå íà ñîëíå÷íîé ïîâåðõíîñòè (òàêèå êàê ïåðåíîñ òåïëîâîé

ýíåðãèè è ñîëíå÷íûå êîëåáàíèÿ), âûçâàíû âîçäåéñòâèåì ìàãíèòíîãî ïîëÿ.
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Íà óðîâíå ôîòîñôåðû ïëîòíîñòü ãàçà äîñòàòî÷íî âåëèêà äëÿ ñîçäàíèÿ

êèíåòè÷åñêîãî äàâëåíèÿ, êîòîðîå äîìèíèðóåò íàä ìàãíèòíûì äàâëåíèåì, â òî

âðåìÿ êàê â õðîìîñôåðå è êîðîíå âñå íàîáîðîò - ýíåðãèÿ ìàãíèòíîé ïëîòíîñòè

áîëüøå êèíåòè÷åñêîé.

Â äàííîé ðàáîòå èçó÷åíû íàáëþäåíèÿ â ëèíèè ãåëèÿ D
3
, ïîëó÷åííûå â

Àáàñòóìàíñêîé àñòðîôèçè÷åñêîé îáñåðâàòîðèè (Ãðóçèÿ) íà 53-ñì áîëüøîì

âíåçàòìåííîì êîðîíîãðàôå. Â ðàçäåëå 1 êðàòêî ðàññìàòðèâàþòñÿ ïàðàìåòðû

ñïèêóë. Â ðàçäåëå 2 îïèñàíû ìåòîäû íàáëþäåíèé è îáðàáîòêè äàííûõ. Â

3-ì ðàçäåëå ðàññìîòðåí õàðàêòåð ïåðåìåííîñòè âî âðåìåíè äëÿ äîïëåðîâñêèõ

ñêîðîñòåé è ïîëóøèðèí ëèíèè D
3
. Â 4-ì - ïðåäñòàâëåíû ðåçóëüòàòû íàáëþäåíèé.

2. Íàáëþäåíèå è îáðàáîòêà äàííûõ. Îäíîé èç îñíîâíûõ ïðîáëåì,

ñâÿçàííûõ ñ îáúÿñíåíèåì íåîäíîðîäíîñòè õðîìîñôåðû, ÿâëÿåòñÿ âîçáóæäåíèå

ãåëèÿ. Äåéñòâèòåëüíî: à) ïîñëå âîäîðîäà ãåëèé ÿâëÿåòñÿ îñíîâíûì ýëåìåíòîì

â ñîñòàâå õðîìîñôåðû; á) òðåáóþòñÿ îñîáûå óñëîâèÿ äëÿ èçëó÷åíèÿ - âûñîêàÿ

êèíåòè÷åñêàÿ òåìïåðàòóðà, ëèáî ñèëüíîå ïîëå èçëó÷åíèÿ; â) ãåëèé èíòåðåñåí åùå

è òåì, ÷òî îí ñóùåñòâóåò â äâóõ îñîáûõ ñîñòîÿíèÿõ: ïàðàãåëèé è îðòîãåëèé.

Ìîæíî ïðèíÿòü, ÷òî âîäîðîä è ãåëèé íå ìîãóò èçëó÷àòüñÿ ñ îäèíàêîâîé

èíòåíñèâíîñòüþ ñî âñåé ïëîùàäè õðîìîñôåðû. ßðêèì ïðèìåðîì ýòîãî ÿâëÿþòñÿ

õðîìîñôåðíûå ñïèêóëû. Ïðîöåññû, ïðîèñõîäÿùèå â ñïèêóëàõ èç ãåëèÿ è èç

âîäîðîäà, îòëè÷àþòñÿ äðóã îò äðóãà, â ÷àñòíîñòè, äîïëåðîâñêèìè ñêîðîñòÿìè

è äð.

Íàáëþäåíèÿ ñïèêóë ïðîâîäèëèñü ñ ïîìîùüþ 53-ñì êîðîíîãðàôà Àáàñòó-

ìàíñêîé àñòðîôèçè÷åñêîé îáñåðâàòîðèè, îñíàùåííîãî âûñîêîäèñïåðñèîííûì

ðåøåò÷àòûì ñïåêòðîãðàôîì (0.96Å /ìì âî âòîðîì ïîðÿäêå â ðàéîíå 6000Å )

è ÏÇÑ-ìàòðèöåé Apogee U9000 ( 30563056   ïèêñåëåé, ðàçìåð ïèêñåëÿ: 1212

ìêì, ðàçìåð ìàòðèöû: 736736 ..  ìì) 14 è 17 èþëÿ 2016ã. Îñíîâíàÿ ëèíçà

êîðîíîãðàôà (D = 530 ìì, F = 8000 ìì) â ñî÷åòàíèè ñ äâóìÿ àõðîìàòè÷åñêèìè

ëèíçàìè è ïîëåâàÿ ëèíçà ïðîåöèðóþò èçîáðàæåíèå Ñîëíöà (äèàìåòðîì 125 ìì)

â ôîêóñå Êóäå ñ ýêâèâàëåíòíûì ôîêóñíûì ðàññòîÿíèåì 13 ì. Óãëîâîé ìàñøòàá

ñïåêòðîâ â ôîêàëüíîé ïëîñêîñòè ñïåêòðîãðàôà ñîñòàâëÿåò 16 óãë. ñ íà ìì.

Ñïåêòðîãðàô ñèñòåìû Ýáåðòà-Ôàñòè îñíàùåí äèôðàêöèîííîé ðåøåòêîé

ïëîùàäüþ 250230  ìì. Ðåøåòêà èìååò 600 øòðèõîâ/ìì, ÷òî äëÿ âèäèìîé

îáëàñòè äàåò ìàêñèìàëüíóþ êîíöåíòðàöèþ âî 2-ì ïîðÿäêå ñïåêòðà. Ðàçðåøåíèå

ïðèáîðà â ôîêàëüíîé ïëîñêîñòè ñïåêòðîãðàôà ñîñòàâëÿåò 25 ëèíèé íà

ìèëëèìåòð. Äëÿ ñïåêòðîâ 2-ãî ïîðÿäêà ðàçðåøåíèå ñïåêòðîãðàôà ñîñòàâëÿåò

0.04Å /ìì. Ñïåêòðîãðàô èìååò êðóãëóþ, êîíöåíòðè÷åñêóþ ïî îòíîøåíèþ ê

ëèìáó Ñîëíöà, ùåëü ñ äèàìåòðîì, íåìíîãî ïðåâûøàþùèì äèàìåòð ëèìáà,

ðàçìåðîì ïðèìåðíî 60o äóãè ëèìáà Ñîëíöà, â òî âðåìÿ êàê èçîáðàæåíèå íà

CCD U9000 ïîêðûâàåò òîëüêî 20o äóãè ëèìáà. Äèàìåòð çåðêàëà êîëëèìàòîðà
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ñïåêòðîãðàôà ñîñòàâëÿåò 360 ìì, ôîêóñíîå ðàññòîÿíèå - 8 ì, à äëÿ çåðêàëà

êàìåðû 420 ìì è 8 ì, ñîîòâåòñòâåííî.

Âî âðåìÿ íàáëþäåíèÿ ïåðåä ñâåòîïðèåìíèêîì ìû ðàçìåùàëè ñïåöèàëüíûé

êîìáèíèðîâàííûé ôèëüòð, ñîñòàâëåííûé èç íåñêîëüêèõ ñâåòîôèëüòðîâ, èçãî-

òîâëåííûõ â îáñåðâàòîðèè, êîòîðûé ïðîïóñêàåò êàê ëèíèþ D
3
 äëÿ 2-3 ïîðÿäêîâ

ñïåêòðîãðàôà, òàê è îïîðíóþ ëèíèþ 4410Å  äëÿ 3-4 ïîðÿäêîâ ñïåêòðîãðàôà.

Êîìáèíèðîâàííûé ñâåòîôèëüòð ñîñòîèò èç äâóõ ðàçíûõ ñâåòîôèëüòðîâ: (1)

óçêîãî D
3
-ôèëüòðà, ïðîïóñêàþùåãî òîëüêî ñïåêòðàëüíûå èçîáðàæåíèÿ âòîðîãî

ïîðÿäêà è áëîêèðóþùåãî âñå îñòàëüíûå ïîðÿäêè, è (2) çåëåíîãî ñâåòîôèëüòðà,

ïðîïóñêàþùåãî òîëüêî îïîðíûå ñïåêòðàëüíûå ëèíèè òðåòüåãî ïîðÿäêà îò

ôîòîñôåðû è áëîêèðóþùèå âñå îñòàëüíûå ïîðÿäêè.

Íà ðèñ.1 ïîêàçàíû äâå òèïè÷íèå ñïåêòðîãðàììû D
3
 ñïèêóëû, ïîëó÷åííûå

14 è 17 èþëÿ 2016ã. Ùåëü ñïåêòðîãðàôà ðàñïîëàãàëàñü íàä êðàåì Ñîëíöà

íà ëèíåéíîì ðàññòîÿíèè îêîëî 7500 è 8000 êì. Âðåìÿ ýêñïîçèöèè êàæäîãî

èçîáðàæåíèÿ ðàâíî 0.3 ñ. Èçîáðàæåíèÿ áûëè ïîëó÷åíû ñåðèÿìè ñ èíòåðâàëîì

Ðèñ.1. Òèïè÷íûå D
3
 ñïåêòðàëüíûå èçîáðàæåíèÿ ñïèêóë, ïîëó÷åííûå â 05:07:46 UT 14

èþëÿ 2016ã. (ñëåâà) è â 04:35:53 UT 17 èþëÿ 2016ã. (ñïðàâà). Èçîáðàæåíèÿ öåíòðèðîâàíû
íà ñîëíå÷íûé ýêâàòîð è ïåðåêðûâàþò ±10° øèðîòû ïî âåðòèêàëè èçîáðàæåíèé. Ñïåêòðàëüíàÿ
äèñïåðñèÿ ìàñøòàáîì 0.91 Å /ìì îðèåíòèðîâàíà ïî ãîðèçîíòàëüíîé îñè èçîáðàæåíèé. Ñïåêò-

ðàëüíûå D
3
 èçîáðàæåíèÿ ñïèêóë âèäíû âäîëü ëèìáà Ñîëíöà â âåðòèêàëüíîì íàïðàâëåíèè

èçîáðàæåíèé íà âûñîòàõ 7500 è 8000 êì îò ôîòîñôåðû Ñîëíöà. Ñàìûå ÿðêèå îáúåêòû,
âèäèìûå íà ñíèìêàõ, ýòî ñïåêòðû D

3
 ïðîòóáåðàíöåâ.
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îêîëî 3 ñ, êîòîðûé, â îñíîâíîì, îáóñëîâëåí ñêîðîñòüþ ñ÷èòûâàíèÿ äàííûõ

ñ ÏÇÑ. Îêîëî 25% êàäðîâ â ñåðèè áûëè çàáðàêîâàíû èç-çà íèçêîãî êà÷åñòâà

èçîáðàæåíèÿ. Òàêèì îáðàçîì, ñðåäíèé èíòåðâàë ìåæäó êàäðàìè ñîñòàâèë

4.5 ñ. Ïðîäîëæèòåëüíîñòü êàæäîé ñåðèè ñîñòàâèëà îêîëî 10 è 12 ìèí. Ñåðèÿ

íàáëþäåíèé ïðîâåäåíà íà âîñòî÷íîé ñòîðîíå ëèìáà Ñîëíöà â ïðåäåëàõ øèðîò

±10o îò ñîëíå÷íîãî ýêâàòîðà.

Ìåòîäèêà îáðàáîòêè äàííûõ îïèñàíà â íàøåé ðàíåå îïóáëèêîâàííîé

ñòàòüå [32]. Äëÿ îáðàáîòêè ÏÇÑ-èçîáðàæåíèé ñïåêòðîâ ñïèêóë ìû èñïîëüçîâàëè

îáíîâëåííóþ âåðñèþ ïðîãðàììû îáðàáîòêè àñòðîíîìè÷åñêèõ èçîáðàæåíèé

AImaP 3.59, ðàçðàáîòàííóþ îäíèì èç àâòîðîâ ñòàòüè (Â.Êàõèàíè). Ïîìèìî

ñòàíäàðòíîé îáðàáîòêè ÏÇÑ-èçîáðàæåíèÿ, ïðîãðàììà ïîçâîëÿåò âðó÷íóþ

âûáèðàòü ñòðîêó (èëè óñðåäíÿòü íåñêîëüêî ñòðîê) ÏÇÑ-èçîáðàæåíèÿ è

âûïîëíÿòü íåëèíåéíóþ ïîëèíîìèàëüíóþ àïïðîêñèìàöèþ èëè àïïðîêñèìàöèþ

ñêîëüçÿùèì ñðåäíèì ïðîôèëåé D
3
 ñïèêóëû è îïîðíûõ ñïåêòðàëüíûõ ëèíèé.

Äàëåå ïðîãðàììà êàëèáðóåò ïðîôèëè ñ äëèíàìè âîëí ïî îïîðíûì ëèíèÿì

è ïðåîáðàçóåò ðàññòîÿíèå ìåæäó ìàêñèìóìàìè ïðîôèëÿ â äîïëåðîâñêóþ

ñêîðîñòü ñïèêóëû. Îäíîâðåìåííî ïðîãðàììà âû÷èñëÿåò FWHM (ïîëóøèðèíó)

àïïðîêñèìèðîâàííîé ñïåêòðàëüíîé ëèíèè D
3
. Îáðàçöû ïðîôèëåé D

3
 èçîáðà-

æåíû íà ðèñ.2. Ýòè ïðîôèëè ñîîòâåòñòâóþò êîíêðåòíîé ñïèêóëå íà ðèñ.1,

óêàçàííîé áåëîé ëèíèåé ñ ñîîòâåòñòâóþùèì íîìåðîì.

Íà íàáëþäàåìûõ ñïåêòðîãðàììàõ áûëè èçìåðåíû ñåðèè èçîáðàæåíèé

ñïåêòðîâ äëÿ 15 ñïèêóë, â ðåçóëüòàòå ÷åãî áûëî ïîëó÷åíî ðàñïðåäåëåíèå

äîïëåðîâñêèõ ñêîðîñòåé è ïîëóøèðèí âî âðåìåíè. Äëÿ îöåíêè ñòàòèñòè÷åñêîé

ïîãðåøíîñòè èçìåðåíèé äîïëåðîâñêèõ (ëó÷åâûõ) ñêîðîñòåé è ïîëóøèðèí

ñïåêòðàëüíîé ëèíèè D
3
, ê ïîëó÷åííûì âðåìåííûì ðÿäàì áûëà ïðèìåíåíà

high pass ôèëüòðàöèÿ ñ ÷àñòîòîé ñðåçà, ðàâíîé 0.016 Ãö (ïåðèîäû 60 ñ), è

ðàññ÷èòàíû ñòàíäàðòíûå îòêëîíåíèÿ îòôèëüòðîâàííûõ äàííûõ, êîòîðûå ðàâíû

ñëåäóþùèì çíà÷åíèÿì: ±0.3 êì/ñ äëÿ äîïëåðîâñêèõ ñêîðîñòåé è ±0.03Å  äëÿ

ïîëóøèðèí.

3. Àíàëèç äàííûõ. Ìîðôîëîãè÷åñêèé àíàëèç äîïëåðîâñêèõ ñêîðîñòåé

è àìïëèòóä êîëåáàíèé ïîëóøèðèí ÿñíî ïîêàçûâàåò íàëè÷èå êâàçèïåðèîäè÷åñêèõ

èçìåíåíèé ýòèõ ïàðàìåòðîâ âî âðåìåíè. Îäíàêî èíîãäà íàáëþäàþòñÿ è

"ñëó÷àéíûå" èçìåíåíèÿ. Ãðàôèêè èçìåíåíèÿ äîïëåðîâñêîé ñêîðîñòè è ïîëó-

øèðèíû âî âðåìåíè ïîêàçàíû íà ðèñ.2.

Â ïåðâîé ñåðèè áûëî ïîëó÷åíî 230 ñïåêòðîãðàìì, âî âòîðîé - 290. Â

îáåèõ ñåðèÿõ áûëè îòîáðàíû è èçìåðåíû äîïëåðîâñêèå ñêîðîñòè 9 è 6-òè

ñïèêóë. È â ïåðâîé, è âî âòîðîé ñåðèÿõ ìû ïðîíóìåðîâàëè ñïèêóëû 1-9

è 1-6, ñîîòâåòñòâåííî.

Ðåçóëüòàòû îáðàáîòêè íàøèõ íàáëþäåíèé (ïðèâåäåíû äàííûå òîëüêî äëÿ
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íåñêîëüêèõ ñïèêóë) ïðèâåäåíû â òàáë.1. Â ïåðâîì ñòîëáöå óêàçàíû äàòà

íàáëþäåíèé è íîìåðà, êîòîðûå ìû óñëîâíî ïðèñâîèëè ñïèêóëàì. À âòîðîé

(ïîëóøèðèíû) è òðåòèé (äîïëåðîâñêèå ñêîðîñòè) ñòîëáöû ïîêàçûâàþò ïåðèîäû

è ôàçû, ñîîòâåòñòâåííî. Óðîâåíü äîâåðèÿ ðàâåí 95% íà ïîðîãîâîì óðîâíå

ñïåêòðàëüíîé ìîùíîñòè 9.0, è 99% íà óðîâíå ìîùíîñòè 10.7, ñîîòâåòñòâåííî.

Òàêèì îáðàçîì, óðîâíè äîâåðèÿ ïðàêòè÷åñêè âñåõ ïîëó÷åííûõ ðåçóëüòàòîâ

äîñòàòî÷íî âûñîêè.

Â îòëè÷èå îò ñïèêóë â H , äîïëåðîâñêèå ñêîðîñòè ñïèêóë â D
3
 êîëåáëþòñÿ

îòíîñèòåëüíî íåíóëåâûõ ñêîðîñòåé, ÷òî óêàçûâàåò íà îòíîñèòåëüíî íåïåðèî-

äè÷åñêèå êîëåáàíèÿ ïëàçìû â ñïèêóëàõ. Òàêîé õîä äîïëåðîâñêèõ ñêîðîñòåé

ìîæåò áûòü âûçâàí îáùèìè äâèæåíèÿìè õðîìîñôåðíîé ïëàçìû, îòíîñèòåëüíî

îòêëîíåííûõ îò ðàäèàëüíîãî íàïðàâëåíèÿ ñïèêóë. Äëÿ èëëþñòðàöèè íà ðèñ.2

ïðèâåäåíû ãðàôèêè èçìåíåíèé äîïëåðîâñêîé ñêîðîñòè (ñïëîøíûå ëèíèè) è

ïîëóøèðèíû (øòðèõ ëèíèè) ñïèêóë ïîä íîìåðîì 2 è 8, èçìåðåííûõ íà

ñïåêòðîãðàììàõ ïåðâîé ñåðèè îò 14.07.2016, à òàêæå äëÿ âòîðîé ñåðèè îò

17.07.2016ã. (ñïèêóëû 1, 3).

Ðèñ.2. Èçìåíåíèÿ äîïëåðîâñêîé ñêîðîñòè (ñïëîøíûå ëèíèè) è ïîëóøèðèíû (øòðèõ

ëèíèè) ñïèêóë 2, 8 (14.07.2016) è 1, 3 (17.07.2016),
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Ïî íàøèì îöåíêàì òî÷íîñòü îïðåäåëåíèÿ äîïëåðîâñêîé ñêîðîñòè â íàøèõ

äàííûõ äîñòèãàåò ±0.3 êì/ñ, à ïîëóøèðèíû ±0.03Å  (ðèñ.2). Äëÿ ïîâûøåíèÿ

òî÷íîñòè ïåðèîäîâ, îòîáðàæàåìûõ íà ðèñ.2 ñïèêóë, ìû ðàññ÷èòàëè ñðåäíèå

ñïåêòðàëüíûå ìîùíîñòè äëÿ îäíèõ è òåõ æå äèñêðåòíûõ ÷àñòîò â îáåèõ

ãðóïïàõ è ïîñòðîèëè óñðåäíåííóþ ïåðèîäîãðàììó (ñì. ðèñ.3).

Òàáëèöà 1

   Äàòà íàáëþäåíèé è            D
3
 FWHM           Äîïëåðîâñêèå ñêîðîñòè

    íóìåðàöèÿ ñïèêóë ×àñòîòà Ïåðèîä, ñ ×àñòîòà Ïåðèîä, ñ

17.07.2016 Spic-1 0.02322 43 0.00597 167
0.03450 29 0.01858 54

17.07.2016 Spic-3 0.00166 602 0.00228 438
0.00394 253 0.00477 209

14.07.2016 Spic-2 0.00278 359 0.00278 359
0.00445 225

14.07.2016 Spic-6 0.00306 326 0.00278 359
0.00556 180

14.07.2016 Spic-8 0.00675 147 0.00844 118

Ñïèêóëà 3 - 17.07.2016
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Íà ðèñ.3 ïîêàçàí ãðàôèê ñïåêòðàëüíîé ìîùíîñòè êîëåáàíèé äîïëåðîâñêèõ

ñêîðîñòåé ñïèêóë, ïîëó÷åííûé "ìåòîäîì ïåðèîäîãðàìì Ëîìáà-Ñêàðãëà" [50,51]

Ïîðîãîâûå óðîâíè äîâåðèÿ: ãîðèçîíòàëüíàÿ âåðõíÿÿ ëèíèÿ - óðîâåíü äîâåðèÿ

ðàâåí 99% è íèæíÿÿ ëèíèÿ - óðîâåíü äîâåðèÿ 95%. Çäåñü äàííûå äîïëåðîâñêèõ

ñêîðîñòåé îáðàáàòûâàëèñü áåç ôèëüòðàöèè.

Çàòåì, äëÿ ïîâûøåíèÿ òî÷íîñòè àíàëèçà äàííûõ äîïëåðîâñêèõ ñêîðîñòåé,

ìû èñïîëüçîâàëè èçâåñòíûé ìåòîä ôèëüòðàöèè ÁÏÔ. Ôèëüòðîâàëè â äâóõ

äèàïàçîíàõ 0.005-0.016 (111-63 ñ). Îòôèëüòðîâàííûå äàííûå áûëè ñíà÷àëà

îáðàáîòàíû "ìåòîäîì ïåðèîäîãðàìì Ëîìáè" [49] è ðàññ÷èòàíû ñîîòâåòñòâóþùèå

÷àñòîòû. Ìû âûáðàëè ÷àñòîòû, óðîâåíü äîâåðèÿ êîòîðûõ ïðåâûøàåò 95%.

4. Âûâîäû. Òàêèì îáðàçîì, íà îñíîâàíèè àíàëèçà äàííûõ î äîïëåðîâñêèõ

ñêîðîñòÿõ è ïîëóøèðèíàõ ëèíèè èññëåäóåìûõ íàìè ñïèêóë, ìîæíî ñäåëàòü

âûâîä, ÷òî èçìåíåíèÿ äîïëåðîâñêèõ ñêîðîñòåé è ïîëóøèðèí ñïèêóë íàõîäÿòñÿ

â ïðîòèâîïîëîæíûõ ôàçàõ. Ìàêñèìóì ïåðèîäà äîïëåðîâñêèõ êîëåáàíèé

ñêîðîñòè ñîâïàäàåò ñ ìèíèìóìîì ïåðèîäà êîëåáàíèé ïîëóøèðèíû. Ïðèâåäåíû

ïåðèîäû êîëåáàíèé íåñêîëüêèõ ñïèêóë, îòîáðàííûõ èç âñåãî ìàññèâà èçìåðåí-

íûõ ñïèêóë, ÷òî íàãëÿäíî ïîêàçûâàåò íàëè÷èå ïðîòèâîôàçíûõ êîëåáàíèé

Ðèñ.3. Ïåðèîäîãðàììà Ëîìáà-Ñêàðãëà äëÿ êîëåáàíèé äîïëåðîâñêèõ ñêîðîñòåé ñïèêóë.
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ñîëíå÷íûõ ñïèêóë âî âðåìåíè. Îäíàêî èíîãäà íàáëþäàþòñÿ "ñëó÷àéíûå"

èçìåíåíèÿ, ïðèðîäà êîòîðûõ íàìè íå âûÿñíåíà è ïðè÷èíà êîòîðûõ ìîæåò

áûòü ðàçíîé.

Î÷åâèäíî, ÷òî äëÿ ïîëó÷åíèÿ ñïåêòðîãðàìì âûñîêîãî ñïåêòðàëüíîãî

ðàçðåøåíèÿ è äëÿ ëó÷øåãî èçó÷åíèÿ êîëåáàòåëüíûõ äâèæåíèé â ñïèêóëàõ

íåîáõîäèìû âíåàòìîñôåðíûå íàáëþäåíèÿ. Íà áóäóùåå, òàêæå õîðîøî áûëî

áû ïðîâîäèòü îäíîâðåìåííûå (èëè õîòÿ áû êâàçèîäíîâðåìåííûå ) íàáëþäåíèÿ

â äâóõ ðàçíûõ ñïåêòðàëüíûõ ëèíèÿõ, íàïðèìåð â ëèíèÿõ âîäîðîäà H  è

ãåëèÿ D
3
. Ýòè ëèíèè èìåþò ðàçíûå òåìïåðàòóðû âîçáóæäåíèÿ, ïîýòîìó

âîçìîæíî, ÷òî ýòè ëèíèè èñïóñêàþòñÿ èç ðàçíûõ îáëàñòåé ñïèêóë, è ñðàâíåíèå

èõ ïîâåäåíèÿ ìîæåò óëó÷øèòü íàøè çíàíèÿ î äèíàìèêå ñïèêóë. íàïðèìåð,

òóðáóëåíòíûå è âèíòîâûå äâèæåíèÿ â ñïèêóëàõ.

Îáúÿñíåíèþ ïîäëåæàò òàêæå ïðîòèâîôàçíûå êîëåáàíèÿ íàáëþäàåìûõ

äîïëåðîâñêèõ ñêîðîñòåé è ïîëóøèðèí. Äëÿ ðåøåíèÿ ýòèõ âîïðîñîâ ïîëåçíû

÷èñëåííûå ñèìóëÿöèè è ìîäåëèðîâàíèå.

1 Íàöèîíàëüíàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ Ãðóçèè èì. Å.Ê.Õàðàäçå,

 Ãðóçèÿ, e-mail: daviti.khutsishvili@gmail.com
2 Òáèëèññêèé ãîñóäàðñòâåííûé óíèâåðñèòåò, Òáèëèñè, Ãðóçèÿ,

CHANGE IN DOPPLER VELOCITIES AND
HALF-WIDTHS OF SPICULES' D

3
 LINE

D.KHUTSISHVILI1,2, E.KHUTSISHVILI1, V.KAKHIANI1,
M.SIKHARULIDZE1

This paper analyses spectral observations of spicules in the helium D
3
 line

obtained in the Abastumani astrophysical observatory (Georgia) with a 53 cm

eclipse-free coronagraph. It is concluded that the changes in the Doppler radial

velocities and half-widths of the D
3
 line are antiphase. The maxima of the Doppler

velocity oscillation periods coincide with those of the minima of the D
3
 half-width

oscillations.

Keywords: line D
3
: Doppler velocity: line half-width
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NEW ENTROPIES, BLACK HOLES, AND
HOLOGRAPHIC DARK ENERGY

S.NOJIRI1,2, S.D.ODINTSOV3,4, V.FARAONI5
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The Bekenstein-Hawking entropy is a cornerstone of horizon thermodynamics but quantum
effects correct it, while inequivalent entropies arise also in non-extensive thermodynamics. Reviewing
our previous work, we advocate for a new entropy construct that comprises recent and older
proposals and satisfies four minimal key properties. The new proposal is then applied to black holes
and to holographic dark energy and shown to have the potential to cause early universe inflation
or to alleviate the current Hubble tension. We then analyze black hole temperatures and masses
consistent with alternative entropies.

Keywords: entropy: black holes: thermodynamics

1. Introduction. Einstein said of thermodynamics that "A theory is the more

impressive the greater the simplicity of its premises is, the more different kinds

of things it relates, and the more extended is its area of applicability. Therefore

the deep impression which classical thermodynamics made upon me. It is the only

physical theory of universal content concerning which I am convinced that within

the framework of the applicability of its basic concepts, it will never be overthrown"

[1]. Indeed, thermodynamics is applied to a large variety of physical theories and

situations, but its application to systems with long range interactions (where the

partition function commonly diverges), and to gravity in particular, constitutes a

challenge. A major discovery in the 1970s was the formulation of black hole

thermodynamics [2,3]. It started with the discovery of the Bekenstein-Hawking

entropy of black holes [4] GA 4S , where A is the area of the event horizon

and we use geometrized units in which the speed of light c, the reduced Planck

constant  , and the Boltzmann constant K
B
 are unity. The pieces of the puzzle

fell into place when Hawking discovered that the Schwarzschild black hole radiates

scalar quanta at the Hawking temperature

, 
8

1

M
TH


 (1)

where M is the black hole mass [5]. While, in classical thermodynamics, entropy

is universal and defined uniquely, quantum effects correct the Bekenstein-Hawking

entropy pointing to its modification in full quantum gravity, while inequivalent
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entropies arise also in non-extensive thermodynamics. New entropy proposals

come from classical gravity as well. Here we summarize recent work and ideas

on the application of alternative entropies to cosmology and black holes [6,7].

New entropy proposals in the literature include non-extensive entropies that

reduce to S  in some limit, such as the Tsallis entropy ([8], see also [9,10]) for

systems with long range interactions

, 
4 0

0















A

A

G

A
TS (2)

where A
0
 is a constant area and the dimensionless parameter   quantifies non-

extensivity. Other proposals are the Rényi entropy [11-13]

 SS 


 1ln
1

R (3)

related to information theory, the Sharma-Mittal entropy [14]

  11
1

 R
TSM

R
SS (4)

(with R and   free parameters), the Barrow entropy [15]

21

1P













A

A
BS (5)

proposed as a toy model for quantum spacetime foam (where A
Pl
 is the Planck

area), the Kaniadakis entropy [16]

 SS K
K

K sinh
1

 (6)

generalizing the Boltzmann-Gibbs entropy in relativistic statistical systems [16],

and the non-extensive Loop Quantum Gravity proposal [12,17]

    , 1
1

1
01 


  SS q

q e
q (7)

where the entropic index q quantifies how the probability of frequent events is

enhanced relatively to infrequent ones,   00 3ln2  , and 0  is the Barbero-

Immirzi parameter, usually taking one of the two values 3ln2   or 22ln3  ,

depending on the gauge group used.

These new entropies share four properties, which we promote to minimal

requirements for any alternative entropy proposal:

1. Generalized third law: The entropy vanishes when the Bekenstein-Hawking

entropy S  does. While, in the standard thermodynamics of closed systems in

equilibrium, Se  expresses the number of states and the entropy S vanishes at zero

temperature because the ground (vacuum) state should be unique, the Bekenstein-
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Hawking entropy diverges when 0HT  and vanishes as HT . We require

generalized entropies to vanish when the Bekenstein-Hawking entropy S  does.

2. Monotonicity: The entropy is a monotonically increasing function of the

Bekenstein-Hawking entropy S .

3. Positivity: The entropy is positive, as the number of states Se  is greater

than unity.

4. Bekenstein-Hawking limit: The entropy reduces to the Bekenstein-Hawking

prescription S  in an appropriate limit.

A new and very general entropy with the above properties and incorporating

all the above-mentioned entropy proposals as special limits is [6]

  , 11
1

 , ,





































































 SSSG (8)

where we assume all the parameters (    , , ) to be non-negative. This proposal

reproduces (2)-(7) for appropriate parameter values [6].

A simpler alternative proposal is the 3-parameter entropy [6]

  , 11
1

 , ,

































SSG (9)

where (   , , ) are non-negative. This quantity reduces to the Sharma-Mittal

entropy (4) with SS T  (or 1 ) when  . If   , the limit 

yields


































 SS  , ,lim G (10)

and the choices   and 21   reproduce the Tsallis and Barrow entropies

(2) and (5), respectively. The limit 0 , 0  with   finite gives instead

the Rényi entropy (3) (where   is replaced by   and  ). Finally, 

and   gives the new quantity       1 , , SS eG  satisfying our four

entropy requirements.

2. Black holes and the holographic Universe. Let us apply the

generalized entropy to the Schwarzschild geometry

 , sin
21

2
1 2222

2
22 











 ddr

rGM

dr
dt

r

GM
ds (11)

where M is the black hole mass. One can attempt to identify the Tsallis or the

Rényi entropies (2) or (3) with the black hole entropy [18]; then, if we assume

that the mass M coincides with the thermodynamical energy E [12,13],

GG TdEd S  requires the temperature T
G
 to be defined by
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. 
11

H

G

G TdM

d

T


S
(12)

Alternatively, assuming the Hawking temperature (1) as the thermodynamic

temperature, the first law

   

















  232121 1

16
SSSS Ο

G
dTdE GHG (13)

gives

    . 
3

14 53 MMΟM
G

MEG 

















 (14)

The search for new entropies must deal with this problem, which requires a deeper

reexamination of the broader thermodynamical formalism [6]. Black hole ther-

modynamics is expected to change drastically when quantum gravity becomes

important. Eventually, the latter should change classical and black hole thermo-

dynamics, not only redefining entropy but also correcting well-established quan-

tities such as temperature and energy.

Thermodynamics has been applied fruitfully to another area of gravitational

physics, that is, cosmology, to which we now turn our attention. In the

holographic dark energy (HDE) scenario [19], thermodynamics plays a primary

role since it is applied successfully to explain dark energy with the entropy of

the cosmological horizon. In this context, the density of the HDE is proportional

to the square of the inverse holographic cutoff L
IR
, 2223 IRhol LC  , where C

is a free parameter. This holographic cutoff L
IR
 is usually taken to be the size

of the particle horizon L
p
 or of the future horizon L

f
, but there is no compelling

argument for choosing this quantity. Following [19], the cutoff is assumed to

depend on L
IR
 ( aLLLLL ffppp  ..., , , ..., , , ,  ), which gives the "generalized HDE"

[19]. In the spatially flat Friedmann-Lemaître-Robertson-Walker (FLRW) universe

described by the line element

  222222 dzdydxtadtds  (15)

in comoving coordinates, one speculates that the generalized HDE originates from

the entropy of the cosmological horizon. The physical radii of the particle and

event horizons of the FLRW universe (27) are     
t

p tatdtaL
0

 and

   



tf tatdtaL  (when these integrals converge). Differentiating gives

    , 
1

 ,, 
1

 ,
ff

f
ff

pp

p
pp

LL

L
LLH

LL

L
LLH 







(16)

where aaH  , an overdot denoting differentiation with respect to t. In the

thermodynamical approach to gravity (e.g., [20]), the Einstein-Friedmann equa-
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tions are derived from the Bekenstein-Hawking entropy S : the apparent horizon

of the universe (27) has radius 1 HrH , area 24  HA , and Bekenstein-

Hawking entropy GH 2S . We have

 dtP
H

dt
H

dtrdEdQ H 









23

3 4

3

4

3

4
 (17)

using covariant conservation   03  PH ; from the Gibbons-Hawking tem-

perature  2HT  and the first law of thermodynamics TdS = dQ, it follows that

 PGH  4  and integration gives the Friedmann equation

, 
33

82 





G
H (18)

where the cosmological constant   appears as an integration constant. If the

Bekenstein-Hawking entropy S  is replaced by a different (non-extensive) concept

of entropy, the Friedmann equation (18) is modified, which is attributed to the

HDE. For example, the Tsallis entropy (2) yields the modified Friedmann

equation

 
 

. 
28

3
, 

33
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H TT (19)

Interpreting 2 ,

223
TIRT LC   as the HDE due to the infrared holographic cutoff

L
IR,T

 leads to

 

.

1

2
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2
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TIR
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(20)

The Barrow entropy (5) describing the spacetime quantum foam phenomenologi-

cally gives









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








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
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 21

1P
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1P
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4
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21
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A

H

A

G
H

G
B (21)

while, with the new three-parameter entropy proposal (74), one obtains

 
,  ;3 ,2 ,1
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HG
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where  zcbaF  ; , ,12  is the hypergeometric function.

The formal conservation law   03  GGG PH  defines the pressure P
G
 of

the HDE and its equation of state parameter
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(23)

When matter can be neglected and 0 , the Friedmann equation   GGH  382

and Eq. (22) yield 012 F . The zeros iZ  of this hypergeometric function are

de Sitter universes with Hubble functions given by  2HGZi  and effective

cosmological constants  GZieff 3 . If eff  is large, it can cause early

universe inflation; if it is very small, it may describe the present accelerated

expansion; if it is slightly larger than the present dark energy, it could potentially

solve the Hubble tension problem [21,22].

Consider the case of a small Z
1
: the hypergeometric function is approximated

as

  

  
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21
1 ;3 ,2 ,1
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HG

HG~HG
F

(24)

then      2132
1

~HGZ  and       G~H 2132 .

If  nΟ~ 2103  ,   mΟ~ 210 , it is  2282 eV10  mn~H  and n + m = 61 gives

the current dark energy scale 3310~H eV. If another zero 2Z  exists with 2Z

slightly smaller than 1Z , the effective cosmological constant can potentially solve,

or alleviate, the Hubble tension problem [21,22].

In general, the hypergeometric function can have several or infinitely many

zeros. If there are a root of order unity or a large and negative root iZ , then

one can obtain the large Hubble rate corresponding to the inflationary epoch.

Retaining, for illustration, the first three terms in Eq. (24),

  
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and assuming 3 , we have

     
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212

3
, 

322

4




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


  ZZ (26)
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For n + m = 61 one finds again the present Hubble scale. If, instead,  ZHG 2 ,

then  2282 eV10  mn~H  and, for n + m = 61, it is  28922 eV10  m~H . At the

GUT scale ~1016
 GeV = 1025

 eV and inflation with H ~ 1022
 eV, we obtain m ~ 33

or 34, so Z  may explain early universe inflation.

One can also study generalized HDE from the full six-parameter entropy (72)

instead of using the simpler proposal (73), as we did here. Correspondingly, there

are many more possibilities to realize realistic cosmic histories.

3. Alternative entropies and corresponding energies. We describe

spherical, static, and asymptotically flat spacetimes with the geometry

   
  . 2
2

222222  
 drdredtedxdxgds rr

(27)

where   0 r  and   0 r  as r . Let us consider Einstein gravity and

interior solutions. The t - t Einstein equation is

  , 
1 2

2

2   rre
r

(28)

where   is the energy density, drdff  , and the mass is given by

 
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4
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2
2

r

rm
e






(29)

 . 4 2 rmr  (30)

Here

    , 4
0 0

2
 
r

mrdrrrm (31)

with m
0
 an integration constant. The metric inside a matter ball must be regular

at r = 0, hence

 
 

0
2

, 0 





mrr

mrm
r (32)

as 0r  or else there is a conical singularity. Then, m
0

 = 0 and

    . 4
0

2
 
r

rdrrrm (33)

For asymptotically Schwarzschild geometries

   



0

24 rdrrrmM (34)

while, in the presence of a central singularity, the integration constant m
0
 remains

and

    . 4
0 0

2



 mrdrrrmM (35)
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The total mass is not  rm  but [7]

     
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(36)

where   is the determinant of the 3D Riemannian metric

  . 2
2

222   drdredxdx m
m


 (37)

The gravitational binding energy of the ball is MMEB  . The second term in

the last line of Eq. (36) is interpreted as the Newtonian gravitational potential

energy

       
, 

2
4

0

2
  
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r-r

rr
VddV

G

r

rm
rrdrG (38)

where the general-relativistic corrections are of order 2G  and higher.

If a black hole geometry is asymptotically Schwarzschild we can impose

  Mrm  , fixing the integration constant m
0
 (one obtains m

0
 = M for the

Schwarzschild black hole, for which   can be seen as proportional to a Dirac

delta centered at r = 0). The mass M coincides with the Arnowitt-Deser-Misner

mass.

Let us consider now modified gravity, in which case we write the t - t field

equation as

  . 
1 2

2

2   rre
r

eff (39)

Now the effective energy density eff  is defined by casting the field equations as

effective Einstein equations with right-hand sides that contain effective stress-

energy tensors built with the non-Einsteinian terms. Now the effective mass is

   . 4
0

2
 
r

effeff rrrdrm (40)

For example, for F(R) gravity

     
 


 matter

RF SRFgxdS 4

22

1
(41)

(where S is the action, R is the Ricci scalar, F(R) is a nonlinear function, and

g is the determinant of the metric g ), we write    RfRRF   and

    dRRdfRfR  . The (0, 0) field equation defines the total energy density

 RFeff  , where
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The resulting (effective) total mass

    . 33
  RFeffeff xdrxdM (43)

receives contributions from both matter and gravity. The leading correction to the

binding energy is

           
, ..., 




   rr

rrrr RFRF
effB VddVGE (44)

  rmM effeff  is the total mass-energy of the system, while  rmeff  is the

mass-energy of a 2-sphere of radius r.

A black hole in alternative theories of gravity may have horizon radius

  rmGMr effeffh 22 . Now, if effM  is used as the internal energy and

44 2
hrS  as the black hole entropy, the new temperature given by

effdM

d

T

S


1
(45)

differs from the usual Hawking temperature T
H
. Alternatively, if the Hawking

temperature is used, the entropy

H

eff

T

dM
d S (46)

must replace the Bekenstein-Hawking entropy. The difference  heffeff rmM   could

then be identified with the energy outside the horizon. For this black hole,

 heff rm  would be the internal energy and Eq. (46) would become

 
. 

H

heff
bh

T

rdm
d S (47)

4. Temperatures corresponding to alternative entropies. Denote the

metric coefficients as

       ,, 2
1

2 rr erherh   (48)

then the roots of h(r) = 0 locate the event horizon. If h
1
(r) does not vanish

simultaneously with h(r), the spacetime curvature diverges as   0rh . If h
1
(r) and

h(r) do vanish simultaneously, the surface h
1
(r) = h(r) = 0 is an event horizon. In

fact, consider the curvature invariants
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Their denominators contain positive powers of h and these invariants diverge as

0h . If h
1
(r) and h(r) vanish simultaneously, the invariants (49) remain finite

where h
1
(r) = h(r) = 0 since h

1
(r) = h

2
(r)h(r) and 02 h  and is regular where

h(r) = 0. Then the substitution of h
1

 = h
2
h in Eq. (49) yields
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and

  
, 
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2
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22122

2
r

hhhhrhhh

r

hrh
hhR








 (54)

and these invariants remain finite as   0rh .

Given that h
1
(r) and h(r) vanish simultaneously on the event horizon, we can

write    rerh  2
1  and the radius of the event horizon is

   . 2
4

2

h
h

h rGm
rm

r 



 (55)

Close to the horizon, i.e., at rrr h  ,

  
, 21

2

h

hh

r

rrrC
hhhe




(56)
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  
 
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rrh
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h
he




(57)

where    hh rmrC 1 . Wick-rotating the time  it , the near-horizon geom-

etry (27) becomes

 
   

    . 2
2

222

2

2 





 drrd
rrC

r
d

rrh

rrC~ds h
h

h

hh

h
(58)

Introduce the new radial coordinate defined by     rrCrrdd hh   and

 
 

, 
4

, 2
2

h

h

h

h

r

rC
r

rC

rr 



 (59)

then the near-horizon geometry (58) reads

 
    

4

2
2

2222

2
2

2
2  drdd

rrh

rC~ds h

hh

h
(60)

To avoid conical singularities near 0 , one imposes that the Euclidean time

+ is periodic of period t
*
,

 
 

 
 

. 2
22 22







hh

h

hh

h

rhr

rC~
rhr

rC
(61)

As a result, the temperature corresponds to 1
t . In the Euclidean path integral

formulation of finite-temperature field theory

       THHtL
eedteD

t
 

 


 TrTr0 (62)

and the temperature of the Schwarzschild black hole

 
 

 
   

 
 h

Hh

hheff

h

hh

h

rh

TrC

rhrGm

rC

rhr

rC
T

222 84






 (63)

follows which, in general, differs from the Hawking temperature

 heff
H

rGm
T




8

1
(64)

by the factor    hh rhrC 2  that cannot be absorbed into a time rescaling because

we have fixed the scale so that

        . 12
12   rerhrhrh (65)

Since Hawking radiation is a near-horizon phenomenon, thermal radiation can

correspond to the temperature (63).

Identifying m
eff
 (r

h
) with the black hole internal energy, Eq. (47) yields

 
.  T

rdm heff
bhS (66)
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The solutions of the gravitational field equations contain integration constants c
i

for i = 1, ..., N (for example, in general relativity (GR) the mass M of the

Schwarzschild black hole appears as an integration constant in the metric coef-

ficients rMee 2122    when integrating the Einstein equations for spherical

and asympotically flat vacuum). N depends on the theory and  r ,  r , m(r),

h(r), and h
1,2

(r) depend on the integration constants c
i
. The solution r

h
 (c

i
) of

Eq. (55) also depends on these integration constants (again, for the Schwarzschild

black hole of GR, r
h

 = 2M). Eq. (55) yields

      
, 

2
 ;

G

cr
ccrrmrm ih
iihh  (67)

then the integration constants c
i
's can be parametrized with a single parameter  ,

  ii cc  (for example, the Reissner-Nordström black hole can be parametrized

by the charge-to-mass ratio).

In this way, Eq. (63) turns Eq. (66) into

         
  

 

 














 





i
N

i i

ih

crr

i

iihih
bh

c

c

cr

r

crm

ccrrhcr
d

G

ih

1

2

 ;
1

 ; 4

2

1
S (68)

and choosing hr , Eq. (68) becomes
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(69)

where the integration constant is determined by the condition   00  hbh rS .

In GR, the Schwarzschild black hole with h
2
(x) = 1, m = M = const is characterized

by the Bekenstein-Hawking entropy. The different choice in which  hrrh 2

gives a contribution leads to an entropy bhS  potentially different from the

Bekenstein-Hawking one.

According to Eq. (69),
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and various entropy choices lead to corresponding forms of

  

  
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In [6], we proposed two generalizations of entropy. We begin with the six-

parameter entropy

  , 11
1

 , ,

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


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
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


 SSSG (72)

where we take all the parameters (    , , ) to be positive. Adjusting these

parameters to suitable values, this entropy function reduces to the entropies

(2)-(7). If we choose 0   and   , the values   or 21 

give back the Tsallis entropy (2) and the Barrow entropy (5). If we pick 0

and we write R ,  R , and  , then we recover the Sharma-Mittal

entropy (4). Another possibility consists of the limit 0  and 0  with

   finite. Further setting 1 , this procedure recovers the Rényi

entropy (3). In the different limit 0  of the entropy (72) with 1  and

K  the latter is reduced to the Kaniadakis entropy (6). Finally, if we fix

  and   to the values 0  and 1  in Eq. (72), the limit   in

conjunction with q 1  reproduces the Loop Quantum Gravity entropy (7) with

   10  .

Another proposal in [6], containing only three parameters, consists of

  . 11 , , 1
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We choose again positive values of the parameters  ,  , and  . When  ,

GS  is the same as the Sharma-Mittal entropy (4) with SS T  and 1 . If we

fix   , then (73) becomes the Tsallis entropy proposal (2) if   and

the Barrow entropy (5) if   . To conclude, the limit    0 ,0 ,   with

  finite yields the Rényi entropy (3), provided that we substitute   in place

of   and that  .

Let us come to discuss spherical spacetimes while using the Tsallis entropy

(2). Equation (70) then becomes
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In the same geometry, the Rényi entropy construct (3) yields instead
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By contrast, the Kaniadakis entropy (6) yields
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while our six-parameter entropy (72) produces
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We can also consider our simplified three-parameter entropy (73), which gives
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Specific models realizing these relations have been discussed in [7].

5. Conclusions. The Bekenstein-Hawking entropy is modified by quantum

gravity phenomenology, as exemplified by the Barrow and the Loop Quantum

Gravity proposals (5) and (7), or by non-extensive thermodynamics. While specific

modifications abound in the literature and may be questionable, the general idea

of departures from the simpler Bekenstein-Hawking prescription in the presence

of phenomena such as spacetime foam, loops, or the unusual weighting of

frequent/infrequent states, appears reasonable. Lacking knowledge of the "correct"

entropy, we propose a phenomenological prescription which incorporates many

recent and older entropies proposed in the literature and embodies four key

properties that we identify as essential requirements for any physically reasonable

entropy. Our most general construct contains six parameters, but a simplified

version limited to three parameters seems to achieve the same goals, as shown

in [6,7,18] and summarized here.

In addition to containing the previous Barrow, Loop Quantum Gravity, Rényi,

Tsallis, Sharma-Mittal, and Kaniadakis entropies as special cases, and to reducing

to the Bekenstein-Hawking entropy in an appropriate limit, our new proposal

exhibits interesting phenomenology when applied to holographic dark energy in

cosmology. In this context, there is the possibility of generating an effective
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cosmological constant, which can either cause early universe inflation or alleviate

the current Hubble tension afflicting the standard CDM  cosmological model

[21,22]. Even though tiny, Planck-scale suppressed, infrared corrections to low-

energy physics could at first sight seem unable to generate observable cosmological

effects, this may not be the case. While the details of possible quantum gravity

corrections remain obscure, one can follow Einstein's insight on the wide appli-

cability of thermodynamics in physics and search for these corrections through

their effects on entropy and thermodynamics. The new entropy proposals outlined

here and in [6] seem to offer a practical implementation of this approach to

cosmology and gravity.

Changing the notion of entropy jeopardizes the thermodynamics, unless the

temperature and mass (i.e., internal energy) are also changed in a suitable way.

We have proposed ways of making the entire thermodynamics consistent with

alternative entropies, but we have not exhausted all possibilities. Alternatives will

be explored in the future.

Acknowledgments. This work is partially supported by JSPS Grant-in-Aid

for Scientic Research (C) No. 18K03615 (S. N.), by MINECO (Spain) project

PID2019-104397GB-I00 (S. D. O), and by the Natural Sciences and Engineering

Research Council of Canada grant 2016-03803 to V. F.

1 Department of Physics, Nagoya University, Japan,

 e-mail: nojiri@phys.nagoya-u.ac.jp
2 Kobayashi-Maskawa Institute for the Origin of Particles and the Universe,

 Nagoya University, Japan
3 Institució Catalana de Recerca i Estudis Avançats (ICREA),

 Passeig Lluís Companys, Barcelona, Spain, e-mail: odintsov@ice.cat
4 Institute of Space Sciences (ICE-CSIC), Barcelona, Spain
5 Department of Physics & Astronomy, Bishop's University,

 Sherbrooke, Québec, Canada, e-mail: vfaraoni@ubishops.ca

ÍÎÂÛÅ ÝÍÒÐÎÏÈÈ, ×ÅÐÍÛÅ ÄÛÐÛ È
ÃÎËÎÃÐÀÔÈ×ÅÑÊÀß ÒÅÌÍÀß ÝÍÅÐÃÈß

Ø.ÍÎÆÈÐÈ1,2, Ñ.Ä.ÎÄÈÍÖÎÂ3,4, Â.ÔÀÐÀÎÍÈ5

Ýíòðîïèÿ Áåêåíñòåéíà-Õîêèíãà ÿâëÿåòñÿ êðàåóãîëüíûì êàìíåì òåðìî-

äèíàìèêè ÷åðíûõ äûð, íî êâàíòîâûå ýôôåêòû äàþò ïîïðàâêè ê íåé. Íå

ýêâèâàëåíòíûå ýíòðîïèè ïîÿâëÿþòñÿ òàêæå â íå-ýêñòåíñèâíîé òåðìîäèíàìèêå.
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Ìû äåëàåì îáçîð ïðåäûäóùèõ ðàáîò è ïðåäëàãàåì íîâóþ ýíòðîïèþ, êîòîðàÿ

îáîáùàåò äðóãèå âàðèàíòû ýíòðîïèé è óäîâëåòâîðÿåò ÷åòûðåì êëþ÷åâûì

óñëîâèÿì. Íîâàÿ ýíòðîïèÿ ðàññìîòðåíà â òåîðèè ÷åðíûõ äûð è ãîëîãðàôè÷åñêîé

òåìíîé ýíåðãèè. Ïîêàçàíî, ÷òî îíà ìîæåò îáúÿñíèòü èíôëÿöèþ ðàííåé

Âñåëåííîé è óêàçàòü íà âîçìîæíîñòü ðåøèòü íåäàâíþþ ïðîáëåìó ñ ïàðàìåòðîì

Õàááëà. Ñäåëàí òàêæå àíàëèç òåìïåðàòóð è ìàññ ÷åðíûõ äûð ñîâìåñòèìûõ

ñ àëüòåðíàòèâíûìè ýíòðîïèÿìè.

Êëþ÷åâûå ñëîâà: ýíòðîïèÿ: ÷åðíûå äûðû: òåðìîäèíàìèêà
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Â ðàáîòå äëÿ ìîäåëè âðàùàþùåéñÿ çâåçäû êàê ôèãóðû Ãþéãåíñà-Ðîøà ïîëó÷åíû ïðîñòûå
àíàëèòè÷åñêèå ôîðìóëû ýêâàòîðèàëüíîãî ðàäèóñà è îòíîñèòåëüíîé ñêîðîñòè âðàùåíèÿ êàê
ôóíêöèè àáñîëþòíîãî è îòíîñèòåëüíîãî óãëîâîãî ìîìåíòà. Ïðîâåäåíî ñðàâíåíèå ïîëó÷åííûõ
ðåçóëüòàòîâ ñ ðåçóëüòàòàìè ÷èñëåííîãî ìîäåëèðîâàíèÿ ñòðîåíèÿ âðàùàþùèõñÿ çâåçä, ïîêàçàíî,
÷òî ðàññìàòðèâàåìàÿ àíàëèòè÷åñêàÿ ìîäåëü äîñòàòî÷íà äëÿ îïèñàíèÿ ñîîòâåòñòâóþùèõ ïàðàìåòðîâ.

Êëþ÷åâûå ñëîâà: âðàùàþùàÿñÿ çâåçäà: ôèãóðà Ãþéãåíñà-Ðîøà

1. Ââåäåíèå. Çàäà÷à î äèíàìè÷åñêîì âçàèìîäåéñòâèè ïëàíåòû ñî ñâîåé

çâåçäîé â íàñòîÿùåå âðåìÿ äîñòàòî÷íî àêòèâíî èçó÷àåòñÿ. Åñòü ìíîæåñòâî

ðàáîò, ïîñâÿùåííûõ ìèãðàöèè ïëàíåò, îäíàêî â íèõ ïðàêòè÷åñêè íèêîãäà íå

ó÷èòûâàåòñÿ ýâîëþöèÿ ñàìîé çâåçäû.

Îñíîâíîé ñëîæíîñòüþ ïðè ïðîâåäåíèè ìîäåëèðîâàíèÿ ÿâëÿåòñÿ òî, ÷òî

ãëàâíûì ìåõàíèçìîì, îïðåäåëÿþùèì äèíàìè÷åñêóþ ýâîëþöèþ ïëàíåòíîé

ñèñòåìû, ÿâëÿåòñÿ ïðèëèâíîå âçàèìîäåéñòâèå. Íî â òî æå âðåìÿ ñóùåñòâåííîå

âëèÿíèå íà äèíàìè÷åñêèå õàðàêòåðèñòèêè çâåçäû è, êàê ñëåäñòâèå, íà äèíàìè-

÷åñêóþ ýâîëþöèþ ñèñòåìû â öåëîì îêàçûâàåò ïåðåñòðîéêà âíóòðåííåé

ñòðóêòóðû çâåçäû, îïðåäåëÿåìàÿ ïðîöåññàìè çâåçäíîé ýâîëþöèè. Òàêæå

ñóùåñòâåííûì äëÿ ðåøåíèÿ çàäà÷è ÿâëÿåòñÿ ó÷åò âðàùåíèÿ çâåçäû âîêðóã

ñîáñòâåííîé îñè. Òåì ñàìûì äàííûå ôàêòîðû òðåáóåòñÿ ó÷èòûâàòü ñîâìåñòíî,

÷òî îêàçûâàåòñÿ äîñòàòî÷íî ñëîæíîé çàäà÷åé, ïîñêîëüêó ìîäåëè çâåçäíîé

ýâîëþöèè â îáùåì ñëó÷àå íå "âñòðàèâàþòñÿ" â ñèñòåìó óðàâíåíèé, îïðåäå-

ëÿþùèõ äèíàìè÷åñêóþ ýâîëþöèþ ïëàíåòíîé ñèñòåìû.

Ïîïûòêà ðåàëèçîâàòü ïîäîáíîå áûëà ïðåäïðèíÿòà â ðàáîòå [1], îäíàêî îíà

îêàçàëàñü ñîïðÿæåíà ñî ñëîæíîñòÿìè. Ïîëíîöåííàÿ ìîäåëü çâåçäíîé ýâîëþöèè

ñëèøêîì ñëîæíà äëÿ áûñòðîé è ýôôåêòèâíîé ðåàëèçàöèè, ïîýòîìó íåîáõîäèìî

èñïîëüçîâàòü êàêîé-ëèáî ñóùåñòâóþùèé ïàêåò ìîäåëèðîâàíèÿ âíóòðåííåãî

ñòðîåíèÿ è ýâîëþöèè çâåçä è òåì èëè èíûì ñïîñîáîì îáúåäèíÿòü åãî ñ

ìîäåëèðîâàíèåì äèíàìè÷åñêîé ýâîëþöèè ïëàíåòíîé ñèñòåìû. Â óïîìÿíóòîé
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âûøå ðàáîòå òàêîå îáúåäèíåíèå óäàëîñü âûïîëíèòü ñ èñïîëüçîâàíèåì ïàêåòà

ìîäåëèðîâàíèÿ çâåçäíîé ýâîëþöèè MESA, îäíàêî ýòî ïðèâåëî ê íåîáõîäèìîñòè

ìîäèôèêàöèè èñõîäíûõ êîäîâ ïàêåòà.

Èñïîëüçîâàíèå ãîòîâûõ òàáëè÷íûõ äàííûõ, ñîäåðæàùèõ ñåòêè çàðàíåå

âû÷èñëåííûõ ìîäåëåé, òàêæå ñîïðÿæåíî ñî ñëîæíîñòÿìè. Íàïðèìåð, ñåòêè

ìîäåëåé ýâîëþöèè âðàùàþùèõñÿ çâåçä (ïîñòðîåííûå â ðàáîòå [2] è äðóãèõ

ðàáîòàõ òîé æå ãðóïïû) ÿâëÿþòñÿ ôàêòè÷åñêè åäèíñòâåííûìè ñóùåñòâóþùèìè

ðåçóëüòàòàìè, îäíàêî è îíè äîñòóïíû íå ïîëíîñòüþ, à îïóáëèêîâàííûå

äàííûå ïðåäñòàâëÿþò ñîáîé òàáëèöû ñ íåáîëüøîé ñòåïåíüþ äèñêðåòèçàöèè,

íåäîñòàòî÷íîé äëÿ èñïîëüçîâàíèÿ. Îòêðûòûõ æå êîäîâ, ðåàëèçóþùèõ ó÷åò

âðàùåíèÿ çâåçäû ïðè ðàñ÷åòå ìîäåëåé çâåçäíîé ýâîëþöèè, íå ñóùåñòâóåò.

Â äàííîé ðàáîòå èññëåäóåòñÿ äðóãîé âîçìîæíûé ïóòü: ïîëó÷åíèå ýìïèðè-

÷åñêèõ è ïîëóýìïèðè÷åñêèõ çàâèñèìîñòåé, îïèñûâàþùèõ ïàðàìåòðû çâåçä è

èõ ýâîëþöèè, äëÿ ïîñëåäóþùåãî èñïîëüçîâàíèÿ èõ â ìîäåëè äèíàìè÷åñêîé

ýâîëþöèè ïëàíåòíîé ñèñòåìû.

2. Ôèãóðà Ãþéãåíñà-Ðîøà. Øèðîêî èñïîëüçóåìîé ìîäåëüþ âðàùàþ-

ùåéñÿ çâåçäû ÿâëÿåòñÿ ôèãóðà ðàâíîâåñèÿ Ãþéãåíñà-Ðîøà [3,4] (õîòÿ ýòî è

íå åäèíñòâåííûé âîçìîæíûé âàðèàíò, â [5] ðàññìàòðèâàåòñÿ ðÿä äðóãèõ ìîäåëåé,

íàïðèìåð, àíàëîãè ýëëèïñîèäîâ Ìàêëîðåíà äëÿ äèôôåðåíöèàëüíîãî âðàùåíèÿ).

Â äàííîé ìîäåëè ôèãóðà ðàâíîâåñèÿ ñîñòîèò èç äâóõ êîìïîíåíòîâ [6]:

1. ïðèòÿãèâàþùèé òî÷å÷íûé öåíòð;

2. íåâåñîìàÿ òâåðäîòåëüíî âðàùàþùàÿñÿ îáîëî÷êà.

Äîïóñòèìîñòü èñïîëüçîâàíèÿ òàêîãî ãðóáîãî ïðèáëèæåíèÿ îáúÿñíÿåòñÿ

òåì, ÷òî ïëîòíîñòü â çâåçäå áûñòðî óáûâàåò ñ ðàäèóñîì.

Ôîðìà âðàùàþùåéñÿ ôèãóðû ðàâíîâåñèÿ â ìîäåëè Ãþéãåíñà-Ðîøà çàâèñèò

îò ñêîðîñòè âðàùåíèÿ [7]:

1. íåïîäâèæíàÿ îáîëî÷êà èìååò ñôåðè÷åñêóþ ôîðìó;

2. ïðè ìåäëåííîì âðàùåíèè ôèãóðà áëèçêà ê ñôåðîèäó (ýëëèïñîèäó

âðàùåíèÿ);

3. äëÿ ñëó÷àÿ âûñîêèõ ñêîðîñòåé ôèãóðà ñòàíîâèòñÿ âñå áîëåå ñïëþñíóòîé;

4. íàêîíåö, êðèòè÷åñêàÿ ôèãóðà âðàùåíèÿ ñîäåðæèò îñîáåííîñòü íà ýêâàòîðå.

Ïî ðåçóëüòàòàì âû÷èñëèòåëüíûõ ýêñïåðèìåíòîâ [2] ïîëÿðíûé ðàäèóñ

ôèãóðû ñëàáî çàâèñèò îò ñêîðîñòè âðàùåíèÿ çâåçäû. Ïîýòîìó â äàëüíåéøåì

ïðåíåáðåæåì ýòîé çàâèñèìîñòüþ è áóäåì ñ÷èòàòü, ÷òî ïîëÿðíûé ðàäèóñ íå

ìåíÿåòñÿ. Â îòëè÷èå îò ïîëÿðíîãî ýêâàòîðèàëüíûé ðàäèóñ â áîëüøèíñòâå

ñëó÷àåâ íåèçâåñòåí è ñóùåñòâåííî çàâèñèò îò ñêîðîñòè âðàùåíèÿ.

Ñóùåñòâóþò óëó÷øåíèÿ äàííîé ìîäåëè [8, 9], íî äëÿ òåêóùåé ðàáîòû èõ

ñëîæíîñòü èçáûòî÷íà, óòî÷íåíèå ìîäåëè, ïî-âèäèìîìó, íå äàåò ñóùåñòâåííîãî

óëó÷øåíèÿ ðåçóëüòàòà.
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Óñëîâèå ðàâíîâåñèÿ äëÿ ôèãóðû Ãþéãåíñà-Ðîøà â ïðîñòåéøåé ïàðàìåò-

ðèçàöèè [6] çàêëþ÷àåòñÿ â òîì, ÷òî ïîòåíöèàë ñèëû òÿæåñòè íà ïîëÿðíîì

ðàññòîÿíèè   ðàâåí ãðàâèòàöèîííîìó ïîòåíöèàëó íà ïîëþñå:

 
 

, 
2

sin 222

pR

GMR

R

GM





 (1)

ãäå G - ãðàâèòàöèîííàÿ ïîñòîÿííàÿ, M - ìàññà çâåçäû,  R  - ðàäèóñ çâåçäû

íà ïîëÿðíîì ðàññòîÿíèè  ,   - óãëîâàÿ ñêîðîñòü âðàùåíèÿ çâåçäû è R
p
 -

ïîëÿðíûé ðàäèóñ çâåçäû.

Äëÿ ðàäèóñà R
e
, ñîîòâåòñòâóþùåãî øèðîòå ýêâàòîðà ( 2 ), ïîëó÷àåì:

. 
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e R
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




Óãëîâóþ ñêîðîñòü âðàùåíèÿ çâåçäû ìîæíî çàìåíèòü íà îòíîøåíèå óãëîâîãî

ìîìåíòà J è ïîëÿðíîãî ìîìåíòà èíåðöèè I:

. 
2 2

22

p

e

e R

GM

I

RJ

R

GM


Ââåäåì 2MRIF   - ïðèâåäåííûé ìîìåíò èíåðöèè (â àíãëîÿçû÷íîé ëèòåðàòóðå

èìåíóåìûé "moment of inertia factor") - áåçðàçìåðíóþ âåëè÷èíó, õàðàêòåðè-

çóþùóþ ðàñïðåäåëåíèå ìàññû âíóòðè òåëà, è ïðåîáðàçóåì ïðåäûäóùåå ñîîò-

íîøåíèå:

. 
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Ðåøàÿ ýòî óðàâíåíèå, ïîëó÷àåì äâà êîðíÿ âèäà
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Äëÿ íàõîæäåíèÿ ýêâàòîðèàëüíîãî ðàäèóñà ôèãóðû ðàâíîâåñèÿ íóæåí

áîëüøèé êîðåíü. Äëÿ íåãî ïðè íóëåâîé ñêîðîñòè âðàùåíèÿ ýêâàòîðèàëüíûé

ðàäèóñ áóäåò ðàâåí ïîëÿðíîìó, êàê è ñëåäóåò îæèäàòü (à ìåíüøèé êîðåíü

áóäåò ðàâåí íóëþ). Â èòîãå ïîëó÷àåì âûðàæåíèå äëÿ ýêâàòîðèàëüíîãî ðàäèóñà

êàê ôóíêöèè óãëîâîãî ìîìåíòà:

. 
4

2

2 32

2232

GMF

JRRGMFR
R

ppp
e


 (2)

3. Êðèòè÷åñêèé ðåæèì âðàùåíèÿ. Êðèòè÷åñêèé ðåæèì âðàùåíèÿ

îïðåäåëÿåòñÿ ðàâåíñòâîì ìîäóëåé öåíòðîáåæíîãî è ãðàâèòàöèîííîãî ïîòåíöèàëà

íà ýêâàòîðå:
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, 22

crit

crit

e
ecrit

R

GM
R 

îòêóäà íàõîäèì

. 
3

2

crite

crit
R

GM
 (3)

Ïðè ïîäñòàíîâêå êâàäðàòà óãëîâîé ñêîðîñòè â èçíà÷àëüíîå óñëîâèå ðàâíîâåñèÿ

(1) ïîëó÷àåì, ÷òî äëÿ êðèòè÷åñêîé ñêîðîñòè âðàùåíèÿ ýêâàòîðèàëüíûé è

ïîëÿðíûé ðàäèóñ îòíîñÿòñÿ êàê:

. 
2

3
crit

crit

p
e

R
R 

Ïîäñòàâèâ ýòî îòíîøåíèå â óñëîâèå ðàâíîâåñèÿ:

, 
9

2

3 222

2

critcrit pp RMF

J

R

GM


ïîëó÷àåì àíàëèòè÷åñêèå âûðàæåíèÿ äëÿ êðèòè÷åñêèõ ìîìåíòîâ èìïóëüñà è

èíåðöèè êàê ôóíêöèé ìàññû, ðàäèóñà è ïðèâåäåííîãî ìîìåíòà èíåðöèè:

, 6
2

3

critpcrit RGM
F

J  (4)

. 
2

9 2

critpcrit MR
F

I  (5)

4. Èñïîëüçîâàíèå îòíîñèòåëüíîãî óãëîâîãî ìîìåíòà. Ïåðåéäåì

ê îòíîñèòåëüíîìó óãëîâîìó ìîìåíòó èíåðöèè êàê íîâîé íåçàâèñèìîé

ïåðåìåííîé. Äëÿ ýòîãî ââåäåì áåçðàçìåðíûå âåëè÷èíû: îòíîñèòåëüíûé ïàðàìåòð

âðàùåíèÿ   ( 10  ):

crit




è îòíîñèòåëüíûé óãëîâîé ìîìåíò j ( 10  j ):

. 

6
2

3

critp
crit RGM

F

J

J

J
j 










(6)

Ïðè ìåäëåííîì âðàùåíèè îáà ïàðàìåòðà áóäóò ìàëû, à ïðè ðåæèìå âðàùåíèÿ,

áëèçêîì ê êðèòè÷åñêîìó, áóäóò áëèçêè ê 1.

Â îáùåì ñëó÷àå R
p
 è F çàâèñÿò îò j. Êàê óæå óêàçûâàëîñü âûøå,

ïîëÿðíûé ðàäèóñ ñëàáî çàâèñèò îò îòíîñèòåëüíîãî ïàðàìåòðà âðàùåíèÿ

(ìàêñèìàëüíîå èçìåíåíèå: ñëó÷àé çâåçäû ñ 1 M  - óìåíüøåíèå íà 5% ïðè

êðèòè÷åñêîé ñêîðîñòè âðàùåíèÿ [4]). Ïîýòîìó â äàëüíåéøåì áóäåì ñ÷èòàòü,
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÷òî ïîëÿðíûé ðàäèóñ âñåãäà ñîâïàäàåò ñ ïîëÿðíûì ðàäèóñîì ïðè êðèòè÷åñêîì

ðåæèìå âðàùåíèÿ, ò.å 
critpp RR  .

Ïðè íå çàâèñÿùèõ îò âðàùåíèÿ R
p
 è F âûðàæåíèå äëÿ ýêâàòîðèàëüíîãî

ðàäèóñà â çàâèñèìîñòè îò îòíîñèòåëüíîãî óãëîâîãî ìîìåíòà ïðèìåò âèä:

  . 311
2

2





  j

R
jR

p
e (7)

Òîãäà ìîìåíò èíåðöèè íà ýêâàòîðå I = FMR
e
 ìîæåò áûòü âûðàæåí ÷åðåç

îòíîñèòåëüíûé óãëîâîé ìîìåíò ñëåäóþùèì îáðàçîì:

  . 311
4

1 2
22





  jFMRjI p (8)

Òàêæå ÷åðåç îòíîñèòåëüíûé óãëîâîé ìîìåíò ìîæíî âûðàçèòü îòíîñè-

òåëüíûé ïàðàìåòð âðàùåíèÿ:

  , 

311

9
2

2





 



j

j
j

(9)

è îòíîøåíèå ëèíåéíîé ñêîðîñòè íà ýêâàòîðå ê êðèòè÷åñêîé:

  . 

311

3
2

2





 



j

j
j

critv

v

(10)

Èç âûðàæåíèé (7) è (9) ìîæíî ïîëó÷èòü îòíîñèòåëüíûé óãëîâîé ìîìåíò

÷åðåç îòíîñèòåëüíóþ óãëîâóþ ñêîðîñòü è îòíîøåíèå ðàäèóñîâ - "ñæàòèå"

ôèãóðû ðàâíîâåñèÿ.

 
 

. 
9

4
2

2







p

e

R

R
j (11)

5. Îáñóæäåíèå ðåçóëüòàòîâ. Òàêèì îáðàçîì, ïîëó÷åíû àíàëèòè÷åñêèå

âûðàæåíèÿ äëÿ ýêâàòîðèàëüíîãî ðàäèóñà, îòíîñèòåëüíîé óãëîâîé ñêîðîñòè è

ëèíåéíîé ñêîðîñòè íà ýêâàòîðå êàê ôóíêöèè îòíîñèòåëüíîãî óãëîâîãî ìîìåíòà.

Ïðèáëèæåííûå çíà÷åíèÿ ìîæíî èñïîëüçîâàòü êàê íåïîñðåäñòâåííî, òàê è â

êà÷åñòâå ñòàðòîâîãî ïðèáëèæåíèÿ ïðè ÷èñëåííîì ïîèñêå áîëåå òî÷íûõ çíà÷åíèé.

Ïðîâåäåì ñðàâíåíèå ýòèõ ðåçóëüòàòîâ ñ ðåçóëüòàòàìè ÷èñëåííîãî ìîäåëèðî-

âàíèÿ. Íàèáîëåå ÷àñòî èñïîëüçóåìûå ñåé÷àñ â ýòîé îáëàñòè ðåçóëüòàòû ïðèâå-

äåíû â ñòàòüå [2], êîòîðàÿ, â ÷àñòíîñòè, ñòàëà îñíîâîé äëÿ íàïèñàíèÿ âòîðîé

ãëàâû â ìîíîãðàôèè [4]. Ðåçóëüòàòû ñðàâíåíèÿ ïðèâåäåíû íà ðèñ.1 è ðèñ.2.

Äëÿ ñðàâíåíèÿ èñïîëüçîâàíû ìîäåëè ñî ñòàíäàðòíîé ìåòàëëè÷íîñòüþ Z = 0.02

â áîëüøîì äèàïàçîíå ìàññ. Ñëåäóåò îòìåòèòü, ÷òî â ðàáîòå [2] ðåçóëüòàòû

áûëè ïîëó÷åíû ïóòåì ÷èñëåííîãî ìîäåëèðîâàíèÿ 112 çâåçäíûõ ìîäåëåé áåç
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ïðåäîñòàâëåíèÿ ïðîìåæóòî÷íûõ ðåçóëüòàòîâ âû÷èñëåíèé è èñõîäíûõ êîäîâ

ïðîãðàìì, ÷òî äåëàåò èõ ìàëîïîëåçíûìè äëÿ èíòåðåñóþùåé íàñ çàäà÷è.

Ïðèâåäåì òàêæå ñðàâíåíèå ñî ñâÿçûâàþùèì   è R
e
 àíàëèòè÷åñêèì

âûðàæåíèåì

   
, 

3

sinarccos
cos

sin

3
 , 







 




pR
R (12)

crit

R
e
(

) /
R

p

0

1

0.2 0.4 0.6 0.8 1

1.2

1.4

Íàñòîÿùàÿ ðàáîòà
Ðàáîòà [2] äëÿ 


1MM 

Ðàáîòà [2] äëÿ 


M06M 

Ðèñ.1. Ñðàâíåíèå çàâèñèìîñòåé îòíîøåíèÿ ýêâàòîðèàëüíîãî è ïîëÿðíîãî ðàäèóñîâ îò

îòíîñèòåëüíîé óãëîâîé ñêîðîñòè âðàùåíèÿ ïðè îäèíàêîâûõ çíà÷åíèÿõ ïðî÷èõ ïàðàìåòðîâ
ñ ðåçóëüòàòàìè ìîäåëèðîâàíèÿ â ðàáîòå [2].

Ðèñ.2. Ñðàâíåíèå çàâèñèìîñòåé îòíîøåíèÿ ëèíåéíîé ñêîðîñòè âðàùåíèÿ íà ýêâàòîðå
ê êðèòè÷åñêîé ñêîðîñòè îò îòíîñèòåëüíîé óãëîâîé ñêîðîñòè âðàùåíèÿ ïðè îäèíàêîâûõ
çíà÷åíèÿõ ïðî÷èõ ïàðàìåòðîâ ñ ðåçóëüòàòàìè ìîäåëèðîâàíèÿ â ðàáîòå [2].

crit

v/
v c

ri
t
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Íàñòîÿùàÿ ðàáîòà
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
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Ðàáîòà [2] äëÿ 


M06M 
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ïîëó÷åííûì â ðàáîòå [10] ïóòåì ïðÿìîãî ðåøåíèÿ óðàâíåíèÿ (1). Âèäíî (ñì.

ðèñ.3), ÷òî ñîâïàäåíèå îêàçûâàåòñÿ ïîëíûì.

Òåì ñàìûì äëÿ ìîäåëè âðàùàþùåéñÿ çâåçäû êàê ôèãóðû ðàâíîâåñèÿ

Ãþéãåíñà-Ðîøà ïîëó÷åíû ñëåäóþùèå ðåçóëüòàòû:

- íàéäåíû òî÷íûå àíàëèòè÷åñêèå ôîðìóëû ýêâàòîðèàëüíîãî ðàäèóñà è

îòíîñèòåëüíîé ñêîðîñòè âðàùåíèÿ êàê ôóíêöèè àáñîëþòíîãî è îòíîñèòåëüíîãî

óãëîâîãî ìîìåíòà;

- ïîëó÷åííûå ðåçóëüòàòû ïîëíîñòüþ ñîãëàñóþòñÿ ñ àíàëîãè÷íûìè, ïîëó÷åí-

íûìè ðàíåå ñóùåñòâåííî îòëè÷àþùèìñÿ è áîëåå ñëîæíûì ñïîñîáîì -

ñòàòèñè÷åñêèì èññëåäîâàíèåì ñåòîê ìîäåëåé, ïîýòîìó ìîãóò áûòü èñïîëü-

çîâàíû äëÿ ïîñëåäóþùåãî ìîäåëèðîâàíèÿ äèíàìè÷åñêîé ýâîëþöèè ïëàíåòíûõ

ñèñòåì.

1 Îêèíàâñêèé èíñòèòóò íàóêè è òåõíîëîãèè, Îêèíàâà, ßïîíèÿ
2 Ñàíêò-Ïåòåðáóðãñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò,

 Ñàíêò-Ïåòåðáóðã, Ðîññèÿ, e-mail: peter@astro.spbu.ru

Ðèñ.3. Ñðàâíåíèå çàâèñèìîñòè îòíîøåíèÿ ýêâàòîðèàëüíîãî è ïîëÿðíîãî ðàäèóñîâ îò
îòíîñèòåëüíîé óãëîâîé ñêîðîñòè âðàùåíèÿ ïðè îäèíàêîâûõ çíà÷åíèÿõ ïðî÷èõ ïàðàìåòðîâ

ñ àíàëèòè÷åñêèì âûðàæåíèåì, ïîëó÷åííûì â ðàáîòå [10].
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THE SIMPLE MODEL OF A ROTATING STAR AS
THE HUYGENS-ROCHE FIGURE

G.M.KARELIN1, M.V.KOSTINA2, P.A.TARAKANOV2,
A.V.DEMENTYEV2, Yu.V.MILANOVA2

In the paper, simple analytical formulas for the rotating star model as a

Huygens-Roche figure are obtained for the equatorial radius and relative rotation

velocity as functions of absolute and relative angular momentum. The results are

compared with the results of numerical simulations of the structure of rotating stars

and it is shown that the considered analytical model is sufficient to describe those

parameters.

Keywords: rotating star: Huygens-Roche figure
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Ñ èñïîëüçîâàíèåì îñíîâíûõ ôîðìóë òåîðèè ïåðåíîñà èçëó÷åíèÿ ïîëó÷åíû áîëåå
ïîäðîáíûå ñâåäåíèÿ î õàðàêòåðèñòèêàõ ðàññåÿíèÿ ôîòîíîâ â ïëîñêîì ñëîå, à èìåííî,
íàéäåíû âåðîÿòíîñòè âûõîäà ôîòîíîâ îòäåëüíî ÷åðåç âåðõíþþ è íèæíþþ ãðàíèöû ñëîÿ
è ñðåäíèå ÷èñëà ðàññåÿíèÿ òàêèõ ôîòîíîâ.

Êëþ÷åâûå ñëîâà: ïåðåíîñ èçëó÷åíèÿ: ñðåäíèå ÷èñëà ðàññåÿíèé ôîòîíîâ

1. Ââåäåíèå. Ïî òåîðèè ïåðåíîñà èçëó÷åíèÿ îïóáëèêîâàíû ìîíîãðàôèè

[1-7] è îáçîðíûå ñòàòüè [8-15], ïîäâîäÿùèå èòîã åå ðàçâèòèÿ. Ïðåäñòàâëÿåò

èíòåðåñ èññëåäîâàíèå áîëåå ñëîæíûõ ñëó÷àåâ ïåðåíîñà, èìåþùèõ íåïîñðåäñò-

âåííûå ïðèëîæåíèÿ ê àñòðîôèçè÷åñêèì îáúåêòàì, òàêèõ êàê êîìïòîíîâñêîå

ðàññåÿíèå ýíåðãè÷íûõ ôîòîíîâ ðåëÿòèâèñòñêèìè ýëåêòðîíàìè â àêòèâíûõ

ÿäðàõ ãàëàêòèê èëè ðàññåÿíèå èçëó÷åíèÿ â ñèëüíûõ ìàãíèòíûõ ïîëÿõ ïóëüñàðîâ.

Ïðè ýòîì ïîÿâëÿåòñÿ ïîòðåáíîñòü â ñâåäåíèÿõ èç òðàäèöèîííîé òåîðèè

ïåðåíîñà äëÿ áîëåå êîíêðåòíûõ ñèòóàöèé è êðàéíèõ çíà÷åíèé ïàðàìåòðîâ, íà

êîòîðûå ìîæíî áûëî áû îïåðåòüñÿ.

Èñõîäÿ èç ïîòðåáíîñòåé óêàçàííûõ ïðèëîæåíèé, ïðåäïðèíÿòà ïîïûòêà

ïîïîëíèòü ðåçóëüòàòû êëàññè÷åñêîé òåîðèè ïåðåíîñà. Ïðè ýòîì îáíàðóæèëèñü

óãîëêè òåîðèè, êóäà îêàçàëîñü âîçìîæíî âíåñòè íåîæèäàííûå äîïîëíåíèÿ.

Â ñòàòüÿõ äàííîé ñåðèè áóäóò ïðåäñòàâëåíû äåòàëè ñòàòèñòè÷åñêîãî

îïèñàíèÿ ïðîöåññà ìíîãîêðàòíîãî ðàññåÿíèÿ. Â äàííîé ñòàòüå ïðèâîäÿòñÿ

îáùèå ôîðìóëû äëÿ âåðîÿòíîñòåé âûõîäà ôîòîíîâ èç ïëîñêèõ ñðåä è ñðåäíèõ

÷èñåë èõ ðàññåÿíèÿ â óäîáíîé äëÿ èññëåäîâàíèÿ è âû÷èñëåíèÿ ôîðìå ñ

óòî÷íåíèåì äëÿ âûõîäà ÷åðåç ãðàíèöû ñëîÿ. Ïîëó÷åíû òàêæå àñèìïòîòèêè

ðàçëè÷íûõ õàðàêòåðèñòèê ïîëÿ èçëó÷åíèÿ â ãëóáîêèõ ñëîÿõ ïîëóáåñêîíå÷íîé

ñðåäû è îïòè÷åñêè òîëñòîãî ïëîñêîãî ñëîÿ.

Âî âòîðîé ñòàòüå ñåðèè â êà÷åñòâå ïðèìåðîâ áóäóò ðàññìîòðåíû: ðàññåÿíèå

â îäíîìåðíîé ñðåäå, äëÿ êîòîðîé âñå âåëè÷èíû âûðàæàþòñÿ ÷åðåç ýëåìåíòàðíûå

ôóíêöèè, è (òðåõìåðíîå) èçîòðîïíîå ìîíîõðîìàòè÷åñêîå ðàññåÿíèå, äëÿ êîòîðîãî
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âûâåäåíû àñèìïòîòèêè ðàçëè÷íûõ õàðàêòåðèñòèê ïîëÿ èçëó÷åíèÿ â ãëóáîêèõ

ñëîÿõ ïîëóáåñêîíå÷íîé ñðåäû è îïòè÷åñêè òîëñòîãî ïëîñêîãî ñëîÿ.

2. Îñíîâíûå õàðàêòåðèñòèêè è óðàâíåíèÿ, îïèñûâàþùèå

ðàññåÿíèå â ïëîñêîì ñëîå.

2.1. Îñíîâíîå èíòåãðàëüíîå óðàâíåíèå. Îñíîâíûì èíòåãðàëüíûì

óðàâíåíèåì òåîðèè ïåðåíîñà èçëó÷åíèÿ â ïëîñêîì ñëîå ñëóæèò óðàâíåíèå

        , 
2

0

0

0 





 dSKSS (1)

ãäå 0  - îïòè÷åñêàÿ òîëùèíà ñëîÿ,   - îïòè÷åñêàÿ ãëóáèíà â ñëîå, 10   -

âåðîÿòíîñòü âûæèâàíèÿ ôîòîíà ïðè îäíîêðàòíîì àêòå ðàññåÿíèÿ,  0S  - çàäàííàÿ

ôóíêöèÿ, îïðåäåëÿåìàÿ ïåðâè÷íûìè èñòî÷íèêàìè èçëó÷åíèÿ, à  S  - èñêîìàÿ

ôóíêöèÿ èñòî÷íèêîâ. ßäðî èíòåãðàëüíîãî óðàâíåíèÿ âûðàæàåòñÿ ÷åðåç ÿäåðíóþ

ôóíêöèþ, êîòîðàÿ ïðåäïîëàãàåòñÿ ïðåäñòàâèìîé â âèäå ñóïåðïîçèöèè ýêñïîíåíò:

    , 


b

a

y dyeyAK (2)

ãäå ïðåäåëû  ba0 , à âåñîâàÿ ôóíêöèÿ   0yA  äîñòàòî÷íî ãëàäêàÿ,

íàïðèìåð, èìåþùàÿ êóñî÷íî íåïðåðûâíóþ ïðîèçâîäíóþ. Êîíêðåòíàÿ ôîðìà

ôóíêöèè A(y) îïðåäåëÿåòñÿ âèäîì ðàññìàòðèâàåìîãî ðàññåÿíèÿ.

Íàðÿäó ñ ÿäåðíîé ôóíêöèåé âàæíóþ ðîëü èãðàþò åå äâóñòîðîííåå ïðåîáðà-

çîâàíèå Ëàïëàñà è ïðåîáðàçîâàíèå Ôóðüå:

           
. , 

2

1
2222  












b

a

b

a

p

uy

dyyyA
iuuV

py

dyyyA
dKep UU (3)

Âî âñåõ ñëó÷àÿõ ðàññåÿíèÿ     100 VU . Äëÿ ïðîñòîòû ïðåäïîëîæèì, ÷òî

òî÷íî     100 VU . Îòëè÷èå îò åäèíèöû ìîæíî ïåðåëîæèòü íà çíà÷åíèå  .

2.2. Ðåçîëüâåíòà è ðåçîëüâåíòíàÿ ôóíêöèÿ. Ðåçîëüâåíòà óðàâíåíèÿ

(1), îïðåäåëÿåìàÿ óðàâíåíèåì

        ,  , ,
22

 , ,
0

0

01101 








 dKK (4)

ïîçâîëÿåò íàõîäèòü ðåøåíèå ïðè ïðîèçâîëüíîé ôóíêöèè  0S :

        .  , ,
0

0

11010 


 dSSS (5)

Îíà âûðàæàåòñÿ ÷åðåç ñâîå ÷àñòíîå çíà÷åíèå - ðåçîëüâåíòíóþ ôóíêöèþ

   00  ,0 , ,  :
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   

        
 

,  ,- ,- ,- ,-

 ,- , ,

1 ,min

0

01000010

0101








dttttt (6)

êîòîðàÿ óäîâëåòâîðÿåò óðàâíåíèþ (ñëåäóþùåìó èç (4) ïðè 01  )

        .  ,
22

 ,
0

0

00 








 dKK (7)

2.3. Ïðåîáðàçîâàíèå Ëàïëàñà. Â òåîðèè ââîäèòñÿ ïðåîáðàçîâàíèå

Ëàïëàñà îò ðåçîëüâåíòû ïî êîíå÷íîìó ïðîìåæóòêó

        .  , ,
2

 , , , ,
00

1

0

0

0

1010 





 


 dpDKedeepD ppp
(8)

Òàê êàê ñâîáîäíîå ñëàãàåìîå â óðàâíåíèè (7) ÿâëÿåòñÿ ñóïåðïîçèöèåé ýêñïîíåíò
 ye , òî â ñèëó ëèíåéíîñòè óðàâíåíèÿ

      .  , ,
2

 , 00  



b

a

dyyDyA (9)

Ôóíêöèÿ  0 , ,  pD  óäîâëåòâîðÿåò òàêæå óðàâíåíèþ

            ,  , , , , , ,
 , ,

000000
0 




pYpXppD

pD
(10)

ñ ïîìîùüþ êîòîðîãî îíà âûðàæàåòñÿ ÷åðåç ñâîè ÷àñòíûå çíà÷åíèÿ è ðåçîëü-

âåíòíóþ ôóíêöèþ:

              ,  , , , , , , , , , 0
0000000

 pepXppYppXpD (11)

ãäå

       

    .  ,1 , ,

,  , , ,,  , ,0 ,

0

00

00000



















 deep

pDpYpDpX

pp (12)

Ýòè ÷àñòíûå çíà÷åíèÿ íàçûâàþòñÿ X- è Y- ôóíêöèÿìè ×àíäðàñåêàðà.

Ïðÿìî èç èíòåãðàëüíîãî óðàâíåíèÿ (4) ïîëó÷àåòñÿ ëèíåéíîå óðàâíåíèå

äëÿ  0 , ,  pD  ñ èíòåãðàëîì ïî âòîðîìó àðãóìåíòó:

          
. 

 , , , ,

2
 , ,-1 0000

0 
















 


p

b

a

p e
py

yD

py

yD
dyyAepDpU (13)

Ïðè yp  , bya  , èíòåãðàë äëÿ  yU  è èíòåãðàëû ñïðàâà ïîíèìàþòñÿ

êàê ãëàâíîå çíà÷åíèå ïî Êîøè.

Çàìåòèì, ÷òî âìåñòî ðåçîëüâåíòû è ðåçîëüâåíòíîé ôóíêöèè ìîæíî îïè-

ñûâàòü ìíîãîêðàòíîå ðàññåÿíèå ôóíêöèåé Ãðèíà è åå ÷àñòíûì çíà÷åíèåì:
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           0001101  , ,,  , ,- , ,   (14)

Òîãäà íå òðåáóåòñÿ âûäåëÿòü âíåèíòåãðàëüíûå ñëàãàåìûå â (4), (5), (7) è (8),

íî ïðèäåòñÿ îñòîðîæíî îïåðèðîâàòü ñ äåëüòà-ôóíêöèåé.

2.4. Âåðîÿòíîñòü âûõîäà. Ôóíêöèÿ  0 , ,  pD  ïðîïîðöèîíàëüíà

âåðîÿòíîñòè âûõîäà ôîòîíà èç ñðåäû ÷åðåç ãðàíèöó 0 , åñëè ïåðâîíà÷àëüíî

ôîòîí íàõîäèëñÿ â ïîãëîùåííîì ñîñòîÿíèè íà ãëóáèíå  . Àðãóìåíò p

îïðåäåëÿåò óãëîâûå è ÷àñòîòíûå õàðàêòåðèñòèêè âûõîäÿùåãî ôîòîíà.

Íàñ çäåñü èíòåðåñóþò âåðîÿòíîñòè âûõîäà ôîòîíà áåç óòî÷íåíèÿ ýòèõ

õàðàêòåðèñòèê. Äëÿ ïîëó÷åíèÿ óðàâíåíèé äëÿ íèõ ïîñëå çàìåíû p íà y â (10)

óìíîæèì ýòî óðàâíåíèå íà  
y

dy
yA

2


 è ïðîèíòåãðèðóåì ïî y îò a äî b:

           .  , , ,0 , ,
 ,

0000000
0 




PP

P
(15)

Çäåñü ïîëíàÿ âåðîÿòíîñòü âûõîäà ôîòîíà ñ ãëóáèíû   ÷åðåç ãðàíèöó 0

      .   , ,
2

 , 00  



b

a
y

dy
yDyAP (16)

Äëÿ ýòîé ôóíêöèè èç (8) ïîëó÷àåòñÿ óðàâíåíèå

            , ,  ,
22

 ,
0

0

00 












 dKLdPKLP (17)

èç êîòîðîãî òàêæå ìîæíî âûâåñòè (15) íåïîñðåäñòâåííûì äèôôåðåíöèðîâàíèåì.

Åùå ïðîùå âûâîäèòñÿ ðàâåíñòâî

     .  , ,
 ,

0000
0

0 



P

P
(18)

Ñëîæèâ äâà ðàâåíñòâà (15) è (18), ïîëó÷èì

         .  ,0 , ,
 , ,

000
0

00 








P

PP
(19)

Óðàâíåíèå (15) ìîæíî ïðîèíòåãðèðîâàòü ïî   îò 0 äî   è ïîëó÷èòü

                
           ,  , , , , ,011

 , , ,1 ,1 ,0 ,0 ,

00000000

0000000000





PP

PPPP
(20)

ãäå èíòåãðàë îò ðåçîëüâåíòíîé ôóíêöèè

     .  0, , ,1 , 0

0

00  


d (21)

2.5. Êðàéíèå çíà÷åíèÿ âåðîÿòíîñòè âûõîäà. Ïîäñòàâèì â (20) 0 :
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              
         
        .  , ,0 ,11 ,

1 , ,0 ,1 ,0

1 , ,1 ,1 ,0 ,0 ,

0000000

000000

000000000







PPP

PPP

PPPP

(22)

Îòñþäà ïîëó÷àåòñÿ òîæäåñòâî

       . 1 , ,0 ,1 00000  PP (23)

Åùå îäíî òîæäåñòâî ñëåäóåò èç óðàâíåíèÿ (13). Ïîäñòàâèâ â íåãî 0

è p = 0, âîñïîëüçîâàâøèñü ñâÿçüþ, âûòåêàþùåé èç îïðåäåëåíèé (8) è (12):

    ,  , 0, ,0 000 D (24)

ïîëó÷èì

       .  ,0 ,1 ,1 00000  PP (25)

Êîìáèíèðîâàíèå äâóõ òîæäåñòâ äàåò ñîîòíîøåíèå

          . 1 , ,01 , ,01 000000  PPPP (26)

Äëÿ ìîìåíòîâ êðàéíèõ çíà÷åíèé ïðåîáðàçîâàíèÿ  0 , ,  pD  ââîäÿòñÿ

ñïåöèàëüíûå îáîçíà÷åíèÿ:

            


b

a
nn

b

a
nn

y

dy
yYyA

y

dy
yXyA . ,, ,

100100 (27)

Ñîîòíîøåíèå (16) ïðè 0  è 0  äàåò ñâÿçü âåðîÿòíîñòåé âûõîäà ñ

ìîìåíòàìè, ÷åðåç êîòîðûå ìîæíî çàïèñàòü ðàâåíñòâî (23):

         
   

. 

22
1

1
 ,  , 

2
 ,  , 

2
 ,0

0000

000000000















 PP (28)

Â äàëüíåéøåì èñïîëüçóåì íå ìîìåíòû, à êðàéíèå çíà÷åíèÿ ïîëíîé âåðîÿòíîñòè

âûõîäà.

Ñêëàäûâàÿ ïåðâóþ ñòðî÷êó (20) ñî âòîðîé ñ èçìåíåííûìè àðãóìåíòàìè

 0 , ïîëó÷àåì äëÿ âåðîÿòíîñòè âûõîäà ÷åðåç îáå ãðàíèöû

          
      .  , , ,

 , ,011 , , ,

00000

0000000



 PPPPP
(29)

Âîñïîëüçîâàâøèñü òîæäåñòâîì (25), ïåðåïèøåì (29) â äðóãîì âèäå

            .  , , , ,11 , 00000000 P (30)

Åùå îäèí âèä çàïèñè îäíîñòîðîííèõ âåðîÿòíîñòåé, ïîëíîñòüþ ñèììåò-

ðè÷íûé:

          

      ,  , , ,

 ,
2

1
 , , 0,1

2

1
 ,

000000

0000000













P

PPP

(31)
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          

      .  , , ,

 ,
2

1
 , , 0,1

2

1
 ,

00000

000000000













P

PPP

(32)

Ïîëó÷åíèå ñóììû (29) ïðè òàêîé çàïèñè òðèâèàëüíî.

Ñíîâà ïðèìåíèâ (25), íàéäåì ïîðîçíü

 
 

   

 
 

    .  ,1
 ,

1

2

1
 ,

,  ,1
 ,

1

2

1
1 0,

00
00

00

00
00

0



























P

P

(33)

3. Ñðåäíèå ÷èñëà ðàññåÿíèÿ.

3.1. Îïðåäåëåíèå. Ïî ñìûñëó îïðåäåëåíèÿ ôóíêöèè Ãðèíà (â ðàñ÷åòå

íà åäèíèöó ïëîùàäè ãðàíèöû ñëîÿ ðîæäàåòñÿ îäèí ôîòîí) ïðîèçâåäåíèå

   d01  , ,  ïðåäñòàâëÿåò ñîáîé ñðåäíåå ÷èñëî ôîòîíîâ, èçëó÷àþùèõñÿ â

ñëîå d  (òàêæå íà åäèíèöó ïëîùàäè ãðàíèöû), èëè ñðåäíåå ÷èñëî ðàññåÿíèé,

ðîæäåííûõ íà ãëóáèíå 1  ôîòîíà, ïðè÷åì ïåðâîå èçëó÷åíèå âõîäèò â ýòî

÷èñëî. Ñðåäíåå ÷èñëî ðàññåÿíèé òàêîãî ôîòîíà âî âñåé òîëùèíå ñëîÿ  0 , N

ðàâíî èíòåãðàëó îò ôóíêöèè Ãðèíà è îïðåäåëÿåòñÿ óðàâíåíèåì, ïîëó÷àþùèìñÿ

èíòåãðèðîâàíèåì óðàâíåíèÿ äëÿ íåå (ò.å. óðàâíåíèÿ (4) ñî ñâîáîäíûì

ñëàãàåìûì )( 1 ) ïî  . Ââèäó ñèììåòðè÷íîñòè  01  , ,   îòíîñèòåëüíî

àðãóìåíòîâ   è 1  ìîæíî èíòåãðèðîâàòü ïî 1 , à àðãóìåíòîì îñòàâèòü  :

        .  ,
2

1 , , ,
00

0

0

0

1010 


 


 dNKdN (34)

Òàê êàê èç ýòîãî ñëåäóåò, ÷òî    00  0, , ,  DN , òî ñîãëàñíî (11) ñ ó÷åòîì

òîãî, ÷òî      0000  , ,0 ,0  YX ,

          
        .  , , , ,

 ,0 , , ,0 ,

0000000

0
2

00000



 XXN
(35)

Ïóòåì êîìáèíèðîâàíèÿ óðàâíåíèé (17) è (34), îïðåäåëÿþùèõ ôóíêöèè

 0 , P  è  0 , N , ñ èñïîëüçîâàíèåì ðàâåíñòâà

     


0

0

2
0

LLdK (36)

ïîëó÷àåòñÿ ñîîòíîøåíèå

      . 1 , ,1 00  PN (37)

Èç (37) è (30) ñëåäóåò, ÷òî



593ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ  ÐÀÑÑÅßÍÈß  ÔÎÒÎÍÎÂ

            .  , , , ,
1

 ,1
 , 0000000

0
0 






P
N (38)

3.2. Ðàçäåëåííûå ñðåäíèå. Ñðåäíèå ÷èñëà ðàññåÿíèé ðàçäåëÿþòñÿ äëÿ

ôîòîíîâ, âûõîäÿùèõ èç ñðåäû N
E
 è ïîãëîùàåìûõ â íåé N

A
. Î÷åâèäíî

ñîîòíîøåíèå, ñëóæàùåå ôàêòè÷åñêè îïðåäåëåíèåì ýòèõ ñðåäíèõ:

          .  , ,1 , , , 00000  AE NNN PP (39)

Åñëè íàéäåíî îäíî èç íèõ è èçâåñòíà âåðîÿòíîñòü  0 , P , òî äðóãîå íàõîäèòñÿ.

Äåéñòâèòåëüíî, èñêëþ÷àÿ èç ñîîòíîøåíèé (37) è (39)  0 , N , ïîëó÷àåì

   
 

 .  ,
 ,1

 ,

1

1
 , 0

0

0
0 







 EA NN

P

P
(40)

Åùå áîëåå ïîäðîáíîå ðàññìîòðåíèå ïðåäóñìàòðèâàåò îïðåäåëåíèå ñðåäíèõ

÷èñåë ðàññåÿíèé ôîòîíîâ, êîòîðûå âûøëè ÷åðåç îïðåäåëåííóþ ãðàíèöó, êàê

ýòî áûëî ñäåëàíî ïî îòíîøåíèþ ê âåðîÿòíîñòÿì âûõîäà ôîòîíîâ. Îáîçíà÷èì

ýòè ñðåäíèå  0 , N  è    000  , ,   NN  ñîîòâåòñòâåííî äëÿ âåðõíåé

è íèæíåé ãðàíèöû. Ïîëíîå ÷èñëî ðàññåÿíèé âûøåäøèõ ôîòîíîâ åñòü

âçâåøåííîå ñðåäíåå:

         
 

. 
 ,

 , , , ,
 ,

0

000000
0




 

P

NPNP
NE (41)

Çàäà÷è î ñðåäíèõ ÷èñëàõ ðàññåÿíèé ðåøàëèñü ìíîãèìè òåîðåòèêàìè.

Íàèáîëåå ñóùåñòâåííûå ðåçóëüòàòû ïîëó÷åíû â ðàáîòàõ [16-22].

3.3. Êðàòíîñòè ðàññåÿíèÿ. Âñå ôóíêöèè ìîæíî ðàçëîæèòü ïî êðàò-

íîñòÿì ðàññåÿíèÿ, ò.å. ïî ñòåïåíÿì  . Íà÷íåì ñ ôóíêöèè Ãðèíà:

   .  , , , ,
0

0101 



 

n
n

n
(42)

Ïðè ýòîì

        .  , ,
2

1
 , ,,  , ,

0

0

011011010 





 de nn (43)

Ðàçëîæèì ïî ñòåïåíÿì   âåðîÿòíîñòü è ñðåäíåå ÷èñëî:

       .  , ,,  , ,
0

00
0

00 









n

n
n

n
n

n NNPP (44)

Î÷åâèäíî, ÷òî ïðè ÷èñòîì ðàññåÿíèè, ò.å. ïðè 1

  . 1 ,
0

0 


n
nP (45)

Êîýôôèöèåíò nP  ïîêàçûâàåò, êàêîé ñòàëà âåðîÿòíîñòü âûõîäà ïîñëå n-ãî

ðàññåÿíèÿ. Ñðåäíåå ÷èñëî ðàññåÿíèé (ìàòåìàòè÷åñêîå îæèäàíèå) äëÿ ýòîé
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âåëè÷èíû

 

   
   
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 ,ln ,
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P
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n
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E

n

N (46)

Ïðèâåäåííûå ôîðìóëû ïîçâîëÿþò âûðàçèòü îáà ÷àñòíûõ ñðåäíèõ ÷åðåç

ïîëíîå ÷èñëî:

   
   

   

   
. 

 ,ln
1 ,

, 
 ,ln
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 ,11

 ,
 ,

0
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0

0

0
0

























N
N

N

N

N
N

A

E

(47)

Âñå ýòè ôîðìóëû áûëè ïîëó÷åíû Â.Â.Ñîáîëåâûì â ñòàòüÿõ [17-20] (êðîìå N ).

Ðàññóæäåíèÿ, ïîëíîñòüþ ñîâïàäàþùèå ñ òåìè, êîòîðûå èñïîëüçóþòñÿ ïðè

âûâîäå ôîðìóëû (46), ïðèâîäÿò ê

         .  ,
 ,ln

 ,, 
 ,ln

 , 00
00

0
0

0 








  N

P
N

P
N (48)

Ôîðìóëà (41), êîíå÷íî, ñîáëþäàåòñÿ.

Ñïîñîá íàõîæäåíèÿ ñðåäíèõ ÷èñåë ðàññåÿíèé ÷åðåç ïðîèçâîäíûå ïî 

áûë ïðåäëîæåí Â.À.Àìáàðöóìÿíîì [16]. Îí ðàññìàòðèâàë èíòåíñèâíîñòü

âûõîäÿùåãî èçëó÷åíèÿ, íî ìîæíî ïðèìåíèòü òàêîå ðàññóæäåíèå è ê äðóãèì

âåëè÷èíàì, â ÷àñòíîñòè, ê âåðîÿòíîñòÿì âûõîäà.

Ïðîèçâîäíûå ïî   îò âåðîÿòíîñòåé âûõîäà, ñîãëàñíî ôîðìóëàì (31)-(32),

âûðàæàþòñÿ ÷åðåç ïðîèçâîäíûå ïî   îò ôóíêöèè  0 ,   è âåðîÿòíîñòåé

 0 0, P  è  00  , P . Ýòè ïîñëåäíèå

 
 

    ,  ,
2

1 ,

 ,

1
1

2

1 0,
00

00

00
2

0 



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















 P
(49)

 
 

   .  ,
2

1 ,

 ,

1
1

2

1 ,
00

00

00
2

00 





















P
(50)

Âñå ïðèâåäåííûå ôîðìóëû äëÿ ñðåäíèõ ÷èñåë ðàññåÿíèÿ ñïðàâåäëèâû äëÿ

ñëîåâûõ èñòî÷íèêîâ, ò.å. ðàñïîëîæåííûõ íà îïðåäåëåííîé ãëóáèíå  . Åñëè

èñòî÷íèêè ðàñïðåäåëåíû ïî ñëîþ, òî äëÿ îïðåäåëåíèÿ ñðåäíèõ ÷èñåë ðàññåÿíèÿ

íàäî ïðîñòî ïðîèçâåñòè óñðåäíåíèå ïî èõ ðàñïðåäåëåíèþ.

4. Òî÷íûå ðåøåíèÿ äëÿ ïîëóáåñêîíå÷íîé ñðåäû è àñèìïòîòèêè

äëÿ òîëñòîãî ñëîÿ.

4.1. Ðåçîëüâåíòíàÿ ôóíêöèÿ ïîëóáåñêîíå÷íîé ñðåäû. Â ñëó÷àå

ïîëóáåñêîíå÷íîé ñðåäû âñå óðàâíåíèÿ ïîëó÷àþò ñâîþ ïðåäåëüíóþ ôîðìó,

ïîäñòàâèâ â íèõ 0 ,    pHpX  , ,   0 , pY  è ó äðóãèõ ôóíêöèé



595ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ  ÐÀÑÑÅßÍÈß  ÔÎÒÎÍÎÂ

îïóñòèâ àðãóìåíò 0 . Òîãäà óðàâíåíèå (7) äîïóñêàåò òî÷íîå àíàëèòè÷åñêîå

ðåøåíèå:

     
 

   

    
. 

2
1

2
 ,,  ,

2
0










 



yAy

yA
y

yH

dy
yeC

b

a

k e

U

RR (51)

Çäåñü k ( ak 0 ) - õàðàêòåðèñòè÷åñêîå ÷èñëî, êîðåíü õàðàêòåðèñòè÷åñêîãî

óðàâíåíèÿ

  . 01  kU (52)

H-ôóíêöèÿ (íîñÿùàÿ èìÿ ×àíäðàñåêàðà) ìîæåò áûòü íàéäåíà ïî òî÷íîé

ôîðìóëå

     . -1lnln
0

22








up

du
uV

p
pH (53)

Âî âíåèíòåãðàëüíîì ñëàãàåìîì êîýôôèöèåíò C
0
 è âåëè÷èíà e , íàçûâàåìàÿ

ýêñòðàïîëèðîâàííîé äëèíîé, îïðåäåëÿþòñÿ ôîðìóëàìè

 
    

. 
2

2ln
, 

2 2

0
k

kHkk

k

k
C e

U

U





 (54)

Äëÿ ïîñëåäíåé ìîæåò áûòü ïîëó÷åíî âûðàæåíèå

        
  















b

a

e
yA

y
y

ky

dy
y

ka

ka

k
. 

2

1
 ,,  ,arcctg

1
ln

2

1
22

U
XX (55)

Åñëè íå ñóùåñòâóåò ðåøåíèÿ (52), âíåèíòåãðàëüíîå ñëàãàåìîå â (51)

îòñóòñòâóåò è âåëè÷èíû (54) íå âîçíèêàþò.

4.2. Çàäà÷à Ìèëíà. Åñëè ñóùåñòâóåò ðåøåíèå õàðàêòåðèñòè÷åñêîãî

óðàâíåíèÿ (52), òî ñóùåñòâóåò è ðåøåíèå çàäà÷è Ìèëíà, ò.å. ðåøåíèå îäíî-

ðîäíîãî óðàâíåíèÿ (ïîëîæèì S
M
(0) = 1)

      . 
2

0






 dSKS MM (56)

Ýòî ðåøåíèå ðàçáèâàåòñÿ íà ðàñòóùóþ  kHek   è óáûâàþùóþ    ÷àñòè,

êîòîðûå îïðåäåëÿþòñÿ ôîðìóëàìè

        , 1
0













 





 kHedeeS kkk

M (57)

        . 
0









  dede kk

(58)

Äëÿ âûâîäà âûðàæåíèÿ äëÿ íåðàñòóùåé ÷àñòè ðåøåíèÿ çàäà÷è Ìèëíà

èñõîäèì èç ÿâíîãî âûðàæåíèÿ ðåçîëüâåíòíîé ôóíêöèè (51). Ïîäñòàâèâ ýòî
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âûðàæåíèå â îïðåäåëåíèå (58), ïîëó÷èì

     
    







b

a

y
k .

yHky

dye
ye

k

C
e   ,

2
0 R (59)

Ýòà ôóíêöèÿ íå ðàñòåò ñ ðîñòîì  , íî âíåèíòåãðàëüíîå ñëàãàåìîå, à ñ íèì

è âñÿ ôóíêöèÿ îáðàùàþòñÿ â áåñêîíå÷íîñòü ïðè ïåðåõîäå ê ÷èñòîìó ðàññåÿíèþ,

ò.å. ïðè 0k , â îòëè÷èå îò ïîëíîãî ðåøåíèÿ  MS , êîòîðîå îñòàåòñÿ

êîíå÷íûì, òàê êàê åãî âíåèíòåãðàëüíîå ñëàãàåìîå 
 
k

k
C esh

0 . Çíà÷åíèå â

íóëå è àñèìïòîòèêà ïðè áîëüøèõ   íåðàñòóùåé ÷àñòè

        . 
2

, 10 0 eke
k

C
~kH 

  (60)

Ïîëíûé èíòåãðàë îò íåå

            . 
1

1101

000




























 






 kH
kk

kHH
ded

k
d k

(61)

Èíòåãðàë ïðè 0k  ðàñõîäèòñÿ êàê 21 k . Èíòåãðàë ïî ïðîìåæóòêó    ,

     
    











b

a

y
k

yHkyy

dye
ye

k

C
d e .  ,

2 2
0 R (62)

Èíòåãðàëû ïî ïðîìåæóòêàì ñ ëåâûì êîíöîì 0 ïîëó÷àþòñÿ êàê ðàçíîñòè (61)

è (62). Àñèìïòîòèêà ïðè 1

         . 
2

, 1
1

11 02

0

ee kk e
k

C
kHe

k

kH

k
~d 



 


 (63)

Ïðèâåäåì òàêæå èíòåãðàë îò ðåçîëüâåíòíîé ôóíêöèè:

       
 









b

a

y
k

yyH

dye
ye

k

C
d e .  ,

1

1
1 0

0

R (64)

4.3. Àñèìïòîòèêè ïðè áîëüøèõ 0 . Âíåèíòåãðàëüíûå ñëàãàåìûå äàþò

âîçìîæíîñòü ïîëó÷èòü àñèìïòîòèêè ðàññìàòðèâàåìûõ âåëè÷èí.

×åðåç ïðåäñòàâëåííûå çäåñü ôóíêöèè ïðè áîëüøèõ îïòè÷åñêèõ òîëùèíàõ

ñëîÿ ïðåæäå âñåãî âûðàæàåòñÿ àñèìïòîòèêà ðåçîëüâåíòíîé ôóíêöèè, îïðåäå-

ëÿåìîé óðàâíåíèåì (7) (ñì. [2,7]):

     
 

      . 
2sh

 , , 2
0

0
00

0 


 



ek

e
as e

k

k
~ (65)

Àñèìïòîòèêà åå êðàéíåãî çíà÷åíèÿ

   
 

   

 
. 

2sh
~

2
1

2sh
 ,

0

03

0
000

00

e

kk

e k

k
e
k

C
ekH

k

k
~ e












 

(66)

Ñëåäóþùåé íàéäåì àñèìïòîòèêó ôóíêöèè (21) â êðàéíåé òî÷êå:
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   
 

      . 
2sh

 ,
0

0

0

0

2

0

0
0

000














 








 ded
k

k
~ ek

e

(67)

Ïîñëå ïîäñòàíîâêè àñèìïòîòèê âõîäÿùèõ ñþäà âåëè÷èí è ñîêðàùåíèé, ïîëó-

÷àåòñÿ ñðàâíèòåëüíî ïðîñòîå âûðàæåíèå

  . 
2

th
1

1
 , 0

00 












 ek~ (68)

Ëåãêî ïîêàçàòü, ÷òî ýòà àñèìïòîòèêà óäîâëåòâîðÿåò ñîîòíîøåíèþ

     .  , ,
 ,

0000
0

00 




d

d
(69)

Ñ ïîìîùüþ ôîðìóë (33) è (68) ïîëó÷àåì àñèìïòîòèêè

 
 

, 
2th

1
1

2
th

2
cth

2

1
1 ,0

0

00
0

e
ee

k
kk~P




































 (70)

 
 

, 
2sh

1

2
th

2
cth

2

1
 ,

0

00
00

e
ee

k
kk~P




































 (71)

       
 

. 
2

th11
2sh

12ch
11 , ,0 ,0 0

0

0
0000 
















 e

e

e k
k

k
PP (72)

È ýòè àñèìïòîòèêè óäîâëåòâîðÿþò óðàâíåíèÿì, ñëåäóþùèì èç (15) è (19):

            ,  ,01 ,
 ,

,  , ,
 ,0

000
0

00
0000

0

0 








P

d

dP
P

d

dP
(73)

      .  ,01 ,
 ,0

000
0

0 



P

P

d

d
(74)

Òîæäåñòâà (23) è (25) âûïîëíÿþòñÿ è äëÿ àñèìïòîòèê.

4.4. Àñèìïòîòèêè X- è Y-ôóíêöèé. Àñèìïòîòèêè ýòèõ ôóíêöèé

ïðè íàëè÷èè õàðàêòåðèñòè÷åñêîãî ÷èñëà âûãëÿäÿò äîâîëüíî ïðîñòî [7]:

   
 

 
 

 
, 

1

2sh2sh
1 , 0

0

0

2

0
0




















 p

e

k

e

e
pkk

k
pH

pk

e

k

k
pH~pX

e

(75)

   
 

 
 

 
. 

2sh
1

1

2sh
 , 0

0 2

00
0




















 p

k

ee

e
pk

e

k

k
pH

pkk

k
pH~pY

e

(76)

Ñâÿçü ìåæäó ýòèìè ôóíêöèÿìè    00  , , 0   pXepY p
 ñîáëþäàåòñÿ è ó èõ

àñèìïòîòèê. Âòîðûå ñëàãàåìûå, ïðîïîðöèîíàëüíûå 0 pe , ñëåäóåò ó÷èòûâàòü

òîëüêî òîãäà, åñëè ap  .

4.5. Êðóïíîìàñøòàáíûå àñèìïòîòèêè. Íàðÿäó ñ àñèìïòîòèêàìè

âåëè÷èí íà êðàÿõ ñëîÿ ìîãóò áûòü ïîëó÷åíû è òàê íàçûâàåìûå àñèìïòîòèêè,



598 Ä.È.ÍÀÃÈÐÍÅÐ  È  ÄÐ.

ñïðàâåäëèâûå â ïðåäïîëîæåíèÿõ, ÷òî â îïòè÷åñêè òîëñòîì ñëîå ( 10  )

ðàññìàòðèâàþòñÿ ñëîè, äàëåêèå îò îáåèõ ãðàíèö, ò.å. 1  è 10  .

Ïîëó÷èì òàêóþ àñèìïòîòèêó ñíà÷àëà äëÿ ôóíêöèè  0 ,  . Äëÿ ýòîãî

ïðîèíòåãðèðóåì ðàâåíñòâî (65), ñïðàâåäëèâîå ïðè 10   è âñåõ 00  ,

ïî   îò 0 äî  :

   
 

      . 
2sh

 ,
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0
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



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k
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e
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Ïðè ïðèíÿòûõ ïðåäïîëîæåíèÿõ àñèìïòîòèêà èíòåãðàëà îò ðåçîëüâåíòíîé

ôóíêöèè ïîëóáåñêîíå÷íîé ñðåäû

    . 
1

1

1

1 0 ekk
as e
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C
e
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C  





 (78)

Àñèìïòîòèêà èíòåãðàëà îò íåðàñòóùåé ÷àñòè ðåøåíèÿ çàäà÷è Ìèëíà ñ àðãó-

ìåíòîì 0  ïîëó÷àåòñÿ èç (62):

          . 1
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kk ee
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C
dddd e (79)

Íàéäÿ ðàçíîñòü â êâàäðàòíûõ ñêîáêàõ, ñîãëàñíî (63), ïîëó÷èì ïîëíóþ êðóïíî-

ìàñøòàáíóþ àñèìïòîòèêó
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Ñëåäóþùåé íàéäåì âåðîÿòíîñòü ïî ôîðìóëå (20):
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Ñëàãàåìûå, íå ñîäåðæàùèå ìíîæèòåëÿ C
0
, ñîêðàùàþòñÿ, à ñëàãàåìûå ïðè

ìíîæèòåëå   10 kC  ïðåîáðàçóþòñÿ. Îêîí÷àòåëüíî ïîëó÷àåòñÿ ïðîñòîå

âûðàæåíèå:
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Ïîëíàÿ âåðîÿòíîñòü ðàâíà ñóììå, òàê ÷òî
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Êàê è äîëæíî áûòü, àñèìïòîòèêà ýòîé âåðîÿòíîñòè ñèììåòðè÷íà îòíîñèòåëüíî
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ñåðåäèíû ñëîÿ.

5. Àñèìïòîòèêè ÷èñåë ðàññåÿíèÿ.

5.1. Ïîëíîå ÷èñëî. Àñèìïòîòè÷åñêèå ôîðìóëû äëÿ ïîëíîãî ÷èñëà

ðàññåÿíèé ïîëó÷àþòñÿ ñðàçó èç (3), (72) è (83). Ïðè êðàéíèõ ãëóáèíàõ

       ek~NN 


 2th
1

1
 , , ,0 000000 (84)

è êðóïíîìàñøòàáíàÿ àñèìïòîòèêà, êàê è âåðîÿòíîñòü, ñèììåòðè÷íàÿ îòíîñè-

òåëüíî ñåðåäèíû ñëîÿ:
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Ïîëó÷åíèå æå ôîðìóë äëÿ ÷àñòè÷íûõ ÷èñåë ðàññåÿíèÿ òðåáóåò âû÷èñëåíèÿ

ïðîèçâîäíûõ ïî  . Íà÷íåì ñ âåëè÷èí, çàâèñÿùèõ òîëüêî îò ýòîé ïåðåìåííîé.

5.2. Ïðîèçâîäíûå îò k, C
0
 è e . Ñíà÷àëà, äèôôåðåíöèðóÿ óðàâíåíèå

(52), íàõîäèì ïðîèçâîäíóþ îò õàðàêòåðèñòè÷åñêîãî ÷èñëà:
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Ñëåäóþùèìè áåðåì ïðîèçâîäíûå îò ýêñòðàïîëèðîâàííîé äëèíû (55):
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5.3. Ãðàíèöû ñëîÿ. Äëÿ òîãî, ÷òîáû ïîëó÷èòü àñèìïòîòèêè ñðåäíèõ

÷èñåë ðàññåÿíèÿ ôîòîíîâ ñ ãðàíèö ñëîÿ ïî ôîðìóëàì (49)-(50), íàõîäèì

ïðîèçâîäíóþ
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Ñëîæåíèå ýòèõ ôîðìóë äàåò
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÷òî, êîíå÷íî, ïîëó÷àåòñÿ è èç (25).

Ïîëó÷åííûå ïðîèçâîäíûå è ïðèâåäåííûå âûøå ôîðìóëû (47)-(48) ïîçâî-

ëÿþò íàéòè àñèìïòîòèêè ÷èñåë ðàññåÿíèÿ.

6. Çàêëþ÷åíèå. Òàêèì îáðàçîì, â ñòàòüå âîñïðîèçâåäåíû èçâåñòíûå

ôîðìóëû òåîðèè ïåðåíîñà èçëó÷åíèÿ â ïëîñêèõ ñðåäàõ, òî÷íûå ðåøåíèÿ äëÿ

ïîëóáåñêîíå÷íîé ñðåäû è àñèìïòîòèêè îñíîâíûõ âåëè÷èí äëÿ åå ãëóáîêèõ

ñëîåâ ïðè íàëè÷èè ðåøåíèÿ õàðàêòåðèñòè÷åñêîãî óðàâíåíèÿ â óäîáíîé

êîìïàêòíîé ôîðìå. Äëÿ ïëîñêîãî ñëîÿ íàéäåíû òî÷íûå ñîîòíîøåíèÿ ìåæäó

âåðîÿòíîñòÿìè âûõîäà ôîòîíîâ èç ñëîÿ è ñðåäíèìè ÷èñëàìè ðàññåÿíèé. Ñ

èõ ïîìîùüþ äëÿ îïòè÷åñêè òîëñòîãî ñëîÿ ïîëó÷åíû àñèìïòîòèêè ýòèõ

âåëè÷èí äëÿ ãðàíèö ñëîÿ è äëÿ åãî âíóòðåííèõ ñëîåâ (êðóïíîìàñøòàáíûå).

Ïðè ýòîì ðàçãðàíè÷èâàþòñÿ ñðåäíèå ÷èñëà ôîòîíîâ, âûõîäÿùèõ ÷åðåç âåðõíþþ

è íèæíþþ ãðàíèöû.

Âî âòîðîé ñòàòüå ñåðèè ïîëó÷åííûå ðåçóëüòàòû áóäóò ïðèìåíåíû ê äâóì

êîíêðåòíûì âèäàì ðàññåÿíèÿ.

Ñàíêò-Ïåòåðáóðãñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò,

Ðîññèÿ, e-mail: dinagirner@gmail.com
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THE ESCAPE PROBABILITY AND MEAN NUMBERS
OF SCATTERINGS OF PHOTONS. I. EXACT AND

ASYMPTOTIC FORMULAE

D.I.NAGIRNER, Y.V.MILANOVA, A.V.DEMENTYEV, E.V.VOLKOV

Using the basic formulae of the theory of radiative transfer, more detailed

information on the characteristics of photon scattering in a plane layer is obtained.

Namely, the probabilities of photon escape separately through the upper and lower

boundaries of the layer and the mean numbers of scatterings of such photons are

found.

Keywords: radiation transfer: mean numbers of scatterings of photons
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ÎÁÇÎÐÛ

ÌÈÑÒÈ×ÅÑÊÀß ÂÎËÍÀ ÐÝÄÊËÈÔÔÀ

Â.Â.ÁÎÁÛËÅÂ1, À.Ò.ÁÀÉÊÎÂÀ1, Þ.Í.ÌÈØÓÐÎÂ2

Ïîñòóïèëà 25 èþëÿ 2022
Ïðèíÿòà ê ïå÷àòè 11 íîÿáðÿ 2022

Îáçîð ïîñâÿùåí âîëíå Ðýäêëèôôà, îòêðûòîé íåäàâíî Àëâåñîì è äð. èç àíàëèçà ðàñïî-
ëîæåíèÿ ìîëåêóëÿðíûõ îáëàêîâ. Ýòè àâòîðû âûäåëèëè óçêóþ öåïî÷êó èç ìîëåêóëÿðíûõ îáëàêîâ,
âûòÿíóòûõ ïðàêòè÷åñêè â îäíó ëèíèþ, ðàñïîëîæåííóþ ïîä íàêëîíîì îêîëî 30

o
 ê ãàëàêòè-

÷åñêîé îñè y. Ñîáñòâåííî, âîëíà Ðýäêëèôôà î÷åð÷èâàåò çàòóõàþùèå îñöèëëÿöèè â âåðòèêàëüíîì
ðàñïðåäåëåíèè ìîëåêóëÿðíûõ îáëàêîâ ñ ìàêñèìàëüíîé àìïëèòóäîé êîëåáàíèÿ îêîëî 160 ïê è
õàðàêòåðíîé äëèíîé âîëíû îêîëî 2.5 êïê. Â íàñòîÿùåå âðåìÿ íàëè÷èå âîëíû Ðýäêëèôôà
ïîäòâåðæäåíî â âåðòèêàëüíîì ðàñïðåäåëåíèè: à) ìåæçâåçäíîé ïûëè, á) èñòî÷íèêîâ ìàçåðíîãî
èçëó÷åíèÿ è ðàäèîçâåçä, êîòîðûå ÿâëÿþòñÿ î÷åíü ìîëîäûìè çâåçäàìè è ïðîòîçâåçäàìè, òåñíî
ñâÿçàííûìè ñ ìîëåêóëÿðíûìè îáëàêàìè, â) ìàëîìàññèâíûõ çâåçä òèïà Ò Òåëüöà, ã) áîëåå
ìàññèâíûõ OB-çâåçä è ä) ìîëîäûõ ðàññåÿííûõ ñêîïëåíèé çâåçä. Âîëíà Ðýäêëèôôà ïðîñëåæè-
âàåòñÿ è â âåðòèêàëüíûõ ñêîðîñòÿõ ìîëîäûõ çâåçä. Áîëüøèíñòâî èç ðàññìîòðåííûõ ðåçóëüòàòîâ
àíàëèçà âåðòèêàëüíûõ ñêîðîñòåé ðàçëè÷íûõ ìîëîäûõ çâåçä ïîêàçûâàåò, ÷òî êîëåáàíèÿ
âåðòèêàëüíûõ ïîëîæåíèé è âåðòèêàëüíûõ ñêîðîñòåé çâåçä â âîëíå Ðýäêëèôôà ïðîèñõîäÿò
ñèíõðîííî. Ïðèðîäà âîëíû Ðýäêëèôôà äî êîíöà íå ÿñíà. Ìíîãèå èññëåäîâàòåëè ñâÿçûâàþò åå
ñ ïðåäïîëîæåíèåì î âíåøíåì ãðàâèòàöèîííîì âîçäåéñòâèè íà ãàëàêòè÷åñêèé äèñê óäàðíèêà
òèïà êàðëèêîâîé ãàëàêòèêè-ñïóòíèêà Ìëå÷íîãî Ïóòè.

Êëþ÷åâûå ñëîâà: âîëíà Ðýäêëèôôà: ìîëåêóëÿðíûå îáëàêà: ìîëîäûå çâåçäû

1. Îòêðûòèå âîëíû Ðýäêëèôôà. Âáëèçè Ñîëíöà èçâåñòíà âîëíà

Ðýäêëèôôà, ðàñïðîñòðàíÿþùàÿñÿ ïðèáëèçèòåëüíî âäîëü Ìåñòíîãî ðóêàâà (ðóêàâà

Îðèîíà). Âïåðâûå îíà áûëà îáíàðóæåíà Àëâåñîì è äð. [1] èç àíàëèçà ðàñïðå-

äåëåíèÿ ìîëåêóëÿðíûõ îáëàêîâ. Ïåðâûå àâòîðû ýòîãî íàó÷íîãî êîëëåêòèâà

ÿâëÿþòñÿ ïðåäñòàâèòåëÿìè Èíñòèòóòà ïåðñïåêòèâíûõ èññëåäîâàíèé Ðýäêëèôôà

â Êåìáðèäæå, Ìàññà÷óñåòñ. Ïîýòîìó âîëíó îíè íàçâàëè â ÷åñòü ðîäíîãî

èíñòèòóòà.

Àëâåñ è äð. [1] âûäåëèëè óçêóþ öåïî÷êó èç ìîëåêóëÿðíûõ îáëàêîâ,

âûòÿíóòûõ ïðàêòè÷åñêè â îäíó ëèíèþ, ðàñïîëîæåííóþ ïîä íàêëîíîì îêîëî

30o ê ãàëàêòè÷åñêîé îñè y. Ñîáñòâåííî âîëíà íàáëþäàåòñÿ â âåðòèêàëüíûõ

êîîðäèíàòàõ z  îáëàêîâ. Òàêèì îáðàçîì, ñòðóêòóðà ÿâëÿåòñÿ òðåõìåðíîé.

Ñîãëàñíî Àëâåñó è äð. [1], âîëíà ÿâëÿåòñÿ çàòóõàþùåé è ìàêñèìàëüíîå

çíà÷åíèå àìïëèòóäû íàáëþäàåòñÿ â íåïîñðåäñòâåííîé áëèçîñòè îò Ñîëíöà,

ãäå ðàñïîëîæåí ïîÿñ Ãóëäà [2]. Êàê îòìå÷åíî â [1], âîëíà Ðýäêëèôôà äîëæíà
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èãðàòü âàæíóþ ðîëü â ïîíèìàíèè ïðè÷èíû îáðàçîâàíèÿ ïîÿñà Ãóëäà. Â

÷àñòíîñòè, îíè ñ÷èòàþò, ÷òî íàëè÷èå âåðòèêàëüíûõ âîçìóùåíèé çàêðûâàåò

ãèïîòåçó Áëààó [3] î âçðûâå ãèïåðíîâîé.

Îáíàðóæåíèå âîëíû Ðýäêëèôôà îêàçàëîñü âîçìîæíûì áëàãîäàðÿ ðàáîòàì

Öóêåð è äð. [4,5] ïî îöåíêå ðàññòîÿíèé äî ìîëåêóëÿðíûõ îáëàêîâ â îáëàñòè

Ìåñòíîãî ðóêàâà, ðàñïîëîæåííûõ íà ãåëèîöåíòðè÷åñêèõ ðàññòîÿíèÿõ îò

150 ïê äî 2.5 êïê. Àâòîðû ðàçðàáîòàëè ìåòîä, îáúåäèíÿþùèé ôîòîìåòðè-

÷åñêèå äàííûå ñ òðèãîíîìåòðè÷åñêèìè ïàðàëëàêñàìè çâåçä èç êàòàëîãà Gaia

DR2 [6]. Ïî èõ îöåíêå, ðàññòîÿíèÿ äî ìîëåêóëÿðíûõ îáëàêîâ â èòîãå

îïðåäåëåíû ñî ñðåäíåé îøèáêîé îêîëî 5%.

Íà ðèñ.1 äàíû âåðòèêàëüíûå êîîðäèíàòû, âûäåëåííûõ Àëâåñîì è äð. [1],

ìîëåêóëÿðíûõ îáëàêîâ, ðàñïîëîæåííûå âäîëü îñè y , êîòîðàÿ îðèåíòèðîâàíà

ïîä óãëîì 30o ê ãàëàêòè÷åñêîé îñè y. Íà ðèñóíêå ïîêàçàí öåëûé ðÿä ìîäåëåé

âîëíû Ðýäêëèôôà èç ðàáîòû ýòèõ àâòîðîâ.

Â íàñòîÿùåé ðàáîòå ìû ðàññìàòðèâàåì ãåëèîöåíòðè÷åñêóþ ïðÿìîóãîëüíóþ

ñèñòåìó êîîðäèíàò zyx  , , , â êîòîðîé îñü x íàïðàâëåíà îò Ñîëíöà â öåíòð

Ãàëàêòèêè, íàïðàâëåíèå îñè y ñîâïàäàåò ñ íàïðàâëåíèåì âðàùåíèÿ Ãàëàêòèêè,

à îñü z  íàïðàâëåíà â ñåâåðíûé ãàëàêòè÷åñêèé ïîëþñ, à òàêæå ãàëàêòîöåíò-

ðè÷åñêóþ ïðÿìîóãîëüíóþ ñèñòåìó êîîðäèíàò X, Y, Z, â êîòîðîé îñü X

íàïðàâëåíà îò öåíòðà Ãàëàêòèêè íà Ñîëíöå, íàïðàâëåíèå îñè Y ñîâïàäàåò ñ

íàïðàâëåíèåì âðàùåíèÿ Ãàëàêòèêè, à îñü Z íàïðàâëåíà â ñåâåðíûé ãàëàêòè-

÷åñêèé ïîëþñ. Òàêèì îáðàçîì, â ýòèõ äâóõ ñèñòåìàõ êîîðäèíàò ðàçëè÷àþòñÿ

òîëüêî íàïðàâëåíèÿ îñåé x è X. Ïðè ýòîì îðèåíòàöèÿ âîëíû Ðýäêëèôôà ïî

îòíîøåíèþ ê îñÿì y è Y îòëè÷àåòñÿ òîëüêî çíàêîì. Íàïðèìåð, â ãåëèîöåíò-

ðè÷åñêîé ñèñòåìå êîîðäèíàò ïåðåõîä ê øòðèõîâàííîé îñè y  îñóùåñòâëÿåòñÿ

ñëåäóþùèì îáðàçîì:

Ðèñ.1. Âåðòèêàëüíûå êîîðäèíàòû ìîëåêóëÿðíûõ îáëàêîâ z  â çàâèñèìîñòè îò ïîëîæåíèÿ
íà îñè y  (ýòà îñü ðàñïîëîæåíà ïîä óãëîì -30

o
 ê ãàëàêòè÷åñêîé îñè y), òåìíûìè êðóæêàìè

äàíû îáëàêà, òðàññèðóþùèå âîëíó Ðýäêëèôôà, ñâåòëûìè êðóæêàìè äàíû îáëàêà ïîëÿ,
ñåðûìè ïóíêòèðíûìè ëèíèÿìè äàíû ìîäåëè âîëíû Ðýäêëèôôà. Ýòî ðèñóíîê èç ðàáîòû
[1], ê êîòîðîìó ìû äîáàâèëè áîëåå ïîäðîáíóþ øêàëó y .
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. sin30cos30 oo xyy  (1)

Â ñâåòå ñêàçàííîãî ìîæåì îòìåòèòü, ÷òî ïðè öèòèðîâàíèè ðàáîò ðàçëè÷íûõ

àâòîðîâ ìû íå ðàçëè÷àåì îáîçíà÷åíèÿ z  è Z, à òàêæå y  è Y  . Êðîìå òîãî,

ïðîñòðàíñòâåííûå ñêîðîñòè, íàïðàâëåííûå âäîëü îñåé zyx  , ,  îáû÷íî

îáîçíà÷àþòñÿ êàê U, V, W. Ïðè ýòîì íà ãðàôèêàõ èç íåêîòîðûõ öèòèðóåìûõ

ðàáîò âåðòèêàëüíûå ñêîðîñòè îáîçíà÷åíû êàê zV .

Ìîäåëèðîâàíèå âîëíû Ðýäêëèôôà â ðàáîòå [1] ïðîèçâîäèëîñü ñ èñïîëüçî-

âàíèåì êâàäðàòè÷íîé ôóíêöèè â ïðîñòðàíñòâå êîîðäèíàò zyx  , , , çàäàííîé

òðåìÿ íàáîðàìè "îïîðíûõ òî÷åê" ( 000  , , zyx ), ( 111  , , zyx ) è ( 222  , , zyx ).

Âîëíîîáðàçíîå ïîâåäåíèå îòíîñèòåëüíî öåíòðà âîëíû îïèñûâàëîñü ñèíóñîè-

äàëüíîé ôóíêöèåé îòíîñèòåëüíî ïëîñêîñòè XY ñ çàòóõàþùèì ïåðèîäîì è

àìïëèòóäîé:

       
, 1

2
sin

кпк
-exp

2




























 




















 maxdtd

P

tdtd
Atz (2)

ãäå       000  , , , , zyxtzyxtd   - ðàññòîÿíèå êîíêðåòíîãî îáëàêà îò íà÷àëà

âîëíû, çàäàííîå ïàðàìåòðîì t, d
max

 - ðàññòîÿíèå îò êîíöà âîëíû, A - àìïëèòóäà

âîëíû, P - ïåðèîä âîëíû,   - ôàçà âîëíû,   çàäàåò ñêîðîñòü çàòóõàíèÿ

àìïëèòóäû, à   çàäàåò ñêîðîñòü çàòóõàíèÿ ïåðèîäà. Â èòîãå Àëâåñ è äð. [1]

íàøëè ñëåäóþùèå ïàðàìåòðû ìîäåëüíîé âîëíû:

, 103Масса, пк1560

, пк30160, кпк2072
6

M

A..

scatter 


(3)

ãäå   - äëèíà âîëíû, scatter  - ñðåäíåêâàäðàòè÷åñêîå îòêëîíåíèå îáëàêîâ îò

ìîäåëè (ðàäèóñ âîëíû), ïðèâåäåííûå îøèáêè ïàðàìåòðîâ â (3) ñîîòâåòñòâóþò

óðîâíþ 95% ( 2 ).

Ê íàñòîÿùåìó âðåìåíè óæå îïóáëèêîâàíî îêîëî äåñÿòêà ñòàòåé, ïîñâÿ-

ùåííûõ îïðåäåëåíèþ ãåîìåòðè÷åêèõ è êèíåìàòè÷åñêèõ õàðàêòåðèñòèê âîëíû

Ðýäêëèôôà ïî äàííûì î ðàçëè÷íûõ ìîëîäûõ îáúåêòàõ, à òàêæå ãèïîòåçàì

åå ïðîèñõîæäåíèÿ. Öåëüþ íàñòîÿùåé ðàáîòû ÿâëÿåòñÿ îáçîð ýòèõ ïóáëèêàöèé.

2. Ïîäòâåðæäåíèå íàëè÷èÿ âîëíû Ðýäêëèôôà.

2.1. Ìîëîäûå çâåçäû, ÐÇÑ è ïûëåâûå îáëàêà. Äîíàäà, Ôèãóýðîñ

[7] ïðîàíàëèçèðîâàëè âûáîðêó î÷åíü ìîëîäûõ OB-çâåçä è ðàññåÿííûõ çâåçäíûõ

ñêîïëåíèé (ÐÇÑ) ìîëîæå 30 ìëí ëåò èç îêðåñòíîñòè Ñîëíöà ðàäèóñîì îêîëî

2 êïê. Àâòîðàìè áûëè ðàçðàáîòàíû êðèòåðèè äëÿ ïåðåêðåñòíîãî ñîïîñòàâëåíèÿ

ýòèõ îáúåêòîâ ñ èäåíòèôèöèðîâàííûìè êîìïëåêñàìè îáëàêîâ, ïðèíàäëåæàùèõ

âîëíå Ðýäêëèôôà. Â ðàáîòå óäåëåíî áîëüøîå âíèìàíèå îöåíêå êà÷åñòâà

èñïîëüçîâàííûõ àñòðîìåòðè÷åñêèõ è ôîòîìåòðè÷åñêèõ äàííûõ, íà îñíîâå
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êîòîðûõ áûëè ïîëó÷åíû îöåíêè ðàññòîÿíèé äî OB-çâåçä è ÐÇÑ. Àâòîðû

âïåðâûå ïîïûòàëèñü íàéòè ñâÿçü ìåæäó ñòðóêòóðíûìè è êèíåìàòè÷åñêèìè

ñâîéñòâàìè ìîëîäîé çâåçäíîé ïîïóëÿöèè, ñâÿçàííîé ñ âîëíîé Ðýäêëèôôà, è

ïðèøëè ê ñëåäóþùèì âûâîäàì: 1) èäåíòèôèöèðîâàíî 13 ÐÇÑ, êàæäîå èç

êîòîðûõ ôèçè÷åñêè ñâÿçàíî ñ ìîëåêóëÿðíûìè îáëàêàìè (ÌÎ) âåðîÿòíûìè

÷ëåíàìè âîëíû Ðýäêëèôôà; 2) ïî ñðàâíåíèþ ñ ÐÇÑ îäèíî÷íûå OB-çâåçäû

õóæå ïðåäñòàâëÿþò ñîáîé âûòÿíóòóþ ñòðóêòóðó, êîòîðàÿ òðàññèðóåò âîëíó

Ðýäêëèôôà, ïîýòîìó îñíîâíîé óïîð â ñâîåé ðàáîòå àâòîðû ñäåëàëè íà àíàëèçå

ÐÇÑ; 3) âåðòèêàëüíîå äâèæåíèå 11 ïàð âèäà "ÐÇÑ-ÌÎ", ñâÿçàííûõ ñ âîëíîé

Ðýäêëèôôà, íå ïðîòèâîðå÷èò ïðîñòîé ìîäåëè ãàðìîíè÷åñêîãî äâèæåíèÿ â

âåðòèêàëüíîì íàïðàâëåíèè, è 4) òðàåêòîðèè 13 ÐÇÑ, ïðîèíòåãðèðîâàííûå â

ïðîøëîå, ñ èñïîëüçîâàíèåì ãðàâèòàöèîííîãî ïîòåíöèàëà Ãàëàêòèêè, íå ïðåäïî-

ëàãàþò íà÷àëà êîîðäèíàò, ñâÿçàííîãî íè ñ òî÷êîé, íè ñ ïðÿìîé ëèíèåé â

ïëîñêîñòè XZ. Èç ðèñ.2, âçÿòîãî èç [7], õîðîøî ïðîñìàòðèâàåòñÿ ñâÿçü ìåæäó

âåðòèêàëüíûìè êîîðäèíàòàìè z  è âåðòèêàëüíûìè ñêîðîñòÿìè W îäèííàäöàòè

ÐÇÑ, ïðèíàäëåæàùèõ ñòðóêòóðå âîëíû Ðýäêëèôôà.

Ñâèããóì è äð. [8] ïîïûòàëèñü âûÿñíèòü ïðîñòðàíñòâåííóþ ñâÿçü ìåæäó

âîëíîé Ðýäêëèôôà è Ìåñòíûì ðóêàâîì. Äëÿ ýòîãî áûëè èñïîëüçîâàíû

äàííûå î çâåçäàõ âûñîêîé ñâåòèìîñòè è ìîëîäûõ ÐÇÑ èç êàòàëîãà Gaia

EDR3 [9] â ñî÷åòàíèè ñ òðåõìåðíûìè êàðòàìè ïûëè. Íàáîð ýòèõ äàííûõ áûë

èññëåäîâàí â êîíòåêñòå öâåòîâûõ ãðàäèåíòîâ, íàáëþäàåìûõ â ñïèðàëüíûõ

ðóêàâàõ äðóãèõ ãàëàêòèê, ãäå ïðåäñêàçàíèÿ òåîðèè âîëí ïëîòíîñòè è ìîäåëåé

èíèöèèðîâàííîãî çâåçäîîáðàçîâàíèÿ ïðèìåíÿëèñü äëÿ èíòåðïðåòàöèè êîíêðåò-

íîãî ðàñïîëîæåíèÿ ãàçîïûëåâûõ îáëàêîâ è OB-çâåçä. Aâòîðû ïðèøëè ê

çàêëþ÷åíèþ î òîì, ÷òî âîëíà Ðýäêëèôôà ïðåäñòàâëÿåò ñîáîé ãàçîâûé ðåçåðâóàð

â Ìåñòíîì ðóêàâå, ÿâëÿþùèéñÿ ëàáîðàòîðèåé ïî èçó÷åíèþ îáðàçîâàíèÿ çâåçä

Ðèñ.2. Âåðòèêàëüíûå êîîðäèíàòû z  ìîëîäûõ ÐÇÑ â çàâèñèìîñòè îò ðàññòîÿíèÿ y ,
âåðòèêàëüíûå ñêîðîñòè W îäèííàäöàòè ïàð âèäà "ÐÇÑ-ÌÎ" ïîêàçàíû ÷åðíûìè ñòðåëêàìè,
ðèñóíîê âçÿò èç ðàáîòû Äîíàäû, Ôèãóýðîñà [7]).
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è ìîëåêóëÿðíûõ îáëàêîâ â Ìëå÷íîì Ïóòè.

Íà ðèñ.3 âèäíî, ÷òî öåïî÷êà ìîëåêóëÿðíûõ îáëàêîâ, êîòîðàÿ àññîöèèðóåòñÿ

ñ âîëíîé Ðýäêëèôôà, ðàñïîëîæåíà âäîëü âíóòðåííåãî êðàÿ ñòðóêòóðû P21.

Ñòðóêòóðà P21 âûÿâëåíà â ðàáîòå [10] èç àíàëèçà ðàñïðåäåëåíèÿ ìîëîäûõ

çâåçä, ÐÇÑ è êëàññè÷åñêèõ öåôåèä. Äëÿ ýòèõ îáúåêòîâ áûëè èñïîëüçîâàíû

äàííûå èç êàòàëîãà Gaia EDR3. Êîíå÷íî, ýòà ñòðóêòóðà ÿâëÿåòñÿ ÷àñòüþ

Ìåñòíîãî ðóêàâà. Íåîæèäàííîñòüþ ÿâëÿåòñÿ äîâîëüíî áîëüøîé óãîë, îêîëî

30o, ïîä êîòîðûì ýòà ñòðóêòóðà íàêëîíåíà ê îñè Y.

Ñîãëàñíî îïðåäåëåíèÿì ðàçëè÷íûõ àâòîðîâ, óãîë çàêðóòêè ÷åòûðåõðóêàâíîãî

ñïèðàëüíîãî óçîðà â Ãàëàêòèêå çàêëþ÷åí â èíòåðâàëå 10o-15o [11-16]. Õîòÿ

Ìåñòíûé ðóêàâ íå ÿâëÿåòñÿ ñïèðàëüíûì ðóêàâîì "grand design", íî îí òåñíî

ñâÿçàí ñî ñïèðàëüíîé ñòðóêòóðîé Ãàëàêòèêè. Çíà÷åíèÿ óãëà çàêðóòêè, íàéäåííûå

ïî îáúåêòàì Ìåñòíîãî ðóêàâà, òàêæå ëåæàò â äîâîëüíî óçêîì èíòåðâàëå

çíà÷åíèé, 9o-16o [15-17]. Ñêîðåå âñåãî, ñòðóêòóðà P21 óêàçûâàåò íà ëîêàëüíîå

óêëîíåíèå îò îáùåé îðèåíòàöèè Ìåñòíîãî ðóêàâà.

Â ðàáîòå Ëàëëåìåíòà è äð. [18] áûëè îáúåäèíåíû ôîòîìåòðè÷åñêèå

äàííûå î çâåçäàõ èç êàòàëîãà Gaia EDR3 ñ èíôðàêðàñíûìè èçìåðåíèÿìè èç

êàòàëîãà 2MASS [19] äëÿ ïîñòðîåíèÿ âûñîêîòî÷íîé òðåõìåðíîé êàðòû

Ðèñ.3. Â ïîâåðíóòîé (ïðèìåðíî íà 30
o
 îòíîñèòåëüíî ñèñòåìû êîîðäèíàò XY ) ñèñòåìå

êîîðäèíàò YX   äàíî ðàñïðåäåëåíèå çâåçäíîé ïëîòíîñòè ÷åðíî-ñåðî-áåëîé çàëèâêîé, ñåðûìè
êðóæêàìè äàíî ðàñïðåäåëåíèå îáëàñòåé çâåçäîîáðàçîâàíèÿ, ñîãëàñíî [5], ÷åðíûìè êðóæêàìè

îòìå÷åíû îáëàêà, ïðèíàäëåæàùèå âîëíå Ðýäêëèôôà ïî [1], ïóíêòèðíàÿ áåëàÿ ëèíèÿ ïîêàçûâàåò
ñîîòâåòñòâèå ïèêàì èçáûòî÷íîé çâåçäíîé ïëîòíîñòè âäîëü ñòðóêòóðû P21 [10], ïîëîæåíèå
Ñîëíöà îòìå÷åíî ñèìâîëîì Ñîëíöà. Ðèñóíîê âçÿò èç ðàáîòû Ñâèããóìà è äð. [8].

X' (êïê)

Y
' (

êï
ê)

0

0-1 1

-1

1
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ìåæçâåçäíîãî ïîãëîùåíèÿ. Íà ðèñ.4, âçÿòîì èç ðàáîòû [18], ïîêàçàíî âåðòè-

êàëüíîå ðàñïðåäåëåíèå ìåæçâåçäíîé ïûëè â ÷åòûðåõ óçêèõ â ãîðèçîíòàëüíîì

íàïðàâëåíèè ðàçðåçàõ. Êàê ìîæíî âèäåòü èç ýòîãî ðèñóíêà, âîëíîîáðàçíûå

îòêëîíåíèÿ îò ãàëàêòè÷åñêîé ïëîñêîñòè â âåðòèêàëüíîì íàïðàâëåíèè ñ

àìïëèòóäîé äî 300 ïê íàáëþäàþòñÿ â ðàçëè÷íûõ íàïðàâëåíèÿõ. Äëÿ íàñ æå

íàèáîëüøèé èíòåðåñ ïðåäñòàâëÿåò ðàçðåç íîìåð 3, îðèåíòèðîâàííûé â

íàïðàâëåíèè l = 60o (òàêèì îáðàçîì ïðîõîäèò ïîä óãëîì -30o ê ãàëàêòè÷åñêîé

îñè Y ), ÿñíî ïîêàçûâàþùèé íàëè÷èå âîëíû Ðýäêëèôôà â ðàñïðåäåëåíèè

ìåæçâåçäíîé ïûëè.

Â ðàáîòå Òóëàñèäõàðàíà è äð. [20] ïî ìîëîäûì çâåçäàì, ðàñïîëîæåííûì

â îêîëîñîëíå÷íîé îáëàñòè ðàäèóñîì 3 êïê, èçó÷åíû èõ âåðòèêàëüíûå ñêîðîñòè.

Àíàëèçèðîâàëèñü òðè âûáîðêè: OB-çâåçäû, çâåçäû èç âåðõíåé ÷àñòè ÃÏ (ýòî

ãëàâíûì îáðàçîì çâåçäû ñïåêòðàëüíîãî êëàññà A) è âûáîðêà êðàñíûõ ãèãàíòîâ.

Â èòîãå áûëî ïîêàçàíî, ÷òî àìïëèòóäà âåðòèêàëüíûõ êîëåáàíèé ñ äëèíîé

âîëíû îêîëî 2.5-2.7 êïê (âäîëü îñè y ) çàâèñèò îò âîçðàñòà çâåçäíîãî

íàñåëåíèÿ. Ìàêñèìàëüíóþ àìïëèòóäó âåðòèêàëüíûõ ñêîðîñòåé ñ âåëè÷èíîé

3-4 êì/ñ äåìîíñòðèðóþò OB-çâåçäû. Ïî ìíåíèþ àâòîðîâ [20], îñíîâíûì

ìåõàíèçìîì îáíàðóæåííûõ òàêèõ âåðòèêàëüíûõ êîëåáàíèé ìîæåò ñëóæèòü

ðåàêöèÿ ãàëàêòè÷åñêîãî äèñêà íà âíåøíåå âîçìóùåíèå.

Ðèñ.4. Ðàñïðåäåëåíèÿ ìåæçâåçäíîé ïûëè ïî âåðòèêàëè â ÷åòûðåõ ðàçðåçàõ, ïðîõîäÿùèõ
âáëèçè Ñîëíöà, ãäå ñïðàâà óêàçàíà ãàëàêòè÷åñêàÿ äîëãîòà êîíöà ðàçðåçà, ñëåâà óêàçàí íîìåð
ðàçðåçà, ðèñóíîê âçÿò èç ðàáîòû Ëàëëåìåíòà è äð. [18].
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Íà îñíîâå èçó÷åíèÿ ïðîñòðàíñòâåííîãî ðàñïðåäåëåíèÿ â îêîëîñîëíå÷íîé

îêðåñòíîñòè OB-çâåçä ñ âûñîêîòî÷íûìè îöåíêàìè ðàññòîÿíèé, Ãîíñàëåñ è äð.

[41] âûäåëèëè èíòåðåñíóþ ñðóêòóðó, êîòîðóþ îíè íàçâàëè øïîðîé Öåôåÿ.

Ýòà ñòðóêòóðà íàõîäèòñÿ âíóòðè Ìåñòíîãî ðóêàâà, íî ðàñïîëîæåíà îíà ïîä

çíà÷èòåëüíî áîëüøèì óãëîì ê îñè Y (ïîä óãëîì ïðèìåðíî 45o), ÷åì ñàì

ðóêàâ. Ïî ìíåíèþ àâòîðîâ, ýòà ñòðóêòóðà ñâÿçàíà ñ âîëíîé Ðýäêëèôôà, òàê

êàê íàáëþäàåòñÿ âîëíîîáðàçíûé õàðàêòåð â ðàñïðåäåëåíèè âåðòèêàëüíûõ

êîîðäèíàò âäîëü øïîðû Öåôåÿ (ðèñ.7 â ðàáîòå Ãîíñàëåñà è äð. [41]). Îíè

òàêæå âûñêàçàëè ïðåäïîëîæåíèå î òîì, ÷òî âåðòèêàëüíûå êîëåáàíèÿ â

ãàëàêòè÷åñêîì äèñêå ìîãóò áûòü îòâåòñòâåííûìè çà íåäàâíåå óñèëåííîå

çâåçäîîáðàçîâàíèå íà ñîîòâåòñòâóþùèõ ãðåáíÿõ è âïàäèíàõ âîëíû.

Ëè è ×åí [21] ïî äàííûì î áîëüøîì êîëè÷åñòâå ìîëîäûõ çâåçä,

òðàññèðóþùèõ âîëíó Ðýäêëèôôà, íàøëè ñâÿçü ìåæäó èõ âîçìóùåííûìè

âåðòèêàëüíûìè ïîëîæåíèÿìè è âåðòèêàëüíûìè ñêîðîñòÿìè. Äëÿ ýòîé öåëè

áûëè èñïîëüçîâàíû ìàëîìàññèâíûå çâåçäû, åùå íå äîñòèãøèå ñòàäèè ÃÏ.

Ïðè ýòîì âåðòèêàëüíûå ñêîðîñòè çâåçä âû÷èñëÿëèñü áåç èñïîëüçîâàíèÿ

ëó÷åâûõ ñêîðîñòåé (èç-çà îòñóòñòâèÿ òàêèõ èçìåðåíèé â èñïîëüçóåìîé âûáîðêå).

Ïîýòîìó ðåçóëüòàòû ýòèõ àâòîðîâ ñëåäóåò ñ÷èòàòü ïðåäâàðèòåëüíûìè.

2.2. Ìåòîä íà îñíîâå Ôóðüå àíàëèçà. Äëÿ èçó÷åíèÿ ïåðèîäè÷åñêîé

ñòðóêòóðû â êîîðäèíàòàõ è ñêîðîñòÿõ çâåçä â ðàáîòå Áîáûëåâà è äð. [22]

áûëî ïðåäëîæåíî èñïîëüçîâàòü ñïåêòðàëüíûé àíàëèç íà îñíîâå ñòàíäàðòíîãî

ïðåîáðàçîâàíèÿ Ôóðüå èñõîäíîé ïîñëåäîâàòåëüíîñòè  yz  :

             , 2   
jyj eAjVUeyzyzF (4)

ãäå       22 VUA  - àìïëèòóäà ñïåêòðà, à        UVarctan  -

ôàçà ñïåêòðà. Îñîáåííîñòüþ íàñòîÿùåãî ïîäõîäà ÿâëÿåòñÿ ïîèñê íå ïðîñòî

ìîíîõðîìàòè÷åñêîé âîëíû ñ ïîñòîÿííîé àìïëèòóäîé, à âîëíû, íàèáîëåå

òî÷íî îïèñûâàþùåé èñõîäíûå äàííûå, ñïåêòð êîòîðîãî ñîâïàäàåò ñ ãëàâíûì

ïèêîì (ëåïåñòêîì) âû÷èñëåííîãî ñïåêòðà â äèàïàçîíå äëèí âîëí îò min  äî

max  (âíóòðè ýòèõ ãðàíèö ìîùíîñòü ñïåêòðà ïëàâíî óìåíüøàåòñÿ, íà÷èíàÿ

ñ ìàêñèìàëüíîãî çíà÷åíèÿ, à âíå - íà÷èíàåò óâåëè÷èâàòüñÿ).

Â èòîãå èìååì èñêîìóþ ïëàâíóþ êðèâóþ, àïïðîêñèìèðóþùóþ èñõîäíûå

äàííûå, êîòîðàÿ âû÷èñëÿåòñÿ ïî ôîðìóëå îáðàòíîãî ïðåîáðàçîâàíèÿ Ôóðüå

â îïðåäåëåííîì íàìè äèàïàçîíå äëèí âîëí:

     



















max

min

d
y

Akyz , 
2

cos2 (5)

ãäå k - êîýôôèöèåíò, âû÷èñëÿþùèéñÿ èç óñëîâèÿ ìèíèìóìà íåâÿçêè.

2.2.1. Ôóðüå àíàëèç äàííûõ Àëâåñà è äð. Âíà÷àëå ìû ðåøèëè
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ïðîòåñòèðîâàòü ìåòîä Ôóðüå àíàëèçà ñ èñïîëüçîâàíèåì äàííûõ î ìîëåêóëÿðíûõ

îáëàêàõ, ïî êîòîðûì Àëâåñîì è äð. [1] áûëà îáíàðóæåíà âîëíà Ðýäêëèôôà.

Â îáúåäèíåííîé âûáîðêå íàìè èñïîëüçîâàíû äâà íàáîðà äàííûõ, êîòîðûå

àíàëèçèðîâàëèñü â [1], è íàõîäÿùèõñÿ â îòêðûòîì äîñòóïå: à) äàííûå î

ïëîòíûõ îáëàêàõ âçÿòû èç https://doi.org/10.7910/DVN/07L7YZ è á) äàííûå î

áîëåå ðàçðåæåííûõ ñòðóêòóðàõ âçÿòû èç https://doi.org/10.7910/DVN/K16GQX.

Âñåãî Àëâåñîì è äð. [1] áûëè ïðîàíàëèçèðîâàíû 380 ñòðóêòóð ñ îöåíêàìè

ðàññòîÿíèé äî íèõ. Ïðè÷åì, ñëó÷àéíûå îøèáêè îöåíêè ðàññòîÿíèé äî ýòèõ

ìîëåêóëÿðíûõ îáëàêîâ, ñîãëàñíî àâòîðàì, ñîòàâëÿþò îêîëî 5%.

Íà ðèñ.5 äàíî ðàñïðåäåëåíèå 380 ìîëåêóëÿðíûõ îáëàêîâ â ïðîåêöèè íà

ãàëàêòè÷åñêóþ ïëîñêîñòü XY. Äëÿ èçó÷åíèÿ âîëíû Ðýäêëèôôà èç íèõ ìû

îòîáðàëè 189, ðàñïîëîæåííûõ â óçêîé çîíå, íàêëîíåííîé ïîä óãëîì -30o ê îñè

Y, êàê ïîêàçàíî íà ðèñóíêå. Òàêèì îáðàçîì, èìååì âûáîðêó, î÷åíü áëèçêóþ

ê òîé, ÷òî àíàëèçèðîâàëàñü Àëâåñîì è äð. [1]. Íà ðèñóíêå ïîêàçàíû ôðàãìåíòû

÷åòûðåõðóêàâíîãî ñïèðàëüíîãî óçîðà ñ óãëîì çàêðóòêè i = -13o, ñîãëàñíî ðàáîòå

[11]. Çäåñü ýòîò ñïèðàëüíûé óçîð ïîñòðîåí ñî çíà÷åíèåì ðàññòîÿíèÿ îò Ñîëíöà

äî öåíòðà Ãàëàêòèêè R
0

 = 8.1 êïê. Çíà÷åíèå R
0

 = 8.1 ± 0.1 êïê áûëî âûâåäåíî

Ðèñ.5. Ðàñïðåäåëåíèå 380 ìîëåêóëÿðíûõ îáëàêîâ èç ðàáîòû [1] â ïðîåêöèè íà ãàëàêòè-

÷åñêóþ ïëîñêîñòü XY - ñåðûå êðóæêè, 189 îáëàêîâ èç óçêîé çîíû, ïðîõîäÿùåé ïîä óãëîì
-30

o
 ê îñè Y, äàíû ÷åðíûìè êðóæêàìè, îòìå÷åíû äâà ôðàãìåíòà ÷åòûðåõðóêàâíîãî

ñïèðàëüíîãî óçîðà ñ óãëîì çàêðóòêè i = -13
o
.

Y, êïê

X
, 
êï

ê

6

0-1-2 21
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êàê ñðåäíåâçâåøåííîå èç áîëüøîãî êîëè÷åñòâà ñîâðåìåííûõ èíäèâèäóàëüíûõ

îöåíîê â ðàáîòå [39].

Çàòåì ïîëîæåíèÿ îòîáðàííûõ ìîëåêóëÿðíûõ îáëàêîâ áûëè ñïðîåöèðîâàíû

íà îñü y , ðàñïîëîæåííóþ ïîä óãëîì -30o ê îñè y. Â ïîâåðíóòîé òàêèì

îáðàçîì ñèñòåìå êîîðäèíàò âûïîëíåí Ôóðüå àíàëèç èõ ïîëîæåíèé. Ïðè÷åì

àíàëèç ïðîâåäåí äëÿ äâóõ ñëó÷àåâ: à) äëÿ ìîíîõðîìàòè÷åñêîé âîëíû, êîãäà

â ñïåêòðå ìîùíîñòè áåðåòñÿ îäíà ÷àñòîòà, ñîîòâåòñòâóþùàÿ ìàêñèìóìó ñïåêòðà

è á) äëÿ ïîëèõðîìàòè÷åñêîé âîëíû, êîãäà â ñïåêòðå ìîùíîñòè âçÿòû ÷àñòîòû,

ñîîòâåòñòâóþùèå èíòåðâàëó îò min  äî max , ñîãëàñíî âûðàæåíèþ (5). Äëÿ

êàæäîãî ñëó÷àÿ âû÷èñëÿåòñÿ çíà÷åíèå ñðåäíåêâàäðàòè÷åñêîãî îòêëîíåíèÿ z .

Â ñëó÷àå ìîíîõðîìàòè÷åñêîé âîëíû ïîëó÷åíû ñëåäóþùèå îöåíêè ïàðà-

ìåòðîâ âîëíû:

. пк60, пк4120, кпк1052  zmaxz.. (6)

Îøèáêè ïàðàìåòðîâ, êîòîðûå ìû äàåì çäåñü è äàëåå, ñîîòâåòñòâóþò óðîâíþ

68% ( 1 ). Â ñëó÷àå ïîëèõðîìàòè÷åñêîé âîëíû íàéäåíî:

. пк46, пк4150, кпк1052  zmaxz.. (7)

Çäåñü òàê æå, êàê è â (6), çíà÷åíèå äëèíû âîëíû   ñîîòâåòñòâóåò ìàêñèìóìó

ñïåêòðà ìîùíîñòè (ðèñ.6d). Îòìåòèì, ÷òî íà ðèñ.6d çàøòðèõîâàí ãëàâíûé

ëåïåñòîê ñïåêòðà. Ïðè ýòîì ïîëîæåíèå min  ÷åòêî âèäíî, à âîò ïîëîæåíèå

max  íàõîäèòñÿ äàëåêî çà ïðåäåëàìè ðèñóíêà.

Â íàøåì ìåòîäå ìû îòêàçàëèñü îò îáîçíà÷åíèÿ àìïëèòóäû ñèìâîëîì A,

Ðèñ.6. Âåðòèêàëüíûå êîîðäèíàòû z  èçáðàííûõ ìîëåêóëÿðíûõ îáëàêîâ èç ðàáîòû [1] â

çàâèñèìîñòè îò ðàññòîÿíèÿ y  (a) è (c), èõ ñïåêòðû ìîùíîñòè (b) è (d), ïåðèîäè÷åñêèå
æèðíûå ëèíèè íà ãðàôèêàõ (a) è (c) îòðàæàþò ñîîòâåòñòâóþùèå ðåçóëüòàòû ñïåêòðàëüíîãî
àíàëèçà, à ïóíêòèðíûå ëèíèè ïîêàçûâàþò ñãëàæåííûå ñðåäíèå çíà÷åíèÿ êîîðäèíàò.
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òàê êàê óêàçûâàåì ìàêñèìàëüíîå çíà÷åíèå âîëíû maxz , êîòîðîå â äàííîì

ñëó÷àå äîñòèãàåòñÿ ïðè 430.y   êïê. Â ðåøåíèè (7) èìååì ìåíüøåå ïî

ñðàâíåíèþ ñ (6) çíà÷åíèå äèñïåðñèè z . Òàêèì îáðàçîì, ïîëèõðîìàòè÷åñêàÿ

âîëíà ëó÷øå ñîãëàñóåòñÿ ñ äàííûìè. Êðîìå òîãî, îíà ëó÷øå ñîãëàñóåòñÿ è

ñ ðåçóëüòàòàìè àíàëèçà Àëâåñà è äð. [1], ÷òî ìîæíî âèäåòü èç ñðàâíåíèÿ ðèñ.1

è ðèñ.6, à òàêæå èç ñðàâíåíèÿ íàéäåííûõ ïàðàìåòðîâ (6) è (7) ñ (3). Îòìåòèì,

÷òî Àëâåñ è äð. [1] òàêæå îòêàçàëèñü îò èñïîëüçîâàíèÿ ìîíîõðîìàòè÷åñêîé

âîëíû â ïîëüçó âîëíû ñ çàòóõàþùèìè àìïëèòóäîé è ïåðèîäîì (2).

Îöåíêè îøèáîê èñêîìûõ ïàðàìåòðîâ íàéäåíû ñ ïðèìåíåíèåì ñòàòèñòè-

÷åñêîãî ìîäåëèðîâàíèÿ ìåòîäîì Ìîíòå-Êàðëî íà îñíîâå âûïîëíåíèÿ 100

öèêëîâ âû÷èñëåíèé. Ïðè ýòîì ÷èñëå öèêëîâ ñðåäíèå çíà÷åíèÿ ðåøåíèé

ïðàêòè÷åñêè ñîâïàäàþò ñ ðåøåíèÿìè, ïîëó÷åííûìè ïî èñõîäíûì äàííûì áåç

äîáàâëåíèÿ îøèáîê èçìåðåíèÿ. Îøèáêè èçìåðåíèÿ äîáàâëÿëèñü â êîîðäèíàòû

èñòî÷íèêîâ x, y è z.

2.2.2. Ôóðüå àíàëèç âûáîðêè ìàçåðîâ. Èñòî÷íèêàìè ìàçåðíîãî

èçëó÷åíèÿ ÿâëÿþòñÿ çâåçäû ñ ïðîòÿæåííûìè ãàçîïûëåâûìè îáîëî÷êàìè, â

êîòîðûõ âîçíèêàåò ýôôåêò íàêà÷êè. Ýôôåêòîì ìàçåðíîãî èçëó÷åíèÿ îáëàäàþò

êàê î÷åíü ìîëîäûå çâåçäû è ïðîòîçâåçäû ðàçëè÷íîé ìàññû, òàê è ñòàðûå

çâåçäû, íàïðèìåð, ìèðèäû. Â ðàáîòå Áîáûëåâà è äð. [22] äëÿ èçó÷åíèÿ âîëíû

Ðýäêëèôôà áûëè èñïîëüçîâàíû ÐÑÄÁ-íàáëþäåíèÿ òîëüêî ìîëîäûõ îáúåêòîâ,

êîòîðûå òåñíî ñâÿçàíû ñ îáëàñòÿìè àêòèâíîãî çâåçäîîáðàçîâàíèÿ.

Âàæíî îòìåòèòü, ÷òî àñòðîìåòðè÷åñêèå ÐÑÄÁ-íàáëþäåíèÿ ìàçåðíûõ èñòî÷-

íèêîâ è ðàäèîçâåçä î÷åíü òî÷íû. Òàê, îøèáêà îïðåäåëåíèÿ òðèãîíîìåòðè÷åñêîãî

ïàðàëëàêñà ñîñòàâëÿåò â ñðåäíåì îêîëî 10 ìèêðîñåêóíä äóãè. Ýòî ïîçâîëÿåò,

â ÷àñòíîñòè, àíàëèçèðîâàòü êèíåìàòèêó ìàçåðîâ, ðàñïîëîæåíûõ âïëîòü äî

öåíòðà Ãàëàêòèêè, ñ îòíîñèòåëüíûìè îøèáêàìè ðàññòîÿíèé îêîëî 10%.

Îñíîâíûå äàííûå î ìàçåðàõ ñîäåðæàòñÿ â äâóõ êðóïíûõ êîìïèëÿöèÿõ -

Ðèäà è äð. [14] è Õèðîòû è äð. [23]. Ðèäîì è äð. [14] äàíà èíôîðìàöèÿ

î 199 ìàçåðàõ ñ ðåçóëüòàòàìè ÐÑÄÁ-íàáëþäåíèé ðàçëè÷íûìè àâòîðàìè íà

íåñêîëüêèõ ðàäèî÷àñòîòàõ â ðàìêàõ ïðîåêòà BeSSeL (The Bar and Spiral

Structure Legacy Survey1). Â ðàáîòå [23] îïèñàí êàòàëîã èç 99 èñòî÷íêîâ

ìàçåðíîãî èçëó÷åíèÿ, íàáëþäàâøèõñÿ íà ÷àñòîòå 22 ÃÃö ïî ïðîãðàììå VERA

(VLBI Exploration of Radio Astrometry2). Ìåæäó âûáîðêàìè Ðèäà è äð. [14]

è Õèðîòû è äð. [23] èìååòñÿ áîëüøîé ïðîöåíò îáùèõ èçìåðåíèé. Èçâåñòåí

òàêæå ðÿä íîâûõ ðåçóëüòàòîâ îïðåäåëåíèÿ ïàðàëëàêñîâ ìàçåðîâ, âûïîëíåííûõ

ïîñëå 2020ã. [17,24,25].

Êðîìå ñîáñòâåííî èñòî÷íèêîâ ìàçåðíîãî èçëó÷åíèÿ, ðàäèîíàáëþäåíèÿ

1 http://bessel.vlbi-astrometry.org
2 http://veraserver.mtk.nao.ac.jp
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êîòîðûõ îñóùåñòâëÿþòñÿ â óçêèõ ëèíèÿõ, â íàøåì ñïèñêå èìåþòñÿ ðàäèîçâåçäû,

íàáëþäåíèÿ êîòîðûõ âûïîëíåíû ÐÑÄÁ-ìåòîäîì â êîíòèíóóìå íà ÷àñòîòå 8.4

ÃÃö [26-29]. Ýòî î÷åíü ìîëîäûå çâåçäû è ïðîòîçâåçäû òèïà Ò Òåëüöà,

ðàñïîëîæåííûå ãëàâíûì îáðàçîì â îáëàñòè ïîÿñà Ãóëäà è Ìåñòíîãî ðóêàâà.

Îíè ÿâëÿþòñÿ íàèáîëåå áëèçêèìè ïî âîçðàñòó ê ìîëåêóëÿðíûì îáëàêàì,

êîòîðûå àíàëèçèðîâàëèñü Àëâåñîì è äð. [1].

Êàê ìîæíî âèäåòü èç ðèñ.7, âçÿòîì èç ðàáîòû [22], â èíòåðåñóþùåé íàñ

çîíå ìàçåðîâ íå òàê ìíîãî, ÷òîáû âûáèðàòü èõ â óçêîé çîíå. Ïîýòîìó áûëè

îòîáðàíû ïðàêòè÷åñêè âñå èñòî÷íèêè, ðàñïîëîæåííûå â Ìåñòíîì ñïèðàëüíîì

ðóêàâå. ×åòûðåõðóêàâíûé ñïèðàëüíûé óçîð ñ óãëîì çàêðóòêè i = -13o äàí

ñîãëàñíî ðàáîòå [11]. Çäåñü ýòîò óçîð ïîñòðîåí ñî çíà÷åíèåì R
0

 = 8.1 êïê,

ðèìñêèìè öèôðàìè ïðîíóìåðîâàíû ñëåäóþùèå ÷åòûðå ñïèðàëüíûõ ðóêàâà:

I - Ùèòà, II - Êèëÿ-Ñòðåëüöà, III - Ïåðñåÿ è IV - Âíåøíèé ðóêàâ. ×åðíûìè

êðóæêàìè îòìå÷åíû 68 îòîáðàííûõ äëÿ àíàëèçà èñòî÷íèêîâ. Èç-çà ñèëüíîé

ñêó÷åííîñòè ðÿäà áëèæàéøèõ ìàçåðîâ â ðàéîíå àññîöèàöèé Îðèîíà, Òåëüöà

èëè Ñêîðïèîíà-Öåíòàâðà, íà ðèñóíêå èõ ïðîåêöèè ñëèâàþòñÿ â ñîîòâåòñòâóþùóþ

Ðèñ.7. Ðàñïðåäåëåíèå ìàçåðîâ è ðàäèîçâåçä ñ îøèáêàìè òðèãîíîìåòðè÷åñêèõ ïàðàëëàêñîâ

ìåíåå 15% â ïðîåêöèè íà ãàëàêòè÷åñêîé ïëîñêîñòè XY, 68 îòîáðàííûõ äëÿ àíàëèçà âîëíû
Ðýäêëèôôà ìàçåðîâ è ðàäèîçâåçä îòìå÷åíû ÷åðíûìè êðóæêàìè, ïîêàçàí ÷åòûðåõðóêàâíûé
ñïèðàëüíûé óçîð ñ óãëîì çàêðóòêè i = -13

o
 [11], îòìå÷åí öåíòðàëüíûé ãàëàêòè÷åñêèé áàð,

GC - öåíòð Ãàëàêòèêè. Ðèñóíîê âçÿò èç ðàáîòû Áîáûëåâà è äð. [22].
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êàæäîé àññîöèàöèè òî÷êó. Äâóìÿ ïàðàëëåëüíûìè ïóíêòèðíûìè ëèíèÿìè,

ðàñïîëîæåííûìè ïîä íàêëîíîì -16o ê îñè Y, îáîçíà÷åíû ãðàíèöû îáëàñòè

îòáîðà èñòî÷íèêîâ. Øèðèíà çîíû îòáîðà ñîñòàâëÿåò îêîëî 1.2 êïê. Òàêæå áûëî

èñïîëüçîâàíî îãðàíè÷åíèå íà ãåëèîöåíòðè÷åñêîå ðàññòîÿíèå çâåçä, r < 4 êïê.

Ïîëîæåíèÿ ìàçåðîâ áûëè ñïðîåêòèðîâàíû íà îñü y . È óæå â ýòîé,

ïîâåðíóòîé, ñèñòåìå êîîðäèíàò áûë ïðîâåäåí ñïåêòðàëüíûé àíàëèç ïîëîæåíèé

è âåðòèêàëüíûõ ñêîðîñòåé îòîáðàííûõ ìàçåðîâ. Â èòîãå áûëè ïîëó÷åíû

ñëåäóþùèå îöåíêè ìàêñèìàëüíîãî çíà÷åíèÿ êîîðäèíàòû z  ( maxz , êîòîðîå

äîñòèãàåòñÿ ïðè 280.y   êïê) è äëèíû âîëíû  :

кпк1082, пк487 ..zmax  (8)

èç àíàëèçà ïîëîæåíèé èñòî÷íèêîâ. Èç àíàëèçà æå âåðòèêàëüíûõ ñêîðîñòåé W

ìàçåðîâ ïîëó÷åíà îöåíêà ìàêñèìàëüíîãî çíà÷åíèÿ èõ ñêîðîñòè âîçìóùåíèÿ W
max

(êîòîðîå äîñòèãèàòñÿ ïðè 41.y   êïê) è äëèíà âîëíû ýòèõ âîçìóùåíèé  :

. кпк6193, скм 7015 ....Wmax  (9)

Ðåçóëüòàòû ñïåêòðàëüíîãî àíàëèçà îòðàæåíû íà ðèñ.8. Ïóíêòèðíûìè ëèíèÿìè

íà ðèñ.8a è b ïîêàçàíû ñãëàæåííûå ñðåäíèå çíà÷åíèÿ äàííûõ. Õîðîøåå

Ðèñ.8. Êîîðäèíàòû ìàçåðîâ z  â çàâèñèìîñòè îò ðàññòîÿíèÿ y  (a) è èõ ñïåêòð ìîùíîñòè

(b), âåðòèêàëüíûå ñêîðîñòè ìàçåðîâ W â çàâèñèìîñòè îò ðàññòîÿíèÿ y  (c) è èõ ñïåêòð
ìîùíîñòè (d), ïåðèîäè÷åñêèå êðèâûå, ïîêàçàííûå ñïëîøíûìè æèðíûìè ëèíèÿìè, îòðàæàþò
ðåçóëüòàòû ñïåêòðàëüíîãî àíàëèçà, ïóíêòèðíûìè ëèíèÿìè ïîêàçàíû ñãëàæåííûå ñðåäíèå

çíà÷åíèÿ. Ðèñóíîê âçÿò èç ðàáîòû Áîáûëåâà è äð. [22].
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ñîãëàñèå â ïîâåäåíèè ñïëîøíûõ è ïóíêòèðíûõ ëèíèé â îêîëîñîëíå÷íîé

îáëàñòè ãîâîðèò î íàäåæíîñòè ïðîâåäåííîãî ñïåêòðàëüíîãî àíàëèçà. Îòìåòèì

òàêæå ñîãëàñèå â õàðàêòåðå ðàñïðåäåëåíèÿ âäîëü âîëíû âåðòèêàëüíûõ ñêîðîñòåé

íà ðèñ.8c è ðèñ.2.

2.2.3. Ôóðüå àíàëèç çâåçä òèïà Ò Òåëüöà. Â ðàáîòå Áîáûëåâà è

äð. [22] äëÿ èçó÷åíèÿ âîëíû Ðýäêëèôôà áûëè èñïîëüçîâàíû äàííûå î

çâåçäàõ òèïà Ò Òåëüöà. Îñíîâîé âûáîðêè ïîñëóæèëà ðàáîòà Ìàðòîíà è äð.

[30], â êîòîðîé áûë ïðîèçâåäåí îòáîð ìîëîäûõ ãàëàêòè÷åñêèõ çâåçäíûõ

îáúåêòîâ èç êîìáèíàöèèè îðáèòàëüíûõ íàáëþäåíèé êîñìè÷åñêèõ ñïóòíèêîâ

- WISE [31], Planck [32] è Gaia [33]. Ýòà áàçà èìååò íàçâàíèå Gaia

AllWISEDR2  . Îíà ñîäåðæèò áîëåå 100 ìëí îáúåêòîâ ðàçëè÷íîé ïðèðîäû,

êîòîðûå ðàçäåëåíû íà 4 îñíîâíûõ êëàññà - ìîëîäûå çâåçäíûå îáúåêòû (Young

Stellar Objects, äàëåå YSO), çâåçäû ÃÏ, ïðîýâîëþöèîíèðîâàâøèå çâåçäû è

âíåãàëàêòè÷åñêèå îáúåêòû. Äëÿ êàæäîé çâåçäû îïðåäåëåíà âåðîÿòíîñòü

ïðèíàäëåæíîñòè ê êàæäîìó èç ÷åòûðåõ ðàññìàòðèâàåìûõ êëàññîâ. Îöåíêè

âåðîÿòíîñòè áûëè íàéäåíû ñ èñïîëüçîâàíèåì çâåçäíûõ âåëè÷èí G èç êàòàëîãà

Gaia DR2 [6], èíôðàêðàñíûõ ôîòîìåòðè÷åñêèõ ïîëîñ W1-W4 èç êàòàëîãà

WISE è J, H, K èç êàòàëîãà 2MASS. ×òîáû ðåøèòü, êàê èñòî÷íèê ñâÿçàí

ñ ïûëåâîé îáëàñòüþ, Ìàðòîí è äð. [30] èñïîëüçîâàëè èíäåêñ ïðîçðà÷íîñòè

ïûëè (  ) äëÿ êàæäîãî îáúåêòà èç êàðòû Planck.

Ïàðàëëàêñû, ñîáñòâåííûå äâèæåíèÿ è ëó÷åâûå ñêîðîñòè çâåçä èç áàçû

Gaia AllWISEDR2   áûëè âçÿòû èç êàòàëîãà Gaia DR2 â ðàáîòå [34].

Îêàçàëîñü, ÷òî èìååòñÿ î÷åíü ìàëî èçìåðåííûõ ëó÷åâûõ ñêîðîñòåé äëÿ ýòèõ

çâåçä. Ýòî íå ïîçâîëÿåò âû÷èñëèòü ïîëíîöåííûå ïðîñòðàíñòâåííûå ñêîðîñòè

çâåçä. Ïîýòîìó áûëî ïðîàíàëèçèðîâàíî òîëüêî ïðîñòðàíñòâåííîå ðàñïðåäåëåíèå

îòîáðàííûõ ìîëîäûõ çâåçä.

Äëÿ îòáîðà èç áàçû Gaia AllWISEDR2   íàèáîëåå ìîëîäûõ çâåçä, íå

äîñòèãøèõ ñòàäèè ÃÏ, áûëè ïðèìåíåíû ñëåäóþùèå êðèòåðèè:

, 0.5SEG, 0.5SE, 0.5SMS, 0.5LMS, 0.98SY, 0.95LY  (10)

ãäå SY - âåðîÿòíîñòü òîãî, ÷òî çâåçäà ÿâëÿåòñÿ YSO, íàéäåííàÿ áåç ïðèâëå÷åíèÿ

ôîòîìåòðè÷åñêèõ ïîëîñ W3 è W4 èç êàòàëîãà WISE, LMS - âåðîÿòíîñòü òîãî,

÷òî çâåçäà íàõîäèòñÿ íà ñòàäèè ÃÏ, íàéäåííàÿ ñ ïðèâëå÷åíèåì âñåõ

ôîòîìåòðè÷åñêèõ ïîëîñ èç êàòàëîãà WISE, SMS - âåðîÿòíîñòü òîãî, ÷òî çâåçäà

íàõîäèòñÿ íà ñòàäèè ÃÏ, íàéäåííàÿ áåç ïðèâëå÷åíèÿ ôîòîìåòðè÷åñêèõ ïîëîñ

W3 è W4 èç êàòàëîãà WISE, SE - âåðîÿòíîñòü òîãî, ÷òî ýòî ýâîëþöèîíèðóþùàÿ

çâåçäà, íàéäåííàÿ áåç ïðèâëå÷åíèÿ ôîòîìåòðè÷åñêèõ ïîëîñ W3 è W4 èç

êàòàëîãà WISE è SEG - âåðîÿòíîñòü òîãî, ÷òî ýòî âíåãàëàêòè÷åñêèé èñòî÷íèê,

íàéäåííûé áåç ïðèâëå÷åíèÿ ôîòîìåòðè÷åñêèõ ïîëîñ W3 è W4 èç êàòàëîãà

WISE.
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Èçâåñòíî, ÷òî òðèãîíîìåòðè÷åñêèå ïàðàëëàêñû çâåçä èç êàòàëîãà Gaia

DR2 èìåþò ñèñòåìàòè÷åñêèé ñäâèã îòíîñèòåëüíî èíåðöèàëüíîé ñèñòåìû

êîîðäèíàò [35]. Â ÷àñòíîñòè, â ðàáîòå [35] áûëî ïîêàçàíî, ÷òî çíà÷åíèå òàêîé

ïîïðàâêè ñîñòàâëÿåò 0290.  ìñä. Ýòî çíà÷åíèå ìû èñïîëüçîâàëè ïðè

âû÷èñëåíèè ðàññòîÿíèé r äî çâåçä ÷åðåç èõ ïàðàëëàêñû, truer 1 . Ïðè÷åì,

èñïîëüçîâàíèå ïîïðàâêè óìåíüøàåò ðàññòîÿíèÿ äî çâåçä, ò.ê. 0290.true  .

Äëÿ èçó÷åíèÿ âîëíû Ðýäêëèôôà, íà ãàëàêòè÷åñêîé ïëîñêîñòè XY çâåçäû

áûëè îòîáðàíû èç óçêîé çîíû, ðàñïîëîæåííîé ïîä óãëîì -25o ê îñè Y.

Èñïîëüçîâàëèñü çâåçäû ñ îøèáêàìè òðèãîíîìåòðè÷åñêèõ ïàðàëëàêñîâ ìåíåå

10%. Âñåãî â âûáîðêå îêàçàëîñü îêîëî 600 çâåçä. Îòìåòèì, ÷òî â ðàáîòå

Òóëàñèäõàðàíà è äð. [20] ïðè àíàëèçå òðåõ âûáîðîê ìîëîäûõ çâåçä òàêæå

ïîâîðîò ê îñè y  ïðîèçâîäèëñÿ íà 25o. Äåëî â òîì, ÷òî ïðè áîëüøåì óãëå

â âûáîðêå îêàçûâàåòñÿ î÷åíü ìàëî äàëåêèõ çâåçä.

Íà ðèñ.9 äàíà äèàãðàììà ïîêàçàòåëü öâåòà-àáñîëþòíàÿ çâåçäíàÿ âåëè÷èíà,

ïîñòðîåííàÿ ïî âûáîðêå çâåçä èç çîíû, ïðîõîäÿùåé ïîä óãëîì -25o ê îñè

Y. Ïîêàçàííàÿ íà ðèñóíêå ÃÏ ïðîâåäåíà ñîãëàñíî ðàáîòå [36]. Ìåëêèå äåòàëè

íàñ èíòåðåñóþò ìàëî, ïîýòîìó äèàãðàììà ïîñòðîåíà áåç ó÷åòà ïîãëîùåíèÿ.

Ãëàâíîå çäåñü òî, ÷òî èñïîëüçîâàíèå êðèòåðèåâ îòáîðà (10) ïîçâîëÿåò îòîáðàòü

äåéñòâèòåëüíî î÷åíü ìîëîäûå çâåçäû, íå äîñòèãøèå ñòàäèè ÃÏ.

Íà îñíîâå Ôóðüå àíàëèçà ýòîé âûáîðêè áûëè ïîëó÷åíû ñëåäóþùèå

îöåíêè àìïëèòóäû maxz  (êîòîðàÿ äîñòèãèåòñÿ ïðè 40.y   êïê) è äëèíû

Ðèñ.9. Äèàãðàììà ïîêàçàòåëü öâåòà-àáñîëþòíàÿ çâåçäíàÿ âåëè÷èíà, ïîñòðîåííàÿ ïî çâåçäàì
èç áàçû Gaia AllWISEDR2  ñ îòíîñèòåëüíûìè îøèáêàìè ïàðàëëàêñîâ ìåíåå 10%, ñïëîøíîé

ëèíèåé îòìå÷åíà ÃÏ. Ðèñóíîê âçÿò èç ðàáîòû Áîáûëåâà è äð. [22].
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âîëíû  :

. кпк1002, пк3118 ..zmax  (11)

Ýòè ðåçóëüòàòû îòðàæåíû íà ðèñ.10.

Îòìåòèì ðàáîòó Ëè è ×åíà [21], â êîòîðîé ñ öåëüþ èçó÷åíèÿ âîëíû

Ðýäêëèôôà òàêæå àíàëèçèðîâàëèñü î÷åíü ìîëîäûå çâåçäû, íå äîñòèãøèå

ñòàäèè ÃÏ. Â îòëè÷èå îò íàøåé, çäåñü îñíîâîé äëÿ êëàññèôèêàöèè ìîëîäûõ

çâåçä ïîñëóæèëà áîëåå ðàííÿÿ ðàáîòà Ìàðòîíà è äð. [37]. Äëÿ àíàëèçà

êèíåìàòèêè èñïîëüçîâàëèñü ñîáñòâåííûå äâèæåíèÿ çâåçä èç êàòàëîãà Gaia

DR2. Ïðè ýòîì âåðòèêàëüíûå ñêîðîñòè çâåçä âû÷èñëÿëèñü áåç èñïîëüçîâàíèÿ

ëó÷åâûõ ñêîðîñòåé. Ïðèìåíÿëñÿ îðèãèíàëíûé ìåòîä ïîèñêà ïàðàìåòðîâ

íàáëþäàåìîé âîëíû â ïîëîæåíèÿõ è âåðòèêàëüíûõ ñêîðîñòÿõ çâåçä. Àâòîðû

[37] çàêëþ÷èëè, ÷òî âåðòèêàëüíûå ïîëîæåíèÿ è ñêîðîñòè çâåçä äåìîíñòðèðóþò

ïî÷òè îäèíàêîâóþ ïåðèîäè÷íîñòü ñ äëèíîé âîëíû   îêîëî 1.5 êïê, îáà

êîëåáíèÿ èìåþò çàòóõàþùèé õàðàêòåð, àìïëèòóäà êîëåáàíèé îòíîñèòåëüíî

ñðåäíåé ïëîñêîñòè äèñêà Ìëå÷íîãî Ïóòè ñîñòàâëÿåò 20130 maxz  ïê. Âèäíî,

÷òî èìååòñÿ íåïëîõîå ñîãëàñèå â îöåíêàõ çíà÷åíèé   è maxz , íàéäåííûõ Ëè

è ×åíîì [21] è íàìè â ðåøåíèè (11).

2.2.4. Âåðòèêàëüíûå ñêîðîñòè â âîëíå Ðýäêëèôôà. Îáðàòèì

âíèìàíèå íà ðèñ.2 è ðèñ.8, èç êîòîðûõ âèäíî, ÷òî êîëåáàíèÿ âåðòèêàëüíûõ

êîîðäèíàò è âåðòèêàëüíûõ ñêîðîñòåé çâåçä ïðàêòè÷åñêè ñèíõðîííû. Ïîõîæèé

õàðàêòåð ïîâåäåíèÿ êîîðäèíàò è âåðòèêàëüíûõ ñêîðîñòåé ìîëîäûõ çâåçä

ïîëó÷åí â ðàáîòå Òóëàñèäõàðàíà è äð. [20].

Àíàëèç ñêîðîñòåé òðåõ âûáîðîê ìîëîäûõ çâåçä, âûïîëíåííûé â ðàáîòå

Ðèñ.10. Êîîðäèíàòû YSO z  â çàâèñèìîñòè îò ðàññòîÿíèÿ y  (a) è èõ ñïåêòð ìîùíîñòè
(b), êðèâàÿ îòðàæàåò ðåçóëüòàòû ñïåêòðàëüíîãî àíàëèçà, ïåðèîäè÷åñêàÿ æèðíàÿ ëèíèÿ îòðàæàåò

ðåçóëüòàò ñïåêòðàëüíîãî àíàëèçà, ïóíêòèðíàÿ ëèíèÿ ïîêàçûâàåò ñãëàæåííûå ñðåäíèå çíà÷åíèÿ
êîîðäèíàò. Ðèñóíîê âçÿò èç ðàáîòû Áîáûëåâà è äð. [22].
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[20], îòðàæåí íà ðèñ.11. Ñèìâîë "C" â ëåâîì âåðõíåì óãëó íà ýòîì ðèñóíêå

îçíà÷àåò, ÷òî çâåçäû ïðèíàäëåæàò óçêîé ïîëîñå, îðèåíòèðîâàííîé ïîä óãëîì

25o ê îñè Y. Âåðòèêàëüíûå ñêîðîñòè âûáîðîê äàíû ðàçëè÷íûìè ñèìâîëàìè:

ñêîðîñòè OB-çâåçä äàíû ïëîøíûì êâàäðàòîì, ñêîðîñòè çâåçä èç âåðõíåé

÷àñòè ÃÏ (UMS) äàíû êâàäðàòîì ñ áåëûì êðóãîì, ñêîðîñòè ãèãàíòîâ äàíû

êâàäðàòîì ñ áåëîé ïîëîñîé. Îòìåòèì õîðîøåå ñîãëàñèå âîëíû âåðòèêàëüíûõ

ñêîðîñòåé OB-çâåçä è ìàçåðîâ (ðèñ.8).

À âîò Ëè, ×åí [21] èç àíàëèçà ñîáñòâåííûõ äâèæåíèé çâåçä, íå äîñòèãøèõ

ñòàäèè ÃÏ, íàøëè ðàçíèöó ôàç ñ âåëè÷èíîé îêîëî 32  ìåæäó âîëíîé

âåðòèêàëüíûõ êîîðäèíàò è âîëíîé âåðòèêàëüíûõ ñêîðîñòåé. Ýòî ïðîäåìîíñò-

ðèðîâàíî íà ðèñ.12, êîòîðûé âçÿò èç ðàáîòû [21] ñ íåáîëüøîé çàìåíîé â

îáîçíà÷åíèè îñè àáñöèññ. Ïðè ýòîì àìïëèòóäà âåðòèêàëüíûõ ñêîðîñòåé

âîçìóùåíèé, W
max

 = 7 ± 0.6 êì/ñ, íàõîäèòñÿ â õîðîøåì ñîãëàñèè ñ îöåíêàìè

äðóãèõ àâòîðîâ. Åùå ðàç îòìåòèì, ÷òî àâòîðû [21] âåðòèêàëüíûå ñêîðîñòè

çâåçä âû÷èñëèëè áåç èñïîëüçîâàíèÿ ëó÷åâûõ ñêîðîñòåé. Ýòè çâåçäû î÷åíü

ñëàáûå, èõ ñïåêòðû ïîëó÷èòü ïîêà íå óäàåòñÿ. Ïîýòîìó ìàññîâûå èçìåðåíèÿ

ëó÷åâûõ ñêîðîñòåé ýòèõ çâåçä ïîêà îòñóòñòâóþò. Ê àíàëèçó Ëè, ×åíà [21]

âåðòèêàëüíûõ ñêîðîñòåé ìîëîäûõ çâåçä íåîáõîäèìî îòíåñòèñü ñ îñòîðîæíîñòüþ.

Ìîæåì ñ áîëüøîé óâåðåííîñòüþ ãîâîðèòü î òîì, ÷òî êîëåáàíèÿ âåðòè-

êàëüíûõ ïîëîæåíèé è âåðòèêàëüíûõ ñêîðîñòåé çâåçä â âîëíå Ðýäêëèôôà

ïðîèñõîäÿò ñèíõðîííî.

Îòìåòèì ðàáîòó Òó è äð. [42], â êîòîðîé âûïîëíåí òðåõìåðíûé àíàëèç

ïîëîæåíèé è ñêîðîñòåé îêîëî 1100 ìîëîäûõ çâåçä, íå äîñòèãøèõ ñòàäèè ÃÏ,

ñâÿçàííûõ ñ âîëíîé Ðýäêëèôôà. Â îòëè÷èå îò ðàáîòû [21], äëÿ âû÷èñëåíèÿ

ïðîñòðàíñòâåííûõ ñêîðîñòåé çâåçä Òó è äð. [42] èñïîëüçîâàëè çâåçäû ñ èçìå-

Ðèñ.11. Âåðòèêàëüíûå ñêîðîñòè òðåõ âûáîðîê ìîëîäûõ çâåçä â çàâèñèìîñòè îò ðàññòîÿíèÿ
y , ïîëîæåíèå Ñîëíöà çäåñü ïðèìåðíî ñîîòâåòñòâóåò çíà÷åíèþ 0y  êïê, ðèñóíîê âçÿò
èç ðàáîòû Òóëàñèäõàðàíà è äð. [20].
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ðåííûìè ëó÷åâûìè ñêîðîñòÿìè (èç êàòàëîãà Gaia DR2), ñîáñòâåííûìè äâèæåíèÿìè

è ïàðàëëàêñàìè. Îñíîâîé ðàáîòû ïîñëóæèë êàòàëîã ìîëîäûõ çâåçä èç ðàáîòû

Çàðè è äð. [43], ãäå âñå çâåçäû ðàñïîëîæåíû íå äàëåå 500 ïê îò Ñîëíöà. Òó

è äð. [42] íàøëè õîðîøåå ñîãëàñèå ìåæäó èçâåñòíûì èç [1] ïîâåäåíèåì ãàçà

è ïûëè âäîëü âîëíû Ðýäêëèôôà è ïîâåäåíèåì âåðòèêàëüíûõ êîîðäèíàò ìîëîäûõ

çâåçä. Ïðè ýòîì ýòè àâòîðû îòìå÷àþò, ÷òî àìïëèòóäà âåðòèêàëüíûõ âîçìóùåíèé,

íàéäåííàÿ ïî âûáîðêå ìîëîäûõ çâåçä, íåìíîãî ìåíüøå, ÷åì ó ãàçà è ïûëè.

Ýòèìè àâòîðàìè ïðîâåäåí äîâîëüíî ñëîæíûé àíàëèç ñêîðîñòåé èçáðàííûõ

ìîëîäûõ çâåçä - ñòðîèëèñü ãàëàêòè÷åñêèå îðáèòû â íåñêîëüêèõ ïîòåíöèàëàõ.

Çàòåì ïîëîæåíèÿ è ñêîðîñòè çâåçä âûðàæàëèñü â òåðìèíàõ óãîë-äåéñòâèå è

äàëåå ðàññìàòðèâàëàñü òåíäåíöèÿ ê èçìåíåíèþ âåðòèêàëüíîãî óãëà çâåçäû

( z ) â çàâèñèìîñòè îò åå ïîëîæåíèÿ âäîëü âîëíû Ðýäêëèôôà (ó íàñ âäîëü

îñè y ). Ãëàâíûé âûâîä Òó è äð. [42] ïî êèíåìàòèêå ìîëîäûõ çâåçä çàêëþ-

÷àåòñÿ â òîì, ÷òî îíè íå îáíàðóæèëè çíà÷èòåëüíûõ èçìåíåíèé âåðòèêàëüíûõ

ñêîðîñòåé â çàâèñèìîñòè îò ïîëîæåíèÿ çâåçä âäîëü âîëíû Ðýäêëèôôà. Îíè

ñâÿçûâàþò ýòî ñ êà÷åñòâîì ëó÷åâûõ ñêîðîñòåé ðàññìàòðèâàåìûõ çâåçä è

âûðàæàþò íàäåæäó íà ïîÿâëåíèå áîëåå òî÷íûõ ìàññîâûõ ëó÷åâûõ ñêîðîñòåé

ñëàáûõ çâåçä (íàïðèìåð, â êàòàëîãå Gaia DR3).

3. Ãèïîòåçû ïðîèñõîæäåíèÿ âîëíû Ðýäêëèôôà. Ñîãëàñíî Ôëåêó

[38], ïðîèñõîæäåíèå âîëíû Ðýäêëèôôà ìîãëî áûòü âûçâàíî íåóñòîé÷èâîñòüþ

Êåëüâèíà-Ãåëüìãîëüöà, âîçíèêøåé íà ãðàíèöå ðàçäåëà ìåæäó ãàëàêòè÷åñêèì

äèñêîì è ãàëî, âðàùàþùèìèñÿ ñ ðàçíûìè ñêîðîñòÿìè. Óïðîùàÿ, ìîæíî

ñêàçàòü, ÷òî ýôôåêò ïîäîáåí âîëíàì îò âåòðà íà ðåêå. Êðèòèêà ïîäõîäà

Ôëåêà çàêëþ÷àåòñÿ â òîì, ÷òî â ñëó÷àå ðàáîòû ýôôåêòà, âîëíû òèïà âîëíû

Ðèñ.12. Ïîâåäåíèå âåðòèêàëüíûõ êîîðäèíàò (÷åðíàÿ ëèíèÿ) è âåðòèêàëüíûõ ñêîðîñòåé

(ñåðàÿ ëèíèÿ) çâåçä òèïà Ò Òåëüöà â çàâèñèìîñòè îò ðàññòîÿíèÿ y , ïîëîæåíèå Ñîëíöà çäåñü
ïðèìåðíî ñîîòâåòñòâóåò çíà÷åíèþ 01.y   êïê, ðèñóíîê âçÿò èç ðàáîòû Ëè è ×åíà [21].

0.0

0.0

Y', êïê

z/kpc 10

vz/(km/s)/10

0.5 1.0 1.5 2.0 2.5

0.5

-0.5

À
ì
ïë

èò
óä

à



620 Â.Â.ÁÎÁÛËÅÂ  È  ÄÐ.

Ðýäêëèôôà äîëæíû íàáëþäàòüñÿ ïî âñåìó ãàëàêòè÷åñêîìó äèñêó.

Â ðàáîòå Òóëàñèäõàðàíà è äð. [20] ñ èñïîëüçîâàíèåì äàííûõ î ìîëîäûõ

çâåçäàõ â êà÷åñòâå èíäèêàòîðîâ âîëíû Ðýäêëèôôà èññëåäîâàíà âîçìîæíîñòü

òîãî, ÷òî ýòî êîëåáàíèå ÿâëÿåòñÿ ÷àñòüþ áîëåå ìàñøòàáíîé âåðòèêàëüíîé ìîäû.

Ñîãëàñíî ýòèì àâòîðàì, â Ãàëàêòèêå èìååòñÿ êèíåìàòè÷åñêàÿ âîëíà ñ àìïëèòóäîé

êîëåáàíèé, çàâèñÿùåé îò âîçðàñòà çâåçäíîãî íàñåëåíèÿ. Íà îñíîâå N-body

ìîäåëèðîâàíèÿ èçó÷åíî ãðàâèòàöèîííîå âîçäåéñòâèå íà ãàëàêòè÷åñêèé äèñê

êàðëèêîâîé ãàëàêòèêè-ñïóòíèêà Ìëå÷íîãî Ïóòè òèïà èçâåñòíîé êàðëèêîâîé

ãàëàêòèêè â Ñòðåëüöå ñ ìàññîé îêîëî M10102  . Àâòîðû [20] íàøëè, ÷òî

âîçäåéñòâèå òàêîãî óäàðíèêà âûçûâàåò êèíåìàòè÷åñêóþ âîëíó, ðàñïðîñòðà-

íÿþùóþñÿ â ðàäèàëüíîì îò öåíòðà Ãàëàêòèêè íàïðàâëåíèè ñ àìïëèòóäîé

âåðòèêàëüíûõ êîëåáàíèé 4-5 êì/ñ â îáëàñòè Ñîëíöà. Îäíàêî áûë ïîëó÷åí

ñëèøêîì áîëüøîé óãîë çàêðóòêè ìîäåëüíîé âîëíû ïî ñðàâíåíèþ ñ íåîáõîäèìîé

äëÿ îáúÿñíåíèÿ ïîÿâëåíèÿ âîëíû Ðýäêëèôôà. Îêîí÷àòåëüíûé âûâîä àâòîðû

îòëîæèëè äî ïîÿâëåíèÿ áîëåå ñîâåðøåííûõ íàáëþäàòåëüíûõ äàííûõ.

Îòìåòèì, ÷òî â êà÷åñòâå óäàðíèêà ìîæåò âûñòóïàòü è øàðîâîå ñêîïëåíèå.

Íàïðèìåð, â ðàáîòå Áîáûëåâà, Áàéêîâîé [40] áûëî ïîêàçàíî, ÷òî øàðîâîå

ñêîïëåíèå  Cen ìîãëî ñïðîâîöèðîâàòü âîçíèêíîâåíèå ïîÿñà Ãóëäà. Ïðàâäà,

ïðîëåò ýòîãî øàðîâîãî ñêîïëåíèÿ ÷åðåç ãàëàêòè÷åñêèé äèñê, ñîãëàñíî

ïîëó÷åííûì îöåíêàì, äîëæåí áûë ñîñòîÿòüñÿ îêîëî 90 ìëí ëåò íàçàä. ×òîáû

îöåíèòü ñâÿçü ýòîãî ýôôåêòà ñ âîëíîé Ðýäêëèôôà, íåîáõîäèìî çíàòü âîçðàñò

âîëíû. Ïðîÿâëåíèå âîëíû Ðýäêëèôôà íàáëþäàåòñÿ â ðàñïðåäåëåíèè OB-

çâåçä [20]. Ïîýòîìó ìîæíî ãîâîðèòü î òîì, ÷òî âîçðàñò âîëíû Ðýäêëèôôà

ñîñòàâëÿåò íå ìåíåå 40-50 ìëí ëåò. Â ïðèíöèïå, ýòî ñîïîñòàâèìî ñ âîçðàñòîì

ïîÿñà Ãóëäà, ~ 60 ìëí ëåò.

Â íàñòîÿùåå âðåìÿ èçâåñòåí ðÿä ÿâëåíèé ðàçëè÷íîé ïðèðîäû, äåìîíñòðè-

ðóþùèõ íàëè÷èå âåðòèêàëüíûõ îñöèëëÿöèé â äèñêå Ãàëàêòèêè. Íàïðèìåð,

õîðîøî óñòàíîâëåíî êðóïíîìàñøòàáíîå èñêðèâëåíèå äèñêà [44], íàáëþäàåìîå

â ðàñïðåäåëåíèè è êèíåìàòèêå ãàçîâûõ, ïûëåâûõ îáëàêîâ, à òàêæå çâåçä [45-

49]. Âåðîÿòíîñòü ñâÿçè âîëíû Ðýäêëèôôà ñ ýòèì ÿâëåíèåì íè÷òîæíî ìàëà

èç-çà õàðàêòåðíîãî ìàñøòàáà.

Âîçìîæíû âåðòèêàëüíûå êîëåáàíèÿ, ñâÿçàííûå ñ âîçìóùåíèÿìè îò

ãàëàêòè÷åñêîé ñïèðàëüíîé âîëíû ïëîòíîñòè [50,51]. Õàðàêòåðíàÿ äëèíà âîëíû

òàêèõ êîëåáàíèé (23 êïê) áëèçêà ê íàéäåííîé äëÿ âîëíû Ðýäêëèôôà. Îäíàêî

îðèåíòàöèÿ âîëíû Ðýäêëèôôà (íàêëîí ê îñè y) ñèëüíî îòëè÷àåòñÿ îò óãëà

çàêðóòêè ñïèðàëüíîãî óçîðà Ãàëàêòèêè (10o
 - 15o). Ïîýòîìó ñâÿçü âîëíû

Ðýäêëèôôà ñ âîçìóùåíèÿìè îò ñïèðàëüíîé âîëíû ïëîòíîñòè, õîòÿ è íå

èñêëþ÷åíà, íî ïîêà ïðåäñòàâëÿåòñÿ ìàëîâåðîÿòíîé.

Â ðàáîòàõ [52,53] îïèñàíû ïåðèîäè÷åñêèå âîçìóùåíèÿ ïëîòíîñòè è

ñêîðîñòåé çâåçä, èìåþùèå àñèììåòðè÷íûé õàðàêòåð äëÿ ñåâåðíîãî è þæíîãî
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ãàëàêòè÷åñêîãî ïîëóøàðèÿ. Â ýòèõ èññëåäîâàíèÿõ èñïîëüçîâàëèñü áëèçêèå ê

Ñîëíöó çâåçäû, ïðèíàäëåæàùèå ÃÏ. Áûëè çàäåéñòâîâàíû çâåçäû ñ âîçðàñòàìè

â ñîòíè ìëí ëåò. Òàêîå íàðóøåíèå ðàâíîâåñèÿ â ãàëàêòè÷åñêîì äèñêå îáû÷íî

ñâÿçûâàþò ñ êàêèì-òî âíåøíèì âîçäåéñòâèåì íà äèñê Ãàëàêòèêè (ïàäåíèå

êàðëèêîâîé ãàëàêòèêè-ñïóòíèêà, ñãóñòêà òåìíîé ìàòåðèè, ìàññèâíîãî

âûñîêîñêîðîñòíîãî ãàçîâîãî îáëàêà, øàðîâîãî ñêîïëåíèÿ è ò.ä.).

Â èòîãå ìîæíî çàêëþ÷èòü, ÷òî âîëíà Ðýäêëèôôà îáëàäàåò óíèêàëüíûìè

õàðàêòåðèñòèêàìè. Òàêèå õàðàêòåðèñòèêè òðóäíî îáúÿñíèìû. Èìååòñÿ ðÿä

âîïðîñîâ íà êîòîðûå ïîêà íåò îòâåòà. Âî-ïåðâûõ, íåò ïîëíîé óâåðåííîñòè,

÷òî ýòî åñòü âîëíà. Âî-âòîðûõ, îòêóäà  èçâåñòíî, ÷òî âîëíà çàòóõàþùàÿ? Åñëè

îíà äâèæåòñÿ â íàïðàâëåíèè âðàùåíèÿ ãàëàêòèêè, òî äà, âîëíà çàòóõàþùàÿ.

À åñëè ïðîòèâ âðàùåíèÿ Ãàëàêòèêè, òî âîëíà óæå íå çàòóõàþùàÿ.

4. Çàêëþ÷åíèå. Â 2020ã. Àëâåñîì è äð. [1] ïî äàííûì î ìîëåêóëÿðíûõ

îáëàêàõ áûëà îáíàðóæåíà âîëíà Ðýäêëèôôà - âîëíà çàòóõàþùèõ âåðòèêàëüíûõ

êîëåáàíèé. Õàðàêòåðíûé ìàñøòàá âîëíû ñîñòàâëÿåò îêîëî 2.5 êïê, ìàêñèìàëüíîå

çíà÷åíèå àìïëèòóäû ñîñòàâëÿåò 160 ïê. Â íàñòîÿùåé ðàáîòå äàí îáçîð öåëîãî

ðÿäà ïóáëèêàöèé, êîòîðûå ïîäòâåðæäàþò íàëè÷èå âîëíû Ðýäêëèôôà êàê â

ïîëîæåíèÿõ, òàê è â âåðòèêàëüíûõ ñêîðîñòÿõ ðàçëè÷íûõ ìîëîäûõ çâåçä. Ìû

ïîñòàðàëèñü îòìåòèòü âñå äîñòóïíûå íà ñåãîäíÿøíèé äåíü ïóáëèêàöèè, â

êîòîðûõ ëèáî â íàçâàíèè, ëèáî â êëþ÷åâûõ ñëîâàõ ôèãóðèðóåò òåðìèí âîëíà

Ðýäêëèôôà.

Äîíàäà, Ôèãóýðîñ [7] ïðîàíàëèçèðîâàëè âûáîðêó î÷åíü ìîëîäûõ OB-

çâåçä è ÐÇÑ èç îêîëîñîëíå÷íîé îêðåñòíîñòè ðàäèóñîì îêîëî 2 êïê. Àâòîðû,

ïî-âèäèìîìó, âïåðâûå îáíàðóæèëè ñâÿçü ìåæäó âåðòèêàëüíûìè êîîðäèíàòàìè

è âåðòèêàëüíûìè ñêîðîñòÿìè ìîëîäûõ îáúåêòîâ, ïðèíàäëåæàùèõ ñòðóêòóðå

âîëíû Ðýäêëèôôà. Ïðè ýòîì áûëè èñïîëüçîâàíû âåðòèêàëüíûå ñêîðîñòè

âñåãî ëèøü 11 ÐÇÑ.

Â ðàáîòå Ëàëëåìåíòà è äð. [18] ïî ñîâðåìåííûì ôîòîìåòðè÷åñêèì äàííûì

î çâåçäàõ ïîñòðîåíû âûñîêîòî÷íûå òðåõìåðíûå êàðòû ìåæçâåçäíîãî ïîãëîùåíèÿ

è ïîêàçàíî íàëè÷èå âîëíû Ðýäêëèôôà â ðàñïðåäåëåíèè ìåæçâåçäíîé ïûëè.

Â ðàáîòå Òóëàñèäõàðàíà è äð. [20] âûïîëíåí àíàëèç: à) OB-çâåçä, á) çâåçä

èç âåðõíåé ÷àñòè ÃÏ è â) êðàñíûõ ãèãàíòîâ. Ïîêàçàíî, ÷òî àìïëèòóäà

âåðòèêàëüíûõ êîëåáàíèé çàâèñèò îò âîçðàñòà çâåçäíîãî íàñåëåíèÿ. Ïîäòâåðæäåíà

ñâÿçü ìåæäó âîçìóùåííûìè âåðòèêàëüíûìè ïîëîæåíèÿìè è âåðòèêàëüíûìè

ñêîðîñòÿìè ìîëîäûõ îáúåêòîâ. Ìàêñèìàëüíóþ àìïëèòóäó âåðòèêàëüíûõ

ñêîðîñòåé ñ âåëè÷èíîé 3-4 êì/ñ äåìîíñòðèðóþò OB-çâåçäû. Ïðè÷åì çäåñü

óæå áûëè èññëåäîâàíû âåðòèêàëüíûå ñêîðîñòè áîëüøîãî êîëè÷åñòâà çâåçä.

Àíàëèç ìîëîäûõ çâåçä òèïà Ò Òåëüöà, ïðîâåäåííûé â ðàáîòàõ Ëè, ×åíà

[21], à òàêæå Áîáûëåâà è äð. [22], ïîêàçàë íàëè÷èå âîëíû Ðýäêëèôôà â
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ïîëîæåíèÿõ ýòèõ çâåçä.

Ïîìèìî çâåçä òèïà Ò Òåëüöà, â ðàáîòå Áîáûëåâà è äð. [22] èçó÷åíà

âûáîðêà èç 68 ìàçåðíûõ èñòî÷íèêîâ è ðàäèîçâåçä, ðàñïîëîæåííûõ â Ìåñòíîì

ðóêàâå, ñ âûñîêîòî÷íûìè ÐÑÄÁ-èçìåðåíèÿìè èõ òðèãîíîìåòðè÷åñêèõ

ïàðàëëàêñîâ è ñîáñòâåííûõ äâèæåíèé. Àíàëèç èõ ïîëîæåíèé è ñêîðîñòåé

âûïîëíåí íà îñíîâå Ôóðüå àíàëèçà. Èñïîëüçîâàíèå ýòîãî ìåòîäà ïîçâîëÿåò

âïèñàòü â íàáëþäàòåëüíûå äàííûå êàê ìîíîõðîìàòè÷åñêóþ, òàê è ïîëèõðî-

ìàòè÷åñêóþ âîëíó. Ñïåöèàëüíî äëÿ íàñòîÿùåé ðàáîòû Ôóðüå àíàëèç áûë

ïðèìåíåí ê äàííûì î ìîëåêóëÿðíûõ îáëàêàõ, ñ èñïîëüçîâàíèåì êîòîðûõ

áûëà îáíàðóæåíà âîëíà Ðýäêëèôôà. Ìåòîä ïîêàçàë îòëè÷íûå ðåçóëüòàòû.

Ïðè àíàëèçå ñîáñòâåííûõ äâèæåíèé çâåçä, íå äîñòèãøèõ ñòàäèè ÃÏ, Ëè,

×åí [21] ïîëó÷èëè ïàðàäîêñàëüíûé ðåçóëüòàò è íàøëè ðàçíèöó ôàç ñ âåëè÷èíîé

îêîëî 32  ìåæäó âîëíîé âåðòèêàëüíûõ êîîðäèíàò è âîëíîé âåðòèêàëüíûõ

ñêîðîñòåé. Â íàñòîÿùåé ðàáîòå ôàêòè÷åñêè ïðîâåäåíî îáñóæäåíèå ðåçóëüòàòîâ

àíàëèçà âåðòèêàëüíûõ ñêîðîñòåé çâåçä, ñâÿçàííûõ ñ âîëíîé Ðýäêëèôôà,

ïîëó÷åííûõ â ðàáîòàõ Äîíàäû, Ôèãóýðîñà [7], Òóëàñèäõàðàíà è äð. [20], à

òàêæå Áîáûëåâà è äð. [22]. Â èòîãå ìû çàêëþ÷èëè, ÷òî êîëåáàíèÿ âåðòèêàëüíûõ

ïîëîæåíèé è âåðòèêàëüíûõ ñêîðîñòåé çâåçä â âîëíå Ðýäêëèôôà ïðîèñõîäÿò

ñèíõðîííî.

Äëÿ îáúÿñíåíèÿ ïðèðîäû âîçíèêíîâåíèÿ âîëíû Ðýäêëèôôà ê íàñòîÿùåìó

ìîìåíòó âûäâèíóòû äâå ãèïîòåçû. Ôëåê [38] ïðåäëàãàåò ñâÿçàòü ïðîèñõîæäåíèå

âîëíû Ðýäêëèôôà ñ íåóñòîé÷èâîñòþ Êåëüâèíà-Ãåëüìãîëüöà. Áîëüøàÿ æå

÷àñòü èññëåäîâàòåëåé ïðèäåðæèâàåòñÿ ïðåäïîëîæåíèÿ î âíåøíåì ãðàâèòàöèîí-

íîì âîçäåéñòâèè íà ãàëàêòè÷åñêèé äèñê óäàðíèêà òèïà êàðëèêîâîé ãàëàêòèêè-

ñïóòíèêà Ìëå÷íîãî Ïóòè.

1 Ãëàâíàÿ (Ïóëêîâñêàÿ) àñòðîíîìè÷åñêàÿ îáñåðâàòîðèÿ ÐÀÍ,

 Ñ.-Ïåòåðáóðã, e-mail: bob-v-vzz@rambler.ru
2 Þæíûé Ôåäåðàëüíûé Óíèâåðñèòåò, Ðîñòîâ-íà-Äîíó

REVIEWS

THE MYSTERIOUS RADCLIFFE WAVE

V.V.BOBYLEV1, A.T.BAJKOVA1, Yu.N.MISHUROV2

The review is devoted to the Radcliffe Wave recently discovered by Alves et

al. from the analysis of molecular clouds. These authors singled out a narrow chain
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of molecular clouds, elongated almost in one line, located at an inclination of

about 30o to the galactic axis y. The Radcliffe Wave itself outlines damped vertical

oscillations of molecular clouds with a maximum oscillation amplitude of about

160 pc and a characteristic wavelength of about 2.5 kpc. To date, the presence of

the Radcliffe Wave has been confirmed in the vertical distribution of a) interstellar

dust, b) sources of maser radiation and radio stars, which are very young stars

and protostars closely associated with molecular clouds, c) low-mass stars of the

T Tau type, d) more massive OB stars and e) young open clusters of stars. The

Radcliffe Wave is also traced in the vertical velocities of young stars. Most of the

considered results of the analysis of the vertical velocities of various young stars

show that the oscillations of the vertical positions and vertical velocities of stars

in the Radcliffe Wave occur synchronously. The nature of the Radcliffe Wave is

completely unclear. The majority of researchers associate its occurrence with the

assumption of an external gravitational impact on the galactic disk of a striker

such as a dwarf satellite galaxy of the Milky Way.

Keywords: Radcliffe Wave: molecular clouds: young stars
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