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ÃÓÐÀÌ ÍÈÊÎËÀÅÂÈ× ÑÀËÓÊÂÀÄÇÅ

(1931-2024)

Ðåäàêöèÿ æóðíàëà "Àñòðîôèçèêà" ïîíåñëa òÿæåëóþ óòðàòó. 19 íîÿáðÿ

2024ã. â âîçðàñòå 93 ëåò óøåë èç æèçíè èçâåñòíûé ãðóçèíñêèé àñòðîôèçèê,

îäèí èç ñòàðåéøèõ ÷ëåíîâ ðåäêîëëåãèè Ãóðàì Íèêîëàåâè÷ Ñàëóêâàäçå.

Ïîñëå îêîí÷àíèÿ  Òáèëèññêîãî ãîñóäàðñòâåííîãî óíèâåðñèòåòà âñÿ æèçíü

è íàó÷íàÿ äåÿòåëüíîñòü Ãóðàìà Íèêîëàåâè÷à áûëà ñâÿçàíà ñ Àáàñòóìàíñêîé

àñòðîôèçè÷åñêîé îáñåðâàòîðèåé, ñîòðóäíèêîì êîòîðîé îí ÿâëÿëñÿ ñ 1954ã.

Ãóðàì Íèêîëàåâè÷ â òå÷åíèå ðÿäà ëåò ÿâëÿëñÿ ó÷åíûì ñåêðåòàðåì îáñåðâàòîðèè,

ðóêîâîäèë îòäåëîì Çâåçä è Ãàëàêòèê, ñ 1974ã. áûë çàìåñòèòåëåì äèðåêòîðà

ïî íàó÷íîé ðàáîòå, ïðèíèìàë ó÷àñòèå âî ìíîãèõ ìåæäóíàðîäíûõ ïðîåêòàõ

è ýêñïåäèöèÿõ. Ãóðàì Íèêîëàåâè÷ ðóêîâîäèë (1978ã.) èíñòàëÿöèåé íîâîãî

125 ñàíòèìåòðîâîãî òåëåñêîïà ÀÇÒ-11 è èññëåäîâàíèÿìè àáàñòóìàíñêîãî

àñòðîêëèìàòà. Îñíîâíûå íàïðàâëåíèÿ åãî íàó÷íîé äåÿòåëüíîñòè ñâÿçàíû ñ

èññëåäîâàíèÿìè êðàòíûõ çâåçäíûõ ñèñòåì òèïà òðàïåöèé è çâåçäíûõ àññîöèàöèé.

Óêàçàííûì ïðîáëåìàì ïîñâÿùåíû åãî êàíäèäàòñêàÿ (1963ã.) è äîêòîðñêàÿ

(1982ã.) äèññåðòàöèè. Ãóðàì Íèêîëàåâè÷ àâòîð áîëåå 80 ïóáëèêàöèé, â òîì

÷èñëå êàòàëîãà êðàòíûõ çâåçäíûõ ñèñòåì òèïà òðàïåöèé è ìîíîãðàôèè

"Èññëåäîâàíèå ñèñòåì òèïà òðàïåöèé è ýâîëþöèÿ çâåçä". Îí ðóêîâîäèë

àñòðîíîìè÷åñêèì îáùåñòâîì Ãðóçèè, âåë ïëîäîòâîðíóþ ïåäàãîãè÷åñêóþ

äåÿòåëüíîñòü. Ìíîãèå ãðóçèíñêèå àñòðîíîìû ñ÷èòàþò åãî ñâîèì ó÷èòåëåì.



Îñîáî ñëåäóåò îòìåòèòü òåñíîå ñîòðóäíè÷åñòâî è äðóæáó Ãóðàìà Íèêîëàå-

âè÷à ñ àðìÿíñêèìè àñòðîôèçèêàìè: íàó÷íûì ðóêîâîäèòåëåì åãî äîêòîðñêîé

äèññåðòàöèè ÿâëÿëñÿ âûäàþùèéñÿ àñòðîôèçèê Âèêòîð Àìáàðöóìÿí. Äî êîíöà

æèçíè îí ÿâëÿëñÿ ÷ëåíîì ðåäêîëëåãèè ìåæäóíàðîäíîãî íàó÷íîãî æóðíàëà

"Àñòðîôèçèêà". Ãóðàì Íèêîëàåâè÷ áûë èñêëþ÷èòåëüíî äîáðûì, ñêðîìíûì è

îòçûâ÷èâûì ÷åëîâåêîì, ïîýòîìó ïàìÿòü î íåì áóäåò äîëãî æèòü ó âñåõ, êòî

åãî çíàë.

Ðåäàêöèÿ æóðíàëà "Àñòðîôèçèêà"



ÐÅÍÒÃÅÍÎÂÑÊÈÅ ÑÂÎÉÑÒÂÀ ÁËÀÇÀÐÎÂ

Ã.Ì.ÏÀÐÎÍßÍ
Ïîñòóïèëà 26 íîÿáðÿ 2024

Ïðèíÿòà ê ïå÷àòè 14 ôåâðàëÿ 2025

Àíàëèç âûáîðêè áëàçàðîâ èç êàòàëîãà BZCAT ïîêàçûâàåò, ÷òî îíè èìåþò ðàçëè÷íûå
õàðàêòåðíûå ñâîéñòâà, òàêèå êàê: ñèëüíîå ðàäèîèçëó÷åíèå, îïòè÷åñêàÿ è ðàäèî ïåðåìåííîñòü,
íåïðåðûâíûå îïòè÷åñêèå ñïåêòðû, ïîëÿðèçàöèÿ, âûñîêàÿ ñâåòèìîñòü è äð. (èçíà÷àëüíî â
êàòàëîã áûëè âêëþ÷åíû îáúåêòû ñ îïòè÷åñêîé ïåðåìåííîñòüþ è ñèëüíûì ðàäèîèçëó÷åíèåì
(îáúåêòû BL Lacertae (BLL) è ðàäèîêâàçàðû ñ ïëîñêèì ñïåêòðîì (FSRQ)). Äëÿ áëàçàðîâ
õàðàêòåðåí ðÿä âûøåïåðå÷èñëåííûõ ñâîéñòâ, ó 48% îáíàðóæåíî ðåíòãåíîâñêîå èçëó÷åíèå.
Â ýòîé ðàáîòå èññëåäóþòñÿ ñâîéñòâà áëàçàðîâ â ðåíòãåíîâñêîì äèàïàçîíå. Òàêæå ïðèâåäåíû
õàðàêòåðèñòèêè áëàçàðîâ îïðåäåëåííûå íà îñíîâå íàøèõ àíàëèçîâ è ðàñ÷åòîâ.

Êëþ÷åâûå ñëîâà: àêòèâíûå ÿäðà ãàëàêòèê: áëàçàðû: BLL: êâàçàðû: ðåíòãå-

íîâñêîå èçëó÷åíèå

1. Ââåäåíèå. Ñðåäè àêòèâíûõ ãàëàêòè÷åñêèõ ÿäåð (ÀÃß) íàèáîëåå

èíòåðåñíûìè ÿâëÿþòñÿ áëàçàðû äâóõ ïîäòèïîâ: îáúåêòû BL Lac (BLL) è

îïòè÷åñêèå ïåðåìåííûå (OVV) ñ îäíîé ñòîðîíû, à òàêæå âûñîêîïîëÿðèçî-

âàííûå êâàçàðû (HPQ), ñ äðóãîé. Áëàçàð îïèñûâàåòñÿ êàê î÷åíü êîìïàêòíûé

êâàçàð, ñâÿçàííûé ñ ïðåäïîëàãàåìîé ñâåðõìàññèâíîé ÷åðíîé äûðîé â öåíòðå

àêòèâíîé ãàëàêòèêè. Áëàçàðû, âåðîÿòíî, ñàìûå ýíåðãåòè÷åñêèå ÿâëåíèÿ âî

Âñåëåííîé. Íåêîòîðûå ðåäêèå îáúåêòû ìîæíî ðàññìàòðèâàòü êàê "ïðîìåæó-

òî÷íûå áëàçàðû", êîòîðûå îáëàäàþò ñâîéñòâàìè OVV, HPQ è BLL. Êâàçàðû

OVV ïîõîæè íà BLL, íî èìåþò íîðìàëüíûé ñïåêòð QSO (ýìèññèîííûå

ëèíèè). HPQ îáû÷íî èìåþò ïîëÿðèçàöèþ áîëåå 3%. Îíè îáúåäèíåíû ñ

êâàçàðàìè OVV â îäèí êëàññ. HPQ â îñíîâíîì ñîñòîÿò èç ðàäèîãàëàêòèê òèïà

FR II. Ïåðâîíà÷àëüíî îáúåêò BL Lac áûë îòêðûò êàê ïåðåìåííàÿ çâåçäà [1].

Ïîçæå ýòîò îáúåêò îòîæäåñòâëåí [2] ñ âíåãàëàêòè÷åñêèì èñòî÷íèêîì.

Ñ÷èòàåòñÿ, ÷òî áëàçàðû ïðåäñòàâëÿþò ñîáîé îáúåêòû, ñ ñèëüíûìè ðåëÿòè-

âèñòè÷åñêèìè äæåòàìè íà ëó÷å çðåíèÿ, êîãäà óãîë ìåæäó îñüþ ðåëÿòèâèñòè-

÷åñêîé ñòðóåé è ëó÷îì çðåíèÿ ìàë. Ñòðóÿ äîïëåðîâñêè óñèëåíà âî âñåì

ñïåêòðå (îò ðàäèî äî  -ëó÷åé) è â íåì ïðåîáëàäàåò êîìïàêòíûé, ñèëüíî

ïîëÿðèçîâàííûé, ñèëüíî ïåðåìåííûé êîíòèíóóì ïî÷òè áåç ëèíèé. Íàëè÷èå

äæåòà îáúÿñíÿåò áûñòðóþ ïåðåìåííîñòü è êîìïàêòíûé âèä îáîèõ òèïîâ
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8 Ã.Ì.ÏÀÐÎÍßÍ

áëàçàðîâ (BLL è OVV/HPQ). Îáùåïðèíÿòàÿ êàðòèíà òàêîâà: êâàçàðû OVV

- îòíîñèòåëüíî ìîùíûå ðàäèîãàëàêòèêè, à BLL - îòíîñèòåëüíî ñëàáûå

ðàäèîãàëàêòèêè. Â îáîèõ ñëó÷àÿõ ðîäèòåëüñêèå ãàëàêòèêè ïðåäñòàâëÿþò ñîáîé

ãèãàíòñêèå ýëëèïòè÷åñêèå ãàëàêòèêè.

Îäíàêî îïðåäåëåíèå áëàçàðà ïî èõ ñâîéñòâàì â ðàçíûõ äèàïàçîíàõ äî ñèõ

ïîð íå óòî÷íåíî. Ýòè äâà òèïà èìåþò ìíîãî îáùåãî, îäíàêî èõ ôèçè÷åñêèå

ñâîéñòâà ðàçíûå. Ñóùåñòâóåò ìíîæåñòâî ïàðàìåòðîâ, êîòîðûå ìîæíî ðàññìàò-

ðèâàòü êàê êðèòåðèè äëÿ îïðåäåëåíèÿ áëàçàðîâ - âûñîêàÿ ñâåòèìîñòü, ïëîñêèé

ðàäèîñïåêòð, íàëè÷èå ðåíòãåíîâñêèõ è  -ëó÷åé, ïåðåìåííîñòü îïòè÷åñêèõ

è/èëè ðàäèîèçëó÷åíèÿ, ïîëÿðèçàöèÿ è ò.ä.

Ìíîãèå àñòðîíîìû ïðîâîäèëè äîëãîâðåìåíûå íàáëþäåíèÿ, ÷òîáû îáíà-

ðóæèòü ïåðåìåííîñòü ðåíòãåíîâñêèõ áëàçàðîâ. Áîëüøàÿ ÷àñòü ðàáîò âûïîëíåíà

äëÿ íåáîëüøîãî êîëè÷åñòâà áëàçàðîâ. Çäåñü ïðåäñòàâëåíû ðàáîòû, ñ êîòîðûìè

ìû ïðîâîäèëè ñðàâíåíèÿ: [3-9]. Â äàëüíåéøåì ýòîò ñïèñîê áóäåò ïîïîëíåí.

2. Ñâîéñòâà áëàçàðîâ. Äëÿ èçó÷åíèÿ ñâîéñòâ áëàçàðîâ, èñïîëüçîâàí

êàòàëîã BZCAT (Roma Multi Frequency Catalog of Blazars), âåðñèÿ 5 [10]. Â

êàòàëîãå âñåãî 3561 îáúåêò ñ îáîçíà÷åíèÿìè BLL, BLQ, BLG èëè BLU,

ñîîòâåòñòâóþùèå BLL, FSRQ, ãàëàêòèêàì è áëàçàðàì íåîïðåäåëåííîãî òèïà

(òàáë.1). BLU îáîçíà÷åíû ïåðåõîäíûå îáúåêòû ìåæäó ðàäèîãàëàêòèêîé è BLL

ñ ïåêóëÿðíûìè õàðàêòåðèñòèêàìè ïðîÿâëÿþùèå õàðàêòåðíóþ äëÿ áëàçàðîâ

àêòèâíîñòü: ñëó÷àéíîå ïðèñóòñòâèå/îòñóòñòâèå øèðîêîé ñïåêòðàëüíîé ëèíèè.

Íà ðèñ.1 ïîêàçàíî ðàñïðåäåëåíèå BZCAT-áëàçàðîâ ïî êðàñíîìó ñìåùåíèþ

[11]. Îáúåêòû ðàñïðåäåëåíû òàê, ÷òî ïî êðàñíîìó ñìåùåíèþ âíà÷àëå íàõîäÿòñÿ

BLG, BLL, BLQ. À BLU ðàñïðåäåëåíû âî âñåì äèàïàçîíå áîëåå èëè ìåíåå

ðàâíîìåðíî.

Â êàòàëîãå åñòü èíôîðìàöèÿ î çâåçäíîé âåëè÷èíå â äèàïàçîíå SDSS r

è î êðàñíîì ñìåùåíèè, ñ ïîìîùüþ êîòîðûõ ðàññ÷èòàíû àáñîëþòíûå çâåçäíûå

âåëè÷èíû äëÿ áëàçàðîâ ïî ôîðìóëå (1) èç [12].

    , log55 zmzfDmM  (1)

N Òèï ×èñëî Ïðîöåíò

1 BLL 1151 32.3
2 BLG 274 7.7
3 BLQ 1909 53.6
4 BLU 227 6.4
5 All 3561 100

Òàáëèöà 1

ÐÀÑÏÐÅÄÅËÅÍÈÅ ÎÁÚÅÊÒÎÂ Â ÊÀÒÀËÎÃÅ BZCAT ÏÎ ÒÈÏÀÌ
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ãäå D - ñâåòîâîå ðàññòîÿíèå (2), îïðåäåëåííîå â [13]:

     , 1
1

0

503

0








z

.

M dzz
H

zc
D (2)

z  - êðàñíîå ñìåùåíèå,      11log52 z.zf  ïîïðàâêà  zf ,  zm  - ïîïðàâêà

äëÿ  zf , ó÷èòûâàÿ, ÷òî ñïåêòð êâàçàðîâ íå ÿâëÿåòñÿ ñòðîãî ñòåïåííûì

çàêîíîì ~S  ( 30. , [14,12]). Â êà÷åñòâå êîñìîëîãè÷åñêèõ êîíñòàíò â

ðàñ÷åòàõ áûëè ïðèíÿòû ñëåäóþùèå çíà÷åíèÿ: 290.M  , 710.  è H
0

 =

71 êì ñ-1/Ì ïê.

Íà ðèñ.2 ïðèâîäèòñÿ çàâèñèìîñòü àáñîëþòíîé âåëè÷èíû îò êðàñíîãî ñìåùåíèÿ.

Òðè òèïà áëàçàðîâ (BLL, BLG è BLQ) â îñíîâíîì ïåðåêðûâàþòñÿ äðóã ñ

äðóãîì. À òèï BLL ðàçäåëÿåòñÿ íà äâå ïîäãðóïïû ñâÿçàííûå ñ ðàññòîÿíèåì,

ïðè÷èíó êîòîðîãî ïîêàæóò äàëüíåéøèå èññëåäîâàíèÿ. Åñëè èçîáðàçèòü êðèâóþ,

îãèáàþùóþ ðàñïðåäåëåíèå òî÷åê ñíèçó, òî îíà ïðåäñòàâèò íèæíèé ïðåäåë

ðåãèñòðàöèè íàáëþäàòåëüíîé àïïàðàòóðû (ìèíèìàëüíàÿ çâåçäíàÿ âåëè÷èíà íà

äàííîì ðàññòàÿíèè, ñëàáåå êîòîðîãî íàáëþäàòåëüíàÿ àïïàðàòóðà íå

ðåãèñòðèðóåò).

Çíà÷åíèå çâåçäíîé âåëè÷èíû SDSS r, ïîçâîëÿåò ðàññ÷èòàòü îïòè÷åñêèå

ñâåòèìîñòè áëàçàðîâ ïî ôîðìóëå (3).

 , сэрг  4 2DFL rr  (3)

Ðèñ.1. Ðàñïðåäåëåíèå áëàçàðîâ BZCAT ïî êðàñíîìó ñìåùåíèþ.
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, ln
ln1052

sin2 0 










 b

.

m
hbFFr

ãäå 101021  .b ; F
0

 = 3631 (Jy), F
r
 - ïîòîê â ôèëüòðå r. Â òàáë.2 ïðèâåäåíû:

äèàïàçîí ñâåòèìîñòè, ñðåäíÿÿ ñâåòèìîñòü, äèàïàçîí àáñîëþòíûõ âåëè÷èí è

ñðåäíèå àáñîëþòíûå âåëè÷èíû äëÿ ðàçíûõ òèïîâ BLL è FSRQ èç êàòàëîãà

áëàçàðîâ.

Ñëåäóåò îáðàòèòü âíèìàíèå íà òî, ÷òî íà ñâåòèìîñòü è àáñîëþòíóþ

âåëè÷èíó ãàëàêòèê òàêæå âëèÿþò ðîäèòåëüñêèå ãàëàêòèêè, òîãäà êàê BLL è

QSO îáû÷íî ïðåäñòàâëÿþò ñîáîé ÷èñòûå ÿäðà. Èõ çíà÷åíèÿ äëÿ òèïîâ BLL

Ðèñ.2. Àáñîëþòíàÿ çâåçäíàÿ âåëè÷èíà M â çàâèñèìîñòè îò êðàñíîãî ñìåùåíèÿ z .

z

M

0

-20

BLL

BLQ

BLG

1 2 3

-22

-24

-26

-28

-30

Òàáëèöà 2

ÄÈÀÏÀÇÎÍÛ ÐÀÇËÈ×ÍÛÕ ÕÀÐÀÊÒÅÐÈÑÒÈÊ ÄËß

ÐÀÇËÈ×ÍÛÕ ÒÈÏÎÂ ÎÁÚÅÊÒÎÂ

N Òèï Äèàïàçîí ñâåòèìîñòè Ñðåäíÿÿ Äèàïàçîí Ñðåäíèå
(W) ñâåòèìîñòü àáñîëþòíûõ àáñîëþòíûå

(W) âåëè÷èí âåëè÷èíû

1 BLL
4037 1039110492  .. 3810786 . 91270421 ..  -23.34

2 BLG
3837 1002210061  .. 3710497 . 55231620 ..  -22.23

3 BLQ
4037 1030110841  .. 3810308 . 73280921 ..  -24.76

4 BLU
3836 1080410184  .. 3810181 . 89241519 ..  -22.59

5 Âñå
401039110184 36  .. 3810596 . 69281519 ..  -23.86
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è BLQ ïðèìåðíî îäèíàêîâû, ïîýòîìó ñóùåñòâåííîé ðàçíèöû ìåæäó íèìè

íåò, à äëÿ BLG îíè íà ïîðÿäîê ìåíüøå.

3. Êðîññ-êîððåëÿöèè ñ ðåíòãåíîâñêèìè êàòàëîãàìè è ñáîð

äàííûõ. Â êàòàëîãå BZCAT èìååòñÿ 3561 áëàçàð. Ïðîâåäåíà êðîññ-êîððåëÿöèÿ

ýòèõ ðàäèîèñòî÷íèêîâ ñ ðåíòãåíîâñêèìè êàòàëîãàìè: ROSAT [15], Swift-BAT

[16], INTEGRAL [17], Chandra [18], XMM [19].

×òîáû îïðåäåëèòü ïðàâèëüíûé ðàäèóñ ïîèñêà äëÿ âñåõ êðîññ-êîððåëÿöèé

è èçáåæàòü îøèáî÷íûõ èäåíòèôèêàöèé, áûëà ïðîâåäåíà ïðåäâàðèòåëüíàÿ

èäåíòèôèêàöèÿ ñ áîëüøèì ðàäèóñîì, à çàòåì ïîñòðîåíî ðàñïðåäåëåíèå

ðàññòîÿíèé èäåíòèôèêàöèé äëÿ âñåõ èñòî÷íèêîâ. Ýòî ïîçâîëèëî îïðåäåëèòü

ïðàâèëüíûé ðàäèóñ ïîèñêà.

Íà ðèñ.3 ïðåäñòàâëåí ïðèìåð òàêîãî âû÷èñëåíèÿ äëÿ êàòàëîãà APM,

êîòîðûé ïðèâåë ê âûâîäó, ÷òî îáúåêòû ñ ðàññòîÿíèÿìè îò âõîäíûõ ïîçèöèé

äî 3 óãëîâûõ ñåêóíä ñëåäóåò ñ÷èòàòü ïîäëèííûìè àññîöèàöèÿìè, õîòÿ ðåàëüíûé

ðàäèóñ ïîèñêà áûë âçÿò áîëüøå, ÷òîáû íå ïðîïóñòèòü íåêîòîðûå ïîäëèííûå

àññîöèàöèè ñ áîëüøèìè ïîçèöèîííûìè îøèáêàìè.

Åñëè ïðè èäåíòèôèêàöèè ó íàñ áûëî íåñêîëüêî îáúåêòîâ, ñîîòâåòñòâóþùèõ

äàííîìó èñòî÷íèêó, òî â êà÷åñòâå óâåðåííîé èäåíòèôèêàöèè âûáèðàëñÿ

èñòî÷íèê, êîòîðûé áûë â 3 ðàçà áëèæå âòîðîãî.

Â òàáë.3 ïðèâåäåíà èíôîðìàöèÿ î êðîññ-êîððåëÿöèè áëàçàðîâ BZCAT ñ

ðåíòãåíîâñêèìè êàòàëîãàìè.

Êàê âèäíî, â ýòèõ êàòàëîãàõ ìàëî áëàçàðîâ. Òîëüêî â ROSAT èõ êîëè÷åñòâî

Ðèñ.3. Îïðåäåëåíèå ïðàâèëüíîãî ðàäèóñà ïîèñêà.
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çíà÷èòåëüíîå, 1535 (43%), ïîýòîìó â äàëüíåéøåì äëÿ îäíîðîäíîñòè, â îñíîâíîì,

èñïîëüçîâàíû ýòè äàííûå.

Â òàáë.4 ïðèâåäåíû ñâåäåíèÿ î êðîññ-êîððåëÿöèè áëàçàðîâ ñ îïòè÷åñêèìè

êàòàëîãàìè [11]. Ýòè ðåçóëüòàòû íåîáõîäèìû äëÿ äàëüíåéøåãî èñïîëüçîâàíèÿ

îäíîðîäíûõ ôîòîìåòðè÷åñêèõ äàííûõ.

4. Èçó÷åíèå ðåíòãåíîâñêèõ äàííûõ. Ðåíòãåíîâñêèå ïîòîêè è ñâåòè-

ìîñòè áëàçàðîâ ïî ôîðìóëàì (4) è (6).

  , ]ссмэрг[108.31HR15.30CR 1212 xF [20] (4)

ãäå CR - ñêîðîñòü ñ÷åòà ðåíòãåíîâñêèõ ÷àñòèö äëÿ ROSAT, à HR1 -

Òàáëèöà 3

ÎÒÎÆÄÅÑÒÂËÅÍÈß ÁËÀÇÀÐÎÂ BZCAT Ñ ÐÅÍÒÃÅÍÎÂÑÊÈÌÈ

ÊÀÒÀËÎÃÀÌÈ

Íàçâàíèå Äèàïàçîí Êîëè÷åñòâî Íàçâàíèå Äèàïàçîí Êîëè÷åñòâî
ôèëüòðà èñòî÷íèêîâ ôèëüòðà èñòî÷íèêîâ

       ROSAT     XMM-NEWTON

Rb 0.1-2.0 keV 1535 N1 0.2-0.5 keV 297

      Chandra N2 0.5-1.0 keV 297

u 0.2-0.5 keV 217 N3 1.0-2.0 keV 297
s 0.5-1.2 keV 232 N4 2.0-4.5 keV 297
m 1.2-2.0 keV 228 N5 4.5-12 keV 297

h 2.0-7.0 keV 220   SWIFT

Sf 14-195 keV 139

                   INTEGRAL

F3 17-26 keV 58 F7 86-129 keV 58
F4 26-38 keV 58 F8 129-194 keV 58
F5 38-57 keV 58 F9 194-290 keV 58
F6 57-86 keV 58

N Êàòàëîã Ýïîõà Ôèëüòð Êîëè÷åñòâî îáúåêòîâ

1 APM POSS1 b, r 1977
2 USNO A2.0 POSS1 B1, R1 3115
3 USNO B1.0 POSS1/POSS2 B1, R1/B2, R2 3492
4 GSC 2.3.2 POSS2 F, j 3501
5 SDSS DR16 2000 u, g, r, i, z 1446

Òàáëèöà 4

ÎÏÒÈ×ÅÑÊÈÅ ÎÒÎÆÄÅÑÒÂËÅÍÈß ÁËÀÇÀÐÎÂ
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êîýôôèöèåíò æåñòêîñòè, êàòîðûé ðàññ÷èòûâàþò ôîðìóëîé (5).

, HR1
AB

AB




 (5)

ãäå A è B - ñêîðîñòü ñ÷åòà íà PHA (Pulse Height Amplitude) â äèàïàçîíàõ

0.1-0.4 êýâ è 0.5-2.0 êýâ, ñîîòâåòñòâåííî.

 . сэрг 4 2DFL xx  (6)

Â òàáë.5 ïðèâîäÿòñÿ ñðåäíÿÿ ðåíòãåíîâñêàÿ ñâåòèìîñòü è äàííûå HR1,

HR2 (îòíîøåíèÿ æåñòêîñòè - hardness ratio, èìåþùèå ñìûñë êàê öâåòà â

îïòè÷åñêîé ôîòîìåòðèè) äëÿ ðàçíûõ òèïîâ íàøèõ áëàçàðîâ. Èç òàáëèöû

âèäíî, ÷òî â ñðåäíåì BLQ èìååò áîëüøóþ ñâåòèìîñòü, ÷åì BLL è BLG (BLQ

> BLL > BLG). Ñóùåñòâóåò ðàçíèöà äëÿ çíà÷åíèé HR1 è HR2 (HR1; BLG

> BLQ > BLL), (HR2; BLQ > BLG > BLL).

Íà ðèñ.4 ïðèâîäÿòñÿ ãðàôèêè çàâèñèìîñòè è ðåíòãåíîâñêîé ñâåòèìîñòè îò

êðàñíîãî ñìåùåíèÿ. Âèäíî, ÷òî â ñðåäíåì BLG ðàñïðåäåëåíû áîëåå êîìïàêòíî,

÷åì BLQ, à áëàçàðû BLL ïî-âèäèìîìó ðàçäåëÿþòñÿ íà äâà ïîäòèïà. Âèä

êðèâîé ñ áîëüøîé âåðîÿòíîñòüþ ñâÿçàí ñ íèæíèì ïðåäåëîì ðåãèñòðàöèè

íàáëþäàòåëüíîé àïïàðàòóðû.

Íà ðèñ.5 ïðèâîäèòñÿ ðàñïðåäåëåíèå îòíîøåíèÿ log(L
x 
/L

r
) äëÿ BLL è

BLQ. Èç ðèñóíêà âèäíî, ÷òî BLL è BLQ èçëó÷àþò áîëüøóþ ýíåðãèþ â

ðåíòãåíîâñêîì äèàïàçîíå, ÷òî íåóäèâèòåëüíî, ïîñêîëüêó íàøè îáúåêòû

ÿâëÿþòñÿ êâàçàðàìè è áëàçàðàìè [21].

Â òàáë.6 ïðèâîäèòñÿ ëîãàðèôì îòíîøåíèÿ ðåíòãåíîâñêîé ñâåòèìîñòè (ROSAT)

ê îïòè÷åñêîé ñâåòèìîñòè (SDSS r) log(L
x 
/L

r
) äëÿ ðàçíûõ òèïîâ áëàçàðîâ. Èç

òàáëèöû âèäíî, ÷òî â ñðåäíåì BLL èìååò áîëåå âûñîêîå çíà÷åíèå, ÷åì BLQ

è BLG (BLL > BLG > BLQ).

Íà ðèñ.6 ïðèâåäåíû çàâèñèìîñòè ñâèòèìîñòåé ðàçíûõ òèïîâ áëàçàðîâ. Èç

ðàñïðåäåëåíèÿ âèäíî, ÷òî òèïû BLG è BLQ ðàçäåëÿþòñÿ. Â ñðåäíåì, ÷åì

N Òèï Äèàïàçîí ñâåòèìîñòè Ñðåäíÿÿ ñâåòè- Ñðåäíÿÿ HR1 Ñðåäíÿÿ HR2
(W) ìîñòü (W) âåëè÷èíà âåëè÷èíà

1 BLL
3935 1043210411  .. 3810521 . 0.061 0.121

2 BLG
371037810773 35  .. 3710111 . 0.309 0.182

3 BLQ
3836 1007510972  .. 3710946 . 0.193 0.183

4 BLU
3836 1059110171  .. 3710373 . 0.365 0.133

5 Âñå
3935 1043210411  .. 3710059 . 0.310 0.181

Òàáëèöà 5

ÐÅÍÒÃÅÍÎÂÑÊÈÅ ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ ÄËß ÐÀÇËÈ×ÍÛÕ

ÏÎÄÒÈÏÎÂ ÎÁÚÅÊÒÎÂ
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Ðèñ.4. Çàâèñèìîñòü ðåíòãåíîâñêîé ñâåòèìîñòè áëàçàðîâ îò êðàñíîãî ñìåùåíèÿ.

Z

0.0

lo
g
(L

x )

1.0 2.0 3.0 4.0
35.5

BLL

BLQ

BLU

36.5

37.5

38.5

39.5

Ðèñ.5. Ðàñïðåäåëåíèå îòíîøåíèÿ log(L
x 
/L

r
) äëÿ BLL è BLQ.

log(L
x
/L

r 
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áîëüøå îïòè÷åñêàÿ ñâåòèìîñòü, òåì áîëüøå è ðåíòãåíîâñêàÿ, íî åñòü îáúåêòû,

êîòîðûå ñèëüíî îòêëîíÿþòñÿ îò îáùåé çàêîíîìåðíîñòè.

Ïîëó÷åíà íåëèíåéíàÿ ñâÿçü ìåæäó ðåíòãåíîâñêèìè è îïòè÷åñêèìè

äèàïàçîíàìè (ïîêàçàíû ëîãàðèôìû ñâåòèìîñòåé), êîòîðàÿ òàêæå âèäíà çäåñü

â íàøåé íåáîëüøîé ðåíòãåíîâñêîé âûáîðêå èç 412 AGN (BLL èñêëþ÷åíû).

Ñïëîøíàÿ ëèíèÿ ïðåäñòàâëÿåò ñîáîé àïïðîêñèìàöèþ ìåòîäîì íàèìåíüøèõ

êâàäðàòîâ äàííûõ L
x
 ïî ñðàâíåíèþ ñ L

r
, ñ íàêëîíîì 0.86 ± 0.04. Íà ðèñ.7

ïðèâåäåíà ýòà ñâÿçü.
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Àêòèâíûå ãàëàêòèêè ÿâëÿþòñÿ î÷åíü èíòåðåñíûìè îáúåêòàìè âî Âñåëåííîé.

×òîáû ïîíÿòü íåêîòîðûå èõ ôèçè÷åñêèå ñâîéñòâà, âàæíî èçó÷èòü ñâîéñòâà

ýòèõ îáúåêòîâ â ðåíòãåíîâñêîì äèàïàçîíå. Â êàòàëîãå BZCAT èìåþòñÿ 1718

(48%) àêòèâíûõ ãàëàêòèê ñ ðåíòãåíîâñêèìè ïîòîêàìè íà ðàçíûõ äëèíàõ

âîëíû. Î÷åíü âàæíûì ðåíòãåíîâñêèì ñâîéñòâîì îáúåêòîâ ÿâëÿåòñÿ ðåíòãå-

íîâñêèé ñïåêòðàëüíûé èíäåêñ, êîòîðûé ïîêàçûâàåò íàêëîí ñïåêòðîâ. Â êà÷åñòâå

ïðèìåðîâ ïðèâîäÿòñÿ óñðåäíåííûå ðåíòãåíîâñêèå ñïåêòðàëüíûå èíäåêñû äëÿ

èññëåäóåìûõ îáúåêòîâ íà ðèñ.8.

Íà ðèñ.8 ïðèâåäåíû ñðåäíèå ðåíòãåíîâñêèå ñïåêòðû äëÿ ðàçíûõ òèïîâ

íàøèõ îáúåêòîâ. Î÷åâèäíî, ÷òî BLQ â ñðåäíåì èìåþò áîëåå êðóòûå ðåíò-

N Òèï log(L
x 
/L

r 
)

ìèí. ìàêñ. ñðåäíåå

1 BLL -1.97 0.8 -0.59
2 BLG -2.41 0.21 -1.03
3 BLQ -2.15 0.23 -1.00

4 BLU -1.73 0.38 -0.79

Òàáëèöà 6

ÑÎÎÒÍÎØÅÍÈÅ ÐÅÍÒÃÅÍÎÂÑÊÎÉ ÑÂÅÒÈÌÎÑÒÈ ROSAT Ê

ÑÂÅÒÈÌÎÑÒÈ SDSS Â ÏÎËÎÑÅ r (log(L
x 
/L

r 
))

Ðèñ.6. Ðàñïðåäåëåíèå îïòè÷åñêèõ è ðåíòãåíîâñêèõ ñâåòèìîñòåé áëàçàðîâ.
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ãåíîâñêèå ñïåêòðû, ÷åì BLL è BLG (òàáë.7).

Ñ ïîìîùüþ ðåíòãåíîâñêèõ ïîòîêîâ, ïîñòðîåíû ñïåêòðàëüíûå ðàñïðåäåëåíèÿ

ýíåðãèè (SED) äëÿ òåõ èñòî÷íèêîâ, êîòîðûå èìåþò äàííûå íà âñåõ ýíåðãåòè-

Ðèñ.7. Ñâÿçü ìåæäó ñâåòèìîñòÿìè â ðåíòãåíîâñêîì è îïòè÷åñêîì äèàïàçîíàõ.
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Ðèñ.8. Ðàñïðåäåëåíèå ñïåêòðàëüíîãî èíäåêñà áëàçàðîâ â ðåíòãåíîâñêîì äèàïàçîíå ROSAT.
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÷åñêèõ ïîëîñàõ (ðèñ.9).

Èç ðèñóíêà âèäíî, ÷òî SED-û ðàçíèõ òèïîâ áëàçàðîâ ïîõîæè è ðàçëè÷àþòñÿ

òîëüêî ïî âåëè÷èíå ïîòîêîâ.

Íà öâåò-âåëè÷èíà äèàãðàììàõ áëàçàðû ðàçíûõ òèïîâ, ÷àñòè÷íî ïåðåêðûâàÿñü,

â ñðåäíåì ðàçäåëÿþòñÿ äðóã îò äðóãà, (ðèñ.10). Èç ðèñóíêà âèäíî, ÷òî áëàçàðû

òèïà BLG áîëåå êðàñíåå è ñëàáåå, ÷åì áëàçàðû BLL è BLQ. À áëàçàðû òèïà

BLL ðàñïðåäåëåíû áîëåå êîìïàêòíî, ÷åì îñòàëüíûå ïîäòèïû.

5. Çàêëþ÷åíèå. Â õîäå èññëåäîâàíèÿ áûëè èçó÷åíû èçâåñòíûå áëàçàðû

(3561 áëàçàð), èç êîòîðûõ 1709 îáúåêòîâ (48%) èìåþò ðåíòãåíîâñêîå èçëó÷åíèå.

Äëÿ ýòèõ îáúåêòîâ áûëè ñîáðàíû äàííûå âî âñåõ äèàïàçîíàõ äëèí âîëí. Â

N Òèï X-ray ñï. èíä.

1 BLL -3.174
2 BLG -3.069
3 BLQ -3.642
4 BLU -3.168

Òàáëèöà 7

ÐÀÑÏÐÅÄÅËÅÍÈÅ ÐÅÍÒÃÅÍÎÂÑÊÎÃÎ ÑÏÅÊÒÐÀËÜÍÎÃÎ

ÈÍÄÅÊÑÀ ÄËß ÐÀÇÍÛÕ ÒÈÏÎÂ ÁËÀÇÀÐÎÂ

Ðèñ.9. Ñïåêòðàëüíîå ðàñïðåäåëåíèå ýíåðãèè (SED) ðàçëè÷íûõ òèïîâ áëàçàðîâ.
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èòîãå áûëà ñîçäàíà ñàìàÿ áîëüøàÿ ìíîãîâîëíîâàÿ âûáîðêà ðåíòãåíîâñêèõ

áëàçàðîâ.

Ýòè îáúåêòû àâòîðàìè êàòàëîãà [10] èçíà÷àëüíî áûëè ðàçäåëåíû íà

÷åòûðå ïîäòèïà: BLL, BLQ, BLG è BLU. Â ðàáîòå äåëàåòñÿ ïîïûòêà íàéòè

ðàçëè÷èÿ ìåæäó ôèçè÷åñêèìè ñâîéñòâàìè îáúåêòîâ óêàçàííûõ ïîäòèïîâ.

Ðàññ÷èòàíû ðåíòãåíîâñêèå ïîòîêè, ñâåòèìîñòè è ñïåêòðàëüíûå èíäåêñû,

à òàêæå îïòè÷åñêèå ïîòîêè, ñâåòèìîñòè è àáñîëþòíûå çâåçäíûå âåëè÷èíû äëÿ

âñåõ îáúåêòîâ âûáîðêè.

Ïðè èçó÷åíèè ðàñïðåäåëåíèÿ êðàñíîãî ñìåùåíèÿ âûÿñíèëîñü, ÷òî îáúåêòû

â ñðåäíåì ðàçäåëÿþòñÿ, íî ÷àñòè÷íî ïåðåêðûâàþòñÿ (ñðåäíåå çíà÷åíèå êðàñíîãî

ñìåùåíèÿ äëÿ ïîäòèïîâ BLL, BLQ è BLG, ñîîòâåòñòâåííî: 0.98, 1.42, 0.22).

Ïî÷òè òàêàÿ æå êàðòèíà ïîëó÷àåòñÿ ïðè èçó÷åíèè àáñîëþòíîé çâåçäíîé âåëè÷èíû

ñâåòèìîñòè (ñðåäíåå çíà÷åíèå àáñîëþòíîé çâåçäíîé âåëè÷èíû è ñâåòèìîñòè äëÿ

ïîäòèïîâ BLL, BLQ è BLG, ñîîòâåòñòâåííî: -23m.74, 3810786 . W; -24m.78,
3810308 . W; -22m.23, 3710497 . W), íî â ñëó÷àå àáñîëþòíîé çâåçäíîé âåëè÷èíû

âèäíî, ÷òî ïîäòèï BLL äåëèòñÿ íà ïîäãðóïïû. Ïîëó÷àåòñÿ, ÷òî îáúåêòû ïîäòèïà

BLQ â îïòè÷åñêîì äèàïàçîíå ÿð÷å è ýíåðãåòè÷åñêè ìîùíåå, ÷åì îáúåêòû BLL

è BLG.

Â ðåíòãåíîâñêîì äèàïàçîíå êàðòèíà íåìíîãî äðóãàÿ (ñðåäíåå çíà÷åíèå

êîýôôèöèåíòà æåñòêîñòè è ñâåòèìîñòè äëÿ ïîäòèïîâ BLL, BLQ è BLG,

ñîîòâåòñòâåííî: 0.061, 3810521 . W; 0.193, 3710946 . W; 0.309, 3710111 . W).

Îáúåêòû ïîäòèïà BLL â îïòè÷åñêîì äèàïàçîíå ÿð÷å è ýíåðãåòè÷åñêè ìîùíåå,

÷åì îáúåêòè BLQ è BLG.

Åñëè ïðåäñòàâèòü íà ðèñ.4 êðèâóþ îãèáàþùóþ ñíèçó ðàñïðåäåëåíèå

òî÷åê, òî îíà áóäåò õàðàêòåðèçîâàòü ÷óâñòâèòåëüíîñòü àïïàðàòóðû.

Ðàñïðåäåëåíèå îòíîøåíèÿ log(L
x 
/L

r 
) äëÿ BLL è BLQ ïîêàçûâàåò, ÷òî BLL

Ðèñ.10. SDSS öâåò-âåëè÷èíà äèàãðàììû áëàçàðîâ.
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è BLQ èçëó÷àþò ïðèìåðíî ñòîëüêî æå ýíåðãèè â ðåíòãåíîâñêîì äèàïàçîíå,

ñêîëüêî è â îïòè÷åñêîì, íî â ñðåäíåì ýíåðãèÿ ó BLL áîëüøå èçëó÷àåòñÿ â

ðåíòãåíîâñêîì äèàïàçîíå (ñðåäíåå çíà÷åíèå îòíîøåíèÿ log(L
x 
/L

r 
) äëÿ BLL

è BLQ, ñîîòâåòñòâåííî: -0.59, -1.00). Èç ðàñïðåäåëåíèÿ îïòè÷åñêèõ è ðåíòãå-

íîâñêèõ ñâåòèìîñòåé ïîëó÷àåòñÿ, ÷òî BLQ è BLG çàíèìàþò îïðåäåëåííóþ

îáëàñòü, è èõ ìîæíî ðàçëè÷èòü íà ýòîé äèàãðàììå. À BLL ðàñïðåäåëÿþòñÿ

íà îïðåäåëåííîé ëèíåéíîé êðèâîé ñ 040860 ..  .

Ðåíòãåíîâñêèå ñïåêòðàëüíûå èíäåêñû ïî÷òè îäèíàêîâûå, íî â ñðåäíåì

îòëè÷àþòñÿ (ñðåäíåå çíà÷åíèå ðåíòãåíîâñêèõ ñïåêòðàëüíûõ èíäåêñîâ BLL,

BLQ è BLG, ñîîòâåòñòâåííî: -3.174, -3.642, -3.069).

Íà öâåò-âåëè÷èíà äèàãðàììàõ ïîäòèïû BLL, BLQ è BLG ÷àñòè÷íî

îòäåëÿþòñÿ, ïîäòèï BLG êðàñíåå, ÷åì BLL è BLQ, à  BLL ðàñïðåäåëåíû

êîìïàêòíåå, ÷åì îñòàëüíûå ïîäòèïû.

Ðàáîòà âûïîëíåíà â ðàìêàõ ãðàíòîâ "Âûÿâëåíèå ðàííèõ ñòàäèé ýâîëþöèè

ãàëàêòèê ñ ïîìîùüþ ìíîãîâîëíîâîãî èññëåäîâàíèÿ àêòèâíûõ ãàëàêòèê" 21AG-

1C053, "Ïîèñê è èññëåäîâàíèå ÿðêèõ ðåíòãåíîâñêèõ ãàëàêòèê" 22AN:PS-

astroex-2597.

Áþðàêàíñêàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ èì. Â.À.Àìáàðöóìÿíà ÍÀÍ ÐÀ,

e-mail: paronyan_gurgen@yahoo.com

X-RAY PROPERTIES OF BLAZARS

G.M.PARONYAN

An analysis of a sample of blazars from the BZCAT catalog shows that they

have various characteristic properties, such as strong radio emission, optical and

radio variability, continuous optical spectra, polarization, high luminosity, etc., and

there is no certainty (initially, the catalog included objects with optical variability

and strong radio emission (BL Lacertae objects, BLL and Flat-Spectrum Radio

Quasars, FSRQ). Since blazars are characterized by a number of the above-

mentioned properties and 48% of blazars have been found to emit X-rays, in this

work we study them in this range to identify the properties whose presence

determines blazars. We will also provide characteristics of blazars based on our

analyses and calculations.

Keywords: AGN: blazars: BLL: quasars: X-ray emission
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In this study, we conducted a detailed astrometric, and photometric study of four open
clusters (SAI 43, SAI 47, SAI 63, and SAI 113) using data from Gaia DR3. The ASteCA code
enabled the identification of the astrometric and photometric parameters. The new centers of these
clusters were redetermined and from Radial Density Profile (RDP), the cluster radii, are between
3.13- and 6.6 arcmin for all clusters. The astrophysical parameters are as follows: the number of
star members N are 141 (SAI 43), 153 (SAI 47), 198 (SAI 63), and 188 (SAI 113); parallax
( ) for SAI 43, SAI 47, SAI 63, and SAI 113 are between 0.275 and 0.506 mas; proper motion

parameters (  cos
a

, 


 ) are (0.57, -0.54 mas/yr), (0, -0.34 mas/yr), (-0.24, 0.26 mas/yr), and
(-5.61, 2.84 mas/yr) for SAI 43, SAI 47, SAI 63, and SAI 113, respectively.  The photometric
parameters include the color magnitude diagram (CMD), ages, reddening, and distances. The ages
are provided as log (age), and they are between (7.172-8.659); the color excess E(B-V) is 0.476±0.017
mag for SAI 43, 0.375±0.014 mag for SAI 47, 0.510±0.009 mag for SAI 63, and 1.265±0.011
mag for SAI 113, the distance modules of the clusters are between 11.177-13.439 mag, and the
distances from the sun to each of the clusters (SAI 43, SAI 47, SAI 63, and SAI 113) are
calculated as 4900±100 pc, 2360±30 pc, 1720±20 pc, and 3720±50 pc, respectively.

Keywords: open clusters: astrometric: ASteCA code: database: Gaia DR3: photo-

      metric: color magnitude diagram

1. Introduction. Open clusters (OCs) are celestial objects that form within

giant molecular clouds (GMCs) that are located in the Milky Way Galaxy disk

[1,2]. OCs enable the understanding of star formation, galactic structure, stellar

dynamics, and stellar evolution. OCs are young and bright and located in the

Galactic plane; thus, they are easy to observe and study [3]. They are excellent

laboratories for studying stellar physical and dynamic evolution; therefore, they are

easily used to explore the history of star formation and the mechanisms of its

formation [4-7]. We used the selected open star cluster data from the European

Space Agency's Gaia Data Release 3 (DR3) [8]. The collaboration of the Gaia

mission released the DR3, which provides the following astrometric parameters:

Galactic position (l, b), (  cos a ,  ), (), and the radial density profile (RDP).

The photometric parameters include a color magnitude diagram (CMD) with the

use of three filters (G, blue G_BP, and red G_RP
 
photometric magnitude) for

approximately 1.8 billion sources with a brightness greater than 21 mag. Gaia DR3
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has complemented and provided more accurate data than previous data sources,

such as Gaia DR2 for cluster SAI 43 and 2MASS for clusters SAI 47, SAI 63,

and SAI 113. In this study, a wide characterization of these clusters is provided

with the aid of the Automated Stellar Cluster Analysis (ASteCA)1 code [9].

From previously studies, we extracted the astrometric and photometric param-

eter data for the clusters. Based on the study by [10], the cluster SAI 43 has

135 stars, the proper motion is 0.611 mas/yr in the right ascension (RA), and

the proper motion is 0.555 mas/yr in the declination (Dec.). Similarly, for SAI

43, the parallax is 0.109 mas, log(age/year) is 8.410, the cluster is 4451 pc from

the Sun, the cluster has a metallicity [Fe/H] -0.198 dex, and its color excess is

1.538 mag. Based on [11], for cluster SAI 47, proper motion is -0.03 ± 1.97 mas/

yr in right ascension, the proper motion is 2.55 ± 1.97 mas/yr in declination, the

log(age/year) is (8.60 ± 0.05), the cluster is at a distance of 3680 ± 70 pc from the

Sun, and color excess is 0.42 mag. From [12], cluster SAI 63 has 142 stars, the

cluster's age is 450 ± 50 Myr, the cluster is at a distance of 2.2 ± 0.2 kpc from the

Sun, its extinction is 0.44 ± 0.05 mag, and its galactocentric is 10.5 kpc. From [13],

SAI 113 has log (age/year) of 7.11, with distance 3.90 ± 0.19 kpc from the Sun,

variable reddening from 0.84 to 1.29 mag, and distance modules of 12.95 mag.

The article is structured as follows: Section 2 presents the Gaia DR3 data and

the methods used in this study. Section 3 provides the results from the DR3 data

analysis for the open clusters, and the astrometric, and photometric parameters

are derived. Finally, Section 4 summarizes our conclusions.

2. Gaia DR3 data and analysis tools. In this research, we use Gaia

DR3 data for the membership determination. These data provide the astrometric

parameters ( ,  , l, b,  , and ), and photometric magnitudes (G, G_BP,

and G_RP) for the clusters with their uncertainties. We obtain the astrometric

and photometric data of the four clusters from the SAI Open Clusters Catalog2

([14]), review previously published research, and download the four clusters' new

data sheets from the online catalog VizieR3, which contains 168 star cluster

candidates; these candidates were identified and listed by [15]. We select the OC

spatial coordinates with a hypothetical radius equal to 20 arcmin; this value is

greater than the cluster radius r
cl
 determined from previous work [14].

Fig.1 shows the open cluster information with the following data: for SAI 43

with 9820.G   mag, the average photometric error is 0.004 mag of the G

magnitude, with a maximum error of 0.0203 mag, and the average photometric

error in the BP - RP color index is 0.076 mag, with a maximum error of 0.619

1 http://asteca.github.io/.
2 http://ocl.sai.msu.ru/.
3 https://vizier.u-strasbg.fr/viz-bin/VizieR?-source=I/355/gaiadr3.
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mag; for SAI 47 with 9220.G   mag, the average photometric error is 0.004 mag

of the G magnitude, with a maximum error of 0.0259 mag, and the average

photometric error of the BP - RP color index is 0.060, with a maximum error

of 1.741 mag; for SAI 63 with 8620.G   mag, the average photometric error is

0.0054 mag of the G magnitude, with a maximum error of 0.055 mag, and the

average photometric error of the BP - RP color index is 0.095 mag, with a

maximum error of 0.898 mag; and for SAI 113 with, 1421.G   mag, the average

photometric error is 0.005 mag in the G magnitude, with a maximum error of

0.038 mag, and the average photometric error of the BP - RP color index is 0.103

mag, with a maximum error of 3.266 mag.

In this study, we aim to provide a comprehensive description of the four OCs

using a program for this purpose. The ASteCA code is designed with many

functions that use position and photometric data. It is available online with full

documentation. The code automatically computes the astrometric and photometric

parameters of OCs. This code is integrated with the Bayesian field star decon-

tamination algorithm to assign membership probabilities from the theoretical

isochrones to select the best fit through a genetic algorithm. The isochrone fitting

process allows ASteCA to provide particular estimates for a cluster's parameters,

age, metallicity, extinction, and distance values with their uncertainties. Perren et

al. [9] provided a full description of the code on the code's website.

3. Results and discussion.

3.1. Astrometric structural analysis. In cluster analysis, the membership

of stars in cluster regions is important to assess. The stars of the open cluster

regions are gravitationally bound together, and their proper motions are distributed

tightly around the mean proper motion value, which is very useful in membership

determination [16,10].

Cluster        Equatorial coordinates       Galactic coordinates

  l b
(hh:mm:ss) (dd:mm:ss) (deg) (deg)

SAI 43 05:08:16.600 49:52:08.000 158.608 5.685
SAI 47 05:23:58.000 42:18:52.000 166.370 3.546
SAI 63 06:13:44.500 06:56:58.000 202.415 -5.134
SAI 113 10:22:43.600 -59:30:20.000 285.064 -1.895

Table 1

THE ADOPTED COORDINATES OF THE CLUSTERS, BOTH

EQUATORIAL ( ,  ) AND GALACTIC (l, b) SYSTEMS, WERE

TAKEN FROM THE SAI OPEN CLUSTER CATALOG
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3.1.1. Re-determination of the cluster's centers. By recalculating the

cluster center (Table 1) using ASteCA, the cluster is taken at the highest stellar

density of the cluster region, as shown in Fig.2. and the stars in each bin are

counted for both directions. Table 2 lists the coordinates of the estimated new

center of the clusters. The new centers of the clusters are in good agreement with

the results from the SAI Open cluster catalog, with minimal changes in both the

RA and Dec. directions ( 9971". , 2219". ). The new estimated centers

of the clusters SAI 43, SAI 47, SAI 63, and SAI 113 are listed in Table 2.

Fig.1. Uncertainties in the photometric magnitude bands; 
G


 
and 

RPBP


 
in SAI 43, SAI 47,

SAI 63, and SAI 113.

Table 2

THE COORDINATES OF OUR ESTIMATED NEW CENTER

POSITIONS OF THE CLUSTERS

Cluster        Equatorial coordinates       Galactic coordinates

  l b
hh:mm:ss dd:mm:ss deg deg

SAI 43 05:08:17.510 49:51:48.780 158.614 5.684
SAI 47 05:23:58.690 42:18:49.400 166.372 3.547
SAI 63 06:13:46.497 06:56:47.000 202.755 -4.545
SAI 113 10:22:43.788 -59:30:16.063 285.391 -1.988
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Fig.2. Structural analysis of clusters SAI 43, SAI 47, SAI 63, and SAI 113 acquired by
ASteCA. Left panel: analyzed frame with the estimated cluster region with a black circle at the
center of the frame and the center of the clusters marked with black + sign. Right panel: 2D density
contour map of the same frame.
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3.1.2. Radial density profile (RDP). The radial density profile is the

density   of the number of stars N per zone area along the cluster radius. The

surface density distribution  R  of the King's [17] model is expressed as a

function of tidal radius r
t 
and core radius r

c
, is:

        , 11
2212212





 



clc rrrrkR (1)

where k is a constant. By determination the density function  r  in concentric

rings as a function of the radius r from the cluster center outward. To achieve

this, we utilize the King's model [18], which is an approximation of King's

formula as represented by Equation (2):

 
 

, 
1

2
0

c

bg
rr

r



 (2)

where bg
 
and 0  

are the background and central surface density, respectively.

r
c 
is the core radius and is the distance at which the stellar density equals half

the central density. Using the ASteCA code, we generated RDP fitting for four

clusters (SAI 43, SAI 47, SAI 63, and SAI 113), and each cluster was fit with

a King profile, as shown in Equation (2) [17,18]. As shown in Fig.3, a peak

is observed in the density distribution near the cluster center; this peak decreases

and flattens after a certain point and shows the cluster density of the field stars.

At that value, we can estimate the cluster radius or limiting radius, r
cl
, which covers

the entire cluster area and at which the line represents the value of the background

density (dashed black horizontal lines in the figure) that intersects with the King

profile fitting curve.

After we applied the RDP fitting, we estimated the internal cluster structural

parameters for the clusters; these include r
c
, r

cl
, tidal radius r

t
, 0 , and bg . The

values of the core radius and the tidal radius are given by ASteCA code with their

upper and lower values estimates as shown in Fig.3.

The point of bg  is given by ( bgbg  3 ), where bg  is the uncertainty of

bg . Bukowiecki et al. [19] derived the following expression for the limiting radius:

, 1
3

0 





bg
ccl rr (3)

where all radii are measured in arcminutes (arcmin), while all densities are

measured in stars/arcmin2. By fitting the King model to the RDP, the estimated

r
cl
 was obtained by using Equation (3). Moreover, the ASteCA represents the value

of r
t
 for an open cluster; here, r

t
 is the radial distance from the cluster center

at which the gravitational acceleration produced by the cluster is approximately

equal to the tidal acceleration produced by the Galaxy [20]. Certain parameters

are used to characterize the structure of open clusters. One of these parameters
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is the density contrast parameter c , which is the stellar density contrast of the

clusters against the background population; this parameter measures the compact-

ness of a cluster [21] and is calculated using the following equation:

. 1 0

bg
c




 (4)

Another parameter is the concentration parameter C, which is the log ratio

of the cluster r
t
 to its r

c
 [22]. C can be calculated using the following equation:

. log 











c

t

r

r
C (5)

All numerical parameter results are listed in Table 3.

3.1.3. Astrometric parameters and distance determination. Astrometric

parameters are used to identify the stellar membership of each of the clusters by

performing a membership analysis using proper motion and parallax; these are

important astrometric parameters for this mission, and data from the Gaia DR3

database are used to obtain the proper motion and parallax. We acquired a

comprehensive data sheet for all stars with a photometric magnitude (G < 21 mag).

The ASteCA code was utilized to input all the data points and determine the

membership probability. This was achieved by identifying a significant stellar over

density and comparing it to the surrounding stellar field.

Also, ASteCA utilizes a Bayesian field star purification method that allocates

membership probabilities only based on photometric data. A Bayesian decontami-

    Parameters SAI 43 SAI 47 SAI 63 SAI 113

r
cl 

(arcmin) 3.58 3.13 5.40 6.60

r
c 
(arcmin)

972
1.172.02 . 082

0.731.38 . 195
2.413.78 . 803

1.412.64 .

r
t
 (arcmin)

366
3.885.04 . 006

4.375.20 . 3010
7.428.90 . 8612

10.7511.82 .

0  (stars arcmin-2) 15.02 25.57 16.63 43.22

bg  (stars arcmin-2) 6.54 9.57 11.12 29.52

c 3.30 3.67 2.41 2.46
C 0.40 0.58 0.37 0.65

Table 3

OBTAINED STRUCTURAL PROPERTIES FOR THE FOUR OCs

AS COMPUTED FROM THE RDP FITTED BY KING's DENSITY

PROFILE USING ASteCA CODE

It should be noted that the values of the core radius and the tidal radius are with their upper
and lower values estimates.
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Fig.3. RDP for the four open clusters. The grey dots are the RDP for the four open clusters (SAI
43, SAI 47, SAI 63, and SAI 113) obtained with the aid of the ASteCA code. The thick black dashed
line and shaded area represent the King's density profile. The black dashed lines denote the background
field density bg

 . The black dotted lines denote the central surface density 
0

 . The Vertical lines indicate
the structural parameters: grey line r

cl
, grey dotted horizontal line r

c
, and grey line r

t
 of each cluster.

The small numbers above and below the value of r
c
, and r

t
 represent the range of these parameters.
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nation algorithm (DA) was created using a nonparametric probability model-based

technique that follows an iterative procedure inside a Bayesian framework. The

code includes functions for structural analysis, statistically improved color estima-

tions free of field star contamination [9]. Our results show that the number of

these most probable members with membership probability 50%P  for the

clusters are 141 for SAI 43, 153 for SAI 47, 198 for SAI 63, and 257 for SAI

113. These members lie within the cluster diameter and are located in the ranging

parallax and proper motion errors in the RA and Dec.

We plotted the stellar distribution for the cluster members and background

stars' proper motion (  cos a ,  ) for the clusters, as shown in the upper panel

of Fig.4. The mean proper motion for each cluster is determined by applying

Gaussian fitting for the cluster directions, as shown in the lower panel of Fig.4,

the average PM outputs (  cos a ,  ) are (0.57, -0.54), (0, -0.34), (-0.24, 0.26),

and (-5.61, 2.84) for SAI 43, SAI 47, SAI 63, and SAI 113, respectively.

In Fig.5 we show the Bayesian parallax analysis proposed by [23] on the

cluster region stars. This analysis makes use of all stars, even those with negative

parallax values of no apparent (physical) value. The distances obtained are heavily

affected by the selected offset applied on the parallax.

Fig.4. Proper motion, contour map of proper motion. Upper panel: Stellar distribution of the

cluster members, and field stars' proper motion (  ; mas/yr) in both directions of right ascension
and declination, and it appears that the cluster members are clearly very much embedded within
the field stars' distribution. Lower panel: contour map of stellar distribution of the proper motion

(  ; mas/yr) in both directions of right ascension and declination show the value of proper motions
for the four clusters.
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We applied the Bayesian distance d
Bayes

 found by the code depend on [23]

is shown in Fig.5. This shows a plx
Bay

 vertical grey dashed line, ASteCA distance

d
ASteCA

 with the black dotted line from plx
med

 and the weighted average with the

light grey dashed line from plx
wa

 (where the weights are the inverse of the parallax

errors). From Fig.5, we found Bayesian parallax of the four open cluster members:
3010
27002840 .
..  for SAI 43, 3020

27202860 .
..  for SAI 47, 5270

48605060 .
..  for SAI 63, and 2850

26502750 .
..

for SAI 113. After obtaining the values of the clusters' parallax uses these values

to calculate the distance for each cluster based on its parallax [24]. The astrometric

distances calculated for SAI 43, SAI 47, SAI 63, and SAI 113 are as follows:

Fig.5. Parallax distribution for all stellar member candidates in the cluster space with gray circle

has horizontal line, the triangle for field stars, the vertical grey dashed line plxBay, ASteCA parallax
plxmed with the black dotted line and the weighted average with the medium grey dashed line
plxwa, where the weights are the inverse of the parallax errors.
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3705
33253515 , 3673

33143491 , 2058
18991977 , and 3777

35083643 , respectively. The small numbers

above and below the parallax value, and above and below the distance value

represents the range of these values.

3.2. Photometric analysis: Color magnitude diagram (CMD). We

use ASteCA to estimate the photometric values (reddening, metallicity, age, and

distance) of the final memberships of the clusters. ASteCA includes isochrones

and the best fitting operations that generate artificial CMDs of the clusters from

the isochrones and the best fit of the genetic algorithm. Using the isochrones of

the specific metallicity Z and age log(age/yr) selected from the CMD v3.6 service,

Fig.6. CMDs for the star members of open clusters SAI 43, SAI 47, SAI 63, and SAI 113.
The graphs demonstrate the relationship between G and (G_BP

 
-

 
G_RP). The data (the grey dots) are

adjusted using the extinction isochrone corrected by [24], which is represented by the black curved lines.

G
BP

 - G
RP

G

0

20

1 2 3

16

8

12

G
BP

 - G
RP

0 1 2 3
22

18

10

14

0 1 2 0 1 2 3

G

20

16

8

12

20

16

12



32 R.M.HARIRY  ET  AL.

we drew the corresponding CMD using DR3 photometric magnitudes (G, G_BP,

G_RP) for the stars (Fig.6). By using ASteCA, the PARSEC v1.2S [25]

theoretical isochrones4 for Gaia DR3 [26] were applied to estimate the cluster

metallicity and age.

The photometrical distances d
phot 

estimated from CMD to the cluster (in pc)

are 4900 ± 100, 2360 ± 30, 1720 ± 20, and 3720 ± 50 for clusters SAI 43, SAI 47,

SAI 63, and SAI 113, respectively.

All these astrophysical and photometric parameters are listed in Table 4. The

reddening parameter E(G
_
BP

 
- G_RP) and E(B - V) colour excess based on data

obtained from Gaia photometry are determined from the color band by using the

following formula [26]:

   . 2891 VBE.G_RPG_BPE  (6)

Also, formula (6) were used to estimate the reddening.

4 http://stev.oapd.inaf.it/cgi-bin/cmd.

Parameters SAI 43 SAI 47 SAI 63 SAI 113 Ref.

Number of Members 141 153 198 188 Our work
 cos a  (mas/yr) 0.57 0 -0.24 -5.61 Our work

a  (mas/yr) -0.54 -0.34 0.26 2.84 Our work
 (mas)

3010
27002840 .
.. 3020

27202860 .
.. 5270

48605060 .
.. 2850

26502750 .
.. Our work

dplx 
(pc)

3705
33253515 3673

33143491 2058
18991977 3777

35083643 Our work

Z 0.0146±0.001 0.029±0.0002 0.0192±0.0002 0.009±0.0003 Our work
log (age/yr) 8.407±0.032 8.634±0.004 8.659±0.012 7.172±0.024 Our work

8.95±0.050 8.5±0.050 8.65±0.050 [14]
E(B - V ) (mag) 0.476±0.017 0.375±0.014 0.510±0.009 1.265±0.011 Our work

0.18±0.03 0.6±0.01 0.37±0.13 [14]
E(G_BP-G_RP) (mag) 0.61±0.02 0.48±0.02 0.66±0.01 1.63±0.01 Our work
A

G 
(mag) 1.15±0.04 0.91±0.04 1.25±0.02 3.08±0.03 Our work

(m - M)
0
 (mag) 13.43±0.05 12.267±0.034 11.177±0.020 12.853±0.031 Our work

12.92±0.07 12.93±0.05 11.4±0.09 [14]
d

phot 
(pc) 4900±100 2360±30 1720±20 3720±50 Our work

3840±130 3860±90 1910±80 [14]
Rgc (kpc) 9.0±0.1 6.1±0.1 8.2±0.1 6.9±0.1 Our work

X  (kpc) -1.34±0.03 1.30±0.02 0.03±0.0004 1.32±0.02 Our work

Y  (kpc) 4.70±0.01 0.26±0.003 -0.28±0.003 1.34±0.03 Our work

Z  (kpc) -0.29±0.006 -1.95±0.02 1.70±0.02 -3.40±0.05 Our work

Table 4

THE CALCULATED ASTROPHYSICAL AND PHOTOMETRIC

PARAMETERS OF THE FOUR OPEN CLUSTERS, WITH A

COMPARISON FROM THE DATA TAKEN FROM THE SAI

OPEN CLUSTERS CATALOG
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Reddening with a line-of-sight absorption coefficient A
G
 computed by [27] and

[28] is used to correct the observed data:

   . 01508901 G_RPG_BPE..AG  (7)

The results after using Equations (6) and (7) are recorded in Table 4. The distance

to the Galactic center R
gc
 for the clusters is calculated using the estimated

photometric distances to these cluster Equation (8):

  , coscos2cos 0
22

0 lbdRbdRRgc  (8)

where R
0 
=

 
8.20

 
±

 
0.10

 
kpc [29]. The expected distance toward the Galactic plane

( X , Y ) and the distance above the Galactic plane ( Z ) can be computed by

using the following relation [30]:

, sin, sincos, coscos bZlbdYlbdX   (9)

where ( X , Y , and Z ) are the heliocentric Cartesian coordinates of the

clusters. All results from the astrophysical and photometric parameters are listed

in Table 4.

4. Conclusion. In this study, we present an astrometric and photometric

study of open clusters SAI 43, SAI 47, SAI 63, and SAI 113 using data from

Gaia DR3 with the aid of the ASteCA code.

The astrometric parameters, such as cluster position, cluster radius, core radius,

tidal radius, proper motion, parallax, and distance, are determined. Photometric

parameters such as metallicity, age, total-to-selective extinction, reddening, and

distance modulus are measured after estimating their members. All calculations and

estimates of the clusters are used to understand the evolution of these clusters.

The main results of the present study are as follows:

1. We used the ASteCA code for each cluster to estimate the clusters astrometric

parameters such as mean proper motion, parallax, and RDP to determine the

limiting radius, after utilizing membership probabilities %P 50 , which identified

the most probable member stars for the individual clusters (141; SAI 43, 153; SAI

47, 198; SAI 63, and 188; SAI 113) lying in the mean proper motion.

2. We redetermined the new cluster position by using the ASteCA code; our

results were in agreement with those estimated from the SAI Catalog with minimal

changes in both the RA and Dec. directions ( 9971". , 2219". ).

3. After correction for systematic error for parallax by adding +0.021 mas, we

calculated the astrometric distances from parallax for SAI 43, SAI 47, SAI 63, and

SAI 113 are as follows: 3705
33253515 , 3673

33143491 , 2058
18991977 , and 3777

35083643 , respectively.

4. The photometric parameters were also determined by the ASteCA code. By

applying [23] Bressan et al. theoretical isochrones of metallicity Z to fit to the

CMD of most probable cluster members with the best fit values. The clusters age
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(in a log scale), reddening, and distance modules (m-M)
0
 were determined. By

using the distance modules values to calculate the photometric distance of the

clusters d
phot

 we get: 4900 ± 100 pc for SAI 43, 2360 ± 30 pc for SAI 47, 1720 ±

20 pc for SAI 63, and 3720 ± 50 pc for SAI 113. The distances of the clusters

from the galactic plane, Z , as well as their projected distances from the Sun,

X , and Y , and the galactic centers R
gc
, were then calculated and are all shown

in Table 4.
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ÀÑÒÐÎÍÎÌÈ×ÅÑÊÈÅ È ÔÎÒÎÌÅÒÐÈ×ÅÑÊÈÅ
ÈÑÑËÅÄÎÂÀÍÈß ÍÅÊÎÒÎÐÛÕ ÂÛÁÐÀÍÍÛÕ

ÐÀÑÑÅßÍÍÛÕ ÇÂÅÇÄÍÛÕ ÑÊÎÏËÅÍÈÉ

Ð.Ì.ÕÀÐÈÐÈ1, À.À.ÕÀÐÓÍ1,2, À.À.ÌÀËÀÂÈ1

Â äàííîì èññëåäîâàíèè âûïîëíåí äåòàëüíûé àñòðîìåòðè÷åñêèé è ôîòî-

ìåòðè÷åñêèé àíàëèç ÷åòûðåõ ðàññåÿííûõ çâåçäíûõ ñêîïëåíèé (SAI 43, SAI 47,

SAI 63 è SAI 113) ñ èñïîëüçîâàíèåì äàííûõ Gaia DR3. Êîä ASteCA áûë

ïðèìåíåí äëÿ îïðåäåëåíèÿ àñòðîìåòðè÷åñêèõ è ôîòîìåòðè÷åñêèõ ïàðàìåòðîâ.

Çàíîâî îïðåäåëåíû öåíòðû ýòèõ ñêîïëåíèé. Ðàäèóñû ñêîïëåíèé, îïðåäåëåííûå

íà îñíîâå ðàäèàëüíîãî ïðîôèëÿ ïëîòíîñòè (RDP), âàðüèðóþòñÿ â ïðåäåëàõ

3.13-6.6 óãëîâûõ ìèíóò äëÿ âñåõ ñêîïëåíèé. Àñòðîôèçè÷åñêèå ïàðàìåòðû

ñêîïëåíèé ñëåäóþùèå: ÷èñëî ÷ëåíîâ (N) ñîñòàâëÿåò 141 (SAI 43), 153 (SAI 47),

198 (SAI 63) è 188 (SAI 113); ïàðàëëàêñû (  ) äëÿ SAI 43, SAI 47, SAI 63

è SAI 113 íàõîäÿòñÿ â äèàïàçîíå îò 0.275 äî 0.506 mas; ïàðàìåòðû ñîáñò-

âåííîãî äâèæåíèÿ (  cosa ,  ) ðàâíû (0.57, -0.54 mas/yr), (0, -0.34 mas/yr),
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(-0.24, 0.26 mas/yr) è (-5.61, 2.84 mas/yr) äëÿ SAI 43, SAI 47, SAI 63 è SAI 113,

ñîîòâåòñòâåííî. Ôîòîìåòðè÷åñêèå ïàðàìåòðû âêëþ÷àþò äèàãðàììó öâåò-çâåçäíàÿ

âåëè÷èíà (CMD), âîçðàñò, ïîãëîùåíèå ñâåòà è ðàññòîÿíèÿ. Âîçðàñò ïðåäñòàâëåí

êàê log(age) è âàðüèðóåòñÿ â ïðåäåëàõ 7.172 - 8.659. Èçáûòîê öâåòà E(B - V)

ñîñòàâëÿåò 0.476 ± 0.017 çâ. âåë. äëÿ SAI 43, 0.375 ± 0.014 äëÿ SAI 47, 0.510 ±

0.009 äëÿ SAI 63 è 1.265 ± 0.011 äëÿ SAI 113. Ìîäóëè ðàññòîÿíèé äëÿ ñêîïëåíèé

íàõîäÿòñÿ â äèàïàçîíå 11.177 - 13.439 çâ. âåë., à ðàññòîÿíèÿ îò Ñîëíöà äî

êàæäîãî èç ñêîïëåíèé (SAI 43, SAI 47, SAI 63 è SAI 113) ðàññ÷èòàíû êàê 4900

± 100 ïê, 2360 ± 30 ïê, 1720 ± 20 ïê è 3720 ± 50 ïê, ñîîòâåòñòâåííî.

Êëþ÷åâûå ñëîâà: ðàññåÿííûå çâåçäíûå ñêîïëåíèÿ: àñòðîìåòðèÿ: êîä ASteCA:

    áàçà äàííûõ Gaia DR3: ôîòîìåòðèÿ: äèàãðàììà öâåò-

     çâåçäíàÿ âåëè÷èíà
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ÑÓÌÌÀÐÍÎÅ ÑÎÄÅÐÆÀÍÈÅ C+N+O Â ÀÒÌÎÑÔÅÐÀÕ
ÊÐÀÑÍÛÕ ÃÈÃÀÍÒÎÂ ÐÀÇÍÎÉ ÌÅÒÀËËÈ×ÍÎÑÒÈ

Ë.Ñ.ËÞÁÈÌÊÎÂ, Ä.Â.ÏÅÒÐÎÂ
Ïîñòóïèëà 1 îêòÿáðÿ 2024

Ïðèíÿòà ê ïå÷àòè 14 ôåâðàëÿ 2025

Ñóììà C+N+O â êðàñíûõ ãèãàíòàõ èíòåðåñíà òåì, ÷òî îíà, ïî-âèäèìîìó, íå ìåíÿåòñÿ
â òå÷åíèå ýâîëþöèè çâåçäû, õîòÿ åå ñîñòàâëÿþùèå, îñîáåííî ñîäåðæàíèÿ Ñ è N, èñïûòûâàþò
çíà÷èòåëüíûå ýâîëþöèîííûå èçìåíåíèÿ. Ïîêàçàíî, ÷òî ñóùåñòâóåò ÿðêî âûðàæåííàÿ êîððå-
ëÿöèÿ ìåæäó ñóììàðíûì ñîäåðæàíèåì O)N(Clog   â êðàñíûõ ãèãàíòàõ è èõ èíäåêñîì

ìåòàëëè÷íîñòè [Fe/H]. Ëèíåéíàÿ çàâèñèìîñòü ìåæäó O)N(Clog   è [Fe/H] ñâèäåòåëüñòâóåò
î ðîñòå O)N(Clog   îò 7.0 ïðè [Fe/H] = -2.5 äî 9.2 ïðè [Fe/H] = +0.3, ò.å. áîëåå, ÷åì
íà 2 dex. Îòíîñèòåëüíîå ñîäåðæàíèå [(C+N+O)/Fe] íà òîì æå èíòåðâàëå [Fe/H], íàïðîòèâ,
óìåíüøàåòñÿ íà 0.7 dex. Ïîêàçàíî, ÷òî ñîîòíîøåíèå ìåæäó [(C+N+O)/Fe] è [Fe/H] ïî÷òè
ïîëíîñòüþ îïðåäåëÿåòñÿ ñîîòíîøåíèåì ìåæäó [O/Fe] è [Fe/H]; ñëåäîâàòåëüíî, ïîäòâåðæäàåòñÿ,
÷òî êèñëîðîä âíîñèò ãëàâíûé âêëàä â ñóììó C+N+O. Ïîñêîëüêó ñîâðåìåííûå ìîäåëè
ýâîëþöèè Ãàëàêòèêè äîñòàòî÷íî õîðîøî îáúÿñíÿþò íàáëþäàåìóþ çàâèñèìîñòü [O/Fe] îò
[Fe/H], òåì ñàìûì îíè îáúÿñíÿþò è íàáëþäàåìóþ çàâèñèìîñòü [(C+N+O)/Fe] îò [Fe/H].

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

1. Ââåäåíèå. Â ñåðèè íàøèõ ðàáîò [1-5] áûëè èññëåäîâàíû êðàñíûå

ãèãàíòû äâóõ òèïîâ â îêðåñòíîñòè Ñîëíöà: ãèãàíòû ñ ïëàíåòàìè è ãèãàíòû

ñ ìàãíèòíûìè ïîëÿìè. Â ðàáîòå [1] áûëè îïðåäåëåíû ôóíäàìåíòàëüíûå

ïàðàìåòðû è ñîäåðæàíèÿ êëþ÷åâûõ ëåãêèõ ýëåìåíòîâ Li, Ñ è Î äëÿ 9-òè

Ê-ãèãàíòîâ ñ ïëàíåòàìè. Â ðàáîòå [2] áûë äåòàëüíî èññëåäîâàí õèìè÷åñêèé

ñîñòàâ ýòèõ 9-òè çâåçä. Äàëåå, â [3] áûë ïðîàíàëèçèðîâàí õèìè÷åñêèé ñîñòàâ

ãèãàíòîâ EK Eri, OU And ñ ìàãíèòíûìè ïîëÿìè, êîòîðûå áûëè ïðè÷èñëåíû

ê âåðîÿòíûì ïîòîìêàì ìàãíèòíûõ Àð-çâåçä. Â [4] áûëè îïðåäåëåíû ôóíäà-

ìåíòàëüíûå ïàðàìåòðû è õèìè÷åñêèé ñîñòàâ 20-òè ìàãíèòíûõ G è Ê ãèãàíòîâ

â îêðåñòíîñòè Ñîëíöà. Íàêîíåö, â [5] áûëà ðàññìîòðåíà âåëè÷èíà [N/C],

êîòîðàÿ ïðåäñòàâëÿåò ñîáîé ÷óâñòâèòåëüíûé èíäèêàòîð ýâîëþöèè çâåçä, â

ñðàâíåíèè ìåæäó ìàãíèòíûìè è íåìàãíèòíûìè ãèãàíòàìè. Âàæíî îòìåòèòü,

÷òî àíàëèç õèìè÷åñêîãî ñîñòàâà âî âñåõ ýòèõ ðàáîòàõ áûë âûïîëíåí ïî åäèíîé

ìåòîäèêå.

Îñîáîå âíèìàíèå â [1-5] áûëî óäåëåíî ýëåìåíòàì ãðóïïû CNO, êîòîðûå

ñ÷èòàþòñÿ êëþ÷åâûìè â òåîðèè ýâîëþöèè çâåçä. Êàê èçâåñòíî, ýòè ýëåìåíòû

ó÷àñòâóþò â ðåàêöèÿõ ãîðåíèÿ âîäîðîäà â ÿäðå çâåçäû íà ñòàäèè ãëàâíîé
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ïîñëåäîâàòåëüíîñòè (ÃÏ), ñàìîé ïðîäîëæèòåëüíîé ñòàäèè â ýâîëþöèè çâåçäû.

Ïðè ýòîì ñóùåñòâåííî ìåíÿþòñÿ ñîäåðæàíèÿ ýòèõ ýëåìåíòîâ, îñîáåííî Ñ è

N: ñîäåðæàíèå N ñóùåñòâåííî óâåëè÷èâàåòñÿ, à ñîäåðæàíèå Ñ, íàîáîðîò,

óìåíüøàåòñÿ. Âñëåäñòâèå ýòîãî, â ÷àñòíîñòè. ïðè äîñòèæåíèè ñòàäèè êðàñíîãî

ãèãàíòà ñèëüíî óâåëè÷èâàåòñÿ îòíîøåíèå N/C (ñì. [5]).

 Èìåþòñÿ äàííûå, êàê òåîðåòè÷åñêèå, òàê è íàáëþäàòåëüíûå, óêàçûâàþùèå

íà òî, ÷òî ñóììàðíîå ñîäåðæàíèå C+N+O â çâåçäå â ïðîöåññå åå ýâîëþöèè

îñòàåòñÿ ïîñòîÿííûì (ñì., íàïðèìåð, [6-8]). Äðóãèìè ñëîâàìè, ñóììà C+N+O

â çâåçäå îñòàåòñÿ íåèçìåííîé ñ ìîìåíòà åå ôîðìèðîâàíèÿ è ýòà âåëè÷èíà

õàðàêòåðèçóåò õèìè÷åñêèé ñîñòàâ òîé ìåæçâåçäíîé ñðåäû, èç êîòîðîé

îáðàçîâàëàñü çâåçäà.

Â ðàáîòå [4] äëÿ 27-è êðàñíûõ ãèãàíòîâ â îêðåñòíîñòè Ñîëíöà áûëà

íàéäåíà îò÷åòëèâàÿ êîððåëÿöèÿ ìåæäó ñóììàðíûì ñîäåðæàíèåì C+N+O è

èíäåêñîì ìåòàëëè÷íîñòè [Fe/H]. Ïðè ýòîì çíà÷åíèÿ [Fe/H] âàðüèðîâàëèñü

â äèàïàçîíå îò -0.49 äî +0.26, ò.å. âáëèçè ñîëíå÷íîãî çíà÷åíèÿ [Fe/H] = 0.00.

Âîçíèêàåò ïðåäïîëîæåíèå, ÷òî ýòà êîððåëÿöèÿ ïðîäîëæàåòñÿ â îáëàñòÿõ áîëåå

íèçêèõ çíà÷åíèé [Fe/H]. Öåëü íàñòîÿùåé ðàáîòû - â ïðîâåðêå ýòîãî ïðåäïîëî-

æåíèÿ, äëÿ ÷åãî áûëè ðàññìîòðåíû çâåçäû â ðàñøèðåííîì èíòåðâàëå [Fe/H]

îò -2.6 äî +0.3.

Ñïèñîê ðàññìîòðåííûõ â íàñòîÿùåé ðàáîòå îáúåêòîâ, äëÿ êîòîðûõ â

ëèòåðàòóðå èìåþòñÿ äàííûå îòíîñèòåëüíî ñóììû C+N+O, ïðåäñòàâëåí â

ðàçäåëå 2. Îí ñîäåðæèò êàê îòäåëüíûå çâåçäû, òàê è ãðóïïû çâåçä, âêëþ÷àÿ

÷åòûðå øàðîâûõ ñêîïëåíèÿ. Â ðàçäåëå 3 ïðèâåäåíà çàâèñèìîñòü ñóììàðíîãî

ñîäåðæàíèÿ  ONClog   îò èíäåêñà ìåòàëëè÷íîñòè [Fe/H]; ïîëó÷åíà ÿðêî

âûðàæåííàÿ êîððåëÿöèÿ ìåæäó ýòèìè âåëè÷èíàìè. Àíòèêîððåëÿöèÿ ìåæäó

âåëè÷èíàìè [(C+N+O)/Fe] è [Fe/H], à òàêæå ñâÿçàííàÿ ñ íåé àíòèêîððåëÿöèÿ

ìåæäó [O/Fe] è [Fe/H], ðàññìîòðåíû â ðàçäåëàõ 4 è 5. Ñîîòâåòñòâèå ìåæäó

ïîëó÷åííûìè ðåçóëüòàòàìè è òåîðåòè÷åñêèìè ðàñ÷åòàìè îáñóæäàåòñÿ â ðàçäåëå

6. Èòîãè ðàáîòû ïîäâåäåíû â ðàçäåëå 7.

2. Ñïèñîê ðàññìîòðåííûõ îáúåêòîâ. Ïðè ïîñòðîåíèè çàâèñèìîñòè

ñóììàðíîãî ñîäåðæàíèÿ C+N+O îò èíäåêñà ìåòàëëè÷íîñòè [Fe/H] èñïîëü-

çîâàëèñü, ïðåæäå âñåãî, ðåçóëüòàòû, ïîëó÷åííûå â [4] äëÿ 27 êðàñíûõ ãèãàíòîâ

â îêðåñòíîñòè Ñîëíöà. Íàïîìíèì, ÷òî ýòè 27 ãèãàíòîâ ïîêàçàëè îêîëîñîëíå÷íóþ

ìåòàëëè÷íîñòü (çíà÷åíèÿ [Fe/H] ìåæäó -0.5 è +0.3). Êðîìå òîãî, áûëè äîáàâ-

ëåíû äðóãèå îáúåêòû, äëÿ êîòîðûõ â ëèòåðàòóðå èìåþòñÿ äàííûå îòíîñèòåëüíî

ñóììû C+N+O.

Ñïèñîê ðàññìîòðåííûõ îáúåêòîâ ïðåäñòàâëåí â òàáë.1. Äëÿ êàæäîãî èç

íèõ óêàçàíû ñëåäóþùèå âåëè÷èíû: [Fe/H],  ONClog  , [(C+N+O)/Fe]

è [O/Fe]. Ýòè âåëè÷èíû ïîòðåáóþòñÿ äëÿ ïîñòðîåíèÿ ðèñ.1, 2 è 3.
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Â òàáë.1 âêëþ÷åíà ðàáîòà Ëàêà [10], ãäå áûëà èññëåäîâàíà 451 çâåçäà

ñïåêòðàëüíûõ òèïîâ F, G, è K è êëàññîâ ñâåòèìîñòè I è II. Äëÿ 221-é çâåçäû

çäåñü áûëè îïðåäåëåíû ñîäåðæàíèÿ Ñ, N è O è íàéäåíû ñóììàðíûå ñîäåðæàíèÿ

 ONClog  . Ñðåäíåå çíà÷åíèå  ONClog   äëÿ ýòîé 221-é çâåçäû

(Çâåçäû Ëàêà), ïðèâåäåííîå â òàáë.1, îêàçàëîñü î÷åíü áëèçêèì ê ñîëíå÷íîìó

çíà÷åíèþ.

Â òàáë.1 ïðèâåäåíû ðåçóëüòàòû èññëåäîâàíèÿ õèìè÷åñêîãî ñîñòàâà ÷ëåíîâ

÷åòûðåõ øàðîâûõ ñêîïëåíèé ñ ïîíèæåííîé ìåòàëëè÷íîñòüþ, à èìåííî: Ì3,

Ì13, NGC 1851 è NGC 6752. Ïðè ýòîì äëÿ NGC 1851 âçÿòû äàííûå èç ðàáîò

[8,11]. Â ïåðâîé ïðèâåäåíî ñðåäíåå ñîäåðæàíèå C+N+O äëÿ ñêîïëåíèÿ, à ñ

ïîìîùüþ âòîðîé ðàáîòû íàéäåíî ýòî ñðåäíåå ïî äàííûì äëÿ 21-ãî êðàñíîãî

ãèãàíòà.

Â òàáë.1 âêëþ÷åíû òàêæå èíäèâèäóàëüíûå äàííûå äëÿ äâóõ çâåçä ñ íèçêîé

ìåòàëëè÷íîñòüþ - HD 66573 è HD 140283. Âòîðàÿ èç íèõ ïîêàçàëà íàèìåíüøóþ

ìåòàëëè÷íîñòü [Fe/H] = -2.57 ñðåäè âûáðàííûõ îáúåêòîâ.

3. Êîððåëÿöèÿ ìåæäó ñóììàðíûì ñîäåðæàíèåì log(C+N+O)

è èíäåêñîì ìåòàëëè÷íîñòè [Fe/H]. Íà ðèñ.1 ïðåäñòàâëåíà ïîëó÷åííàÿ

íàìè çàâèñèìîñòü  ONClog   îò [Fe/H]. Íàèáîëåå âûñîêèå çíà÷åíèÿ

 ONClog   çäåñü ïîêàçûâàþò 27 ãèãàíòîâ èç ðàáîòû [4] ñ âàðèàöèÿìè

[Fe/H] îò -0.49 äî +0.26 (çàïîëíåííûå êðóæêè â ïðàâîì âåðõíåì óãëó ðèñ.1).

Â ñðåäíåì ýòè çíà÷åíèÿ õîðîøî ñîîòâåòñòâóþò âåëè÷èíå 8.94 ± 0.14, õàðàê-

òåðíîé äëÿ Ñîëíöà [9]. Òàêîå æå õîðîøåå ñîãëàñèå ñ Ñîëíöåì èìååò ìåñòî

äëÿ ñðåäíèõ çíà÷åíèé   978ONClog .  è [Fe/H] = 0.06, êîòîðûå ìû

ïîëó÷èëè äëÿ 221-îé çâåçä èç ñïèñêà Ëàêà [10].

Îáúåêò [Fe/H] O)N(Clog  [(C+N+O)/Fe] [O/Fe] Ññûëêà

Ñîëíöå 0.00 8.94±0.14 0.00 0.00 [9]
Çâåçäû Ëàêà 0.06±0.20 8.97±0.25 -0.03±0.25 0.05±0.06 [10]

M3 -1.39 7.74 0.19 0.33±0.07 [7]
M13 -1.50 7.70 0.26 0.18±0.10 [7]

NGC 6752 -1.6 7.62±0.02 0.28 0.22±0.07 [8]
NGC 1851 -1.3 8.16±0.10 0.52 0.12±0.07 [8]
NGC 1851 -1.04 8.02±0.24 0.11±0.20 0.11±0.12 [11]
HD 66573 -0.62 8.44 0.12 0.22 [12]
HD 140283 -2.57 7.06 0.69 0.77 [13]

Òàáëèöà 1

ÄÀÍÍÛÅ ÈÇ ËÈÒÅÐÀÒÓÐÛ ÎÒÍÎÑÈÒÅËÜÍÎ ÑÓÌÌÛ C+N+O

ÄËß ÈÇÁÐÀÍÍÛÕ ÎÁÚÅÊÒÎÂ
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Âåñüìà êîìïàêòíóþ ãðóïïó íà ðèñ.1 îáðàçóþò òðè øàðîâûõ ñêîïëåíèÿ,

Ì3, Ì13 è NGC 6752. Äëÿ ãèãàíòîâ ýòèõ ñêîïëåíèé â ðàáîòàõ [7,8] áûëè

ïîëó÷åíû î÷åíü áëèçêèå ñðåäíèå çíà÷åíèÿ  ONClog  , à òàêæå [Fe/H]

(ñì. òàáë.1). Äëÿ ÷åòâåðòîãî øàðîâîãî ñêîïëåíèÿ, NGC 1851, íà ðèñ.1 ïðèâåäåíû

äàííûå äâóõ ðàáîò: ñðåäíåå çíà÷åíèå   168ONClog . , ñîãëàñíî [8], à

òàêæå ñðåäíåå çíà÷åíèå   028ONClog . , ïîëó÷åííîå íàìè ïî äàííûì

äëÿ 21-ãî ÷ëåíà ñêîïëåíèÿ èç ðàáîòû [11].

Íà ðèñ.1 ïðåäñòàâëåíû òàêæå èíäèâèäóàëüíûå äàííûå äëÿ äâóõ çâåçä -

HD 66573 [12] è HD 140283 [13]. Âòîðàÿ èç íèõ îñîáåííî èíòåðåñíà, òàê

êàê äëÿ íåå ïîëó÷åí ñàìûé íèçêèé èíäåêñ ìåòàëëè÷íîñòè [Fe/H] = -2.57.

Â öåëîì ðèñ.1 ïîêàçûâàåò, ÷òî ñóùåñòâóåò ÿðêî âûðàæåííàÿ êîððåëÿöèÿ

ìåæäó âåëè÷èíàìè  ONClog   è [Fe/H]. Âèäíî, ÷òî îíà õîðîøî àïïðîê-

ñèìèðóåòñÿ ïðÿìîé ëèíèåé, êîòîðàÿ ïðîâåäåíà íà ðèñ.1 ìåòîäîì íàèìåíüøèõ

êâàäðàòîâ. Ýòà ëèíèÿ ñâèäåòåëüñòâóåò, ÷òî ñóììàðíîå ñîäåðæàíèå  ONClog 

Ðèñ.1. Çàâèñèìîñòü ñóììàðíîãî ñîäåðæàíèÿ O)N(Clog   îò èíäåêñà ìåòàëëè÷íîñòè

[Fe/H] äëÿ îáúåêòîâ, ïðåäñòàâëåííûõ â òàáë.1. Ïðÿìàÿ ëèíèÿ ïðîâåäåíà ìåòîäîì íàèìåíüøèõ
êâàäðàòîâ.
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ìåíÿåòñÿ îò 7.0 ïðè [Fe/H] = -2.5 äî 9.2 ïðè [Fe/H] = +0.3, ò.å. óâåëè÷èâàåòñÿ

íà 2.2 dex.

4. Çàâèñèìîñòü âåëè÷èíû [(C+N+O)/Fe] îò èíäåêñà ìåòàëëè÷-

íîñòè [Fe/H]. Êàê è â [4], äëÿ äàëüíåéøåãî îáñóæäåíèÿ, à òàêæå äëÿ

ñðàâíåíèÿ ñ òåîðèåé âìåñòî àáñîëþòíîãî ñîäåðæàíèÿ  ONClog   ïîëåçíî

ðàññìîòðåòü îòíîñèòåëüíîå ñîäåðæàíèå [(C+N+O)/Fe], êîòîðîå: 1) îòíîñèò

èñêîìóþ âåëè÷èíó ê ñîäåðæàíèþ æåëåçà è 2) îòíîñèò åå ê ñîäåðæàíèþ íà

Ñîëíöå.

Çàâèñèìîñòü [(C+N+O)/Fe] îò [Fe/H] ïðåäñòàâëåíà íà ðèñ.2. Âèäíî, ÷òî,

â îòëè÷èå îò ðèñ.1, ãäå âåëè÷èíà  ONClog   â äèàïàçîíå [Fe/H] îò -2.5

äî +0.3 ìåíÿåòñÿ áîëåå, ÷åì íà äâà ïîðÿäêà, âåëè÷èíà [(C+N+O)/Fe] íà òîì

æå èíòåðâàëå [Fe/H] ìåíÿåòñÿ òîëüêî íà 0.7 dex (ýòî ìîæíî îöåíèòü ïî

ñïëîøíîé ïðÿìîé ëèíèè, ïðîâåäåííîé íà ðèñ.2 ìåòîäîì íàèìåíüøèõ

êâàäðàòîâ). Åùå îäíî ðàçëè÷èå ìåæäó ðèñ.1 è 2 ñîñòîèò â òîì, ÷òî åñëè íà

Ðèñ.2. Çàâèñèìîñòü âåëè÷èíû [(C+N+O)/Fe] îò èíäåêñà ìåòàëëè÷íîñòè [Fe/H]. Ñïëîøíàÿ

ïðÿìàÿ ïðîâåäåíà ìåòîäîì íàèìåíüøèõ êâàäðàòîâ. Øòðèõîâàÿ ëèíèÿ - ïîâòîðåíèå ïðÿìîé,
ïîëó÷åííîé äëÿ êèñëîðîäà íà ðèñ.3.
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ïåðâîì èìååò ìåñòî ÿðêî âûðàæåííàÿ êîððåëÿöèÿ, òî íà âòîðîì, íàîáîðîò,

íàáëþäàåòñÿ àíòèêîððåëÿöèÿ.

5. Çàâèñèìîñòü [O/Fe] îò [Fe/H]. Ñðåäè CNO-ýëåìåíòîâ â ñóììó

C+N+O íàèáîëüøèé âêëàä âíîñèò êèñëîðîä, òàê êàê îí ÿâëÿåòñÿ ñàìûì

îáèëüíûì ýëåìåíòîì â ýòîé ãðóïïå. Ýòî âèäíî íà ïðèìåðå Ñîëíöà, äëÿ

êîòîðîãî ñîäåðæàíèÿ C, N è Î ñîñòàâëÿþò   478Clog . ,   857Nlog .  è

  718Olog .  [9]. Â ýòîé ñâÿçè çàâèñèìîñòü âåëè÷èíû [O/Fe] îò [Fe/H]

ïðåäñòàâëÿåò îñîáûé èíòåðåñ.

Äàâíî èçâåñòíà àíòèêîððåëÿöèÿ, êîòîðàÿ ñóùåñòâóåò ìåæäó âåëè÷èíàìè

[O/Fe] è [Fe/H] (ñì., íàïðèìåð, [14,15] è ññûëêè â íèõ). Íà ðèñ.3 äëÿ òåõ

æå îáúåêòîâ, ÷òî è íà ðèñ.1 è 2, ïðåäñòàâëåíà çàâèñèìîñòü [O/Fe] îò [Fe/H].

Ýòó çàâèñèìîñòü ìû àïïðîêñèìèðîâàëè ïðÿìîé ëèíèåé, êîòîðóþ ïðîâåëè

ìåòîäîì íàèìåíüøèõ êâàäðàòîâ.

Çàìåòèì, ÷òî òî÷êå Luck's stars íà ðèñ.3 ñîîòâåòñòâóþò êîîðäèíàòû

[Fe/H] = +0.06 ± 0.20 è [O/Fe] = -0.05 ± 0.06. Ýòî ñðåäíèå çíà÷åíèÿ, íàéäåííûå

Ðèñ.3. Çàâèñèìîñòü âåëè÷èíû [O/Fe] îò èíäåêñà ìåòàëëè÷íîñòè [Fe/H]. Ïðÿìàÿ ëèíèÿ
ïðîâåäåíà ìåòîäîì íàèìåíüøèõ êâàäðàòîâ.
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íàìè äëÿ 221-é çâåçäû èç ðàáîòû [10]. Äëÿ ñðàâíåíèÿ ìîæíî óêàçàòü, ÷òî

äëÿ 1133 FGK-ãèãàíòîâ èç [17] (ñì. òàì òàáë.3) ìû íàøëè î÷åíü áëèçêèå

ñðåäíèå çíà÷åíèÿ [Fe/H] = +0.02 ± 0.23 è [O/Fe] = +0.02 ± 0.21 (ñóììàðíîå

ñîäåðæàíèå C+N+O â [17] íå îïðåäåëÿëîñü).

Áûëà ñêîïèðîâàíà ïðÿìàÿ ëèíèÿ, ïîëó÷åííàÿ íà ðèñ.3, è ïåðåíåñåíà â

âèäå øòðèõîâîé ïðÿìîé íà ðèñ.2. Âèäíî, ÷òî ýòà øòðèõîâàÿ ëèíèÿ, ïðåäñòàâ-

ëÿþùàÿ êèñëîðîä, î÷åíü áëèçêà ê ñïëîøíîé ïðÿìîé, ïðåäñòàâëÿþùåé ñóììó

C+N+O, è ëåæèò ñëåãêà íèæå. Òåì ñàìûì ïîäòâåðäèëè, ÷òî êèñëîðîä âíîñèò

äîìèíèðóþùèé âêëàä â ñóììó C+N+O.

6. Îáñóæäåíèå. Äëÿ äàëüíåéøåãî îáñóæäåíèÿ âàæíûì ÿâëÿåòñÿ ñëå-

äóþùèé ðåçóëüòàò: ñóììà C+N+O, êîòîðàÿ, ïî-âèäèìîìó, íå ìåíÿåòñÿ â

ïðîöåññå ýâîëþöèè çâåçäû, îïðåäåëÿåòñÿ â îñíîâíîì âêëàäîì êèñëîðîäà.

Òàêèì îáðàçîì, íàáëþäàåìûå âàðèàöèè âåëè÷èíû [(C+N+O)/Fe] îòðàæàþò

ôàêòè÷åñêè âàðèàöèè âåëè÷èíû [O/Fe].

Òðàäèöèîííî ïðåäïîëàãàëîñü, ÷òî îáîãàùåíèå ìåæçâåçäíîé ñðåäû (ÌÑ)

õèìè÷åñêèìè ýëåìåíòàìè â Ãàëàêòèêå ïðîèñõîäèëî â îñíîâíîì çà ñ÷åò

âçðûâîâ ñâåðõíîâûõ, ïðè÷åì ñâåðõíîâûå I òèïà ïîñòàâëÿëè â ÌÑ æåëåçî,

à ñâåðõíîâûå II òèïà - êèñëîðîä. Ïîçæå äîáàâèëñÿ åùå îäèí, âíåøíèé

èñòî÷íèê îáîãàùåíèÿ ÌÑ ýëåìåíòàìè. Èìååòñÿ â âèäó ïàäåíèå âåùåñòâà èç

òàê íàçûâàåìîãî Ìàãåëëàíîâà Ïîòîêà (Magellanic Stream), ïðåäñòàâëÿþùåãî

ñîáîé âûñîêîñêîðîñòíûå îáëàêà ãàçà, ëåòÿùèå èç Áîëüøîãî è Ìàëîãî

Ìàãåëëàíîâà Îáëàêà.

Ñîâðåìåííûå "ìîäåëè ñ ïàäåíèåì" ("infall models") îáñóæäàþòñÿ, íàïðèìåð,

â [15,16]. Îíè îïèñûâàþò ôîðìèðîâàíèå ãàëî, òîëñòîãî äèñêà è òîíêîãî

äèñêà Ãàëàêòèêè. Ê ñîæàëåíèþ, çäåñü íå áûëî îïðåäåëåíî ñóììàðíîå

ñîäåðæàíèå [(C+N+O)/Fe]. Îäíàêî â [15,16] ïîëó÷åíà òåîðåòè÷åñêàÿ

çàâèñèìîñòü [O/Fe] îò [Fe/H], êîòîðàÿ äîñòàòî÷íî õîðîøî ñîãëàñóåòñÿ ñ

íàáëþäåíèÿìè (ñì., íàïðèìåð, ðèñ.15 â [15]). Ïîñêîëüêó êèñëîðîä âíîñèò

îïðåäåëÿþùèé âêëàä â ñóììàðíîå ñîäåðæàíèå C+N+O, òåì ñàìûì

ïîäòâåðæäàåòñÿ, ÷òî ñîâðåìåííàÿ òåîðèÿ äîñòàòî÷íî õîðîøî îáúÿñíÿåò

çàâèñèìîñòü [(C+N+O)/Fe] îò [Fe/H].

7. Çàêëþ÷åíèå. Â íàñòîÿùåé ðàáîòå, íàðÿäó ñ íàøèìè ðåçóëüòàòàìè äëÿ

27 G- è Ê-ãèãàíòîâ â îêðåñòíîñòè Ñîëíöà èñïîëüçîâàëèñü òàêæå äàííûå èç

ëèòåðàòóðû äëÿ çâåçä (â îñíîâíîì êðàñíûõ ãèãàíòîâ) ðàçíîé ìåòàëëè÷íîñòè.

Îñíîâíûå ðåçóëüòàòû ñîñòîÿò â ñëåäóþùåì.

Íàéäåíà ÿðêî âûðàæåííàÿ êîððåëÿöèÿ ìåæäó ñóììàðíûì ñîäåðæàíèåì

 ONClog   è èíäåêñîì ìåòàëëè÷íîñòè [Fe/H]. Ëèíåéíàÿ çàâèñèìîñòü

ìåæäó  ONClog   è [Fe/H] ñâèäåòåëüñòâóåò î ðîñòå  ONClog   îò

7.0 ïðè [Fe/H] = -2.5 äî 9.2 ïðè [Fe/H] = +0.3, ò.å. áîëåå ÷åì íà 2 dex.
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Îòíîñèòåëüíîå ñîäåðæàíèå [(C+N+O)/Fe] ïîêàçûâàåò àíòèêîððåëÿöèþ è

ìåíÿåòñÿ íà -0.7 dex íà òîì æå èíòåðâàëå [Fe/H].

Ñóììà C+N+O â çâåçäå, ïî-âèäèìîìó, îñòàåòñÿ íåèçìåííîé â ïðîöåññå

åå ýâîëþöèè. Íàéäåííàÿ çàâèñèìîñòü [(C+N+O)/Fe] îò [Fe/H], êàê áûëî

ïîêàçàíî, ïî÷òè ïîëíîñòüþ îïðåäåëÿåòñÿ çàâèñèìîñòüþ [O/Fe] îò [Fe/H] (òàê

êàê êèñëîðîä âíîñèò ãëàâíûé âêëàä â C+N+O). Ïîñêîëüêó ñîâðåìåííûå

ìîäåëè ýâîëþöèè Ãàëàêòèêè äîñòàòî÷íî õîðîøî îáúÿñíÿþò íàáëþäàåìóþ

çàâèñèìîñòü [O/Fe] îò [Fe/H], òåì ñàìûì îíè êîñâåííî îáúÿñíÿþò è

íàáëþäàåìóþ çàâèñèìîñòü [(C+N+O)/Fe] îò [Fe/H].

Ðàíåå ñóììàðíîå ñîäåðæàíèå C+N+O íå ðàññìàòðèâàëîñü êàê ïàðàìåòð,

õàðàêòåðèçóþùèé õèìè÷åñêóþ ýâîëþöèþ Ãàëàêòèêè. Îäíàêî, ïî íàøåìó

ìíåíèþ, ýòà âåëè÷èíà âïîëíå ìîæåò áûòü âêëþ÷åíà â ÷èñëî òàêèõ ïàðàìåòðîâ.

Êðûìñêàÿ Àñòðîôèçè÷åñêàÿ Îáñåðâàòîðèÿ ÐÀÍ,

e-mail: lyub@craocrimea.ru

THE TOTAL C+N+O ABUNDANCE IN ATMOSPHERES
OF RED GIANTS OF VARIOUS METALLICITY

L.S.LYUBIMKOV, D.V.PETROV

The sum C+N+O in red giants is interesting because it does not apparently

change during the star’s evolution, although its components, especially the C and

N abundances, suffer significant changes. We showed that the pronounced cor-

relation exists between the total abundance  ONClog   in red giants and their

metallicity index [Fe/H]. The linear relation that was found between

 ONClog   and [Fe/H] evidences an increase of  ONClog   from 7.0

at [Fe/H] = -2.5 to 9.2 at [Fe/H] = +0.3, i.e. greater than 2 dex. The relative

abundance [(C+N+O)/Fe] on the same [Fe/H] interval, on the contrary, de-

creases by 0.7 dex. It was shown that the relation between [(C+N+O)/Fe] and

[Fe/H] is determined almost completely by the relation between [O/Fe] and

[Fe/H]; therefore it is confirmed that oxygen gives a main contribution to the

sum C+N+O. Since modern models of the Galaxy evolution explain well enough

the observed dependence of [O/Fe] on [Fe/H], they explain by that the observed

dependence of [(C+N+O)/Fe] on [Fe/H].

Keywords: red giants: chemical composition
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SPECTRAL VARIATIONS AND PHYSICAL CONDITIONS
OF BY DRACONIS IN THE ULTRAVIOLET

M.R.SANAD
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We present International Ultraviolet Explorer (IUE) observations during the period (1980 -
1994) of the double lined spectroscopic binary BY Dra to show the spectral behavior and physical
conditions in its atmosphere. The observations reveal indication of flare activity in their flux values
in years (1981-1990-1994) in the chromosphere and transition region of the primary star. Beside
the flaring activity the emission lines show a range of variations between high, intermediate and low.
There is a relation between the fluxes and rotational phase. The reddening of BY Dra was estimated
from 2200 Å  absorption feature to be E(B - V ) = 0. The average mass loss rate is found to be


M.~

8
1094


  yr

-1
, the average temperature of the emitting region to be 

4
1029 .~  K, energy of

flare to be 
37

1026 .~ erg. We attributed the spectral variations to a cyclic behavior of the underlying
magnetic field and the flaring activity to three component model.

Keywords: stars: activity - stars: flare - stars: magnetic field -Individual: BY Dra -

     ultraviolet

1. Introduction. BY Dra is a double - lined spectroscopic binary [1] with

rotational period of 3.8 days and consists of dk5e + dk7e with an inclination of

30 degrees. The primary star makes up to two thirds of the light from the system

at visual wavelengths [2]. BY Dra exhibits a significant brightness asymmetry in

spectroscopic studies [3,4].

International Ultraviolet Explorer (IUE) observations have been used to de-

termine the physical conditions in the transition region of flare stars [5].

Rotational variation studies [6] and Doppler imaging of ultraviolet emission lines

[7] provide indication of discrete active areas in the chromosphere and transition

regions of flare systems.

Stellar magnetic activity is a result of interplay of rotation and turbulent

convection at stellar surface. Stellar rotation plays significant role in the dynamo

efficiency and influence the magnetic activity of star. Magnetic activity is related

to modulations in the stellar magnetic field and consequently is connected to the

structure of the stellar subsurface zone, stellar rotation, spectral variations and

regeneration of the magnetic field through self - sustaining dynamo activity [8-11].
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Helminiak et al. [12] calculated the spectroscopic & astrometric orbital solution

and the archival astrometric measurements from the Palomar Testbed Interferom-

eter (PTI) and derived M.M 7901  , M.M 6902  , d = 16.5 pc. Vogt & Fekel

[3] estimated the radius of the primary star to be R.R 211  .

Butler et al. [13] by using IUE observations detected a small rotational

modulation of the strong ultraviolet emission lines and interpreted this as evidence

for plage - type regions in the stellar chromosphere which overlie the photospheric

spots and the active regions were so numerous that some were always in view.

In this paper we studied the spectral behaviour of BY Dra binary system by

using ultraviolet observations obtained with the IUE. The important observational

evidences in our study are that firstly there is a relation between fluxes of emission

lines in the times of (high, intermediate & low states) with rotational phase

secondly the similar flaring activity at the same phases indicating a possible

common origin in the chromosphere and transition region of BY Dra system.

The paper is organized as follows: In section 2 we present the ultraviolet

observations, in section 3 we demonstrate the method of reddening determination,

section 4 shows the results and discussions of the spectral behaviour of emission

lines in the emitting areas, and section 5 contains the conclusions.

2. Observations and data reduction. The short wavelength ultraviolet

spectra obtained with IUE with low-resolution have been retrieved from the MAST

IUE system through its principle center at https://archive.stsci.edu/iue/. A detailed

description of the ultraviolet data is given by [14,15].

The ultraviolet data were processed by using the standard software of IUEDAC

IDL for the processing of spectra. The spectra were referenced to the rotational phase

of the BY Dra binary system by using the ephemeris of Rodono et al. [16].

. 836322438983.61HJD d E. 

Table 1 list the ultraviolet observations of BY Dra with low resolution. The

spectra were inspected individually in the 1150-1950 Å  region to identify and reject

noisy and overexposed or underexposed data.

The ultraviolet observations of BY Dra covering most phases. Representative

examples of spectral lines are given in Fig.1, showing the variations of line fluxes

at different times and the flaring activity. The emission lines are originated in

the chromosphere and transition region of BY Dra primary star. Ultraviolet

emission lines with different ionizations up to NV 1240 Å , SiIV 1400 Å , and CIV

1550 Å  have been found in BY Dra.

3. Results and discussions.

3.1. Reddening determination of BY Dra. The method of estimating

the reddening of BY Dra depends on using the most suitable set of ultraviolet data
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of Short Wavelength Prime camera (SWP) with low resolution (6 Å ) in the

wavelength range of between 1150-1950 Å  and Long Wavelength Redundant (LWR)

camera with low resolution (6 Å ) in the wavelength range between 2000-3000 Å .

The Short Wavelength ultraviolet spectra are binned in 15 Å  bins and 25 Å  bins

for Long Wavelength spectra. The collection of short and long wavelength data gives

the ultraviolet spectrum shape of a reddened star, with its characteristic depression

at 2200 Å . The following ultraviolet observations are used in estimating the value

of reddening (SWP10354 - LWR09021) (SWP15177 - LWR11687) (SWP39740 -

LWP18894) leading to the best smoothing spectrum suitable for determining the

reddening value.

The most suitable value is determined by visual examination of the plots for

the best fit to the 2200 Å  absorption feature, which represented the best agreement

between observations and standard theoretical (dashed line) values. The estimated

value of the reddening for BY Dra is E(B - V ) = 0.00 as shown in Fig.2.

3.2. Spectral variations and its source. BY Dra binary system show

some ultraviolet emission lines observed with IUE SWP camera for chromospheric

cooler area such as CI 1657 Å , OI 1306 Å , SII 1808 Å  and for transition hotter

Data ID Dispersion Aperture H.J.D. Exposure time (s) Phase

SWP10354 Low Large 2444526.09388 7199.819 0.85
SWP15156 Low Large 2444880.23403 3599.844 0.17
SWP15177 Low Large 2444882.44178 7199.149 0.75
SWP39725 Low Large 2448164.18267 5399.627 0.26
SWP39726 Low Large 2448164.28584 5399.627 0.29
SWP39727 Low Large 2448164.38215 5819.467 0.31
SWP39733 Low Large 2448165.17983 5399.627 0.52
SWP39734 Low Large 2448165.35733 5579.851 0.57
SWP39738 Low Large 2448166.14191 4499.736 0.77
SWP39739 Low Large 2448166.23425 4499.736 0.80
SWP39740 Low Large 2448166.32384 3599.844 0.82
SWP39746 Low Large 2448167.29306 4499.736 0.06
SWP39747 Low Large 2448167.33983 2339.505 0.08
SWP39755 Low Large 2448168.23925 4499.736 0.32
SWP39756 Low Large 2448168.33443 2699.544 0.34
SWP39761 Low Large 2448169.07016 1799.652 0.54
SWP42778 Low Large 2448551.09764 22199.77 0.13
SWP48664 Low Large 2449248.23067 4499.736 0.86
SWP50631 Low Large 2449469.43293 7198.609 0.53
SWP51395 Low Large 2449544.73564 7199.819 0.16

Table 1

JOURNAL OF IUE OBSERVATIONS OF BY Dra
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area such as CII 1335Å , SIV 1400Å , CIV 1550 Å , HeII 1640Å , NV 1240Å ,

and SiIII 1892Å  [13].

The OI, SiIV, CIV, CI, CII are resonance emission lines that are collisionally

excited by the physical conditions of plasma in the quiet chromosphere. The HeII

emission line is a recombination line. These emission lines are produced in the

chromosphere and transition region of the primary star.

The emission lines (OI, CI) with low variable fluxes have nearly the same

spectral behavior indicating that they have the same emitting region, the chromo-

sphere of the primary star, while the emission lines (CII, CIV, HeII) with flaring

Fig.1. IUE spectrum of BY Dra with high, intermediate and low flux at different phases at
the left - hand side and the flaring activity at the right - hand side.
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activity indicating that they have the same emitting region, transition region of the

primary star. The fluxes in emission lines were measured by determining the

integrated area included in the emission area above the continuum near the wings

of spectral line and were calculated with the method of Gaussian profile fitting.

Fig.3 shows the fluxes of chromospheric and transition region emission lines

with rotational phase. The line fluxes correlate and change with phase with

different values on short timescales of some hours and long timescales of months

and years for the period 1980-1994. The line fluxes of both chromospheric region

Fig.2. Reddening determination of BY Dra binary system.
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(OI & CI) and transition region (NV, CII, CIV, He II) change between high,

intermediate and low values with symbol (+) while the symbol (  ) represents

flaring activity.

Tables 2-7 reveal the fluxes and values of flare of selected emission lines for

BY Dra. The flaring activity of BY Dra for ultraviolet observations is not periodic

as II Peg and  And binary systems [17-19]. The increase in flux of emission

lines reached about four times the quiescent values and the activity of emission

lines is around phases (0.20 and 0.80) as showed in Fig.3.

Butler et al. [13] detected a true modulation of the ultraviolet emission line fluxes.

This variation is in the sense that the ultraviolet emission lines are stronger at

maximum spot visibility, suggestive of association with plage type areas in the

chromosphere and transition region in the vicinity in the cool photospheric spots.

The strong SWP emission lines are come from allowed transitions, their emissivities

are not greatly affected by density and pressure changes. They deduced that most of

the hot material in the atmosphere is contained in magnetic loops [20,21]. So, the

increase in the amount of high temperature material relative to the amount of low

temperature material could be explained by the presence of extensive magnetic loops

in the atmosphere of BY Dra.

De Jager et al. [22] presented a study of simultaneous observations in the

visual, radio and X-ray ranges of stellar flares on the BY Dra binary system. They

observed one significant flare, simultaneously in soft X-rays and visible wavelengths

and one smaller burst. The main flare generated hot plasma emitting soft X-rays.

They suggested a model in which the flare starts impulsively by heating the stellar

photosphere by particle beams with a temporary hot hole burnt into photosphere.

The relation of emission line fluxes with phase for chromosphere of the

primary star of BY Dra can be interpreted as follows: The stellar atmosphere has

undergone to magnetic field resulted in its non - radiative heating. The magnetic

activity in late type stars is analogous to that observed with the Sun. It is assumed

that magnetic fields produced from an interaction between convection currents and

differential rotation as contained in the dynamo process. The hot area of plasma

is pushed by magnetic fields upward and leaving cool regions as dark spots with

low temperature in the outer parts.

The spot activity is explained as a result of a magnetic dynamo affecting on

the convective area and the magnetic activity is variable with time. The variation

of line fluxes gives an indication of active areas in the chromosphere of the

primary star. These active areas are near the spot group with short term variations

in the spot arrangement and the variations of ultraviolet emission lines suggesting

a hot area overlying a cool spot.

The ultraviolet observations with enhanced emission lines as flaring activity
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in the transition region of BY Dra can be understood by the three - component

model of Jeffries [23]. In this model the thickness of the transition area is not

constant over the surface of star and consists of three regions: active, quiet and

cool loops underlying the hot coronal loops characterized by low and high

ultraviolet emission occurring in the vicinity of spots required to interpret the low

and high temperature components [24].

In this interpretation an area of cooling plasma is produced under a rising

Fig.3. Spectral variations with rotational phase for line fluxes (OI & CI) of chromospheric

region and line fluxes (NV, CII, CIV, HeII) of transition region. symbol (+) represents normal
spectral variations between high, intermediate and low values while the symbol (  ) represents flaring
activity.
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magnetic reconnection line. It is believed that flaring occurs on several scales in

the stellar atmosphere. Suggesting that the heating of the corona is achieved by

a quasi-continuous flaring process [25].

If this source of activity stopped then the plasma in the loops of active area

will cool by radiative means and at some time the plasma will be a source of

ultraviolet radiation. So, the energy source is large scale migration of active areas

causing loops to interact leading to flare heating of the loop plasma. This physical

process for the formation of the cool plasma represents the main mechanism of

the flaring activity.

In conclusion, the IUE observations of BY Dra shows presence of hot material

through rotation period suggesting that BY Dra has magnetic loops that remain

visible for long periods of time and changes by rotation. The fact that the line

fluxes remain high suggests that the active regions and loops in addition to spots

are either quite long lived on BY Dra or they are numerous that some are always

presented by Butler et al. [13].

During the flare process, the electrons are accelerated with high energies and stream

down along the flare loop and heating the emitting transition region and generating

significant flare emission. The ultraviolet emission with flare energies can be produced

either by accelerating the energetic electrons in flare or by impact excitations by high

energy electrons as non - thermal excitation or by thermal conduction [26].

4. Ultraviolet luminosity, flare energy, mass loss rate and tem-

perature of emitting area. The ultraviolet luminosity of emitting region is

calculated by using the following equation

, 4 2FdLUV 

where F is the integrated flux value and d is the distance to the object 16.5 pc

[12]. For BY Dra binary system, by using integrated fluxes of NV, OI, CII, CIV,

HeII and CI, it is found that the ultraviolet luminosities for the selected spectral

lines in different states as listed in the following Tables 2-7.

By using the mass of the primary star M.~M 790  [12], and a radius of

R.~ 41  [3] the rate of mass loss is calculated by using the following equation [27].
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The stored energy in the flare for the G star is estimated by using the

following equation, [28]:
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By using the magnetic field strength of 2700 G and Rl 2  [28,29] and a

radius of R.~ 41 , it is found that the stored energy 371026 .~  erg. Then the

temperature of the emitting region is

State Flux (erg cm-2
 s-1) L

uv
 (erg cm-2

 s-1)

Flare 2.14 
.
 10-13 6.98 

.
 1027

High 1.98 
.
 10-13 5.32 

.
 1027

Intermediate 1.42 
.
 10-13 4.40 

.
 1027

Low 1.02 
.
 10-13 3.31 

.
 1027

Table 2

LINE FLUXES AND ULTRAVIOLET LUMINOSITIES AT

DIFFERENT STATES OF NV

State Flux (erg cm-2
 s-1) L

uv
 (erg cm-2

 s-1)

Flare 2.14 
.
 10-13 6.98 

.
 1027

High 1.98 
.
 10-13 5.32 

.
 1027

Intermediate 1.42 
.
 10-13 4.40 

.
 1027

Low 1.02 
.
 10-13 3.31 

.
 1027

Table 3

LINE FLUXES AND ULTRAVIOLET LUMINOSITIES AT

DIFFERENT STATES OF OI

State Flux (erg cm-2
 s-1) L

uv
 (erg cm-2

 s-1)

Flare 5.15 
.
 10-13 1.69 

.
 1028

High 4.08 
.
 10-13 1.12 

.
 1028

Intermediate 2.75 
.
 10-13 8.06 

.
 1027

Low 1.37 
.
 10-13 4.50 

.
 1027

Table 4

LINE FLUXES AND ULTRAVIOLET LUMINOSITIES AT

DIFFERENT STATES OF CII

State Flux (erg cm-2
 s-1) L

uv
 (erg cm-2

 s-1)

Flare 1.17 
.
 10-12 3.85 

.
 1028

High 7.28 
.
 10-13 1.74 

.
 1028

Intermediate 5.04 
.
 10-13 1.43 

.
 1028

Low 2.65 
.
 10-13 8.71 

.
 1027

Table 5

LINE FLUXES AND ULTRAVIOLET LUMINOSITIES AT

DIFFERENT STATES OF CIV
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.K 500K1029 4  .T

5. Conclusions. The main two aims of this study are to firstly study the

spectral behaviour and flaring activity of transition region and secondly the richness

of the observations allowed estimation of some physical parameters of BY Dra

binary system by using International Ultraviolet Explorer (IUE) data.

The emission lines of (NV, OI, CI, CII, CIV, HeII) are produced in

chromosphere and transition region of the primary star. The emitting regions are

characterized by variations of the magnetic activity and the results showed a

relation between rotational phase and line fluxes.

The flaring activity of transition region reveals an increase in fluxes of three

emission lines (CII, CIV, HeII) reached about four times the quiescent values and

the activity of all emission lines is around certain phases.

The estimated physical parameters (ultraviolet luminosity, mass loss rate, stored

energy in flare and temperature) support the origin of ultraviolet emission lines

in the chromosphere and transition region of the primary star.

The flaring activity support the three - component model in which the

thickness of the transition area is not constant over the surface of star and consists

of three regions active, quiet and cool loops underlying the hot coronal loops

State Flux (erg cm-2
 s-1) L

uv
 (erg cm-2

 s-1)

Flare 4.24 
.
 10-13 1.39 

.
 1028

High 2.71 
.
 10-13 8.91 

.
 1027

Intermediate 2.05 
.
 10-13 6.75 

.
 1027

Low 1.59 
.
 10-13 5.24 

.
 1027

Table 6

LINE FLUXES AND ULTRAVIOLET LUMINOSITIES AT

DIFFERENT STATES OF HeII

State Flux (erg cm-2
 s-1) L

uv
 (erg cm-2

 s-1)

Flare 2.61 
.
 10-13 8.60 

.
 1027

High 2.01 
.
 10-13 6.59 

.
 1027

Intermediate 1.80 
.
 10-13 5.36 

.
 1027

Low 1.38 
.
 10-13 4.54 

.
 1027

Table 7

LINE FLUXES AND ULTRAVIOLET LUMINOSITIES AT

DIFFERENT STATES OF CI
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characterized by low and high ultraviolet emission occurring in the vicinity of spots

and the cool material is related to flare activity with an area of cooling plasma

produced under a rising magnetic reconnection line. The energy source is large

scale migration of active areas causing loops to interact leading to flare heating

of the loop plasma.

Astronomy Department, National Research Institute of Astronomy and Geo-

physics Helwan-Cairo-Egypt, e-mail: mrsanad1@yahoo.com

ÑÏÅÊÒÐÀËÜÍÀß ÏÅÐÅÌÅÍÍÎÑÒÜ È ÔÈÇÈ×ÅÑÊÈÅ
ÓÑËÎÂÈß BY Dra Â ÓËÜÒÐÀÔÈÎËÅÒÅ

Ì.Ð.ÑÀÍÀÄ

Ïðåäñòàâëåíû íàáëþäåíèÿ IUE ñïåêòðàëüíî-äâîéíîé çâåçäû BY Dra â

ïåðèîä ñ 1980 ïî 1994ãã., ñ öåëüþ ïîêàçàòü ñïåêòðàëüíîå ïîâåäåíèå è ôèçè-

÷åñêèå óñëîâèÿ â åå àòìîñôåðå. Íàáëþäàåìûå çíà÷åíèÿ ïîòîêà â 1981, 1990

è 1994ãã. óêàçûâàþò íà âñïûøå÷íóþ àêòèâíîñòü ïåðâè÷íîé çâåçäû â õðîìîñôåðå

è ïåðåõîäíîé îáëàñòè. Ïîìèìî âñïûøå÷íîé àêòèâíîñòè, íàáëþäàåòñÿ ïåðå-

ìåííîñòü ýìèññèîííûõ ëèíèé îò áîëüøèõ äî ñðåäíèõ è íèçêèõ çíà÷åíèé.

Îáíàðóæåíà ñâÿçü ìåæäó ïîòîêàìè è ôàçîé âðàùåíèÿ. Ïîêðàñíåíèå BY Dra

áûëî îöåíåíî ïî ïîãëîùåíèþ íà äëèíå âîëíû 2200 Å  êàê E(B - V ) = 0.

Ñðåäíÿÿ ñêîðîñòü ïîòåðè ìàññû ñîñòàâëÿåò M.~ 81094   â ãîä, ñðåäíÿÿ

òåìïåðàòóðà èçëó÷àþùåãî ðåãèîíà, ðàññ÷èòàííàÿ ïî óðàâíåíèþ Ïëàíêà,

ñîñòàâëÿåò 41029 .~  K, ýíåðãèÿ âñïûøêè - 371026 .~  ýðã. Ïðåäïîëîæåíî,

÷òî  ñïåêòðàëüíàÿ ïåðåìåííîñòü ñâÿçàíà ñ öèêëè÷åñêèì ïîâåäåíèåì  ìàãíèòíîãî

ïîëÿ, à àêòèâíîñòü âñïûøåê - ñ òðåõêîìïîíåíòíîé ìîäåëüþ.

Êëþ÷åâûå ñëîâà: çâåçäû: àêòèâíîñòü - çâåçäû: âñïûøêè çâåçäû: ìàãíèòíîå

     ïîëå - BY Dra - óëüòðàôèîëåò
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ÏÅÐÅÌÅÍÍÎÑÒÜ ÏËÀÍÅÒÀÐÍÛÕ ÒÓÌÀÍÍÎÑÒÅÉ.
ÐÅÓËÜÒÀÒÛ ÌÍÎÃÎËÅÒÍÈÕ ÍÀÁËÞÄÅÍÈÉ

Ë.Í.ÊÎÍÄÐÀÒÜÅÂÀ, Ý.Ê.ÄÅÍÈÑÞÊ, Ñ.À.ØÎÌØÅÊÎÂÀ,
È.Â.ÐÅÂÀ, À.Ê.ÀÉÌÀÍÎÂÀ, Ì.À.ÊÐÓÃÎÂ

Ïîñòóïèëà 28 îêòÿáðÿ 2024
Ïðèíÿòà ê ïå÷àòè 14 ôåâðàëÿ 2025

Ïðåäñòàâëåíû ðåçóëüòàòû ñïåêòðîñêîïè÷åñêèõ è ôîòîìåòðè÷åñêèõ íàáëþäåíèé 14
êîìïàêòíûõ ïëàíåòàðíûõ òóìàííîñòåé. Íàáëþäåíèÿ ïðîâîäèëèñü â Àñòðîôèçè÷åñêîì èíñòèòóòå
èì. Â.Ã.Ôåñåíêîâà (Êàçàõñòàí) ñ 1973ã. Öåëü ðàáîòû - ïîëó÷åíèå äàííûõ î ïåðåìåííîñòè
èçó÷àåìûõ îáúåêòîâ íà áîëüøèõ âðåìåííûõ èíòåðâàëàõ. Â êà÷åñòâå êðèòåðèÿ ïðè îïðåäåëåíèè
ñòåïåíè âîçáóæäåíèÿ ãàçà â òóìàííîñòè èñïîëüçîâàëèñü èíòåíñèâíîñòè ëèíèé [OIII], íîð-
ìèðîâàííûå ê èíòåíñèâíîñòè H . Àíàëèç äàííûõ, ïîëó÷åííûõ íà ïðîòÿæåíèè 40-50 ëåò,
ïîêàçàë ñóùåñòâåííûå èçìåíåíèÿ â ñïåêòðàõ áîëüøèíñòâà íàøèõ îáúåêòîâ, ñâÿçàííûå, ñêîðåå
âñåãî, ñ ïîâûøåíèåì òåìïåðàòóðû öåíòðàëüíûõ çâåçä è/èëè ñ èçìåíåíèåì âíóòðåííåé
ñòðóêòóðû îáîëî÷åê.

Êëþ÷åâûå ñëîâà: ïëàíåòàðíûå òóìàííîñòè: ýâîëþöèÿ öåíòðàëüíûõ çâåçä:

      ôîòîìåòðèÿ: ñïåêòðîôîòîìåòðèÿ

1. Ââåäåíèå. Ïëàíåòàðíûå òóìàííîñòè (ÏÒ) ïðåäñòàâëÿþò ñîáîé ïåðå-

õîäíóþ ñòàäèþ ýâîëþöèè çâåçä c ìàññàìè 1-8 M  íà ïóòè îò àñèìïòîòè÷åñêîé

âåòâè êðàñíûõ ãèãàíòîâ (AGB) ê áåëûì êàðëèêàì. Ýòîò êîðîòêèé ýòàï äëèòñÿ

îêîëî 10 000 ëåò, ÷òî íåñðàâíèìî ñ ïðîäîëæèòåëüíîñòüþ æèçíè çâåçä. Òåì

íå ìåíåå, îí èãðàåò âàæíóþ ðîëü â çâåçäíîé ýâîëþöèè. Íà ñòàäèè ÏÒ

ïðîèñõîäÿò ñóùåñòâåííûå èçìåíåíèÿ ôèçè÷åñêèõ ïàðàìåòðîâ çâåçäû (ìàññû,

ðàäèóñà, ñâåòèìîñòè, õèìè÷åñêîãî ñîñòàâà), è îíà ïðèîáðåòàåò êà÷åñòâåííî

èíîé ñòàòóñ. ÏÒ îáîãàùàþò ìåæçâåçäíóþ ñðåäó òÿæåëûìè ýëåìåíòàìè. Îíè

ÿâëÿþòñÿ ýôôåêòèâíûì èíñòðóìåíòîì èçó÷åíèÿ ôèçè÷åñêèõ ñâîéñòâ

èîíèçîâàííîãî ãàçà, ôèçè÷åñêèõ è äèíàìè÷åñêèõ ïðîöåññîâ, ñîïðîâîæäàþùèõ

âçàèìîäåéñòâèå êîìïîíåíòîâ â äâîéíûõ çâåçäíûõ ñèñòåìàõ. Àêòèâíûå èññëå-

äîâàíèÿ ýòèõ îáúåêòîâ âûÿâèëè ìíîãî÷èñëåííûå ïðîÿâëåíèÿ ñïåêòðàëüíîé

è ôîòîìåòðè÷åñêîé ïåðåìåííîñòè. Îñíîâíûìè èñòî÷íèêàìè ôîòîìåòðè÷åñêîé

ïåðåìåííîñòè ìîãóò áûòü ïóëüñàöèè öåíòðàëüíûõ çâåçä [1]. Ýòîé ïðîáëåìå

ïîñâÿùåíà ñåðèÿ ñòàòåé Hrivnak et al., íàïðèìåð, [2]. Èíîãäà êîëåáàíèÿ

áëåñêà îáóñëîâëåíû âðàùåíèåì çâåçäû èëè ïåðåìåííîñòüþ çâåçäíîãî âåòðà

[1,3,4]. Ïî ìåðå èññëåäîâàíèÿ ïëàíåòàðíûõ òóìàííîñòåé óâåëè÷èâàåòñÿ
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êîëè÷åñòâî îáúåêòîâ ñ äâîéíûìè öåíòðàëüíûìè çâåçäàìè. Îáìåí ìàññàìè

ìåæäó êîìïîíåíòàìè äâîéíîãî ÿäðà òàêæå ìîæåò âëèÿòü íà áëåñê îáúåêòà [5-

8]. Â ñïåêòðàõ íåñêîëüêèõ ïëàíåòàðíûõ òóìàííîñòåé áûëè îáíàðóæåíû áûñòðûå

èçìåíåíèÿ èíòåíñèâíîñòåé ýìèññèîííûõ ëèíèé [9-15]. Ëîãè÷íî ïðåäïîëîæèòü,

÷òî îïðåäåëÿþùèì ôàêòîðîì ïðè ýòîì ìîæåò áûòü ïîâûøåíèå ýôôåêòèâíîé

òåìïåðàòóðû öåíòðàëüíîé çâåçäû. Äëÿ îáúÿñíåíèÿ íàáëþäàåìîé ïåðåìåííîñòè

ïîòðåáîâàëèñü íîâûå ìîäåëè óñêîðåííîé ýâîëþöèè öåíòðàëüíûõ çâåçä [16].

Â íåêîòîðûõ ñëó÷àÿõ ïðè÷èíîé ñïåêòðàëüíîé ïåðåìåííîñòè ìîãóò áûòü

èçìåíåíèÿ âíóòðåííåé ñòðóêòóðû òóìàííîñòè, êàê-òî âûáðîñ èç ÿäðà âòîðè÷íîé

îáîëî÷êè èëè îòäåëüíûõ ñãóñòêîâ, ôðàãìåíòîâ ìàòåðèè, êîòîðûå ñïîñîáíû

âëèÿòü íà èîíèçóþùåå èçëó÷åíèå öåíòðàëüíîé çâåçäû [10,15,17].

2. Íàáëþäåíèÿ è îáðàáîòêà. Â Àñòðîôèçè÷åñêîì èíñòèòóòå èì.

Â.Ã.Ôåñåíêîâà (ÀÔÈÔ) èçó÷åíèå ïëàíåòàðíûõ òóìàííîñòåé íà÷èíàëîñü â

70-õ ãîäàõ ïðîøëîãî âåêà. Èñïîëüçîâàëñÿ òåëåñêîï ÀÇÒ-8 (70 ñì), ðàñïîëî-

æåííûé â îáñåðâàòîðèè Êàìåíñêîå Ïëàòî. Ïåðâûå ñïåêòðàëüíûå è ôîòî-

ìåòðè÷åñêèå íàáëþäåíèÿ ïðîâîäèëèñü íà ñïåêòðîãðàôå îðèãèíàëüíîé

êîíñòðóêöèè, èçãîòîâëåííîì â ÀÔÈÔ. Íà âûõîäå ñïåêòðîãðàôà áûë óñòàíîâëåí

òðåõêàñêàäíûé ÝÎÏ ÓÌ-92, èçîáðàæåíèÿ ðåãèñòðèðîâàëèñü íà àñòðîíî-

ìè÷åñêóþ ôîòîïëåíêó À600 è Êîäàê [18]. Ñïåêòðîãðàô áûë îñíàùåí íàáîðîì

äèôðàêöèîííûõ ðåøåòîê è îáúåêòèâîâ êàìåðû äëÿ ðàáîòû â ðàçíûõ ó÷àñòêàõ

äîñòóïíîãî ñïåêòðàëüíîãî äèàïàçîíà, êîòîðûé ñîñòàâëÿë 3700-8000 Å . Íà

êàæäóþ ïëåíêó (24 êàäðà) âïå÷àòûâàëèñü èçîáðàæåíèÿ ïëàòèíîâîãî îñëàáèòåëÿ,

ñòóïåíüêè êîòîðîãî èìåþò íàïûëåíèå ñ èçâåñòíûìè çíà÷åíèÿìè ïðîïóñêàíèÿ.

Ñîîòíîøåíèå ìåæäó îïòè÷åñêîé ïëîòíîñòüþ èçîáðàæåíèé îñëàáèòåëÿ è

èíòåíñèâíîñòüþ ïðîøåäøåãî ñâåòà èñïîëüçîâàëîñü äëÿ ïîñòðîåíèÿ õàðàêòå-

ðèñòè÷åñêîé êðèâîé. Íà ïëåíêå ðåãèñòðèðîâàëîñü èçîáðàæåíèå ñ ýêðàíà

ÝÎÏà, ïîýòîìó îäíà êðèâàÿ èñïîëüçîâàëàñü äëÿ âñåãî ñïåêòðà. Âñå íåãàòèâû

îöèôðîâûâàëèñü íà àâòîìàòè÷åñêîì ìèêðîäåíñèòîìåòðå. Àâòîðàìè äàííîé

ñòàòüè áûë ðàçðàáîòàí ïàêåò ïðîãðàìì íà ÿçûêå QuickC äëÿ ïîñëåäóþùåé

îáðàáîòêè: ïîñòðîåíèÿ õàðàêòåðèñòè÷åñêîé êðèâîé, ïðåîáðàçîâàíèÿ îïòè÷åñêèõ

ïëîòíîñòåé â ñïåêòðå â èíòåíñèâíîñòè, îïðåäåëåíèÿ èíòåíñèâíîñòåé è ïîòîêîâ

â ýìèññèîííûõ ëèíèÿõ. Äëÿ øêàëû äëèí âîëí èñïîëüçîâàëñÿ ñïåêòð ëàìïû

ÑÃ-3Ñ, êîòîðûé âïå÷àòûâàëñÿ íà êàæäîì êàäðå âûøå è íèæå ñïåêòðà

îáúåêòà. Çàâèñèìîñòü ñïåêòðàëüíîé ÷óâñòâèòåëüíîñòè àïïàðàòóðû îò äëèíû

âîëíû îïðåäåëÿëàñü ïî èçîáðàæåíèÿì ñïåêòðîâ ÿðêèõ ñòàíäàðòíûõ çâåçä ñ

èçâåñòíûì ðàñïðåäåëåíèåì ýíåðãèè. Äëÿ ñïåêòðîâ ÏÒ è ñòàíäàðòîâ ââîäèëèñü

ïîïðàâêè, ó÷èòûâàþùèå àòìîñôåðíîå ïîãëîùåíèå è ñïåêòðàëüíóþ ÷óâñòâè-

òåëüíîñòü àïïàðàòóðû. Ñïåêòðîãðàììû ïîëó÷àëèñü ñ ëèíåéíîé äèñïåðñèåé îò

30 äî 150 Å /ìì. Èñïîëüçóåìûå ôîòîýìóëüñèè èìåëè ðàçðåøàþùóþ ñïî-
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ñîáíîñòü ~110-145 ïàð ëèíèé/ìì. Ñðåäíåå ðàçðåøåíèå ñïåêòðîãðàìì ñîñòàâëÿëî

~4000-800 â îáëàñòè H  è 3000-600 â îáëàñòè H .

Â 2001ã. áûëà ïðîâåäåíà ìîäåðíèçàöèÿ ñïåêòðîãðàôà, ÝÎÏ áûë çàìåíåí íà

ÏÇÑ-êàìåðó ST-8 (1530 õ 1020), à â 2017ã. åå ñìåíèëà ÏÇÑ-êàìåðà STT-3200

(2184 õ 1472). Ñïåêòðîãðàììû ñ äèñïåðñèåé 0.5 è 1.0Å /ïèêñåëü ïîëó÷àëèñü â

äâóõ äèàïàçîíàõ äëèí âîëí: 4400-5400 Å  è 6200-7200Å . Ïðè øèðèíå âõîäíîé

ùåëè ñïåêòðîãðàôà 7"-10" òèïè÷íîå ðàçðåøåíèå R ñîñòàâëÿëî 1400-900 â îáëàñòè

H  è 1000–700 â îáëàñòè H .

Äîïîëíèòåëüíûå ñïåêòðàëüíûå íàáëþäåíèÿ ÏÒ âûïîëíÿëèñü íà 1-ì òåëåñ-

êîïå ôèðìû Êàðë Öåéññ-Éåíà, óñòàíîâëåííîì â îáñåðâàòîðèè Àññû-Òóðãåíü

ÀÔÈÔ. Èñïîëüçîâàëñÿ ñïåêòðîãðàô UAGS ôèðìû Êàðë Öåéñ-Éåíà, êîòîðûé

ïðåäíàçíà÷åí äëÿ ïîëó÷åíèÿ ñïåêòðîâ ñðåäíåé è íèçêîé äèñïåðñèè. Áëàãîäàðÿ

ñâåòîñèëüíûì çåðêàëüíûì êàìåðàì Øìèäòà, îí îñîáåííî ýôôåêòèâåí ïðè

íàáëþäåíèÿõ ñëàáûõ îáúåêòîâ â øèðîêîì äèàïàçîíå äëèí âîëí. Íà âûõîäå

ñïåêòðîãðàôà áûëà óñòàíîâëåíà ÏÇÑ êàìåðà ST-8. Øèðèíà âõîäíîé ùåëè

ñîñòàâëÿëà 3" è 10". Ñïåêòðîãðàììû ñ äèñïåðñèåé 0.7 Å /ïèêñåëü ïîëó÷àëèñü

â òåõ æå äèàïàçîíàõ äëèí âîëí, ÷òî è ïðè íàáëþäåíèÿõ íà òåëåñêîïå ÀÇÒ-

8. Äàííûå âñåõ íàáëþäåíèé îáðàáàòûâàëèñü ñòàíäàðòíûì ñïîñîáîì, ñ èñïîëü-

çîâàíèåì ôàéëîâ Dark è Flat Field. Ñïåêòð ëàìïû ÑÃ-3Ñ ñ ýìèññèîííûìè

ëèíèÿìè He, Ne è Ar ñëóæèë äëÿ êàëèáðîâêè ñïåêòðîâ ïî äëèíàì âîëí. Âñå

ðåçóëüòàòû êîððåêòèðîâàëèñü ñ ó÷åòîì àòìîñôåðíîãî ïîãëîùåíèÿ. Äëÿ

êàëèáðîâêè ïîòîêîâ èçëó÷åíèÿ èñïîëüçîâàëèñü ñïåêòðû ñòàíäàðòíûõ çâåçä èç

êàòàëîãà [19], ïîëó÷àåìûå íåïîñðåäñòâåííî äî èëè ïîñëå ñïåêòðà îáúåêòà.

Äî 2016ã. ôîòîìåòðè÷åñêèå íàáëþäåíèÿ ïðîâîäèëèñü ñ ïîìîùüþ ýòèõ æå

ñïåêòðîãðàôîâ (ÀÇÒ-8 è 1-ì òåëåñêîï). Îíè áûëè îñíàùåíû ñïåöèàëüíûìè

îïòè÷åñêèìè ñèñòåìàìè, ïðîåöèðóþùèìè ó÷àñòîê íåáà íà ÏÇÑ-êàìåðó, è íàáîðàìè

ôèëüòðîâ BVR Äæîíñîíà. Ñ 2016ã. îïòè÷åñêàÿ ôîòîìåòðèÿ ïðîâîäèòñÿ íà

âòîðîì 1-ì òåëåñêîïå, ðàñïîëîæåííîì â Òÿíü-Øàíüñêîé îáñåðâàòîðèè ÀÔÈÔ.

Îí îñíàùåí ÏÇÑ-êàìåðîé Alta F16M (4096 x 4096.9 ìêì) è íàáîðîì ôèëüòðîâ

BVRc. Ïîëå çðåíèÿ 20' õ 20', óãëîâîé ìàñøòàá 0".38 ïèêñåëü-1. Â êà÷åñòâå ñòàíäàðòîâ

äëÿ äèôôåðåíöèàëüíîé ôîòîìåòðèè èñïîëüçîâàëèñü ñîñåäíèå çâåçäû ïîëÿ ñ

èçâåñòíûìè çâåçäíûìè âåëè÷èíàìè BVRc. Äîïîëíèòåëüíûå íàáëþäåíèÿ 40

ñòàíäàðòíûõ çâåçä èç [20] áûëè ïðîâåäåíû äëÿ ïîëó÷åíèÿ óðàâíåíèé ïåðåâîäà

èíñòðóìåíòàëüíûõ çíà÷åíèé çâåçäíûõ âåëè÷èí â ñòàíäàðòíóþ ñèñòåìó Äæîíñîíà.

Â äàííîé ñòàòüå ïðåäñòàâëåíû ðåçóëüòàòû íàøèõ íàáëþäåíèé ïëàíåòàðíûõ

òóìàííîñòåé ìàëûõ óãëîâûõ ðàçìåðîâ. Öåëü ðàáîòû - èçó÷åíèå ìíîãîëåòíåé

ïåðåìåííîñòè îáúåêòîâ.

3. Ðåçóëüòàòû íàáëþäåíèé. Â ïðîöåññå îáðàáîòêè íàáëþäàòåëüíûõ

äàííûõ ïîëó÷åíû àáñîëþòíûå ïîòîêè èçëó÷åíèÿ â ýìèññèîííûõ ëèíèÿõ.
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Êðèòåðèÿìè ñòåïåíè âîçáóæäåíèÿ ãàçà â îáîëî÷êàõ ÿâëÿþòñÿ îòíîñèòåëüíûå

èíòåíñèâíîñòè ýìèññèîííûõ ëèíèé [ÎIII] 4959, 5007Å . Â òàáë.1 ïðèâåäåíû

äàííûå äëÿ îáúåêòîâ íèçêîãî âîçáóæäåíèÿ     HI105007I . . Â ïåðâîì ñòîëáöå

äàíû îáîçíà÷åíèÿ ïî êàòàëîãó [19], íàçâàíèÿ îáúåêòà, à òàêæå êîýôôèöèåíòû

ìåæçâåçäíîãî ïîãëîùåíèÿ  HC . Âî âòîðîì ñòîëáöå ïðèâåäåíû äàòû íàáëþäåíèé.

Àáñîëþòíûå ïîòîêè â ëèíèÿõ H  â ýðã ñì-2
 ñ-1 ïðèâåäåíû â òðåòüåì ñòîëáöå.

Ïîñëåäóþùèå ñòîëáöû ñîäåðæàò îòíîñèòåëüíûå èíòåíñèâíîñòè íàèáîëåå ÿðêèõ

ýìèññèîííûõ ëèíèé, èñïðàâëåííûå çà ìåæçâåçäíîå ïîãëîùåíèå è íîðìèðîâàííûå

Îáúåêò Äàòà )F(H [OIII] H [NII] HeI [SII] [SII] HeI [ArIII] [OI]

íàáëþäåíèé 4861 5007 6563 6583 6678 6717 6731 7065 7136 7324

1 2 3 4 5 6 7 8 9 10 11 12

PK232-4.7 1971-1973 (1.3±0.3)E-12 285±35 196±36 1.1±0.4 0.4±0.1 0.9±0.2  -  -  -

M1-11 Jan 16, 1975  - 8.7±1.8 296±32 192±36 0.9±0.3 0.4±0.1 0.8±0.2  -  -  -

1.6)C(H  Oct, 1978 [25]  - 7.0±1.0 294±29 225±22 1.4±0.2  -  - 2.3±0.3 1.3±0.2  -

Dec, 1982 [26] (2.1±0.2)E-12  -  -  -  -  -  -  -  -  -

Apr, 1984 [27] (1.5±0.2)E-12 10±1.1 300±30 195±20  -  -  -  -  -  -

Jan, 1986 [28]  - 7.9±1.0 285±30 188±18 0.9±0.2 0.6±0.1 1.0±0.2  -  -  -

Mar 06, 1989  - 11±1.1 286±30 190±20 1.0±0.2 0.5±0.1 1.0±0.2  - 1.9±0.3

Feb 2007 [29] (1.6±0.2)E-12 16±1.2 280±30 198±22 1.2±0.3 0.4±0.1 0.9±0.2 2.0±0.3 2.1±0.3 20±2.5

Nov 01, 2010  -  - 286±30 200±30 1.4±0.3 0.6±0.1 1.2±0.3  -  -  -

Nov 2013 [30] (1.5±0.2)E-12 23±2  -  -  -  -  -  -  -  -

Jan 15, 2016 (1.6±0.2)E-12 19±2 290±30 203±30 1.2±0.3  -  -  -  -  -

Feb 27, 2022 (1.8±0.2)E-12 21±2  -  -  -  -  -  -  -  -

Feb 28, 2023 (1.9±0.2)E-12 20±2 296±30 186±20 1.4±0.3 0.6±0.1 1.2±0.2  - 1.8±0.4  -

Feb 06, 2024 (2.1±0.2)E-12 21±2 297±30 200±20 1.7±0.3  -  - 3.7±0.8 3.0±0.6 16±1.9

PK 235-3.1 Oct 1978 [25]  - 10±1 300±30 145±18 0.6±0.1 0.6±0.1 1.5±0.3 1.7±0.3 1.2±0.3 15±2.0

M1-12 Feb 15,1979 (1.8±0.2)E-12 10±1 302±30 175±18 1.7±0.3 2.4±0.3 3.7±0.7 2.5±0.5 22±2.8

0.95)C(H  1992-1993 [30] (2.2±0.3)E-12 19±2 138±16 1.0±02 1.1±0.2 2.4±0.5 1.9±0.4 2.0±0.4 24±2.9

Feb 2007 [29] (1.9±0.2)E-12 23±2 286±28 150±16 1.2±0.2 1.2±0.2 6.1±0.9 6.0±1.0 6.1±0.2 15±2.0

Dec 2013 [12] (3.7±0.4)E-12 311±30 145±14 0.6±0.1 0.6±0.1 1.5±0.3 1.7±0.3 1.2±0.3 24±2.6

Dec 05, 2018 (1.8±0.2)E-12 27±3 299±30 156±15 1.2±0.2 1.1±0.3 4.7±0.8  -  -  -

Feb 14, 2021  -  - 290±30 159±15 1.1±0.2 1.9±0.4 3.4±0.7  -  -  -

Feb 27, 2022 (1.8±0.2)E-12 30±3  -  -  -  -  -  -  -  -

Mar 28, 2023 (2.1±0.3)E-12 30±3  -  -  -  -  -  -  -  -

PK 15-3.1 1972 [23] (8.8±1.6)E-14  -  -  -  -  -  -  -  -  -

M1-39 1988-1990 [30] (9.1±0.9)E-14 46±5 343±32 380±37 5.3±0.7 10±1.1  -  -  -

2.4)C(H  Jun 2011 [31] (9.5±1.0)E-14  -  -  -  -  -  -  -  -  -

May 28, 2019 (1.9±0.2)E-13 51±5 300±30 345±35 3.9±0.5 4.4±0.6 7.4±0.9 5.6±1.0 9.1±1.6

Jun 27, 2020 (2.0±0.2)E-13 56±6 299±30 334±35 3.9±0.5 6.2±0.8 11±1.5  -  -  -

Jun 22, 2022  -  -  -  -  - 6.2±0.7 11±1.5  -  -  -

Jul 12, 2023 (2.0±0.2)E-13 59±6  -  -  -  -  -  -  -  -

Òàáëèöà 1

ÀÁÑÎËÞÒÍÛÅ ÏÎÒÎÊÈ È ÎÒÍÎÑÈÒÅËÜÍÛÅ

ÈÍÒÅÍÑÈÂÍÎÑÒÈ ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â

ÑÏÅÊÒÐÀÕ ÎÁÚÅÊÒÎÂ ÍÈÇÊÎÃÎ ÂÎÇÁÓÆÄÅÍÈß
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1 2 3 4 5 6 7 8 9 10 11 12

PK 16-1.1 Aug 12, 1983  -  -  -  - 9.0±1.0 8.0±0.9 13±1.8 4.1±0.7 15±2.0 23±3.5

M1-46 1989 [22] (9.6±1.0)E-13  -  -  -  -  -  -  -  -  -

0.9)C(H  Aug 1993 [32] (1.6±0.2)E-12 37±4 277±27 135±14 3.7±0.4 6.4±0.8 1.1±0.20 5.0±0.7 23±3.0  -

Jun 2003 [33] (2.2±0.2)E-12 71±7 359±35 151±15 8.9±0.9 11±1.2 8.0±1.2 11±1.5 20±3.6  -

Jun 17, 2015 (2.5±0.3)E-12 60±6 300±30 132±14 4.8±0.6 5.1±0.6 9.0±2.0 5.3±0.8 24±3.8  -

Jun 28, 2016 (2.6±0.3)E-12 61±6 300±30 136±14 5.6±0.6 6.2±0.8 8.0±1.4 6.8±1.5 25±4.2  -

May 22, 2017 (2.8±0.3)E-12 63±7 300±30 136±14 4.4±0.7 4.8±0.6 7.6±1.3 4.2±0.7 19±3.0  -

Aug 06, 2019 (2.8±0.3)E-12 - - - - 4.6±0.6 3.5±0.6 16±2.7 -

Sep 20, 2020 (1.4±0.2)E-12 61±7 - - - - - - - -

Jul 12, 2023 (1.6±0.2)E-12 62±7 - - - - 8.0±1.2 - - -

Aug 15, 2023 - - 300±30 134±14 4.5±0.6 4.6±0.6 13±2.2 3.1±0.7 15±2.0 -

PK 43+3.1 1971-1975 (3.8±0.7)E-13 16±3 294±35 - - - - - -

M1-65 Aug 11, 1988 (7.1±0.9)E-13 15±2 300±30 - - - - - - -

1.18)C(H  Jul 07, 2005  -  - 298±30  - 3.2±0.4 5.3±0.7 10±1.5 2.5±0.5 4.5±0.8 15±2.5

Jul 19,2005  -  - 300±30  -  -  -  -  - 4.3±0.6 13±2.5

Sep 20, 2006  -  - 300±30  -  -  -  -  -  -  -

Jun 21, 2007 (4.3E±0.7)E-13 16±2 289±30  - 3.9±0.4 5.8±0.7 11±1.3  -  -  -

Jun 21, 2012 (4.3±0,5)E-13 16±2 300±30  - 3.0±0.4 5.0±0.6 9.3±1.5  -  -  -

Jun 30, 2014 (4.6±0.6)E-13 17±2 300±30  - 3.1±0.4 5.6±0.6 9.6±1.3  -  -  -

May 18, 2015 (4.7±0.7)E-13 20±2 300±30  - 3.5±0.4 5.5±0.6 10±1.2 2.8±0.5  -  -

Jun 28, 2016 (5.5±0.9)E-13 20±2 300±30  - 3.3±0.5 5.4±0.4 10±1.2  -  -  -

Jul 22, 2017 (5.6±0.7)E-13 300±30  -  -  -  -  -  -  -

Jun 05, 2018 (5.6±0.7)E-13 22±2 299±30  - 3.5±0.5 4.8±0.6 9.0±1.0 5.0±0.6  -  -

Aug 05, 2018  -  - 300±30 130±15 3.8±0.5 5.4±0.6 9.2±1.0 3.9±0.5 3.4±0.5 14±1.6

May 28, 2019  -  - 300±30 136±15 3.9±0.5 4.8±0.6 8.2±0.9 2.9±0.5 2.9±0.5 15±1.8

May 23, 2020 (5.8±0.6)E-13 21±2  -  -  -  -  -  -  -  -

Jul 15, 2022 (5.9±0.6)E-13 21±2  -  -  -  -  -  -  -  -

Jun 15, 2023 (5.8±0.6)E-13 21±2  -  -  -  -  -  -  -  -

Aug 14, 2023 (5.8±0.6)E-13 22±2 300±30 134±15 4.4±0.4 5.2±0.6 9.4±1.0 3.6±0.5 4.3±0.6 15±1.8

PK 38+12.1 1970-1973  -  -  -  - 2.7±0.6 5.0±0.9 11±2.8 3.6±0.7 5.0±0.9  -

Cn3-1 1970-1973 [34] (1.2±0.1)E-11 16 289±30 193±20 1.0±0.1 5.0±0.6 12±1.4  -  -  -

0.36)C(H  1977 [36] (8.9±0.1)E-12 17 289±30 195±20 1.4±0.2 4.4±0.6 6.7±0.9  -  -  -

Jun 1988 [12]  -  -  -  -  -  -  -  -  -  -

Aug 2001 [35] (1.1±0.1)E-11 21  -  -  -  -  -  -  -  -

Jul 21, 2006  -  -  -  - 2.1±0.3 6.1±0.7 12±1.5 2.8±0.5 4.6±0.6  -

Jun 17, 2007  -  -  -  - 1.9±0.3 5.8±0.7 12±1.5 3.7±0.5  -  -

Jul 10, 2008 (1.1±0.2)E-11 23 299±30 196±25 2.5±0.3 6.5±0.8 12±1.5 3.5±0.5 12.5±1.6

Aug 06, 2018 (1.1±0.1)E-11 24 300±30 198±20 2.4±0.3 5.9±0.7 12±1.5 3.2±0.5 5.8±0.7 11.9±1.6

Jul 05, 2020 (1.2±0.1)E-11 25 300±30 195±20 2.2±0.3 5.9±0.7 10±1.3 3.2±0.5 5.7±0.7 11.5±1.6

Jul 15, 2022 (1.1±0.1)E-11 25 298±30 184±20 2.2±0.3 5.2±0.7 10±1.3 2.8±0.4 4.6±0.6 11.5

Jun 15, 2023 (1.1±0.1)E-11 26  -  -  -  -  -  -  -  -

May 26, 2024  -  - 300±30 193±20 1.8±0.3 5.3±0.6 11±1.5 2.4±0.4 5.8±0.7  -

PK 55-2.3 1971-1973  -  - 298±35 187±30  - 14±4.2 23±4.5  -  -  -

He1-2 1991 [22] (9.1±1.0)E-14  - 324±32 206±20  - 8.3±0.9 31±3.2  -  -  -

1.3)C(H  Jul 07, 2005 (1.0±0.2)E-13  - 300±30 207±22  - 18±2.5 28±3.0  -  -  -

Jul 21, 2006 (9.9±1.2)E-14  - 290±30 210±22  - 17±3.0 29±3.2  -  -  -

Aug 13, 2007 (1.2±0.1)E-13  - 290±30 189±20  - 17±2.5 32±3.8  -  -  -

May 18, 2015 (1.5±0.2)E-13  - 300±30 187±20  - 18±2.8 33±3.8  -  -  -

Jul 20, 2016 (1.5±0.2)E-13  - 289±30 200±20  - 19±2.0 27±3.5  -  -  -

Òàáëèöà 1 (Ïðîäîëæåíèå)
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1 2 3 4 5 6 7 8 9 10 11 12

Jul 22, 2018 (1.4±0.2)E-13 - 300±30 197±20 - 12±1.7 25±3.3 - - -

Aug19, 2020 (1.4±0.2)E-13 - 300±30 225±25 - 14±1.7 26±3.3 - - -

Aug 16, 2023  - - - - - 11±1.5 24±3.4 - - -

PK 89-2.1 Jul 21, 1976 (1.2±0.2)E-13 - 299±35 180±20 - - - - - -

M1-77 1983 [36] (2.4±0.3)E-13 - 288±28 72±15 - 9±1.0 10±1.1 - - -

1.05)C(H  1984-1987 [37] (1.3±0.2)E-13 - - - - - - - - -

Nov 25, 1995  - - - - - 11±1.5 16±2.5 - - -

Sep 18, 2004 (4.4±0.60E-13 - 299±30 130±15 - 4.8±0.7 6.2±2.0 - - -

Oct 11, 2005 - - - - - 5.0±0.7 9.8±1.0 - - -

Aug 09, 2007 (5.4±0.7)E-13 - 299±30 107±13 - 5.3±0.6 9.5±1.6 - - -

Sep 01, 2011 (8.1±0.9)E-13 - 300±30 116±13 - 4.6±0/5 7.0±1.0 - - -

Jun 21, 2012 - - 300±30 98±12 - 4.6±0.5 6.7±0.9 - - -

Aug 17, 2015 - - 300±30 96±10 - 4.6±0.6 6.7±0.9 - - -

Jun 09, 2016 (9.3±1.2)E-13 - 300±30 95±10 - 3.9±0.5 7.0±0.9 - - -

Sep 16, 2017 (9.5±0.1)E-13 - 300±30 96±10 - 4.1±0.5 6.2±0.8 - - -

Jul 18, 2018 (8.6±0.9)E-13 - 300±30 96±10 - 4.0±0.6 6.1±0.7 - - -

Oct 19, 2019 (9.6±1.1)E-13 - 299±30 94±10 - 4.2±0.5 7.3±0.9 - - -

Oct 24, 2019 (9.5±1.1)E-13 - 299±30 95±10 - - - - - -

Jul 27, 2020 (9.5±1.0)E-13 - 300±30 94±10 - 3.6±0.5 5.6±0.9 - - -

Jul 31, 2021 (9.6±1.1)0E-13 - 299±30 93±10 - 4.9±0.6 7.3±0.9 - - -

Jul 25, 2023 - - 300±30 94±10 - 3.8±0.5 6.2±0.8 - - -

Oct 10, 2023 - - 300±30 93±10 - 3.6±0.5 5.7±0.8 - - -

Òàáëèöà 1 (Îêîí÷àíèå)

ê èíòåíñèâíîñòè ëèíèè H . Â òàáë.2 ïðèâåäåíû ñïåêòðàëüíûå äàííûå äëÿ

îáúåêòîâ óìåðåííîãî è âûñîêîãî âîçáóæäåíèÿ â òîì æå ôîðìàòå, ÷òî è â

òàáë.1. Ôîòîìåòðè÷åñêèå äàííûå ïðåäñòàâëåíû â òàáë.3.

Îáúåêò Äàòà )F(H HeII [OIII] H [NII] HeI [SII] [SII] [HeI] [ArIII] [OI]

íàáëþäåíèé 4861 4685 5007 6563 6583 6678 6717 6731 7065 7135 7324

1 2 3 4 5 6 7 8 9 10 11 12 13

PK 211-03.1 Mar 03, 1975 (6.3±1.0)E-13  - 93±13 285±30 124±14 2.1±0.4 1.9±0.2 4.1±0.6  -  - -

M1-6 Jan 1986 [12]  -  - 122±13 285±30 140±15 1.1±0.1 2.5±0.3  -  - -

1.8)C(H  Dec 17, 1989  -  - 107±12 290±30 131±15 2.3±0.4 1.5±0.2 2.1±0.4  -  - -

Mar 1996 [38] (6.2±0.7)E-13  - 97±10 285±30 135±14  - 5.0±0.5 7.2±0.8  -  - -

Feb 2007 [29] (4.6±0.6)E-13  - 113±11 298±30 136±14 2.7±0.3 1.2±0.2 2.6±0.4 5.4±0.6  - -

Jan 12, 2016 (5.1±0.6)E-13 2.8±0.4 128±14 289±32 141±16 3.1±0.5 1.2±0.2 2.5±0.4  - 7.2±0.8 -

Feb 19, 2018 (4.9±0.6)E-13  - 129±14 292±35 142±15 3.0±0.5  -  - 6.80.8 4.9±0.7 -

Dec 04, 2018 (5.1±0.6)E-13  - 128±13 278±35 140±15  -  -  - 6.8±0.8 5.0±0.6 -

Òàáëèöà 2

ÀÁÑÎËÞÒÍÛÅ ÏÎÒÎÊÈ È ÎÒÍÎÑÈÒÅËÜÍÛÅ ÈÍÒÅÍÑÈÂÍÎÑÒÈ

ÝÌÈÑÑÈÎÍÍÛÕ ËÈÍÈÉ Â ÑÏÅÊÒÐÀÕ ÎÁÚÅÊÒÎÂ ÓÌÅÐÅÍÍÎÃÎ

È ÂÛÑÎÊÎÃÎ ÂÎÇÁÓÆÄÅÍÈß
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1 2 3 4 5 6 7 8 9 10 11 12 13

Dec 17, 2020 (4.8±0.6)E-13  - 134±14 300±35 146±16 3.7±0.5 1.0±0.2 2.8±0.4 6.5±0.8 5.6±0.6  -

Nov 21, 2021  - 135±14 300±35 141±15 3.2±0.5 1.0±0.2 2.5±0.4 5.5±0.7 4.8±0.5 33±5

Jan 18, 2022 (4.9±0.6)E-13 4.0±0.6 138±14 298±33 136±15 2.8±0.4 1.2±0.2 2.6±0.4 5.1±0.7 4.7±0.6 31±4

Mar 21, 2023 (4.6±0.6)E-13  -  - 300±32 141±15 2.7±0.4 1.0±0.2 2.5±0.3 5.1±0.6 5.6±0.7 34±4

Feb 09, 2024 (4.4±0.5)E-13 2.7±0.6 142±15 299±34 147±17 2.9±0.5 1.2±0.2 2.9±0.4 5.3±0.6 5.2±0.6 29±4

PK 212+4.3 1971-1975 (8.2±1.2)E-13  -  - 300±35 68±9 3.7±0.5 2.4±0.5 4.1±0.5 5.5±0.7 5.9±0.7  -

M1-9 Dec 1982 [12] (2.1±0.2)E-12  -  -  -  -  -  -  -  -  -  -

0.46)C(H  1991 [22] (2.2±0.2)E-12  - 530±60  -  -  -  -  -  - 6.8±0.8  -

Jan-Jul 2007 [29] (2.2±0.3)E-12  -  -  - 53±6 3.7±0.5 1.4±0.2 2.6±0.3 7.1±0.8 10±2

Jan 2011 [39] (2.6±0.3)E-12  - 440±48 286±39 52±5  -  -  -  -  -  -

Dec 05, 2018 (2.5±0.3)E-12  - 497±50 300±30 54±7 2.8±0.5 2.3±0.4 7.0±0.8  -

Jan 11, 2021  -  -  - 300±30 52±6 3.3±0.5  -  -  - 5.3±0.6  -

Feb 18, 2022  -  -  - 300±30 54±6 3.1±0.5 1.4±0.3 2.2±0.3 5.6±0.7 5.9±0.7  -

PK 184-2.1 1966-1968 [34] (8.9±0.9)E-13  -  - 310±31  -  -  -  -  -  -  -

M1-5 Apr 1982 [12] (9.1±0.9)E-13  - 338±40 286±29 100±14 2.0±0.3 5.3±0.6 4.3±0.5  -

2.5)C(H  Mar 1997 [40] (9.1±0.9)E-13  -  - 299±30 90±10 4.1±0.4 1.2±0.2 2.2±0.3 9.3±1.0 8.4±0.9  -

Aug 2001 [41]  -  -  - 300±30 90±10 3.8±0.4 1.0±0.2 2.2±0.3 9.3±1.0 8.4±0.9  -

Feb 07, 2008  -  -  - 300±30 85±10  -

Feb 03, 2016 (8.6±0.9)E-13  - 339±40 300±30 89±10 3.0±0.5 0.9±0.2 1.8±0.2 7.2±0.9 6.3±0.8  -

Dec 04, 2018 (8.6±0.9)E-13  - 350±40 298±35 84±9 3.1±0.5 1.2±0.2 2.1±0.3 6.9±0.8 6.4±0.7  -

Jan 15, 2021  -  -  - 300±30 80±9 2.7±0.5 7.3±0.8 5.8±0.7  -

Feb 01, 2022 (8.6±0.9)E-13  - 344±40 310±36 79±9 4.2±0.6 1.0±0.2 2.0±0.3 6.8±0.8 17±3

Dec 20, 2022  -  -  - 298±35 78±8 3.8±0.5 0.7±0.1 2.0±0.3 6.7±0.7 6.2±0.7 16±3

Nov 21, 2023  -  -  - 300±35 82±9 3.7±0.6 1.3±0.2 2.1±0.3 6.8±0.7 5.6±0.7 15±2

Jan 03, 2024  -  -  - 299±35 86±9 3.4±0.5 1.0±0.2 2.0±0.3 6.8±0.7 6.0±0.8 16±2

PK 118-8.1 1982-1983 [12] (3.2±0.4)E-12  -  -  -  -  -  -  -  -  -  -

Vy1-1 1984-1985 [28] (3.0±0.3)E-12  - 600±65  -  -  -  -  -  -  -  -

0.95)C(H  1992 [22] (2.9±0.3)E-12  - 800±90  -  -  -  -  -  -  -  -

Sep 25, 2006 (2.4±0.3)E-12  - 760±85  -  -  -  -  -  -  -  -

Oct 04, 2007 (2.5±0.3)E-12  - 740±80 300±35 2.9±0.4 4.0±0.6  -  -  -  -  -

Oct 06, 2013  - 290±35 3.2±0.5 4.0±0.6  -  - 2.5±0.5 7.6±0.9  -

Dec 15, 2015 (2.7±0.3)E-12  - 740±80 300±35 3.7±0.6 3.7±0.6  -  -  -  -  -

Nov 01,2016 (2.7±0.3)E-12  - 750±80 298±35 2.9±0.5 4.0±0.6  -  -  -  -  -

Sep 15, 2017 (2.9±0.3)E-12  - 740±80  -  -  -  -  -  -  -  -

Aug 16, 2022  -  -  - 298±30 3.5±0.5 3.4±0.5  -  - 2.5±0.3 6.7±0.8  -

PK 19.4-5.3 Apr 1985 [22[  - 2.8±0.3 850±90 310±30 81±8 5.1±0.6 1.8±0.2 3.6±0.4 3.6±0.4 22±2 18±2

M1-61 Jun 1994 [42] (1.8±0.2)E-12  - 844±85 300±30  - 3.6±0.4 1.2±0.3 2.4±0.2 2.4±0.3 14±2 12±2

1.24)C(H  Jun 2010 [43] (2.4±0.3)E-12 5.6±0.6 896±90 285±29 57±6 4.6±0.5 1.4±0.1 3.1±0.3 3.1±0.4 22±2 10±1

Aug 15, 2018 (3.0±0.3)E-12 3.0±0.4 1050±100 300±30 70±7 5.3±0.7 1.5±0.2 4.1±0.5 4.1±0.5 31±3 18±2

Jun 21, 2020 (3.1±0.4)E-12  - 1100 300±30 68±7 4.9±0.6 1.6±0.2 4.1±0.6 4.1±0.6 24±3  -

Jul 20, 2022  -  -  - 300±30 68±8 4.9±0.6 1.6±0.2 4.2±0.5 4.2±0.5 21±3 11±1

Aug 15, 2023 (3.0±0.3)E-12  - 1100±100 300±30 68±7 5.0±0.5 1.9±0.2 5.8±0.6 5.8±0.6 25±3 18±2

PK 119-6.1 1973-1975 20±5 1100±150 289±30 230±35 2.8±0.7 23±4 25±4 2.1±0.6 14±3  -

Hu1-1 1978 [34] (2.0±0.2)E-12 15±2 1195±120 279±28 280±30 3.5±0.4 28±3 39±4 2.2±0.6 8.4±1 19±2

0.67)C(H  1979 [44] (1.9±0.2)E-12 18±2 1174±120 281±28 224±23 3.1±0.3 20±2 26±3 3.9±0.5 20±2  -

1982 [27] (2.3±0.3)E-12  -  -  -  -  -  -  -  -  -  -

Aug 1986 [22] (2.6±0.3)E-12 21±2 1251±120 289±30 194±20  -  -  -  -  -  -

Sep 21, 2007  - 19±4 1215±120 300±30 281±28 3.4±0.4 25±3 35±5 2.9±0.4 14±2  -

Òàáëèöà 2 (Ïðîäîëæåíèå)
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Oct 06, 2015  - 17±4 1219±120 300±30 318±35 3.5±0.4 33±4 41±6 2.8±0.3 17±2 -

Dec 20, 2016  - 17±4 1202±120 300±30 299±32 4.1±0.5 31±3 38±5 3.5±0.4 15±2 -

Sep 15, 2017 (1.8±0.2)E-12  -  -  -  - 4.1±0.5 32±4 40±5 3.9±0.4 17±2 -

Aug 16, 2023  -  -  - 300±30 299±30 4.0±0.5 32±4 39±5 3.1±0.4 17±2 -

 PK000.1+17.2 1971 [23] (1.3±0.3)E-12  - 280±30  -  -  -  -  -  -  - -

PC 12 1993 [12] (2.7±0.3)E-12  - 293±30 300±30 96±10 8.3±0.9 5.0±0.6 9.6±2 7.1±0.8 12±2 -

0.20)C(H  1996 [30] (1.5±0.2)E-12  -  -  -  -  -  -  -  -  - -

Jun 17, 2015 (1.4±0.2)E-12  - 293±30 300±30 100±12 3.9±0.5 4.2±0.5 8.0±2 5.2±0.7 10±2 -

Jun 29, 2016 (1.5±0.2)E-12  - 310±35 300±30 105±12 4.1±0.5 4.7±0.5 8.6±2 5.6±0.7 9.2±1 -

Òàáëèöà 2 (Îêîí÷àíèå)

Îáúåêò Äàòà íàáëþäåíèé B V Rc

1 2 3 4 5

PK211-03.1 Nov 1985 [13] 15.7±0.05   - 12.2±0.04
M1-6 Dec 1990 [22] 15.68±0.04   - 12.36±0.04

Jan 2014 [45] 16.28±0.04 15.14±0.04 13.59±0.04
Jan 05, 2019 16.27±0.02 15.25±0.01 13.40±0.02
Sep 25, 2019 16.25±0.01 15.19±0.01 13.40±0.02
Jan 26, 2022 16.24±0.01 15.24±0.01 13.39±0.01
Feb 22, 2022 16.26±0.01 15.24±0.01 13.39±0.01
Mar 01, 2023 16.27±0.01 15.24±0.01 13.39±0.01
Nov 13, 2023 16.24±0.01 15.21±0.01 13.38±0.04
Jan 03, 2024 16.28±0.02 15.24±0.01 13.39±0.01

PK 232-4.1 1984-1985 [27] 14.81±0.01 14.07±0.02    -
M1-11 1984-1987 [37] 14.7±0.10 13.83±0.10    -

Jan 04, 2021 14.56±0.01 13.77±0.08    -
Jan 26, 2022 14.53±0.02 13.73±0.07 12.51±0.01
Feb 22, 2022 14.54±0.01 13.77±0.04 12.53±0.01
Jan 24, 2024 14.53±0.01 13.73±0.04 12.52±0.01

PK 235-3.1 Jul 1985 [38] 14.44±0.04 14.08±0.04   -
M1-12 Jan 17, 2021 14.00±0.01 13.95±0.08 12.56±0.01

Jan 26, 2023 14.0±0.01 13.90±0.08 12.49±0.01

PK 15+3.1 May 07, 2018 17.62±0.01 16.4±0.01 13.74±0.02
M1-39 Jul 27, 2019 17.85±0.02 16.47±0.01 13.70±0.02

Jun19, 2020 17.61±0.02 16.38±0.02 13.73±0.01

PK 16-1.1 1984-1987 [37] 13.14±0.05 12.83±0.05   -
M1-46 Jul 18, 2015 13.28±0.02 12.85±0.01 12.82±.0.01

Jul 15, 2019 13.36±0.01 12.89±0.01 12.06±0.04
Jun 19, 2020 13.30±0.02 12.91±0.01 12.12±0.04

Òàáëèöà 3

ÎÖÅÍÊÈ ÁËÅÑÊÀ ÏËÀÍÅÒÀÐÍÛÕ ÒÓÌÀÍÍÎÑÒÅÉ

Â ÔÈËÜÒÐÀÕ BVRc
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4. Àíàëèç äàííûõ ïî îòäåëüíûì îáúåêòàì. Íà ðèñ.1-3 ïðåäñòàâëåíû

àáñîëþòíûå ïîòîêè â ýìèññèîííûõ ëèíèÿõ H  è èíòåíñèâíîñòè ýìèññèîííûõ

ëèíèé [OIII] 5007 Å , íîðìèðîâàííûå ê   100H I . Îáúåêòû â òàáëèöå ðàñïî-

ëîæåíû â ïîðÿäêå âîçðàñòàíèÿ ñòåïåíè âîçáóæäåíèÿ èõ ñïåêòðîâ.

Ïëàíåòàðíûå òóìàííîñòè Ì1-11 è Ì1-12 îòíîñÿòñÿ ê îáúåêòàì ñ íàè-

ìåíüøåé ñòåïåíüþ âîçáóæäåíèÿ. Â ñïåêòðàõ öåíòðàëüíûõ çâåçä ïðèñóòñòâóþò

ñëàáûå ýìèññèîííûå ëèíèè. Òåìïåðàòóðû öåíòðàëüíûõ çâåçä îïðåäåëåíû ïî

ìåòîäó Çàíñòðà: T (HI) = 28000 - 29000 Ê, ýëåêòðîííàÿ ïëîòíîñòü ãàçà â òóìàí-

íîñòÿõ,     4109272SII  ..ne ñì.. Çà âðåìÿ íàáëþäåíèé ïðîèçîøëî çíà÷è-

òåëüíîå (â 3-4 ðàçà) óñèëåíèå ëèíèé [OIII]. Çíà÷åíèÿ  HF , ïîëó÷åííûå â

ðàííèé ïåðèîä ðàçíûìè àâòîðàìè, èìåþò áîëüøîé ðàçáðîñ (ðèñ.1) è òåíäåíöèÿ

èõ èçìåíåíèÿ ïëîõî ïðîñìàòðèâàåòñÿ. Íàáëþäàåòñÿ íåáîëüøîå óñèëåíèå ëèíèé

1 2 3 4 5

PK 43+3.1 Jul 1985 [18] 15.06±0.08 14.24±0.02 -
M1-65 Jul 30, 2014 15.20±0.01 14.58±0.01 -

May 15, 2015 15.12±0.09 14.50±0.01 -
Sep 2016 [27] 15.06±0.07 14.41±0.02 -
May 07, 2018 15.09±0.01 14.21±0.03 -
Jul 19, 2019 15.14±0.01 14.22±0.02 -

May 25, 2020 15.08±0.01 14.21±0.03 -
Jun 14, 2021 15.03±0.04 14.19±0.04 -
Aug 10, 2021 15.07±0.01 14.18±0.01 -
Aug 09, 2023 15.00±0.01 14.12±0.01 -

PK 38+12.1 1984-1987 [37] 12.30±0.05 12.49±0.05 -
Cn3-1 Jun 09, 2016 12.38±0.02 12.16±0.02 11.33±0.01

May 07, 2018 12.30±0.01 12.24±0.01 11.01±0.01
Aug 05, 2019 12.28±0.01 12.25±0.01 11.02±0.01
Apr 01, 2024 12.26±0.01 12.21±0.01 11.00±0.01

PK 55+2.3 1984-1987 [37] 17.70±0.35 16.70±0.35    -
He1-2 Aug 12, 2007 16.70±0.05 15.80±0.05 14.19±0.04

Sep 14, 2018 16.60±0.02 15.58±0.02 14.18±0.01
Jun 04, 2019 16.58±0.02 15.53±0.01 14.15±0.02
Sep 22, 2019 16.56±0.01 15.53±0.02 14.13±0.02

PK 89-2.1 1983 [36] 12.75±0.05 12.15±0.01 -
M1-77 1984-1985 [37] 12.70±0.05 12.10±0.01 -

Aug 09, 2007 12.94±0.03 12.15±0.01 11.29±0.01
Jun 21, 2012 12.65±0.02 11.83±0.02 11.17±0.01
Oct 03, 2013 12.84±0.01 12.11±0.01 11.34±0.01
Sep 01, 2014 12.96±0.01 12.23±0.01 11.40±0.01
Jul 15, 2015 12.91±0.01 12.23±0.01 11.38±0.01

Jul 08, 2018 12.81±0.01 12.10±0.01    -

Òàáëèöà 3 (Îêîí÷àíèå)
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HeI, â òî æå âðåìÿ ýìèññèîííûå ëèíèè [NII] è [SII] îñòàâàëèñü ñòàáèëüíûìè

â ïðåäåëàõ îøèáîê èçìåðåíèé.

Ïëàíåòàðíûå òóìàííîñòè Ì1-65 è Ñï3-1. Ýòè îáúåêòû òàêæå èìåþò

ñïåêòðû íèçêîãî âîçáóæäåíèÿ. Òåìïåðàòóðû öåíòðàëüíûõ çâåçä ðàâíû T (HI) =

35000 Ê è 28000 Ê, ñîîòâåòñòâåííî. Â ñïåêòðàõ Ì1-65 íàáëþäàåòñÿ óñèëåíèå

ïîòîêîâ èçëó÷åíèÿ âî âñåõ ýìèññèîííûõ ëèíèÿõ è óâåðåííîå óâåëè÷åíèå îòíî-

ñèòåëüíûõ èíòåíñèâíîñòåé ëèíèé [ÎIII]. Çíà÷åíèÿ  HF  â ñïåêòðå Cn 3-1

èìåþò áîëüøîé ðàçáðîñ (ðèñ.1) è òåíäåíöèÿ èõ èçìåíåíèé íå ïðîñìàòðèâàåòñÿ.

Â îáçîðå [12] íå îáíàðóæåíî èçìåíåíèé îòíîñèòåëüíûõ èíòåíñèâíîñòåé ëèíèé

[OIII]. Îäíàêî èõ ïîñòåïåííîå óâåëè÷åíèå (îò 20 äî 30) çàìåòíî íà ðèñ1.

Îáúåêò Ì1-77 ïðèíàäëåæèò ê òèïó "cool variable central star" Â ñïåêòðå

ïðèñóòñòâóþò ýìèññèîííûå ëèíèè HI, [OII], [NII], [SII], íàëîæåííûå íà

ñèëüíûé êîíòèíóóì. Ëèíèè HeI è [OIII] îòñóòñòâóþò èç-çà íèçêîé òåìïåðàòóðû

öåíòðàëüíîé çâåçäû (18000-20000Ê). Íàáëþäàåòñÿ çíà÷èòåëüíîå óâåëè÷åíèå

ïîòîêîâ èçëó÷åíèÿ. Çà 40 ëåò íàáëþäåíèé (1976-2016ãã.) ïîòîê èçëó÷åíèÿ â

ëèíèè H  óâåëè÷èëñÿ â 8 ðàç è ñòàáèëèçèðîâàëñÿ ëèøü â ïîñëåäíèå ãîäû.

Ðèñ.1. Àáñîëþòíûå ïîòîêè èçëó÷åíèÿ â ëèíèè H  è îòíîñèòåëüíûå èíòåíñèâíîñòè
ëèíèè [OIII], 5007 Å  â ñïåêòðàõ îáúåêòîâ íèçêîãî âîçáóæäåíèÿ. Îñü X - äàòà íàáëþäåíèé
â ãîäàõ, îñü Y - ïîòîê â øêàëå ýðã/ñì

2
ñ. Ðåçóëüòàòû, ïîëó÷åííûå â ÀÔÈÔ, îáîçíà÷åíû

êâàäðàòèêàìè. Òðåóãîëüíèêàìè îáîçíà÷åíû äàííûå äðóãèõ àâòîðîâ.
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Ñêîðåå âñåãî, óâåëè÷åíèå ïîòîêîâ áûëî âûçâàíî ïîñòåïåííûì ðàñøèðåíèåì

çîíû èîíèçîâàííîãî ãàçà. Ïðîöåññ ïðåêðàòèëñÿ, êîãäà îáîëî÷êà ñòàëà ïîëíîñòüþ

èîíèçîâàííîé.

Ïëàíåòàðíàÿ òóìàííîñòü He1-2. Åå ñïåêòð àíàëîãè÷åí ñïåêòðó ïðåäûäóùåãî

îáúåêòà. Òåìïåðàòóðà öåíòðàëüíîé çâåçäû T (HI) = 20000 K. Ýìèññèîííûå

ëèíèè [OIII] îòñóòñòâóþò. Èçìåíåíèÿ äðóãèõ ýìèññèîííûõ ëèíèé (â 1.5 ðàçà

çà ïåðèîä 1991-2018ãã.) íå ñòîëü âïå÷àòëÿþùèå, åñëè ñðàâíèâàòü ñ Ì1-77.

Ïîñëåäíèå ãîäû, íà÷èíàÿ ñ 2015ã., ïîòîêè îñòàâàëèñü íåèçìåííûìè.

Ïëàíåòàðíûå òóìàííîñòè Ì1-39 è Ì1-46. Îò÷åòëèâîå óñèëåíèå ïîòîêîâ

â ëèíèè H  âèäíî íà ðèñ.2. Â òî æå âðåìÿ èíòåíñèâíîñòè ïî÷òè âñåõ

ýìèññèîííûõ ëèíèé, íîðìèðîâàííûõ ê H , ìåíÿþòñÿ íåçíà÷èòåëüíî. Èíûìè

ñëîâàìè èçìåíåíèÿ ïîòîêîâ â ýòèõ ëèíèÿõ ïðîèñõîäÿò ñèíõðîííî ñ ïîòîêàìè

â H , òîëüêî ëèíèè [OIII] óñèëèâàþòñÿ áûñòðåå.

Ðèñ.2. Àáñîëþòíûå ïîòîêè èçëó÷åíèÿ â ëèíèè H  è îòíîñèòåëüíûå èíòåíñèâíîñòè

ëèíèè [OIII], 5007 Å  â ñïåêòðàõ îáúåêòîâ óìåðåííîãî âîçáóæäåíèÿ. Îñü X - äàòà íàáëþäåíèé
â ãîäàõ, îñü Y - ïîòîê â øêàëå ýðã/ñì

2
ñ. Îáîçíà÷åíèÿ òàêèå æå êàê íà ðèñ.1.
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Ïëàíåòàðíàÿ òóìàííîñòü Ì1-6. Ýòîò îáúåêò òàêæå îòíîñèòñÿ ê îáúåêòàì

íèçêîãî âîçáóæäåíèÿ. Öåíòðàëüíàÿ çâåçäà èìååò â ñïåêòðå ñëàáûå ýìèññèîííûå

ëèíèè [21]. Íàáëþäåíèÿ Ì1-6 íà÷àëèñü â 70-õ ãîäàõ ïðîøëîãî ñòîëåòèÿ. Íà

ïðîòÿæåíèè áîëåå 40 ëåò ðåãèñòðèðîâàëîñü íåïðåðûâíîå óâåëè÷åíèå îòíîñè-

òåëüíûõ èíòåíñèâíîñòåé ëèíèé [OIII]. Â 2014-2016ãã. ïðîèçîøëî îñëàáëåíèå

âñåõ ýìèññèîííûõ ëèíèé, â òîì ÷èñëå ëèíèé âîäîðîäà (ðèñ.2) è íåáîëüøîå

ïîíèæåíèå áëåñêà îáúåêòà (òàáë.3).

Ïëàíåòàðíûå òóìàííîñòè Ì1-61 è Ì1-9. Â ñïåêòðå Ì1-61 íàáëþäàþòñÿ

íåáîëüøèå èçìåíåíèÿ ïîòîêà â ëèíèè H  è èíòåíñèâíîñòè 5007 Å ,

íîðìèðîâàííîé ê H . Â ñïåêòðå Ì1-9 ïîòîêè â ëèíèè H  íåçíà÷èòåëüíî

óñèëèâàþòñÿ, à îòíîñèòåëüíûå èíòåíñèâíîñòè îñòàëüíûõ ýìèññèîííûõ ëèíèé

íå ìåíÿþòñÿ.

Ñïåêòðû îñòàëüíûõ îáúåêòîâ íå ïîêàçàëè íèêàêèõ èçìåíåíèé íà ïðîòÿ-

æåíèè âñåãî ïåðèîäà íàáëþäåíèé.

5. Îáñóæäåíèå. Îñíîâíûå õàðàêòåðèñòèêè îáúåêòîâ ïðèâåäåíû â òàáë.4:

óãëîâûå ðàçìåðû èç ðàáîòû [22], ðàññòîÿíèÿ [23], ýëåêòðîííûå ïëîòíîñòè,

Ðèñ.3. Àáñîëþòíûå ïîòîêè èçëó÷åíèÿ â ëèíèè H  è îòíîñèòåëüíûå èíòåíñèâíîñòè
ëèíèè [OIII], 5007 Å  â ñïåêòðàõ îáúåêòîâ âûñîêîãî âîçáóæäåíèÿ. Îñü X - äàòà íàáëþäåíèé

â ãîäàõ, îñü Y - ïîòîê â øêàëå ýðã/ñì
2
ñ. Îáîçíà÷åíèÿ òàêèå æå êàê íà ðèñ.1.
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ðàññ÷èòàííûå ïî îòíîøåíèÿì èíòåíñèâíîñòåé ëèíèé [SII] 6717, 6731 Å .

Ýôôåêòèâíûå òåìïåðàòóðû öåíòðàëüíûõ çâåçä îöåíèâàëèñü ìåòîäîì Çàíñòðà

äëÿ ëèíèé HI è ýìïèðè÷åñêèì ìåòîäîì Êàëåðà [24]. Ñîäåðæàíèå îñòàëüíûõ

ñòîëáöîâ îòíîñèòñÿ ê ìîäåëÿì è áóäåò îïèñàíî íèæå. Â ñïåêòðàõ áîëüøèíñòâà

îáúåêòîâ íàáëþäàåòñÿ ïîñòåïåííîå óâåëè÷åíèå èíòåíñèâíîñòè ëèíèè 5007 Å

(ðèñ.1-3). Áîëüøîé ðàçáðîñ äàííûõ, âçÿòûõ èç ëèòåðàòóðû, ìîæåò áûòü ñâÿçàí

ñ ðàçëè÷íîé øèðèíîé âõîäíîé ùåëè (îò 2" äî 8"), èñïîëüçóåìîé ðàçíûìè

Ðèñ.4. Ñêîðîñòü èçìåíåíèÿ ñòåïåíè âîçáóæäåíèÿ òóìàííîñòåé â çàâèñèìîñòè îò òåìïå-
ðàòóðû öåíòðàëüíîé çâåçäû. Îñü X - ïàðàìåòð P, îñü Y - logT.

P
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íàáëþäàòåëÿìè. Ìû ðàññ÷èòàëè ïàðàìåòð P - ñêîðîñòü èçìåíåíèÿ íîðìèðîâàííîé

èíòåíñèâíîñòè ëèíèè 5007 Å  â îáúåêòàõ ðàçëè÷íîé ñòåïåíè âîçáóæäåíèÿ.

   
 

, 
5007

50075007 0

tI

II
P

aver

n






ãäå  nI 5007  è  05007I  - èíòåíñèâíîñòè ëèíèè 5007Å  â êîíöå è â íà÷àëå

íàáëþäåíèé,  averI 5007  - ñðåäíåå çíà÷åíèå èíòåíñèâíîñòè çà ïåðèîä íàáëþ-

äåíèé, t  -êîëè÷åñòâî ëåò. Íà ðèñ.4 îñü Y ïðåäñòàâëÿåò ïàðàìåòð P, îñü X -

log(T ). Ìàêñèìàëüíûå èçìåíåíèÿ ïàðàìåòðà P, ò.å. ñòåïåíè âîçáóæäåíèÿ ãàçà,

ïðîèñõîäÿò â îáúåêòàõ ñ íèçêèìè òåìïåðàòóðàìè öåíòðàëüíûõ çâåçä - ãðóïïà

îáúåêòîâ, ðàñïîëîæåííûõ â âåðõíåì ëåâîì óãëó ãðàôèêà (ðèñ.4). Ýòî íàèáîëåå

ìîëîäûå ïëàíåòàðíûå òóìàííîñòè â íàøåé ãðóïïå ñ ðàçìåðàìè ìåíüøå 0.07 ïê,

âåðîÿòíî, îíè ýâîëþöèîíèðóþò áûñòðåå ïî ñðàâíåíèþ ñ áîëåå âîçðàñòíûìè

ïðåäñòàâèòåëÿìè ýòîãî êëàññà. Ìû âîñïîëüçîâàëèñü ðåçóëüòàòàìè ðàñ÷åòîâ ðàáîòû

[16]. Ìîäåëè äëÿ íàøèõ îáúåêòîâ âûáèðàëèñü ïî íà÷àëüíûì è êîíå÷íûì

çíà÷åíèÿì òåìïåðàòóðû çâåçäû è âðåìåíè íàáëþäåíèé â ãîäàõ (7-9 ñòîëáöû

òàáë.4). Â 10-ì ñòîëáöå ïðèâîäÿòñÿ ñîîòâåòñòâóþùèå âðåìåííûå ïðîìåæóòêè,

ðàññ÷èòàííûå â ìîäåëÿõ. Èõ íîìåðà óêàçàíû â ñòîëáöå 11. Äëÿ íàøèõ íàèáîëåå

ìîëîäûõ îáúåêòîâ: Ì1-5, Ì1-6, Ì1-11, Ì1-12, Ì1-39, ïîäîøëè ìîäåëè ñ

íà÷àëüíîé ìàññîé çâåçäû 1.0-1.25 M . Åùå îäíà ìîëîäàÿ òóìàííîñòü Ì1-61

ïðè òîé æå ñêîðîñòè èçìåíåíèÿ ñòåïåíè âîçáóæäåíèÿ äîñòèãëà áîëåå âûñîêèõ

Îáúåêò 2R D 2R   Ne[SII] T(HI) T
0
 [OIII] T

1 
[OIII]

obs
t

omod
t   Model Age

(") (kpc) (pc) 10-4 10-4 10-4 (years) (years) [16] year

M1-6 5 2.65 0.06 (3.5±0.5)x104 3.3±0.06 2.95±0.07 3.10±0.07 35 30 ¹2


M.M 251 525

M1-11 St 2.12 <0.01 (2.7±0.3)x104 2.7±0.01 2.69±0.07 2.71±0.07 32 32 ¹3


M.M 251 2160

M1-12 St 3.75 <0.01 (2.9±0.7)x104 2.7±0.03 2.71±0.03 2.75±0.03 45 43 ¹3


M.M 251 2170

M1-39 5 2.69 0.07 (2.9±0.2)x104 2.8±0.03 2.80±0.03 2.84±0.03 34 36 ¹3


M.M 251 2250

M1-46 11 3.78 0.20 (3.3±0.2)x104 2.8±0.03 2.78±0.02 2.85±0.02 31 34 ¹1


MM 1 1000

M1-65 3.6 6.54 0.11 (2.1±0.1)x104 3.0±0.05 2.71±0.01 2.73±0.01 50 39 ¹4


MM 1 5060

Cn3-1 4.5 3.58 0.08 (2.4±0.1)x104 2.7±0.01 2.71±0.01 2.73±0.01 51 63 ¹4


MM 1 5060

He1-2 5.4 6.17 0.16 (2.2±0.5)x104 2.0±0.02   -   - - -    - -

M1-77 7.0 5.50 0.18 (1.0±0.1)x104 1.8±0.03   -   - - -    - -

M1-9 4.8 4.88 0.11 (4.3±0.3)x103 4.1±0.02 4.32±0.04 4.39±0.04 40 -    - -

M1-5 2.5 2.92 0.03 (2.9±0.6)x104 4.0±0.01 3.74±0.02 3.78±0.02 37 36 ¹4


MM 1 7500

Vy1-1 5.2 6.19 0.16 (3.4±0.6)x103 3.0±0.03 4.64±0.06 5.10±0.06 37 35 ¹2


M.M 71 550

M1-61 St 2.37 <0.01 (1.0±0.1)x105 3.8±0.01 5.49±0.02 6.11±0.02 38 38 ¹4


M.M 22 300

Hu1-1 5.0 4.70 0.11 (4.0±0.5)x103 4.0±0.01 6.40±0.02 6.44±0.02 40 33 ¹3


MM 2 730

PC 12 4.6 6.22 0.14 (4.3±0.5)x103 4.0±0.03 3.55±0.05 3.65±0.05 45 46 ¹1


MM 1 1380

Òàáëèöà 4

ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ ÈÑÑËÅÄÓÅÌÛÕ ÏËÀÍÅÒÀÐÍÛÕ

ÒÓÌÀÍÍÎÑÒÅÉ
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òåìïåðàòóð. Ýòî âîçìîæíî, åñëè åå çâåçäà èìååò áîëüøóþ íà÷àëüíóþ ìàññó

(òàáë.4).

Òàêèì îáðàçîì, ìîæíî ñäåëàòü âûâîä î òîì, ÷òî óñêîðåííàÿ ýâîëþöèÿ

öåíòðàëüíûõ çâåçä â öåëîì íåïëîõî îáúÿñíÿåò íàáëþäàåìûå äàííûå. Èíûìè

ñëîâàìè îñíîâíûì èñòî÷íèêîì ñïåêòðàëüíûõ èçìåíåíèé ÿâëÿåòñÿ ïîâûøåíèå

òåìïåðàòóðû öåíòðàëüíûõ çâåçä. Åñëè ýëåêòðîííàÿ ïëîòíîñòü â çîíàõ ôîðìè-

ðîâàíèÿ ëèíèé [OIII] áëèçêà ê êðèòè÷åñêîìó çíà÷åíèþ ( 65 10105 ~ ñì-3), òî

íåáîëüøèå èçìåíåíèÿ ïëîòíîñòè, ñâÿçàííûå ñ ðàñøèðåíèåì îáîëî÷êè, ìîãóò

ïðèâåñòè ê äîïîëíèòåëüíîìó óñèëåíèþ ýòèõ ëèíèé.

 Íåêîòîðûå ïëàíåòàðíûå òóìàííîñòè èç íàøåãî ñïèñêà äåìîíñòðèðóþò

íåñêîëüêî íåîáû÷íîå ïîâåäåíèå ýìèññèîííûõ ëèíèé. Òàê, â ñïåêòðå Ì1-6

ñ 2014ã. èçëó÷åíèå îñëàáåâàåò âî âñåõ ëèíèÿõ, âêëþ÷àÿ ëèíèè HI (ðèñ.2).

Ïîòîêè èçëó÷åíèÿ â ëèíèÿõ [OIII] òàêæå óìåíüøàëèñü, íî ìåäëåííåå, ÷åì

â H , ïîýòîìó òåíäåíöèÿ ê óâåëè÷åíèþ íîðìèðîâàííûõ çíà÷åíèé ñîõðàíÿëàñü.

Ïðè ýòîì íàáëþäàëîñü ïîíèæåíèå ÿðêîñòè îáúåêòà â îïòè÷åñêèõ ôèëüòðàõ.

Âîçìîæíî, âñå ýòè ýôôåêòû ñâÿçàíû ñ îñëàáëåíèåì èîíèçóþùåãî ïîòîêà

öåíòðàëüíîé çâåçäû, âûçâàííûì åå ÷àñòè÷íûì ýêðàíèðîâàíèåì êàêèì-òî

ïëîòíûì ôðàãìåíòîì ãàçà â îáîëî÷êå.

Èññëåäîâàíèå ôèíàíñèðóåòñÿ Êîìèòåòîì íàóêè Ìèíèñòåðñòâà íàóêè è

âûñøåãî îáðàçîâàíèÿ Ðåñïóáëèêè Êàçàõñòàí (ïðîãðàììà ¹ BR20280974).
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VARIABILITY OF PLANETARY NEBULAE. RESULTS OF
THE LONG-TERM OBSERVATIONS

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

The results of spectroscopic and photometric observations of 14 compact

planetary nebulae are presented. The observations were carried out at the Fesenkov

Astrophysical Institute (Republic of Kazakhstan) since 1973 Our goal was to obtain

data on the variability of our objects over long-time intervals. The intensities of

the [OIII] lines normalized to H  intensity were used as a criterion for

determining the excitation degree of gas in the nebula. Analysis of data obtained

over 40-50 years showed significant changes in the spectra of the most of our
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objects, most likely associated with an increase of the temperature of the central

stars and/or with a change in the internal structure of the envelopes.

Keywords: planetary nebulae: evolution of the central stars: photometry: spectro-

     photometry

ËÈÒÅÐÀÒÓÐÀ

1. G.Handler, R.Prinja et al., Mon. Not. Roy. Astron. Soc., 430, 2923, 2013.

2. B.Hrivnak, W.Lu, W.Bakke et al., Astrophys. J., 939, 32, 2022.

3. P.Patriachi, M.Perinotto, Astron. Astrophys. Suppl., 126, 385, 1997.

4. E.Paunzen, M.Netopil, M.Rode-Paunzen, IBVS, 6194, 1, 2017.

5. O. De Marko, T.Hillwig, A.Smith, Astron. J., 136, 323, 2008.

6. T.Hillwig, D.Frew, M.Louie, Astron. J., 150, 30, 2015.

7. L.Aller, J.Lillo-Box, D.Jones et al., Astron. Astrophys., 635, 128, 2020.

8. T.Hillwig, H.Bond, D.Frew et al., Astron. J., 152, 34, 2016.

9. L.Miranda, J.Torrelles, J.Lillo-Box, Astron. Astrophys., 657L, 9, 2022.

10. L.Kondratyeva, E.Denissyuk, M.Krugov, Astrophysics, 60, 497, 2017.

11. M.Hajduk, P. van Hoof, K.Gesicki et al., Astron. Astrophys., 567, 15, 2014.

12. M.Hajduk, P. van Hoof, A.Zijlstra, ASPC, 493, 533, 2015.

13. T.Mocnik, M.Lloyd, D.Pollacco et al., Mon. Not. Roy. Astron. Soc., 451, 870,

2015.

14. V.Arkhipova, N.Ikonnikova, A.Kniazev et al., Astron. Lett., 39, 201, 2013.

15. V.Arkhipova, M.Burlak, N.Ikonnikova et al., Astron. Lett., 46, 100, 2020.

16. M.Miguel, M.Bertolami, Astron. Astrophys., 588, A25, 2016.

17. N.Ikonnikova, I.Shaposhnikov, V.Esipov et al., Astron. Lett., 47, 560, 2021. 

18. E.Denissyuk, A&AT, 22, 175, 2003.

19. A.Kharitonov, V.Tereschenko, L.Knyzeva, Spectrophotometric catalog of stars,

Kazakh University, Almaty, 2011.

20. A.Landolt, Astron. J., 146, 131, 2013.

21. L.Kondrateva, Astron. Lett., 20, 644, 1994.

22. A.Acker, F.Ochsenbein, B.Stenholm, The Strasbourg-ESO Catalogue of the

galactic planetary nebulae, ESO, Strasbourg, 1992.

23. J.Cahn, J.Kaler, B.Stanghellini, Astron. Astrophys. Soc., 94, 399, 1992.

24. J.Kaler, Astrophys. J., 220, 889, 1978.  

25. R.Kingsburgh, M.Barlow, Mon. Not. Roy. Astron. Soc., 271, 257, 1994.

26. L.Carasco, A.Serrano, R.Costero, RMxAA, 8, 187, 1983.

27. R.Shao, J.Kaler, Astrophys. J. Suppl. Ser., 69, 495, 1989.

28. J.Kaler, K.Kwitter, R.Shao et al., Publ. Astron. Soc. Pacif., 108, 980, 1996.

29. R.Henry, K.Kwitter, A.Jaskot et al., Astrophys. J., 724, 748, 2010



75ÏÅÐÅÌÅÍÍÎÑÒÜ  ÏËÀÍÅÒÀÐÍÛÕ  ÒÓÌÀÍÍÎÑÒÅÉ

30. F.Cuisinier, A.Acker, J.Koeppen, Astron. Astrophys., 307, 215, 1996.

31. D.Frew, I.Bojičić, O.Parker et al., Mon. Not. Roy. Astron. Soc., 431, 2, 2013.

32. M.Guererro, A.Manchado, L.Stanghellini et al., Astrophys. J., 464, 847, 1996.

33. O.Cavichia, R.Costa, W.Maciel, RMxAA, 46, 159, 2010.

34. N.Barker, Astrophys. J., 219, 914, 1978.  

35. W.Wesson, X-W.Liu, M.Barlou, Mon. Not. Roy. Astron. Soc., 362, 424, 2001.

36. F.Sabbadin, S.Ortolanin, A.Bianchini et al., Astron. Astrophys., 123, 147, 1983.

37. R.Tylenda, A.Acker, B.Stenholm et al., Astron. Astrophys. Suppl., 89, 77, 1991.

38. M.Dopita, C.Hua, Astron. Astrophys. Suppl., 108, 515, 1997.

39. J.Bohigas, RMxAA, 48, 267, 2012.

40. K.Kwitter, R.Henry, J.Milingo, Publ. Astron. Soc. Pacif., 115, 80, 2003 

41. S.Huang, L.Aller, Mon. Not. Roy. Astron. Soc., 278, 551, 1996.

42. P.Girard, J.Koeppen, A.Acker, Astron. Astrophys., 463, 265, 2007.

43. J.Garcia-Rojas, M.Pena, M.Morisset et al., Astron. Astrophys., 538, 54, 2012

44. L.Aller, S.Czyzak, Astron. Astrophys. Suppl., 51, 211, 1983.

45. N.Zacharias, C.Finch, A.Subasavage et al., yCat, 1329, 2015.



ÈÑÑËÅÄÎÂÀÍÈÅ ÈÇÌÅÍÅÍÈÉ ÄÎÏËÅÐÎÂÑÊÈÕ
ÑÊÎÐÎÑÒÅÉ È ÏÎËÓØÈÐÈÍ ÑÏÅÊÒÐÀËÜÍÛÕ

ËÈÍÈÉ Â ÑÎËÍÅ×ÍÛÕ ÑÏÈÊÓËÀÕ È
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Ì.ÑÈÕÀÐÓËÈÄÇÅ2, Ä.ÕÓÖÈØÂÈËÈ2, Å.ÕÓÖÈØÂÈËÈ1,
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Ïîñòóïèëà 27 èþëÿ 2024
Ïðèíÿòà ê ïå÷àòè 14 ôåâðàëÿ 2025

Öåëü èññëåäîâàíèÿ - èçó÷åíèå íåñòàöèîíàðíûõ ôèçè÷åñêèõ ïðîöåññîâ, ïðîèñõîäÿùèõ
â ñîëíå÷íûõ ñïèêóëàõ è ïðîòóáåðàíöàõ, è âçàèìîñâÿçü ìåæäó íèìè. Èçó÷åíèå ñïèêóë è
ïðîòóáåðàíöåâ è ñðàâíåíèå ïîëó÷åííûõ ðåçóëüòàòîâ äðóã ñ äðóãîì âíåñåò íåêîòîðóþ íîâèçíó
â ïðîèñõîäÿùèõ â íèõ ôèçè÷åñêèõ ïðîöåññàõ. Â ñâÿçè ñ ýòèì â Àáàñòóìàíñêîé   àñòðîôèçè-
÷åñêîé îáñåðâàòîðèè ñ ïîìîùüþ áîëüøîãî âíåçàòìåííîãî êîðîíîãðàôà áûëè ïîëó÷åíû
ñïåêòðîãðàììû â ëèíèå ãåëèÿ D

3
 äëÿ âûñîòû 8000 êì. Ñïåêòðîãðàììû â ëèíèè D

3
 ïîëó÷åíû

âî âòîðîì ïîðÿäêå, ãäå îáðàòíàÿ äèñïåðñèÿ ðàâíà 0.96Å /ìì. Ñòàíäàðòíûå îøèáêè äîïëå-

ðîâñêèõ ñêîðîñòåé è ïîëóøèðèí ñïåêòðàëüíîé ëèíèè ñîñòàâëÿþò 0.35 êì/ñ è 0.04 Å ,
ñîîòâåòñòâåííî. Âðåìÿ æèçíè ïî÷òè âñåõ èçìåðåííûõ ñïèêóë ñîñòàâèëî îêîëî 20 ìèí, ïîýòîìó
îíè îòíîñÿòñÿ ê ñïèêóëàì I òèïà. Èçó÷åíû äîïëåðîâñêèå ñìåùåíèÿ è èçìåíåíèÿ ïîëóøèðèí
ñî âðåìåíåì, èñïîëüçóÿ àëãîðèòì ïåðèîäîãðàììû Ëîìáà äëÿ íåðàâíîìåðíî ðàñïðåäåëåííûõ
ðÿäîâ äàííûõ. Â ðåçóëüòàòå îáðàáîòêè è àíàëèçà ïîëó÷åííîãî íàáëþäàòåëüíîãî ìàòåðèàëà áûëè
ïîëó÷åíû ñëåäóþùèå îñíîâíûå ðåçóëüòàòû: äîïëåðîâñêèå ñêîðîñòè â "íîãàõ" ïðîòóáåðàíöåâ
èçìåíÿþòñÿ ïðèìåðíî â äèàïàçîíå 17-18 êì/ñ, à â ñïèêóëàõ - â äèàïàçîíå 16-24 êì/ñ. Íàáëþ-
äàåòñÿ àñèììåòðèÿ èçìåíåíèÿ äîïëåðîâñêèõ ñêîðîñòåé è ïîëóøèðèí âî âðåìåíè. Èç 5-òè
èññëåäîâàííûõ íàìè ñïèêóë àñèììåòðèÿ èçìåíåíèÿ âî âðåìåíè íàáëþäàåòñÿ ó 4-õ ñïèêóë.
Äëÿ D

3
-ïðîòóáåðàíöåâ ïåðèîä êîëåáàíèé äîïëåðîâñêèõ ñêîðîñòåé èçìåíÿåòñÿ â ñðåäíåì â

òå÷åíèå 3-4 ìèí, à ïåðèîä êîëåáàíèé ïîëóøèðèí - â òå÷åíèå 2-3 ìèí, à â D
3
-ñïèêóëàõ

ïåðèîä êîëåáàíèé äîïëåðîâñêèõ ñêîðîñòåé èçìåíÿåòñÿ â ñðåäíåì â òå÷åíèå 2-5 ìèí, à ïåðèîä
êîëåáàíèé ïîëóøèðèí - â òå÷åíèå 2-5 ìèí. Â "íîãàõ" ïðîòóáåðàíöà àíòèêîððåëÿöèÿ ìåæäó
äîïëåðîâñêèìè ñêîðîñòÿìè è ïîëóøèðèíàìè áîëåå âûðàæåíà â "íîãå", ãäå ñîëíå÷íàÿ ïëàçìà
äâèæåòñÿ èç íèæíèõ ñëîåâ â âåðõíèå. Íàáëþäàåìûå ïðîòèâîôàçíûå êîëåáàíèÿ ñ áîëüøèìè
ïåðèîäàìè ìîæíî îáúÿñíèòü äâèæåíèÿìè òóðáóëåíòíîé ïëàçìû ââåðõ è âíèç â ñïèêóëàõ I
òèïà, à êîëåáàíèÿ ñ áîëåå êîðîòêèìè ïåðèîäàìè ìîãóò áûòü âûçâàíû âèíòîâûì äâèæåíèåì
îñè ñïèêóëû, îáðàçóþùèìñÿ â ðåçóëüòàòå ñóïåðïîçèöèè äâóõ ëèíåéíî ïîëÿðèçîâàííûõ
ìàãíèòîãèäðîäèíàìè÷åñêèõ êèíê-âîëí.

Êëþ÷åâûå ñëîâà: ñïèêóëû: ïðîòóáåðàíöû: ñïåêòðàëüíûå ëèíèè

1. Ââåäåíèå. Ýíåðãèÿ â ôîòîñôåðå â íåêîòîðîé ñòåïåíè ïåðåäàåòñÿ â

âåðõíèå ñëîè àòìîñôåðû Ñîëíöà, ãäå îíà ìîæåò ðàññåèâàòüñÿ, ÷òî ïðèâîäèò

ê íàãðåâó ïëàçìû êîðîíû. Ñöåíàðèåì ïåðåäà÷è ýíåðãèè ìîãóò áûòü

ìàãíèòîãèäðîäèíàìè÷åñêèå (MHD) âîëíû, âîçáóæäàåìûå êîíâåêòèâíûìè
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äâèæåíèÿìè è ãëîáàëüíûìè ñîëíå÷íûìè êîëåáàíèÿìè â ôîòîñôåðå, êîòîðûå

ìîãóò ðàñïðîñòðàíÿòüñÿ ÷åðåç õðîìîñôåðó â êîðîíó è ïåðåäàâàòü íåêîòîðóþ

ýíåðãèþ. Ñïèêóëû è ïðîòóáåðàíöû - îäíè èç îñíîâíûõ ýëåìåíòîâ òîíêîé

ñòðóêòóðû âåðõíåé àòìîñôåðû Ñîëíöà. Ýòî ìàãíèòíûå îáðàçîâàíèÿ [1-3]. Â

âåðõíèõ ñëîÿõ àòìîñôåðû Ñîëíöà ìàãíèòíûå òðóáêè ÿâëÿþòñÿ îñíîâíûìè

êàíàëàìè ïåðåäà÷è ýíåðãèè, êîòîðûå, â ñâîþ î÷åðåäü, âëèÿþò íà ñîëíå÷íîå

èçëó÷åíèå. Â ýòîì íàïðàâëåíèè ðåøàþùåå çíà÷åíèå äëÿ íàãðåâà âíåøíåé

àòìîñôåðû èìååò ìàãíèòíîå ïîëå.

Ñïèêóëû êëàññè÷åñêîãî òèïà I èìåþò âðåìÿ æèçíè 5-15 ìèí, à äèàìåòð

è äîïëåðîâñêèå ñêîðîñòè ñîñòàâëÿþò ïðèìåðíî 500 êì è 15-40 êì/ñ, ñîîò-

âåòñòâåííî [4-8]. Ñïèêóëû â ëèíèÿõ CaIIH è D
3
 øèðå, ÷åì â H  [9]. Ïî

íàçåìíûì íàáëþäåíèÿì äëèíà/øèðèíà ñïèêóë H  âàðüèðóåòñÿ â ñðåäíåì îò

5000 äî 9000 êì [9] è ìîãóò äîñòèãàòü âûñîò â 11000 êì. Ñ äðóãîé ñòîðîíû,

íà áîëåå íèçêèõ âûñîòàõ äîìèíèðóþò ñïèêóëû II òèïà. Îíè ñàìûå âûñîêèå

â êîðîíàëüíûõ äûðàõ (5000 êì) è êîðî÷å â àêòèâíûõ îáëàñòÿõ [3]. Åñòü î÷åíü

äëèííûå ñïèêóëû, íàçûâàåìûå ìàêðîñïèêóëàìè, êîòîðûå íàáëþäàþòñÿ ãëàâíûì

îáðàçîì âáëèçè ïîëÿðíûõ îáëàñòåé. Â ñïèêóëàõ I òèïà òåìïåðàòóðà ïëàçìû

âàðüèðóåòñÿ â ïðåäåëàõ 6000-60000 Ê [10]. Ïîëóøèðèíà D
3
  ñïèêóë ïîðÿäêà

Å30.  [11].

Èçâåñòíî, ÷òî â ñïèêóëàõ ðàñïðåäåëåíèå äîïëåðîâñêèõ ñêîðîñòåé ïî âûñîòå

èìååò ïåðèîäè÷åñêèé õàðàêòåð. Êîëåáàíèÿ äëèòåëüíîñòüþ ïðèìåðíî 3-7 ìèí

(ïèê 5 ìèí) îáíàðóæåíû êàê â õîäå íàçåìíûõ, òàê è âíåàòìîñôåðíûõ íàáëþäåíèé

[10,12-17]. Ýòî ïåðèîäè÷åñêîå ðàñïðåäåëåíèå ìîæåò áûòü âûçâàíî ïîïåðå÷íûìè

âîëíàìè. Èññëåäîâàòåëè [13,16,18-27] èçó÷èëè ïåðèîäû è àìïëèòóäû èçìåíåíèé

äîïëåðîâñêèõ ñêîðîñòåé ñïèêóë, ïîñòðîåíû òåîðåòè÷åñêèå ìîäåëè ñïèêóë [28,29].

Â ðàáîòå [30] áûëà îáíàðóæåíà àñèììåòðèÿ èçìåíåíèé âî âðåìåíè äëÿ äîïëå-

ðîâñêèõ ñêîðîñòåé è ïîëóøèðèí ñïèêóë.

Êîëåáàíèÿ â ñïèêóëàõ íàáëþäàþòñÿ óæå äàâíî. Âîçìîæíîñòü êîëåáàíèé

â ìàãíèòíîé òðóáêå ñïèêóë îïèñàíà â ðàáîòàõ [31-34]. Ïåðèîäû êîëåáàíèé

ôîðìàëüíî ìîæíî ðàçäåëèòü íà äâå ãðóïïû: îòíîñèòåëüíî êîðîòêèå ïåðèîäû

(<2 ìèí) è äëèòåëüíûå ïåðèîäû (>2 ìèí). Íàáëþäàåìûå ïåðèîäû â îñíîâíîì

ðàñïîëàãàþòñÿ â èíòåðâàëàõ 3-7 ìèí è 50-110 ñ [35]. Â ðàáîòå [36] óïîìèíàþòñÿ

÷åòûðå èíòåðâàëà âîçìîæíûõ ïåðèîäîâ êîëåáàíèé ñïèêóë 358-167 ñ, 156-114

ñ, 108-81 ñ è 76-50 ñ. Â ðàáîòå [1,17,37] èññëåäîâàíû êîëåáàíèÿ ñ ïåðèîäîì

5 ìèí. Áåêêåðñ [4,9] è Ñòåðëèíã [38] ïðåäîñòàâèëè ïðåâîñõîäíûå äëÿ òîãî

âðåìåíè îáçîðû íàáëþäåíèé è òåîðåòè÷åñêèõ ìîäåëåé ñïèêóë.

Â ðàáîòàõ [26,27] àâòîðû îòìå÷àþò, ÷òî â ìàãíèòíîé òðóáêå ñïèêóëû

ðàñïðîñòðàíÿþòñÿ êèíê-âîëíû ñ äëèíîé âîëíû îêîëî 3400-4400 êì, à ïåðèîäû

âàðüèðóþò â ïðåäåëàõ 40-50 ñ. Ïðåäïîëàãàåòñÿ, ÷òî êèíê-âîëíû ãåíåðèðóþòñÿ

ïðè ñòîëêíîâåíèè ãðàíóëÿöèîííûõ îáðàçîâàíèé íà êîíöå îïóùåííîé â
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ôîòîñôåðó ìàãíèòíîé òðóáêè. Àâòîðû âûñêàçàëè ìíåíèå, ÷òî äëèíà êèíê-

âîëí ïîðÿäêà äèàìåòðà ãðàíóë. Òàì æå ïðèâåäåíà ìîäåëü ñïèêóëû, ãäå

îòìå÷åíî, ÷òî îíà ïðåäñòàâëÿåò ñîáîé äëèííóþ ìàãíèòíóþ òðóáêó, îäèí

êîíåö êîòîðîé îïóùåí â ôîòîñôåðó, à äðóãîé äîñòèãàåò êîðîíû. Ýòà ìîäåëü

áëèçêà ê ðåàëüíîé ìîäåëè, íà åå îñíîâå ìîæíî ãîâîðèòü î ìåõàíèçìå íàãðåâà

êîðîíû [39].

Êîñìè÷åñêèå íàáëþäåíèÿ âûñîêîãî ðàçðåøåíèÿ ñ ïîìîùüþ îïòè÷åñêîãî

òåëåñêîïà (íàïðèìåð, Hinode/SOT) âûÿâèëè ñïèêóëû II òèïà, êîòîðûå, êàê

áûëî ïîêàçàíî, èìåþò ðàçíûå õàðàêòåð è ìåõàíèçìû ôîðìèðîâàíèÿ, ðàçëè÷íûå

âðåìåíà æèçíè, ñêîðîñòè è ìíîãîå äðóãîå [2,5,6,40-46]. Îíè èìåþò âðåìÿ

æèçíè îêîëî 10-150 ñ, äèàìåòð îêîëî 200 êì è äîñòèãàþò îòíîñèòåëüíî âûñîêèõ

ñêîðîñòåé 50-150 êì/ñ. Àâòîðû [46] óòâåðæäàþò, ÷òî áûñòðûé íàãðåâ ñïèêóë II

òèïà äî âûñîêèõ òåìïåðàòóð ìîæåò ïðèâåñòè ê èõ èñ÷åçíîâåíèþ. Ïî ìíåíèþ

èññëåäîâàòåëåé [1-3], ñïèêóëû I òèïà îáëàäàþò åùå îäíèì ñâîéñòâîì: îíè

äåìîíñòðèðóþò ìåíüøèå ñêîðîñòè è èñ÷åçàþò â êîðîíå èëè ïàäàþò âíèç.

Ïðîòóáåðàíåö ïðåäñòàâëÿåò ñîáîé ÷àñòè÷íî èîíèçèðîâàííóþ, îòíîñèòåëüíî

õîëîäíóþ (~104
 Ê) è êîíäåíñèðîâàííóþ (~109

 - 1011
 ñì-3) ïëàçìó, ïðèñóòñò-

âóþùóþ â èîíèçèðîâàííîé ãîðÿ÷åé ( 610)21(   Ê) êîðîíå [47-52]. Ïðîòóáåðàíöû

îêðóæåíû îòíîñèòåëüíî ãîðÿ÷åé êîðîíàëüíîé ïëàçìîé, "íîãè" êîòîðûõ ñïóñ-

êàþòñÿ ÷åðåç õðîìîñôåðó â ôîòîñôåðó [53]. Íàáëþäåíèÿ ïîêàçàëè, ÷òî

ñðåäíÿÿ ñêîðîñòü íà ïåðèôåðèè ïðîòóáåðàíöà ìåíåå 15 êì/ñ, à ñêîðîñòü â åãî

öåíòðå ðàâíà 10 êì/ñ. Ñêîðîñòü âîñõîäÿùåãî ïîòîêà îêîëî 25 êì/ñ, íèñõîäÿùåãî

ïîòîêà - 10 êì/ñ. Èññëåäîâàòåëè îáúÿñíèëè ýòî íèçêîé òåìïåðàòóðîé â öåíòðå

ïðîòóáåðàíöà (ìåíåå 3106   K). Ýìèññèîííûå ëèíèè ïðîòóáåðàíöåâ íàáëþäàþòñÿ

â øèðîêîì ñïåêòðàëüíîì äèàïàçîíå îò âèäèìîãî äî èíôðàêðàñíîãî [54-60],

ïîýòîìó îáðàáîòêà è àíàëèç ñïåêòðàëüíîãî íàáëþäàòåëüíîãî ìàòåðèàëà ìîæåò

äàòü íàì ìíîãî èíòåðåñíîé èíôîðìàöèè î íèõ.

Íàëè÷èå êîëåáàíèé â ïðîòóáåðàíöàõ è èõ ñâîéñòâà èçó÷àëèñü ìíîãèìè

èññëåäîâàòåëÿìè [61-64]. Â ïðîòóáåðàíöàõ íàáëþäàþòñÿ äâèæåíèÿ ïëàçìû â

ðàçíûõ íàïðàâëåíèÿõ, à òàêæå èíîãäà íàáëþäàþòñÿ äâèæåíèÿ, ïàðàëëåëüíûå

ïîâåðõíîñòè Ñîëíöà. Íà îñíîâå àíàëèçà äàííûõ âðåìåííîãî èçìåíåíèÿ

äîïëåðîâñêèõ ñêîðîñòåé áûëè îáíàðóæåíû êîëåáàíèÿ ñ äëèííûì ïåðèîäîì

(Ò > 40 ìèí), ïðîìåæóòî÷íûì (10 ìèí < Ò < 40 ìèí) è êîðîòêèì ïåðèîäîì

(Ò < 10 ìèí). Õîòÿ, èíîãäà ôèêñèðóþòñÿ êîëåáàíèÿ, íàïðèìåð, è ñ ïåðèîäîì

ïîðÿäêà 30 ñ [65] è ñâåðõäëèííîïåðèîäè÷åñêèå êîëåáàíèÿ ñ ïåðèîäîì 8 ÷.

[66]. Èññëåäîâàòåëè [67] îáíàðóæèëè ïåðèîä ðàñïðîñòðàíåíèÿ âîëíû â ïðîòó-

áåðàíöå â èíòåðâàëå 28-95 ìèí. Àâòîðû [68] ñâÿçûâàþò êîëåáàíèÿ â "íîãàõ"

ïðîòóáåðàíöà ñ ãëîáàëüíûìè êîëåáàíèÿìè â ôîòîñôåðå è õðîìîñôåðå (3 è

5 ìèí). Àâòîðû [69-71] èññëåäîâàëè ôèçè÷åñêèå ïðîöåññû, ïðîèñõîäÿùèå â

ñìåð÷àõ.



80 Ì.ÑÈÕÀÐÓËÈÄÇÅ  È  ÄÐ.

Ïåðèîäè÷íîñòü ìîæíî îáúÿñíèòü ëèáî óòå÷êîé ôîòîñôåðíûõ p-ìîä ÷åðåç

íàêëîííîå ìàãíèòíîå ïîëå [1], ëèáî êâàçèïåðèîäè÷åñêèìè îòðàæåííûìè

óäàðíûìè âîëíàìè [28,29], êîòîðûå ïðèâîäÿò ê ïåðèîäè÷åñêèì âîñõîäÿùèì

ïîòîêàì õðîìîñôåðíîé ïëàçìû [72]. Êîëåáàíèÿ è âîëíû â ñîëíå÷íûõ ñïèêóëàõ

òàêæå ðàññìîòðåíû â [35].

×òî êàñàåòñÿ ñâÿçè ìåæäó äîïëåðîâñêèìè ñêîðîñòÿìè è ïîëóøèðèíàìè

ëèíèé, òî îíè èçó÷åíû ìàëî. Âàæíî âûÿâèòü ñâÿçü äèíàìèêè òîíêîé

ñòðóêòóðû Ñîëíöà ñ ôèçè÷åñêèìè ïðîöåññàìè, ïðîèñõîäÿùèìè â íèæíèõ è

âåðõíèõ ñëîÿõ ñîëíå÷íîé àòìîñôåðû (íàïðèìåð â ñïèêóëàõ è ïðîòóáåðàíöàõ).

Íàøà öåëü: èññëåäîâàíèå íåñòàöèîíàðíûõ ôèçè÷åñêèõ ïðîöåññîâ, ïðîèñõî-

äÿùèõ â ñîëíå÷íûõ ïðîòóáåðàíöàõ è ñïèêóëàõ, è âûÿâëåíèå âçàèìîñâÿçè

ìåæäó íèìè íà îñíîâå àíàëèçà ìàòåðèàëà, ïîëó÷åííîãî ïðè íàáëþäåíèÿõ â

ëèíèè ãåëèÿ D
3
 (ìû ïëàíèðóåì ïðîâåñòè àíàëîãè÷íóþ ðàáîòó â ëèíèè

âîäîðîäà H ). Òàêèå èññëåäîâàíèÿ ìîãóò ïîçâîëèòü íàì ñâÿçàòü ôèçè÷åñêèå

ïðîöåññû, ïðîèñõîäÿùèå â ñïèêóëàõ è ïðîòóáåðàíöàõ. Âîçìîæíî óäàñòñÿ

íàéòè ñâÿçü ìåæäó ñïèêóëàìè è âîëíàìè, ðàñïðîñòðàíÿþùèìèñÿ â ïðîòóáå-

ðàíöàõ. Â ñòàòüå àíàëèçèðóþòñÿ ðåçóëüòàòû, ïîëó÷åííûå íà âíåçàòìåííîì 53

ñì êîðîíîãðàôå íàöèîíàëüíîé àñòðîôèçè÷åñêîé îáñåðâàòîðèè Ãðóçèè èì.

Å.Õàðàäçå.

Â ðàçäåëå 1 ïðåäñòàâëåí êðàòêèé îáçîð èññëåäîâàíèé ñïèêóë è ïðîòóáå-

ðàíöåâ. Â ðàçäåëå 2 îïèñàíû ìåòîäû íàáëþäåíèÿ è îáðàáîòêà äàííûõ. Â

ðàçäåëå 3 îáñóæäàþòñÿ ðåçóëüòàòû íàáëþäåíèé, òàêèõ êàê äîïëåðîâñêèå

ñêîðîñòè è ïîëóøèðèíû ñïåêòðàëüíûõ ëèíèé (FWHM). Â ðàçäåëå 4, ïðåä-

ñòàâëåíû îáñóæäåíèå è âûâîäû.

2. Íàáëþäåíèÿ è îáðàáîòêà äàííûõ. Íàáëþäåíèÿ ñîëíå÷íûõ ñïèêóë

è ïðîòóáåðàíöåâ â ñïåêòðàëüíûõ ëèíèÿõ ãåëèÿ D
3
 ïðîâîäèëèñü ñ ïîìîùüþ

áîëüøîãî âíåçàòìåííîãî êîðîíîãðàôà Àáàñòóìàíñêîé àñòðîôèçè÷åñêîé îáñåð-

âàòîðèè (D-53 ñì, F-800 ñì) íà îäíîé è òîé æå âûñîòå ñîëíå÷íîé àòìîñôåðû

â òå÷åíèå äëèòåëüíîãî ïåðèîäà âðåìÿ (ðèñ.1).

Ñïåêòðîãðàô ñèñòåìû Ýáåðòà-Ôàñòè òåëåñêîïà îñíàùåí äèôðàêöèîííîé

ðåøåòêîé ðàçìåðîì мм250мм230  . Ðåøåòêà èìååò 600 øòðèõ/ìì è â âèäèìîé

îáëàñòè èìååò ìàêñèìàëüíóþ êîíöåíòðàöèþ âî 2-ì ïîðÿäêå. Ðàçðåøàþùàÿ

ñïîñîáíîñòü â ôîêàëüíîé ïëîñêîñòè ñïåêòðîãðàôà ñîñòàâëÿåò 25 ëèíèé íà

ìèëëèìåòð. Ðàçðåøåíèå ñïåêòðîãðàôà âî 2-ì ïîðÿäêå ñîñòàâëÿåò 0.04Å /ìì.

Äèàìåòð èçîáðàæåíèÿ â ôîêàëüíîé ïëîñêîñòè ñîñòàâëÿåò 125 ìì. Ýêâèâàëåíòíîå

ôîêóñíîå ðàññòîÿíèå â ôîêóñå Êóäå ñîñòàâëÿåò 13 ì. Ñïåêòðîãðàô èìååò

êðóãëóþ, êîíöåíòðè÷åñêóþ ñ ñîëíå÷íûì ëèìáîì ùåëü äèàìåòðîì, íåìíîãî

ïðåâûøàþùèì äèàìåòð ëèìáà è ðàçìåðîì ïðèìåðíî äî 60o äóãè ëèìáà

Ñîëíöà, â òî âðåìÿ êàê ðàáî÷àÿ îáëàñòü â CCD U9000 ïîêðûâàåò ëèøü 20o
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äóãè ëèìáà. Óãëîâîé ìàñøòàá ñïåêòðîâ â ôîêàëüíîé ïëîñêîñòè ñïåêòðîãðàôà

ðàâåí 16 óãë./ñ íà ìì. Âî âðåìÿ íàáëþäåíèÿ ïåðåä ñâåòîïðèåìíèêîì ðàçìå-

ùàåòñÿ ñïåöèàëüíûé êîìáèíèðîâàííûé ôèëüòð, ñîñòàâëåííûé èç íåñêîëüêèõ

ñâåòîôèëüòðîâ, èçãîòîâëåííûõ 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 ñïåêò-

ðàëüíûå 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 ïðåäñòàâëåíû äâå òèïè÷íûå D
3
-ñïåêòðîãðàììû ñïèêóë è ïðîòó-

áåðàíöåâ, ïîëó÷åííûå 07.2023. Âðåìåííîé èíòåðâàë ìåæäó ïåðâîé  è âòîðîé

ñïåêòðîãðàììàìè ñîñòàâëÿåò ïðèìåðíî 16 ìèí (2023ã., 05:41:30 UT, 2023ã.,

05:57:20 UT). Âðåìÿ ýêñïîçèöèè ñîñòàâëÿåò ïðèìåðíî 0.3 ñ. Ïðîäîëæèòåëüíîñòü

íàáëþäåíèé 20 ìèí. Íàáëþäåíèÿ ïðîâîäèëèñü íà âûñîòå 8000 êì íàä êðàåì

Ñîëíöà. Îêîëî 30% êàäðîâ áûëè èñêëþ÷åíû èç îáðàáîòêè äàííûõ èç-çà

íèçêîãî êà÷åñòâà èçîáðàæåíèÿ. Òàêèì îáðàçîì, ñðåäíèé èíòåðâàë ìåæäó

Ðèñ.1. Òèïè÷íûå D3-ñïåêòðàëüíûå CCD èçîáðàæåíèÿ ñïèêóë è ïðîòóáåðàíöåâ, ïîëó-

÷åííûå 07.2023. Èçîáðàæåíèÿ öåíòðèðîâàíû íà ñîëíå÷íîì ýêâàòîðå è îõâàòûâàþò ïðèìåðíî
±10

o
 ñîëíå÷íîé øèðîòû â âåðòèêàëüíîì íàïðàâëåíèè èçîáðàæåíèé. Ñïåêòðàëüíàÿ äèñïåðñèÿ

ñ ìàñøòàáîì îêîëî 0.93 Å /ìì (óòî÷íåíèå ìàñøòàáà ïðîèçâîäèòñÿ â ïðîöåññå îáðàáîòêè

êàæäîé ñåðèè ñïåêòðîãðàìì) îðèåíòèðîâàíà âäîëü ãîðèçîíòàëüíîé îñè èçîáðàæåíèÿ. Ñïåêò-
ðàëüíûå D

3
-èçîáðàæåíèÿ ñïèêóë è ïðîòóáåðàíöåâ âèäíû âäîëü ëèìáà Ñîëíöà â âåðòè-

êàëüíîì íàïðàâëåíèè íà âûñîòå 8000 êì îò ôîòîñôåðû Ñîëíöà. Ñàìûå ÿðêèå îáúåêòû,

âèäèìûå íà èçîáðàæåíèÿõ ïðîòóáåðàíöû.
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êàäðàìè äîñòèãàåò ïðèìåðíî 4.5 ñ. Ñåðèÿ íàáëþäåíèé ïðîâîäèëàñü íàìè íà

âîñòî÷íîé ñòîðîíå ëèìáà Ñîëíöà â ïðåäåëàõ ±10o èíòåðâàëà øèðîòû îò

ñîëíå÷íîãî ýêâàòîðà.

Áûëè âûáðàíû ñïèêóëû, êîòîðûå ìîæíî áûëî îäíîçíà÷íî èäåíòèôè-

öèðîâàòü íà êàæäîé ñïåêòðîãðàììå è êîòîðûå áûëè èçîëèðîâàíû îò äðóãèõ

ñïèêóë. Â ðåçóëüòàòå áûëè îòîáðàíû: 1 ïðîòóáåðàíåö è 5 ñïèêóë, âñå îíè

èçîëèðîâàíû îò ñîñåäíèõ ñïèêóë è íàäåæíî èäåíòèôèöèðîâàíû íà êàæäîé

ñïåêòðîãðàììå. Èç îáðàáîòàííûõ íàáëþäàòåëüíûõ ñïåêòðîãðàìì èç-çà íèçêîãî

êà÷åñòâà ìû èñêëþ÷èëè ïî÷òè 30%. Âðåìåííûå ðÿäû ðàñïðåäåëåíû íåðàâ-

íîìåðíî è àâòîðû èñïîëüçîâàëè àëãîðèòì ïåðèîäîãðàììû Ëîìáà [73] äëÿ

èçó÷åíèÿ ïåðèîäè÷åñêèõ èçìåíåíèé äîïëåðîâñêèõ ñêîðîñòåé è ïîëóøèðèí

ëèíèé îòäåëüíûõ ñïèêóë è ïðîòóáåðàíöà.

Àâòîðû èñïîëüçîâàëè îáíîâëåííóþ âåðñèþ îðèãèíàëüíîãî ïðîãðàììíîãî

îáåñïå÷åíèÿ äëÿ îáðàáîòêè àñòðîíîìè÷åñêèõ èçîáðàæåíèé AImaP 3.59, ðàçðà-

áîòàííóþ îäíèì èç àâòîðîâ ñòàòüè Â.Êàõèàíè.

Äëÿ îïðåäåëåíèå äîïëåðîâñêîãî ñìåùåíèÿ è ïîëóøèðèíû ëèíèé ïðèìå-

íÿëàñü ñëåäóþùàÿ ìåòîäèêà:

1. Äëÿ êàæäîé ñåðèè ñïåêòðîâ ïðîâîäèëàñü êàëèáðîâêà ìàñøòàáà íà

èçîáðàæåíèè ñïåêòðîâ (ìàñøòàá ìîæåò íåçíà÷èòåëüíî ìåíÿòüñÿ èç-çà

ïîãðåøíîñòåé ôîêóñèðîâêè äëÿ ðàçíûõ ñåðèé ñïåêòðîâ) ïðè ïîìîùè îïîðíûõ

ëèíèé ñïåêòðà: TiI - 5886.791, MnI - 5889.711, FeI - 5891.88.

2. Îïðåäåëÿëàñü êðèâàÿ êîíòèíóóìà â ðàéîíå èññëåäóåìîé ëèíèè ñïåêòðà

ïîñðåäñòâîì èíòåðïîëÿöèè ïî îáëàñòÿì êîíòèíóóìà ñëåâà è ñïðàâà îò

èññëåäóåìîé ëèíèè ïîëèíîìîì 2 èëè 3 ñòåïåíè, çàòåì ïîëó÷åííàÿ êðèâàÿ

êîíòèíóóìà âû÷èòàëàñü èç èñõîäíîãî ñïåêòðà.

3. Ìåòîäîì ñêîëüçÿùåãî ñðåäíåãî èç 3 èëè 5 ïèêñåëåé (MA3, MA5)

îïðåäåëÿëñÿ ìàêñèìóì èññëåäóåìîé ëèíèè (è ñîîòâåòñòâåííî äëèíà âîëíû)

è åå ïîëóøèðèíà (FWHM). Ìåòîä ñêîëüçÿùåãî ñðåäíåãî èñïîëüçîâàëñÿ èç-

çà íåñèììåòðè÷íîñòè èññëåäóåìûõ ëèíèé, ïîñêîëüêî â ýòîì ñëó÷àå ôèòòèíã

ãàóññèàíîé èëè ïàðàáîëîé íå äàåò óäîâëåòâîðèòåëüíîãî ðåçóëüòàòà.

4. Ïóíêòû 2 è 3 ïîâòîðÿëèñü äëÿ êàæäîãî ñïåêòðà äàííîé ñåðèè, ïîñëå

÷åãî ñòðîèëàñü êðèâàÿ èçìåíåíèé äîïëåðîâñêèõ ñêîðîñòåé è ïîëóøèðèí â

çàâèñèìîñòè îò âðåìåíè è ïðîâîäèëñÿ äàëüíåéøèé àíàëèç ïîëó÷åííûõ

âðåìåííûõ ðÿäîâ.

Äëÿ îöåíêè òî÷íîñòè èçìåðåíèé äîïëåðîâñêîé ñêîðîñòè è FWHM ñïåêò-

ðàëüíîé ëèíèè D
3
 ê ïîëó÷åííûì âðåìåííûì ðÿäàì àâòîðû ïðèìåíèëè ôèëüòð

âåðõíèõ ÷àñòîò FFT ñ ÷àñòîòîé ñðåçà 0.016 Ãö è âû÷èñëèëè ñòàíäàðòíûå

îòêëîíåíèÿ îòôèëüòðîâàííûõ äàííûõ, êîòîðûå ðàâíû ñëåäóþùèì çíà÷åíèÿì:

±0.35 êì/ñ äëÿ äîïëåðîâñêèõ ñêîðîñòåé è ±0.04Å  äëÿ FWHM.
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3. Àíàëèç äàííûõ. Ìîðôîëîãè÷åñêèé àíàëèç àìïëèòóä êîëåáàíèé

äîïëåðîâñêèõ ñêîðîñòåé è FWHM äëÿ ñïåêòðàëüíûõ ëèíèé ñïèêóë è

ïðîòóáåðàíöåâ ÷åòêî ïîêàçûâàåò íàëè÷èå êâàçèïåðèîäè÷åñêèõ èçìåíåíèé âî

âðåìåíè. Íàáëþäàþòñÿ è "ñëó÷àéíûå" èçìåíåíèÿ. Ãðàôèê èçìåíåíèÿ äîïëå-

ðîâñêîé ñêîðîñòè (÷åðíûå ëèíèè) è FWHM (÷åðíûå ïóíêòèðíûå ëèíèè) âî

âðåìåíè äëÿ ñïèêóë ïîêàçàí íà ðèñ.2 (ïåðâîå èçîáðàæåíèå íåôèëüòðîâàííîå),

à äëÿ ïðîòóáåðàíöà - íà ðèñ.3 (ïåðâîå èçîáðàæåíèå áåç ôèëüòðà). Â ðåçóëüòàòå

íàáëþäåíèé áûëî ïîëó÷åíî 300 ñïåêòðîãðàìì. Èç ñïåêòðîãðàìì áûëè âûáðàíû

è èçìåðåíû 5 ñïèêóë (ñïèêóëàì óñëîâíî äàíû íîìåðà 1-5) è îäèí ïðîòóáåðàíåö

(ð). Äîïëåðîâñêèå ñêîðîñòè â ïðîòóáåðàíöå èçìåðÿëèñü â åãî öåíòðå è

ñèììåòðè÷íî îòíîñèòåëüíî öåíòðà â äâóõ ìåñòàõ/ñëîÿõ ñ êàæäîé ñòîðîíû.

Ðàññòîÿíèå îò öåíòðà ïðîòóáåðàíöà äî ïåðâîãî ñëîÿ ñîñòàâëÿåò ïðèìåðíî 400

êì. Ðàññòîÿíèå îò ïåðâîãî ñëîÿ äî âòîðîãî îäèíàêîâîå - 400 êì (ðàññòîÿíèå

îò öåíòðà äî âòîðîãî ñëîÿ ðàâíî 800 êì).

Â äàííîé ðàáîòå äëÿ ñïåêòðàëüíûõ ëèíèé áûë èñïîëüçîâàí ìåòîä ïîñòðîåíèÿ

ïåðèîäîãðàììû Ëîìáà-Ñêàðãëà (Lomb-Scargle Periodogram [73]), êîòîðûé

óäîáåí äëÿ ïîèñêà ñèíóñîèäàëüíûõ ñèãíàëîâ, òàê êàê äàííûé ìåòîä èñïîëüçóåò

Ôóðüå-ðàçëîæåíèÿ â âèäå ñèíóñîèä. Ýòîò ìåòîä íàõîäèò øèðîêîå ïðèìåíåíèå

â àñòðîôèçèêå, íàïðèìåð äëÿ îïðåäåëåíèÿ ïåðèîäîâ â êðèâûõ äîïëåðîâñêèõ

ñêîðîñòåé. Áîëåå òîãî, äàííûé ìåòîä ïðèìåíÿåòñÿ äëÿ íåðàâíîìåðíî ðàñïðå-

äåëåííûõ äàííûõ ïî âðåìåíè (íåðàâíîìåðíî ñýìïëèðîâàííûå, íåðåãóëÿðíûå

â ïðîìåæóòêàõ âðåìåíè).

×àñòîòû êîëåáàíèé äîïëåðîâñêèõ ñêîðîñòåé äëÿ ñïèêóë (¹ 3), ïîëó÷åííûå

ìåòîäîì ïåðèîäîãðàììû Ëîìáà [73], ïðèâåäåíû íà ðèñ.4. Òàì æå ïðèâåäåíû

óðîâíè äîâåðèÿ â 99% (âåðõíÿÿ ãîðèçîíòàëüíàÿ ëèíèÿ) è â 95% (íèæíÿÿ

ëèíèÿ). Çäåñü äàííûå äëÿ äîïëåðîâñêèõ ñêîðîñòåé îáðàáàòûâàëèñü áåç ôèëüò-

ðàöèè. Ïðîâîäèëèñü èññëåäîâàíèÿ ïåðåìåííîñòè ñïåêòðàëüíûõ ëèíèé ìåòîäîì

àíàëèçà âðåìåííûõ ðÿäîâ.

Çàòåì èñïîëüçîâàëñÿ èçâåñòíûé ìåòîä ôèëüòðàöèè íèæíèõ ÷àñòîò ÁÏÔ

äëÿ ïîâûøåíèÿ òî÷íîñòè àíàëèçà äàííûõ äîïëåðîâñêèõ ñêîðîñòåé â äèàïàçîíå

0.005 - 0.015 Ãö. Îòôèëüòðîâàííûå äàííûå ñíà÷àëà îáðàáàòûâàëèñü ìåòîäîì

ïåðèîäîãðàìì Ëîìáà è ðàññ÷èòûâàëèñü ÷àñòîòû. Ìû âûáðàëè ÷àñòîòû, óðîâåíü

äîâåðèÿ êîòîðûõ ïðåâûøàë 95% (ïî ýòîìó ïðèíöèïó îòáèðàëèñü ñïèêóëû

äëÿ èññëåäîâàíèÿ).

Äëÿ èëëþñòðàöèè íà ðèñ.5 ïðèâåäåíû ãðàôèêè èçìåíåíèé äîïëåðîâñêîé

ñêîðîñòè (÷åðíûå ëèíèè) è FWHM (÷åðíûå ïóíêòèðíûå ëèíèè) äëÿ ñïèêóë

1 è 3, à íà ðèñ.6 ïîêàçàíû èçìåíåíèÿ äîïëåðîâñêîé ñêîðîñòè (÷åðíûå ëèíèè)

è FWHM (÷åðíûå ïóíêòèðíûå ëèíèè) äëÿ ïðîòóáåðàíöà. Êàê îòìå÷àëîñü

ðàíåå [74], è â ýòîì ñëó÷àå äîïëåðîâñêèå ñêîðîñòè ñïèêóë D
3
 êîëåáëþòñÿ

îêîëî íå íóëåâûõ ñêîðîñòåé, ÷òî óêàçûâàåò íà îòíîñèòåëüíî íåïåðèîäè÷åñêèå
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Ðèñ.2. Ãðàôèê èçìåíåíèé äîïëåðîâñêîé ñêîðîñòè è ïîëóøèðèíû (FWHM) âî âðåìåíè
äëÿ ñïèêóë.
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Ðèñ.3. Ãðàôèê èçìåíåíèé äîïëåðîâñêîé ñêîðîñòè è ïîëóøèðèíû (FWHM) ñî âðåìåíåì
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êîëåáàíèÿ ïëàçìû â ñïèêóëàõ. Òàêîé òðåíä äîïëåðîâñêèõ ñêîðîñòåé ìîæåò

áûòü âûçâàí îáùèìè äâèæåíèÿìè õðîìîñôåðíîé ïëàçìû îòíîñèòåëüíî

îòêëîíåííûõ îò ðàäèàëüíîãî íàïðàâëåíèÿ ñïèêóë. Äëÿ ñïèêóë ñðåäíÿÿ

äîïëåðîâñêàÿ ñêîðîñòü êîëåáëåòñÿ â ïðåäåëàõ 16-24 êì/ñ, à ïîëóøèðèíà - â

ïðåäåëàõ 0.6 - 0 9Å .

Êàê âèäíî èç ãðàôèêà, äëÿ îáåèõ ñïèêóë íàáëþäàåòñÿ àñèììåòðèÿ èçìå-

íåíèé äîïëåðîâñêîé ñêîðîñòè è FWHM âî âðåìåíè. Íàøè ðåçóëüòàòû ïîêà-

çûâàþò, ÷òî äîïëåðîâñêàÿ ñêîðîñòü è FWHM ïðåòåðïåâàþò ïåðèîäè÷åñêèå

èçìåíåíèÿ, à íàáëþäàåìûå ïåðèîäû â îñíîâíîì ïðåâûøàþò 2 ìèí (>125 ñ).

Íàèáîëåå ÷àñòî ïåðèîäû ïîïàäàþò â èíòåðâàë îò 125 äî 225 ñ. Äëÿ èçó÷åíèÿ

ôèçè÷åñêîãî ìåõàíèçìà ïåðèîäè÷åñêèõ èçìåíåíèé ìû ïðîàíàëèçèðîâàëè

ôàçîâûå ñîîòíîøåíèÿ ìåæäó äîïëåðîâñêîé ñêîðîñòüþ è êîëåáàíèÿìè FWHM.

Ïî ýòîé ïðè÷èíå ìû îòôèëüòðîâàëè äàííûå FFT ôèëüòðîì íèæíèõ ÷àñòîò

ñ ðàçíûìè ïåðèîäàìè ñðåçà: 60 ñ, 100 ñ è 200 ñ.

Êàê âèäíî èç ðèñ.3, àñèììåòðèÿ èçìåíåíèÿ äîïëåðîâñêîé ñêîðîñòè è

ïîëóøèðèíû FWHM â öåíòðå ïðîòóáåðàíöà âî âðåìåíè ÿâíî íå íàáëþäàåòñÿ,

õîòÿ îíà ìîæåò ñóùåñòâîâàòü. Èçìåðåííûé íàìè ïðîòóáåðàíåö èìååò äâå

"íîãè". Ïåðâàÿ - ýòî "íîãà" (ìàãíèòíàÿ òðóáêà), ïî êîòîðîé ïëàçìà ðàñïðîñò-

ðàíÿåòñÿ îò êîðîíû ê íèæíèì ñëîÿì Ñîëíöà. Âòîðîé "íîãîé" ñòàíåò,

ñîîòâåòñòâåííî, ìàãíèòíàÿ òðóáêà, ïî êîòîðîé ïëàçìà ðàñïðîñòðàíÿåòñÿ â

ïðîòèâîïîëîæíîì íàïðàâëåíèè. Èçâåñòíî, ÷òî äîïëåðîâñêàÿ ñêîðîñòü

âîñõîäÿùåé ïëàçìû âûøå, ÷åì íèñõîäÿùåé [53].

Ðèñ.4. Ïåðèîäîãðàììà Ëîìáà äëÿ äîïëåðîâñêèõ êîëåáàíèé ñêîðîñòè ñïèêóë (¹3).
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Ðèñ.5. Ãðàôèê èçìåíåíèÿ äîïëåðîâñêîé ñêîðîñòè è ïîëóøèðèíû FWHM âî âðåìåíè
äëÿ ñïèêóë 1 è 3.
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Íà ðèñ.7 ãðàôèêè a-b (ïóíêòèðíûå ëèíèè) ñîîòâåòñòâóþò ïåðâîé íîãå

ïðîòóáåðàíöà, ãäå, êàê áûëî ïîêàçàíî, äîïëåðîâñêàÿ ñêîðîñòü íèæå, ÷åì âî

âòîðîé. Çäåñü íàáëþäàåòñÿ àñèììåòðèÿ èçìåíåíèé äîïëåðîâñêîé ñêîðîñòè è

ïîëóøèðèíû ñ ôàçîâûì ñäâèãîì. Íà ãðàôèêå d-f (ïóíêòèðíûå ëèíèè), ãäå

äîïëåðîâñêàÿ ñêîðîñòü îòíîñèòåëüíî âûøå, àñèììåòðèÿ ïî âðåìåíè  áîëåå

çàìåòíà, ÷åì â ïåðâîì ñëó÷àå. Ìîæíî ïðåäïîëîæèòü, ÷òî òàì, ãäå ñêîðîñòü

âûøå, àñèììåòðèÿ èçìåíåíèé äîïëåðîâñêîé ñêîðîñòè è ïîëóøèðèíû íàáëþ-

äàåòñÿ ëó÷øå, ÷åì òàì, ãäå äîïëåðîâñêàÿ ñêîðîñòü íèæå.

Íà ðèñ.7 ãðàôèê a ñîîòâåòñòâóåò ó÷àñòêó íà ðàññòîÿíèè 400 êì îò öåíòðà

ïðîòóáåðàíöà, ãðàôèê b - ó÷àñòêó íà ðàññòîÿíèè 800 êì, ãðàôèê c - öåíòðàëüíîé

÷àñòè ïðîòóáåðàíöà, ãðàôèê d íàõîäèòñÿ â ïðîòèâîïîëîæíîì íàïðàâëåíèè îò

öåíòðà ïðîòóáåðàíöà íà 400 êì îò öåíòðà, ãðàôèê f - â îáëàñòè íà ðàññòîÿíèè

800 êì. Ãðàôèêè d è f ñîîòâåòñòâóþò "íîãå" ïðîòóáåðàíöà, ãäå ïëàçìà ðàñïðîñò-

ðàíÿåòñÿ îò íèæíèõ ñëîåâ ñîëíå÷íîé àòìîñôåðû â ñòîðîíó êîðîíû, à ãðàôèêè

a è b ñîîòâåòñòâóþò "íîãå" ïðîòóáåðàíöà, ãäå ïëàçìà ðàñïðîñòðàíÿåòñÿ îò

êîðîíû ê íèæíèì ñëîÿì.

Íà ðèñ.8 ïðåäñòàâëåíû ãðàôèêè èçìåíåíèé ïîëóøèðèí FWHM äëÿ ñïèêóë

è ïðîòóáåðàíöà âî âðåìåíè. Â èçìåðåííûõ íàìè ñïåêòðîãðàììàõ íàáëþäàåòñÿ

Ðèñ.6. Ãðàôèêè èçìåíåíèé äîïëåðîâñêîé ñêîðîñòè è ïîëóøèðèíû ïî âðåìåíè äëÿ
ïðîòóáåðàíöà (À - ïåðâàÿ íîãà, Â - âòîðàÿ íîãà).
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àñèììåòðèÿ èçìåíåíèé (ìàêñèìóì) äîïëåðîâñêèõ ñêîðîñòåé ñïèêóë è

ïðîòóáåðàíöà âî âðåìåíè ñî ñäâèíóòîé.

Â íàøèõ èçìåðåíèÿõ òî÷íîñòü îïðåäåëåíèÿ äîïëåðîâñêîé ñêîðîñòè äîñòèãàåò

±0.35 êì/ñ, à ïîëóøèðèíû ±0.04Å .

4. Îáñóæäåíèå è âûâîäû. Îäíîé èç àêòóàëüíûõ ïðîáëåì ôèçèêè

Ñîëíöà ÿâëÿåòñÿ èññëåäîâàíèå â ïðîòóáåðàíöàõ ôèçè÷åñêèõ ïðîöåññîâ âåùåñòâà,

ïðåäñòàâëåííîãî â âèäå õîëîäíûõ âîëîêîí, íèòåé, òðóáîê è ïåòåëü. Êîëåáàíèÿ

â ïðîòóáåðàíöàõ è èõ ñâîéñòâà èçó÷àëèñü ìíîãèìè èññëåäîâàòåëÿìè [ 51,75,76,].

Ïîñëå èçìåðåíèé äîïëåðîâñêèõ ñêîðîñòåé áûëè îáíàðóæåíû êîëåáàíèÿ ñ

ïåðèîäàìè îò íåñêîëüêèõ ìèíóò äî íåñêîëüêèõ ÷àñîâ.

×òî êàñàåòñÿ êîëåáàíèé äîïëåðîâñêèõ ñêîðîñòåé è ïîëóøèðèí FWHM â

ïðîòèâîôàçå, ìîæíî ïðåäëîæèòü äâà ðàçíûõ ìåõàíèçìà. Âî-ïåðâûõ, êîëåáàíèÿ

ìîãóò áûòü âûçâàíû ïàðàáîëè÷åñêèìè òðàåêòîðèÿìè, ò.å. ïîñëåäîâàòåëüíûì

äâèæåíèåì îò ñîëíå÷íîãî êðàÿ ââåðõ è âíèç [30]. Âî-âòîðûõ, îíè ìîãóò

âîçíèêíóòü ïðè ïîâûøåííîé òóðáóëåíòíîñòè èç-çà íåñòàáèëüíîñòè ïîòîêà

(íàïðèìåð, íåñòàáèëüíîñòü Êåëüâèíà-Ãåëüìãîëüöà). Åñëè òóðáóëåíòíîñòü

(ñëåäîâàòåëüíî, øèðèíà ëèíèè) íåîäíîðîäíà ïî âûñîòå è ìåíüøå âáëèçè

âåðøèíû, òî øèðèíà ëèíèè áóäåò àíòèêîððåëèðîâàíà ñ äîïëåðîâñêèì ñäâèãîì.

Øèðèíà ëèíèè ìîæåò èìåòü ìàêñèìàëüíîå çíà÷åíèå, êîãäà âîñõîäÿùàÿ

Ðèñ.7. Ãðàôèê èçìåíåíèé äîïëåðîâñêèõ ñêîðîñòåé ñïèêóë è ïðîòóáåðàíöà âî âðåìåíè
(Ñïëîøíàÿ ëèíèÿ - ñïèêóëà, ïóíêòèðíàÿ ëèíèÿ - ïðîòóáåðàíåö).
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ïëàçìà äîñòèãàåò ìàêñèìàëüíîé âûñîòû. Ñïèðàëüíûå äâèæåíèÿ òàêæå ìîãóò

âûçûâàòü àíòèêîððåëÿöèþ ìåæäó äîïëåðîâñêîé ñêîðîñòüþ è FWHM. Êîíå÷íî,

äëÿ èçó÷åíèÿ ýòèõ âîïðîñîâ íåîáõîäèìû äîïîëíèòåëüíûå íàáëþäåíèÿ [29].

Â áóäóùåì áûëî áû õîðîøî îäíîâðåìåííî íàáëþäàòü äâå ðàçíûå (íàïðèìåð,

H  è D
3
) ñïåêòðàëüíûå ëèíèè, êîòîðûå èìåþò ðàçëè÷íóþ òåìïåðàòóðó

âîçáóæäåíèÿ è èçëó÷àþò èç ðàçíûõ îáëàñòåé.

Ñ ïîìîùüþ íàáëþäåíèé ñ âûñîêèì ïðîñòðàíñòâåííûì è âðåìåííûì

ðàçðåøåíèåì èññëåäîâàòåëè [75,77-79] èçó÷èëè ïåðèîäû êîëåáàíèé â òðóáêàõ

- âîëîêíàõ ïðîòóáåðàíöåâ è óñòàíîâèëè, ÷òî ïåðèîäû êîëåáàíèé ëåæàò â

äèàïàçîíå 3-20 ìèí. Ãëàâíûé âîïðîñ â òàêèõ èññëåäîâàíèÿõ çàêëþ÷àåòñÿ â

òîì, âñåãäà ëè òàêèå ïåðèîäè÷åñêèå êîëåáàíèÿ ñâÿçàíû ñ èõ ñòðóêòóðîé èëè

íåò? Ïðîàíàëèçèðîâàâ ÷èñëåííûå èññëåäîâàíèÿ, àâòîð [80] ïðèøåë ê âûâîäó,

÷òî âîëîêíà êîëåáëþòñÿ ãðóïïàìè, à íå èíäèâèäóàëüíî.

Íà îñíîâå àíàëèçà íàøèõ íàáëþäåíèé áûëè ïîëó÷åíû ñëåäóþùèå îñíîâíûå

ðåçóëüòàòû:

Äîïëåðîâñêèå ñêîðîñòè â îñíîâàíèÿõ D
3
-ïðîòóáåðàíöåâ èçìåíÿþòñÿ

ïðèìåðíî â ïðåäåëàõ 17-18 êì/ñ, à â ñïèêóëàõ - â äèàïàçîíå 16-24 êì/ñ.

Â D
3
-ïðîòóáåðàíöàõ íàáëþäàåòñÿ àñèììåòðèÿ èçìåíåíèÿ äîïëåðîâñêèõ

ñêîðîñòåé è ïîëóøèðèí FWHM âî âðåìåíè.

Äëÿ D
3
-ïðîòóáåðàíöåâ ïåðèîä êîëåáàíèé äîïëåðîâñêèõ ñêîðîñòåé èçìåíÿåòñÿ

â ñðåäíåì â òå÷åíèå 3-4 ìèí, à ïåðèîä êîëåáàíèé FWHM - â òå÷åíèå 2-3 ìèí.

Ðèñ.8. Ãðàôèê èçìåíåíèé ïîëóøèðèíû ñïèêóë ¹3 è ïðîòóáåðàíöà âî âðåìåíè.
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Â D
3
-ñïèêóëàõ ïåðèîä êîëåáàíèé äîïëåðîâñêèõ ñêîðîñòåé è ïåðèîä êîëåáàíèé

FWHM èçìåíÿþòñÿ â ñðåäíåì â òå÷åíèå 2-5 ìèí. Èç 5 èññëåäîâàííûõ íàìè

ñïèêóë àñèììåòðèÿ èçìåíåíèÿ âî âðåìåíè íàáëþäàåòñÿ ó 4-õ ñïèêóë.

Â "íîãàõ" ïðîòóáåðàíöà àíòèêîððåëÿöèÿ ìåæäó FWHM è äîïëåðîâñêèìè

ôëóêòóàöèÿìè ñêîðîñòè áîëåå âûðàæåíà â "íîãå", ãäå ñîëíå÷íàÿ ïëàçìà äâèæåòñÿ

èç íèæíèõ ñëîåâ â âåðõíèå. Â ñòàòüå [30] íàìè ïðåäëîæåíû/îïèñàíû äâà

ðàçíûõ ìåõàíèçìà, êîòîðûå ìîãóò âûçûâàòü íàáëþäàåìûå ïðîòèâîôàçíûå

êîëåáàíèÿ äîïëåðîâñêèõ ñêîðîñòåé è øèðèíû ëèíèé â ñïèêóëàõ.

Ðàáîòà ïîääåðæàíà ãðàíòîì Íàöèîíàëüíîãî Íàó÷íîãî Ôîíäà èì. Øîòà

Ðóñòàâåëè FR-22-8920. Ìû òàêæå áëàãîäàðèì ðåöåíçåíòà çà âåñüìà ïîëåçíóþ

äèñêóññèþ è ïðåäëîæåíèÿ.
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STUDY OF CHANGES IN DOPPLER VELOCITIES
AND HALF-WIDTHS IN SOLAR SPICULES

AND PROMINENCES

M.SIKHARULIDZE2, D.KHUTSISHVILI2. E.KHUTSISHVILI1,
V.KAKHIANI1, T.TSINAMDZGVRISHVILI3

The aim of this research is to study the non-stationary physical processes

occurring in solar spicules and prominences, and to explore the relationship

between them. By studying spicules and prominences and comparing the results,

this research aims to provide novel insights into the physical processes involved.

In this regard, spectrograms in the helium D
3
 line at the altitude (8000 km) were

obtained in the Abastumani astrophysical observatory using a coronagraph, without

the need for a solar eclipse. Spectrograms in the D
3
 line were acquired in the

second row of the spectrograph, where the inverse dispersion is 0.96Å /mm. The

standard errors for the Doppler velocities and the full width at half maximum

(FWHM) are ±0.35 km/s and 0.04Å , respectively. The lifetimes of nearly all

measured spicules were 20 min, indicating that they resemble type I spicules. The

Doppler and half-width changes over time was analyzed using the Lomb periodogram
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algorithm for non-uniform distributions. The main results of this study are as

follows: The Doppler velocities in the legs of the prominences vary approximately

between 17-18 km/s, while in the spicules, they range from 16-24 km/s. An

asymmetry in the changes of Doppler velocities and half-widths over time is

observed in the prominences. Four out of five analyzed spicules show asymmetrical

changes over time. In prominences, the oscillation period of Doppler velocities

in the D
3
 line averages between 3-4 min, while the oscillation period of half-widths

averages between 2-3 min. In D
3
 spicules, the oscillation period of Doppler

velocities averages between 2-5 min, and the oscillation period of half-widths is

also between 2-5 min. In the "legs" of the prominence, the anticorrelation between

FWHM and Doppler velocity fluctuations is more pronounced in the leg where

solar plasma moves from the lower to the upper layers. The observed anti-phase

oscillation with longer periods can be explained by the up and down motions of

turbulent plasma in type I spicules, while oscillations with shorter periods may

be caused by the helical motion of the spicule axis formed by the superposition

of two linearly polarized magnetohydrodynamic kink waves.

Keywords: spicules: prominence: spectral lines
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In the context of f (R, T ) modified gravity theory, we investigate a cosmological model with
homogeneous and anisotropic properties, specifically the Locally Rotationally Symmetric (LRS)
Bianchi type-I model. By considering Einstein's field equations in f (R, T ) gravity, we solve them
with the choice f (R, T ) = R + 2f (T ), where R represents the Ricci scalar and T denotes the trace
of the stress-energy momentum tensor T

ij
. In this case, we set TTf )( , with   being an

arbitrary constant. It is worth noting that the cosmic jerk parameter j is directly proportional to
the negative value of the deceleration parameter q, namely qj  . We analyze the physical and
geometrical properties of the models, and also employ the statefinder diagnostic pair to gain insight
into the geometrical nature of the model. We also investigate the validity of the generalized second
law of thermodynamics (GSLT) on the apparent and event horizons. Our findings reveal that GSLT
holds on both the horizons.

Keywords:  TRf  , : Bianchi type-I: Jerk parameter: generalised second law of

       thermodynamics: deceleration parameter: statefinder parameter

1. Introduction. The discovery of the accelerating expansion of the Universe

has been a significant advancement in modern cosmology [1-8]. This phenomenon

is attributed to dark energy (DE), an exotic form of energy with negative pressure,

which currently constitutes approximately 70% of the total energy content of the

cosmos [9-11]. The cosmological constant  , characterized by the equation of

state (EOS)  p  where p represents the pressure and   is the energy density

of DE with 1 , is considered the most appealing and simplest candidate for

DE. However, the cosmological constant faces challenges such as the fine-tuning

problem and cosmic coincidence problem [12,13]. To address these issues, various

dynamical scalar fields have been proposed as alternatives to DE, including

quintessence [9-11,14-16], k-essence [17,18], phantom [19] and quintom fields

[20,21].

On the other hand, modified gravity theory is the prominent gravity theory

which can explain the present acceleration of the universe without any dark energy.

It may also provide the explanation of dark matter. It may resolve the coincidence

problem simply by the fact of the universe expansion, describe the transition from
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deceleration to acceleration of the universe and also useful for high-energy physics

problems (i.e., unifications of all interactions, hierarchy problem resolution). Even

if the current universe is entering the phantom phase, modified gravity effectively

describes the transition from the non-phantom to phantom era without the need

to introduce exotic matter (phantom) with extremely strange properties [22].

The modified gravity description of our universe cosmological evolution is one

physically appealing theoretical framework, which can potentially explain the

various evolution era's of the universe, for the simple reason that it can provide

a unified and theoretically consistent description. In addition, modified gravity

provides an alternative view of classical particle physics problems, like the

baryogenesis issue. Particularly, it is possible to generate non-zero baryon to

entropy ratio in the universe by using the gravitational baryogenesis mechanism

[23]. Then, in the context of modified gravity it is possible to generalize the

gravitational baryogenesis mechanism, and various proposals towards this issue have

appeared in the literature [24].

The  TRf  ,  gravity theory, proposed by Harko et al. [25], is an intriguing

and promising version of modified gravity. It introduces a gravitational Lagrangian

that is an arbitrary function of the Ricci scalar R and the trace of the stress-

energy tensor T. In their work, Harko et al. derived the gravitational field equations

in the metric formalism and the equation of motion for test particles, which arises

from the covariant divergence of the stress-energy tensor. These  TRf  ,  gravity

models offer an explanation for the cosmic accelerated expansion observed in the

late Universe.

Several researchers have since investigated cosmological models in  TRf  ,

gravity within different Bianchi-type space-times. Specifically, Chaubey and Shukla

[26], Adhav [27], Samanta [28], and Reddy et al. [29-31] have studied such

models. Tiwari et al. [32] found an exact solution for the field equations of

 TRf  ,  gravity in the LRS Bianchi type-I model, assuming a linear relationship

between the deceleration parameter and the Hubble parameter. Sofuog

l u [33]

reconstructed the  TRf  ,  model, allowing for the Gödel Universe. Tiwari et al.

[34] investigated the time dependence of the gravitational and cosmological

constants by considering a Bianchi type-I universe in  TRf  ,  gravity. Tiwari and

Beesham [35] examined the LRS Bianchi type-I space-time with a decaying

cosmological term in this theory. Tiwari et al. [36] studied the Bianchi type-I

space-time with a constant jerk parameter j = 1 in  TRf  ,  gravity. Chaubey and

Shukla [37] explored the exact solutions for anisotropic Bianchi cosmological

models in  TRf  ,  gravity with a time-dependent cosmological constant  t .

Singh and Bishi [38] discussed the presence of a cosmological constant   and

a quadratic EOS in Bianchi type-I Universe within  TRf  ,  gravity. Bharali and
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Das [39] investigated the Bianchi type VI
0
 space-time with modified Renyi

holographic dark energy (MRHDE) in  TRf  ,  gravity. Kumrah et al. [40]

explored a homogeneous and isotropic cosmological model within the framework

of  TRf  ,  gravity, where the gravitational and cosmological constants are gen-

eralized as coupling scalars. Mishra et al. [41] presented a Bianchi type-I metric

with an anisotropic variable parameter in  TRf  ,  gravity. Nagpal et al. [42] have

studied flat FLRW Universe in   TRRTRf  2 , 2  gravity with   being an

arbitrary constant.

In recent years, Bianchi Universes have gained significance in observational

cosmology due to the findings from the WMAP data [43-45]. These data suggest

the need for an extension to the standard cosmological model, incorporating a

positive cosmological constant that exhibits similarities with the Bianchi morphol-

ogy [46-51]. Various studies have explored the implications of varying vacuum

energy density in this context [52-62].

Interestingly, contrary to generic inflationary models [63-69], the WMAP data

suggest that the Universe should possess a slightly anisotropic spatial geometry even

after the inflationary phase. This indicates a non-trivial isotropization history of the

Universe influenced by the presence of an anisotropic energy source. To account

for the observed homogeneity and flatness of the Universe, it is commonly assumed

that the Universe underwent a period of exponential expansion [63,65-67]. The

majority of discussions about the expansion of the Universe take place within the

framework of the homogeneous and isotropic Friedman-Robertson-Walker (FRW)

cosmology. This preference is primarily due to the simplicity of the field equations

and the availability of analytical solutions in most cases. However, there is no

compelling physical reason to assume homogeneity prior to the inflationary period.

Although dropping the homogeneity assumption would result in an intractable

problem, relaxing the assumption of isotropy can lead to anisotropy. Several

authors [70-75] have studied specific cases of anisotropic models and found that

the predictions of the FRW model remain largely unaffected even when significant

anisotropies were present before the inflationary period.

Furthermore, gravitational thermodynamics plays a crucial role in determining

the viability of cosmological models. If two cosmological models satisfy the same

observational constraints but one adheres to thermodynamic laws while the other

does not, the later can be ruled out. Therefore, it is essential for any physical

system to comply with thermodynamic laws. In this regard, extensive research has

been done on the apparent and event horizons within various gravity theories [76-

79]. The Generalized Second Law of Thermodynamics (GSLT) has garnered

significant interest in the context of an accelerating Universe. Wang et al.

demonstrated that thermodynamic laws are satisfied on the apparent horizon but

fail to hold on the event horizon [80].
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In [81], the second law of thermodynamics was discussed in the context of

horizon cosmology. They consider various forms of entropy (i.e., Tsallis entropy,

Renyi entropy, Kaniadakis entropy etc.) on the apparent horizon and determine

the appropriate condition for entropic parameters for validation of the second law

of thermodynamics. They found that the second law of thermodynamics is satisfied

during wide range of cosmic eras of the universe particularly, from inflation to

radiation-dominated eras followed by the reheating stage.

Moreover, in another paper [82], authors have discussed various issues that arise

in the relationship of gravity and thermodynamics, where thermodynamic law is given

by WdVdETdS  . Also, they discussed the different problems that lead to some

inconsistency in the Equation of State (EoS) parameter. They modified the thermo-

dynamic law to dVdETdS   on the apparent horizon to get rid of this issue

and found that the modified thermodynamic law is valid for all values of EoS.

However, Chakraborty later showed that by modifying the horizon temperature,

the GSLT can be satisfied on the event horizon [83]. Consequently, numerous

studies have been undertaken to investigate the validity of the GSLT in the context

of the event horizon [84-88]. Moreover, the validity of the GSLT has been

explored in the framework of anisotropic Bianchi-I Universe models. Sharif and

Saleem demonstrated that the GSLT is satisfied on the apparent horizon in the

Bianchi-I model [89]. Their findings reveal that the GSLT consistently holds on

the apparent horizon. In a separate study, Sharif and Khanum investigated the

validity of the GSLT, considering various parameters such as shear, skewness, and

equation of state in an anisotropic dark energy model [90].

This paper focuses on investigating the LRS Bianchi type-I cosmology within

the framework of the modified  TRf  ,  gravity theory. Specifically, we consider

the choice   )(2 , TfRTRf  , where TTf )( ,   is an arbitrary constant.

By utilizing this specific form, we obtain explicit solutions for the field equations,

which are discussed in detail in Section 4. To provide a comprehensive under-

standing, we first introduce the basic formalism of  TRf  ,  gravity in Section 2.

The field equations are then presented in Section 3. Moving forward, Section 5

is devoted to examining the GSLT (Generalized Second Law of Thermodynamics)

on both the apparent and event horizons. Furthermore, we explore the statefinder

diagnostic, the physical acceptability of the solutions, and engage in graphical

discussions of various parameters in Sections 6, 7, and 8 respectively. Finally, the

paper ends with concluding remarks in Section 9.

2. The basic formalism of f(R, T) gravity. The gravitational action of

 TRf  ,  gravity is given by [25]

  .  ,
16

1 44

4   


 xdgLxdgTRf
Gc

S m (1)
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where  TRf  ,  is an arbitrary function of the ricci scalar R and the trace T of

the energy-momentum tensor T  i. e. ( 
 TgT ), and L

m
 corresponds to the

matter Lagrangian density and g is the determinant of metric tensor g .

Using natural units ( Gc  81 ), a variation of action of Eq. (1) w.r. to

metric tensor gives the following field equations of  TRf  ,  gravity

       

    ,  , ,

 , ,
2

1
 ,









TRfTTRfT

TRfggTRfRTRf

TT

RR 

(2)

where   RTRffR   , ,   TTRffT   , , 
  is the D'Alembert op-

erator,   is the covariant derivative, R  is the Ricci tensor, and T  is the

energy-momentum tensor given by

 
, 

2











g

Lg

g
T m

(3)

and   is

. 










g

T
g (4)

Using Eqs. (3) and (4), we obtain

. 22
2











gg

L
gLgT m

m (5)

By contracting Eq. (2), we get

           .  , ,1 ,2 ,3 ,  TRfTTRfTRfTRfRTRf TTRR (6)

where 
  g . If we assume that the matter Lagrangian density L

m
 depends

on the metric tensor components g  and does not depend on its derivatives,

then Eq. (3) reads

. 2







g

L
LgT m

m (7)

If the matter-energy source of the Universe is a perfect fluid, then the

energymomentum tensor can be defined as

  ,   pguupT (8)

where   and p are the energy density and the pressure of the fluid, respectively,

and u  is the four-velocity vector satisfying 1
uu  and 0 

 uu . Now,

for a perfect fluid distribution one can write the matter Lagrangian density as

L
m

 = -p, which on using, Eq. (5) gives

. 2   Tpg (9)

Then the field equations (2) take the form
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       

  .  ,

 , ,
2

1
 ,









pgTTRfT

TRfggTRfRTRf

T

RR 

(10)

We note that Harko et al. [25] have mentioned the following functional forms

of  TRf  ,  function:

   
   
















. )(

)(

)(2

 ,

321

21

TfRfRf

TfRf

TfR

TRf (11)

In this paper, we focus on the first one of these functional forms i.e.   TRf  ,

)(2 TfR  and choose TTf )( , where   is an arbitrary constant. For this

choice of the function, Eq. (10) becomes

    . 221
2

1
  gpTTRgR (12)

A comparison of Eq. (12) with the following Einstein's field equations

, 
2

1
  gTRgR (13)

yields    �� pTT 2 . Thus, one can write the field equations of  TRf  ,

gravity with varying cosmological constant   as

  . 21
2

1
  gTRgR (14)

3. Line element and field equations. The spatially homogeneous and

anisotropic LRS Bianchi type-I Universe model is described by the line element

 , 2222222 dzdyBdxAdtds  (15)

where A and B are time-dependent metric potentials. For the model defined by

the line element (15), the field equations (14) in  TRf  ,  gravity give the following

system of equations

  , 712
2

2

p
B

B

B

B



(16)

  , 71 p
AB

BA

B

B

A

A



(17)

  , 5312
2

2

p
B

B

AB

BA



(18)

where the dot (.) represent time derivative. Using the expression of the trace of

the energy-momentum tensors pT 3 , yields  p5 .

The spatial volume V, mean scale factor a and the mean Hubble parameter
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H for the Bianchi type-I Universe are given by

, 2ABV  (19)

  , 31312 VABa  (20)

 , 
3

1
zyx HHHH  (21)

where xH , yH  and zH  are directional Hubble parameters in the directions of

x; y and z , respectively, which are defined as

. , 
B

B
HH

A

A
H zyx


 (22)

Eqs. (21) and (22) provide us an important relation:

 . 2
3

1
yx HH

a

a
H 


(23)

The expansion rate   and shear scalar   are obtained as follows

, 3;
a

a
u


 

 (24)

. 
2

1
6

2
2

a

k
 

 (25)

where   is the shear tensor and k is a constant which comes from the

anisotropy of the model. For LRS Bianchi type-I model, the average anisotropy

parameter A
p
 and deceleration parameter q are defined as

. 
3

1 3

1

2











 


i

i
p

H

HH
A (26)

. 
2

2

2 








 





H

HH

a

aa
q






(27)

Thus, field equations (16)-(18), can be written in terms of Hubble and deceleration

parameters as

  . 213 22 H (28)

    . 2112 22  pqH (29)

One can express Eq. (28) in the form of

 
, 1

33

21
1

3 222

2










HHH
(30)

where c   is cosmological constant density parameter and  m

is total density parameter. Here 23Hc   is critical density,   is cosmo-

logical constant density, cm   is density parameter of matter and c 
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with  2  may be considered as a correction term to density parameter of

matter which comes from  TRf  , .

From Eqs. (16) and (17), we have

, 
3
1

a

k

B

B

A

A



(31)

, exp
3
1

2 







  dt

a

k
BkA (32)

where k
1
 and k

2
 are constants of integration.

Using Eqs. (20) and (32), we get the scale factors A and B as

, 
3

2
exp

3
132

2 







  dt

a

k
akA (33)

. 
3

exp
3

131
2 








 

 dt
a

k
akB (34)

4. Solution of the field equations. Eqs. (16)-(18) form a system of three

independent equations involving four unknowns: A, B,   and p. To fully solve

this system, we need to make one physically reasonable assumption. Therefore,

we adopt a kinematical condition where the jerk parameter j is directly proportional

to the negative of the deceleration parameter q i.e. qj  . The jerk parameter

represents the dimensionless third derivative of the average scale factor a w.r. to

cosmic time t. This parameterization offers an alternative approach to describe a

model that closely resembles the CDM  model [91].

In the flat CDM  models, the jerk parameter remains constant, specifically

j = 1 [92]. The jerk parameter, its implications, and further details can be found

in the works of Tiwari et al. [36,93], Poplawski [94] and relevant references

therein. For our study, we assume the proportionality qj  , thus incorporating

the relationship between the jerk and deceleration parameters.

, 0
3

 q
aH

a
(35)

where 3aHaj   and   is a constant of proportionality.

Without loss of generality, we take 1  and solving Eq. (35), we get

  , sinh 321 ktkka  (36)

where k
2
 and k

3
 are constants of integration. For the above mean scale factor,

the solutions of metric potentials are given in Eqs. (33) and (34) are

    , 
3

2
expsinh

2
1

32
32

21 











 tF

k
ktkkkA (37)
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    , 
3

1
expsinh

2
1

32
31

21 











  tF

k
ktkkkB (38)

where

    

       . coshcosh
5

3
cosh

3

2
1

sinh

6
3232

2
32

2

3
32

ktkοktkktk

dtktktF



 


(39)

For this model, the directional Hubble parameters xH , yH  and zH  are obtained

as

, 
sinh3

2
coth

32
1

2



k

k
A

A
Hx


(40)

, 
sinh3

1
coth

32
1

2



k

k
B

B
HH zy


(41)

where 32 ktk  . The anisotropy parameter A
p
 is obtained as

. 
sinhcoth27

2
622

2
4
1 


kk

Ap (42)

Anisotropy, in general, affects the dynamics of the universe. The anisotropy

parameter A
p
 gives a measure of the anisotropy of the model and is given by Eq.

(42), which is large early on as 0t  but decreases rapidly [95]. Hence, our

model reaches to isotropy after some finite time which matches with the recent

observations as the universe is isotropic at large scale [96]. For 1 , the universe

has an accelerated expansion throughout the evolution which reseambles with the

result obtained in [97]. Thus as the universe evolves, the anisotropy damps out,

leading to the currently observable universe [98].

Further, the Hubble parameter H, spatial volume V , expansion scalar  , shear

scalar 2  and deceleration parameter q take the following forms

, coth2  kH (43)

, sinh33
1  kV (44)

, coth33 2  kH (45)

, 
sinh66

1

2
2




k

k
(46)

. tanh2q (47)

Using Eqs. (16)-(18), (36), (40) and (41), energy density   and pressure p

are obtained as
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The EOS parameter  p  can be obtained by dividing Eqs. (48) and (49).

For the present model, we obtain, the density parameter 23H  as

, 
coth3 22

2 




k
(50)

where   is given by Eq. (49). Fig.1 shows graphical representation of these results.

In the following we shall discuss the GSLT on the apparent and event horizon

in Bianchi-I model.

5. Generalized second law of thermodynamics. This section is devoted

to study the generalised second law thermodynamics (GSLT). The GSLT is one

of the most prominent principles to check the viability of a cosmological model.

It states that the rate of change of the total entropy of the system must be non-

negative, i.e. derivative (w.r. to cosmic time) sum of horizon entropy and entropy

of the matter within the horizon is always greater than or equal to zero. To

evaluate the rate of change of the entropy of the matter within the horizon, we

Fig.1. (a) H, A
p
, (b) q,  .
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use Gibb's equation and for the horizon entropy, we use the first law of

thermodynamics. In this study, we shall use Hawking and modified Hawking

temperatures for the homogeneous and anisotropic Bianchi type-I Universe bounded

by apparent and event horizon separately. While the apparent horizon forms a

Bekenstein's system in the accelerating Universe, the event horizon does not

exhibit the usual definitions of entropy and temperature as proposed by Bekenstein

[80]. However, it has been demonstrated that the event horizon can be considered

as a Bekenstein's system in the context of an accelerating Universe through

modifications to the Hawking temperature [83]. Now from the first law of

thermodynamics, we get

  , 4 3 dtpHRdEdST XXXX  (51)

where dE
X
 is the energy crossing through the horizon in time dt (here X = A

denote the apparent and X = E denote event horizon). Also, T
X
 and R

X
 denote

the temperature and radius of the horizon respectively. From the above equation,

we get the rate of change of horizon entropy as

 . 4 3

p
T

HR

dt

dS

X

XX 


 (52)

The Gibb's equation is given by [80,99]

, pdVdEdST mmX  (53)

where VEm   is the energy flow across the horizon containing matter and
334 XRV   is the volume with R

X
 is the horizon (apparent or event) radius. Also,

we assume that the temperature of the matter is the same as the temperature of

the horizon (i.e., T
m

 = T
X
) by the local equilibrium hypothesis as the temperature

difference is very small between matter fluid and the horizon at cosmological scales

[99-102]. So, the rate of change of the matter entropy inside horizon dtdSm

is given by

  . 
4 2












 X

X

X

Xm HR
dt

dR
p

T

R

dt

dS
(54)

Now, adding Eqs. (52) and (54), we get the total rate of change of entropy

dtdSTX  at the horizon as

  . 
4 2

dt

dR
p

T

R

dt

dS

dt

dS

dt

dS X

X

XmXTX 


 (55)

For validity of GSLT, we must have the condition 0dtdSTX . Assuming, a

positive temperature, we see that GSLT will be valid as long as   0 p  and

0dtdRX  (or   0 p  and 0dtdRX ). In what follows, we shall discuss

the validity of GSLT for the homogeneous and anisotropic Bianchi type-I

Universe bounded by apparent and event horizon respectively in the following
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subsections:

5.1. Apparent horizon. For the homogeneous and anisotropic Bianchi

type-I Universe, the radius of the apparent horizon is inverse of the Hubble

parameter and given by

H
RA

1
 (56)

and  the rate of change of the apparent horizon is given by

. 1
1

2
q

Hdt

dH

dt

dRA  (57)

The Hawking temperature associated with the apparent horizon is [103]

. 
22

1







H

R
T

A
A (58)

Now, the rate of change of horizon entropy dtdSA  and matter entropy

dtdSm  are given by Eqs. (52) and (54) as,

  , 
4

3

2

p
Hdt

dSA 


 (59)

  . 
4

3

2












 A

Am HR
dt

dR
p

Hdt

dS
(60)

Fig.2. The rate of change of the total entropy at the apparent horizon dS
TA 

/dt is plotted against
time (t) with k

2
 = 0.2, k

3
 = 0.3 and -0.1 .
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Therefore, the rate of change of total entropy at the apparent horizon from

Eq. (55) is given by

  . 
4

3

2

dt

dR
p

Hdt

dS ATA 


 (61)

Now using Eqs. (28), (29) and (57), the above Eq. (61) becomes

    
 

. 
21

118
3

2222






H

qqH

dt

dSTA
(62)

Eq. (62) represents the rate of change of total entropy on the apparent horizon.

The validity of the GSLT on the apparent horizon requires that 0dtdSTA . Due

to the complexity of the expression, we examine the validity of GSLT through

a graphical approach. Fig.2 illustrates the plot of the rate of change of total entropy

dtdSTA  against cosmic time t. It is evident from the graph that GSLT is

consistently satisfied on the apparent horizon.

5.2. Event horizon. The radius of event horizon R
E
 is given by

 
 

. 







t

E
ta

td
taR (63)

From Eq. (63) we get,

. 1 E
E HR

dt

dR
(64)

In this case, the thermodynamical system bounded by the event horizon may not

be a Bekenstein system [80], so we consider modified Hawking temperature instead

of Hawking temperature. The modified Hawking temperature on the event horizon

is defined as [83]

. 
2

2


 E

E

RH
T (65)

Now, the rate of change of horizon entropy ES  and matter entropy mS
  are

respectively given by the Eqs. (52) and (54) as,

  , 
8 22

p
H

R

dt

dS EE 


 (66)

  . 
8

2

2












 E

EEm HR
dt

dR
p

H

R

dt

dS
(67)

Therefore, the rate of change of total entropy at the event horizon from Eq.

(55) is given by

  . 
118

2

22














EA

ETE

RR
p

H

R

dt

dS
(68)
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From the above Eq. (68) we see that GSLT is satisfied as long as   0 p

under the realistic assumption that the radius of event horizon is greater than the

radius of apparent horizon [83]. Using Eqs. (28), (29) and (64), the above Eq.

(68) becomes

  
 

. 
11

21

116
2

2222
















EA

ETE

RRH

qHR

dt

dS
(69)

In order to ensure the validity of GSLT at the event horizon, it is necessary

to have 0dtdSTE . However, the expression of GSLT at the event horizon is

quite complex. Therefore, we discuss it graphically. We have created a graphical

representation that illustrates the plot of the rate of change of total entropy

dtdSTE  versus cosmic time t, as depicted in Fig.3. Upon observing the figure,

it becomes evident that GSLT is consistently satisfied.

6. Statefinder diagnostic. Sahni et al. [104] introduced a statefinder

diagnostic approach, which utilizes the third derivative of the average scale factor

w.r. to cosmic time t, to define a geometrical statefinder pair {r, s}. This diagnostic

tool serves as a useful test for distinguishing between different dark energy models.

Moreover, the statefinder diagnostic pair also characterizes the CDM  model,

where the cosmological constant   plays the role of dark energy.

The CDM  model is considered the fundamental model in the study of the

Fig.3. The rate of change of the total entropy at the event horizon dS
TE 

/dt is plotted against

time t with k
2
 = 0.2, k

3
 = 0.3 and -0.1 .
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evolution of the accelerating Universe, and it is characterized by the fixed point

{r, s} = {1, 0}.

The state finder diagnostic pair is mathematically defined as follows:

, 
3

1
32 H

H

H

H
r


 (70)

 
. 

213

1






q

r
s (71)

Now, we apply the statefinder diagnostic approach to our model for testing

its behavior in accordance with CDM  model (Fig.4). For our model, the

expression of parameters {r, s} are obtained as follows

, sech1 2r (72)

 
. 

tanh213

sech2

2

2




s (73)

7. Physical acceptability of the solutions. For the stability of corre-

sponding solutions, we should check that our model is physically acceptable.

• Sound speed: It is required that the velocity of sound sv  should be less

than the velocity of light c. The positive value of sv  implies that the model is

stable whereas the negative value implies that the model is unstable.

The sound speed sv  for our model is obtained as

 
 

, 
tm

tl

d

dp
s 


v

Fig.4. (a) p,  . (b) r.
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where
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Fig.5b depicts the plot of sound speed with cosmic time. We observe that

1sv  throughout the evolution of the Universe.

• Energy conditions (EC): The weak energy conditions (WEC) and dominant

energy conditions (DEC) are given by (i) 0 , (ii) 0 p  and (iii) 0 p .

The strong energy conditions (SEC) are given by 03  p  [105-108]. Various

 Fig.5. (a) s. (b) 
s
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authors [109-112] have studied energy conditions in different theories of gravities.

The lefthand side of energy conditions have been graphed in Fig.4a and Fig.5c.

From these figures, we observe that WEC and DEC for the derived model are

satisfied whereas SEC is violated.

8. Graphical discussions. In all the graphs, t denotes cosmic evolution

time, generally measured in Giga years (1 Gyr = 109) years along the x axis. Along

the y axis, all physical quantities like anisotropy parameter A
p
, EOS parameter

 , energy conditions etc. are measured in geometrized units, where the speed

of light c = 1 and the gravitational constant G = 1. The numerical values used in

the graphs are 10. , k
1

 = 0.5, k
2

 = 0.2 and k
3

 = 0.3.

9. Conclusions. In this study, we have investigated the properties of a

spatially homogeneous and anisotropic LRS Bianchi type-I model within the frame-

work of  TRf  ,  gravity. Specifically, we consider the choice   )(2 , TfRTRf  ,

where TTf )(  and   is an arbitrary constant. To fully solve the field equations,

we adopt the condition 03  qaHa , where the jerk parameter j is directly

proportional to the negative of the deceleration parameter q. As the cosmic time

evolves, both the Hubble parameter H and the anisotropy parameter A
p
 decreases

and eventually approaches to zero at the later stage of the Universe. This implies

that the Universe exhibits anisotropy in its early stage and tends towards isotropy

at later times. The deceleration parameter 1q , indicates that the model is

experiencing cosmic acceleration. At the early stage of the Universe, the EOS

parameter 1 , suggests a behavior similar to phantom dark energy. However,

as the Universe evolves, it approaches the phantom-divide line 1 . Verma et

al. [113] have arrived at a conclusion that EOS greater than -1 which is in line

with the recent findings from DESI colloboration. The satefinder parameters

1r , 0s , respectively, as cosmic time progresses, indicating that our model

corresponds to the CDM  model at the later epoch. Further, we check the

validity of this model by examining the GSLT on both the apparent and event

horizons. For this, we consider the Hawking temperature for the apparent horizon

and the modified Hawking temperature for the event horizon. It is crucial for a

viable model to satisfy both observational constraints and thermodynamic prin-

ciples. Our investigation reveals that the GSLT is consistently fulfilled on both

horizons. Therefore, based on thermodynamic considerations, it can be concluded

that the given cosmological model is viable.

Throughout the evolution of the Universe, the sound speed sv  remains

positive, indicating the stability of our model. For our model, WEC is satisfied

whereas DEC and SEC are violated. Thus, the derived solutions represent

accelerating Universe models that are consistent with the current observations of

SNe Ia and CMB.
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ÊÎÑÌÎËÎÃÈ×ÅÑÊÀß ÌÎÄÅËÜ ÑÎ ÂÒÎÐÛÌ
ÇÀÊÎÍÎÌ ÒÅÐÌÎÄÈÍÀÌÈÊÈ Â ÃÐÀÂÈÒÀÖÈÈ f(R, T)

Ð.Ê.ÒÈÂÀÐÈ1, Ä.ÁÕÀÐÀËÈ2, Á.×ÅÒÐÈ3, À.ÁÈØÀÌ4

 Â ðàìêàõ ìîäèôèöèðîâàííîé òåîðèè ãðàâèòàöèè  TRf  ,  èññëåäîâàíà

êîñìîëîãè÷åñêàÿ ìîäåëü ñ îäíîðîäíûìè è àíèçîòðîïíûìè ñâîéñòâàìè, â ÷àñòíîñòè,

ëîêàëüíî âðàùàòåëüíî-ñèììåòðè÷íàÿ (LRS) ìîäåëü Áüÿíêè òèïà I. Ïðåäñòàâëåíû

ðåøåíèÿ óðàâíåíèÿ ïîëÿ Ýéíøòåéíà â ãðàâèòàöèè   TRf  ,  )(2 TfR , ãäå

R ñêàëÿð Ðè÷÷è, à T - ñëåä òåíçîðà ýíåðãèè èìïóëüñà T
ij
. Â ýòîì ñëó÷àå

ïðèíÿòî TTf )( , ãäå   ïðîèçâîëüíàÿ êîíñòàíòà. Íàäî îòìåòèòü, ÷òî

ïàðàìåòð êîñìè÷åñêîãî òîë÷êà j ïðÿìî ïðîïîðöèîíàëåí îòðèöàòåëüíîìó

çíà÷åíèþ ïàðàìåòðà çàìåäëåíèÿ q, à èìåííî qj  . Àíàëèçèðîâàíû ôèçè-

÷åñêèå è ãåîìåòðè÷åñêèå ñâîéñòâà ìîäåëåé, èñïîëüçîâàíû äèàãíîñòè÷åñêèå

äèàãðàììû, ÷òîáû ïîëó÷èòü ïðåäñòàâëåíèå î ãåîìåòðè÷åñêîé ïðèðîäå ìîäåëè.

Ðàññìîòðåí âîïðîñ ïðèìåíèìîñòè îáîáùåííîãî âòîðîãî çàêîíà òåðìîäèíàìèêè

(GSLT) íà âèäèìîì ãîðèçîíòå è ãîðèçîíòå ñîáûòèé. Ïîëó÷åííûå ðåçóëüòàòû

ïîêàçûâàþò, ÷òî GSLT âûïîëíÿåòñÿ íà îáîèõ ãîðèçîíòàõ.

Êëþ÷åâûå ñëîâà:  TRf  , : òèï Áüÿíêè-I: ïàðàìåòð ðûâêà: îáîáùåííûé âòîðîé

    çàêîí òåðìîäèíàìèêè: ïàðàìåòð çàìåäëåíèÿ: ïàðàìåòð

     îïðåäåëåíèÿ ñîñòîÿíèÿ
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LGV ANALYSIS OF HYDROPEROXY RADICAL (HO
2
):

SPECTRAL LINES FOR ITS DETECTION IN A
COSMIC OBJECT
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Knowing rotational and centrifugal distortion constants in conjunction with electric dipole
moment for HO

2
 radical, we have calculated energies for rotational levels (without fine-structure

splitting), and probabilities for radiative transitions between the levels. The radiative transition
probabilities in conjunction with the scaled values for rate coefficients for collisional transitions
between the levels, the Large Velocity Gradient (LVG) analysis for HO

2
 is performed. Two observed

lines, 2
02
-1

01
 and 4

04
-3

03
 of HO2 are found to show MASER action. Seven lines 1

10
-1

11
, 2

1.1
-2

1.2
,

3
1.2

-3
1.3

, 4
1.3

-4
1.4

, 5
1.4

-5
1.5

, 6
1.5

-6
0.6

 and 7
1.6

-7
0.7

 are found to show anomalous absorption and five more
lines, 7

1.6
-7

1.7
, 1

1.0
-1

0.1
, 2

2.1
-3

1.2
, 4

2.3
-3

1.2
 and 4

4.1
-3

3.0
 are found to show MASER action. These 14

lines are analyzed here and they may play key role in the identification of HO
2
 in a cosmic object.

Keywords: ISM: molecules: radiative transitions: collisional transitions: HO
2 
: LVG

     analysis

1. Introduction. The hydroperoxy radical HO
2
 is a short-lived species which

plays important role as a transient intermediate in a large number of chemical

reactions. The HO
2
 radical is found in the boundary layer of coastal Antarctica

[1], upper troposphere [2,3], middle atmosphere [4], North Atlantic free tropo-

sphere [5], upper stratosphere [6]. It is considered a potential tracer of interstellar

molecular oxygen [7]. Widicus Weaver et al. [8] have discussed if 
2HO  is

detectable in interstellar medium. It has important role, for example, in the

chemistry of atmospheric ozone cycle and in the formation of hydrogen peroxide

H
2
O

2
, found in the interstellar medium and on the martian surface, through the

reaction:

. OOHHOHO 22222 

The formation of HO
2
 is discussed through the series of reactions:

. COHOCOOH

, COHCOOH, HOHHO

2222

22



 hv

The contributing molecules CO, O
2
 and H

2
O are abundant in the molecular

regions. The HO
2
 is analyzed in laboratories from time to time [9-11]. The

ÒÎÌ 68 ÔÅÂÐÀËÜ, 2025 ÂÛÏÓÑÊ 1
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rotational and centrifugal distortion constants derive by Charo and de Lucia [11] in
rI  representation with A-reduction of Watson Hamiltonian are given in Table 1. The

planar radical HO
2
 has electric dipole moment with components 411.a   Debye

and 541.b   Debye [12]. The HO
2
 is detected towards   Ophiuchi A by Parise

et al. [13] through the fine-structure of two rotational transitions 2
02
-1

01
 and

4
04
-3

03
. In order to find other potential lines of HO

2
, which may help in its

detection, we have gone for the Large Velocity Gradient (LVG) analysis.

Using the rotational and centrifugal distortion constants in conjunction with

electric dipole moment, we have calculated energies for 100 rotational levels

(without fine-structure splitting), and probabilities for radiative transitions between

the levels. The radiative transition probabilities in conjunction with the scaled

values for rate coefficients for collisional transitions between the levels, the LVG

analysis is performed.

In section 2, we have discussed the optimization of HO
2
, in section 3, we

have discussed the molecular symmetries. Section 4 is devoted for the LVG

analysis. Results and discussion is given in section 5, and the conclusion is given

in section 6.

2. Optimization of HO
2
. With the help of GAUSSIAN, we have optimized

the radical HO
2
 where we have employed the method B3LYP and basis sets, aug-

cc-pVDz, aug-cc-pVTz and aug-cc-pVQz, separately. The rotational and centrifugal

distortion constants, obtained from optimization are also given in Table 1. The

coordinates of its constituent atoms obtained from GAUSSIAN using B3LPY/aug-

cc-pVTz are shown in the following table:

Constant Experimental aug-cc-pVDz aug-cc-pVTz aug-cc-pVQz

A 610273.223 594875.9274 620241.5483 623206.4161
B 33517.816 31752.3379 33712.1785 33842.9333
C 31667.654 30143.3921 31974.2712 32099.7703

N 0.11693 0.113154308 0.109667331 0.109728139

NK 3.44552 -0.941687383 3.259860266 3.286684145

K 123.572 141.266600505 96.768558195 97.857592968

N  0.00613 0.007082461 0.005402967 0.005401713

K  2.017 0.798954199 1.655319807 1.668854530
H

NK
 2.29 

.
 10-5

H
KN

1.051 
.
 10-3

H
K

9.69 
.
 10-2

Table 1

ROTATIONAL AND CENTRIFUGAL DISTORTION CONSTANTS IN MHz
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3. Molecular symmetries. The selection rules for the rotational quantum

number J for the non-radiative (collisional) transitions are:

... 3, 2, 1, ,0  J

Let us consider the collisional transitions only for k
a
, k

c
 levels. Each of the

pseudo quantum number, k
a
 and k

c
 can independently assume even (e) and odd

(o) positive integer values, including zero. When the electric dipole moment is along

the a-axis of inertia, the following collisional transitions for k
a
k

c
 are not allowed.

       ooeeeooe  , ,,  , ,  (1)

       .  , ,,  , , eoeeoooe  (2)

These rules divide the rotational levels into the ortho and para species. The

allowed collisional transitions are:

             I Group , , , , , , eoeoooooooeo  (3)

             II Group , , , , , , eeeeoeoeeeoe  (4)

The above can be verified from the papers published for a-type molecules.When

the electric dipole moment is along the b-axis of inertia, the following collisional

transitions for k
a
, k

c
 are not allowed.

       ooeoeeoe  , , , ,  (5)

       eeeooooe  , , , ,  (6)

These rules divide the rotational levels into the ortho and para species. The

allowed collisional transitions are:

             III Group , , , , , , eoeooeoeeooe  (7)

             . IV Group , , , , , , ooooeeeeooee  (8)

The above can be verified from the papers published for b-type molecules.

The electric dipole moment of HO
2
 has components: 411.a   Debye and

541.b   Debye. We have considered both a and b type transitions together. Thus,

the transitions (5) are allowed due to a component of dipole moment, and the

transitions (1) are allowed due to b component of dipole moment. However, still

Atom Coordinates ( Å )

x y z

H -0.869263 -0.886030 0.000000
O 0.055377 -0.609725 0.000000
O 0.055377 0.718382 0.000000

STRUCTURE OF HO
2
 RADICAL
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the transitions (6) as well as the transitions (2) are not allowed. Considered 100

levels given in Table 2, may be classified into 4 groups, I, II, III and IV, as

the following (here, the digits are the Nos. of the levels):

Group I:

1, 2, 3, 4, 7, 12, 15, 18, 21, 24, 25, 26, 27, 29, 31, 32, 33, 34, 37, 38,

39, 41, 42, 44, 45, 46, 49, 50, 51, 58, 59, 60, 67, 68, 69, 73, 74, 78, 81, 82,

87, 88, 89, 94, 95, 96, 97, 98, 99, 100.

Group II:

5, 6, 8, 9, 10, 11, 13, 14, 16, 17, 19, 20, 22, 23, 28, 30, 35, 36, 40, 43,

47, 48, 52, 53, 54, 55, 56, 57, 61, 62, 63, 64, 65, 66, 70, 71, 72, 75, 76, 77,

79, 80, 83, 84, 85, 86, 90, 91, 92, 93.

Group III:

2, 4, 6, 8, 11, 12, 13, 17, 18, 19, 23, 24, 27, 28, 29, 31, 34, 36, 38, 40,

42, 44, 45, 48, 51, 53, 54, 56, 58, 60, 62, 64, 66, 68, 71, 72, 73, 76, 78, 80,

82, 84, 85, 88, 90, 92, 94, 96, 98, 100.

No. Level Energy No. Level Energy No. Level Energy No. Level Energy

1 0
0.0

0.0000 26 3
2.2

89.9894 51 9
2.7

174.7055 76 8
3.6

251.1057
2 1

0.1
2.1728 27 3

2.1
89.9901 52 3

3.1
185.9971 77 8

3.5
251.1058

3 2
0.2

6.5183 28 8
1.8

96.3350 53 3
3.0

185.9971 78 15
0.15

260.1737
4 3

0.3
13.0358 29 9

0.9
97.6987 54 12

1.12
186.1981 79 9

3.7
270.6340

5 1
1.1

21.3938 30 8
1.7

98.5433 55 12
1.11

190.9765 80 9
3.6

270.6342
6 1

1.0
21.4552 31 4

2.3
98.6760 56 4

3.2
194.6795 81 13

2.12
274.4470

7 4
0.4

21.7247 32 4
2.2

98.6782 57 4
3.1

194.6795 82 13
2.11

274.6446
8 2

1.2
25.6775 33 5

2.4
109.5334 58 10

2.9
196.3579 83 15

1.15
275.9893

9 2
1.1

25.8617 34 5
2.3

109.5385 59 10
2.8

196.4297 84 15
1.14

283.3302
10 3

1.3
32.1028 35 9

1.9
115.5975 60 13

0.13
197.4025 85 10

3.8
292.3296

11 3
1.2

32.4711 36 9
1.8

118.3571 61 5
3.3

205.5320 86 10
3.7

292.3300
12 5

0.5
32.5841 37 10

0.10
119.3876 62 5

3.2
205.5320 87 16

0.16
294.7781

13 4
1.4

40.6692 38 6
2.5

122.5610 63 13
1.13

213.9983 88 14
2.13

304.8014
14 4

1.3
41.2831 39 6

2.4
122.5712 64 6

3.4
218.5542 89 14

2.12
305.0646

15 6
0.6

45.6128 40 10
1.10

136.9963 65 6
3.3

218.5542 90 16
1.16

310.1767
16 5

1.5
51.3764 41 7

2.6
137.7582 66 13

1.12
219.5707 91 11

3.9
316.1920

17 5
1.4

52.2970 42 7
2.5

137.7765 67 11
2.10

220.2237 92 11
3.8

316.1926
18 7

0.7
60.8092 43 10

1.9
140.3682 68 11

2.9
220.3275 93 16

1.15
318.4916

19 6
1.6

64.2235 44 11
0.11

143.2364 69 14
0.14

227.7141 94 4
4.1

328.7455
20 6

1.5
65.5123 45 8

2.7
155.1240 70 7

3.5
233.7456 95 4

4.0
328.7455

21 8
0.8

78.1718 46 8
2.6

155.1545 71 7
3.4

233.7457 96 17
0.17

331.5234
22 7

1.7
79.2101 47 11

1.11
160.5303 72 14

1.14
243.9292 97 15

2.14
337.3156

23 7
1.6

80.9280 48 11
1.10

164.5751 73 12
2.11

246.2539 98 15
2.13

337.6593
24 2

2.1
83.4740 49 12

0.12
169.2422 74 12

2.10
246.3990 99 5

4.2
339.5898

25 2
2.0

83.4742 50 9
2.8

174.6576 75 14
1.13

250.3559 100 5
4.1

339.5898

Table 2

ENERGY LEVELS AND THEIR ENERGIES IN cm-1
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Group IV:

1, 3, 5, 7, 9, 10, 14, 15, 16, 20, 21, 22, 25, 26, 30, 32, 33, 35, 37, 39,

41, 43, 46, 47, 49, 50, 52, 55, 57, 59, 61, 63, 65, 67, 69, 70, 74, 75, 77, 79,

81, 83, 86, 87, 89, 91, 93, 95, 97, 99.

The radiative as well as collisional transitions are within each group, separately.

The radiative transitions follow the selection rules whereas the collisional tran-

sitions do not follow any selection rules. However, they are confined within a

group, individually. Thus, a level is not connected to all other 99 levels.

4. LVG analysis. For investigation, suppose, z  lower rotational levels of

a given molecule are considered. These levels are connected through radiative and

non-radiative (collisional) transitions, as the pumping may be collisional as well

as radiative. In the steady state, for these z  levels, a set of statistical equilibrium

equations coupled with the equations of radiative transfer is expressed as (Large

Velocity Gradient LVG analysis)

, ..., 2, ,1, 
11

ziPnPn
z

ij
j

jij

z

ij
j

iji 




 (9)

where n denotes the population density of energy level and the parameter P is

expressed as the following.












. , 

, , 

2

2

 ,

 ,

jiCnIB

jiCnIBA
P

ijHijbgvij

ijHbgvijijijij

ij (10)

Here, understanding is that for the optically allowed transitions, both the A and

B Einstein coefficients are non-zero, whereas for the optically forbidden transi-

tions, the A and B both are zero. To account for the LVG analysis, the Einstein

A and B coefficients are multiplied by the escape probability  . Further, we have

 
, 

1exp

18
2

3

 ,





bg

bgv
kThvc

hv
I (11)

where T
bg
 is background temperature 2.73 K, C is the rate coefficient for collisional

transition and 
2H

n  is density of molecular hydrogen (colliding partner) in the

region. The escape probability   for transition is

 
, 

exp1

v

v
ullu




 (12)

where optical thickness v  is expressed as

 , uullluv nBnBh  (13)

where rmolN v ; N
mol

 is the column density of the molecule in the object

and rv  is the radial velocity-shift in the object.
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4.1. Radiative transitions. The electric dipole moment of HO
2
 has

components 411.a   Debye and 541.b  . Using the electric dipole moment

components, Einstein A-coefficients for both a and b type rotational transitions

are calculated. The Einstein A-coefficient is related to the Einstein B-coefficients,

for a radiative transition between upper and lower levels u and l, respectively,

through the relations:

, and, 
8

3

3

ul
l

u
luulul B

g

g
BB

c

hv
A 


 (14)

where g
u
 and g

l
 denote the statistical weights for the upper and lower levels,

respectively. The 100 rotational levels are connected through 463 radiative tran-

sitions. Before calculating Einstein A-coefficients, we looked for the JPL database.

There we could find information for 399 out of 463 transitions. Therefore, we

have decided for calculations of Einstein A-coefficients

4.2. Collisional transitions. Though the collisional transitions between the

levels of each group do not follow any kind of selection rules, but their

computation is very difficult task [14-16]. Using a scaling law, discussed by

Sharma et al. [17,18] the collisional rate coefficients are calculated.

4.3. Radiative life-time. For a rotational level j, the radiative life-time T
j

is defined as

, 1 
i

jij AT (15)

where A
ji
 denotes the Einstein A-coefficient for radiative transition from the level

j to a lower level i and the summation is taken for all the downward radiative

transitions. The radiative life-time of upper level, in general, is smaller than that

of the lower level. For some transitions, the reverse is the case.

5. Results and discussion. For the assigned values of kinetic temperature

T, molecular hydrogen density 
2H

n , and  , equation (9) is a homogeneous set

of equations, and therefore cannot have unique solution. In order to make the

set of equations inhomogeneous, one of the equations in the set is replaced by

the following equation.

. 
1

total

z

i
i nn 


(16)

The value of n
total

 can be taken as 1, as we deal with the ratio of population

densities of levels. We have solved a set of statistical equilibrium equations coupled

with the equations of radiative transfer through iterative procedure, where the initial

population densities are taken as the thermal population densities corresponding

to the kinetic temperature in the region.
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Fig.1. Variation of excitation temperatures T
ex
 (K) versus molecular hydrogen density 

2H
n  for

kinetic temperatures of 20, 40, 60, 80 and 100 K (written on the top) for seven transitions, 1
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Fig.2. Variation of n
u 
g

l 
/n

l 
g

u
 versus molecular hydrogen density 

2H
n  for kinetic temperatures of

20, 40, 60, 80 and 100 K (written on the top) for seven transitions, 7
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The excitation temperature T
ex
 for a line between an upper level u and a lower

level l is expressed as

 
, 

ln ullu

ul
ex

gngnk

E
T




where ulE  is the energy difference between the two levels. For low density in

a region, the collisional rates are very small as compared to the radiative transition

rates, and the population densities of levels are governed by the radiative tran-

sitions. Therefore, the excitation temperature tends to the CMB temperature of

2.73 K.

Seven lines 1
10
-1

11
, 2

1.1
-2

1.2
, 3

1.2
-3

1.3
, 4

1.3
-4

1.4
, 5

1.4
-5

1.5
, 6

1.5
-6

0.6
 and 7

1.6
-7

0.7
 are

found to show anomalous absorption. Variation of excitation temperatures T
ex
 (K)

versus molecular hydrogen density 
2H

n  for kinetic temperatures of 20, 40, 60,

80 and 100 K for these lines are shown in Fig.1. For first two lines, the graphs

are shown for 40 K only, where the variation is smooth.

For the MASER action, population inversion ( 1ullu gngn ) between the

upper level u and lower level l is required.

. 1
ul

lu

gn

gn

Transition v (MHz) A
ul
 (s-1) E

u
 (cm-1) t

u
 (s) t

l
 (s)

           MASER transitions

7
1.6

-7
1.7

51538.846 5.658E-08 80.928 2.49E+02 1.16E+02
2

0.2
-1

0.1
130362.828 2.051E-05 6.518 4.88E+04 4.68E+05

4
0.4

-3
0.3

260668.262 1.822E-04 21.725 5.49E+03 1.35E+04
1

1.0
-1

0.1
578471.150 2.672E-03 21.455 3.74E+02 4.68E+05

2
2.1

-3
1.2

1530086.220 3.316E-03 83.474 1.24E+01 3.58E+02
4

2.3
-3

1.2
1986146.090 4.508E-02 98.676 1.21E+01 3.58E+02

4
4.1

-3
3.0

4282451.060 8.429E-01 328.745 9.63E-01 2.64E+00

     Anomalous absorption transitions

1
1.0

-1
1.1

1842.045 7.232E-11 21.455 3.74E+02 3.52E+02
2

1.1
-2

1.2
5525.841 6.508E-10 25.862 3.69E+02 3.10E+02

3
1.2

-3
1.3

11050.792 2.602E-09 32.471 3.58E+02 2.62E+02
4

1.3
-4

1.4
18415.991 7.227E-09 41.283 3.39E+02 2.16E+02

5
1.4

-5
1.5

27620.197 1.625E-08 52.297 3.14E+02 1.76E+02
6

1.5
-6

0.6
596985.070 2.890E-03 65.512 2.83E+02 1.57E+03

7
1.6

-7
0.7

603563.850 2.970E-03 80.928 2.49E+02 9.78E+02

Table 3

FREQUENCY v, A - COEFFICIENT A
ul
, ENERGY E

u
 OF UPPER

LEVEL RADIATIVE LIFE-TIME t
u
 OF UPPER LEVEL AND t

l
 OF

LOWER LEVEL FOR TRANSITIONS
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Seven lines 7
16
-7

17
, 2

02
-1

01
, 4

03
-3

03
, 1

10
-1

01
, 2

21
-3

12
, 4

23
-3

12
 and 4

41
-3

30
 are found

to show MASER action. The variation of nu gl/nl gu versus molecular hydrogen

density 
2H

n  for kinetic temperatures of 20, 40, 60, 80 and 100 K for these lines

are shown in Fig.2.

Information about these 14 anomalous absorption and MASER lines are given

in Table 3, where we have given the frequency, Einstein A-coefficient, energy of

upper level of transition, and radiative life-times of upper and lower levels of the

transition.

6. Conclusion. For known rotational and centrifugal distortion constants,

and electric dipole moment for HO
2
 radical, energies of 100 rotational levels are

calculated. As both the a and b components of electric dipole moment are

considered together, the levels are classified in four groups. The radiative and

collisional transitions between the rotational levels are considered in each group,

separately. The LVG analysis is performed, where collisional rate coefficients are

calculated using a scaling law. Seven lines are found to show anomalous absorption

and seven lines are found to shows MASER action. Two observed lines of HO
2

are among the lines showing the MASER action.

Acknowledgments. Thanks are due to the learned reviewer for encouraging

and constructive comments. The author is grateful to Hon'ble Dr. Ashok K.Chauhan,

Founder President, Hon'ble Dr. Atul Chauhan, Chancellor, and Hon'ble Prof. Dr.

Balvinder Shukla, Vice Chancellor, Amity University, Noida for valuable support

and encouragements.

Amity Centre for Astronomy & Astrophysics, Amity Institute of Applied

Sciences, Amity University Uttar Pradesh,

India, e-mail: schandra2@amity.edu

LGV-ÀÍÀËÈÇ ÃÈÄÐÎÏÅÐÎÊÑÈÐÀÄÈÊÀËÀ (HO
2
):

ÑÏÅÊÒÐÀËÜÍÛÅ ËÈÍÈÈ ÄËß ÅÃÎ ÎÁÍÀÐÓÆÅÍÈß Â
ÊÎÑÌÈ×ÅÑÊÈÕ ÎÁÚÅÊÒÀÕ

Ñ.×ÀÍÄÐÀ

Ñ ïîìîùüþ èçâåñòíûõ âðàùàòåëüíûõ è öåíòðîáåæíûõ êîíñòàíò àáåððàöèè,

â ñî÷åòàíèè ñ ýëåêòðè÷åñêèì äèïîëüíûì ìîìåíòîì äëÿ ðàäèêàëà HO
2
, áûëè

âû÷èñëåíû ýíåðãèÿ  âðàùàòåëüíûõ óðîâíåé (áåç ðàñùåïëåíèÿ òîíêîé ñòðóê-

òóðû) è âåðîÿòíîñòè ðàäèàöèîííûõ ïåðåõîäîâ ìåæäó óðîâíÿìè. Äëÿ HO
2
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áûë ïðîâåäåí àíàëèç LVG ñ èñïîëüçîâàíèåì âåðîÿòíîñòåé ðàäèàöèîííûõ

ïåðåõîäîâ â ñî÷åòàíèè ñ ìàñøòàáèðîâàííûìè çíà÷åíèÿìè êîýôôèöèåíòîâ

ñêîðîñòè ñòîëêíîâèòåëüíûõ ïåðåõîäîâ ìåæäó óðîâíÿìè. Ïîêàçàíî, ÷òî äâå

íàáëþäàåìûå ëèíèè, 2
02
-1

01
 è 4

04
-3

03
 HO

2
, ÿâëÿþòñÿ ìàçåðíûìè.  Êðîìå íèõ

îáíàðóæåíî åùå ïÿòü ìàçåðíûõ ëèíèé - 7
1.6

-7
1.7

, 1
1.0

-1
0.1

, 2
2.1

-3
1.2

, 4
2.3

-3
1.2

 è

4
4.1

-3
3.0

. Ñåìü ëèíèé, 1
10
-1

11
, 2

1.1
-2

1.2
, 3

1.2
-3

1.3
, 4

1.3
-4

1.4
, 5

1.4
-5

1.5
, 6

1.5
-6

0.6
 è 7

1.6
-7

0.7
,

ïîêàçûâàþò àíîìàëüíîå ïîãëîùåíèå. Ýòè 14 ëèíèé  ìîãóò èãðàòü êëþ÷åâóþ

ðîëü â èäåíòèôèêàöèè HO
2
 â êîñìè÷åñêèõ îáúåêòàõ.

Êëþ÷åâûå ñëîâà: ISM: ìîëåêóëû: ðàäèàöèîííûå ïåðåõîäû: ñòîëêíîâèòåëüíûå

      ïåðåõîäû: HO
2 
: àíàëèç LVG
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A STUDY ON GEODESICS AND LIFESPAN OF THE
RINDLER-MODIFIED SCHWARZSCHILD BLACK HOLE.

I. TIME-LIKE GEODESICS

T.HUO, C.LIU
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We study the time-like geodesics in the spacetime of the Rindler-modified Schwarzschild
black hole (RMSBH) with a cosmological constant. We find that for massive particles, whether
undergoing radial motion or orbital motion, are unable to escape the black hole. Meanwhile, at
larger orbital radii, the cosmological constant significantly modifies the proper velocity of particles.
Additionally, in the case where 0 , we have presented a special solution: if the particle is located
on a specific circular orbit, its proper velocity will remain unaffected by the Rindler acceleration.
Furthermore, we discuss the stability of circular orbits by employing the Lyapunov exponent, and
draw the dividing line between stable and unstable circular orbits.

Keywords: Rindler-modified Schwarzschild black hole: cosmological constant:

geodesics: circular orbits

1. Introduction. As one of the greatest achievements of classical physics,

the General Theory of Relativity (GR) has been widely tested and proven to be

correct since its proposal. Among them, many gravitational effects near black holes,

such as gravitational redshift [1], perihelion precession [2], light bending [3],

quasi-normal modes [4], and gravitational waves [5] can provide tests for GR. The

recent release of the first image of a black hole by the Event Horizon Telescope

collaboration to the world has further confirming the existence of the most famous

celestial bodies predicted by the theory [6]. As we all know, GR is a theory about

the geometry of space-time, which explains gravity as the curvature of space-time.

Particles will move along geodesics when they are not subjected to any interactions.

One of the best ways to investigate the gravitation of a black hole is by studying

the particle's motion around it. In fact, the two earliest and most famous

verifications of the relativistic effect are the perihelion precession of Mercury and

the deflection of light near the sun. There have been extensive studies on the

calculation of geodesics around black holes [7-18]. In addition, to investigate the

scalar curvature invariants, time-like geodesics or null geodesics are another

important criterion for examining the singularity of spacetime. Recently, there

have been several interesting results regarding the completeness of geodesics and
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spacetime singularities, which one can refer to [19-21].

In fact, our understanding of gravity on a large scale is still not perfect, which

is mainly reflected in the problems of cosmological constant and dark matter [22].

The dark matter puzzle originated from Zwicky's observation of the abnormal

velocity distribution in the Coma Cluster, where the galaxies were moving at such

high speeds that it was difficult for them to remain bound within the cluster.

Zwicky pointed out that this might be due to the existence of some matter that

we cannot see [23,24]. Another puzzling gravitational anomaly is the anomalous

deceleration of the Pioneer spacecraft. Although this deceleration is very slight,

it remains unexplained by our current theories. Another explanation for the above-

mentioned problem of gravitational behavior at large scales is to modify the

existing theories of gravitation. For example, the Modified Newtonian Dynamics

(MOND) [25] and  Rf  theory [26,27] can, to a certain extent, explain the dark

matter problem. In [22], Grumiller proposed an effective model, or the RMSBH

model, to explain the anomalous acceleration of the Pioneer spacecraft. In this

model, besides the attraction provided by the central celestial body, there is also

an additional Rindler term. If the Rindler term is positive, it would also provide

an additional attractive force to nearby celestial bodies. This term is directly

proportional to r, and thus its effect on the geodesics of particles becomes evident

at large distances. Based on this property of the Rindler term, it can explain the

rotation curves of local galaxies, making it a possible candidate theory to solve dark

matter problem [28]. Lin et al. [29] showed that the Rindler acceleration parameter

a in the RMSBH metric plays the role of dark matter. Authors [30-32] further

verify the acceleration parameter by considering the HI Nearby Galaxy Survey, and

the resulting Rindler acceleration parameter was approximately 9103 a cm/s2.

Iorio [33] considered the Rindler acceleration as a perturbation and computed the

effects on the range   and range-rate   between the two bodies in orbital motion.

He derived an upper limit for the additional acceleration a
Rin

 provided by the Rindler

term, which for the Earth is 16107  m/s2. Carlone et al. [34] discussed the classical

tests of general relativity in the presence of Rindler acceleration. In their study, the

perihelion shifts, light bending, and gravitational redshift of the solar system planets

were calculated. The tightest constraint on Rindler acceleration they obtained, with

no caveats, comes from radar echo delay, with the result 3a nm/s2. One can

also refer to [35] for the calculation of light bending in the presence of Rindler

acceleration. Halilsay et al. [36] further discussed the impact of Rindler accel-

eration on the radial and circular motions of test particles, including both massive

and massless particles.

However, in the aforementioned studies on geodesics for the RMSBH, the

influence of the cosmological constant was not taken into account. In such cases,

the RMSBH degenerates into the Grumiller-Mazharimousavi-Halilsoy black hole
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(GMHBH) [37]. The effect of the cosmological constant on geodesics has been

extensively reported, for example, Mohammadi et al. [38] studied the null geodesic

of Schwarzschild black hole in anti-de Sitter spacetime with Gaussian matter

distribution, Hegde et al. [39] investigated the null Geodesics of four-dimensional

Gauss-Bonnet AdS black hole, geodesic motions in AdS Soliton background space-

time can be found in [40]. Additionally, black hole thermodynamics, considering

the cosmological constant as pressure and introducing extended phase space has

significantly expanded the field. Here, we will not delve into the details. For

research on black hole thermodynamics in extended phase space, one can refer

to [41-50].

The organization of this paper is as follows. In Sections 2 and 3, we will

briefly introduce the geometric structure of the RMSBH spacetime and the basic

concepts of geodesics, respectively. In Section 4, we will study the geodesics of

radial motion of particles in the RMSBH spacetime. Sections 5 and 6 will focus

on the geodesics of massive particles in circular orbits. Finally, we summarize and

discuss the results and present future prospects. In our study, we consider a positive

Rindler acceleration (a > 0) and a negative cosmological constant ( 0 ).

2. Space time structure. In this section, we will briefly study the space-

time structure of a RMSBH. To construct the effective model for gravity of a

central object at large scales, Grumiller [22] considered the following four-

dimensional spherically symmetric line element

    , sin 22222  
 ddxdxdxxgds ii

(1)

where the 2-dimensional metric  ixg  and the surface radius  ix  depend only

on the coordinates  rtxi  , . To obtain specific solutions for the metric, it is

necessary to further describe the dynamics of the field g  and  . This is

possible in two dimensions, as both the metric g and the scalar field   are

essentially two-dimensional objects. The process of "spherical reduction" [51]

simplifies the 4-dimensional Einstein-Hilbert action to a specific 2-dimensional

dilaton gravity model [52]. Grumiller constructed the most general 2-dimensional

theory with the field content g and   compatible with the following assumptions

[22]. First of all, he required the theory to be power-counting renormalizable,

assuming that non-renormalizable terms are suppressed. This leads uniquely to the

action [53,54]

      . 22
1 22

2  


 VRfgxdS (2)

Here,   gg det  and R is the Ricci scalar. The gravitational coupling constant

  does not play a role in the discussion. Further, Grumiller et al. assumed that

the functions f and V are analytic with respect to   when   is large, as in
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spherically eliminated GR [52]. The analysis of the motion equations indicates

that, in order to replicate the Newtonian potential -M/r, the coupling function

f multiplied by the Ricci scalar R must be specified as 2f . If considering
2 cf , then the potential energy would transform into crM 1 , and the

experimental constraint on c is 10101 c  [55]. Grumiller [22] conservatively

assumed that 2f  remains unrenormalized in the infrared region, which is

highly consistent with experimental data. Next, in fourdimensional terms, Grumiller

[22] considered a large surface area surrounding a central object. After spherical

reduction, the limit of a large surface area leads to the limit of a large Dilaton

field  . The potential V is assumed to behave as follows

 . 12  Οb
~

a~
~

V (3)

At large  , the dominant term of the potential V is quadratic. If higher-order terms

of   were present, the resulting metric would exhibit curvature singularities at large

 . By rescaling   and   simultaneously, the subleading coefficients in the

asymptotic potential (3) are fixed. Without loss of generality, Grumiller chose

2 bb
~

. By eliminating all asymptotic subleading terms and selecting an appropriate

normalization for the coupling constant 1 , the action (2) simplifies to [22]

    ,2862 2222 aRgxdS (4)

where a and   represent the Rindler acceleration and the cosmological constant,

respectively. By varying the action (4) and solving the Einstein field equations,

one can obtain a spherically symmetric line element as [22,37]

     , sin 22222122   ddrdrrfdtrfds (5)

with

  . 2
2

1 2 arr
r

M
rf  (6)

Here, M represents the mass of the black hole and a is the parameter for Rindler

acceleration with the range 3a  nm/s2.   represents the cosmological constant. It

is clear that the black hole solution mentioned above is an extended version of the

Schwarzschild-de Sitter solution, or an extension of the Schwarzschild Anti-de Sitter

black hole. To examine the singularity of spacetime at the origin of the coordinates,

we will proceed to calculate the Kretschmann scalar, which is given by

  . 24
483248 2

2

2

6

2




 


r

a

r

a

r

M
RRrK (7)

At the origin, we have   


rK
r 0
lim , thus, there exists a singularity at the origin.

Additionally, the Kretschmann scalar of RMSBH is larger than that of SBH with

the same mass. The horizon of the black hole is given by setting   0hrf , where
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r
h
 represents the radius of the horizon. As a result, we can obtain the relationship

between M and r
h
 as

 . 21
2

1 2
hhh rarrM  (8)

From Eq. (8), we can observe that when 0hr ,   221 2
hhh rarr   is an

increasing function of r
h
. Therefore, Eq. (8) will only yield one solution, indicating

that the RMSBH has only one horizon. Since the expression of the horizon radius

r
h
 is too complicated, we will not present it here. In Fig.1, we show the trend

of r
h
 changing with a and  . It can be observed that as the influence of the

acceleration parameter a and the cosmological constant   increases, the horizon

radius r
h
 gradually decreases.

3. Introduction to geodesics. In order to study the geodesic structure of

the spacetime described by (5) and (6), we introduce the following Lagrangian

, 
2

1 
 xxg L (9)

where a dot indicates the derivative with respect to the affine parameter  .

Combining Eq. (6), we can specifically write the Lagrangian of the RMSBH as

 
 

. sin
1

2

1
2

22

2

2

22
































































d

d
r

d

d
r

d

dr

rfd

dt
rfL (10)

Substitute the Lagrangian into the Euler-Lagrange equation

, 0

















  xxd

d LL


(11)

we can obtain the equations of motion. Since the RMSBH metric is spherically

symmetric, the metric is not a function of the coordinate time t and the rotation

Fig.1. (a) r
h
 as a function of a for different values of   with M = 1. Black dot denotes the

event horizon for the SBH. (b) r
h
 as a function of   for different values of a with M = 1.
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angle  , so two conserved quantities can be derived from the Lagrangian, namely

  , 











d

dt
rfE (12)

. sin22













d

d
rL (13)

Here, E and L are two conserved quantities, representing energy and angular

momentum, respectively. Generally speaking, E and L are not the quantities

measured by static observers in curved spacetime, but rather they are the quantities

measured by static observers only at infinity. In addition, we can also obtain an

equation for   through Eq. (10) and Eq. (11)

. 2cossin

2

2

2

2
2




















































d

d

d

dr
r

d

d
r

d

d
r (14)

Without loss of generality, we adopt the following initial conditions

. 0, 
2

0
0 






d

d
(15)

Hence the angular momentum can be simplified as

. 2














d

d
rL (16)

By choosing the Lagrangian 2L  and combining with Eq. (10), we can obtain

 
 

. sin
1

2

22

2

2

22















































 d

d
r

d

d
r

d

dr

rfd

dt
rf (17)

Substituting Eq. (12) and Eq. (16) into Eq (17), we can obtain

, 2

2

effVE
d

dr











(18)

where the effective potential is defined as

  . 
2

2












r

L
rfVeff (19)

Eq. (12), Eq. (16), Eq. (18) and Eq. (19) are the basis for studying geodesics.

4. Radical geodesics. For time-like geodesics, which represent the motion

of massive particles ( 1 ), the effective potential is

. 2
2

1 2 arr
r

M
Veff  (20)
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It should be noted that at infinity, the effective potential becomes infinitely large.

Therefore, for a massive particle undergoing radial motion, it is impossible for

it to escape to infinity. This is a notable difference between RMSBH and SBH,

as shown in Fig.2. Additionally, compared to the influence of the Rendler

acceleration a on the effective potential energy, the cosmological constant term

is proportional to the square of the radius. Therefore, at large distances, the

cosmological constant plays a dominant role in governing the motion of particles.

Now, we introduce a test particle to observe its radial motion in the RMSBH

spacetime. Our test particle is initially located at r = r
i
 and is released from rest,

thus we have

  . 2
2

1 22
ii

i
ieff rar

r

M
rVE  (21)

By substituting 2E  into Eq. (18), we can obtain the equation of motion for the

test particle as

   . 2
11

2 22
2

ii
i

rrrra
rr

M
d

dr






















(22)

Therefore, the proper time for the particle to travel from r
i
 to r is

     



























r

r

ii
i

i

drrrrra
rr

Mr . 2
11

2

21

22
(23)

Furthermore, combining Eq. (12) and Eq. (22), the differential relationship

between r and the coordinate time t can be written as

      . 2 rVE
E

rf

d

dr

E

rf

d

dr

dt

d

dt

dr
eff







 (24)

Integrating the above equation and combining the initial conditions of the test

Fig.2. V
eff
 vs r for some   with M = 1, a = 0.1.
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particle, we obtain the coordinate time for the test particle as

 
 

 
   

. 
1

dr
rVrV

rV

rf
rt

r

r effieff

ieff

i

 
 (25)

As shown in Fig.3a, a test particle is initially stationary at r
i
 = 6, after being

released, will reach the singularity in a finite proper time. Meanwhile, an increase

in the absolute value of cosmological constant will cause the particle to experience

less proper time before hitting the singularity, where the geodesic will also

terminate. In Fig.3b, it can be observed that as the influence of the cosmological

constant increases, an observer at infinity will see the particle approaching the

black hole's event horizon in less time, but the particle will never be able to cross

the event horizon and enter the black hole.

5. Orbital geodesics.

5.1. The behavior of effective potential for massive particles. In this

section, we will study geodesic motion with 0L . Thus, the effective potential is

. 12
2

1
2

2
2






















r

L
arr

r

M
Veff (26)

For convenience, in this section, we will set M = 1. Also, we won't provide too

many calculations in this section, most of the calculations actually come from

the next section. The purpose of this section is to provide a qualitative analysis

of the orbital geodesics of massive particles around a RMSBH from the perspective

of effective potential. Based on the angular momentum of test particles, the orbital

motion can be classified into the following three scenarios:

(1) When L < 4.34, test particles will eventually fall into the black hole, this

this is because 


eff
r

Vlim , therefore, in this case, there is no escape orbit for

Fig.3. (a)   vs r for some with   with M = 1, a = 0.15. (b) The t(r) curve corresponding
to (a).
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the particle, as shown in Fig.4a;

(2) When L = 4.34, the innermost stable circular orbit (ISCO) will appear at

r = r
A
, as shown in Fig.4b. Given that the ISCO is an unstable circular orbit,

particles on it will eventually fall into the black hole due to even slight

perturbations. If the particle is not on the ISCO, it will also eventually fall into

the black hole;

(3) When L > 4.34, if the particle's energy satisfies 2
1

2 EE  , the particle may

be located at r = r
A
 or may be in a stable circular orbit at r = r

B
, as shown in

Fig.4c. Particles located at r = r
A
 will inevitably fall into the black hole. Meanwhile,

particles on the stable circular orbit, upon experiencing a certain perturbation

causing its energy to increase from E
1
 to E

2
, will move in a bound orbit between

perihelion C and aphelion D. If the particle's energy satisfies 2
3

2 EE  , it may

be in an unstable circular orbit at r = r
E 
, and after experiencing a slight

perturbation, the particle may either fall into the black hole or move in a bound

orbit between r
E
 and r

F 
.

Through the above discussion, it can be observed that a notable difference from

the SBH spacetime is that particles moving on orbital orbits in the RMSBH

spacetime do not possess escape orbits. This is due to the significant changes in

the effective potential brought about by the acceleration parameter a and the

Fig.4. (a) to (c) respectively represent

V
eff
 as a function of r at different values of

L with M = 1, a = 0.1, 010. .
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cosmological constant  . Meanwhile, compared to the GMHBH, the cosmological

constant term in the RMSBH significantly increases the effective potential at large

distances. Consequently, the energy required for particles to perform circular

motion at these large distances will also increase.

5.2. Circular orbits. In this section, we mainly focus on circular time-

like orbits. From Eq. (18), we can see that for a particle to maintain a circular

orbit, it requires

. or0 2
effVE

d

dr



(27)

We notice that under such conditions, the radial proper velocity is

, 02
2

1
21

2 

















d

dr
arr

r

M

d

dl
v r
pr (28)

therefore, when a particle moves in a circular orbit, its coordinate distance from

the central celestial body remains constant, and so does its proper distance, both

of which remain unchanged over time. In the calculation of the aforementioned

proper velocity, Eq. (A6) in Appendix A is utilized. Since circular orbits occur

at the extrema of the effective potential, we can determine the conditions for a

particle to be on a circular orbit by

    
. 0

232
4

2222





r

rarMrarrML

dr

dVeff
(29)

Eq. (29) can give the angular momentum that particles on circular orbits need

to satisfy

. 
3 2

542
2

arrM

rarMr
L




 (30)

To ensure that 02 L , the radius of the circular orbit must satisfy

. 03 2  arrM (31)

Thus, we have

, 
1121

6




aM

M
rr b (32)

where r
b
 represents the boundary of the circular orbit radius. Obviously, r

b
 is a

decreasing function of a and is not affected by the cosmological constant. When

0a , Mrb 3 , corresponding to the case of the SBH. Substituting 2L  into

the effective potential (26), we can obtain the effective potential as

  
 

. 
3

212

2

22

arrMr

rarrM
Veff




 (33)
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Considering the conditions for circular orbits, we can further derive

  
 

. 
3

212

2

22
2

arrMr

rarrM
VE eff




 (34)

Using Eq. (30) and Eq. (34), we plotted the relationship between L and E with

r as the parameter, as shown in Fig.5. It can be observed that for particles on

unstable circular orbits, as the radius r increases, both their energy and angular

momentum decrease. The minimum values of energy and angular momentum

correspond to the ISCO. After that, as the radius of the circular orbit increases,

both the energy and angular momentum of particles on stable circular orbits begin

to increase. At the same time, it can be noticed that as the value of a increases,

the curve shifts downwards and to the right, while with the increase in the absolute

value of  , the curve shifts upwards and to the right.

The ISCO refers to the circular orbit with the smallest radius among all stable

circular orbits. In addition to satisfying the conditions of Eq. (29), the radius of

ISCO r
ISCO

 also needs to meet 022 ISCOeff drVd , namely,

    , 0342153126 542322  ISCOISCOISCOISCOISCO rararMaaMrMrM (35)

the solution is

   
 

. 
3415

12236

23

232

ISCOISCOISCO

ISCOISCOISCOISCO

arrMr

arrMararM






(36)

This is the condition that the r
ISCO

 of a RMSBH satisfies. Setting 0 , we can

derive the r
ISCO

 of a GMHBH satisfies

Fig.5. (a) The relationship between the angular momentum and energy of particles located on
circular orbits for different values of a with 010. . The arrow direction indicates the increasing

direction of r. (b) The relationship between L and E for different values of   with a = 0.1.
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. 
4

980192312
2

22

ISCO

ISCOISCOISCO

r

rMrMrM
a


 (37)

Further setting a = 0 in Eq. (37), we can get the radius of the ISCO of a SBH,

which is MrSBHISCO 6  [56]. As can be seen from Fig.6a, the radius of the ISCO

decreases with the increase of the absolute value of the cosmological constant, so

compared with the GMHBH of the same mass, the RMSBH has a smaller radius

of the ISCO. Similarly, as shown in Fig.6b, the radius of the ISCO of the

RMSBH decreases with the increase of a. Therefore, we have the following

relationship: 
SBH
ISCO

GMHBH
ISCO

RMSBH
ISCO rrr  .

Next, we will continue to find out the angular velocity   of the particles

moving in circular orbits. Substituting Eq. (34) into Eq. (12), we can obtain

 
. 

3 2arrM

r

rf

E

d

dt





(38)

On the other hand, combining Eq. (30) and Eq. (16), we can obtain

 
. 

3

1
2

2

2 arrM

rarM

rr

L

d

d









(39)

Fig.6. (a) r
ISCO

 as a function of   for
different values of a with M = 1. (b) r

ISCO
 as

a function of a with M = 1, 0 . In both

plots, the black represents the radius of the
ISCO of the SBH, which is Mr SBH

ISCO
6 .

(c) v
p
 as a function of lnr for different values

of   with M = 1, a = 0.1 . The horizontal
coordinate of the black point is lnr

b
.
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Thus, the angular velocity is

. 
3

2















r

arM

dt

d

d

d

dt

dRMSBH
(40)

By setting 0 ,   degrades to the GMHBH scenario. Further setting a = 0,

we can get the radius of the angular velocity of the SBH: 3rMSBH  .

Obviously, in Eq. (40), RMSBH  is an increasing function of a and  , therefore

we have: SBHGMHBHRMSBH  .

With the angular velocity at hand, we can derive the proper velocity of a

particle moving on a circular orbit, which can be expressed as

   
 

. 
22

1
32

2

rarrM

rarM

rf

r

dt

d
r

rf
v

RMSBH
RMSBH
p















 
 (41)

In the process of calculating (41), we used Eq. (A7) in Appendix A. Regarding

proper velocity, as shown in Fig.6c, the relationship is as follows: 
GMHBH
p

RMSBH
p vv  .

When r approaches r
b
, both the proper velocities of RMSBH and GMHBH tend

to unity, which is the speed of light, indicating that their circular orbit radii must

be larger than r
b
. The difference lies in the fact that, due to the influence of the

cosmological constant, 
RMSBH
pv  tends to the speed of light at infinity. In contrast,

GMHBH
pv  tends to 22 .

For a GMHBH, Eq. (41) can be rewritten in the following form

      01212
2222






 





  Mvrvarv GMHBH

p
GMHBH
p

GMHBH
p (42)

If 21GMHBH
pv , then the coefficient of a in the above equation will vanish,

and we have r = 4M. This interesting solution indicates that regardless of the value

of a, the proper velocity 
RMSBH
pv  at r = 4M is always 21 . From Fig.7a, we can

observe that as r increases, 
RMSBH
pv  first decreases and then increases, approaching

Fig.7. (a) v
p
 as a function of r for some different values of a, with M = 1. (b) The local

enlargement of (a), with the grey point having coordinates ( 2/1 4, ).
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21  at infinity. Fig.7b allows us to observe the special solution mentioned above.

The proper velocity curve in the SBH scenario also passes through this point.

5.3. Lyapunov exponent for circular time-like orbits. In this section,

we use Lyapunov exponent as a measure of the stability of circular orbit. The

Lyapunov exponent can measure the average convergence rate or divergence rate

of nearby orbits in phase space [57]. In general, a real Lyapunov exponent

indicates that nearby orbits are divergent, while an imaginary Lyapunov exponent

indicates that nearby orbits are convergent. When the Lyapunov exponent vanishes,

it indicates that the orbit is critically stable. The Lyapunov exponent in coordinate

time is given by [58]

 

  
, 

2
2

rt

rVeff




 (43)

where r is the radius of the circular orbits. With this definition, we can derive

the Lyapunov exponent for circular orbits around a RMSBH as

     . 1342151216
1 22322

2
rarrarrarMrM

r

RMSBH  (44)

Setting 0 , Eq. (44) degenerates into the Lyapunov exponent for a

    . 231216
1 232

2
raararMrM

r

GMHBH  (45)

It can be easily verified that by setting a = 0 in Eq. (45), we can obtain the

Lyapunov exponent for the SBH. The black line in Fig.8a represents 0RMSBH ,

with the region to its right ( RMSBH  is a complex number) indicating the area

of stable circular orbits, and the region to its left indicating the area of unstable

Fig.8. (a) The black line represents 0
RMSBH

, which is the dividing line between stable circular
orbits and unstable circular orbits. The dashed line represents r

b
, which is not a function of  ,

hence it is a straight line. (b) The trend of the stable and unstable circular orbit regions of the
GMHBH varying with a is depicted, with horizontal the black dashed line representing the scenario
for the SBH. In both figures, we set M = 1.
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circular orbits. It is important to note that the radius of circular orbits need to

satisfy the condition of r > r
b
. Therefore, unstable circular orbits are located in the

region between the black line and the dashed line. It can be observed that as

the absolute value of the cosmological constant increases, the region of unstable

circular orbits gradually shrinks, and r
ISCO

 shifts towards the left. Fig.8b shows the

trend of the Lyapunov exponent of the GMHBH varying with a. Similarly, the

region of stable circular orbits expands to the left. However, unlike the previous

case, the radius r
b
 also contracts towards the left as a increases, resulting in an

overall leftward contraction of the unstable circular orbit region.

6. Conclusions. In this paper, we studied the time-like geodesics of

RMSBH. It is found that, due to the introduction of acceleration parameter a and

cosmological constant  , a massive particle undergoing radial motion cannot

escape the black hole and will ultimately fall into it. Similarly, massive particles

in circular orbits are also unable to escape the black hole to infinity, which

significantly differ from the scenario in a SBH. Furthermore, for particles in

circular motion, we derived their effective potential V
eff
, energy E, angular velocity

 , proper velocity v
p
, and coordinate velocity v

c
. Both the acceleration parameter

and the cosmological constant are found to increase the coordinate velocity of the

particles. Interestingly, for a GMHBH, we uncovered a unique solution: the

acceleration parameter a does not affect the proper velocity of particles orbiting

on the r = 4M circular orbit.

Additionally, regarding the time-like geodesics, we discussed the stability of

circular orbits by employing the Lyapunov exponent, and drew the dividing line

between stable and unstable circular orbits.
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APPENDIX A

The spacetime geometry is of essential to the motion of particles within it.

Therefore, we will briefly introduce the spacetime geometry of a RMSBH. In a

four-dimensional curved spacetime, the proper spatial distance is defined as

 3 2, ,1 ,,  jidxdxdl ji
ij (A1)

in which
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. 
00

00

g

gg
g

ji
ijij  (A2)

Here, ij  is defined as spatial metric. By substituting the line element (3) into

the definition, we can find the proper distances along the r,  , and   directions

in a RMSBH, respectively, as

. sin, , 2
2

1
21

2 







 



drdlrddldrarr
r

M
dlr (A3)

If we set dr = 0 in the line element (3), we can obtain the line element for surface

of constant r as

 . sin 22222  ddrdls (A4)

It is obvious that (A4) is identical to the line element for a spherical surface in

threedimensional flat space. The proper time and coordinate time of a RMSBH

have the following relationship

. 2
2

1
21

200 dtarr
r

M
dtgd 








 (A5)

Based on this, the radial proper velocity and tangential proper velocity of a particle

are, respectively

, 2
2

1
1

2

dt

dr
arr

r

M

d

dl
v r
pr














 (A6)

. 

2
2

1

sin
21

2

222

dtarr
r

M

ddr

d

dl
v s
ps

















(A7)

ÈÑÑËÅÄÎÂÀÍÈÅ ÃÅÎÄÅÇÈ×ÅÑÊÈÕ ËÈÍÈÉ È
ÂÐÅÌÅÍÈ ÑÓÙÅÑÒÂÎÂÀÍÈß ÌÎÄÈÔÈÖÈÐÎÂÀÍÍÎÉ

ÐÈÍÄËÅÐÎÌ ×ÅÐÍÎÉ ÄÛÐÛ ØÂÀÐÖØÈËÜÄÀ. I.
ÂÐÅÌÅÍÈÏÎÄÎÁÍÛÅ ÃÅÎÄÅÇÈ×ÅÑÊÈÅ ËÈÍÈÈ

Ò.ÕÎ, ×.ËÞ

Èññëåäîâàíû âðåìåíèïîäîáíûå ãåîäåçè÷åñêèå ëèíèè â ïðîñòðàíñòâåííî-

âðåìåííîé ìåòðèêå ìîäèôèöèðîâàííîé Ðèíäëåðîì ÷åðíîé äûðû Øâàðöøèëüäà

(RMSBH) ñ ó÷åòîì êîñìîëîãè÷åñêîé ïîñòîÿííîé. Óñòàíîâëåíî, ÷òî ìàññèâíûå

÷àñòèöû, íàõîäÿùèåñÿ â ðàäèàëüíîì èëè îðáèòàëüíîì äâèæåíèè, íå ìîãóò
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ïîêèíóòü ÷åðíóþ äûðó. Ìåæäó òåì íà áîëüøèõ ðàäèóñàõ îðáèò êîñìîëîãè÷åñêàÿ

ïîñòîÿííàÿ ñóùåñòâåííî âëèÿåò íà ñîáñòâåííóþ ñêîðîñòü ÷àñòèö. Êðîìå òîãî,

â ñëó÷àå, êîãäà 0 , ïðåäñòàâëåíî îñîáîå ðåøåíèå: åñëè ÷àñòèöà íàõîäèòñÿ

íà îïðåäåëåííîé êðóãîâîé îðáèòå, åå ñîáñòâåííàÿ ñêîðîñòü îñòàíåòñÿ íåèçìåííîé

ïîä âîçäåéñòâèåì óñêîðåíèÿ Ðèíäëåðà. Òàêæå àíàëèçèðîâàíà óñòîé÷èâîñòü

êðóãîâûõ îðáèò, èñïîëüçóÿ ïîêàçàòåëü Ëÿïóíîâà, è îïðåäåëåíà ãðàíèöà

ìåæäó óñòîé÷èâûìè è íåóñòîé÷èâûìè êðóãîâûìè îðáèòàìè.

Êëþ÷åâûå ñëîâà: ìîäèôèöèðîâàííàÿ Ðèíäëåðîì ÷åðíàÿ äûðà Øâàðöøèëüäà:

      êîñìîëîãè÷åñêàÿ ïîñòîÿííàÿ: ãåîäåçè÷åñêèå ëèíèè: êðóãî-

     âûå îðáèòû
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 ELECTROMAGNETIC RADIATION FROM A
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Electromagnetic radiation of a relativistic gas or plasma jet in the field of a plane gravitational
wave is investigated. The gravitational wave is considered as a weak (linearized) field on flat
Minkowski spacetime. It is assumed that the relativistic jet has large regions with uncompensated
electric charge. The deformation of these areas under the action of a gravitational wave leads to the
appearance of electric currents that generate electromagnetic radiation. The angular distribution of
the intensity of this radiation is found. Cases are considered when the jet and the gravitational wave
move in the same direction or towards each other.

Keywords: gravitational wave: charged cloud: plasmas: electromagnetic radiation:

     Cherenkov radiation

1. Introduction. Direct detection of gravitational waves took place in the

fall of 2015 [1,2]. However, direct detection of those waves is only possible when

they have a sufficiently short period and high enough intensity, for example, when

black holes merge. Registration of long gravitational waves is quite problematic

today. This is especially true for relic gravitational waves, which can have a fairly

large wavelength [3-9].

Therefore, the proposal of alternative methods for detecting gravitational waves

is very relevant. Recently, many works have appeared devoted to the problem of

interaction of gravitational waves with electromagnetic fields and charged particles.

As a result of such interaction, electromagnetic radiation can arise. In an early

work, Heintzmann [10] proposed a method of successive approximations for

solving Maxwell's equations in the field of a spherical gravitational wave.

Wickramasinghe [11] and coauthors showed that charged particles can convert the

energy of a gravitational wave into electromagnetic radiation. Boughn [12] solved

Maxwell’s equations for a point charge in the field of a plane gravitational wave

by expanding the electromagnetic field potential in a series of spherical harmonics.

An analysis of the coefficients of this expansion showed that the total radiation

intensity, summed over harmonics, diverges. Sasaki and Sato [13] used the method
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of successive approximations to study the field of a relativistic point charge colliding

with a plane gravitational wave. It was shown that the charge radiates into a narrow

cone in the direction of its motion. At the same time, the intensity  of the charge's

radiation diverges in the direction of propagation of the gravitational wave. As we

see, most authors encounter difficulties associated with divergences of various kinds

when calculating the electromagnetic field of point charges interacting with a plane

gravitational wave. The works cited above used a linearized theory of gravity. A

number of works are devoted to the construction of exact models of gravitational

waves, including models of relic gravitational waves [14-18].

Radiation of a stationary charged cloud under the action of a gravitational wave

is studied in [19]. The frequency of this radiation coincides with the frequency

of the gravitational wave, which under normal conditions is considered very small.

One of the main sources of gravitational waves are close pairs of stars or black

holes. The minimum observable period of rotation of such pairs is about half an

hour (AM Canum Venaticorum stars). Registration of radio waves of such

frequency is practically impossible. However in the case of a plasma or gas jet

with an unevenly distributed charge, the Doppler effect can lead to a significant

increase in the frequency of radiation induced by a gravitational wave.

In this paper we investigate electromagnetic radiation induced by a gravitational

wave in a relativistic jet of plasma or gas. We assume that instabilities in such a

jet can generate significant regions of uncompensated electric charge. The gravita-

tional wave deforms these regions in a known manner, which leads to displacement

of charges and the appearance of electric currents. This process generates a variable

electromagnetic field and, in particular, electromagnetic radiation.

2. A model of relativistic jet. We consider a model of a relativistic jet

of gas, dust or plasma in which there are fairly large regions with a predominance

of positive or negative charge. A plane gravitational wave incident on the jet, and

can excite the relative motion of charges and the currents associated with this

motion. Currents, in turn, generate an electromagnetic field, including a radiation

field. The properties of this radiation depend on the speed of particles in the jet,

the charge distribution by volume, the size and shape of the charged region.

To obtain analytical expressions for the analysis of radiation properties, we

simplify the model of such a region as follows. The charged region has a

cylindrical shape of radius r
0
 and length L, the charge density within this region

is constant and equal to  . We will assume that the relativistic jet containing

charged regions is in the field of a weak plane gravitational wave with metric

, 1,   hhg (1)

 , exp 
  xiah (2)
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where   is the metric tensor of Minkowski space, a  is the amplitude of

gravitational wave,  cc   0, 0, ,  is the wave vector of gravitational wave, 

is its frequency. In case of transverse traceless gauge, the wave amplitude can be

represented as






















0000

00

00

0000

ab

ba
a (3)

for a wave propagating in the direction of the z  axis. To simplify the calculations

and concentrate on the physical effects, we set b = 0.

To calculate the electromagnetic radiation induced by a gravitational wave, we

proceed as follows. We find the induced electromagnetic field in the reference

frame associated with the jet, then we move to the reference frame associated with

the observer. In the article [19] the radiation field of a stationary charged cloud,

in the field of a gravitational wave is found. In particular, it is shown that the

gravitational wave excites an electric current in the cloud in a plane perpendicular

to the direction of propagation of the wave with a current density (from here

onward ctx 0 , xx 1 , yx 2 , zx 3 )

     . sin0 , ,
2

1
 , , zctayxzyx j (4)

From the continuity equation it follows that the charge density in the cloud

Fig.1. Currents induced by gravitational wave in a charged cloud.
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remains constant. The current density map (4) for a certain fixed moment of time

is shown in Fig.1.

3. Radiation from a charged cloud. In our paper [19] the angular

distribution of the radiation intensity of a charged cylindrical cloud under the

action of a gravitational wave with the metric (1)-(3) is obtained

 . 1sin

8

2
222

2

3

26422

uJ
uc

LRa

d

dI







(5)

Here ddI  is the energy emitted into a solid angle d  per unit time, a is

the amplitude of the gravitational wave,   is the charge density in the cloud, 

is the frequency of the gravitational wave, R and L are the radius and length of

the cloud, respectively,

  , sin, cos1
2








c

nR
un

c

L
(6)

n is the refractive index of the cloud matter, J
2
(u) is the Bessel function,   is

the angle between the direction of radiation and the wave vector of the gravitational

wave. The frequency of electromagnetic radiation is equal to the frequency of the

gravitational wave.

The angular distribution of radiation is determined by the function

   
. 

sin
2

2














u

uJ
f (7)

If the cloud size is measured in gravitational wavelengths,

, 
2

, 
2 c

L
l

c

R
l ||











then the variables in the equation (7) are equal to

  , sin2, cos1  nlunl|| (8)

The picture of the angular distribution of electromagnetic radiation is presented

in Fig.2 for different values of the reduced dimensions of the cloud and the refractive

index of the cloud substance. The plots show that the main part of the radiation

is concentrated within the cone forming an acute angle with the direction of

propagation of the gravitational wave. Outside and inside the main cone of radiation

there are side lobs of radiation. Their intensity and number depend on the size

of the charged cloud and on the permittivity of the cloud substance. The angular

width of the main lobe depends significantly on the size of the cloud in units of

gravitational wave lengths. This is due to the fact that the currents in the cloud

are induced by the gravitational wave and, therefore, change coherently with time.

We use Eq. (5) to calculate the electromagnetic radiation of a relativistic jet.
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According to our model, such a jet may contain regions with distributed uncom-

pensated charge. In the reference frame associated with such a moving region, Eq.

(5) is applicable. All quantities in this associated reference frame will be denoted

by primes:

 
. 

sin

8 2

2
2

2

2

3

26422

u

uJ

c

LRa

d

Id













(9)

We will assume that the jet moves parallel to the z -axis with the velocity

zv  which can be positive or negative. If the jet moves in the direction of the

gravitational wave, 0zv , if the velocity is directed opposite to the gravitational

wave, 0zv .

The Lorentz transformations into the observer's frame of reference for the

Fig.2. Angular distribution 
3

10)( f  of electromagnetic radiation. a) 1
 ||

ll , n = 1; b)

1
 ||

ll , n = 1.2; c) 1

l , 10

||
l , n = 1; d) 1


l , 10

||
l , n = 1.2.
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quantities in the Eq. (13) have the form [20]

z
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z
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The Lorentz transformations do not change the transverse component of the

gravitational wave amplitude: aa  . The variables (6) are transformed as follows

 
 

, 
cos1

cos
1

12
cos1

2 
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n
c

L
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(10)

 
. 

cos1

sin1
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







z

z

c

nR

c

Rn
u (11)

We leave the values of permittivity and refractive index in the accompanying frame

of reference, since they depend on the internal parameters of the substance in

the jet.

After these transformations, the angular distribution of radiation in the observer's

frame of reference takes the form

 
 

 
. 

sin

cos18

1
2

2
2

2

2

33

426422

u

uJ

c

LRa

d

dI

z

z














 (12)

Fig.3 shows the angular distribution of radiation from a charged cloud moving

at a speed of 80.z   towards the gravitational wave (inserts a, b, the gravi-

tational wave propagates to the right, the cloud moves to the left) and in the

direction of propagation of the gravitational wave (inserts c, d, both, the gravi-

tational wave and the cloud move to the right). The radiation patterns are plotted

according to the function

   
 

 
. 

sin

cos1

1
2

2
2

2

2

3

4

u

uJ
f

z

z
rel












 (13)

If we compare Fig.2 and Fig.3, we can see that the radiation is amplified in

the direction of the cloud's motion in accordance with the Doppler effect. As

already noted, the main part of the radiation is emitted in the same direction

as the gravitational wave propagates. If the cloud moves toward the gravitational

wave, the back lobes are amplified significantly. This is clearly seen in Fig.3b.

If the cloud and the gravitational wave move in the same direction, then the

electromagnetic radiation relative to a stationary observer is significantly weakened.

The relativistic motion of the charged cloud leads to the amplification of only
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the side and back lobes of the radiation pattern. In this case, motion of the cloud

does not significantly improve the conditions for observing induced radiation.

4. Discussion. The main advantage of a relativistic cloud in terms of

recording electromagnetic radiation is the Doppler frequency shift. A stationary

cloud radiates with the same frequency as the metric tensor of a gravitational wave

changes. The period of gravitational waves generated by close binary cosmic objects

is days or hours at best. Registration of radio waves of such length is associated

with known technical difficulties. The relativistic motion of the charged cloud

towards the Earth significantly reduces the wavelength of the induced electromag-

netic radiation.

The frequency of radiation in the reference frame accompanying the cloud is

determined by

, 
1

1

z

z




 (14)

where   is the frequency of the gravitational wave in the frame of reference of

Fig.3. Angular distribution 
3

10)( 
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f  of electromagnetic radiation from relativistic cloud. All

plots are built for 1
 ||

ll , but different n and z
 . From top left to bottom right: a) n = 1,

80.
z

 ; b) n = 1.1, 80.
z

 ; c) n = 1, 80.
z
 ; d) n = 1.1, 80.
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a stationary observer. The frequency of radiation relative to the stationary frame

of reference is equal to

 
. 

cos1

1

cos1

1 2











z

z

z

z
rad (15)

If the cloud is moving towards the gravitational wave ( 0 z ) and the direction

to the observer makes a small angle with the direction of the velocity (  ~ ),

then 2 ~rad  where 212 )(1  z  is the relativistic factor. Relativistic jets

accompanying gamma-ray bursts can have a speed up to 310~  [21].

In addition, binary stars rotating in very elongated orbits generate gravitational

waves of a wide spectrum. The short-wave part of this spectrum, combined with

the Doppler effect of frequency increase, can induce electromagnetic radiation in

relativistic jets with a sufficiently short wavelength, accessible for registration by

modern means.
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ÝËÅÊÒÐÎÌÀÃÍÈÒÍÎÅ ÈÇËÓ×ÅÍÈÅ
ÐÅËßÒÈÂÈÑÒÑÊÎÉ ÑÒÐÓÈ, ÈÍÄÓÖÈÐÎÂÀÍÍÎÅ

ÏËÎÑÊÎÉ ÃÐÀÂÈÒÀÖÈÎÍÍÎÉ ÂÎËÍÎÉ

Â.ß.ÝÏÏ1, Ê.Å.ÎÑÅÒÐÈÍ1,2,3, Å.È.ÎÑÅÒÐÈÍÀ1

Èññëåäîâàíî ýëåêòðîìàãíèòíîå èçëó÷åíèå ðåëÿòèâèñòñêîé ãàçîâîé èëè

ïëàçìåííîé ñòðóè â ïîëå ïëîñêîé ãðàâèòàöèîííîé âîëíû. Ãðàâèòàöèîííàÿ

âîëíà ðàññìàòðèâàåòñÿ êàê ñëàáîå (ëèíåàðèçîâàííîå) ïîëå íà ïëîñêîì ïðîñò-

ðàíñòâå-âðåìåíè Ìèíêîâñêîãî. Ïðåäïîëàãàåòñÿ, ÷òî ðåëÿòèâèñòñêàÿ ñòðóÿ

èìååò áîëüøèå îáëàñòè ñ íåñêîìïåíñèðîâàííûì ýëåêòðè÷åñêèì çàðÿäîì.

Äåôîðìàöèÿ ýòèõ îáëàñòåé ïîä äåéñòâèåì ãðàâèòàöèîííîé âîëíû ïðèâîäèò

ê ïîÿâëåíèþ ýëåêòðè÷åñêèõ òîêîâ, êîòîðûå ãåíåðèðóþò ýëåêòðîìàãíèòíîå
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èçëó÷åíèå. Íàéäåíî óãëîâîå ðàñïðåäåëåíèå èíòåíñèâíîñòè ýòîãî èçëó÷åíèÿ.

Ðàññìîòðåíû ñëó÷àè, êîãäà ñòðóÿ è ãðàâèòàöèîííàÿ âîëíà äâèæóòñÿ â îäíîì

íàïðàâëåíèè èëè íàâñòðå÷ó äðóã äðóãó.

Êëþ÷åâûå ñëîâà: ãðàâèòàöèîííàÿ âîëíà: çàðÿæåííîå îáëàêî: ïëàçìà: ýëåêòðî-

      ìàãíèòíîå èçëó÷åíèå: ×åðåíêîâñêîå èçëó÷åíèå
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æóðíàëîâ, ïðèìåíÿåìûõ â "Àñòðîôèçèêå", äàåòñÿ â ñàéòå æóðíàëà), íîìåð

òîìà æèðíûì øðèôòîì, íîìåð ïåðâîé ñòðàíèöû, ãîä èçäàíèÿ. Äëÿ ðóññêî-

ÿçû÷íûõ æóðíàëîâ, êîòîðûå ïåðåâîäÿòñÿ íà àíãëèéñêèé ÿçûê, â ñêîáêàõ

ïðèâîäÿòñÿ ñîîòâåòñòâóþùåå íàçâàíèå æóðíàëà íà àíãëèéñêîì, òîì, ñòðàíèöà

è ãîä ïóáëèêàöèè.

á) Äëÿ êíèã ñëåäóåò óêàçûâàòü èíèöèàëû è ôàìèëèþ àâòîðà êóðñèâîì,

ìåñòî è ãîä èçäàíèÿ.



6. Îôîðìëåíèå ðóêîïèñè. Íà ïåðâîé ñòðàíèöå äàåòñÿ íàçâàíèå ñòàòüè (ïî

âîçìîæíîñòè êðàòêî è èíôîðìàòèâíî), èíèöèàëû, ôàìèëèÿ êàæäîãî àâòîðà

è àííîòàöèÿ íà ðóññêîì ÿçûêå. Íà âòîðîé ñòðàíèöå ïðèâîäÿòñÿ íàçâàíèå

ñòàòüè,  èíèöèàëû, ôàìèëèÿ êàæäîãî àâòîðà è òåêñò àííîòàöèè íà àíãëèéñêîì

ÿçûêå, êîòîðûé äîëæåí ïîëíîñòüþ ñîîòâåòñòâîâàòü ðóññêîìó. Â àííîòàöèè

äîëæíû áûòü èçëîæåíû ãëàâíûå ðåçóëüòàòû ðàáîòû áåç ññûëîê íà ëèòåðàòóðó.

Ìàêñèìàëüíûé îáúåì àííîòàöèè íå äîëæåí ïðåâûøàòü 5% îñíîâíîãî òåêñòà.

Òàáëèöû, ñïèñîê ëèòåðàòóðû, ðèñóíêè è íàäïèñè ê ðèñóíêàì ïå÷àòàþòñÿ íà

îòäåëüíûõ ñòðàíèöàõ. Ðàñïîëîæåíèå òàáëèö è ðèñóíêîâ îòìå÷àåòñÿ íà ïîëÿõ

îñíîâíîãî òåêñòà. Àííîòàöèè, îñíîâíîé òåêñò, ñïèñîê ëèòåðàòóðû è òàáëèöû

äîëæíû èìåòü îäíó îáùóþ íóìåðàöèþ ñòðàíèö. Ñóììàðíûé îáúåì íå

äîëæåí ïðåâûøàòü 16 ñòàíäàðòíûõ ñòðàíèö. Îáúåì êðàòêîãî ñîîáùåíèÿ - íå

áîëåå 4 ñòðàíèö.

Ñòàòüÿ ñîñòîèò èç ïðîíóìåðîâàííûõ ðàçäåëîâ, íà÷èíàÿ ñ "1. Ââåäåíèå".

Íàçâàíèÿ ðàçäåëîâ ïå÷àòàþòñÿ êóðñèâîì â ñòðîêå, îíè äîëæíû áûòü êðàòêèìè

è ñîäåðæàòåëüíûìè. Ïîäðàçäåëû ìîãóò áûòü ïðîíóìåðîâàíû êàê 2.1, 2.2 è

ò.ä. Íåîáõîäèìûå ñîêðàùåíèÿ òåðìèíîâ èëè íàçâàíèé ìîãóò áûòü èñïîëü-

çîâàíû âî âñåé ñòàòüå, îäíàêî èõ îáúÿñíåíèå äàåòñÿ ëèøü îäèí ðàç ïðè

ïåðâîì óïîìèíàíèè.

7. Â ñëó÷àå ïðåäñòàâëåíèÿ äâóõ èëè áîëåå ñòàòåé îäíîâðåìåííî íåîáõîäèìî

óêàçàòü æåëàòåëüíûé ïîðÿäîê èõ ïóáëèêàöèè.

8. Ðóêîïèñè àâòîðàì íå âîçâðàùàþòñÿ.

9. Àâòîðàì ñòàòüè (íåçàâèñèìî îò èõ êîëè÷åñòâà) ïðåäñòàâëÿåòñÿ 10

îòòèñêîâ áåñïëàòíî.
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