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ЭВОЛЮЦИЯ СТРУКТУРЫ ВИДИМЫХ С РЕБРА 
СПИРАЛЬНЫХ ГАЛАКТИК

В.П.РЕШЕТНИКОВ12, П.АУСАЧЕВ12
Поступила 15 ноября 2020

Обсуждаются результаты фотометрического анализа видимых с ребра спиральных 
галактик в трех глубоких полях космического телескопа Хаббл (HDF-N, HDF-S, HUDF). 
Показано, что галактики на z« 0.5 демонстрируют меньшие значения радиальных экспо
ненциальных масштабов hr звездных дисков по сравнению с близкими галактиками. 
Наблюдаемое изменение масштабов дисков галактик согласуется с законом hr <х (1 + z) ", 
где и « 1 , Получено указание на заметное уменьшение доли галактик с В/PS балджами от 
z = 0 к z = 1 .

Ключевые слова: эволюция структуры: спиральные галактики

1. Введение. Фотометрическое изучение видимых с ребра (edge-on) 
спиральных галактик в окружающей нас области Вселенной ведется уже 
много лет (см., например, [1-4] и ссылки там же). Накоплен значительный 
наблюдательный материал о радиальной и вертикальной структуре звездных 
дисков, получены данные о характеристиках и распределении пыли в 
галактиках, о свойствах их темных гало (например, [5-7]). С другой стороны, 
характеристики далеких спиральных галактик, видимых в ориентации с 
ребра, изучены пока мало. В первую очередь это связано со сложностью их 
исследования - угловое разрешение наземных оптических телескопов не 
позволяет изучать вертикальное распределение яркости в таких объектах.

Эту проблему удается решить при использовании данных космического 
телескопа Хаббл (HST). В ряде работ было продемонстрировано, что угловое 
разрешение снимков HST (< 0". 1) дает возможность анализировать распре
деление яркости у видимых с ребра галактик на красном смещении z -1 
[8-11]. Исследование галактик в нескольких глубоких полях HST показало, 
что для далеких спиральных галактик характерна повышенная относительная 
толщина звездных дисков [8,11]. Кроме того, диски ярких галактик на 
выглядят укороченными по сравнению с близкими объектами [11].

Целью нашей работы является совместный анализ данных о структуре 
видимых с ребра спиральных галактик в трех глубоких полях HST: Hubble 
Deep Field North (HDF-N), Hubble Deep Field South (HDF-S) и Hubble Ultra 
Deep Field (HUDF).
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Âñå ÷èñëîâûå âåëè÷èíû â ñòàòüå ïðèâåäåíû äëÿ êîñìîëîãè÷åñêîé ìîäåëè
ñ ïîñòîÿííîé Õàááëà 70 êì ñ-1

 Ìïê-1 è 30.m  , 70. .

2. Âûáîðêà ãàëàêòèê. Íàøà âûáîðêà âèäèìûõ ñ ðåáðà ãàëàêòèê
îñíîâàíà íà îïóáëèêîâàííûõ ðåçóëüòàòàõ äâóõ ðàáîò. Â ïåðâîé ðàáîòå áûëè
ðàññìîòðåíû îáúåêòû â Ñåâåðíîì è Þæíîì ãëóáîêèõ ïîëÿõ HST (HDF-N
è HDF-S) [8], âî âòîðîé - ãàëàêòèêè èç Ñâåðõãëóáîêîãî ïîëÿ HST (HUDF)
[11]. Â HDF-N è HDF-S ãàëàêòèêè áûëè îòîáðàíû íà îñíîâå âèçóàëüíîãî
ïðîñìîòðà îðèãèíàëüíûõ êàäðîâ (òàáë.1 è 2 â [8]). Â HUDF ïðåäâàðèòåëüíûé
îòáîð îáúåêòîâ áûë îñóùåñòâëåí ñ ïîìîùüþ ïàêåòà SExtractor [12], îêîí÷à-
òåëüíàÿ âûáîðêà áûëà ñôîðìèðîâàíà íà îñíîâå ôîòîìåòðè÷åñêîãî ìîäåëèðî-
âàíèÿ (òàáë.1 â [11]). Âûáîðêè èç îáåèõ ðàáîò îòíîñèòåëüíî ïîëíû äëÿ
áîëüøèõ è ÿðêèõ   m18BM  ãàëàêòèê (ñì. îáñóæäåíèå â îðèãèíàëüíûõ
ðàáîòàõ).

Èç HUDF áûëè âçÿòû 22 ãàëàêòèêè, êîòîðûå ñîãëàñíî [11] ñ áîëüøîé
âåðîÿòíîñòüþ âèäíû â îðèåíòàöèè ñ ðåáðà (eon = 1, 2) è èõ íàáëþäàåìûå
ðàñïðåäåëåíèÿ ÿðêîñòè õîðîøî îïèñûâàþòñÿ ìîäåëüþ âèäèìîãî ñ ðåáðà
ýêñïîíåíöèàëüíîãî äèñêà (fit = 1, 2). Èç HDF-N è HDF-S áûëè îòîáðàíû
15 ãàëàêòèê, èìåþùèõ ýêñïîíåíöèàëüíîå ðàñïðåäåëåíèå ÿðêîñòè. Âñå ãàëàêòèêè
èç èòîãîâîãî ñïèñêà íàõîäÿòñÿ íà êðàñíîì ñìåùåíèè 21.z  .

Òàêèì îáðàçîì, èçó÷àåìàÿ â íàñòîÿùåé ðàáîòå èòîãîâàÿ âûáîðêà îáúåêòîâ
ñîñòîèò èç 37 âèäèìûõ ñ ðåáðà ãàëàêòèê, äëÿ êîòîðûõ èçâåñòíû çíà÷åíèÿ
ðàäèàëüíûõ h

r
 è âåðòèêàëüíûõ zh  ýêñïîíåíöèàëüíûõ ìàñøòàáîâ èõ çâåçäíûõ

äèñêîâ. Äàííûå â ðàçíûõ ïîëÿõ áûëè ïîëó÷åíû â áëèçêèõ öâåòîâûõ ïîëîñàõ
(F775W (ñðåäíÿÿ äëèíà âîëíû 775 íì) äëÿ HUDF, F814W (ñðåäíÿÿ äëèíà
âîëíû 814 íì) äëÿ HDF-N è HDF-S) è â äàëüíåéøåì ìû ïðåíåáðåãàåì
íåáîëüøèì ðàçëè÷èåì ýòèõ ôèëüòðîâ.

Íà ðèñ.1a ïîêàçàíî ðàñïðåäåëåíèå èçó÷àåìûõ ãàëàêòèê ïî z . Äëÿ
áîëüøèíñòâà ãàëàêòèê (28 èç 37) èçâåñòíû ñïåêòðîñêîïè÷åñêèå êðàñíûå
ñìåùåíèÿ, äëÿ 9 èñïîëüçîâàëèñü ôîòîìåòðè÷åñêèå îöåíêè z . Êàê âèäíî íà
ðèñóíêå, îñíîâíàÿ ÷àñòü ãàëàêòèê ðàñïîëîæåíà íà 50.~z  (ñðåäíåå çíà÷åíèå

230530 ..z  ). Îòìåòèì, ÷òî ýïîõà, ñîîòâåòñòâóþùàÿ 50.z  , óäàëåíà îò
íàøåãî âðåìåíè ïðèìåðíî íà 5 ìëðä. ëåò.

Íà ðèñ.1b èçîáðàæåíî ðàñïðåäåëåíèå îáúåêòîâ âûáîðêè ïî àáñîëþòíîé
çâåçäíîé âåëè÷èíå â ôèëüòðå B, íàéäåííîå ñ èñïîëüçîâàíèåì k-ïîïðàâêè äëÿ
ãàëàêòèê òèïà Sc ñîãëàñíî [13]. Èçó÷àåìûå ãàëàêòèêè ÿâëÿþòñÿ îòíîñèòåëüíî
ÿðêèìè: èõ íàáëþäàåìûå ñâåòèìîñòè ñîñòàâëÿþò m19 . Åñëè ó÷åñòü ïîïðàâêó
çà âíóòðåííåå ïîãëîùåíèå â âèäèìûõ ñ ðåáðà äèñêàõ (îíà ìîæåò äîñòèãàòü
çíà÷åíèé 511 mm . ), òî ñâåòèìîñòè ãàëàêòèê ñòàíîâÿòñÿ ñðàâíèìûìè ñî
ñâåòèìîñòüþ Ìëå÷íîãî Ïóòè.
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Ñðåäíèå çíà÷åíèÿ ýêñïîíåíöèàëüíûõ ìàñøòàáîâ ãàëàêòèê ñîñòàâëÿþò
031732 ..hr   êïê è 230530 ..hz   êïê. Ýòè çíà÷åíèÿ òèïè÷íû äëÿ ÿðêèõ

ãàëàêòèê, ïîäîáíûõ Ìëå÷íîìó Ïóòè [5].

3. Ðåçóëüòàòû è îáñóæäåíèå.

3.1. Îòíîøåíèå zr hh . Ðàñïðåäåëåíèÿ îòíîøåíèÿ zr hh  äëÿ áëèçêèõ
è äàëåêèõ ãàëàêòèê ñðàâíèâàþòñÿ íà ðèñ.2. Êàê âèäíî íà ýòîì ðèñóíêå, ó
ãàëàêòèê èç ãëóáîêèõ ïîëåé 10zr hh , â òî âðåìÿ êàê ãàëàêòèêè èç îáçîðà
SDSS ðàïðåäåëåíû áîëåå øèðîêî. Îòìåòèì, ÷òî íà ðèñ.2 ìû ñðàâíèâàåì
õàðàêòåðèñòèêè äàëåêèõ ãàëàêòèê íà äëèíå âîëíû Å8000  ñ õàðàêòå-
ðèñòèêàìè áëèçêèõ îáúåêòîâ â ôèëüòðå g ( Å4600 ). Ñ ó÷åòîì êîñìîëî-

Ðèñ.1. Ðàñïðåäåëåíèå ãàëàêòèê ïî êðàñíîìó ñìåùåíèþ (a) è ïî àáñîëþòíîé çâåçäíîé
âåëè÷èíå â ôèëüòðå B - M(B) (b).

N

z

0
0 1 20.5 1.5

M(B)

-14 -18 -22-16 -20

10

20

5

15

25

a b

Ðèñ.2. Íîðìèðîâàííûå ðàñïðåäåëåíèÿ îòíîøåíèé ìàñøòàáîâ äèñêîâ ãàëàêòèê zr hh /  äëÿ
âûáîðêè äàëåêèõ ãàëàêòèê (øòðèõîâàÿ ëèíèÿ) è äëÿ áëèçêèõ ãàëàêòèê èç îáçîðà SDSS â
ôèëüòðå g (íåïðåðûâíàÿ ëèíèÿ) [5].
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ãè÷åñêîãî êðàñíîãî ñìåùåíèÿ, äàííûå äëÿ ãàëàêòèê èç ãëóáîêèõ ïîëåé
ñîîòâåòñòâóþò äëèíå âîëíû Å5200531Å8000 .~ , ÷òî íå ñëèøêîì ñèëüíî
îòëè÷àåòñÿ îò ñîîòâåòñòâóþùåãî äèàïàçîíà äëÿ ãàëàêòèê íà 0z . Êðîìå
òîãî, ýêñïîíåíöèàëüíûå ìàñøòàáû çâåçäíûõ äèñêîâ â áëèçêèõ ñïåêòðàëüíûõ
äèàïàçîíàõ òàêæå áëèçêè. Íàïðèìåð, ñîãëàñíî äàííûì [14], ñðåäíåå îòíîøåíèå
ðàäèàëüíûõ øêàë âèäèìûõ ñ ðåáðà ñïèðàëüíûõ ãàëàêòèê â ôèëüòðàõ B è R
ñîñòàâëÿåò     070111 ..RhBh rr  . Ñëåäîâàòåëüíî, îòëè÷èå ñïåêòðàëüíûõ
äèàïàçîíîâ ïðè ñðàâíåíèè õàðàêòåðèñòèê ãàëàêòèê íà 0z  è 50.z   íå
èãðàåò çàìåòíîé ðîëè.

Äëÿ ñðàâíåíèÿ ïîêàçàííûõ íà ðèñ.2 ýìïèðè÷åñêèõ ðàñïðåäåëåíèé ìû
èñïîëüçîâàëè êðèòåðèé Êîëìîãîðîâà-Ñìèðíîâà. Îêàçàëîñü, ÷òî ãèïîòåçà î
òîì, ÷òî âûáîðêè äàëåêèõ è áëèçêèõ ãàëàêòèê èçâëå÷åíû èç îäíîãî è òîãî
æå ðàñïðåäåëåíèÿ ïî zr hh  îòâåðãàåòñÿ íà óðîâíå 99.9%. Ñ äðóãîé ñòîðîíû,
èç äàííûõ [5] ñëåäóåò, ÷òî ó 23% ãàëàêòèê íà 0z  îòíîøåíèå zr hh
ïðåâûøàåò 10. Ñëåäîâàòåëüíî, âåðîÿòíîñòü ñëó÷àéíîãî âûáîðà 37 ãàëàêòèê ñ

10zr hh , êàê â íàøåé âûáîðêå äàëåêèõ îáúåêòîâ, î÷åíü ìàëà è ñîñòàâëÿåò
  437 102301  . . Òàêèì îáðàçîì, ìîæíî çàêëþ÷èòü, ÷òî çâåçäíûå äèñêè ñ

10zr hh  î÷åíü ðåäêè ñðåäè ãàëàêòèê íà 50.z  . Ðàíåå àíàëîãè÷íûé âûâîä
ïî äàííûì òîëüêî äëÿ îäíîãî ïîëÿ (HUDF) áûë ñäåëàí äëÿ ãàëàêòèê íà

1~z  [11].

3.2. Ðàäèàëüíàÿ ñòðóêòóðà ãàëàêòèê. Íà ðèñ.3 ñðàâíèâàþòñÿ
âåëè÷èíû ðàäèàëüíûõ ìàñøòàáîâ ãàëàêòèê íà 50.z   ñ ïàðàìåòðàìè áëèçêèõ
ãàëàêòèê. Êàê âèäíî íà ðèñóíêå, îòíîñèòåëüíî ñëàáûå ãàëàêòèêè ñ

  518m.BM   ðàñïîëàãàþòñÿ íà ýòîé ïëîñêîñòè ïðèìåðíî âäîëü çàâèñèìîñòè
äëÿ áëèçêèõ îáúåêòîâ. Áîëåå ÿðêèå ãàëàêòèêè äåìîíñòðèðóþò óêîðî÷åííûå
çâåçäíûå äèñêè ïî ñðàâíåíèþ ñ äèñêàìè îáúåêòîâ íà 0z . Ïðèìå÷àòåëüíî,
÷òî ýòî çàêëþ÷åíèå ïîäòâåðæäàåòñÿ äàííûìè äëÿ ðàçíûõ ãëóáîêèõ ïîëåé.

Ñòðåëêàìè íà ðèñ.3 ïîêàçàíû ïðèìåðû îæèäàåìîé ýâîëþöèè ñïèðàëüíûõ
ãàëàêòèê ïî äàííûì ÷èñëåííûõ ðàñ÷åòîâ â ðàìêàõ CDM ìîäåëè ôîðìèðîâàíèÿ
ãàëàêòèê [15,16]. Íà÷àëî âåðõíåé ñòðåëêè ñîîòâåòñòâóåò ñðåäíèì õàðàêòåðèñòèêàì
ìîäåëüíîé ãàëàêòèêè íà 90.z  , êîíåö - íà 0z  (ñì. òàáë.2 â [15]). Íèæíÿÿ
ñòðåëêà (åå íà÷àëî ñîîòâåòñòâóåò 1z , êîíåö - 0z ) äåìîíñòðèðóåò èçìåíåíèå
õàðàêòåðèñòèê ìîäåëè ñïèðàëüíîé ãàëàêòèêè "h986" ñîãëàñíî òàáë.3 â [16].
Êàê âèäíî íà ðèñóíêå, â ïðîöåññå ñâîåé ýâîëþöèè ãàëàêòèêè äîëæíû ðàñòè
â ðàäèàëüíîì íàïðàâëåíèè. Ïðè ýòîì íàáëþäàåìîå èçìåíåíèå ñâåòèìîñòè
ñâÿçàíî ñ áîëåå âûñîêèì òåìïîì çâåçäîîáðàçîâàíèÿ â ýïîõó 1z  [15].

Åñëè ïðèíÿòü, ÷òî ýêñïîíåíöèàëüíûé ìàñøòàá çâåçäíûõ äèñêîâ ìåíÿåòñÿ
ñ êðàñíûì ñìåùåíèåì ïî çàêîíó n

r zh  )(1 , òî èç íàøèõ äàííûõ ìîæíî
îöåíèòü çíà÷åíèå n, ìèíèìèçèðóþùåå îòêëîíåíèå äàëåêèõ ãàëàêòèê îò ñðåäíåé
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çàâèñèìîñòè äëÿ áëèçêèõ îáúåêòîâ. Äëÿ ãàëàêòèê ñ   m18BM  ïîëó÷àåòñÿ
çíà÷åíèå n = 1.22 ± 0.36, äëÿ áîëåå ÿðêèõ ãàëàêòèê ñ   518m.BM   n = 1.53 ±
0.39. Ïðèâåäåííûå âûøå îöåíêè ïîëó÷åíû áåç ó÷åòà âîçìîæíîé ýâîëþöèè
ñâåòèìîñòåé ãàëàêòèê. Ó÷åò óìåðåííîé ýâîëþöèè (íà 0m.5 - 1m ìåæäó 0z
è 1z ) óìåíüøàåò çíà÷åíèå n äî 1 . Ýòè çíà÷åíèÿ íàõîäÿòñÿ â ñîãëàñèè
ñ îöåíêàìè äðóãèõ àâòîðîâ, èçó÷àâøèõ èçìåíåíèå ðàçìåðîâ ãàëàêòèê ñ z
(íàïðèìåð, [17]).

×òî æå êàñàåòñÿ âåðòèêàëüíîãî ìàñøòàáà ðàñïðåäåëåíèÿ ÿðêîñòè zh , òî,
ñîãëàñíî [11], îí íå ïîêàçûâàåò ïðèçíàêîâ ñóùåñòâåííîé ýâîëþöèè ïðè

1z .

3.3. Âñòðå÷àåìîñòü X-ñòðóêòóð. Îäíîé èç èíòåðåñíûõ îñîáåííîñòåé
âèäèìûõ ñ ðåáðà äèñêîâ ãàëàêòèê ÿâëÿþòñÿ òàê íàçûâàåìûå X-ñòðóêòóðû,
ïðåäñòàâëÿþùèå ñîáîé ëîêàëüíûå óÿð÷åíèÿ âíóòðè B/PS (boxy/peanut shaped)
áàëäæåé, êîòîðûå, â ñâîþ î÷åðåäü, ñâÿçàíû ñ îðèåíòèðîâàííûìè ñ ðåáðà
áàðàìè (ñì., íàïðèìåð, [18] è ññûëêè òàì æå). B/PS áàëäæè âñòðå÷àþòñÿ
äîâîëüíî ÷àñòî - ñðåäè ÿðêèõ áëèçêèõ ãàëàêòèê èõ äîëÿ ìîæåò äîñòèãàòü
~50% [19]. Ñ äðóãîé ñòîðîíû, ÷èñëåííûå ðàñ÷åòû ïîêàçûâàþò, ÷òî ñ ðîñòîì
z  äîëÿ ãàëàêòèê ñ áàðàìè è, ñîîòâåòñòâåííî, ñ B/PS áàëäæàìè, äîëæíà
óìåíüøàòüñÿ [20]. Íàáëþäàòåëüíûå äàííûå, ïî-âèäèìîìó, ïîäòâåðæäàþò ýòî
çàêëþ÷åíèå - ïðè 1z  äîëÿ ãàëàêòèê c B/PS áàëäæàìè â îáçîðå HST

Ðèñ.3. Ðàñïðåäåëåíèå ãàëàêòèê èç HUDF (îòêðûòûå êðóæêè), HDF-N è HDF-S (÷åðíûå
êðóæêè) íà ïëîñêîñòè M(B) - loghr. Íåïðåðûâíîé ïðÿìîé ëèíèåé ïîêàçàíà ñðåäíÿÿ çàâèñè-
ìîñòü äëÿ áëèçêèõ ãàëàêòèê â ôèëüòðå g, ñîãëàñíî [5], ëèíèè èç òî÷åê èëëþñòðèðóþò 2
ðàçáðîñ ýòîé çàâèñèìîñòè. Ñòðåëêàìè èçîáðàæåíà ýâîëþöèÿ õàðàêòåðèñòèê ìîäåëüíûõ
ãàëàêòèê, ñîãëàñíî [15] (âåðõíÿÿ ñòðåëêà) è [16] (íèæíÿÿ ñòðåëêà).
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COSMOS áëèçêà ê íóëþ [21]. Ðàññìîòðèì, ÷òî ìîæíî ñêàçàòü î âñòðå÷àåìîñòè
X-ñòðóêòóð (è, ñîîòâåòñòâåííî, B/PS áàëäæåé) ïî âûáîðêå äàëåêèõ ãàëàêòèê,
âèäèìûõ â îðèåíòàöèè ñ ðåáðà.

Ìû ïðîàíàëèçèðîâàëè èçîáðàæåíèÿ 58 âèäèìûõ ñ ðåáðà ãàëàêòèê â
HUDF èç ðàáîòû [11]. Êàê îðèãèíàëüíûå êàäðû ãàëàêòèê â ôèëüòðàõ F606W
è F775W, òàê è èõ ðàçíîñòíûå èçîáðàæåíèÿ (îðèãèíàëüíûé êàäð - ôîòî-
ìåòðè÷åñêàÿ ìîäåëü) íå ïîêàçàëè ïðèçíàêîâ ïðèñóòñòâèÿ X-ñòðóêòóð íè â
îäíîé èç ãàëàêòèê. Ðàçðåøåíèå êàäðîâ HUDF íà 1z  ïðåâûøàåò 1 êïê, òàê
÷òî X-ñòðóêòóðû, òèïè÷íûé ðàçìåð êîòîðûõ äîñòèãàåò íåñêîëüêèõ êïê
(íàïðèìåð, [22,23]), äîëæíû îáíàðóæèâàòüñÿ.

Ðàññìàòðèâàåìûå ãàëàêòèêè íàõîäÿòñÿ íà 1z , èõ ñðåäíÿÿ íàáëþäàåìàÿ
àáñîëþòíàÿ çâåçäíàÿ âåëè÷èíà ñîñòàâëÿåò   518m.BM   [11]. Ñ ó÷åòîì
ïîïðàâêè çà âíóòðåííåå ïîãëîùåíèå ñâåòèìîñòè ãàëàêòèê â ïîëîæåíèè "ïëàøìÿ"
áóäóò íàõîäèòüñÿ â äèàïàçîíå îò -19m äî -20m. Ñëåäîâàòåëüíî, ïðè ñòàíäàðòíûõ
êàëèáðîâêàõ òèïè÷íûå çâåçäíûå ìàññû ãàëàêòèê ýòîé âûáîðêè M~M 1010 .
Äëÿ áëèçêèõ ãàëàêòèê ñ òàêîé çâåçäíîé ìàññîé äîëÿ B/PS áàëäæåé ñîñòàâëÿåò
ïðèìåðíî 20% [19]. Åñëè ïðèíÿòü, ÷òî ñðåäè ãàëàêòèê íà 1z  B/PS áàëäæè
(è X-ñòðóêòóðû) âñòðå÷àþòñÿ ñ òàêîé æå ÷àñòîòîé, êàê è ñðåäè áëèçêèõ
îáúåêòîâ, òî âåðîÿòíîñòü íå îáíàðóæèòü íè îäíîé òàêîé ñòðóêòóðû ñðåäè 58
ãàëàêòèê ñîñòàâëÿåò 6102 p . Åñëè æå ïðåäïîëîæèòü, ÷òî ÷àñòîòà X-ñòðóêòóð
íà 1z  ðàâíà 1%, òî âåðîÿòíîñòü p > 0.5. Òàêèì îáðàçîì, äàííûå î ìîðôîëîãèè
âèäèìûõ ñ ðåáðà ãàëàêòèê â HUDF ñâèäåòåëüñòâóþò î çàìåòíîì óìåíüøåíèè
äîëè ãàëàêòèê ñ B/PS áàëäæàìè ê 1z . Áàðû è B/PS áàëäæè ãàëàêòèê
ôîðìèðóþòñÿ ïðåèìóùåñòâåííî ïðè 1z .

Ðàíåå ïîäîáíîå çàêëþ÷åíèå áûëî ñäåëàíî íà îñíîâå àíàëèçà áîëüøîé
âûáîðêè âèäèìûõ íå ñ ðåáðà ãàëàêòèê â îáçîðå HST COSMOS [21]. Äëÿ
ãàëàêòèê â îðèåíòàöèè ñ ðåáðà ýòîò âûâîä ñäåëàí âïåðâûå.

4. Çàêëþ÷åíèå. Íà îñíîâå àíàëèçà ôîòîìåòðè÷åñêîé ñòðóêòóðû 37 âèäèìûõ
ñ ðåáðà ãàëàêòèê â òðåõ ãëóáîêèõ ïîëÿõ HST (HDF-N, HDF-S, HUDF) áûëè
ïîëó÷åíû ñëåäóþùèå ðåçóëüòàòû:

- Îáíàðóæåíû ïðèçíàêè ýâîëþöèè ðàäèàëüíîé ñòðóêòóðû ãàëàêòèê: ÿðêèå
ñïèðàëüíûå ãàëàêòèêè íà 50.z   äåìîíñòðèðóþò áîëåå êîðîòêèå çâåçäíûå
äèñêè ïî ñðàâíåíèþ ñ áëèçêèìè îáúåêòàìè, îòíîñèòåëüíî ñëàáûå ãàëàêòèêè
ñ   518m.BM   íå ïîêàçûâàþò çàìåòíîé ýâîëþöèè.

- Ãàëàêòèêè ñ òîíêèìè çâåçäíûìè äèñêàìè ñ 10zr hh  íà êðàñíîì
ñìåùåíèè 50.z   âñòðå÷àþòñÿ ðåæå, ÷åì â îêðóæàþùåé ÷àñòè Âñåëåííîé.

- Íàáëþäàåìûé òåìï èçìåíåíèÿ ðàäèàëüíîãî ýêñïîíåíöèàëüíîãî ìàñøòàáà
äèñêîâ ÿðêèõ ãàëàêòèê ïðè 50.z   ñîñòàâëÿåò n

r zh  )(1 , ãäå 1n .
Êðîìå òîãî, äåòàëüíûé àíàëèç èçîáðàæåíèé 58 âèäèìûõ ñ ðåáðà ãàëàêòèê
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â HUDF ïðèâåë ê âûâîäó î áûñòðîì ïàäåíèè äîëè ñïèðàëüíûõ ãàëàêòèê ñ
B/PS áàëäæàìè îò ñîâðåìåííîé ýïîõè ê 1z .

Ýòè ðåçóëüòàòû ïîëó÷åíû íà îñíîâå îòíîñèòåëüíî íåáîëüøîãî ÷èñëà îáúåêòîâ
è, êðîìå òîãî, îíè ìîãóò áûòü èñêàæåíû ñëîæíî ôîðìàëèçóåìûìè ýôôåêòàìè
íàáëþäàòåëüíîé ñåëåêöèè. Äàëüíåéøåå èçó÷åíèå äàëåêèõ ñïèðàëüíûõ ãàëàêòèê,
âèäèìûõ â îðèåíòàöèè ñ ðåáðà, î÷åíü âàæíî äëÿ ïîíèìàíèÿ îáðàçîâàíèÿ è
ýâîëþöèè îêðóæàþùèõ íàñ ñïèðàëüíûõ ãàëàêòèê.

Ðàáîòà âûïîëíåíà ïðè ïîääåðæêå ãðàíòîâ ÐÔÔÈ 19-02-00249 (èññëåäîâàíèå
õàðàêòåðèñòèê X-ñòðóêòóð äàëåêèõ ãàëàêòèê) è ÐÍÔ 19-12-00145 (èçó÷åíèå
õàðàêòåðèñòèê äèñêîâ, âèäèìûõ ñ ðåáðà).

1 Ñàíêò-Ïåòåðáóðãñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò, Ñàíêò-Ïåòåðáóðã,
 Ðîññèÿ, e-mail: v.reshetnikov@spbu.ru
2 Ñïåöèàëüíàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ ÐÀÍ, Íèæíèé Àðõûç, Ðîññèÿ

EVOLUTION OF THE STRUCTURE OF
EDGE-ON SPIRAL GALAXIES

V.P.RESHETNIKOV1,2, P.A.USACHEV1,2

The results of photometric analysis of edge-on spiral galaxies in the three deep
fields of the Hubble Space Telescope (HDF-N, HDF-S, HUDF) are discussed.
It is shown that galaxies at 50.z   demonstrate shortened stellar disks in
comparison with nearby galaxies. The observed evolution of the exponential scale
lengths is approximately consistent with the law n

r zh  )(1 , where 1n .
Evidence was obtained in favor of a noticeable decrease in the proportion of
galaxies with B/PS bulges from 0z  to 1z .

Keywords: structure evolution: spiral galaxies
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1. Введение. Программа исследования выборки галактик звездофор
мирующей активности, имеющих в нашей классификационной схеме [1,2] 
обозначение SfG (Star-forming Galaxy), нацелена на изучение связи процессов 
формирования областей ионизованного водорода и звездообразования в них 
с морфологическими и иными особенностями галактик. В выборку вошли 
почти 350 объектов из более 500 кандидатов в активные галактики, отобранных 
в семи избранных полях [2] Второго Бюраканского низкодисперсионного 
спектрального обзора неба SBS [3]. Тип активности, красные смещения и 
другие характеристики всех объектов были определены по результатам ранее 
выполненной последующей среднедисперсионной спектроскопии ([4] и ссылки 
в ней).

На данном этапе ведутся детальные исследования галактик, в частности, 
проводится панорамная спектроскопия с использованием мультизрачковых 
спектрографов. Исследуется спектральный диапазон с центром вблизи бальме-

Представлены результаты детальных исследований галактики звездоформирующей 
активности SBS1539+597, полученные на основе данных панорамной спектроскопии. Работа 
проводилась в рамках нашей программы по комплексному исследованию -500 галактик семи 
избранных полей Второго Бюраканского обзора (SBS). Наблюдения SBS1539+597 проводились 
на 6-м телескопе САО РАН с использованием мультизрачкового спектрографа MPFS. Среди 
приведенных результатов - двухмерные карты основных параметров излучения в линиях 
водорода На Бальмера, запрещенных дублетов азота [Nil] 6548, 6583, серы [SII] 6716,6731 
и в континууме. Детальный анализ полученных данных выявляет, в частности: область звездо
образования в центральной части галактики, в которой дифференцируются две области НИ 
(более яркая из которых отождествляется с объектом SDSS J154019.70 + 593606.1) и приле
гающая к ним небольшая область турбулентности; - преимущественное вращение излучающих 
газов по дисковой структуре, в которой отчетливо видно разделение отходящей ветви, 
берущей начало в зоне звездообразования. Приводятся численные значения основных 
параметров, описывающих область звездообразования и галактику в целом.

Ключевые слова: 3D-спектроскопия: На -излучение: области НИ: объекты: 
SBS 1539+597
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ðîâñêîé ëèíèè H  ãàëàêòèêè, âêëþ÷àþùèé áëèæàéøèå çàïðåùåííûå äóáëåòû
èîíèçîâàííûõ àçîòà [NII] 6548, 6583, ñåðû [SII] 6716, 6731 è êèñëîðîäà [OI]
6300, 6361 è äðóãèå, â çàâèñèìîñòè îò âûáðàííîé äèñïåðñèè è èíòåíñèâíîñòåé.
Ïîëó÷åíèåì ïàðàìåòðè÷åñêèõ ðàñïðåäåëåíèé ïî ïîëþ îáúåêòà, äåòàëèçàöèÿ è
âûÿâëåíèå îñîáåííîñòåé ñòðóêòóðû ïîâûøàåò òî÷íîñòü ïåðåêðåñòíîé èäåíòè-
ôèêàöèè ñ èñòî÷íèêàìè èç ëþáîé àñòðîíîìè÷åñêîé áàçû äàííûõ.

Â íàñòîÿùåé ñòàòüå ïðèâîäÿòñÿ ðåçóëüòàòû íàáëþäåíèé ãàëàêòèêè
SBS1539+597, ïðîâåäåííûõ íà 6-ì òåëåñêîïå Ñïåöèàëüíîé àñòðîôèçè÷åñêîé
îáñåðâàòîðèè Ðîññèéñêîé àêàäåìèè íàóê (ÑÀÎ ÐÀÍ) ñ ìóëüòèçðà÷êîâûì
ñïåêòðîãðàôîì ïåðâè÷íîãî ôîêóñà MPFS (Multi Pupil Fiber Spectrograph) [5].
Â ìîðôîëîãè÷åñêîé ïîñëåäîâàòåëüíîñòè õàááëîâñêîé êëàññèôèêàöèè îíà áëèçêà
ê òèïó S0 áëèæå ê ýëëèïòè÷åñêèì ãàëàêòèêàì. Â ñïèñêè SBS îáúåêò áûë
âêëþ÷åí ñ îáçîðíûì òèïîì sd3e, â êîòîðîì çàêîäèðîâàíî íàëè÷èå â ìîðôîëî-
ãè÷åñêîé ñòðóêòóðå êîíäåíñàöèè, äèôôóçíîé ñîñòàâëÿþùåé è ýìèññèîííûõ
ëèíèé ïðè ñëàáîì êîíòèíóóìå â óëüòðàôèîëåòîâîé ÷àñòè ñïåêòðà. Ïî ðåçóëü-
òàòàì ïîñëåäóþùåé äëèííîùåëåâîé ñïåêòðîñêîïèè, âûïîëíåííîé â äâóõ
äèàïàçîíàõ, ïðèìåðíîå çíà÷åíèå êðàñíîãî ñìåùåíèÿ ñîñòàâèëî 0090.z  .
Áûëà çàðåãèñòðèðîâàíà "ñëàáàÿ êîíòðàñòíàÿ ýìèññèÿ â áàëüìåðîâñêîé ëèíèè
H  è â çàïðåùåííîé ëèíèè àçîòà [NII] 6583 , è àáñîðáöèÿ â áàëüìåðîâñêèõ

ëèíèÿõ îò H  äî H , ïðè íàëè÷èè íåáîëüøîãî ýìèññèîííîãî ïèêà íà ôîíå
àáñîðáöèè H " [6,7].

Â ðàçäåëå 2 ïðèâîäÿòñÿ îñíîâíûå ñâåäåíèÿ ïî ãàëàêòèêå SBS 1539+597
è ðåçóëüòàòû êðîññ-îòîæäåñòâëåíèé ñ äðóãèìè îáçîðàìè. Â ðàçäåëå 3 èçëîæåíà
îñíîâíàÿ èíôîðìàöèÿ ïî íàáëþäåíèÿì è îáðàáîòêå ïîëó÷åííûõ äàííûõ.
Ðàçäåëû 4 è 5 ïîñâÿùåíû àíàëèçó ïîâåðõíîñòíûõ ðàñïðåäåëåíèé èíòåíñèâ-
íîñòåé èçëó÷åíèÿ â áàëüìåðîâñêîé ëèíèè âîäîðîäà H  è â çàïðåùåííûõ
ëèíèÿõ, ñîîòâåòñòâåííî. Â ðàçäåëå 6 äàåòñÿ îïèñàíèå ïîëÿ ðàäèàëüíûõ
ñêîðîñòåé. Ïîëó÷åííûå ðåçóëüòàòû ïîäûòîæåíû â 7-ì ðàçäåëå ñòàòüè.

2. SBS 1539+597 - êðîññ-îòîæäåñòâëåíèÿ. Ãàëàêòèêà SBS 1539+597
(àëüòåðíàòèâíî PGC 055758), ñîãëàñíî áàçå äàííûõ HyperLeda (http://leda.univ-
lyon1.fr), èìååò ýêâàòîðèàëüíûå êîîðäèíàòû (J2000)15h40m19s.7+59d36m06s,
ðàçìåðû 0'.45 õ 0'.2, âèäèìóþ ÿðêîñòü m(B) = 16m.05. Äëÿ ïîëó÷åííîãî íàìè
z  (òàáë.1), àáñîëþòíàÿ âåëè÷èíà èìååò çíà÷åíèå M(B) = -16m.8. Ïðåäâà-
ðèòåëüíî ãàëàêòèêó ìîæíî îõàðàêòåðèçîâàòü êàê áëèçêóþ ê êàðëèêîâûì. Ïî
ðåçóëüòàòàì êðîññ-îòîæäåñòâëåíèé ñ ãàëàêòèêîé àññîöèèðóþòñÿ èñòî÷íèêè èç
îáçîðîâ GALEX, SDSS, 2MASS, IRAS è WISE, ïîêðûâàÿ âèäèìûé, óëüòðà-
ôèîëåòîâûé è èíôðàêðàñíûé äèàïàçîíû ñïåêòðà.

Íà ðèñ.1à ïîêàçàíî SDSS (http://skyserver.sdss.org) èçîáðàæåíèå ãàëàêòèêè,
ïîâåðíóòîå íà 130o âëåâî, ò.å. íà âîñòîê, ãäå õîðîøî ïðîñìàòðèâàåòñÿ âûòÿíóòûé



15ÏÀÍÎÐÀÌÍÀß  ÑÏÅÊÒÐÎÑÊÏÈß  ÃÀËÀÊÒÈÊÈ  SBS 1539+597

âäîëü ïîçèöèîííîãî óãëà, PA ~ 150o, øèðîêèé ïîÿñ ðàçðåæåííîãî ãàçà,
îïîÿñûâàþùèé íåáîëüøóþ öåíòðàëüíóþ ÷àñòü. Îíà, â ñâîþ î÷åðåäü, èìååò
÷óòü óäëèíåííóþ ôîðìó, ïðèìåðíî â òîì æå ïîçèöèîííîì íàêëîíåíèè. Â
ñòðóêòóðå öåíòðàëüíîé ÷àñòè äèôôåðåíöèðóþòñÿ äâå êîíäåíñàöèè, ñ áîëåå
ÿðêîé îòîæäåñòâëÿåòñÿ åäèíñòâåííûé â ïîëå ãàëàêòèêè ôîòîìåòðè÷åñêèé
îáúåêò, çàðåãèñòðèðîâàííûé îáçîðîì SDSS J154019.70+593606.1. Ïî äàííûì
ôîòîìåòðèè â ïÿòè äèàïàçîíàõ îáçîðà u, g, r, i, z ðåãèñòðèðóåòñÿ ìîíîòîííîå
èçìåíåíèå ÿðêîñòè îáúåêòà â ïðåäåëàõ òðåõ çâ. âåë., îò u = 16m.99 äî z = 14m.06,

Ðèñ.1. Ñîîòâåòñòâóþùèé ïîëþ íàáëþäåíèé ó÷àñòîê íåáà ñ èçîáðàæåíèåì ãàëàêòèêè
SBS1539+597: a) êîìïîçèòíûé ñíèìîê SDSS DR15; b) â ëèíèè H , ïîëó÷åííûé èç êóáà
äàííûõ MPFS.

a b

z  max)(H 0.0096±0.0001
D (Mïê) 38.3±0.4
R

eq (ïê) 266±3

max)I(H (10-16
 ýðã/ñì2ñ) 19.63

)L(H  (10+39
 ýðã/ñ) 2.11

)SFR(H  ( M /ãîä) 0.016
I(6583)max (10-16 ýðã/ñì2ñ) 5.93
I(6716)max(10-16 ýðã/ñì2ñ) 3.33
I(6731)max(10-16 ýðã/ñì2ñ) 2.60

1
1R 0.40
2
1R 0.31

2
1

1
1 RR 1.29

Òàáëèöà 1

×ÈÑËÅÍÍÛÅ ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ ÇÎÍÛ
ÇÂÅÇÄÎÎÁÐÀÇÎÂÀÍÈß Â SBS1539+597



16 Ñ.À.ÀÊÎÏßÍ  È  ÄÐ.

ïðè çíà÷åíèè r = 14m.80. Ñïåêòðîñêîïèÿ ïî äàííîìó îáúåêòó, âêëþ÷àÿ ðåëèç
DR15, â SDSS íå ïðîâîäèëàñü.

Êîîðäèíàòû èñòî÷íèêîâ, çàðåãèñòðèðîâàííûõ îáçîðîì GALEX (https://
galex.stsci.edu/GR6), ñîâïàäàþò ñ âûøåóêàçàííûì SDSS îáúåêòîì. Çäåñü ðåãèñò-
ðèðóåòñÿ åãî íàèìåíüøàÿ èíòåíñèâíîñòü â äàëüíåì óëüòðàôèîëåòå, mfuv = 19.8,
è ÷óòü áîëüøàÿ â áëèæíåì, mnuv = 19.1.

Èçëó÷åíèå ãàëàêòèêè â ôèëüòðàõ JHK îáçîðà 2MASS (https://irsa.ipac.
caltech.edu) ðàñòåò â ñîîòâåòñòâèè ñî çíà÷åíèÿìè 14.109, 13.393, 13.122 çâ.
âåë. è äàëåå â èíôðàêðàñíûõ ïîëîñàõ îáçîðà IRAS.

Ãàëàêòèêà çàðåãèñòðèðîâàíà òàêæå â ÷åòûðåõ äèàïàçîíàõ îáçîðà WISE,
êîòîðûå ÷àñòè÷íî ïåðåêðûâàþòñÿ ñ IRAS, ïðè ýòîì òî÷íîñòü èçìåðåíèé
çíà÷èòåëüíî âûøå. Î ðåçêîì óâåëè÷åíèè ÿðêîñòè ãàëàêòèêè â ÈÊ ñâèäå-
òåëüñòâóþò çíà÷åíèÿ 12.0, 8.34 è 6.44 çâ. âåë. â äèàïàçîíàõ w2 (4.6 ìê), w3
(12 ìê) è w4 (22 ìê) îáçîðà WISE (http://wise2.ipac.caltech.edu), ñîîòâåòñòâåííî.
Â äèàïàçîíå w4, ïðè íàèáîëüøåé ÿðêîñòè îáúåêòà, ïðîÿâëÿåòñÿ áîëüøàÿ
ïðîòÿæåííîñòü ïûëåâîé îáîëî÷êè. Åå ðàçìåðû äîñòèãàþò 0.011 óãë. ãðàä,
ïîêàçûâàÿ áîëåå ÷åì äâóõêðàòíîå óâåëè÷åíèå ðàçìåðîâ ãàëàêòèêè. Ñëåäóåò
îòìåòèòü, ÷òî ïðåîáëàäàþùåå â èíôðàêðàñíîì äèàïàçîíå èçëó÷åíèå îáúåêòà
íå èíäóöèðóåòñÿ êîðîòêîâîëíîâûì èçëó÷åíèåì - ïî êðàéíåé ìåðå èñòî÷íèêè
êîðîòêîâîëíîâîãî èçëó÷åíèÿ, â ÷àñòíîñòè, îáçîðîì ROSAT, â ïîëå ãàëàêòèêè
íå çàðåãèñòðèðîâàíû.

3. Íàáëþäåíèÿ è îáðàáîòêà äàííûõ . Íàáëþäåíèÿ ãàëàêòèêè
SBS1539+597 ïðîâîäèëèñü íà 6-ì òåëåñêîïå ÑÀÎ ÐÀÍ 13-ãî ìàÿ 2002ã. ñ
èñïîëüçîâàíèåì ìóëüòèçðà÷êîâîãî ñïåêòðîãðàôà ïåðâè÷íîãî ôîêóñà MPFS
(Multi Pupil Fiber Spectrograph) â êîìáèíàöèè ñ ÏÇÑ-ìàòðèöåé Tektronix
1024 x 1024 pix. Äëèòåëüíîñòü êàæäîé ýêñïîçèöèè ñîñòàâèëà 1200 ñ. Ìèíè-
ìàëüíûå ïîòåðè ñâåòà ïðè èñïîëüçîâàíèè ìóëüòèçðà÷êîâîãî ñïåêòðîãðàôà,
ïðèìåðíî 1%, îáåñïå÷èâàþò áëèçêóþ ê ôîòîìåòðè÷åñêîé òî÷íîñòü ðåãèñòðàöèè
èçëó÷åíèÿ îò îáúåêòà.

Ñíèìîê SDSS íà ðèñ.1à ïðèâîäèòñÿ â ãðàíèöàõ, ñîîòâåòñòâóþùèõ ïîëþ
íàáëþäåíèé, ïîêàçàííîìó íà ðèñ.1b. Ðàçìåðû ïîëÿ îïðåäåëÿþòñÿ ìàòðèöåé
15 õ 16 êâàäðàòíûõ ëèíç ñ ïðîñòðàíñòâåííîé äèñêðåòèçàöèåé â 1 óãë. ñ,
ýêâèâàëåíòíûé äèàìåòð ýëåìåíòà íà óñòàíîâëåííîì äëÿ îáúåêòà ðàññòîÿíèè
ñîñòàâèë ~180 ïê. Â êàæäîì èç ýëåìåíòîâ, ñâÿçàííûõ ñ ìóëüòèëèíçîâûì
áëîêîì, çàðåãèñòðèðîâàí ñïåêòðàëüíûé äèàïàçîí äëèíîé 110 íì (610-720 íì)
ñ öåíòðîì âáëèçè ëèíèè H  îáúåêòà. Ñ èñïîëüçîâàíèåì äèôðàêöèîííîé
ðåøåòêè â 1200 øòðèõ/ìì äîñòèãíóòî ñïåêòðàëüíîå ðàçðåøåíèå â 1.35Å /ýë.

Äëÿ îáðàáîòêè íàáëþäåíèé, âèçóàëèçàöèè è àíàëèçà ïîëó÷åííûõ äàííûõ
èñïîëüçîâàëñÿ ñïåöèàëüíî ðàçðàáîòàííûé ïðîãðàììíûé ïàêåò [8] íà ÿçûêå
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IDL (Interactive Data Language). Ïåðâè÷íàÿ îáðàáîòêà âêëþ÷àåò âñå ñòàíäàðòíûå
ïðîöåäóðû, âêëþ÷àÿ êàëèáðîâêó äëèí âîëí ñ èñïîëüçîâàíèåì àðãîí-íåîíîâîé
ëàìïû è êàëèáðîâêó ïîòîêîâ. Â êà÷åñòâå ñòàíäàðòà íàáëþäàëàñü çâåçäà
GRW+70D5824. Ïàðàìåòðû ëèíèé îïðåäåëÿëèñü íà îñíîâàíèè ãàóññ-
àïïðîêñèìàöèè ñïåêòðàëüíûõ ïðîôèëåé.

Áîëüøèíñòâî èëëþñòðàöèé, ïðèâåäåííûõ â ñòàòüå, ïîëó÷åíû ñ ïîìîùüþ
ðàçðàáîòàííûõ J.Boulesteix-îì ïðîãðàììíûõ ïàêåòîâ îáðàáîòêè äàííûõ ADHOCw
(http://www-obs.cnrs-mrs.fr./ADHOC/), êîòîðûå èñïîëüçîâàëèñü òàêæå äëÿ
âèçóàëèçàöèè è àíàëèçà äàííûõ.

4. Èçëó÷åíèå â áàëüìåðîñêîé ëèíèè H . Ðàñïðåäåëåíèå íà ðèñ.1b,
ïðèâåäåííîå ôîíîâûìè ãðàäàöèÿìè è èçîëèíèÿìè, ïîëó÷åíî â áàëüìåðîâñêîé
ýìèññèîííîé ëèíèè H  è èëëþñòðèðóåò ïîëå íàáëþäåíèé öåëèêîì. Âñå
îñòàëüíûå êàðòû, àíàëèçèðóåìûå â ñòàòüå, îòîáðàæàþò âûäåëåííûé íà ðèñ.1b
ñâåòëûì ïðÿìîóãîëüíèêîì âíóòðåííèé ó÷àñòîê ïîëÿ, ñîñòîÿùèé èç 11 õ 7
ýëåìåíòîâ. Îí çàíèìàåò áîëüøóþ ÷àñòü ãàëàêòèêè SBS1539+597, ïðè ýòîì,
ìåíüøèé äèàïàçîí èíòåíñèâíîñòåé çäåñü îáåñïå÷èâàåò ëó÷øóþ äåòàëüíîñòü
ïðè âèçóàëèçàöèè.

Ïðèìåðíûå ãðàíèöû èîíèçîâàííîãî âîäîðîäà, íàáëþäàåìîãî â ãàëàêòèêå,
î÷åð÷èâàåò çàìêíóòûé êîíòóð, ïðîðèñîâàííûé òåìíîé ñïëîøíîé ëîìàíîé íà
ðèñ.2à. Îí âêëþ÷àåò âñå ýëåìåíòû, èíòåíñèâíîñòü êîòîðûõ, )I(H  ïðåâûøàåò
ïîðîã â 10%  îò èíòåíñèâíîñòè â ïèêå èçëó÷åíèÿ, max)I(H , çíà÷åíèå
êîòîðîé ïðèâîäèòñÿ â òàáë.1. Ïîëîæåíèå ïèêà H -èçëó÷åíèÿ îòìå÷åíî
êðåñòèêîì íà ðèñ.2à è, â êà÷åñòâå ïîçèöèîííîé ñâÿçêè, íà âñåõ ïîñëåäóþùèõ
êàðòàõ ñòàòüè.

Íà ðèñ.3 ïîêàçàíà ñïåêòðîãðàììà, ïîëó÷åííàÿ â ïèêå H -èçëó÷åíèÿ. Îíà
ñðåçàíà ñ äâóõ ñòîðîí äî íàèáîëåå èíôîðìàòèâíîãî äèàïàçîíà äëèí âîëí,

Ðèñ.2. Êàðòû èíòåíñèâíîñòåé èçëó÷åíèÿ SBS1539+597: à) â áàëüìåðîâñêîé ëèíèè âîäîðîäà
H ; b) â êîíòèíóóìå, â íåáîëüøîì äèàïàçîíå ñïåêòðà 6660-6680 ÅÅ , - áîëüøèì è ìàëûì

"C" îòìå÷åíû ïåðâè÷íûé è âòîðè÷íûé ìàêñèìóìû, ñîîòâåòñòâåííî. Áåëûé êðåñòèê - ïîëîæåíèå

max)I(H (íà âñåõ êàðòàõ ñòàòüè).

a b
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êîòîðûé âêëþ÷àåò çàðåãèñòðèðîâàííûå ýìèññèè - ýòî, ïîìèìî H , äâà
çàïðåùåííûõ äóáëåòà îäíîêðàòíî èîíèçîâàííûõ àçîòà [NII] 6548, 6583 è
ñåðû [SII] 6716, 6731. Îïðåäåëåííîå ïî ëèíèè H  â ïèêå êðàñíîå ñìåùåíèå,
 maxHz , è ñîîòâåòñòâóþùåå ðàññòîÿíèå, D, ïðèâîäÿòñÿ â òàáë.1. Äëÿ

ïîñòîÿííîé Õàááëà èñïîëüçîâàëîñü çíà÷åíèå H = 75 êì/ñ/Ìïê.
Îñíîâíàÿ äîëÿ H -èçëó÷åíèÿ ãàëàêòèêè ïðèõîäèòñÿ íà îáâåäåííóþ áåëûì

ñïëîøíûì êîíòóðîì çîíó, ðèñ.2à. Íàçîâåì åå çîíîé çâåçäîîáðàçîâàíèÿ -
èíòåíñèâíîñòü âñåõ ñîñòàâëÿþùèõ åå ýëåìåíòîâ, êîíòðàñòèðóÿ ñî çíà÷åíèÿìè
ïî âíåøíåìó ïåðèìåòðó, ïðåâûøàåò ïîðîã â 50% îò max)I(H . Â òàáë.1
ïðèâîäÿòñÿ ÷èñëåííûå õàðàêòåðèñòèêè äëÿ çîíû çâåçäîîáðàçîâàíèÿ: -
ýêâèâàëåíòíûé ðàäèóñ,   50.

eq SR  , ãäå S åå èçëó÷àþùàÿ ïîâåðõíîñòü; -
ñâåòèìîñòü,  HL ; - òåìï çâåçäîîáðàçîâàíèÿ,  HSFR , ïðè âû÷èñëåíèè
êîòîðîãî èñïîëüçîâàëàñü ñòàíäàðòíàÿ ôîðìóëà  HSFR     H1097 42 L.M

[9]. Tåìï çâåçäîîáðàçîâàíèÿ, íîðìèðîâàííûé íà åäèíèöó ïëîùàäè çîíû
çâåçäîîáðàçîâàíèÿ, ñîñòàâëÿåò 7.20E-8 M /ãîä/ïê2.

Ðàñïðåäåëåíèå èçëó÷åíèÿ â ïðåäåëàõ çîíû çâåçäîîáðàçîâàíèÿ ïîêàçûâàåò
íàëè÷èå äâîéíîé ñòðóêòóðû, ÷òî âèçóàëüíî ïðîñëåæèâàåòñÿ íà ñíèìêå èç
SDSS. Äâå ñìåæíûå îáëàñòè HII, îáîçíà÷åííûå reg1 è reg2 íà ðèñ.2à, âçàèìî-
ñìåùåíû îòíîñèòåëüíî ñâåòëîé øòðèõîâîé ëèíèè, âäîëü êîòîðîé îíè ãðàíè÷àò.
Â ñîîòâåòñòâèè ñ âçàèìíûì ðàñïîëîæåíèåì äâóõ îáëàñòåé HII è ñîîòíîøåíèåì
ÿðêîñòåé, ìîæíî êîíêðåòèçèðîâàòü, ÷òî èìåííî reg1 îòîæäåñòâëÿåòñÿ c îáúåêòîì
SDSS J154019.70+593606.1 è óêàçàííûìè âûøå èñòî÷íèêàìè èçëó÷åíèÿ.

Ñóäÿ, â ÷àñòíîñòè, ïî âûòÿíóòîé ôîðìå reg1 è reg2, ìîæíî ïðåäïîëîæèòü,
÷òî èõ âèçóàëüíîå ñîñåäñòâî îáóñëîâëåíî, ïðåèìóùåñòâåííî, îðèåíòèðîâàí-
íîñòüþ îòíîñèòåëüíî ëó÷à çðåíèÿ äèñêîâîé ïëîñêîñòè ãàëàêòèêè, ãäå
ðàñïîëîæåíû äâå îáëàñòè HII. Â òàêîì ñëó÷àå ïèê max)I(H , îïðåäåëÿåìûé

Ðèñ.3. Ôðàãìåíò ñïåêòðîãðàììû, ïîëó÷åííîé â ïèêå H -èçëó÷åíèÿ ãàëàêòèêè SBS1539+597.
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ðàñïðåäåëåíèåì èíòåíñèâíîñòåé, ÿâëÿåòñÿ óñëîâíûì, - ðåçóëüòàòîì íàëîæåíèÿ
èçëó÷åíèÿ. Åñëè èñêàòü äâà ïèêà ïî îòäåëüíîñòè, òî ïåðâè÷íûé - ýòî
ýëåìåíò â reg1 ñëåâà îò max)I(H , ñ ÷óòü ìåíüøåé èíòåíñèâíîñòüþ, âòîðè÷íûé
ïèê - íåïîñðåäñòâåííî íàä max)I(H , â reg2. Òàêèì æå îáðàçîì ðàñïîëîæåíû
äâà ïèêà ðàñïðåäåëåíèÿ èíòåíñèâíîñòè â êîíòèíóóìå, êîòîðîå èëþñòðèðóåò
ðèñ.2b. Ìîæíî âèäåòü, ÷òî â äâóõ äèôôåðåíöèðóåìûõ çäåñü ñòðóêòóðàõ
ïåðâè÷íûé è âòîðè÷íûé ïèêè, îòìå÷åííûå áóêâàìè "ñ" è "C", ñîîòâåòñòâåííî,
çàìåòíî îòñòîÿò äðóã îò äðóãà.

5. Èçëó÷åíèå SBS 1539+597 â çàïðåùåííûõ ëèíèÿõ. Â çàðåãèñò-
ðèðîâàííîì íàìè ñïåêòðàëüíîì äèàïàçîíå, èç çàïðåùåííûõ, íàáëþäàþòñÿ
ëèíèè îäíîêðàòíî èîíèçîâàííûõ äóáëåòîâ àçîòà [NII] 6548, 6583 è ñåðû [SII]
6716, 6731. Ñëàáîå, íåðåãóëÿðíîå èçëó÷åíèå â ëèíèè [OI] 6300 ïî ïîëþ
ãàëàêòèêè òîæå ïðèñóòñòâóåò.

Êàðòà èçëó÷åíèÿ â ëèíèè [NII] 6583 ïîêàçàíà íà ðèñ.4à ôîíîâûìè ãðàäà-
öèÿìè è èçîëèíèÿìè. Ðàñïðåäåëåíèå èìååò åäèíñòâåííûé ïèê, max583)6I( ,
çíà÷åíèå èíòåíñèâíîñòè â êîòîðîì (òàáë.1) ïðåâàëèðóåò íàä ñîñåäíèìè
ýëåìåíòàìè, âêëþ÷àÿ îáëàñòè reg1 è reg2. Åãî ïîëîæåíèå ñîâïàäàåò ñ ïèêîì

max)I(H , ñîîòâåòñòâåííî, ñïåêòðîãðàììà ðèñ.3 îòîáðàæàåò îòíîøåíèå èíòåí-
ñèâíîñòåé â ïèêàõ äâóõ ëèíèé.

Íà ðèñ.4b ôîíîâûìè ãðàäàöèÿìè è èçîëèíèÿìè ïîêàçàíî ðàñïðåäåëåíèå
ïî ïîëþ ãàëàêòèêè èíòåíñèâíîñòè èçëó÷åíèÿ, ñóììèðîâàííîé ïî äâóì ëèíèÿì
äóáëåòà ñåðû [SII] 6716, 6731. Îíî èìååò ïðèìåðíî òó æå, ÷òî è â ëèíèè
àçîòà, ñòðóêòóðó ðàñõîäÿùèõñÿ îò åäèíñòâåííîãî ïèêà êîíòóðîâ, ñ òîé ðàçíèöåé
÷òî çäåñü ïèê ìèíèìàëüíî ñìåùåí îò max)I(H  âëåâî ïî ðèñóíêó. Îòíîøåíèå
èíòåíñèâíîñòåé â ëèíèÿõ äóáëåòà ñåðû, I(6716)/I(6731), êîòîðîå ïðè
ôîòîèîíèçàöèè ÿâëÿåòñÿ èíäèêàòîðîì ýëåêòðîííîé ïëîòíîñòè, åñëè îíà
ïðåâûøàåò 80-100 ñì-3, èìååò ñðåäíåå çíà÷åíèå 451.ne  , ïðè ôëóêòóàöèÿõ
ïî ïîëþ îò 0.8 äî 1.7.

Ðèñ.4. Êàðòà èíòåíñèâíîñòåé èçîáðàæåíà ôîíîâûìè ãðàäàöèÿìè ñåðîãî è èçîëèíèÿìè:
a) â çàïðåùåííîé ëèíèè àçîòà [NII] 6583; b) ïî ñóììå ýìèññèè â ëèíèÿõ äóáëåòà ñåðû
[SII] 6716, 6731.

a b
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Ó÷èòûâàÿ ôîðìó âíåøíèõ èçîëèíèé äâóõ ïðåäñòàâëåííûõ ðàñïðåäåëåíèé,
ìîæíî çàêëþ÷èòü, ÷òî èçëó÷àþùèé â ñîîòâåòñòâóþùèõ çàïðåùåííûõ ëèíèÿõ
ãàç øèðîêî ïðîñòèðàåòñÿ çà ïðåäåëû îáëàñòåé HII reg1 è reg2, îáðàçóÿ îáùóþ
îõëàæäàþùóþ îáîëî÷êó.

Â òàáë.1, ïîìèìî çíà÷åíèé èíòåíñèâíîñòåé â ïèêàõ ýìèññèè â ëèíèÿõ
àçîòà è ñåðû, ïðèâîäÿòñÿ îòíîøåíèÿ ïîòîêîâ    H6583NII1

1R  è 2
1R

    H67316716SII , ðàññ÷èòàííûå äëÿ èçëó÷àþùåé ïîâåðõíîñòè S, ò.å
ñóììàðíîé ïëîùàäè reg1 è reg2. Îòíîøåíèå èíòåíñèâíîñòè èçëó÷åíèÿ â
çàïðåùåííîé ëèíèè àçîòà [NII] 6583 ê ñóììå èíòåíñèâíîñòåé â ëèíèÿõ
äóáëåòà ñåðû [SII] 6716, 6731, 2

1
1
1 RR  ìû èñïîëüçóåì â êà÷åñòâå õàðàêòåðèñòèêè

îáëàñòåé HII èññëåäóåìûõ ãàëàêòèê.
Íà ðèñ.2à øòðèõîâîé ëèíèåé âûäåëåí íåáîëüøîé ó÷àñòîê ïîëÿ, reg3,

ñîñòîÿùèé èç äâóõ ýëåìåíòîâ, âèçóàëüíî ïðèìûêàþùèõ ñâåðõó ê îáëàñòè reg2.
Íà êàðòå ðèñ.5à, ñ òåì æå ôîíîì, â ñóïåðïîçèöèè ïîêàçàí ôðàãìåíò ñïåêòðà
ñ äèàïàçîíîì, âêëþ÷àþùèì ëèíèè H  è àçîòà [NII] 6548, 6583. Äâà ýëåìåíòà
ó÷àñòêà reg3, âûäåëåííûå ïðÿìîóãîëüíèêîì íà ðèñ.5à, ïîêàçàíû â óâåëè÷åííîì
âèäå íà ðèñ.5b. Îòëè÷èå ñïåêòðîâ â íèõ ñîñòîèò â òîì, ÷òî îòíîøåíèå
èíòåíñèâíîñòåé 1

1R  
ïðåâûøàåò çíà÷åíèÿ, êîòîðûå îáû÷íî ðàññìàòðèâàþòñÿ â

êà÷åñòâå ïîðîãîâûõ ïðè èîíèçàöèè ãàçà ÎÂ-çâåçäàìè â îáëàñòÿõ HII. Ïðè
ýòîì èíòåíñèâíîñòü â ëèíèè àçîòà [NII] 6583 â äâóõ ýëåìåíòàõ reg3 ñîîòâåòñòâóåò
îáùåé òåíäåíöèè ðàñïðåäåëåíèÿ èíòåíñèâíîñòè ïî ïîëþ áåç ëîêàëüíûõ
îòêëîíåíèé. Ñîîòâåòñòâåííî, óøèðåííàÿ H  îòîáðàæàåò áîëåå ãëóáîêèå
ïðîöåññû, ñâÿçàííûå íåïîñðåäñòâåííî ñ âîäîðîäîì. È òîò ôàêò, ÷òî â ëèíèè
ïðîñëåæèâàåòñÿ, êàê ìèíèìóì, äâîéíàÿ ñòðóêòóðà, è äèñïåðñèÿ ñêîðîñòåé,
îïðåäåëåííàÿ ïî óøèðåíèþ ëèíèè äîñòèãàåò 425 ± 30 êì/ñ, ñâèäåòåëüñòâóåò î
ëîêàëüíîé òóðáóëåíòíîñòè â âèäå âèõðåâîãî âðàùåíèÿ.

Ðèñ.5. à) Êàðòà èíòåíñèâíîñòè â H , ïîêàçàííàÿ ôîíîâûìè ãðàäàöèÿìè, ñ ôðàãìåíòîì
ñïåêòðà âî âñåõ ýëåìåíòàõ â ñóïåðïîçèöèè; b) óâåëè÷åííîå èçîáðàæåíèå äâóõ ýëåìåíòîâ
ó÷àñòêà reg3, âûäåëåííîãî íà ðèñ.5à ïðÿìîóãîëüíèêîì.

a

bH
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6. Êèíåìàòèêà èîíèçîâàííîãî ãàçà. Ðàñïðåäåëåíèå ðàäèàëüíûõ
ñêîðîñòåé, îïðåäåëåííûõ ïî áàëüìåðîâñêîé ëèíèè âîäîðîäà H ,  HVr ,
ïðèâîäèòñÿ íà ðèñ.6à ôîíîâûìè ãðàäàöèÿìè. ×òîáû îòîáðàçèòü âûÿâëåííûå
â êèíåìàòèêå ãàçà òåíäåíöèè, áûëè èñïîëüçîâàíû äâå ïåðåñåêàþùèå ïîëå
ëèíèè. Ïåðâàÿ, îáîçíà÷åííàÿ "1", íà ðèñ.6à ïîêàçàíà ñïëîøíîé ëèíèåé, âòîðàÿ,
îáîçíà÷åííàÿ "2" - øòðèõîâîé ëèíèåé.

Ïåðâàÿ ëèíèÿ îðèåíòèðîâàíà ïðèìåðíî âäîëü ïîçèöèîííîãî óãëà ãàëàêòèêè.
Îíà ïðîõîäèò ïî âèçóàëüíîé ãðàíèöå, îòäåëÿþùåé ÷àñòü ïîëÿ ñ áîëåå
òåìíûìè ãðàäàöèÿìè, ò.å. áîëüøèìè çíà÷åíèÿìè  HVr . Ýòà ÷àñòü ïîëÿ
ñêîðîñòåé çàõâàòûâàåò áîëüøóþ ÷àñòü îáëàñòè reg1, ñ íàèáîëüøèìè â ïîëå
çíà÷åíèÿìè  HVr  íà åå ïåðèôåðèè, è ÷àñòü îáëàñòè reg2. Ïî ïðîòèâîïî-
ëîæíûì êðàÿì ëèíèè 2 ðåãèñòðèðóåòñÿ íàèáîëüøàÿ ðàçíèöà ïî ñêîðîñòÿì,
çàðåãèñòðèðîâàííûì â ïîëå. Ìèíèìàëüíûå çíà÷åíèÿ  HVr  ðåãèñòðèðóþòñÿ
â ïðèãðàíè÷íîé îáëàñòè ïî ïðàâîìó óãëó èçîáðàæåíèÿ, îïðåäåëÿÿ áëèæíèé
ïî ëó÷ó çðåíèÿ ó÷àñòîê ãàëàêòèêè.

Ïàðû êðèâûõ, ïîëó÷åííûå àïïðîêñèìàöèåé çíà÷åíèé Vr âäîëü äâóõ
ñòîðîí a è b êàæäîé èç ëèíèé 1 è 2, ïîêàçàíû íà ðèñ.6b è 6ñ, ñîîòâåòñòâåííî.
Â êà÷åñòâå ñèñòåìíîé ðàäèàëüíîé ñêîðîñòè ãàëàêòèêè â öåëîì èñïîëüçîâàëîñü
çíà÷åíèå   302871HVr   êì/ñ, ïîëó÷åííîå äëÿ ýëåìåíòà max)I(H . Íà
ðèñ.6à, b åé ñîîòâåòñòâóåò øòðèõîâàÿ ïðÿìàÿ.

Îòîáðàæàÿ èçìåíåíèÿ óñðåäíåííûõ çíà÷åíèé  HVr , òðàåêòîðèè êðèâûõ
1à è 1b íà ðèñ.6b (ñïðàâà-íàëåâî) ïîêàçûâàþò èõ ìîíîòîííîå âîçðàñòàíèå
â íàïðàâëåíèè, óêàçàííîì ñòðåëêàìè íà ðèñ.6a. Íà ðèñ.6b âèäíî, ÷òî êðèâûå
ëåæàò ïî ðàçíûå ñòîðîíû îò ñèñòåìíîãî óðîâíÿ. Ïðè ýòîì, ðàçíèöà çíà÷åíèé
ïî êðàÿì êðèâîé 1à, ïðåâûøàþùàÿ 60 êì/ñ, ïî÷òè âòðîå áîëüøå, ÷åì ðàçíèöà
ïî êðàÿì êðèâîé 1b.

Àíàëèç èçìåíåíèé â ïðèìûêàþùèõ ê ëèíèè 2 ïîëîâèíàõ ïîëÿ ñêîðîñòåé,
ðèñ.6a, âûÿâëÿåò íàëè÷èå ó÷àñòêà ñêà÷êîîáðàçíîãî ðîñòà çíà÷åíèé Vr. Îí
ïðîÿâëÿåòñÿ ïðè ïåðåõîäå ê ìàêñèìàëüíûì çíà÷åíèÿì, çàðåãèñòðèðîâàííûì
â ïîëå, è íàèáîëåå âûðàæåí â íèæíåé ïî ðèñóíêó îò ëèíèè 2 ïîëîâèíå ïîëÿ
b. Ýòèì èçìåíåíèÿì ñîîòâåòñòâóåò ïóíêòèðíûé îòðåçîê êðèâîé 2b íà ðèñ.6c.
Ñêà÷êîîáðàçíûé ïåðåõîä çíà÷åíèé ðàäèàëüíûõ ñêîðîñòåé áîëåå ÷åòêî
ïðîÿâëÿåòñÿ â ñïåêòðàëüíîé ëèíèè [NII] 6583. Åãî ìîæíî ïðîñëåäèòü ñ
ïîìîùüþ ÷èñëåííûõ çíà÷åíèé Vr(6583), ïîêàçàííûõ íà ôîíå ïîëÿ ñêîðîñòåé
ðèñ.7. Â ÷àñòíîñòè, ðàçíèöà â çíà÷åíèÿõ Vr(6583) ïî äâóì ñòîðîíàì îò
ñâåòëîé ëîìàíîé ëèíèè ïîñòåïåííî óâåëè÷èâàåòñÿ âäîëü íåå â íàïðàâëåíèè
îò öåíòðàëüíîé ÷àñòè ãàëàêòèêè äî êðàÿ, äîñòèãàÿ 110 êì/ñ.

Òàêèì îáðàçîì, íà îñíîâå äàííûõ, ïîëó÷åííûõ ïî ðàñïðåäåëåíèþ ðàäèàëü-
íûõ ñêîðîñòåé ïî ïîëþ ãàëàêòèêè SBS1539+597, âûÿâëÿåòñÿ ñëåãêà èçîãíóòàÿ
òðàåêòîðèÿ, âäîëü êîòîðîé ðåãèñòðèðóåòñÿ ðåãóëÿðíûé ñêà÷îê çíà÷åíèé Vr ñ
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äâóõ åå ñòîðîí. Îí óâåëè÷èâàåòñÿ ïî íàïðàâëåíèþ ê ïåðèôåðèè, óêàçûâàÿ
íà ðàññëîåíèå ñòðóêòóðû è îòñå÷åíèå ñïèðàëüíîãî ðóêàâà. Áåðÿ íà÷àëî â
öåíòðàëüíîé ÷àñòè ãàëàêòèêè, ðóêàâ âèçóàëüíî çàõâàòûâàåò ÷àñòü çîíû
çâåçäîîáðàçîâàíèÿ è ó÷àñòîê reg3.

Ó÷àñòîê reg3, ïðèëåãàþùèé ê çîíå çâåçäîîáðàçîâàíèÿ (ñì âûøå, íàïð.
ðèñ.6à) - ýòî íåáîëüøîé ó÷àñòîê òóðáóëåíòíîñòè, âûÿâëåííûé ïî ïðîôèëþ

Ðèñ.6. Ïîëó÷åííûå â ñîîòâåòñòâèè ñî çíà÷åíèÿìè ðàäèàëüíûõ ñêîðîñòåé )Vr(H : a)
ðàñïðåäåëåíèå ïî ïîëþ, ôîíîâûìè ãðàäàöèÿìè ñåðîãî, ãäå áîëåå òåìíûì ñîîòâåòñòâóþò
áîëüøèå çíà÷åíèÿ ðàäèàëüíûõ ñêîðîñòåé; b) è ñ) ïàðà êðèâûõ, a è b, ïðîñëåæèâàþùèõ
èçìåíåíèÿ â óêàçàííûõ ñòðåëêàìè a è b íàïðàâëåíèÿõ ñ äâóõ ñòîðîí îò ïîêàçàííîé íà ðèñ.6à
îñè "1" è "2", ñîîòâåòñòâåííî.
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ýìèññèè â ëèíèè H . Íî òàê ëè îí ìàë? Àíàëèçèðóÿ çíà÷åíèÿ ðàäèàëüíûõ
ñêîðîñòåé â çîíå çâåçäîîáðàçîâàíèÿ, äîñòàòî÷íî îòìåòèòü, ÷òî îñü "1", ðèñ.6à,
ïðîõîäÿ ÷åðåç ñîñòàâëÿþùèå åå îáëàñòè HII, reg1 è reg2, äåëèò êàæäóþ
ïîïîëàì, óêàçûâàÿ íà èõ âðàùåíèå. È, ôàêòè÷åñêè, ó÷àñòîê reg3 ÿâëÿåòñÿ
âåðõóøêîé çîíû òóðáóëåíòíîñòè, â êîòîðóþ ïîïàäàþò îáëàñòè HII reg1 è
reg2, ÷òî äåëàåò ñâÿçü ïðîèñõîäÿùèõ çäåñü ïðîöåññîâ ñ ïîÿâëåíèåì è îòäåëåíèåì
ðóêàâà áîëåå î÷åâèäíîé.

7. Âûâîäû. Äåòàëüíûå èññëåäîâàíèÿ SBS1539+597 ïðîâîäèëèñü â ðàìêàõ
èçó÷åíèÿ ãàëàêòèê çâåçäîôîðìèðóþùåé àêòèâíîñòè. Â îñíîâó àíàëèçà ëåãëè
äàííûå íàáëþäåíèé, ïðîâåäåííûõ ñ èñïîëüçîâàíèåì ìóëüòèçðà÷êîâîãî ñïåêòðî-
ãðàôà MPFS íà 6-ì òåëåñêîïå ÑÀÎ ÐÀÍ. Ïîâåðõíîñòíûå ðàñïðåäåëåíèÿ
îñíîâíûõ ïàðàìåòðîâ ëèíèé, íàèáîëåå èíòåíñèâíûõ â íàáëþäàâøåìñÿ ñïåêò-
ðàëüíîì äèàïàçîíå, à èìåííî, ýìèññèè â áàëüìåðîâñêîé H  è çàïðåùåííûõ
ëèíèÿõ [NII] 6548, 6583, [SII] 6716, 6731, â ñî÷åòàíèè ñ èíôîðìàöèåé,
äîñòóïíîé èç ëèòåðàòóðû è äàííûõ àñòðîàðõèâîâ, â îñíîâíîì, ïîêàçàëà:

- íàëè÷èå àêòèâíîé çîíû çâåçäîîáðàçîâàíèÿ â öåíòðàëüíîé ÷àñòè ãàëàêòèêè,
ñîñòîÿùåé èç äâóõ îáëàñòåé HII, áîëåå ÿðêàÿ èç êîòîðûõ îòîæäåñòâëÿåòñÿ ñ
SDSS J154019.70+593606.1, è ïðèëåãàþùåãî ê íèì ó÷àñòêà òóðáóëåíòíîñòè;

- îáùåå êðóãîâîå âðàùåíèå èçëó÷àþùèõ ãàçîâ ïî äèñêîâîé ñòðóêòóðå,
íàèáîëåå âûðàæåííîå â öåíòðàëüíîé ÷àñòè ãàëàêòèêè - â çîíå òóðáóëåíòíîñòè,
îõâàòûâàþùåé äâå îáëàñòè HII è ó÷àñòîê òóðáóëåíòíîñòè;

-íàëè÷èå îòäåëÿþùåãîñÿ ðóêàâà, èñõîäÿùåãî îò àêòèâíîé çîíû â öåíòðàëü-
íîé ÷àñòè ãàëàêòèêè.

Òàêèì îáðàçîì, ãàëàêòèêà SBS1539+597, ìîðôîëîãèè S0, ñ äâóìÿ îáëàñòÿìè

Ðèñ.7. Ðàñïðåäåëåíèå îïðåäåëåííûõ ïî çàïðåùåííîé ëèíèè àçîòà [NII] 6583 ðàäèàëüíûõ
ñêîðîñòåé Vr, ïîêàçàííîå ôîíîâûìè ãðàäàöèÿìè è ÷èñëåííûå ïîêàçàòåëè. Òîé æå ëèíèè
ñîîòâåòñòâóþò è èçîëèíèè èíòåíñèâíîñòåé, ïðèâåäåííûå â ñóïåðïîçèöèè.

Vr(6583)
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HII â öåíòðàëüíîé ÷àñòè, íàõîäèòñÿ íà íà÷àëüíîé ñòàäèè àêòèâíûõ ïðîöåññîâ,
÷òî ìîæíî ñâÿçàòü ñ äîñòèæåíèåì ôàçû ôðàãìåíòàöèè ïðè ãðàâèòàöèîííîì
ñæàòèè. Ïîëó÷åííàÿ äåòàëèçàöèÿ äàííûõ óêàçûâàåò íà âëèÿíèå ïðîöåññîâ
çâåçäîîáðàçîâàíèÿ íà èçìåíåíèÿ â îñíîâíîé ñòðóêòóðå. Íàëè÷èå ó÷àñòêà
òóðáóëåíòíîñòè, ïðèìûêàþùåãî ê äâîéíîé çîíå çâåçäîîáðàçîâàíèÿ, îáîñîá-
ëåííîå âðàùåíèå êîòîðîé òîæå óñòàíîâëåíî, óêàçûâàåò íà ïðîöåññû, êîòîðûå
ìîãóò ïîâëèÿòü íà êèíåìàòèêó îêðóæàþùåé ìàòåðèè, ñïðîâîöèðîâàâ íàáëþ-
äàåìîå îòäåëåíèå ðóêàâà, è èçìåíåíèå ìîðôîëîãèè ãàëàêòèêè â öåëîì.

Äåòàëüíûå èññëåäîâàíèÿ ãàëàêòèê çâåçäîôîðìèðóþùåé àêòèâíîñòè, ñîñòàâ-
ëÿþùèõ íàøó îäíîðîäíî ïîñòðîåííóþ âûáîðêó, íàöåëåííû íà óñòàíîâëåíèå
çàêîíîìåðíîñòåé ìåæäó èõ àêòèâíîñòüþ è ìîðôîëîãèåé. Îñîáîå è ñðàâíèòåëüíîå
çíà÷åíèå ïîëó÷åííûõ äëÿ SBS1539+597 ðåçóëüòàòîâ ñîñòîèò â åå îòíîñèòåëüíî
ïðîñòîé, îáùåé äëÿ ìíîãèõ îáúåêòîâ ñòðóêòóðå ñ àêòèâíûì äâîéíûì ÿäðîì.
Èññëåäîâàíèå SBS1539+597 áóäåò ïðîäîëæåíî è â ðàìêàõ èçó÷åíèÿ âíåøíèõ
ñëîåâ ãàëàêòèê.

Ñòàòüÿ îñíîâàíà íà íàáëþäàòåëüíîì ìàòåðèàëå, ïîëó÷åííîì íà 6-ì òåëåñêîïå
ÑÀÎ ÐÀÍ, ðàáîòà êîòîðîãî ïîääåðæèâàåòñÿ Ìèíèñòåðñòâîì íàóêè è âûñøåãî
îáðàçîâàíèÿ Ðîññèéñêîé Ôåäåðàöèè.

1 Áþðàêàíñêàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ èì. Â.À.Àìáàðöóìÿíà,
 Àðìåíèÿ, e-mail: susannahakopian@yahoo.com
2 Ñïåöèàëüíàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ, Ðîññèÿ,
 e-mail: dodo@sao.ru     moisav@sao.ru

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

S.HAKOPIAN1, S.DODONOV2 , A.MOISEEV2

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

Keywords: 3D-spectroscopy: H -radiation: HII regions: individual: SBS 1539+597
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INVESTIGATIONS OF THE PERIODIC VARIABLES IN 
THE CATALINA AND LINEAR DATABASES

K.S.GIGOYAN1, G.R.KOSTANDYAN1, K.K.GIGOYAN2,

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

Determination of the correct classes of variables can be very important for 
studies of stellar populations. Some types of variable stars, such as RR Lyrae stars

A. SARKIS SIAN3, M.MEFTAH3, D.RUSSEIL4, F.ZAMKOTSIAN4, 
F.D.RAHMATULLAEVA5, G.PARONYAN1
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In this study we continue spectral class determinations for large numbers of optically faint 
periodic variables taken from the Catalina Surveys Data Release 1 (CSDR1) and LINEAR data 
sets. Spectral classes and physical parameters are presented for 1184 periodic variables with periods 
P> 10 days, taken from modern large sky area spectroscopic and photometric databases, including 
LAMOST (Large Sky Area Multi-Object Fiber Spectroscopic Telescope), SDSS (Sloan Digital Sky 
Survey), the Hamburg Quasar Survey (HQS), the Hamburg/ESO Survey (HES), and Gaia Data 
Release 2 (DR2). In Gaia DR2 catalogue, luminosities are presented for 276 objects and radial 
velocities (RV) for 108 objects out of 1184. Spectral classes were confirmed for more than 650 
objects. The majority of the variables are found to be F, G, K, M dwarfs and giants, a few dozen 
carbon (C) stars (N-type Asymptotic Giant Branch (AGB) stars), and a few S stars. Some periodic 
variables are blue objects, such as B and A stars. The periods are in the range 10 < P < 1504 days 
and Catalina magnitudes in range 11.5 < V <20.0 mag. Finding new and faint evolved AGB stars 
in the halo of our Galaxy is the first priority. A catalogue containing multi-parameter data for 1184 
periodic variables from modem astronomical databases has been generated.

Keywords: Catalog-periodic variables:surveys: late-type stars: M and C stars, general
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and Cepheids, are an excellent tool for studying our Galaxy. Being nearly standard
candles (as distance indicators) and being intrinsically bright, they are a particularly
suitable tracer of Galactic structure [2-4]. Long period variables (LPV, 52.V 
mag, or Miras), which are Asymptotic Giant Branch (AGB) stars, are also very
important distance indicators for old and intermediate age populations [5].

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

In this paper we continue spectral class determinations for a large number of
optically faint periodic variables (hereafter PV). These variables are taken from the
CSS DR1 dataset and from the LINEAR database (Lincoln Near-Earth Asteroid
Research, Palaversa et al. [8]). We study 1184 CSS and LINEAR PVs for which

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

2. Surveys and PV catalogues used. Variability data come primarily
from DR1 of the CSS. The main focus of this survey is the discovery and tracking
of Near-Earth Objects (NEOs) and potentially hazardous asteroids (PHAs), but
their multi-epoch imaging of large areas of the sky provides excellent data for more
general studies of the time-varying sky, including variable stars. In total the survey
covers ~33000 deg2 of the sky within the region oo 6575   and more than
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10o-15o from the Galactic plane. The time baseline is greater than 7 yr. The whole
survey has three components: the Catalina Sky Survey (CSS), the Southern Sky
Survey (SSS), and the Mount Lemmon Survey (MLS), which cover the northern
sky, southern sky and the ecliptic (±10o), respectively. In many cases, stars have
data from more than one of these surveys (online access at http://nesssi.cacr.caltech.
edu/DataRelease/).

The Catalina Survey data are provided by three telescopes: (1) the 0.7 m
Catalina Schmidt telescope, which has a 8.1 deg2  field of view, a pixel scale of
2.5 arcsec, and which reaches a limit of V ~ 19 - 20 mag (2); the 1.5 m Mount
Lemmon reflector, with a 1.2 deg2 field of view and a deeper limit, V ~ 21.5 mag;
and (3) the 0.5 m Uppsala Schmidt at Siding Spring, Australia, with a 4.2 deg2

field of view, a 1.8 arcsec pixel-1 image scale and depth of V ~ 19 mag. All three
telescopes operate with cooled, 4kk4   back-illuminated unfiltered CCD cameras.
Drake et al. [7] presented a catalogue of periodic variables selected from the
CSDR1 dataset, from a search of 5.4 million variable star candidates within the
20000 deg2 area covered by the CSDR1. To select PVs, these authors use Lomb-
Scargle periodogram analysis for all variability classes (pulsating, eclipsing, and
eruptive). The catalogue contains data for 47055 variable objects - ("Catalina Survey
Periodic Variable Stars", CDS VizieR Catalogue J/ApJS/213/9). All the Catalina
data are analyzed for transient sources by the Catalina Real-Time Transient Survey
(CRTS [14]). Papers [15,16] are devoted to the new RR Lyrae and Cataclysmic
Variables (CV) found in the CRTS database.

We also use the LINEAR [8] database in addition to the Catalina Surveys.
The LINEAR survey is similar to Catalina and the focus of the program is to
discover and track NEAs larger than 1 km diameter. It operates from two 1 m
telescopes located at the White Sands Missile Range in New Mexico. The camera
is unfiltered and has a ~2 deg2 field of view and 2.25 arcsec/pixel image scale. This
survey (nearly 10000 deg2  of the northern sky) is not as deep as Catalina, reaching
down to V < 18 (see details at http://astroweb.lanl.gov/leneardb/). Palaversa et al.
[8] presented a catalogue of the 7194 PVs ("LINEAR III. Catalog of Periodic
Variables", CDS Vizier Catalog J/AJ/146/101, based on visual classification of light
curves) acquired by the LINEAR asteroid survey. We selected 1142 PVs from CSS
DR1 and 96 from the LINEAR datasets. 54 LINEAR PVs are included also in
the CSS DR1 database. From both catalogues 1184 objects were selected with

10P  days.

3. Spectroscopic databases used. Very useful quantities for our work are
the covered area and the limiting magnitude. In order to determine spectral classes
for PVs we use the following main sources of information. They are: Hamburg
Quasar Survey (HQS) and Hamburg/ESO (HES) surveys (online access to HQS



30 K.S.GIGOYAN  ET  AL.

and HES surveys at https://www.hs.uni-hamburg.de/DE/For/Exg/Sur/hqs/online/
index.html/). For HQS, the area covered is 13600 deg2 and B(lim) = 19m.0; for HES,
6400 deg2 and B(lim) = 18m.0. HQS offers a low resolution (1300Å /mm at H )
from 3400 to 5400 Å , while it is 3200 Å  to 5300 Å  (450 Å /mm near H ) for HES.
Supplementary spectral information is also given by the Sloan Digital Sky Survey
Data Release 15 and the LAMOST spectra (coverage 3700 to 9000Å , Data Release
5. Finally, for each of 1184 PVs we check for any spectral information in the
SIMBAD database.

Fig.1. The LAMOST telescope spectra in the range Å9000-3700  for the two PVs CRTS
J012510.2+173825 (classified as a LPV M star) and CRTS J020202.8+274204 (classified as G star,
RS CVn type variable).
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Fig.1 shows an example of LAMOST DR5 spectra for two CRTS periodic
variables, which are classified as M and  G-stars. They are  CRTS J012510.2+173835
(classified as LPV by Drake et al. [7]) and CRTS J020202.8+274204 (classified
as a RS CVn type variable). Fig.2a, b illustrates corresponding HQS and HES
objective prism low resolution (lr) spectra for CRTS J170621.4+142735 and CRTS
J151432.4-093932, which we classify as M stars based on the presence of TiO
absorption bands in the lr spectra. An important note is that for a certain
classification, we present HQS and HES class in our list only for M and C stars,
showing absorption bands of TiO and C2 molecules respectively in lr spectra (at
a given resolution there are no spectroscopic criteria to discriminate F, G, and
K stars on HQS and HES digitized plates).

In the SDSS DR15 database, spectra in the range 3600-10000 Å  are available
for 32 PVs. Only 3 objects have APOGEE (Apache Point Observatory Galactic
Evolution Experiment) infrared spectra (in the range 1.5 to 1.7 m , for more detail
see the site http://www.sdss.org/instruments/apogee_spectrograph/). They are CRTS
J114143.6+262359, APOGEE id. is 2M11414364+2623592, which is an M4.5 III
Mira variable, CRTS J140556.0+014031, APOGEE id.  2M14055603+0140310, an
M2 subclass star, and CRTS J224228.1+060856, APOGEE id.  2M22422816+0608567.
According to LAMOST DR5, the last object is of K1 subtype.

4. The list of 1184 PVs with 10P  days. All 1184 periodic variables
are cross-correlated with available modern astronomical catalogues and databases,

Fig.2. HE lr spectra in the range Å5400-3200  for the newly confirmed M-type star CRTS
J151432.4-093932. TiO molecule absorption bands are indicated. Field is 5151   (a), and (b) HS
lr spectra in the range Å5400-3400  for the newly confirmed M-star CRTS J170621.4+142735.
TiO molecule absorption bands are indicated. Field is 55  .

TiO
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TiO

a b

CRTS J170621.4+142735=hs170621+142735CRTS J151432.4+093932=he151432+093932
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namely 2MASS, SDSS DR15, Gaia DR2, and LAMOST DR5. The contents of
the list are as follows:

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

2) RA, Dec (J2000), <V > mag, P (days), and amplitude (mag) and variability
type according to the CRTS DR1 catalogue (J/ApJS/213/9 [7]),

3) 2MASS J, H, and Ks magnitudes and errors, J - H and H - Ks colors,
4) Gaia DR2 Name, Gmag, T

eff (K), BP - RP color index, radius and luminosity
in solar units with errors when available (CDS VizieR Catalogue I/345/gaia2),

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

6) LAMOST DR5 catalogue associations and spectral classes (if available),
7) SDSS DR15 associations and spectral classes (if available),
8) Alternative names of objects from SIMBAD and spectral class, references

or elsewhere.
A representative sample table with key columns and key rows is given as

Table 1. The columns are follows: (1) CRTS Name, (2) CRTS <V > median
magnitude, (3) Period (in days), (4-6) Gaia DR2 G mag., BP - RP color, and
T

eff
 consequently, (7) hs or he associations, (8) Gaia DR2 luminosities (in solar

units), (9) spectral class of the object.

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

CRTS  and <V > P G BP-RP T
eff

hs Lumin. Sp.
LINEAR number mag days mag Color K Association L class

J010453.2+450136 12.61  248.01 12.49 4.35 3380 010453+450136 M
J010354.4+203955 13.89 24.55 13.84 1.25 5130 010354+203955 48.87 G
J020424.0+325248 14.14 15.71 14.32 1.39 4620 020424+325248 2.36 Unknown
J032905.5+305924 15.05 17.24 15.27 2.80 3820 0.10 Unknown
J034525.1+294352 14.36 13.88 14.75 2.63 3470 034525+294353 0.32 M
J163525.0+383247 14.15 146.52 14.07 2.29 3800 163524+383246 M
J220910.4+022323 15.57 330.86 15.58 0.96 5360 220910+022323 2.25 F
LINEAR 3577682 15.17 179.42 15.06 1.93 4060 122041+491844 N
LINEAR 13990545 16.80 1503.71 17.05 0.14 9460 151916+064529 B

Table 1

A SAMPLE LIST OF THE CRTS PV STARS1,2

1 Table 1 does not present all parameters which are included in the electronic format of the
list, see Discussion and Conclusion.

2 Notes for some interesting objects and their other associations in SIMBAD data base.
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CRTS J010506.6+021333, <V > = 19.06, P = 533.62 days, Amp. = 1.87 mag. This object is
noted by Menzies et al. [17], as a LPV AGB in a local dwarf irregular galaxy IC 1613 (Gaia DR2
G = 19.69, BP - RP = 2.53 mag).

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

CRTS J034855.8 + 350332 = LAMOST J034855.83 + 350332.6 is an eclipsing binary with A1
subclass and L.L 270  luminosity, the distance of the object is 411 pc from the Sun (CDS Vizier
Catalogue I/347/gaia2dis) [18].

CRTS J052909.7 + 035128, <V > = 15.94, P = 14.4 days, J - H = 0.66, H - K = 0.25, this
object is the source with the lowest Gaia DR2 luminosity value among the sample ( L.L 050 )
and is an eclipsing binary at a distance 339 pc from the Sun [18].

CRTS J053347.7 - 045208 = LAMOST J053347.70 - 045208.4 = V731 Ori, which is a RS
CVn type variable and is an M dwarf star (M3 subclass). Gaia DR2 data are: L.L 130 , G =
15.34, Teff = 3690 K, the distance r = 338 pc [18].

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

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

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

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

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

CRTS J122846.8 + 052726 = EL Vir = LAMOST J122846.80 + 052726.4, an eclipsing binary,
subclass is K3, L.L 575 , distance is 1860 pc according to [18].

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

CRTS J124219.4 + 093820 = LINEAR 7682813 = LEDA 1367921 (galaxy) [23].
CRTS J151915.9 + 064529 = LINEAR 13990545 = LAMOST J151915.86 + 064529.1, P =

1503.71 days, <V > = 16.8, Amp. = 0.63 mag, object with largest P among the 1184 sample
considered [24].

CRTS J170810.3 - 022022 (<V > = 12.97, P = 385.21 day, J - H = 1.37, H - K = 1.11) is
presented by Drake et al. [7] as a LPV. This object is observed in the H2O maser line by Yung
et al. [25]. In our list we noted spectral class as "Unknown".

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

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

numerous papers as a dwarf/giant discriminator. It can select the area on the
diagram ( 700.0 .KH  , and 010.2 .HJ  ) where the maximum concen-
tration of objects is evident. Primarily F, G, and K type stars are in this region.
Objects with 01.HJ   are M and N-type AGB stars only. A few unknown
objects lie in the zone where J - H < 0.8 and H - K > 0.2. Further spectroscopic
observations are necessary to clarify the nature of these objects. Usually in this
region of the diagram M dwarfs, carbon dwarfs (dC) and brown dwarfs are located.

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

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

    . 337382log693 ..P.KM  (1)

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

Fig.3. 2MASS color-color diagram for CSS and LINEAR PVs.
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CRTS and LINEAR <V > Period G BP-RP hs or he D (kpc)
Number days color associations

J012510.2+173835 12.73 425.35 12.54 3.08 hs 012510+173835 18.0
J012842.1+433218 13.05 119.00 13.26 3.34 hs 012842+433218 10.0
J063516.1+524425 12.08 259.59 12.12 4.83 hs 063516+524424 3.98
J133725.3-014948 12.91 147.53 12.65 2.43 he 133725-014948 10.5
J152042.9-093148 15.75 233.37 16.03 3.33 he 152042-093148 50.0
LINEAR 9809348 15.47 76.87 15.46 1.71 he 133646+075230 33.0

Table 2

SOME IMPORTANT GAIA DR2 DATA FOR 6 PV STARS



35INVESTIGATIONS  OF  THE  PERIODIC  VARIABLES

galaxy (see more detail in Fig.22 of Huxor and Grebel [28]). Drake at al. [7]
discussed and presented the distribution of LPVs (see their Fig.37, compared to
the Law & Majewski [29]) in a model of the Sagittarius streams for objects with
14.9 < VCSS < 15.9 but without information about spectral classes and adopted for
all LPVs M

V
 = -3.0. However, LPV stars have a very broad range of absolute

magnitudes [30]. Note that only for object CRTS J063516.1+524425 (M8 subclass
star) are the distance estimation based on P - L relation and presented in catalogue
I/347/gaia2dis [18] based on parallaxes in good agreement. These two values of
the distances are inconsistent for the remaining objects of the Table 2.

Table 3 presents CRTS and LINEAR PVs with available Gaia DR2 luminosity
and LAMOST DR5 spectral class information.

In Fig.4 LAMOST telescope spectra in the range Å90003700   for objects
CRTS J034525.1+204352 and CRTS J144715.4-021415 of Table 3 are presented.
Fig.5 presents Gaia DR2 color-temperature relation for 1184 PVs. We selected
76 PVs out of 1184 having large Gaia DR2 BP - RP colors (>5.0 mag). All of
them are Miras (M stars later than M7 subclasses). In our list we could not classify
23 objects with very red colors. They are all unknown and associated with IRAS
Point Sources (CDS VizieR catalog II/125/main) and are out of the HQS and
HES fields. Their VCSS is brighter than 13 mag. In the blue part of the diagram
(T

eff
 > 9000 K), there are 3 objects. They are LINEAR 13990545 = SDSS J151915.86

+ 064529.1 (B0 IV star, V = +76 km/s) is a CV star, LINEAR 152733636 = CT Ser
= SDSS J154539.08 + 142231.6 (B0 IVe star, V = -28 km/s [31], and CRTS
J204053.8 - 115426 (eclipsing binary, spectral class unknown).

7. Discussion and conclusion. PV stars include different classes of objects
with different  absolute magnitudes. In this paper we continue the spectral class

CRTS or LINEAR Period Gaia DR2 Luminosity LAMOST DR5 Sp. Class
(days) T

eff
 (K) L

J034525.1+294352 13.88 3470 0.33 J034525.07+294352.8 M3
J035614.7-022826 240.9 5070 2.15 J035615.47-022810.6 F9
J040513.0+220743 10.00 3570 0.06 J040513.07+220743.8 M2
J045535.3+213800 60.46 4080 21.82 J045535.29+213800.4 G5
J144715.4-021415 13.57 4440 2.60 J144715.50-021415.2 K3
J170211.1+175334 10.24 4970 26.73 J170211.11+175334.2 G9
J173134.5+573738 14.98 4970 69.17 J173134.56+573738.0 G5
LINEAR 3513885 16.18 4980 6.5 J121628.86+313743.5 K1
LINEAR 13990545 1503.71 9470 J151915.86+064529.1 B0 IV

Table 3

LAMOST DR5 SPECTRAL CLASSES FOR 9 PV STARS
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Fig.4. LAMOST telescope spectra for CRTS J034525.1+294352 (classified as eclipsing binary)
and CRTS J144715.4-021415 (RS CVn type variable) in the range Å9000-3700 .
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determinations for faint PVs at high Galactic latitudes selected from the CSS and
LINEAR databases. We listed 1184 CRTS and LINEAR objects for which 10P
days. A large amount of objects among the sample are newly confirmed faint
pulsating LPV, M and N-class evolved giants and AGB stars at high latitudes.
Spectral classes are confirmed for more than 650 PV stars. The most important
results in this paper can be summarized as follows: (a) using modern large sky
area spectroscopic databases, we classify more than 650 CRTS and LINEAR PVs,
(b) many PVs are associated with the F, G, K, and M giants and dwarfs, also
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the faint N-type AGB C stars at high Galactic latitudes, (c) a significant number
of the faint Mira variables are classified as M stars of very early subclasses, (d)
for a large number of the PVs, we confirm spectral classes for objects presented
in the "General Catalogue of Variable Stars: Version GCVS 5.1" [32] but without
spectral class information. Our list should be very useful for future versions of
the GCVS.

Five objects in our list deserve more attention. For all of them Gaia DR2
RV > 300 km/s. They are CRTS J102416.0+240215, RV = +317.9 km/s, <V > = 13.12,
P = 324.44 day, T

eff
 = 4069 K, r = 6442 pc [18], RS Cvn type variable, spectral class

"Unknown", CRTS J133855.8 + 184241 = AL Boo, variable star of Mira Cet type,
RV = +307.01 km/s, <V > = 12.66, P = 165.45 days, T

eff
 = 3641 K, r = 8349 pc [18],

CRTS J163945.4 + 091635 = hs163945 + 091636 = V1118 Her, Mira variable, RV =
-368.15 km/s, <V > = 11.67, P = 126.63 day, T

eff
 = 3800 K, r = 3220 pc [18], CRTS

J171457.0 + 182559 = hs174757 + 182559, RV = -412.6 km/s, <V > = 12.77, P =
327.4 day, Amp. = 0.27 mag, r = 8517 pc [18], RS CVn type variable, CRTS
J224003.3 + 251533 = LAMOST J224003.34 + 251534.6, RV = -403.46 km/s, <V > =
13.33, P = 127.72 day, r = 6610 pc [18]. We confirm spectral classes for last four
objects. They are M stars.

We note also that a few southern objects ( o10 , and brighter than 13 mag.
in visual) was cross-matched with the ASAS [33] (see the CDS VizieR Catalogue

Fig.5. Gaia DR2 color-temperature relations for CRTS and LINEAR PVs. The symbols are
the same as in Fig.3.
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II/264/asas3). We confirm the spectral classes for some of PVs in ASA data base.
Meanwhile, it is worthy to note also the ASAS-SN (onlain at https://www.astronomy.
ohio-state.edu/asassn/index.shtml/) variability data base, which covers all sky. Both
variability surveys are not deeper (<16 mag) than Catalina and LINEAR.

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

The full catalogue is available on request by mailing to kgigoyan@bao.sci.am.
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ÈÑÑËÅÄÎÂÀÍÈÅ ÏÅÐÈÎÄÈ×ÅÑÊÈÕ ÏÅÐÅÌÅÍÍÛÕ
ÈÇ ÁÀÇ ÄÀÍÍÛÕ CATALINA È LINEAR

Ê.Ñ.ÃÈÃÎßÍ1, Ã.Ð.ÊÎÑÒÀÍÄßÍ1, Ê.Ê.ÃÈÃÎßÍ2,
A.ÑÀÐÊÈÑÑÈÀÍ3, Ì.ÌÅÔÒÀ3, Ä.ÐÓÑÑÅÈË4, Ô.ÆÀÌÊÎ×ßÍ4,

Ô.Ä.ÐÀÕÌÀÒÓËËÀÅÂÀ3, Ã.ÏÀÐÎÍßÍ1

Â íàñòîÿùåé ðàáîòå ìû ïðîäîëæàåì îïðåäåëåíèå ñïåêòðàëüíûõ êëàññîâ äëÿ
áîëüøîãî êîëè÷åñòâà îïòè÷åñêè ñëàáûõ ïåðèîäè÷åñêèõ ïåðåìåííûõ. Ýòè
ïåðåìåííûå âçÿòû èç äàííûõ Catalina Surveys 1 (CSDR1) è LINEAR. Ñïåêò-
ðàëüíûå êëàññû è íåêîòîðûå äðóãèå î÷åíü âàæíûå ïàðàìåòðû ïðåäñòàâëåíû äëÿ
1184 ïåðèîäè÷åñêèõ ïåðåìåííûõ, äëÿ êîòîðûõ 10P  äíåé, èñïîëüçóÿ ñîâðåìåííûå
ñïåêòðîñêîïè÷åñêèå è ôîòîìåòðè÷åñêèå áàçû äàííûõ íà áîëüøîé îáëàñòè íåáà,
òàêèõ êàê LAMOST (Large Sky Area Multi - Object Fiber Spectroscopic Telescope),
SDSS (Sloan Digital Sky Survey), Hamburg Quasar Survey (HQS), Hamburg/
ESO Survey (HES) è Gaia Data Release 2 (DR2). Â Gaia DR2 êàòàëîãå
ñâåòèìîñòè ïðåäñòàâëåíû äëÿ 276 îáúåêòîâ, à ëó÷åâûå ñêîðîñòè - äëÿ 108
îáúåêòîâ èç 1184. Ñïåêòðàëüíûå êëàññû áûëè ïîäòâåðæäåíû äëÿ áîëåå ÷åì
650 îáüåêòîâ. Óñòàíîâëåíî, ÷òî áîëüøèíñòâî ïåðåìåííûõ - ýòî êàðëèêè è
ãèãàíòû F, G, K, M ñïåêòðàëüíûõ êëàññîâ, íåñêîëüêî äåñÿòêîâ - óãëåðîäíûå
çâåçäû (Ñ) (çâåçäû AGB (Asymptotic Giant Branch) êëàññà N), à òàêæå
íåñêîëüêî çâåçä ñïåêòðàëüíîãî êëàññà S. Íåêîòîðûå ïåðèîäè÷åñêèå ïåðåìåííûå
- ýòî ãîëóáûå îáüåêòû, òàêèå êàê çâåçäû ñïåêòðàëüíûõ êëàññîâ B è A.
Ïåðèîäû äëÿ âñåõ çâåçä íàõîäÿòñÿ â äèàïàçîíå 150410  P  äíåé, a CSDR
1 âåëè÷èíû â äèàïàçîíå 020511 mm .V.  . Îáíàðóæåíèå ýâîëþöèîíèðîâàííûõ
íîâûõ è ñëàáûõ AGB çâåçä â Ãàëî íàøåé Ãàëàêòèêè ÿâëÿåòñÿ ïåðâîî÷åðåäíîé
çàäà÷åé. Ñîçäàí ñïèñîê, ñîäåðæàùèé ìíîãîïàðàìåòðè÷åñêèå äàííûå äëÿ 1184
ïåðèîäè÷åñêèõ ïåðåìåííûõ èç ñîâðåìåííûõ àñòðîíîìè÷åñêèõ áàç äàííûõ.

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

2. Observations.

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

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

Keywords: light curve:eclipsing binary:GSC 01870-00458: USNO-A2.0-0975 04721840 1 2
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variable star with a period P = 1d.08481. Complete BVRc light curves were observed
by Nakajima and Nagai [4] on 37 nights from December 15, 2003 to January 7,
2005 using a Meade LX200 0.25-m f/6.3 SCT telescope with a CV-04 (KAF-401)
(CCD) detector. The systems GSC 01870-00582 and GSC 01870-00514 were used
as comparison and check stars respectively during the observations. Table 1 lists their
basic information while Fig.1 presents observed light curves in BVRc pass bands.
The ephemeris adopted by Nakajima and Nagai [4] was used to calculate the
individual phases of all observational data:

. E1.08473732452996.04HJDIMin.  (1)

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

Variable (GSC 01870-00458) 05h50'25".88 +26o56'50".60 10.91 10.89 0.02
Comparison (GSC 01870-00582) 05h50'20".80 +26o56'42".36 11.92 11.46 0.46
Check (GSC 01870-00514) 05h50'22".39 +26o59'55".00 10.13 9.68 0.45

Variable (USNO-A2.0-0975 04721840) 07h09'56".34 +12o06'08".20 16.06 15.18 0.88
Comparison (USNO-A2.0-0975 04707248) 07h09'26".30 +12o12'16".92 14.6 - -
Check (GSC 00770-00051) 07h09'25".84 +12o11'42".43 13.53 - -

Table 1

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

Fig.1. CCD light curves of the system GSC 01870-00458 in the BVRc pass band.
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2.2. USNO-A2.0-0975 04721840. Liakos and Niachros [5] discovered
the system USNO-A2.0-0975 04721840 (P = 0d.50460) to be a variable star in
the field of the systems AV CMi and GSC 00770-00523 and classified as an EB-
type light curves. They carried out the first CCD photometric observations of the
new system in VI (Bessell) pass bands using a 0.4-m Cassegrain f/8.1 telescope
equipped with an SBIG ST-10XME CCD camera at the observatory of the
University of Athens, Greece. The systems USNO-A2.0-0975 04707248 and GSC
00770-00051 were used as comparison and check stars respectively during the
observations. Their basic information is listed in Table 1, while the observed light
curves are presented in Fig.2 in VI (Bessell) pass bands. The phases of the
individual observations were calculated using the first ephemeris estimated by
Liakos and Niachros [5]:

    . E35046006232455594.41HJDIMin.  . (2)

3. Photometric analysis. The observed light curves of the studied systems
were analysed using the 2009 version of the Wilson and Devinney code (Windows
interface version by Nelson [6]) to estimate the orbital elements describing the
observed curves. The used code applies a model atmosphere created by Kurucz
[7] and produces synthetic light curves similar to observed light curves using
constructed models and adopted absolute parameters. The initial values of tem-
peratures of the primary component T1 for both systems were estimated using the
color index (J - H) for each system listed in SIMBAD (http://simbad.u-strasbg.fr/
simbad/sim-fbasic), where the corresponding temperature was estimated using the
(J - H) color index relation of Pecaut, Mamaek [8]. The temperature adopted for
the primary component of each system was used as an initial value in the
modelling of light curves. Gravity darkening exponents (g1, g2) and bolometric

Fig.2. CCD light curves of the system USNO-A2.0-0975 04721840 in the VI (Bessell) pass band.
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albedo values (A1, A2) were adopted following Lucy [9] and Rucinski [10] for
the convective envelopes (T

eff
 > 7500 K) of late-type stars as g1 = g2 = 0.32 and

A1 = A2 = 0.5. Limb darkening coefficients based on the interpolated logarithmic
law were taken from the tables of Van Hamme [11]. Spectroscopic measurements
of the radial velocity for eclipsing binary systems are known to be important in
adjusting the mass ratio q. The studied systems are new systems and thus do not
have a history of spectroscopic observations, and we thus adopted a q-search to
estimate the initial values for the systems mass ratio q. A q-search based on mass
ratios q with values ranging from 0.10 to 0.9 was conducted by means of Mode
(5) for the system GSC 01870-00458 and Mode (2) for the system USNO-A2.0-
0975 04721840. A convergent solution was obtained for each assumed q value.
The sum of squared deviations  2C-O  for each q value is presented in Fig.3a,
b for the two studied systems. The mass ratio q corresponding to the minima
of  2C-O  was used as an initial value. Adjustable parameters in modelling were
the orbital inclination i, mass ratio q, mean temperature of the secondary star
T2, potential of the components 21  , , and luminosity of the primary star L1.
The relative brightness of the secondary star L2 was calculated from stellar
atmospheric models.

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

Fig.3. q-search of binary systems: a) GSC 01870-00458, and b) USNO-A2.0-0975 04721840.
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trials with adjustable parameters. The parameters obtained using the model are
listed in Table 2, which shows that the primary component of the system GSC

Parameter GSC 01870-00458 USNO-A2.0 0975-04721840

i (o) 78.29 ± 0.10 84.95 ± 0.26
g1 = g2 0.32 0.32
A1 = A2 0.5 0.5

q (M2/M1) 0.1556 ± 0.0009 0.8955 ± 0.0045

1 2.3941 ± 0.0035 4.1105 ± 0.0126

2 2.1182 3.6777 ± 0.0119
T1 

(oK) 7110 (fixed) 5300 (fixed)
T2 (oK) 4272 ± 11 4896 ± 5

in 2.1182 3.5780

out 2.0178 3.0826
r1 pole 0.4441 ± 0.0009 0.3073 ± 0.0055
r1 side 0.4705 ± 0.0011 0.3163 ± 0.0062
r1 back 0.4806 ± 0.0013 0.3290 ± 0.0075
r2 pole 0.2165 ± 0.0009 0.3345 ± 0.0073
r2 side 0.2251 ± 0.0009 0.3490 ± 0.0088
r2 back 0.2571 ± 0.0009 0.3746 ± 0.0122

2C)-(O 0.25045 0.03947

Table 2

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

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

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

Spectroscopic observations of the radial velocity are the main source of data
used in estimating physical parameters of the eclipsing binary components. For
the discovered systems there are no previous spectroscopic observations, and the
absolute physical parameters were estimated using the empirical T

eff -mass relation
given by Harmanec [13]. Table 3 lists the calculated absolute physical parameters
of the components of the studied systems. The parameters show that the primary
components are more massive than the secondary component for both systems.

N
or

m
al
iz

ed
 f
lu
x

Phase

0 0.4

(V-0.25)

I

0
0.8 1.2

0.2

0.4

0.6

0.8

1

Fig.5. Synthetic and observed curves for the system USNO-A2.0-0975 04721840.
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Geometrical structures of the studied systems were created according to the
calculated parameters using the software package Binary Maker 3.03 (Bradstreet,
Steelman [14]) and are displayed in Fig.6, 7.

4. Evolutionary states. Evolutionary states of the studied systems were
investigated using the estimated physical parameters listed in Table 3 by means
of mass-luminosity M-L and mass-radius M-R relations and the evolutionary
tracks computed by Girardi et al. [15] for both zero age main sequence stars

Element                         Star name

GSC 01870-00458 USNO-A2.0-0975 04721840

M1 ( M ) 1.5399 ± 0.0629 0.9477 ± 0.0387
M2 ( M ) 0.2396 ± 0.0098 0.8487 ± 0.0347
R1 ( R ) 1.5944 ± 0.0651 1.0460 ± 0.0427
R2 ( R ) 0.6670 ± 0.0272 0.9011 ± 0.0368
T1 ( T ) 1.2305 ± 0.0502 0.9173 ± 0.0375
T2 ( T ) 0.7394 ± 0.0302 0.8474 ± 0.0346
L1 ( L ) 5.8205 ± 0.2376 0.7735 ± 0.0316
L2 ( L ) 0.1328 ± 0.0054  0.4180 ± 0.0171
Mbol_1 2.8376 ± 0.1159 5.0289 ± 0.2053
Mbol_2 6.9423 ± 0.2834 5.6970 ± 0.2326

Sp. Type (F1)1, (K6)2 (G8)1, (K2)2

Table 3

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

Fig.6. Three-dimensional structure of the binary system GSC 01870-00458.
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(ZAMS) and thermal age main sequence stars (TAMS) with metallicity 0190.z  .
We also used the luminosity-effective temperature L-T

eff
 relation of non-rotating

models and the empirical mass-effective temperature M-T
eff
 relation of intermediate

and low-mass eclipsing binaries. Fig.8a, b present the locations of the components
of the studied systems on the curves of mass-luminosity M-L and mass-radius
M-R relations. The figures show that the components of the system USNO-A2.0-
0975 04721840 (S1, S2) are located near the ZAMS while the primary component
S1 of the system GSC 01870-00458 is located on the ZAMS, and the secondary

Fig.7. Three-dimensional structure of the binary system USNO-A2.0-0975 04721840.

Phase=0.75Phase=0.42

Fig.8. Positions of the components (S1,S2) of the systems GSC 01870-00458 and USNO-
A2.0-0975 04721840 on the a) theoretical mass-luminosity diagram and b) theoretical mass-radius
diagram of Girardi et al. (2000).
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component S2 lies above the TAMS track. The deviation of secondaries is ascribed
to energy transfer from the primary to secondary through the common convective
envelope, as suggested by Lucy [16]. Using the non-rotating evolutionary models
of Ekstrom et al. [17] at solar metallicity 0140.z  , we assigned components of
the two systems on the T

eff 
-L relation as shown in Fig.9. Both components of

system USNO-A2.0-0975 04721840 (S1, S2) and the primary component S1 of

system GSC 01870-00458 lie on expected tracks, while the secondary component
S2 of system GSC 01870-00458 deviates from the expected track. The mass-
effective temperature relation M-T

eff
 for intermediate and low-mass stars (Malkov

[18]) is displayed in Fig.10 for both systems. The locations of the studied systems
on the M-Teff diagram have a good fit for the components of system USNO-
A2.0-0975 04721840 (S1, S2) and the primary component S1 of system GSC
01870-00458, while the secondary component S2 of system GSC 01870-00458 has
a poor fit. The components thus have the same behaviour in terms of mass-
luminosity and mass-radius relations.

5. Discussion and conclusion. The semidetached system GSC 01870-
00458 and detached system USNO-A2.0-0975 04721840 were discovered as

Fig.9. Positions of the components (S1,S2) of the systems GSC 01870-00458 and USNO-
A2.0-0975 04721840 on the effective temperature-luminosity diagram of Ekstrom et al. (2012).
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eclipsing binary systems in 2006 and 2011 respectively. CCD observations of the
two systems were used to estimate orbital solutions, which revealed absolute and
physical parameters. The estimated parameters showed that the primary component
is hotter and more massive than the secondary component for both systems.
Spectral types of the system components were adopted according to estimated
temperatures. The evolution of the studied systems was investigated to explore
behaviours in terms of M-R and M-L relations. The locations of components of
both systems on M-R and M-L relations fitted ZAMS tracks except in the case
of the secondary component of the system GSC 01870-00458. The system GSC
01870-00458 is semidetached whereby the secondary component star is filling its
Roche lobe and transferring mass to the primary on a thermal time scale. The
secondary star is out of thermal equilibrium, which may explain its behaviour.
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ÀÍÀËÈÇ ÊÐÈÂÛÕ ÁËÅÑÊÀ ÍÅÊÎÒÎÐÛÕ
ÇÀÒÌÅÍÍÛÕ ÄÂÎÉÍÛÕ ÑÈÑÒÅÌ

Ì.Ñ.ÀËÅÍÀÇÈ1, Ì.Ì.ÝËÜÕÀÒÈÁ1,2

Ïðåäñòàâëåíû  ïåðâûå ôîòîìåòðè÷åñêèå íàáëþäåíèÿ è ìîäåëèðîâàíèå
êðèâûõ áëåñêà îáíàðóæåííûõ ñèñòåì GSC 01870-00458 è USNO-A2.0-0975
04721840. Ìîäåëèðîâàíèå ïðîâîäèëîñü ñ èñïîëüçîâàíèåì ïîñëåäíåé âåðñèè
êîäà Óèëñîíà è Äåâèííè äëÿ èíòåðôåéñà Windows íà îñíîâå ìîäåëåé àòìîñôåð
Êóðóöà. Ïðèíÿòûå ìîäåëè ïîçâîëèëè îïðåäåëèòü ôèçè÷åñêèå ïàðàìåòðû,
êîòîðûå ìîãóò áûòü èñïîëüçîâàíû äëÿ èçó÷åíèÿ ýâîëþöèîííûõ ñîñòîÿíèé
ñèñòåì, à òàêæå ñïåêòðàëüíûå êëàññû êîìïîíåíòîâ ñèñòåìû. Ïàðàìåòðû
ïîêàçûâàþò, ÷òî äëÿ îáåèõ ñèñòåì ïåðâè÷íûé êîìïîíåíò áîëåå ìàññèâíûé
è ãîðÿ÷èé, ÷åì âòîðè÷íûé. Ðàñïîëîæåíèå ñèñòåì íà òåîðåòè÷åñêèõ êðèâûõ
ìàññà-ñâåòèìîñòü è ìàññà-ðàäèóñ õîðîøî ñîîòâåòñòâóåò îæèäàåìîìó ðàñïî-
ëîæåíèþ äëÿ êîìïîíåíòîâ îáåèõ ñèñòåì çà èñêëþ÷åíèåì âòîðè÷íîãî
êîìïîíåíòà ñèñòåìû GSC 01870-00458.

Êëþ÷åâûå ñëîâà: êðèâàÿ áëåñêà: çàòìåííàÿ äâîéíàÿ: GSC 01870-00458: USNO-
     A2.0-0975 04721840
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ORBITS AND INDIVIDUAL MASSES OF SOME 
VISUAL BINARIES

E.A.ELKHOLY12, W.H.ELSANHOURY23, M.I.NOUH1 2

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

A sufficiently accurate set of orbital parameters is required for a first approxi
mation by many techniques and methods. Eichhorn and Xu [4] developed a 
method that requires a precise initial orbit, and only in the improvement phase 
are all the observations used at the same time. Catovic and Olevic [5] suggested 
a falsified observation approach for the least-squares solution, which should be 
chosen as an ellipse; as a result, many elliptical orbits can be created by changing 
the position, and the final choice of the best orbit is left to the computer. Pourbaix 
[6] and Pourbaix and Lampens [7] developed a function-based method to quantify 
the distance from the observed position to the calculated position; the simulated
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The orbits of visual binary systems still attract the interest of many working groups in 
astronomy. These orbits are the most important and reliable sources of stellar masses. In the present 
paper, we computed the orbits and dynamical masses of some visual binaries using an independent 
code. We used the Kowalsky method to compute the geometrical elements, while the dynamical 
elements (the orbital period and the time of periastron passage) were computed by implementing 
the double areal constant. We used the developed code to calculate the orbits for four visual binaries: 
WDS J02262+3428, WDS J14310-0548, WDS J17466-0354, and WDS J12422+2622. We 
introduce a new orbit for the neglected visual binary WDS J17466-0354 and modified the orbits 
for the remaining three binaries. Using Gaia DR2 parallaxes, we computed the total and individual 
dynamical masses of the systems. Comparing the adopted masses with those derived from the mass- 
spectral type relation revealed good agreement.

Keywords: methods: Kowalsky, stars:visual binaries: orbital elements, stellar masses
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annealing method has been used to minimize this distance successfully, thus
minimizing the function of the best orbit. Nouh et al. [8] introduced an algorithm
implementing an optimum point ( aa   , ) that minimizes the average length of
a particular function between the smallest and least-squares solutions.

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

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

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

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

, 01222 22  FyGxByHxyAx (1)

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

, tancos2
2

2
22

p
iBAGF 

 (2)

where

 , 1 2eap  (3)

. 
2

tansin2
2

2

p
iHFG 

 (4)

Combining Equations (2) and (4) gives

    , 0cos22sin222  HFGBAGF (5)

from which   can be determined.
Using the value of   found above, the value of 22tan pi  is found by either

Equation (2) or Equation (4). Additionally, we have

  . tan2
2

2

2
22

p
i

p
BAGF  (6)

However, 22tan pi  has already been determined; hence, the value of 2p  can
be determined from Equation (6). When p has been found, the value of i2tan
(and hence, the inclination) can be calculated. Finally, we can compute   from

  . 
cossin

cossincostan





GF
iGF

(7)

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

, 
1

1 1

1






N

j
jSN

C (8)

where

  . 1 jjjjjj txyyxS

The period P is then given by

. cos12 22
i

C
eaP 

 (9)

The mean motion   and eccentric anomaly can be written as
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, 2
P


 (10)

and

  . 2tan
1
1tan2 1-


















e
eE (11)

The true anomaly   is computed from

    . costantan i (12)

The mean anomaly M is computed from the Kepler equation:

. sin EeEM  (13)

Finally, the time of periastron passage T is given by

  .  MtT (14)

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

, 2

33

P
adMM ba  (15)

where d is the distance to the system in parsecs, a is the length of the semimajor
axis in arcseconds, and P is the period in years. We determine the mass ratio

ab MM  from the relation [11]

 ,10 11570 ab mm.

a

b

M
M  (16)

where m
a
 and m

b
 are the apparent magnitudes of the primary and secondary

components, respectively. Consequently, the individual masses are derived by
solving Equations (15) and (16). The errors in the masses can be obtained from
the equation

. 499 





 





















 

PM
PaM

(17)

4. Computational algorithm. To calculate the seven orbital elements
( TPiea  , , , , , ,  ), we traverse the following computational sequence.

- Input:   and o
1. Compute the following for i = 1, ..., N: iiix  cos , iiiy  sin .
2. Solve Equation (1) by the least-squares method, which yields A, B, F, G, H.
3. Compute the quantities X1, X2, X3 from  HFGX  21 ,

BAGFX  2
2

2 ,  BAGFX  22
3 .

4. Compute   (the angle of the ascending node) from    21
-1tan21 XX .

5. Compute Y1 and Y2 from  cos221 XY ,  132 2 YXY  .
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6. Compute the semiparameter p from 2Yp  .

7. Compute i (the inclination) from  11-tan Ypi  .

8. Compute 1  and 2  from   iGF cossincos1  ,   cossin2 GF .
9. Compute   (the angle of the descending node) from  21

-1tan  .
10. Compute Y3 from 2

2
2
13 Y .

11. Compute e (the eccentricity) from 3Ye  .
12. Compute a (the length of the semimajor axis) from  231 Ypa  .
13. For all  Ni 11 , compute the true anomalies i  from

 








 


i
j

i cos
tan

tan 1- ;  Nj 11 .

14. For all  Ni 11 , compute the eccentric anomalies E
i
 from











 




2

tan
1
1tan2 1- i

i e
eE .

15. For all  Ni 11 , compute the mean anomalies M
i
 from iii EeEM sin .

16. Compute the double areal constant from
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17. Compute the period P from i
C

eaP cos12 22 
 .

18. Compute the time of periastron passage T from    MtT ,
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To determine the true anomaly  , we employ the following sequence. First,
we determine the kind of motion: if the motion is retrograde, 1R ;
otherwise, if the motion is direct,  21R . Then, we determine the
quadrant of 1R . Second, we set R  and determine the quadrant of R. Third,
we compare R and 1R  as follows: if the quadrant of 1R  is greater than the
quadrant of R, then   must be reduced to 2 ; if the quadrant of R is greater
than the quadrant of 1R , then   becomes 2 .

5. Results. Based on the Kowalsky method described in section 2, we
developed an independent FORTRAN code utilizing the computational algorithm
described in section 4 to calculate the orbits of the four visual binaries whose
information is listed in Table 1. The apparent magnitudes m

a
 and m

b
 in columns

2 and 3, respectively, are derived from the Washington Double Star Catalog [12],
the distances d in parsecs listed in column 4 are derived from Gaia DR2 [13]
except for the system WDS J17466-0354, and the spectral types in column 5 are
obtained from [12]. Columns 6, 7, and 8 represent the masses, effective tempera-
tures, and absolute magnitudes, respectively, derived from the mass-spectral type
relation presented by [14]. The epochs of the observations t, the position angles
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o , and the angular separations   are retrieved from the Fourth Catalog of
Interferometric Measurements of Binary Stars (astro.gsu.edu/wds/int4.html). The
updated list for each system is formed using additional observed positions collected
from the literature and added to the list retrieved from the Fourth Catalog of
Interferometric Measurements of Binary Stars.

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

5.1. WDS J02262+3428. The visual binary WDS J02262+3428 (HD
15013, HIP 11352, GR2 326940164774368384) is a late-type star (G8+G9) with
apparent magnitudes m

a
 = 8.74 and m

b
 = 9.14. The Gaia DR2 parallax 51522.

WDS name m
a

m
b

d (pc) Sp. type Masses T
eff

M
V

02262+3428 8.70  9.14 44.41 ± 0.21 G8+G9 0.99, 0.95 5559, 5450 4.92, 5.25
14310-0548 8.81 8.39 41061 ± 0.43 G5+G5 1.031, 1.031 5741, 5741 4.64, 4.64
17466-0354 9.34 10.22 ---- F8 1.222, 1.222 6152, 6152 3.8, 3.8
12422+2622 10.09 10.8 41.0846 K4V 0.8, 0.8 4400, 4400 7, 7

Table 1

OBSERVATIONAL PARAMETERS OF THE FOUR VISUAL BINARIES

Element Present work Sixth orbit catalog

a" 0.101 ± 0.003 0.099
e  0.27 ± 0.02 0.291
oi  51.47 ± 0.50 49.9
o  13.80 ± 1.5 16.0
o  4.13 ± 0.22 2.8

P (years)  6.63 ± 0.30 6.937
T  1998.98 ± 0.20 2015.82

M
t
 ( M )  2.05 ± 0.14 1.87

M
a
 ( M )  1.08 ± 0.07 0.99

M
b
 ( M )  0.96 ± 0.06 0.88

Table 2

ORBITAL ELEMENTS AND MASSES FOR THE VISUAL
BINARY WDS J02262+3428
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mas, and the spectral type of both stars is G5V. The orbit in the sixth orbit catalog
(http://www.astro.gsu.edu/wds/orb6.html) is calculated by [17]. Table 2 lists the
two sets of orbital elements (our orbit and the orbit calculated by [17]) and the
dynamical masses calculated using Equations (15)-(17). The difference between our
time of periastron passage and that computed by [17] is remarkable. By inves-
tigating the observed angular separation, one can easily obtain that the minimum
value of the separation is approximately 0570.  arcseconds, and this separation
occurred at epoch 2000, which ensures the validity of our result. The total and
individual masses agree well (within error) with the masses derived from the
empirical relation by [14] listed in Table 1. In addition to the observed positions

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

3.2. WDS J14310-0548. The two components of the system WDS J14310-
0548 (HIP 70973, HD 127352, IDS 14258-0522, Gaia DR2 3641365877340584064)
are late-type stars (G5V) with apparent magnitudes of m

a
 = 8.81 and m

b
 = 8.39,

and the Gaia DR2 parallax 35424.  mas. The orbit in the sixth orbit catalog
computed by [18] and the present orbit are described in Table 3. The total and
individual masses computed from the present orbit using the distance derived from
the Gaia DR2 catalog (d = 41.061 pc) are in good agreement (the mass of the
primary is slightly overestimated) with the masses derived from the mass-spectral

Fig.1. The orbit of the visual binary WDS J02262+3428.
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type relation by [14]: M
a

 = M
b

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

3.3. WDS J17466-0354. The spectral type of the system WDS J17466-
0354 (ADS 10780, HD 161588, IDS 17413-0352, CCDM J17466-0354) in
Simbad is between F3 and F8, and the apparent visual magnitudes are m

a
 = 9.34

and m
b

 = 10.22. There is no parallax for the system in the Hipparcos or Gaia

Elements Present work Sixth orbit catalog

a" 0.24 ± 0.01 0.243
e  0.48 ± 0.02 0.499
oi  50.44 ± 0.50 49.1
o  11.62 ± 0.50 13.8
o  122.82 ± 0.88 121

P (years)  21.43 ± 0.42 22.98
T  1996.18 ± 0.60 1993.62

M
t
 ( M )  2.13 ± 0.21 1.881

M
a
 ( M )  1.12 ± 0.11 0.993602

M
b
 ( M )  1.01 ± 0.11 0.884202

Table 3

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

Fig.2. The orbit of the visual binary WDS J14310-0548.
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DR2 surveys. This neglected system has no orbital elements in the sixth orbit
catalog. We list our computed orbital elements in Table 4. The computed and
observed positions are plotted in Fig.3 for the sake of comparison.

3.4. WDS J12422+2622. The components of the system WDS J12422+2622
(ADS 8635, HD 110465, HIP 61986) have apparent magnitudes of m

a
 = 10.09 and

m
b

 = 10.8. The present orbital elements and the orbital elements from the sixth
orbit catalog calculated by [19] are listed in Table 5. The total and individual
masses computed from the present orbit using the distance supplied by the Gaia
DR2 catalog (d = 41.0846 pc) are slightly different from those derived from the

Element Present work

a" 0.37 ± 0.03
e  0.23 ± 0.01
oi  67.58 ± 0.72
o  62.56 ± 1.71
o  167.82 ± 0.40

P (years)  56.28 ± 0.02
T  1891.73 ± 0.05

Table 4

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

Fig.3. The orbit of the visual system WDS J17466-0354.
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mass-spectral type relation (M
a

 = M
b

 = 0.8) [14] but are in good agreement with
the masses computed using the orbital elements provided by [19].

6. Conclusion. In the present work, we introduced a computational algo-
rithm to determine the orbital elements of visual binaries. The geometrical
elements are computed using the Kowalsky method, while the orbital period and
the time of periastron passage are determined by utilizing the double areal constant.

Element Present work Sixth orbit catalog

a" 0.41 ± 0.05 0.415
e  0.27 ± 0.01 0.252
oi  31.13 ± 1.52 26
o  104.61 ± 3.42 129.8
o  383.22 ± 5.38 319.5

P (years)  63.71 ± 2.3 61.3
T  1958.09 ± 3.21 1959.3

M
t
 ( M )  1.17 ± 0.42 1.332

M
a
 ( M )  0.64 ± 0.02 0.66

M
b
 ( M )  0.53 ± 0.04 0.66

Table 5

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

Fig.4. The orbit of the visual system WDS J12422+2622.
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We derived the orbital elements, total masses, and individual masses for four visual
binaries, namely, WDS J02262+3428, WDS J14310-0548, WDS J17466-0354,
and WDS J12422+2622. Comparisons between our orbits with those listed in the
sixth orbit catalog present good agreement. A comparison between the total
dynamical masses derived from the present orbits and those computed from the
empirical mass-spectral type relation also show good agreement. Finally, we
introduced a new orbit for the neglected visual binary WDS J17466-0354.

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

1 Physics Department, College of Science, Northern Border University, Arar,
 Saudi Arabia
2 Astronomy Department, National Research Institute of Astronomy and
 Geophysics (NRIAG), 11421 Helwan, Cairo, Egypt,
 e-mail: abdo_nouh@hotmail.com
3 Physics Department, Faculty of Arts and Science, Northern Border
 University, Turaif Branch, Saudi Arabia

ÎÐÁÈÒÛ È ÈÍÄÈÂÈÄÓÀËÜÍÛÅ ÌÀÑÑÛ ÍÅÊÎÒÎÐÛÕ
ÂÈÇÓÀËÜÍÎ-ÄÂÎÉÍÛÕ ÇÂÅÇÄ

Ý.À.ÝËÕÎËÈ1,2, Â.Õ.ÝËÜÑÀÍÕÓÐÈ2,3, Ì.È.ÍÎÓ2

 Îðáèòû âèçóàëüíî-äâîéíûõ ñèñòåì ïî-ïðåæíåìó âûçûâàþò èíòåðåñ ó
ìíîãèõ ðàáî÷èõ ãðóïï ïî àñòðîíîìèè. Ýòè îðáèòû ÿâëÿþòñÿ íàèáîëåå âàæíûìè
è íàäåæíûìè èñòî÷íèêàìè çâåçäíûõ ìàññ. Â äàííîé ñòàòüå âû÷èñëåíû
îðáèòû è äèíàìè÷åñêèå ìàññû íåêîòîðûõ âèçóàëüíî-äâîéíûõ çâåçä  ñ ïîìîùüþ
íåçàâèñèìîãî êîäà. Äëÿ âû÷èñëåíèÿ ãåîìåòðè÷åñêèõ ýëåìåíòîâ  èñïîëüçîâàí
ìåòîä Êîâàëüñêîãî, â òî âðåìÿ êàê äèíàìè÷åñêèå ýëåìåíòû (ïåðèîä îáðàùåíèÿ
è âðåìÿ ïðîõîæäåíèÿ ïåðèàñòðà)  îïðåäåëåíû ñ èñïîëüçîâàíèåì ïîñòîÿííîé
äâîéíîé ïëîùàäè. Ðàçðàáîòàííûé êîä  èñïîëüçîâàí äëÿ ðàñ÷åòà îðáèò äëÿ
÷åòûðåõ âèçóàëüíûõ äâîéíûõ ñèñòåì: WDS J02262+3428, WDS J14310-0548,
WDS J17466-0354 è WDS J12422+2622. Ïîëó÷åíà íîâàÿ îðáèòà  âèçóàëüíî-
äâîéíîé ñèñòåìû WDS J17466-0354 è ìîäèôèöèðîâàíû îðáèòû äëÿ îñòàëüíûõ
òðåõ äâîéíûõ ñèñòåì. Èñïîëüçóÿ ïàðàëëàêñû Gaia DR2, âû÷èñëåíû ïîëíûå
è èíäèâèäóàëüíûå äèíàìè÷åñêèå ìàññû ñèñòåì. Ñðàâíåíèå ïðèíÿòûõ ìàññ ñ
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ìàññàìè, ïîëó÷åííûìè èç ñîîòíîøåíèÿ ìàññ-ñïåêòðàëüíûé òèï, ïîêàçàëî
õîðîøåå ñîãëàñèå.

Êëþ÷åâûå ñëîâà: ìåòîäû: Êîâàëüñêèé, çâåçäû: âèçóàëüíî-äâîéíûå ñèñòåìû:
ýëåìåíòû îðáèòû: çâåçäíûå ìàññû
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АККРЕЦИЯ И МАГНИТНЫЕ ПОЛЯ 
ЗВЕЗД Ае/Ве ХЕРВИГА

А.Ф.ХОЛТЫГИН1, О.А.ЦИОПА2, Я.А.ДОРОНИНА1, И. М.ТУ МАНОВА2, 
Е.Б.РЫСПАЕВА3, ОА.МЕРКУЛОВА1

1. Введение. Происхождение магнитных полей у звезд ранних спект
ральных классов до сих пор остается загадочным. Обычно считается, что 
магнитные поля могут быть либо реликтовыми, либо они могут генерироваться 
при слиянии звезд перед их выходом на Главную последовательность (ГП) 
[1]. Изучение магнитных полей Ае/Ве звезд Хербига (НАеВе), находящихся 
на стадии эволюции до ГП, может пролить свет на происхождение и 
эволюцию магнитных полей их потомков, АВ звезд ГП.

В статье [2] было уже показано, что средние магнитные поля и магнитные 
потоки НАеВе звезд существенно ниже, чем соответствующие значения у их 
потомков, АВ звезд ГП. Недавнее исследование [3] показало, что магнитные 
поля звезд Хербига слабо возрастают с возрастом, тогда как соответствующие 
магнитные потоки убывают, достигая минимального значения непосредственно 
перед выходом на ГП. Удивительным фактом явилось то, что магнитные 
потоки звезд промежуточных масс с обнаружимыми магнитными полями на 
ГП возрастают на порядок после выхода звезды на ГП.

В работе [4] показано, что скорость аккреции на звезды Хербига зависит 
от величины их магнитного поля. Тем самым можно предположить, что

Поступила
Принята к печати

Исследования магнитных полей Ае/Ве звезд Хербига (НАеВе) могут помочь в понимании 
того, как создаются и эволюционируют магнитные поля АВ звезд промежуточных масс. 
Показано, что магнитные поля и магнитные потоки звезд НАеВе перед их выходом на 
Главную последовательность значительно меньше, чем у их потомков, звезд АВ Главной 
последовательности. Чтобы объяснить эту загадку, изучено влияние аккреции на звезды 
Хербига и на их магнитные поля. Обнаружены свидетельства в пользу предположения, что 
у магнитных НАеВе звезд с большей скоростью аккреции магнитные поля в среднем меньше. 
Однако в силу того, что скорости аккреции экспоненциально убывают с возрастом звезды, 
этот эффект, даже если он будет подтвержден, не может полностью объяснить скачкообразное 
возрастание магнитных полей и магнитных потоков при выходе НАеВе звезд на Главную 
последовательность.

Ключевые слова: звезды:магнитное поле - звезды:Ае/Ве звезды Хербига: аккреция
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ñêîðîñòü àêêðåöèè íà HAeBe çâåçäó â ñóùåñòâåííîé ìåðå îïðåäåëÿåò âåëè÷èíó
åå ìàãíèòíîãî ïîëÿ. Â íàñòîÿùåé ðàáîòå èññëåäóåòñÿ âëèÿíèå àêêðåöèè íà
âåëè÷èíó ìàãíèòíûõ ïîëåé çâåçä Ae/Be Õåðáèãà.

Ñòàòüÿ îðãàíèçîâàíà ñëåäóþùèì îáðàçîì. Èñòî÷íèêè ñâåäåíèé î ìàãíèòíûõ
ïîëÿõ è äðóãèõ õàðàêòåðèñòèêàõ çâåçä Õåðáèãà îïèñàíû â ðàçäåëå 2. Â
ðàçäåëå 3 èññëåäóåòñÿ çàâèñèìîñòü ñêîðîñòè àêêðåöèè îò âîçðàñòà çâåçäû
Õåðáèãà. Îáñóæäåíèå ïîëó÷åííûõ ðåçóëüòàòîâ ïðåäñòàâëåíî â ðàçäåëå 4.
Íåêîòîðûå âûâîäû äàíû â çàêëþ÷åíèè ê ðàáîòå.

2. Ñðåäíèå çíà÷åíèÿ ìàãíèòíûõ ïîëåé è ìàññ çâåçä Õåðáèãà.
Îáçîð äàííûõ èçìåðåíèé ìàãíèòíûõ ïîëåé HAeBe çâåçä ñäåëàí íåäàâíî â
ðàáîòå [3]. Äîïîëíèòåëüíî ê äàííûì, èñïîëüçóåìûì â íàñòîÿùåé ðàáîòå,
äîáàâëåíû íåäàâíèå èçìåðåíèÿ ìàãíèòíûõ ïîëåé â ðàáîòàõ [6,7], âûøåäøèõ
ïîñëå îïóáëèêîâàíèÿ ñòàòüè [3]. Â êà÷åñòâå íàèáîëåå ïîäõîäÿùåé õàðàêòå-
ðèñòèêè ìàãíèòíîãî ïîëÿ çâåçäû áóäåì èñïîëüçîâàòü, êàê è â ðàáîòå [3],
ñðåäíåêâàäðàòè÷íîå ìàãíèòíîå ïîëå, îïðåäåëåííîå Borra et al. [5]:

  , 1

1

2




n

j

j
zBn

B (1)

ãäå ñóììèðóþòñÿ êâàäðàòû âñåõ èçìåðåííûõ ïðîäîëüíûõ ìàãíèòíûõ ïîëåé
j
zB  äëÿ äàííîé çâåçäû. Çäåñü j - íîìåð íàáëþäåíèÿ, à n - èõ îáùåå ÷èñëî.

Àíàëîãè÷íî ïîäõîäó, èñïîëüçóåìîìó â ñòàòüå [3], ðàçäåëèì âñå Ae/Be
çâåçäû Õåðáèãà íà 4 ãðóïïû. Ê ïåðâîé ãðóïïå DD (Defenite Detection) îòíåñåì
îäèíî÷íûå çâåçäû, ó êîòîðûõ ïî êðàéíåé ìåðå äëÿ îäíîãî èçìåðåíèÿ ïîëÿ
ñ íîìåðîì j àáñîëþòíîå çíà÷åíèå èçìåðåííîãî ìàãíèòíîãî ïîëÿ j

zB  â 3 ðàçà

áîëüøå îøèáêè åãî èçìåðåíèÿ j . Äâîéíûå çâåçäû, äëÿ HAeBe êîìïîíåíòîâ

êîòîðûõ âûïîëíÿåòñÿ ýòî óñëîâèå, îòíåñåì ê ãðóïïå BS (Binary Stars). Òðåòüþ
ãðóïïó MD (Marginal Detection) ñîñòàâëÿþò çâåçäû, äëÿ êîòîðûõ õîòÿ áû äëÿ

îäíîãî èçìåðåíèÿ ñ íîìåðîì j ìàãíèòíîãî ïîëÿ âûïîëíÿåòñÿ óñëîâèå 2 j
j
zB .

Âñå îñòàëüíûå çâåçäû îòíåñåì ê ãðóïïå ND (No Detections). Ê ýòîé
áîëüøîé (ñâûøå 200) ãðóïïå çâåçä îòíîñÿòñÿ êàê çâåçäû, ó êîòîðûõ ìàãíèòíîå
ïîëå èçìåðÿëîñü, íî íå áûëî çàðåãèñòðèðîâàíî, òàê è çâåçäû, ìàãíèòíîå ïîëå
êîòîðûõ åùå íå áûëî èçìåðåíî.

Âî 2 è 3 ñòîëáöàõ òàáë.1 äàíû ñðåäíèå çíà÷åíèÿ ìàãíèòíûõ ïîëåé  Blog
äëÿ óêàçàííûõ ãðóïï çâåçä è ñîîòâåòñòâóþùèå ñòàíäàðòíûå îòêëîíåíèÿ

 Blog . Ïðåäñòàâëåííûå â òàáëèöå çíà÷åíèÿ  Blog  è  Blog  ñëåãêà îòëè-
÷àþòñÿ îò ïðèâåäåííûõ â ñòàòüå [3] âñëåäñòâèå äîáàâëåíèÿ íîâûõ èçìåðåíèé
ìàãíèòíûõ ïîëåé. Äëÿ ñðàâíåíèÿ â ïîñëåäíåé ñòðîêå òàáëèöû äàíû õàðàêòå-
ðèñòèêè ôóíêöèè ðàñïðåäåëåíèÿ ìàãíèòíûõ ïîëåé ìàãíèòíûõ AB çâåçä ÃÏ,
âçÿòûå èç ñòàòüè [3].
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Îòìåòèì òàêæå, ÷òî ââèäó ñëîæíîé êîíôèãóðàöèè ìàãíèòíûõ ïîëåé Àå/Âå
çâåçä Õåðáèãà è âîçìîæíûì çíà÷èòåëüíûì âêëàäàì ëîêàëüíûõ ìàãíèòíûõ
ïîëåé, ðåàëüíîå ìàãíèòíîå ïîëå ìîæåò îòëè÷àòüñÿ îò ïîëó÷àåìîãî óñðåäíåíèåì
íåñêîëüêèõ èçìåðåíèé ïî ôîðìóëå (1) ââèäó êîìïåíñàöèè âêëàäîâ ìàãíèòíûõ
ïîëåé ìàãíèòíûõ ñèëîâûõ òðóáîê ðàçíîãî çíàêà.

Â ðàáîòå Vioque et al. [9] äàíà îáøèðíàÿ ñâîäêà îïðåäåëåíèé ìàññ çâåçä
Õåðáèãà. Ñðåäíèå çíà÷åíèÿ ìàññ è ñîîòâåòñòâóþùèõ ñòàíäàðòíûõ îòêëîíåíèé
äëÿ óêàçàííûõ âûøå ãðóïï çâåçä Õåðáèãà ïðèâåäåíû â äâóõ ïîñëåäíèõ
ñòîëáöàõ òàáë.1.

3. Âëèÿíèå àêêðåöèè íà ìàãíèòíûå ïîëÿ çâåçä Õåðáèãà. Ñêîðîñòè
àêêðåöèè íà çâåçäû Õåðáèãà îïðåäåëåíû â íåäàâíåé ðàáîòå [8]. Â ñòàòüå [9]
ïðåäñòàâëåíû âîçðàñòà t çâåçä Õåðáèãà ñ èñïîëüçîâàíèåì óòî÷íåííûõ ðàññòîÿíèé
äî çâåçä, îïðåäåëåííûõ èç àíàëèçà äàííûõ âòîðîãî ðåëèçà DR2 ñïóòíèêà
Gaia. Äëÿ îïðåäåëåíèÿ çíà÷åíèé t èñïîëüçîâàíû òðåêè ìîäåëè ýâîëþöèè [10]
çâåçä ðàçëè÷íîãî õèìè÷åñêîãî ñîñòàâà íà ñòàäèè ýâîëþöèè äî ÃÏ. Íóëü-
ïóíêò äàííîé ìîäåëè ñîîòâåòñòâóåò ïîëîæåíèþ çâåçäû íà òðåêå Õàÿøè ñ
öåíòðàëüíîé òåìïåðàòóðîé çâåçäû â öåíòðå çâåçäû T

c
 = 105

 K.
Èñïîëüçîâàíèå çíà÷åíèé t ïîçâîëÿåò èçó÷èòü çàâèñèìîñòü õàðàêòåðèñòèê

Ae/Be çâåçä Õåðáèãà îò âðåìåíè. Ñêîðîñòü ýâîëþöèè çâåçä Õåðáèãà ñèëüíî
çàâèñèò îò èõ íà÷àëüíûõ ìàññ, ïîýòîìó óäîáíåå èñïîëüçîâàòü âìåñòî àáñî-
ëþòíîãî îòíîñèòåëüíûé âîçðàñò çâåçäû PMSrel  t , ãäå PMS  - ïîëíîå
âðåìÿ æèçíè çâåçäû íà ñòàäèè äî ÃÏ.

Òàê êàê õèìè÷åñêèé ñîñòàâ çâåçä Õåðáèãà áëèçîê ê ñîëíå÷íîìó, òî
ñëåäóåò èñïîëüçîâàòü çíà÷åíèÿ pMS , ïîëó÷åííûå â ìîäåëè [10] äëÿ ñîëíå÷íîãî
çíà÷åíèÿ Z = 0.017. Çàâèñèìîñòü ïîëíîãî âðåìåíè æèçíè çâåçäû Õåðáèãà îò
åå ìàññû M â ìîäåëè [10] äëÿ äàííîãî çíà÷åíèÿ Z ìîæíî ïðåäñòàâèòü òàêèì
îáðàçîì:

Ãðóïïà çâåçä )log(B
)log(B

 MM /
MM /

DD 1.96 0.30 2.54 1.27
BS 2.00 0.33 2.51 1.17
MD 1.91 0.31 2.47 0.72
NM - - 3.78 3.14
AB 2.53 0.54 - -

Òàáëèöà 1

ÑÐÅÄÍÈÅ ÇÍÀ×ÅÍÈß ÌÀÃÍÈÒÍÛÕ ÏÎËÅÉ, ÌÀÑÑ È
ÈÕ ÑÒÀÍÄÀÐÒÍÛÕ ÎÒÊËÎÍÅÍÈÉ ÄËß ÐÀÇËÈ×ÍÛÕ

ÃÐÓÏÏ HAeBe ÇÂÅÇÄ

Xoltigin.pmd 12/21/2020, 12:51 PM67



68 À.Ô.ÕÎËÒÛÃÈÍ  È  ÄÐ.

  , 900021272667log 32
PMS q.q.q..  (2)

ãäå  MMq log . Ïàðàìåòðû çàâèñèìîñòè (2) óòî÷íåíû ïî ñðàâíåíèþ ñ
äàííûìè â ðàáîòå [3]. Íåîáõîäèìûå äëÿ ðàñ÷åòà âåëè÷èí PMS  ìàññû çâåçä
Õåðáèãà âçÿòû èç ðàáîòû [9].

Íà ðèñ.1 ïîêàçàíà çàâèñèìîñòü ñêîðîñòåé àêêðåöèè M  íà çâåçäû Õåðáèãà
îò îòíîñèòåëüíîãî âîçðàñòà çâåçäû. Âèäíî, ÷òî ìàêñèìàëüíûå çíà÷åíèÿ âåëè÷èí
M  ñîîòâåòñòâóþò ñàìûì ìîëîäûì çâåçäàì.

Èç ðèñóíêà âèäíî, ÷òî ñêîðîñòè àêêðåöèè óáûâàþò ñ óâåëè÷åíèåì
îòíîñèòåëüíîãî âîçðàñòà çâåçäû. Ïðè èñêëþ÷åíèè èç âûáîðêè çâåçä ñî
ñêîðîñòÿìè àêêðåöèè 56log .M  , èìåþùèìè íèçêóþ òî÷íîñòü, çàâèñèìîñòü
ñêîðîñòåé àêêðåöèè îò îòíîñèòåëüíîãî âîçðàñòà çâåçä Õåðáèãà ìîæíî
àïïðîêñèìèðîâàòü ñëåäóþùåé ôîðìóëîé:

    . 370413210653log rel ....M (3)

Ýòà çàâèñèìîñòü ïîêàçàíà ïóíêòèðíîé ëèíèåé íà ðèñ.1.
Ðàññìîòðèì âëèÿíèå àêêðåöèè íà ìàãíèòíûå ïîëÿ çâåçä Õåðáèãà. Ïðè

áîëüøîé ñêîðîñòè àêêðåöèè ñèëîâûå ëèíèè ìàãíèòíîãî ïîëÿ ìîãóò ñòàòü
áëèæå ê ôîòîñôåðå çâåçäû ïî ñðàâíåíèþ ñ àíàëîãè÷íîé çâåçäîé ñ íèçêîé
ñêîðîñòüþ àêêðåöèè. Ýòî ìîæåò ïðèâåñòè ê òîìó, ÷òî çâåçäû ñ îäèíàêîâîé
âåëè÷èíîé ìàãíèòíîãî ïîëÿ, íî ñ ðàçíûì òåìïîì àêêðåöèè ìîãóò èìåòü
ðàçëè÷íûå âåëè÷èíû èçìåðÿåìîãî ìàãíèòíîãî ïîëÿ.

×òîáû ïðîâåðèòü ýòî ïðåäïîëîæåíèå ìû ïðîàíàëèçèðîâàëè çàâèñèìîñòü
âåëè÷èíû ñðåäíåêâàäðàòè÷íîãî ìàãíèòíîãî ïîëÿ çâåçä îò ñêîðîñòè àêêðåöèè.
Óêàçàííàÿ çàâèñèìîñòü ïðåäñòàâëåíà íà ðèñ.2. Äëÿ îäèíî÷íûõ ìàãíèòíûõ

lo
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Ðèñ.1. Çàâèñèìîñòè ñêîðîñòåé àêêðåöèè íà çâåçäû Õåðáèãà îò âîçðàñòà çâåçäû. Ïóíê-
òèðíîé ëèíèåé ïîêàçàíà ëèíåéíàÿ àïïðîêñèìàöèÿ ýòîé çàâèñèìîñòè.
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çâåçä Õåðáèãà ãðóïïû DD (ðèñ.2, ñëåâà) çàâèñèìîñòü ñðåäíåêâàäðàòè÷íûõ
ìàãíèòíûõ ïîëåé îò ñêîðîñòåé àêêðåöèè íåçíà÷èìà (êîýôôèöèåíò êîððåëÿöèè
R = -0.03).

Â òî æå âðåìÿ, åñëè îãðàíè÷èòüñÿ òîëüêî çâåçäàìè ñî ñêîðîñòüþ àêêðåöèè
07log .M  , òî çàâèñèìîñòü ìåæäó ñêîðîñòÿìè àêêðåöèè è ñðåäíåêâàäðà-

òè÷íûìè ìàãíèòíûìè ïîëÿìè, ïîêàçàííàÿ øòðèõ-ïóíêòèðíîé êðèâîé,
ñòàíîâèòñÿ ëó÷øå âûðàæåííîé. Âèäíî, ÷òî ó çâåçä ñ áîëüøåé ñêîðîñòüþ
àêêðåöèè ìàãíèòíûå ïîëÿ â ñðåäíåì ìåíüøå. Â òî æå âðåìÿ êîýôôèöèåíò
êîððåëÿöèè ìåæäó ýòèìè âåëè÷èíàìè R = -0.5 ñ óðîâíåì çíà÷èìîñòè 150. ,
÷òî íå ïîçâîëÿåò ñäåëàòü äîñòàòî÷íî íàäåæíûé âûâîä îá óìåíüøåíèè ìàã-
íèòíîãî ïîëÿ ñ ðîñòîì ñêîðîñòè àêêðåöèè.

Åñëè æå äîáàâèòü ê îäèíî÷íûì ìàãíèòíûì çâåçäàì Õåðáèãà ìàãíèòíûå

Ðèñ.2. Ñëåâà: çàâèñèìîñòü ñðåäíåêâàäðàòè÷íîãî ìàãíèòíîãî ïîëÿ çâåçä Õåðáèãà îò ñêîðîñòåé
àêêðåöèè äëÿ ãðóïïû çâåçä DD. Ïóíêòèðíîé ëèíèåé ïîêàçàíà åå ëèíåéíàÿ àïïðîêñèìàöèÿ,
øòðèõ-ïóíêòèðíîé - ëèíåéíàÿ àïïðîêñèìàöèÿ äëÿ çíà÷åíèé 07log .M  . Ñïðàâà: òî æå,
÷òî íà ëåâîì ðèñóíêå, íî äëÿ ãðóïïû DD+BS+MD. Ïóíêòèðíàÿ ëèíèÿ - ëèíåéíàÿ àïïðîê-
ñèìàöèÿ äàííîé çàâèñèìîñòè.
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HAeBe çâåçäû â äâîéíûõ ñèñòåìàõ è çâåçäû ñ ìàðãèíàëüíî îïðåäåëåííûìè
ìàãíèòíûìè ïîëÿìè ãðóïï DD è MD (ðèñ.2, ñïðàâà), òî çàâèñèìîñòü
ñðåäíåêâàäðàòè÷íûõ ìàãíèòíûõ ïîëåé îò ñêîðîñòè àêêðåöèè ìåíÿåòñÿ íà
îáðàòíóþ. Âïðî÷åì, ó÷èòûâàÿ, ÷òî â äàííîì ñëó÷àå êîýôôèöèåíò êîððåëÿöèè
R = 0.18 è óðîâåíü çíà÷èìîñòè 400. , òî ñëåäóåò, ÷òî ýòà çàâèñèìîñòü
òàêæå ÿâëÿåòñÿ íåçíà÷èìîé.

4. Îáñóæäåíèå ðåçóëüòàòîâ. Ðåçþìèðóÿ, ìîæíî ñäåëàòü âûâîä, ÷òî
èìåþùèõ íà íàñòîÿùåå âðåìÿ äàííûõ î ìàãíèòíûõ ïîëÿõ HAeBe çâåçä è
ñîîòâåòñòâóþùèõ ñêîðîñòÿõ àêêðåöèè íåäîñòàòî÷íî äëÿ òîãî, ÷òîáû ñäåëàòü
ñêîëü-ëèáî îïðåäåëåííûé âûâîä îá èõ êîððåëÿöèè. Â òî æå âðåìÿ, äàæå åñëè
òàêàÿ çàâèñèìîñòü áóäåò óñòàíîâëåíà, îíà íå ñìîæåò â ïîëíîé ìåðå îáúÿñíèòü
ñêà÷îê âåëè÷èíû ìàãíèòíûõ ïîëåé HAeBe çâåçä ïðè èõ âûõîäå íà ÃÏ, òàê
êàê ó çâåçä Õåðáèãà ñêîðîñòè àêêðåöèè íåïîñðåäñòâåííî ïåðåä âûõîäîì íà
ÃÏ ìèíèìàëüíû.

Ïî ýòîé ïðè÷èíå âàæíî îáñóäèòü äðóãèå âîçìîæíûå ïðè÷èíû òàêîãî
ôåíîìåíà. Îäíèì èç âîçìîæíûõ ìåõàíèçìîâ ôîðìèðîâàíèÿ çâåçäíûõ
ìàãíèòíûõ ïîëåé ÿâëÿåòñÿ, êàê îòìå÷åíî âî Ââåäåíèè, ñëèÿíèå ïðîòîçâåçä
ïåðåä èõ âûõîäîì íà ÃÏ è ãåíåðàöèÿ ìàãíèòíîãî ïîëÿ ïðè ýòîì ïðîöåññå
äèíàìî-ìåõàíèçìîì [1].

Î÷åâèäíî, ÷òî â ýòîì ñëó÷àå ìàññû îäèíî÷íûõ ìàãíèòíûõ çâåçä áóäóò
ñóùåñòâåííî âûøå ìàññ íåìàãíèòíûõ çâåçä, êàê óñòàíîâëåíî, íàïðèìåð, äëÿ
îäèíî÷íûõ ìàãíèòíûõ áåëûõ êàðëèêîâ [12]. Ïî ýòîé ïðè÷èíå ñëåäóåò âûÿñíèòü,
âûïîëíÿåòñÿ ëè ýòî ñîîòíîøåíèå äëÿ HAeBe çâåçä. Ñðåäíèå ìàññû ðàçëè÷íûõ
ãðóïï çâåçä Õåðáèãà äàíû â ïÿòîì ñòîëáöå òàáë.1. Àíàëèç ýòèõ äàííûõ
ïîêàçûâàåò, ÷òî ñðåäíèå ìàññû íåìàãíèòíûõ HAeBe çâåçä çíà÷èìî âûøå
ñðåäíèõ ìàññ ðàçëè÷íûõ ãðóïï çâåçä Õåðáèãà. Òåì ñàìûì ìîæíî ñäåëàòü
âûâîä, ÷òî ãèïîòåçà [1] ãåíåðàöèè çâåçäíûõ ìàãíèòíûõ ïîëåé âðÿä ëè
ñïðàâåäëèâà äëÿ çâåçä Õåðáèãà.

Ïðîëèòü ñâåò íà çàãàäêó ãåíåðàöèè ìàãíèòíûõ ïîëåé çâåçä Õåðáèãà ìîãëî
áû èõ èññëåäîâàíèå íå òîëüêî â îïòè÷åñêîì, íî è â äðóãèõ äèàïàçîíàõ
ñïåêòðà. Íåäàâíèé àíàëèç àðõèâíûõ ðåíòãåíîâñêèõ ñïåêòðîâ âîñüìè çâåçä
Õåðáèãà, ïîëó÷åííûõ íà ñïóòíèêå XMM [11], ïîêàçàë, ÷òî 2 çâåçäû èç ýòîé
âûáîðêè, à èìåííî HD104237 è HD144668, ó êîòîðûõ áûëî èçìåðåíî
ìàãíèòíîå ïîëå, õàðàêòåðèçóþòñÿ íàèáîëåå æåñòêèìè ðåíòãåíîâñêèìè
ñïåêòðàìè.

Æåñòêîñòè èõ ñïåêòðîâ, îïðåäåëÿåìûå êàê îòíîøåíèå ðåíòãåíîâñêèõ ïîòîêîâ
â èíòåðâàëàõ ýíåðãèé 2 - 8 êýÂ è 0.2 - 2 êýÂ, ñîñòàâëÿþò 0.75 è 0.71, ñîîò-
âåòñòâåííî, ÷òî ñóùåñòâåííî âûøå, ÷åì ó çâåçä Õåðáèãà, ó êîòîðûõ ìàãíèòíîå
ïîëå íå îáíàðóæåíî. Ñòîëü âûñîêèå çíà÷åíèÿ æåñòêîñòè ñïåêòðîâ âîçìîæíî
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ñâèäåòåëüñòâóþò î ïðèñóòñòâèè äîïîëíèòåëüíîãî èñòî÷íèêà íåòåïëîâîãî
ðåíòãåíîâñêîãî èçëó÷åíèÿ, ñâÿçàííîãî, âîçìîæíî, ñ ëîêàëüíûìè ìàãíèòíûìè
ïîëÿìè HAeBe çâåçä.

Ïîäâîäÿ èòîãè íàøåãî èññëåäîâàíèÿ ìàãíèòíûõ ïîëåé çâåçä Õåðáèãà,
ìîæíî âûñêàçàòü ïðåäïîëîæåíèå, ÷òî èìåííî âî âðåìÿ âûõîäà HAeBe çâåçäû
íà ÃÏ âî âðåìÿ çàãîðàíèÿ âîäîðîäà â ÿäðå çâåçäû ïðîèñõîäèò ïåðåñòðîéêà
ðàñïðåäåëåíèÿ çàðÿäîâ â çâåçäå, ïðèâîäÿùàÿ ê óñèëåíèþ íà÷àëüíîãî ìàãíèòíîãî
ïîëÿ çâåçäû, âêëþ÷àþùåãî êàê ãëîáàëüíîå ìàãíèòíîå ïîëå, òàê è ëîêàëüíûå
ìàãíèòíûå ïîëÿ.

Äëÿ ïðîâåðêè ýòîãî ïðåäïîëîæåíèÿ áûëî áû âàæíî èññëåäîâàòü ñâîéñòâà
çâåçä Õåðáèãà íåïîñðåäñòâåííî ïåðåä âûõîäîì íà ÃÏ è âî âðåìÿ ýòîãî
ïðîöåññà.

5. Çàêëþ÷åíèå. Â íàñòîÿùåé ðàáîòå âûïîëíåí àíàëèç çàâèñèìîñòè
ñðåäíåêâàäðàòè÷íîãî ìàãíèòíîãî ïîëÿ çâåçä Õåðáèãà îò ñêîðîñòåé àêêðåöèè
íà çâåçäó. Â ðåçóëüòàòå àíàëèçà ìîæíî ñäåëàòü ñëåäóþùèå âûâîäû:

- Ñêîðîñòè àêêðåöèè íà Ae/Be çâåçäû Õåðáèãà ýêñïîíåíöèàëüíî óáûâàþò
ñ óâåëè÷åíèåì âîçðàñòà çâåçäû.

- Ìàãíèòíûå HAeBe çâåçäû ñ áîëüøèìè ñêîðîñòÿìè àêêðåöèè âîçìîæíî
îáëàäàþò â ñðåäíåì ìåíüøèìè ìàãíèòíûìè ïîëÿìè.

Íàñòîÿùåå èññëåäîâàíèå ïîääåðæàíî ãðàíòîì Ðîññèéñêîãî íàó÷íîãî ôîíäà
18-02-00554.

1 Ñàíêò-Ïåòåðáóðãñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò, Ñ.-Ïåòåðáóðã,
 Ðîññèÿ, e-mail: afkholtygin@gmail.com
2 Ãëàâíàÿ (Ïóëêîâñêàÿ) Àñòðîíîìè÷åñêàÿ îáñåðâàòîðèÿ, Ðîññèÿ
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ACCRETION AND MAGNETIC FIELDS OF
Ae/Be HERBIG STARS

A.F.KHOLTYGIN1, O.A.TSIOPA2, Ya.A.DORONINA1, I.M.TUMANOVA2,
E.B.RYSPAEVA3, O.A.MERKULOVA1

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

Keywords: stars: magnetic field - stars: Ae/Be Herbig stars: accretion
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ВЗАИМОСВЯЗЬ МЕЖДУ КОРОНАЛЬНЫМИ 
ВЫБРОСАМИ МАССЫ ТИПА ГАЛО И 

ВСПЫШКАМИ НА СОЛНЦЕ ПО
НАБЛЮДЕНИЯМ В 23֊м И 24-м ЦИКЛАХ

Е .А. БРУЕВИЧ12, В.А.БУРОВ2, А.С.АРАКЕЛОВ2, Ю.П.ОЧЕЛКОВ2 
Поступила 16 июня 2020

Принята к печати 23 декабря 2020

Проведен анализ активности Солнца взрывного характера в 23-м и 24-м циклах. 
Использовались данные спутниковых наблюдений рентгеновского излучения GOES-15 во 
вспышках и наблюдения выбросов корональной массы (СМЕ) на коронографе SOHO/ LASCO. 
Были проанализированы интервалы задержки между началом вспышки и началом СМЕ типа 
Гало, связанных одной и той же активной областью. Показано, что временной интервал 
между началом вспышки и началом СМЕ в среднем в 2 раза меньше для вспышек классов 
> XI, чем для менее мощных вспышек. Отдельно были рассмотрены все собьпия, которые 
сопровождались мощными вспышками классов > XI . Проведена оценка взаимосвязи СМЕ 
типа Гало и индексов геомагнитной активности Кр и Dst, используемых для прогнозирования 
космической погоды. Показано, что вероятность опасной магнитной бури на Земле с Кр > 7 
составляет более 80%, если одновременно выполняются два условия: КСМЕ > 1000 км/с и 
|Dst| > 100 нТ.

Ключевые слова: Солнце: 23-й и 24-й циклы: вспышки: вспышки в мягком 
рентгеновском диапазоне: СМЕ типа Гало: индексы 
геомагнитной активности

1. Введение. Переменность потоков солнечного излучения и плазмы, 
определяющая космическую погоду, связана с непрерывно меняющимся магнит
ным полем Солнца. Силовые линии магнитного поля изменяются и запутываются 
в результате воздействия дифференциального вращения Солнца на всплывающие 
конвективные потоки плазмы. Распределение магнитных полей на поверхности 
Солнца сильно неоднородно: жгуты силовых линий поля в пятнах характеризуются 
напряженностью в сотни нТ, при средней напряженности глобального магнитного 
поля в 0.1-1 нТ. В разреженной плазме короны эти локальные магнитные поля 
замыкаются, формируя дуги силовых линий. Потеря равновесия в сложных 
конфигурациях поля над пятнами влечет за собой события взрывного характера 
- солнечные вспышки, солнечные протонные события (Solar Proton Events - 
SPE) и корональные выбросы массы (Coronal Mass Ejection - СМЕ), 
сопровождающиеся высвобождением большого количества энергии. В ходе SPE,
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ñîïðîâîæäàþùèõ ñàìûå ìîùíûå âñïûøêè, ãåíåðèðóþòñÿ íåòåïëîâûå ïðîòîíû
è äðóãèå ÷àñòèöû - ñîëíå÷íûå êîñìè÷åñêèå ëó÷è. CME õàðàêòåðèçóþòñÿ
âûáðîñîì â ñîëíå÷íûé âåòåð áîëüøîãî êîëè÷åñòâà ñîëíå÷íîé ïëàçìû è
ìàãíèòíîãî ïîëÿ. Ñîãëàñíî [1,2], íàèáîëåå ìîùíûå ýðóïòèâíûå ñîáûòèÿ
ñîïðîâîæäàþòñÿ âñåìè ýòèìè ïðîÿâëåíèÿìè. Â íàñòîÿùåå âðåìÿ íå äî êîíöà
ÿñíî, íàñêîëüêî òåñíî âñïûøêè, SPE è CME âçàèìîñâÿçàíû. Íàïðèìåð,
íåáîëüøàÿ ÷àñòü CME (êàê áóäåò ïîêàçàíî íèæå ~5-8% äëÿ CME òèïà Ãàëî)
ïðîèñõîäèò âíå àêòèâíûõ îáëàñòåé è ñâÿçàíà ñ ïðîòóáåðàíöàìè, òåðÿþùèìè
ñòàáèëüíîñòü [3,4]. CME ÿâëÿþòñÿ íàèáîëåå ìîùíûìè ïðîÿâëåíèÿìè ñîëíå÷íîé
àêòèâíîñòè. Îíè ïðåäñòàâëÿþò ñîáîé ðàñïðîñòðàíÿþùèå îò Ñîëíöà êðóïíî-
ìàñøòàáíûå  ìàãíèòîïëàçìåííûå  ñòðóêòóðû,  êîòîðûå ÷àñòî èìåþò ôîðìó
ìàãíèòíîé ïåòëè, ðàñøèðÿþùåéñÿ ïðè óäàëåíèè îò Ñîëíöà. Ìàãíèòíûå
îáëàêà, ñâÿçàííûå ñ CME, ðàñïðîñòðàíÿþòñÿ íà ôîíå ñïîêîéíîãî (íåâîçìó-
ùåííîãî) ñîëíå÷íîãî âåòðà ñî ñêîðîñòÿìè äî 2500 êì/c è èìåþò ñèëüíîå è
óïîðÿäî÷åííîå ìàãíèòíîå ïîëå â äåñÿòêè íÒ. Åñëè ñêîðîñòü CME ïðåâûøàåò
ñêîðîñòü îñíîâíîãî ïîòîêà ñîëíå÷íîãî âåòðà íà ëîêàëüíóþ ñêîðîñòü çâóêà,
òî ïåðåä êîðîíàëüíûì âûáðîñîì îáðàçóåòñÿ óäàðíàÿ âîëíà, çà êîòîðîé ìàãíèòíîå
ïîëå óñèëåíî ñæàòèåì. Èìåííî òàêèå îáðàçîâàíèÿ âûçûâàþò ñàìûå ìîùíûå
áóðè [5].

2. Âñïûøêè è CME. Ñîãëàñíî ïîñëåäíèì èññëåäîâàíèÿì, ïîñâÿùåííûì
CME (ñì., íàïðèìåð, [6]), ìîùíûå ñîáûòèÿ, íàèáîëåå âåðîÿòíî ñâÿçàííûå ñ
ìàãíèòíûìè áóðÿìè, îòíîñÿòñÿ ê CME òèïà Ãàëî è ñîñòàâëÿþò ïðèìåðíî 5%
îò îáùåãî ÷èñëà CME. CME òèïà Ãàëî èìåþò íàèâûñøèå çíà÷åíèÿ ìàññû è
ýíåðãèè. Ýòîò òèï CME ÿâëÿåòñÿ îòíîñèòåëüíî ðåäêèì èç-çà äîáàâî÷íîãî
òðåáîâàíèÿ îñîáîé îðèåíòàöèè âåêòîðà ìàãíèòíîãî ìîìåíòà. È â òî æå âðåìÿ
èìåííî ýòîò òèï CME îêàçûâàåò íàèáîëüøåå âîçäåéñòâèå íà êîñìè÷åñêóþ
ïîãîäó. Êàê èçâåñòíî, èìåííî CME (à íå âñïûøêè) âîçáóæäàþò ìåæïëàíåòíûå
âîçìóùåíèÿ, à çàòåì è ìàãíèòíûå áóðè (ñì., íàïðèìåð, [7]). Ïðè ýòîì âñïûøêè
ìîãóò áûòü èñïîëüçîâàíû èññëåäîâàòåëÿìè è ïðîãíîçèñòàìè êàê èíäèêàòîðû
ñîëíå÷íîé àêòèâíîñòè, ñâÿçàííûå ñ CME è ìåæïëàíåòíûìè âîçìóùåíèÿìè.
CME òèïà Ãàëî èìåþò ðàçëè÷íûé õàðàêòåð â ìèíèìóìå è â ìàêñèìóìå
ñîëíå÷íîé àêòèâíîñòè, ïîýòîìó äëÿ íàèáîëåå ïîëíîãî ñòàòèñòè÷åñêîãî àíàëèçà
â äàííîé ðàáîòå èçó÷åíû âñå ñîáûòèÿ äàííîãî òèïà äëÿ 23-ãî è 24-ãî öèêëîâ
èç êàòàëîãà [8].

Ðàññìîòðèì, êàê ñâÿçàíû CME è âñïûøêè íà ïðèìåðå ñîáûòèÿ 03.11.2011.
Íà ðèñ.1 ïðåäñòàâëåí ïîòîê îò âñïûøêè 03.11.2011 ìîùíîñòüþ X1.9 â äèàïàçîíå
0.1-0.8 íì ïî äàííûì GOES-15. Îòìå÷åíî íà÷àëî âñïûøêè â 21:18.

Âèäíî, ÷òî âñïûøêà è CME íà÷àëèñü ïî÷òè îäíîâðåìåííî. Òàêæå íàáëþ-
äàëîñü íåáîëüøîå SPE-ñîáûòèå, âûçâàííîå âñïûøêîé (3.6 pfu â äèàïàçîíå
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>10 MeV) è ñëàáîå âîçìóùåíèå ìàãíèòíîãî ïîëÿ ÷åðåç 1.5 äíÿ (Disturbances
storm-time/Dst ~ -40 íÒ). Ãåîýôôåêòèâíîñòü ýòîãî ñîáûòèÿ íåâåëèêà â ðåçóëüòàòå
òîãî, ÷òî àêòèâíàÿ îáëàñòü, êîòîðàÿ ñãåíåðèðîâàëà âñïûøêó è CME, íàõîäèëàñü
â âîñòî÷íîé ÷àñòè ëèìáà (N22E63).

3. Ñâÿçü ìåæäó íà÷àëîì âñïûøêè è àññîöèèðîâàííûì ñî âñïûøêîé
CME. Ñîãëàñíî êàòàëîãó [8], âñåãî çà äâà ïîñëåäíèõ öèêëà ñ 1997 ïî 2017ãã.
íàáëþäàëèñü îêîëî 700 CME òèïà Ãàëî. Íî èç ðàññìîòðåíèÿ áûëè èñêëþ÷åíû
ñîáûòèÿ, ïðîèçîøåäøèå çà ëèìáîì Ñîëíöà. Èçó÷åíèå ñâÿçè ìåæäó CME
(íàáëþäåíèÿ LASCO/SOHO [8]) è âñïûøêàìè â ýòèõ ñëó÷àÿõ íå ïðåäñòàâëÿåòñÿ
âîçìîæíûì, òàê êàê âñïûøêè (íàáëþäåíèÿ GOES [9]) çà ëèìáîì íå âèäíû.
Äàííûå íàáëþäåíèé CME è èõ õàðàêòåðèñòèêè äîñòóïíû â àðõèâàõ è â
ðåæèìå ðåàëüíîãî âðåìåíè [8,10]. Âñå ñîáûòèÿ 23-ãî è 24-ãî öèêëîâ, çà
èñêëþ÷åíèåì çàëèìáîâûõ, áûëè îòîáðàíû íàìè äëÿ ñòàòèñòè÷åñêîãî èçó÷åíèÿ,
âñåãî 385 ñîáûòèé ñ CME òèïà Ãàëî. Ìû ñ÷èòàåì, ÷òî âñïûøêà è CME
ñâÿçàíû ìåæäó ñîáîé, åñëè èíòåðâàë âðåìåíè ìåæäó íà÷àëîì âñïûøêè è
íà÷àëîì CME íå ïðåâûøàåò 40 ìèí. Î÷åâèäíî, ÷òî äàæå ïðè òàêîì èíòåðâàëå
çàïàçäûâàíèÿ, ñîáûòèÿ ïåðåêðûâàþòñÿ ìåæäó ñîáîé ïî âðåìåíè. Íèæå èç
ðèñ.4 ìîæíî îöåíèòü âåëè÷èíó èíòåðâàëà çàïàçäûâàíèÿ. Ðåçóëüòàòû ïðåä-
ñòàâëåíû â ñâîäíîé òàáë.1.

Èç òàáë.1 ñëåäóåò, ÷òî â 93-95% ñëó÷àåâ äëÿ ðàçíûõ öèêëîâ ñóùåñòâóåò
ñâÿçü ìåæäó CME òèïà Ãàëî è âñïûøêàìè ñ ðàçëè÷íîé ìîùíîñòüþ.

Â òàáëèöå â ïåðâûõ äâóõ êîëîíêàõ ïðèâåäåíû äàííûå î äîëÿõ ÑÌE

Ðèñ.1. Ïîòîê èçëó÷åíèÿ îò âñïûøêè 03.11.2011 â äèàïàçîíå 0.1-0.8 íì (ëîãàðèôìè÷åñêèé
ìàñøòàá ïî îñè îðäèíàò, ïðèíÿòûé â ïðåäñòàâëåíèè äàííûõ GOES-15). Îòìå÷åíî âðåìÿ
íà÷àëà CME (t1) è âðåìÿ ïåðâîãî íàáëþäåíèÿ  CME (t2).
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ñâÿçàííûõ è íå ñâÿçàííûõ ñî âñïûøêàìè (â ïðîöåíòàõ îò îáùåãî ÷èñëà
ÑME), äëÿ 23-õ è 24-õ öèêëîâ. Â ïîñëåäíåé êîëîíêå äëÿ õàðàêòåðèñòèêè
àêòèâíîñòè öèêëîâ ïðèâåäåíû äàííûå î êîëè÷åñòâå âñïûøåê M1 .

 Ïðèìåðíî â 5-7% ñëó÷àåâ ñâÿçü ìåæäó CME òèïà Ãàëî è âñïûøêàìè
íå óñòàíîâëåíà. Ýòî îçíà÷àåò, ÷òî èíòåðâàë âðåìåíè ìåæäó íà÷àëîì âñïûøêè
è íà÷àëîì CME ñîñòàâëÿåò áîëåå 40 ìèí. ×àùå âñåãî ýòî ñëó÷àåòñÿ äëÿ î÷åíü
ñëàáûõ âñïûøåê êëàññà Ñ5-Ñ9, ñîïðîâîæäàþùèõ CME, ó êîòîðûõ àìïëèòóäà
â ìàêñèìóìå â äèàïàçîíå 0.1-0.8 íì ñîñòàâëÿåò ìåíåå 10-5

 Âàòò/ì2. Íåîïðå-
äåëåííîñòü ñâÿçè óñóãóáëÿåò òîò ôàêò, ÷òî åñëè åñòü çàìåòíûé âûáðîñ CME
òèïà Ãàëî è åãî ñîïðîâîæäàåò ìàëîìîùíàÿ âñïûøêà, òî ÷àùå âñåãî ñàìà
âñïûøêà ðàñòÿíóòà ïî âðåìåíè, ïîòîêè îò âñïûøêè áëèçêè ê ôîíîâûì
çíà÷åíèÿì, ÷òî çàòðóäíÿåò îïðåäåëåíèå âðåìåíè íà÷àëà âñïûøêè.

Äëÿ îïðåäåëåíèÿ èíòåðâàëîâ âðåìåíè ìåæäó íà÷àëîì âñïûøêè è íà÷àëîì
CME íàìè ïðîàíàëèçèðîâàíû âñå 385 ñëó÷àåâ ñ CME òèïà Ãàëî â 23-24-õ
öèêëàõ. Ïî äàííûì íàáëþäåíèé SOHO/LASCO C2, äëÿ âñåõ ñëó÷àåâ îïðåäå-
ëÿþòñÿ âðåìåíà íà÷àëà CME t1 êàê, íàïðèìåð, â ñîáûòèè 03.11.2011 íà ðèñ.2.
Íàáëþäåíèÿ SOHO/LASCO C2 ñîáûòèÿ 03.11.2011 ïðåäñòàâëåíû â âèäå 11
èçìåðåíèé CME íà ðàçëè÷íîì óäàëåíèè îò ñîëíå÷íîãî äèñêà. Íàêëîí ïðÿìîé
íà ðèñ.2 ñîîòâåòñòâóåò ëèíåéíîé ñêîðîñòè CME (îñòàþùåéñÿ ïðèìåðíî
ïîñòîÿííîé) è ðàâíîé 991.1 êì/ñ. Èç ýòîãî æå ãðàôè÷åñêîãî ïðåäñòàâëåíèÿ íà
ðèñ.2 îïðåäåëÿåòñÿ âðåìÿ íà÷àëà CME - t1, ðàâíîå 21:30:42. Ïåðâîå íàáëþäåíèå
SOHO/LASCO C2 íà ðèñ.2 (ïîëûå êðóæêè) ñîîòâåòñòâóåò èçìåðåíèÿì ñêîðîñòè
CME íà ðàññòîÿíèè 10 ðàäèóñîâ Ñîëíöà R .

Íà ðèñ.3 ïðèâîäÿòñÿ ìîìåíòû ïåðâîãî íàáëþäåíèÿ CME òèïà Ãàëî,
ñîïóòñòâóþùåãî âñïûøêå 03.11.2011, ñîîòâåòñòâóþùèå íà÷àëó âñïûøêè ïî
äàííûì GOES-15 (a) è ìîìåíòó ìàêñèìóìà (b). Îòìåòèì, ÷òî â ìîìåíò

ÑME ñâÿçàííûå ÑME íå ñâÿçàííûå ×èñëî ×èñëî ÑÏÑ ×èñëî âñïûøåê
ñî âñïûøêàìè ñî âñïûøêàìè CME/Ãàëî 2Ipr   pfu M1

Ñ5-Õ17.5 Ñ5-Õ17.5 ( 10 ÌýÂ)

23-é öèêë

218 (95.6%) 10 (4.4%) 228 96 1390

24-é öèêë

157 (92.4%) 13 (7.6%) 170 52 750

Òàáëèöà 1

×ÀÑÒÎÒÀ ÑÎËÍÅ×ÍÛÕ ÑÎÁÛÒÈÉ ÂÇÐÛÂÍÎÃÎ ÕÀÐÀÊÒÅÐÀ,
ÑÎÏÐÎÂÎÆÄÀÞÙÈÕÑß ÂÛÑÂÎÁÎÆÄÅÍÈÅÌ ÁÎËÜØÎÃÎ

ÊÎËÈ×ÅÑÒÂÀ ÝÍÅÐÃÈÈ ÂÎ ÂÑÏÛØÊÀÕ È CME
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íà÷àëà CME íà ðèñ.3à âèäåí ïîòîê ïëàçìû â óçêîì êîíóñå íàä àêòèâíîé
îáëàñòüþ, ðàñïîëîæåííîé íàä âñïûøêîé. Â ìîìåíò ïåðâîãî íàáëþäåíèÿ
CME íà ðèñ.3b âèäåí êîðîíàëüíûé âûáðîñ, îõâàòûâàþùèé óãîë â 360o, ò.å.

Ðèñ.2. Íàáëþäåíèÿ CME òèïà Ãàëî, àññîöèèðîâàííîãî ñî âñïûøêîé 03.11.2011 ïî äàííûì
íàáëþäåíèé SOHO/LASCO (C2) [8]. Ïî îñè àáñöèññ âðåìÿ íàáëþäåíèÿ (UT). Âðåìÿ t1
ñîîòâåòñòâóåò íà÷àëó CME, âðåìÿ t2 ñîîòâåòñòâóåò âðåìåíè ïåðâîãî íàáëþäåíèÿ CME. Ïî îñè
îðäèíàò - ïðèâåäåííàÿ âûñîòà íàáëþäåíèÿ CME â ( RR / ).
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Ðèñ.3. Íàáëþäåíèÿ CME òèïà Ãàëî, àññîöèèðîâàííîãî ñî âñïûøêîé X1.9 îò 03.11.2011
ïî äàííûì íàáëþäåíèé SOHO/LASCO (C2) è SDO/AIA 19.3 íì. (a) - â ìîìåíò íà÷àëà CME
(îáîçíà÷åííîãî t1) è (b) - â ìîìåíò ïåðâîãî íàáëþäåíèÿ CME (îáîçíà÷åííîãî t2), ïðîèçîøåäøåãî
ïðèìåðíî ÷åðåç 2 ÷àñà îò íà÷àëà.

a b
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äàííûé CME îòíîñèòñÿ ê òèïó Ãàëî. Î÷åâèäíî, ÷òî îðèåíòàöèÿ CME òèïà
Ãàëî ïîçâîëÿåò ñ÷èòàòü ýòè CME íàèáîëåå ãåîýôôåêòèâíûìè ñðåäè âñåõ
CME.

Äëÿ âñåõ 385 ñîáûòèé CME òèïà Ãàëî îïðåäåëåíû ìîìåíòû t1, ñîîò-
âåòñòâóþùèå íà÷àëó êîðîíàëüíîãî âûáðîñà (ñì. ðèñ.2 è ðèñ.3a äëÿ ñîáûòèÿ
03.11.2011) è âðåìÿ t2 - âðåìÿ ïåðâîãî íàáëþäåíèÿ êîðîíàëüíîãî âûáðîñà
(ñîîòâåòñòâóþò ðèñ.2 è ðèñ.3b äëÿ ñîáûòèÿ 03.11.2011). Èç êàòàëîãîâ âñïûøåê
23-ãî è 24-ãî öèêëîâ [11,12] äëÿ ýòèõ 385 ñîáûòèé îïðåäåëåíû âðåìåíà íà÷àëà
âñïûøåê tflare start, à òàêæå èíòåðâàë âðåìåíè ìåæäó íà÷àëîì CME tCME start è
íà÷àëîì ñîîòâåòñòâóþùåé âñïûøêè dt = tflare start - tCME start. Ðàñïðåäåëåíèå N
÷èñëà ñîáûòèé îò âåëè÷èíû dt ïðåäñòàâëåíî íà ðèñ.4. Ðàñïðåäåëåíèå èìååò
íåêîòîðóþ àñèììåòðèþ ñ ÿðêî âûðàæåííûì ìàêñèìóìîì â öåíòðå. Ýòî
ñîîòâåòñòâóåò ôàêòó, ÷òî ïðàêòè÷åñêè 14% ñîáûòèé õàðàêòåðèçóþòñÿ dt = 0.
Åñëè ïðåäïîëîæèòü, ÷òî ðàñïðåäåëåíèå íà ðèñ.4 ïîäîáíî íîðìàëüíîìó, òî

ìîæíî îöåíèòü âåëè÷èíó ñòàíäàðòíîãî îòêëîíåíèÿ 1 . Äëÿ èññëåäóåìîé
âûáîðêè â 385 ñîáûòèé 201   ìèí. Òàêèì îáðàçîì, â èíòåðâàëå 1
çàêëþ÷åíû 66.7% ñîáûòèé.

4. Ñâÿçü ìåæäó íà÷àëîì âñïûøêè è íà÷àëîì CME äëÿ êðóïíûõ
ñîáûòèé (êëàññ 1X ). Äëÿ êðóïíûõ ñîáûòèé, ïðåäñòàâëÿþùèõ îñîáûé
èíòåðåñ â ñâÿçè ñ ïîñëåäóþùèìè çà íèìè âîçìóùåíèÿìè ãåîìàãíèòíûõ
èíäåêñîâ, ìû ïðîâåëè àíàëèç ìåæäó íà÷àëîì êðóïíûõ âñïûøåê êëàññîâ X1
è àññîöèèðîâàííûìè ñ íèìè CME (ñì. ðèñ.5). Òàêèõ ñîáûòèé â 2-õ öèêëàõ

Ðèñ.4. Ñâÿçü ìåæäó íà÷àëîì âñïûøêè è àññîöèèðîâàííûì ñî âñïûøêîé CME äëÿ 385
CME òèïà Ãàëî â 23-ì è 23-ì öèêëàõ.
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áûëî 95.
Èç ðèñ.5 âèäíî, ÷òî âðåìåííîé ðàçáðîñ ìåæäó íà÷àëîì âñïûøêè è íà÷àëîì

CME ìåíüøå, ÷åì äëÿ âñåõ ñîáûòèé ïîäðÿä. Äëÿ èññëåäóåìîé âûáîðêè èç 95
ñîáûòèé 101   ìèí. Îòìåòèì, ÷òî äëÿ  âñïûøåê êëàññîâ X1  âñïûøêè è
CME âçàèìîñâÿçàíû ïðàêòè÷åñêè â 100% ñëó÷àåâ.

Ïðîâåäåííûé àíàëèç ïîäòâåðæäàåò, ÷òî ñâÿçü (â ÷àñòíîñòè, îïðåäåëÿåìàÿ
ïî âåëè÷èíå âðåìåííîãî èíòåðâàëà ìåæäó íà÷àëîì âñïûøêè è âðåìåíåì
ïåðâîãî íàáëþäåíèÿ CME) ìåæäó âñïûøêàìè è CME óìåíüøàåòñÿ ñ
óìåíüøåíèåì êëàññà âñïûøåê, ÷òî ñîãëàñóåòñÿ ñ [13,14].

5. Ñâÿçü ìåæäó õàðàêòåðèñòèêàìè ãåîýôôåêòèâíûõ ñîáûòèé
íà Ñîëíöå (âñïûøêàìè è ÑÌÅ) è ãåîìàãíèòíûìè èíäåêñàìè. Âëèÿíèå
ñîáûòèé íà Ñîëíöå íà ïðîöåññû íà Çåìëå îïðåäåëÿåòñÿ ïðè àíàëèçå âàðèàöèé
èíäåêñîâ ãåîìàãíèòíîé àêòèâíîñòè, õàðàêòåðèçóþùèõ ìîùíîñòü ìàãíèòíûõ
áóðü. Íàèáîëåå ÷àñòî èñïîëüçóþòñÿ Kp è Dst-èíäåêñû.

Kp-èíäåêñ (ââåäåí Äæ. Áàðòåëüñîì â 1938ã.) - ãëîáàëüíûé ïëàíåòàðíûé
èíäåêñ ãåîìàãíèòíîé àêòèâíîñòè, ïðåäñòàâëÿþùèé ñîáîé òðåõ÷àñîâîé êâàçèëî-
ãàðèôìè÷åñêèé èíäåêñ ãåîìàãíèòíîé àêòèâíîñòè ïî îòíîøåíèþ ê êðèâîé
ñïîêîéíîãî äíÿ (ñì., íàïðèìåð, àðõèâ íàáëþäåíèé GOES [15]). Ïëàíåòàðíûé
èíäåêñ Kp âû÷èñëÿåòñÿ êàê ñðåäíåå çíà÷åíèå Ê-èíäåêñîâ, îïðåäåëåííûõ íà  13
ãåîìàãíèòíûõ îáñåðâàòîðèÿõ, ðàñïîëîæåííûõ ìåæäó 44 è 60 ãðàäóñàìè ñåâåðíîé
è þæíîé ãåîìàãíèòíûõ øèðîò. Åãî äèàïàçîí èçìåíÿåòñÿ îò 0 äî 9, íî Kp

Ðèñ.5. Ñâÿçü ìåæäó íà÷àëîì âñïûøêè è ñâÿçàííûì ñî âñïûøêîé CME äëÿ 95 CME
òèïà Ãàëî, àññîöèèðîâàííûõ ñ êðóïíûìè âñïûøêàìè êëàññîâ X1 , â 23-ì è 24-ì öèêëàõ.

N
 (
×
èñ

ëî
 ñ

î
á
û
òè

é)

dt=t
flare start

 - t
CME start

, ìèí

1

0
-30

CME (Halo) äëÿ âñïûøåê >X1

-20 0 10

1

5

10

15

20

25

-20 20 30

30



80 Å.À.ÁÐÓÅÂÈ×  È  ÄÐ.

èíäåêñ îïðåäåëÿåòñÿ ñ òî÷íîñòüþ äî 1/3: 7– îçíà÷àåò 6 è 2/3, 7o - 7 ðîâíî,
7+ îçíà÷àåò 7 è 1/3.

Äëÿ áåçîïàñíîñòè àâèàïåðåëåòîâ, êîñìè÷åñêèõ àïïàðàòîâ è îáåñïå÷åíèÿ
óñòîé÷èâîé ðàäèîñâÿçè, âàæíî ïðîãíîçèðîâàòü ìàãíèòíûå áóðè ñ 8-7Kp  ,
ñîîòâåòñòâóþùèå ñàìûì îïàñíûì ñîáûòèÿì íà Çåìëå. Î÷åâèäíî, ÷òî ïîäàâëÿþùåå
êîëè÷åñòâî ìîùíûõ ìàãíèòíûõ áóðü ñâÿçàíî ñî âñïûøêàìè è ñîïóòñòâóþùèìè
èì CME. Äëÿ îöåíêè ñâÿçè ìåæäó CME è ïîñëåäóþùèìè ñîáûòèÿìè â
ìàãíèòîñôåðå òàêæå ðàññìîòðèì âàæíóþ õàðàêòåðèñòèêó -ëèíåéíóþ ñêîðîñòü
VCME. Âåëè÷èíà VCME õàðàêòåðèçóåò ìàñøòàá ÿâëåíèÿ, îïðåäåëÿåò êèíåòè÷åñêóþ
ýíåðãèþ âûáðîñà.

Íà ðèñ.6 ïðèâîäèòñÿ òî÷å÷íàÿ äèàãðàììà, õàðàêòåðèçóþùàÿ ñâÿçü ìåæäó
ëèíåéíîé ñêîðîñòüþ CME - VCME è âûçâàííûìè CME ìîùíûìè ìàãíèòíûìè
áóðÿìè (  8Kp ) äëÿ ñîáûòèé 23-ãî è 24-ãî öèêëîâ. Íà ðèñ.6 ïðåäñòàâëåíû
âñå ñàìûå êðóïíûå ñîáûòèÿ 2-õ öèêëîâ ñ  8Kp . Â ïðèíöèïå, ïîäîáíàÿ
ñâÿçü ìîæåò áûòü ðàçëè÷íà äëÿ ñîáûòèé 23-ãî è 24-ãî öèêëîâ, íî ïîñêîëüêó
ïîäîáíûõ ãåîýôôåêòèâíûõ ñîáûòèé â 24-ì öèêëå áûëî âñåãî 8, ìû îáúåäèíèëè
èõ ñ ñîáûòèÿìè â 23-ì öèêëå íà îäíîé äèàãðàììå.

Äàííûå ïî ñàìûì ìîùíûì ãåîýôôåêòèâíûì ñîáûòèÿì âçÿòû èç êàòàëîãà
[16], ãäå ñîáðàíû ñîáûòèÿ 23-ãî öèêëà è èç [17] äëÿ 24-ãî öèêëà. Ìîæíî
ñäåëàòü ñëåäóþùåå çàêëþ÷åíèå: â 23-ì öèêëå áûëî âñåãî 12 ñîáûòèé ñ

 9Kp  è 40 ñîáûòèé ñ  8Kp ; â 24-ì öèêëå ñîáûòèÿ ñ  9Kp  íå áûëî,
à ñîáûòèé ñ  8Kp  áûëî âñåãî 8.

Èç ðèñ.6 ñëåäóåò, ÷òî CME, âûçûâàþùèå ìàãíèòíûå áóðè ñ  9Kp
,
 â

áîëüøèíñòâå ñëó÷àåâ (75%) õàðàêòåðèçîâàëèñü ñêîðîñòÿìè 1500CME V  êì/ñ,

Ðèñ.6. Âçàèìîñâÿçü ìåæäó Êð è VCME çà 23-é è 24-é öèêëû.
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à ñîáûòèÿ ñ  8Kp ,  â áîëüøèíñòâå ñëó÷àåâ (80%) õàðàêòåðèçîâàëèñü
ñêîðîñòÿìè 1000CME V  êì/ñ.

Dst-èíäåêñ ãåîìàãíèòíîé àêòèâíîñòè â íèçêèõ øèðîòàõ áûë ââåäåí
Ñóãèóðîé â 1964ã. êàê ìåðà èçìåíåíèÿ ïîëÿ èç-çà êîëüöåâûõ òîêîâ,
âîçíèêàþùèõ â ìàãíèòîñôåðå âî âðåìÿ ìàãíèòíûõ áóðü. Dst èíäåêñ
âû÷èñëÿåòñÿ è ïóáëèêóåòñÿ Ìèðîâûì öåíòðîì äàííûõ ïî ãåîìàãíåòèçìó â
Êèîòî [18]. Êðèòè÷åñêèì çíà÷åíèåì äëÿ áåçîïàñíîñòè, íàïðèìåð,
àâèàïåðåëåòîâ è óñòîé÷èâîé ðàäèîñâÿçè ÿâëÿåòñÿ -100Dst  .

Íà ðèñ.7 ïðåäñòàâëåíà ñòàòèñòè÷åñêàÿ çàâèñèìîñòü, õàðàêòåðèçóþùàÿ ñâÿçü
ìåæäó VCME äëÿ CME òèïà Ãàëî è ñâÿçàííûìè ñ õàðàêòåðèñòèêàìè ìàãíèòíîé
áóðè ãåîìàãíèòíûìè èíäåêñàìè Dst è Êð äëÿ ñîáûòèé 23-ãî è 24-ãî öèêëîâ.

Èç ðèñ.7, ïðåäñòàâëÿþùåãî ñîáîé òî÷å÷íóþ äèàãðàììó è ñîñòîÿùóþ èç
òî÷åê äâóõ öâåòîâ (÷åðíûå òî÷êè õàðàêòåðèçóþò ñîáûòèÿ ñ Êð < 7, ñåðûå
òî÷êè - ìîùíûå ìàãíèòíûå áóðè ñ 7Kp  ), âèäíî, ÷òî ñóùåñòâóåò òåñíàÿ
ñâÿçü ìåæäó ñêîðîñòüþ CME è ãåîìàãíèòíûìè èíäåêñàìè Dst è Êð. Èç
ðèñóíêà ñëåäóåò, ÷òî êðèòè÷åñêîé âåëè÷èíîé VCME äëÿ ïðîãíîçà êðóïíûõ
ìàãíèòíûõ áóðü, ÿâëÿåòñÿ âåëè÷èíà VCME=1000 êì/ñ. Íà ðèñóíêå îòìå÷åíà
îáëàñòü ñ 1000CME V  êì/ñ è 100Dst   íÒ. Åñëè VCME è îäíîâðåìåííî Dst-
èíäåêñ ãåîìàãíèòíîé àêòèâíîñòè ïîïàäàþò â ýòó îáëàñòü, òî âåðîÿòíîñòü
ñîáûòèÿ íà Çåìëå ñ 7Kp   ðàâíÿåòñÿ  0.83, à âåðîÿòíîñòü ëîæíîãî ñîáûòèÿ
ðàâíÿåòñÿ  0.17.

6. Âûâîäû. 1. Ìîùíûå âñïûøêè êëàññîâ X1  ñâÿçàíû ñ CME òèïà
Ãàëî, èñõîäÿùèìè èç òîé æå àêòèâíîé îáëàñòè, ïðàêòè÷åñêè â 100% ñëó÷àåâ.

Ðèñ.7. Âçàèìîñâÿçü ìåæäó |Dst| è VCME çà 23-é è 24-é öèêëû ñ ó÷åòîì çàâèñèìîñòè îò
âåëè÷èíû Kp-èíäåêñà. Ñåðûå çàïîëíåííûå êðóæêè ñîîòâåòñòâóþò ñîáûòèÿì ñ 7Kp  .
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Äëÿ âñïûøåê êëàññîâ < Õ1 ñâÿçü ïîäòâåðæäåíà â 92-95% ñëó÷àåâ. Âðåìåííîé
èíòåðâàë ìåæäó íà÷àëîì âñïûøêè è íà÷àëîì CME â ñðåäíåì â 2 ðàçà
ìåíüøå äëÿ âñïûøåê êëàññîâ X1 , ÷åì äëÿ ìåíåå ìîùíûõ âñïûøåê.

2. Ïî âåëè÷èíå ëèíåéíîé ñêîðîñòè CME òèïà Ãàëî ìîæíî îöåíèòü
íàñòóïëåíèå ìàãíèòíûõ áóðü ñ 7Kp  , îïàñíûõ äëÿ àâèàïåðåëåòîâ, êîñìè÷åñêèõ
àïïàðàòîâ è êà÷åñòâåííîé ðàäèîñâÿçè. Òàêèì îáðàçîì, åñëè îäíîâðåìåííî
âûïîëíÿþòñÿ äâà óñëîâèÿ: 1000CME V  êì/ñ è 100Dst  íÒ, òî âåðîÿòíîñòü
îïàñíîé ìàãíèòíîé áóðè íà Çåìëå ñ 7Kp   ñîñòàâëÿåò áîëåå 80%.

1 Ìîñêîâñêèé Ãîñóäàðñòâåííûé óíèâåðñèòåò èì. Ì.Â.Ëîìîíîñîâà,
 Ãîñóäàðñòâåííûé Àñòðîíîìè÷åñêèé èíñòèòóò è Ï.Ê.Øòåðíáåðãà, Ìîñêâà,
 Ðîññèÿ, e-mail: red-field@yandex.ru
2 Èíñòèòóò Ïðèêëàäíîé Ãåîôèçèêè èì. Å.Ê.Ôåäîðîâà, Ìîñêâà, Ðîññèÿ,
 e-mail: globur2000@yahoo.com   a.s.arakelov@gmail.com   yur_och@mail.ru

INTERCONNECTION BETWEEN CORONAL MASS
EJECTIONS AND SOLAR FLARES ACCORDING TO

OBSERVATIONS IN 23rd AND 24th CYCLES

E.A.BRUEVICH1,2, V.A.BUROV2, A.S.ARAKELOV2, Yu.P.OCHELKOV2

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

Keywords: Sun: 23rd and 24th activity cycles: flares: flares in the soft x-ray
range: CME of Halo type: Indices of geomagnetic activity
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CYANAMIDE (NH2CN) IN INTERSTELLAR MEDIUM: 
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Cyanamide (NH2CN) has pyramidal equilibrium structure with two substates, denoted by 0+ 
and 0՜. For each state of NH2CN, knowing rotational and centrifugal distortion constants in 
conjunction with electric dipole moment, energies for rotational levels and the probabilities for 
radiative transitions between the levels are calculated. The radiative transition probabilities in con
junction with scaled values for rate coefficients for collisional transitions between the levels are used 
in the Large Velocity Gradient analysis for each substate. For each substate, we have found 
anomalous absorption in three doublets at high temperature and weak MASER action at low 
temperature. We have also found emission feature in nine transitions in each substate. These 
transitions, along with the observed ones, may play important role for identification of NH2CN 
in a cosmic object.

Keywords: molecules: NH2CN: Einstein A-coefficients: radiative transfer

1. Introduction. Containing two atoms of nitrogen, cyanamide is one of 
the rare interstellar molecules. It is considered relevant for prebiotic chemistry, 
as in the liquid water, it may convert into urea which is important in the biological 
processes [1]. It is found to have pyramidal equilibrium structure with two 
substates, denoted by 0+ and 0՜. Spectrum analysis of cyanamide is carried out 
from time to time [2-9]. We have considered spectroscopic data of Coutens et 
al. [9]. For both the substates, rotational and centrifugal distortion constants 
reported by Coutens et al. [9] are used in the present investigation and are reported 
in Table 1. The substates 0+ and 0՜. have electric dipole moment = 4.25 ± 0.02 D 
and ]Aa =4.24±0.02D, respectively [3]. Because of two hydrogen atoms, each 
substate has ortho and para species. In the 0+ substate, ortho specie is described 
by even value of ka, whereas the case is reverse for the 0՜ substate. First detection 
of cyanamide towards solar-type protostars, IRAS 16293B and towards IRAS2A 
are reported by Coutens et al. [8]. This molecule has also been detected in other 
galaxies, such as NGC 253 and M82 [10,11], in the massive star-forming regions 
Sgr B2 [12,13], in solar-type protostar IRAS 162932422 B [9] and in high-mass 
proto-star IRAS 20126+410 [14].

In the ground vibrational state, they [8] have found 170 17-16016, 172 15-16214, 
18.1R-17.17, 18, .z-17, 18,.,-17,.,, 18,.,-17,.., and 18.17֊17.., transitions in IRAS1.18 1.17’ 2.16 2.15’ 3.16 3.15’ 3.15 3.14’ 1.17 1.16
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16293 B, and 121.11-111.10 and 161.16-151.15 transitions in IRAS2A. Most of the
transitions in are both the substates. The comparison of frequencies shows that
all these nine transitions belong to the 0+ substate.

Using the spectroscopic data (rotational and centrifugal distortion constants,
and electric dipole moment), we have calculated energies of 120 rotational levels
of each specie in each substate and the radiative transition probabilities (Einstein
A and B coefficients) for radiative transitions between the levels by using the
computer code ASROT [15]. The radiative transition probabilities in conjunction
with scaled values of collisional rate coefficients are used for solving a set of 120
statistical equilibrium equations coupled with the equations of radiative transfer.
Out of a large number of lines, we have considered the strongest emission and
absorption lines. In each substate, three doublets, 110-111, 211-212, 312-313 are found
to show anomalous absorption at high temperature and weak MASER action at
low temperature. In each substate, nine transitions, 414-313, 515-414, 616-515, 303-202,
404-303, 505-404, 707-606, 808-707, 909-808 are found to show emission feature. The
intensities of observed lines are found weaker than the lines discussed here. These
lines, along with the observed ones, may play important role in the detection of
cyanamide in a cosmic object.

2. Model. The model used here is the same as discussed by Sharma et al.
[16-20]. In the Large Velocity Gradient (LVG) analysis, a set of statistical
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J

-1.031 
.
 10-9 -0.621 

.
 10-9

H
JK

1.3677 
.
 10-6 0.7919 

.
 10-6

H
KJ

-338.05 
.
 10-6 -190.77 

.
 10-6

H
K

17.213 
.
 10-3 4.307 

.
 10-3

L
JK

12.47 
.
 10-9 12.47 

.
 10-9

L
KKJ

-4.034 
.
 10-6 -3.328 

.
 10-6

L
K

21.33 
.
 10-6 10.69 

.
 10-6

Table 1

ROTATIONAL AND CENTRIFUGAL DISTORTION CONSTANTS
OF NH2CN IN MHz
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equilibrium equations coupled with the equations of radiative transfer is written
as the following.

120 ..., 2, ,1
120

1

120

1








iPnPn

ij
j

jij

ij
j

iji
(1)

where n denotes the population density of energy level and the parameter P is
as the following.

(i) For a radiatively allowed transition
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(ii) For a radiatively forbidden transition

. 
2 ijHij CnP 

Here, A and B are the Einstein coefficients, C the rate coefficient for collisional
transition and 

2Hn  the density of molecular hydrogen. The escape probability 
for the transition is

 
, -exp1








 ullu

where optical depth   is expressed as

  , 
4 uulllu

r
nBnB

drd
hc




 v
where  drd rv  denotes the velocity gradient in the region. This is non-linear
set of equations.

The external radiation field impinging on the volume element, generating the
lines, is the cosmic microwave background (CMB) only, which corresponds to the
background temperature T

bg
 = 2.73 K. The parameter   is expressed as

 drdn rmol v . Here, n
mol

 is the density of the species of cyanamide and
 drd rv  the velocity gradient in the object. Equation (1) is a set of homogeneous
equations which does not have unique solution. In order to make the set of
equations inhomogeneous, the last statistical equilibrium equation is replaced by
the following equation, showing conservation.

. 
120

1
mol

i
i nn 



Using the values of radiative and collisional transition probabilities, each set of
non-linear equations is solved through iterative procedure where the initial popu-
lation densities of levels are taken as the thermal populations, corresponding to
the kinetic temperature.
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2.1. Radiative transitions in cyanamide. In each substate, the electric
dipole moment is along a-axis of inertia. The radiative transitions are governed
by the selection rules:

. odd odd,even odd,: ,
odd even,even  even,: ,

1 ,0:






ca

ca

kk
kk
JJ

For 120 rotational levels, for each specie in each substate, the 0+ substate has
309 ortho and 310 para transitions whereas in the 0

_
 substate, there are 308 ortho

and 309 para transitions. For the given values of rotational and centrifugal
distortion constants, and electric dipole moment, we have calculated energies of
120 rotational levels and line strengths for radiative transitions between the levels
with the help of the software ASROT [15].

For a radiative transition from upper level u to lower level l, the line-strength
S

ul
 (=S

lu
) is related to the Einstein A-coefficient, A

ul
, as

, 
3

64
3

2
1

34

ul
u

ul
ul S

hcg
A 



where g
u
 (=2J

u
 + 1) is the statistical weight of upper level with rotational quantum

number J
u
, 1  is component of electric dipole moment and ul  the frequency

of transition. The Einstein A and B coefficients are related through the relations:

, and8
3

3

ul
l

u
luulul B

g
gBB

c
hA 




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

2.2. Collisional transitions. Though the collisional transitions, contrary
to the radiative transitions, between the rotational levels do not follow any selection
rules, the calculation of collisional rate coefficients for the transitions is a difficult
task [21-23]. The collisional rate coefficients for cyanamide are not available,
therefore, they are estimated following the procedure discussed by Sharma et al.
[16,17,19,20,24].

  . 
3012

10 11

,,
T

J
JJC

caca kkkk 






This expression is equivalent to the cross section times the relative velocity of
collision partner, which is generally taken as the molecular hydrogen H2, whose
abundance is the largest in a molecular region. These collisional rate coefficients
are such that they do not generate any anomalous phenomenon from their own.

3. Results and discussion. In order to consider a large number of cosmic
objects, where the cyanamide may be found, the calculations are done for wide
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ranges of physical quantities. The molecular hydrogen density 
2Hn  is taken from

102 to 106
 cm-3; the kinetic temperatures T are 20, 40, 60, 80, 100 K. However,

in figures we have given the values for 40 and 100 K. Two values of   drdn rmol v
are taken as 10-5 and 10-6

 cm-3 (km/s)-1
 pc. Here, n

mol
 is the density of the species

of NH2CN and  drd rv  the velocity-gradient in the region.
In Fig.1, we have plotted brightness temperature versus hydrogen density for

two temperatures, 40 and 100 K (written on the top) for six para transitions
(written on the left) in 0+ substate. Fig.2, is the same as Fig.1, but for six ortho
transitions in 0+ substate. Fig.3 and 4 are for ortho and para transitions,
respectively, in the 0

_
 substate. The kinks in the plots are due to numerical

instabilities. Interesting to note that Fig.1 and 3 are very similar whereas Fig.2
and 4 are very similar.

Three doublets, 110-111, 211-212, 312-313 in each substate are found to show
anomalous absorption at high temperature and weak MASER action at low
temperature. The transition 110-111, in particular, may be utilized as a probe for
the search of molecule. In each substate, nine transitions, 414-313, 515-414, 616-515,

4 1
4-
3 1

3

)/cmlog(n -3
H 2

2
0

Fig.1. Variation of brightness temperatures TB (K) versus molecular hydrogen density 
2H

n  for
kinetic temperatures 40 and 100 K (written at the top) for six para transitions (written on the left)
in 0+ substate of NH2CN. Solid line is for 510  cm-3

 (km/s)-1
 pc, and dotted line for 610

cm-3
 (km/s)-1

 pc.

4 6 2 4 6

)/cmlog(n -3
H 2

2 4 6 2 4 6

5

10

15

5 1
5-
4 1

4

0

5

10

15

6 1
6-
5 1

5

0

4

8

12
40 K 100 K 40 K 100 K

0

4

8

12

0

5

10

15

0

5

10

15

3 1
2-
3 1

3

2

3

4

2 1
1-
2 1

2

2

3

4

5

1 1
0-
1 1

1

2

3

4

5

0.8

1.6

2.4

1.8

2.2

2.6

2.2

2.4

2.6

2.8



90 M.K.SHARMA

Fig.2. Same as for Fig.1, but for six ortho transitions (written on the left) in 0+ substate of NH2CN.
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Transition   (MHz) A
ul
 (s-1) E

u
 (cm-1) t

u
 (s) t

l
 (s)

110-111 263.096 1.914 
.
 10-12 10.7409 5.22 

.
 1011 

211-212 789.280 1.723 
.
 10-11 12.0827 2.43 

.
 105 2.53 

.
 105

312-313 1578.540 6.891 
.
 10-11 14.0954 5.67 

.
 104 5.90 

.
 104

414-313 79455.036 4.394 
.
 10-5 16.6913 2.28 

.
 104 5.90 

.
 104

515-414 99317.825 8.988 
.
 10-5 20.0019 1.11 

.
 104 2.28 

.
 104

616-515 119179.967 1.597 
.
 10-4 23.9745 6.26 

.
 103 1.11 

.
 104

303-202 59988.159 1.945 
.
 10-5 3.9992 5.14 

.
 104 1.86 

.
 105

404-303 79982.990 4.781 
.
 10-5 6.6652 2.09 

.
 104 5.14 

.
 104

505-404 99976.775 9.550 
.
 10-5 9.9979 1.05 

.
 104 2.09 

.
 104

707-606 139960.159 2.690 
.
 10-4 18.6622 3.72 

.
 103 5.97 

.
 103

808-707 159960.235 4.049 
.
 10-4 23.9939 2.47 

.
 103 3.72 

.
 103

909-808 179936.219 5.802 
.
 10-4 29.9917 1.72 

.
 103 2.47 

.
 103

Table 2

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

FOR TRANSITIONS IN 0+ SUBSTATE OF NH2CN
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Fig.3. Same as for Fig.1, but for six ortho transitions (written on the left) in 0_ substate of NH2CN.
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110-111 246.729 1.571 
.
 10-12 10.4846 6.37 

.
 1011 

211-212 740.182 1.414 
.
 10-11 11.8247 2.45 

.
 105 2.54 

.
 105

312-313 1480.346 5.657 
.
 10-11 13.8348 5.72 

.
 104 5.93 

.
 104

414-313 79416.727 4.367 
.
 10-5 16.4327 2.29 

.
 104 5.93 

.
 104

515-414 99269.960 8.933 
.
 10-5 19.7417 1.12 

.
 104 2.29 

.
 104

616- 515 119122.561 1.587 
.
 10-4 23.7124 6.30 

.
 103 1.12 

.
 104

303-202 59934.703 1.931 
.
 10-5 3.9957 5.18 

.
 104 1.87 

.
 105

404-303 79911.791 4.746 
.
 10-5 6.6584 2.11 

.
 104 5.18 

.
 104

505-404 99887.896 9.480 
.
 10-5 9.9890 1.05 

.
 104 2.11 

.
 104

707-606 139836.173 2.670 
.
 10-4 18.6456 3.75 

.
 103 6.01 

.
 103

808-707 159807.855 4.019 
.
 10-4 23.9726 2.49 

.
 103 3.75 

.
 103

909-808 179777.572 5.759 
.
 10-4 29.9651 1.74 

.
 103 2.49 

.
 103

Table 3

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

FOR TRANSITIONS IN 0
_
 SUBSTATE OF NH2CN
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303-202, 404-303, 505-404, 707-606, 808-707, 909-808 are found to show emission feature.
The intensity of a transition is found to increase with the increase of density and
kinetic temperature. Parameters for these transitions are given in Tables 2 and
3 for 0+ and 0

_
 substate, respectively. For all 24 transitions, the life time of lower

level is found larger than that of the upper level. Still finding MASER action
is interesting feature.

All nine observed lines, 170.17-160.16, 172.15-162.14, 181.18-171.17, 182.16-172.15, 183.16-
173.15, 183.15-173.14, 181.17-171.16, 121.11-111.10 and 161.16-151.15 in 0+ substate are found
to have weaker intensity as compared to those discussed above. Besides the observed
lines, the lines discussed here may play important role in the detection of
cyanamide in a cosmic object.

4. Conclusions. The LVG analysis carried out for 0+ and 0
_
 substates of

NH2CN has found 12 additional transitions, 110-111, 211-212, 312-313, 515-414, 616-
515, 303-202, 404-303, 505-404, 707-606, 808-707, 909-808 transitions, for each state, which
may help in the identification of cyanamide in a cosmic object.
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Fig.4. Same as for Fig.1, but for six para transitions (written on the left) in 0_ substate of NH2CN.
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ÖÈÀÍÀÌÈÄ (NH2CN) Â ÌÅÆÇÂÅÇÄÍÎÉ ÑÐÅÄÅ:
ÂÎÇÌÎÆÍÛÅ ÑÏÅÊÒÐÀËÜÍÛÅ ËÈÍÈÈ

Ì.Ê.ØÀÐÌÀ

Öèàíàìèä (NH2CN) èìååò ïèðàìèäàëüíóþ ñòðóêòóðó ðàâíîâåñèÿ ñ äâóìÿ
ïîäñîñòîÿíèÿìè, îáîçíà÷åííûìè 0+ è 0-. Äëÿ êàæäîãî ñîñòîÿíèÿ NH2CN,
çíàÿ êîíñòàíòû âðàùàòåëüíîãî è öåíòðîáåæíîãî äèñòîðñèé â ñî÷åòàíèè ñ
ýëåêòðè÷åñêèì äèïîëüíûì ìîìåíòîì, âû÷èñëåíû ýíåðãèè âðàùàòåëüíûõ
óðîâíåé è âåðîÿòíîñòè ðàäèàöèîííûõ ïåðåõîäîâ ìåæäó óðîâíÿìè. Èñïîëüçóÿ
âåðîÿòíîñòè ðàäèàöèîííûõ ïåðåõîäîâ â ñî÷åòàíèè ñ ìàñøòàáèðîâàííûìè
çíà÷åíèÿìè êîýôôèöèåíòîâ ñêîðîñòè äëÿ ñòîëêíîâèòåëüíûõ ïåðåõîäîâ ìåæäó
óðîâíÿìè, âûïîëíåí LVG àíàëèç äëÿ êàæäîãî ïîäñîñòîÿíèÿ. Äëÿ êàæäîãî
ïîäñîñòîÿíèÿ ìû îáíàðóæèëè àíîìàëüíîå ïîãëîùåíèå â òðåõ äóáëåòàõ ïðè
âûñîêîé òåìïåðàòóðå è ñëàáûé ìàçåðíûé ýôôåêò ïðè íèçêîé òåìïåðàòóðå.

Ìû òàêæå îáíàðóæèëè îñîáåííîñòè èçëó÷åíèÿ â äåâÿòè ïåðåõîäàõ â
êàæäîì ïîäñîñòîÿíèè. Ýòè ïåðåõîäû, íàðÿäó ñ íàáëþäàåìûìè, ìîãóò èãðàòü
âàæíóþ ðîëü äëÿ èäåíòèôèêàöèè NH2CN â àñòðîôèçè÷åñêèõ îáúåêòàõ.

Êëþ÷åâûå ñëîâà ISM: ìîëåêóëû, NH
2
CN: A-êîýôôèöèåíòû Ýéíøòåéíà:

ïåðåíîñ èçëó÷åíèÿ
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SOBOLEV LVG ANALYSIS OF PREBIOTIC MOLECULE 
FORMAMIDE (NH2CHO) FOUND IN THE ISM
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Using known values of rotational and centrifugal distortion constants in conjunction with 
electric dipole moment of NH2CHO, we have calculated energies of rotational levels in the ground 
vibrational state, and the probabilities for radiative transitions between the levels. The radiative 
transition probabilities in conjunction with the scaled values of collisional rate coefficients are used 
in the Sobolev LVG analysis of NH2CHO. There are some strong lines. For ortho-NH2CHO, we 
have found one transition showing anomalous absorption and five transitions 6.,-5.., 7,,-6.,, 
716-615, ^18՜A?’ 817'716 showing emission feature. For para-NH^CHO, six emission transitions 505-404, 
606- 505, 707- 606, 808- 707, 909- 808, 100 10- 909 are found. Out of these 12 transitions, three transitions, ll0- 
lii’ A'U’ an^ 8os'7q7> 316 already found in the ISM. Other relatively weaker lines are also found 
in the ISM. In addition to the observed Unes, 9 transitions may play important role in the 
identification of NH2CHO in a cosmic object.

Keywords: ISM: molecules: NH2CH0: Einstein A coefficients: radiative transfer

1. Introduction. Formamide is a characteristic hot core molecule which is 
quite ubiquitous in the interstellar medium (ISM). In the ISM, the most abundant 
triatomic inorganic molecule is the H2O and the organic molecule is the HCN. 
Combination of these two molecules gives the formamide (NH2CHO).

H2O + HCN֊>NH2CHO. (1)

Hence, we may say that the NH2CHO is quite abundant in the ISM. The 
formamide plays a vital role in the prebiotic chemistry because it not only has 
amide linkage within it but also has four out of six elements (carbon, nitrogen, 
hydrogen, oxygen) which are common in all life forms [1]. Formamide also acts 
as a multifunctional prebiotic cursor because of its capability to produce a panel 
of low molecular weight compounds upon partial degradation, which later acts as 
intermediates for the synthesis of bio-molecules (nucleic acids) and thereby 
increasing the network of possible transformations [2]. Formamide may be 
considered as the origin point for the prebiotic synthesis of both metabolic and 
genetic species like amino acids, nucleic acid bases, sugars, and carboxylic acids.

For a colossal period of time, the prebiotic importance of formamide was 
hampered to the synthesis of adenine alone [3,4]. Gentle heating of NH2CHO 
at 160° C in the presence of catalytic amounts of alumina (A12O3), calcium
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carbonate (CaCO3), silica (SiO2), and zeolite (Y type) yielded cytosine and 4(3H)-
pyrimidinone, alongside adenine and purine [5]. Thymine and adenine were
produced from NH2CHO in the presence of titanium dioxide (TiO2) [6]. Uracil,
cytosine, adenine and hypoxanthine were obtained by the thermal condensation
of NH2CHO in the presence of clays of the montmorillonite family [7]. Adenine,
cytosine and uracil were obtained by warming NH2CHO in the presence of
mineral phosphates [8,9]. The guanine is also synthesized from NH2CHO by a
combined UV-irradiation/thermal condensation process in the presence of phos-
phate minerals [10]. Irradiation (UV light) of NH2CHO on the surface of a TiO2

(001) single crystal at low temperature in ultra-high vacuum conditions showed
the formation of all five nucleic bases [11]. The isocytosine, cytosine, adenine
and uracil are synthesized from NH2CHO and borate minerals [12]. Finally, in
interstellar conditions, uracil, isocytosine and adenine are synthesized by heat
driven condensation of NH2CHO in the presence of Murchison material (mete-
orite) [13]. The peptide bond, -C(=O)NH- plays an important role in holding
together chains of amino acids. A recent study [14] states that out of all possible
simplest interstellar molecules having a peptide bond, formamide is having more
stability energy wise.

It is a planar molecule with electric dipole moment having components
72.a   Debye and 850.b   Debye [23], showing that a-type transitions are

much stronger than the b-types. Therefore, in the present investigation, we have
considered a-type transitions.

In the ISM, the first detection of formamide was made by Rubin et al. [16]
through the transition 1211 22   towards the direction of Sgr B2. Then, Gottlieb
et al. [17] found formamide towards Sgr A through its transition 111-110. Other
a-type transitions of formamide found in the ISM are, 413-312, 515-414, 514-413, 505-404,
532-431, 734-633, 835-734, 1019-918, 1258-1157, 404-303, 422-321, 523-422, 725-624, 726-625, 744-643,
808-707, 1029-928, 1129-1028, 112.10-1029 [18,19]. Though the b  is very small, the
b-type transitions, 163.14-162.15, 827-716, 173.15-172.16, 343.31-342.32, 183.16-182.17, 284.24-283.25,
193.17-192.18, 203.18-202.19, 201.19-192.18 are found by Coutens et al. [20].

Because of its importance, the NH2CHO has been studied in terrestrial
laboratories from time to time [15,21-23]. In the present investigation, we have
used the rotational and centrifugal distortion constants of Motiyenko et al. [23]
derived in the S-reductions of Watson Hamiltonian in rI  representation, given
in Table 1 (column 2). They have also derived the constants in A-reduction. We
have also optimized the formamide with the help of the software GAUSSIAN
2009, where we have used B3LYP method, and aug-cc-pVDz and aug-cc-pVTz
basis sets. The rotational and centrifugal distortion constants thus obtained, are
given in columns 3 and 4 of Table 1. The coordinates of the constituent atoms
of NH2CHO are given in Table 2.
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Owing to the pair of hydrogen atoms, the rotational levels are classified into
two distinct groups: ortho species having odd values of k

a
 and para species having

even values of k
a
. For known values of rotational and centrifugal distortion

constants in conjunction with electric dipole moment a  of NH2CHO, we have
calculated energies of rotational levels, and the probabilities for radiative transitions
between the levels. The radiative transition probabilities in conjunction with the
scaled values of collisional rate coefficients are used in the Sobolev Large Velocity

Constant Experiment aug-cc-pVDZ aug-cc-pVTZ

A 72716.89840 (19) 68917.7431 69897.7677
B 11373.509642 (28) 11792.3951 11827.5278
C 9833.952804 (27) 10069.4321 10115.8128

310JD 7.761879 (23) 8.660732 8.758405
310JKD -67.83261 (43) -4.090403 2.360077
310KD 1400.6906 (38) 1710.978520 1822.174884

3
1 10d 1.5757698 (38) -1.653967 -1.640637

3102d 0.1116821 (18) -0.167524 -0.172708
910JH 9.3375 (57) 1.640266469 1.530744346
610JKH -0.19637 (18) -7.078574333 -7.099341329
610KJH -5.7948 (20) 114.5500560 127.7877675

610KH 80.679 (48) -0.3172925461 -0.3319796552
9

1 10h 4.5512 (18) 4.080127967 4.125254139
9102 h 0.8207 (16) 0.9139578507 0.9532567955
9103h 0.17663 (30) 0.2675426213 0.2783410987

910JKL -0.01208 (49)
910KKJL 0.4272 (29)

910KL -5.41 (16)
12

2 10l -0.01296 (26)

Table 1

ROTATIONAL AND CENTRIFUGAL DISTORTION CONSTANTS OF
NH2CHO IN MHz

Atom Coordinates ( Å )

x y z

N 0.000000 0.533591 0.000000
H -1.827698 0.131735 0.000000
H 1.994731 0.641477 0.000000
C 1.138419 -0.018162 0.000000
H 1.271245 -1.096833 0.000000
O -1.033599 -0.412817 0.000000

Table 2

STRUCTURE OF NH2CHO MOLECULE



98 M.K.SHARMA  ET  AL.

Gradient (LVG) analysis of NH2CHO. Among the strongest transitions, for ortho-
NH2CHO, we have found one transition showing anomalous absorption and five
transitions showing emission feature, whereas for the para-NH2CHO, six emission
transitions are found. Out of these transitions, 3 are already found in the ISM.
In addition to the observed lines, 9 transitions may play important role in the
identification of NH2CHO in a cosmic object.

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

 
. n) transitio(paraodd even,even even,

n transitioorthoodd odd,even  odd,: ,
1 ,0:






ca kk
JJ

For each of the ortho and para species, we have considered 120 rotational levels.
For ortho species, the levels are up to 173 cm-1 connected through 440 radiative
transitions, whereas for the para species, the levels are up to 171 cm-1 connected
through 446 radiative transitions. Using the experimental values of rotational and
centrifugal distortion constants, and electric dipole moment a , the energies of
levels and radiative transition probabilities are calculated with the help of the
software ASROT [24].

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

bg
 = 2.73 K. The LVG analysis is carried out in accordance with the procedure

discussed by Sharma et al. [28-30].

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

120 ..., 2, ,1
120

1

120

1








iPnPn

ij
j

jii

ij
j

iji
(2)

where n denotes the population density of energy level and the parameter P is
as the following.

(i) For a radiatively allowed transition

 











jiCnIB

jiCnIBA
P

ijHijbgvij
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(ii) For a radiatively forbidden transition

. 
2 ijHij CnP 

Here, A and B are the Einstein coefficients, C the rate coefficient for collisional
transition and 

2Hn  the density of molecular hydrogen. The escape probability 
for the transition is

 
, -exp1








 ullu

where optical depth   is expressed as

  , 
4 uulllu

r
nBnB

drd
hc




 v
where  drd rv  denotes the velocity gradient in the region. This is non-linear
set of equations.

The external radiation field impinging on the volume element, generating the
lines, is the cosmic microwave background (CMB) only, which corresponds to the
background temperature T

bg
 = 2.73 K. The parameter   is expressed as

Fig.1. Variation of brightness temperatures TB (K) versus molecular hydrogen density 
2H

n  for
kinetic temperatures 40 and 100 K (written at the top) for six ortho transitions (written on the
left) of NH2CHO. Solid line is for 510  cm-3

 (km/s)-1
 pc, and dotted line for 610  cm-3

 (km/
s)-1

 pc. Observed line is denoted by †.
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Fig.2. Same as Fig.1, but for six para transitions (written on the left) of NH2CHO.
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Transition   (MHz) A
ul
 (s-1) E

u
 (cm-1) t

u
 (s) t

l
 (s)

110-111 1539.569 2.768 
.
 10-10 2.8029706114 3.61 

.
 109 

615-514 131620.401 1.552 
.
 10-4 17.4394042223 6.44 

.
 103 1.14 

.
 104

717-616 142696.619 2.014 
.
 10-4 21.1190145030 4.97 

.
 103 8.01 

.
 103

716-615 153435.988 2.504 
.
 10-4 22.5539371688 3.99 

.
 103 6.44 

.
 103

81.8-71.7 162951.459 3.039 
.
 10-4 26.5507298012 3.29 

.
 103 4.97 

.
 103

81.7-716 175190.823 3.776 
.
 10-4 28.3936312768 2.65 

.
 103 3.99 

.
 103

505-404 105463.870 8.081 
.
 10-5 10.5702233953 1.24 

.
 104 2.46 

.
 104

606-505 126246.790 1.407 
.
 10-4 14.7784497182 7.11 

.
 103 1.24 

.
 104

70.7-606 146869.617 2.239 
.
 10-4 19.6741036029 4.47 

.
 103 7.11 

.
 103

808-707 167317.144 3.336 
.
 10-4 25.2513417429 3.00 

.
 103 4.47 

.
 103

90.9-80.8 187582.562 4.730 
.
 10-4 31.5040938197 2.11 

.
 103 3.00 

.
 103

100.10-90.9 207669.073 6.449 
.
 10-4 38.4263962419 1.55 

.
 103 2.11 

.
 103

Table 3

FREQUENCY  , EINSTEIN 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 TRANSITION

40 K 100 K
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 drdn rmol v . Here, n
mol

 is the density of the species of formamide and
 drd rv  the velocity gradient in the object. Equation (2) is a set of homogeneous
equations which does not have unique solution. In order to make the set of
equations inhomogeneous, the last statistical equilibrium equation is replaced by
the following equation, showing conservation.

, 
120

1
mol

i
i nn 



where n
mol

 is the density of NH2CHO molecule in the region. Using the values
of radiative and collisional transition probabilities, each set of non-linear equations
is solved through iterative procedure where the initial population densities of levels
are taken as the thermal populations, corresponding to the kinetic temperature.

5. Results and discussion. For each of the ortho and para species of
formamide, we have considered a set of 120 rotational levels connected by radiative
and collisional transitions. The LVG analysis is performed using wide range of
physical parameters in order to include a large number of cosmic objects where
formamide could be detected. The molecular hydrogen density 

2Hn  is taken from
102 to 107

 cm-3. The kinetic temperatures T are 20, 40, 60, 80 and 100 K. However,
in figures we have given the values for 40 and 100 K. The values of   drdn rmol v

Fig.3. Same as Fig.1, but for six ortho observed transitions (written on the left) of NH2CHO.
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Fig.4. Same as Fig.1, but for three ortho observed transitions (written on the left) of NH2CHO.
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Fig.5. Same as Fig.1, but for six para observed transitions (written on the left) of NH2CHO.
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are taken as 10-5 and 10-6
 cm-3

 (km/s)-1
 pc. Here, n

mol
 denotes the density of

NH2CHO and drd rv  the velocity /background gradient in the region. The
background corresponds to the temperature T

bg
 = 2.73 K. A large number of lines

are found to be produced. We have taken 6 strongest lines of each of the species.
Fig.1 shows the variations of brightness temperatures T

B
 (K) versus the density

of molecular hydrogen 
2Hn  for the two kinetic temperatures 40 and 100 K (written

on the top) for six ortho transitions, 110-111, 615-514, 717-616, 716-615, 818-717,
817-716 (written on the left). The transition 110-111 has been found in the ISM
and shows the anomalous absorption. The rest five transitions are found to show
emission feature. Fig.2 is the same as Fig.1, but for six para transitions, 505-404,
606-505, 707-606, 808-707, 909-808, 100.10-909, showing emission feature. Out of them,
two transitions, 505-404 and 808-707 are already found in the ISM. The details of
these 12 transitions are given in Table 3. With the increase of kinetic temperature,
for the absorption line 110-111. the depth of the trough is found to decrease and
shift towards a lower density. All emission lines are found to show a peak in
intensity. The position of the peak is found to shift towards a lower density with
the increase of kinetic temperature.

Other 18 observed a-type lines are found to have relatively weak intensity.
Results for these lines are given in Fig.3-6. The transition 211-212 is found to show

Fig.6. Same as Fig.1, but for three para observed transitions (written on the left) of NH2CHO.
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anomalous absorption whereas other 17 are found to show emission. In addition
to 21 a-type observed lines, there are 9 strong lines which also may help in the
identification of formamide in a cosmic object.

6. Conclusions. For each species, by solving a set of 120 statistical
equilibrium equations coupled with the equations of radiative transfer, we find that
there are 9 strong lines in addition to 21 observed a-type lines which may help
in the detection of formamide in a cosmic object.
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ÑÎÁÎËÅÂ LVG ÀÍÀËÈÇ ÏÐÅÁÈÎÒÈ×ÅÑÊÎÉ
ÌÎËÅÊÓËÛ - ÔÎÐÌÀÌÈÄÀ (NH2CHO),

ÎÁÍÀÐÓÆÅÍÍÎÉ Â ISM

Ì.Ê.ØÀÐÌÀ1, Â.Ä.ÌÀÌÏÀÒÒÀ1, Ì.ØÀÐÌÀ2, Ñ.×ÀÍÄÐÀ1

 Èñïîëüçóÿ èçâåñòíûå çíà÷åíèÿ êîíñòàíò âðàùàòåëüíîãî è öåíòðîáåæíîãî
äèñòîðñèé âìåñòå ñ ýëåêòðè÷åñêèì äèïîëüíûì ìîìåíòîì NH2CHO, ìû
ðàññ÷èòàëè ýíåðãèè âðàùàòåëüíûõ óðîâíåé â îñíîâíîì êîëåáàòåëüíîì ñîñòîÿíèè
è âåðîÿòíîñòè ðàäèàöèîííûõ ïåðåõîäîâ ìåæäó óðîâíÿìè. Â àíàëèçå NH2CHO
èñïîëüçóþòñÿ âåðîÿòíîñòè ðàäèàöèîííûõ ïåðåõîäîâ âìåñòå ñ ìàñøòàáè-
ðîâàííûìè çíà÷åíèÿìè êîýôôèöèåíòîâ ñêîðîñòè ñòîëêíîâåíèé. Åñòü íåñêîëüêî
ñèëüíûõ ëèíèé. Äëÿ îðòî- NH2CHO ìû íàøëè îäèí ïåðåõîä 110-111, ïîêàçû-
âàþùèé àíîìàëüíîå ïîãëîùåíèå, è ïÿòü ýìèññèîííûõ ïåðåõîäîâ 615-514, 717-616,
716-615, 818-717, 817-716. Äëÿ ïàðà- NH2CHO îáíàðóæåíî øåñòü ýìèññèîííûõ
ïåðåõîäîâ  505-404, 606-505, 707-606, 808-707, 909-808, 100,10-909. Èç ýòèõ 12 ïåðåõîäîâ
òðè ïåðåõîäà, 110–111, 505–404 è 808–707, óæå îáíàðóæåíû â ISM. Äðóãèå
îòíîñèòåëüíî áîëåå ñëàáûå ëèíèè òàêæå âñòðå÷àþòñÿ â ISM. Ïîìèìî íàáëþ-
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äàåìûõ ëèíèé, 9 ïåðåõîäîâ ìîãóò èãðàòü âàæíóþ ðîëü â èäåíòèôèêàöèè
NH2CHO â àñòðîôèçè÷åñêèõ îáúåêòàõ.

Êëþ÷åâûå ñëîâà: ìîëåêóëû: NH
2
CHO: êîýôôèöèåíòû Ýéíøòåéíà A: ïåðåíîñ

     èçëó÷åíèÿ
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Non-singular Kruskal-like coordinates of some black holes space-times in f(R) gravity are 
presented in this research paper, and are also removed by establishing Kruskal-Szekeres coordinates 
for Non-extremal case. Carter-like coordinates can also be built for its extreme case.

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

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

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

By the invention of cosmic acceleration, the phenomenon of a black hole (BH)
has become the most interesting illustration with useful physical aspects. Two
important existences of vacuum BH solutions under the field general relativity (GR),
like uncharged Schwarzschild and charged Reissner-Nordstrom black hole.
Schwarzschild's space-time temporary singularity in (t, r) coordinates, when r = 2m
by Kruskal (or Kruskal-Szekeres-like) coordinates are defined to this space-time by
direct substitution of r = 2m in metric's coefficients. After substitution we get a finite
number ( em216 ) henceforth, at horizon, the coordinates become regular [4]. The
Reissner-Nordstrom BH when Q < m is singular at (  rr  , ) in the coordinates
(t, r). An appropriate redefine an analogue to Kruskal-like coordinates helped to
avoid these singularities [5], but unable to vanish both simultaneously. As far as
to use that analogue, two independent coordinate patches are required. Although,
the number of black holes (BHs) is present in Einstein's general relativity, where
the presented case is for non-vacuum [6-13] and needed further illustration.

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

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

study and performances of particles bounded by a BH have been invented. The
Lagrangian essential for such a  Rf  gravity model is,

 
  , ln

26 1122 cR
R

Rd

RRRf 






 (1)

where   be a cosmological constant, R
c
 is integration constant and   and d

are unrestricted constraints for the model under consideration. The condition
required at the astronomical scale agrees to R  and   


26

122 Rd . Using
these limits, we have

    . ln6
122

cR
RRdRRf


 (2)

The limit which is pertinent at the cosmological scale is   


~Rd~R
122 6 ,

resulted    RRf . Using that limit, usually constraints the accelerating devel-
opments.

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

    , 1 22222  drdr
rf

dtrfds (3)

where  rf  is

  . 
3

21
2rr

r
Mrf 



Now, take G = c = 1 and focused on a unique case 0 , describes some BH
in  Rf  gravity. When we put   0rf , we get three horizons of the gravity
and are denoted by r

a
, r

b
 and r

c
. By observing nature of roots, two different cases

will generate and are:
1) Non-extremal BH Space-time (NEBHST) which have 3 distinct, but real

roots i.e. r
a
, r

b
 and r

c

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

 = r
b

 = r
c
.

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

, 
3
-cos

3
2 


gra (4)

, 
3

cos
3
2 


grb (5)
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, 
3

cos
3
2 


grc (6)

where,   is the angle with 0  and r
a
, r

b
 and r

c
 represents the horizons

in  Rf  gravity. Given Ricci scalar "R" of the gravity under consideration is

. 46




r

R

Clearly it shows that r
a
, r

b
 and r

c
 can be physical singularities. Now constructing

the 2nd curvature invariants
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 rrr
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confirm that they are physical singularities. Hence, we can try to build non-
singular coordinates of the space-time. By the roots, r

a
, r

b
 and r

c
, we express  rf

as

     
. 

3r
rrrrrrrf cba 

 (9)

2.1. Non-singular Kruskal-like coordinates for the non-extremal
BH space-time in  Rf  gravity. For elimination of physical singularities,
we defining r  by
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Then Eddington coordinates are
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Using Eddington coordinates, the usual BH metric takes the form
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Using Kruskal-like coordinates, the usual BH metric will be as
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(14)

where

. sin 2222  ddd

It is known that Kruskal-like coordinates [3] can't eliminate all the three
singularities simultaneously. To this gravitation geometry, we need two different
coordinate patches. First for regions 0 < r < r

b
 and  rrb , another for the regions

r
a

 < r < r
c
. For 0 < r < r

c
 region, we define non-singular coordinates similar to

Kruskal's-like coordinates as  vV exp1  and  uU exp1 , where the retarded
coordinates [16] are  rtv  and  rtu , choose cba rrr  and 

~rrr cba2 .
The space-time metric (14), according to these coordinates will be as
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Clearly, singularity exists at r = r
b
, where
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and

. tanh2 
11

111-

UV
UV~rrrt cba 




As arr  or cr ,   0 , 11 UV , although in metric (15) singularity still exists at
r = r

b
. This coordinate system cover regions 0 < r < r

b
 and br  of the whole

manifold. A CS, analogous to Kruskal-like coordinates for r
a

 < r < r
c
 regions are

 vV exp2  and  uU exp2 , where the recent and retarded coordinates are
 rtv  and  rtu , choosing cba rrr  and 

~rrr cba2 . The space-time
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metric (14) then takes the form as
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This is non-singular at r = r
a
 and r = r

c
, where
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As arr  and crr  ,   0 , 22 UV  but singularity still exists at the horizon

brr  in the metric (19). This coordinate system V2, U2 only covers the region
r
a

 < r < r
c
 of the whole manifold.

2.2. Kruskal-Szekeres like coordinates for the non-extremal BH
space-time in  Rf  gravity. Now introducing space-time coordinates for
0 < r < r

b
 and  rrb  regions as in [17]

. , 111111 UVUV 

These coordinates transforming the metric (15) to
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Their inverse transformation is

. tanh2
1
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1  and 1  are relating to r by
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Again, introducing space-time coordinates for r
a

 < r < r
c
 regions [17].

. , 222222 UVUV 

Transforming the metric (19) by using above coordinates as:
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Their inverse transformation is
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2.3. Compactification of Kruskal-Szekeres like coordinates for the non-
extreme BH space-time in  Rf  gravity. Now defining the compactified
coordinates for 0 < r < r

b
 and  rrb  regions [17].
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They implicitly relate with these coordinates and r as
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Compactified Kruskal-Szekeres like coordinates shows the geometry of NEBH.

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

     , sin1 2222222  ddrdr
rh

dtrhds (25)

where h(r) is

    . 
3

3

r
rrrh e



In metric (25), singularity exists at r = 0 and r = r
e
 the former being an essential

and the latter a coordinate singularity. To avoid the coordinate singularity for an
extremal space-time, one defines r  as

  . 1 dr
rh

r (26)

The recent and retarded coordinates [16] are (v, u) as  rtv  and  rtu .
Then, the Kruskal-like coordinates (V, U ) are vexpV  and uexp U
having   ,  be constants. r  for EBHST's geometry will be
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Here, a type of singularity, named as pole divergence, unlikely non-extreme
geometry, and all four are logarithmic divergence there. One more key difference,
namely that for non-extreme geometry. The singularity is at 2 various values of
r, but for extreme case, singularity exists at r = r

e
. For non-extreme space-time

the singular point can be vanish by setting appropriate values of  . But in extreme
space-time, the singular point can't be vanished through ordinary procedures. It
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is because the extreme metric for Kruskal like coordinates (V, U) will be

       , sinexp
3

222223
2

32
2 2





  ddrdVdU
r
rrds ee rrrre (28)

where singularity exists at r = r
e
. Hence, Kruskal like coordinates have no use in

extremal case.

2.5. Non-singular Carter-like coordinates for the extreme BH
space-time in  Rf  gravity. Now introducing Carter-like coordinates for
getting rid of coordinate singularities [18].
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where  rtv , similarly  rtw  having r  as
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The following coordinates (   , , , ) transformed the line element (25) to
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Here   and   can be relating with radial parameter as
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We can find the determinant of (23) as:
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We get a finite determinant if err  and  , like the extreme case of BTZ
BH. Also the metric (29) becomes non-singular at r = r

e
. Hence Carter-like

coordinates vanishes the coordinate singularity of the EBHST.

3. Summary and conclusions. In our observation, all the three singularities
can’t be removed at a time by single coordinate patch through Kruskal-like
coordinates. For gravitation geometry, we need 2 distinct coordinate patches. First
is for the regions 0 < r < r

b
 and  rrb . Similarly for the next patch, the region
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is r
a

 < r < r
c
. By compactified Kruskal-Szekeres like coordinates, not only we can

remove coordinate singularities but in future be able for retrieving of space-time
diagram of the whole NEBHST. It also revealed that Kruskal-like coordinates are
unable for removing singularity at r = r

e
 of EBHST's geometry. We try to resolve

Einstein's equations related to this case, but couldn't successful till now. Our efforts
show that EBHST metric can't be transform to a desired form such as in rotating
BTZ BH case [17]. Anyways, that can't be shown formally, hence the results
couldn't be relevant. Although to keep the metric away from physical singularity
of EBHST, we are successful to build non-singular Carter-like coordinates, regular
for extreme case only.
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ÍÅÑÈÍÃÓËßÐÍÛÅ ÊÎÎÐÄÈÍÀÒÛ ÍÅÊÎÒÎÐÛÕ
×ÅÐÍÛÕ ÄÛÐ Â f(R) ÃÐÀÂÈÒÀÖÈÈ

Ñ.Ì.Äæ.ÐÈÀÇ, Ð.ÕÓÑÑÅÉÍ

Â ñòàòüå ïðåäñòàâëåíû íåñèíãóëÿðíûå êîîðäèíàòû òèïà Êðóñêàëà
ïðîñòðàíñòâà-âðåìåíè íåêîòîðûõ ÷åðíûõ äûð â ãðàâèòàöèè  Rf . Ñèíãó-
ëÿðíîñòè êîîðäèíàò ìîãóò áûòü óäàëåíû ïóòåì óñòàíîâëåíèÿ êîîðäèíàò
Êðóñêàëà-Ñåêåðåøà äëÿ íåýêñòðåìàëüíîãî ñëó÷àÿ. Äëÿ ýêñòðåìàëüíîãî ñëó÷àÿ
ìîãóò áûòü ïîñòðîåíû êîîðäèíàòû òèïà Êàðòåðà.

Êëþ÷åâûå ñëîâà: Êîîðäèíàòû Êðóñêàëà: ÷åðíàÿ äûðà â ãðàâèòàöèè  Rf :
      êîîðäèíàòû Êàðòåðà
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In this paper, we have studied Friedmann-Robertson-Walker space-time in the presence of 
domain walls in the framework of fiG) theory of gravitation. We propose the generalization of 
linearly varying deceleration parameter. It is observed that the universe is accelerating and expanding. 
The values of state finder parameters are close to ACDM model. Some physical parameters of 
the obtained models are discussed in detail.

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

1. Introduction. Einstein's general theory of relativity (GR) laid foundation 
of theoretical cosmology whereas observational cosmology is boosted by the work 
of Hubble. Hubble has pointed out that galaxies are moving away from each other 
i.e. the universe is expanding. The present observational data indicate that the 
expansion of the universe is accelerating. The accelerated expansion of the universe 
could not be explained in the background of general relativity. In addition to this 
general theory of relativity has singularity problem. Hence, modified theories of 
gravitation are proposed by replacing R in the Einstein-Hilbert action. When R 
is replaced by f(R) in Einstein-Hilbert action, the resulting theory is known as 
f{R) theory of gravitation [1]. Very recently Harko et al. [2] have constructed 
a generalized f(R, T) gravity where the gravitational Lagrangian is given by an 
arbitrary function of the Ricci scalar R and of the trace T of the stress energy 
tensor. The /(g) is another modified theory of gravitation which is obtained by 
introducing the Gauss-Bonnet curvature invariants G. In the framework of the 
/(g) theory, one can construct viable and consistent models with local constraints 
of General Relativity. The curvature invariant G can avoid ghost contribution and 
contribute to the regularization of the gravitational action [3]. Recently, various 
cosmological models have been constructed in the /(g) theory for various physical 
fluid. Capozziello et al. [4] have discussed Noether symmetry approach in the 
context of the /(g) cosmology. Myrzakulov et al. [5] have studied cosmological 
solution on the ACD1VI model in the /(g) gravity. Dadhich [6] has coupled 
four dimensional space time with Gauss-Bonnet gravity. Bamba et al. [7] have
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explored bouncing cosmology in the  Gf  gravity. Kang et al. [8] have obtained
static spherically symmetric star in Gauss-Bonnet gravity. Katore et al. [9] have
discussed string bulk viscous cosmological models in the  Gf  theory of gravitation.

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

In view of high energy physics, string theory is a valid modification of GR.
Gauss-Bonnet (GB) is correction to GR where GB terms in four dimenions has
no dynamics. In order to affect the GB terms on the Friedmann equation, we
require that couple GB term with matter field or to add it by a non-linear form
 Gf  [16]. In  Gf  theory the 6 primary constraints coming from the higher

derivative modes in the action generates only 5 secondary constraints and the
Hamiltonian still remain linear in the trace momentum. The Ostrogradsky mode
possesed by the  Gf  theory is removed by adding kinetic term for the scalar
field in the action which result in generation of 6 secondary constraints and total
number of degree of freedom remain same. This makes  Gf  is classically
equivalent to some Horndeski Theory [17-19]. In the literature, it is found that
 Gf  has ability to describe the inflationary era, transition from deceleration to

acceleration epoch and crossing of phantom divide line [20,21].
The above discussion motivated us to study domain walls in the  Gf  theory

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

2. Metric and field equations. Recently, the detection of gravitational
wave by the LIGO-VIRGO placed the constraints on higher order gravitational
theories. Jana and Mohanty [23] have been obtained bounds on  Rf  such that

  3
0 1031  Rf  where R0 is the curvature of the universe at present. In the

light of the GW170817, the constraints for  Gf  gravity are 0G , equation
of motion and f

GG
 > 0 [24]. Besides it was shown that there are some viable  Gf

models that can pass the solar system test [25-26]. The action of the  Gf  gravity
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is given by the following equation

    , 
2
1 4

1   ,gsxdgGfR
L

S ij
(1)

where g is the determinant of the metric tensor g
ij
, nGL  82 , G

N
 is the constant

of Newtonian, s  is the action of matter. The matter is minimally coupled to the
metric tensor g

ij
 which means  Gf  is a purely metric theory of gravity,   represents

the matter field. The  Gf  is an arbitrary function of G which is given by

, 42 
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where R is the Ricci scalar, R
ij
 stands for Ricci tensor and ijR  denotes

Riemannian tensors. Varying the action (1) with respect to the metric g
ij
 we obtain

the field equations as



    , 
2
1
2
1

ijijGjiij

jiijjiijjiijij

LTgfGfgggRR

gRgRgRgRRRgR











(3)

here   denotes the covariant derivative and f
G
 stand for the derivative of f with

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

  . sin
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 ddr

kr
drSdtds (4)

In FRW space time, the angles 0  and  20  are the usual azimuthal
and polar angles of spherical coordinates. The k represents the curvature of the
space. It has three different values. When k = 1 the radius is finite and the universe
is closed. When k = 0, the universe is flat and when k = -1 the radius is infinite
or imaginary corresponding to open universe [28]. Pradhan et al. [29] have
presented general solutions for domain walls in Lyra geometry. Khadekar et al.
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[30] have studied Kaluza-Klein type FRW cosmological model with domain walls.
The Ricci tensor and Gauss-Bonnet invariant are obtained as:
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where over dot denotes differentiation with respect to t. The energy momentum
tensor of domain walls is given as

  . jijiijij PgT  (7)

Based on the standard model of particle physics, it is believed that when the hot
early universe cooled and expanded, the field would have settled down to single
values within extended regions. The boundaries of those different regions would
be the domain walls. The T

ij
 of domain walls contain normal matter m  and

pressure P
m
 as well as tension d  with the relation dmPP  , dm 

satisfying   mmP  1 , 21  . For the line element (4) with the help of
euations (3) and (7) we have the following set of field equations.
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Very recently, Houndjo et al. [31] have presented solutions for cylindrically
symmetric metric in  Gf  theory of gravitation. Sharif and Ikram [32] have
explored warm inflation in the background of  Gf  theory of gravitation. Atazadeh
and Darabi [3] have studied the viability of an alternative gravitational theory
 GRf  , . Sharif and Fatima [33] have discussed role of Gauss Bonnet term for

the early and late time acceleration phase of the universe in  Gf  theory. Garcia
et al. [34] have studied  Gf  gravity and the energy conditions. Here, we have
two equations in four unknown. Now, two more conditions are required to solve
the system of equations. Firstly we assume that

  1 GGf (10)

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

  . 12  tb
S
SSq



(11)

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

 
. 1

dttbS
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(12)

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

3SH
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Sahni et al. [37] have introduced a new geometrical diagnostic pair for dark energy.
It is called state finder pair sr  , . It is constructed from scale factor S and its
derivatives up to the third order. In this pair r  is natural extension of Hubble
parameter and deceleration parameter q whereas s is a linear combination of r
and q. For spatially flat universe in the LCDM the pair corresponds to a fixed
point  1 ,0) ,( rS . In this paper we would like to discuss physical parameters
such as lookback time, proper distance etc. The time travel of photon from the
source at instant r  and destination at time t0 is given by t - t0 and we call it
as photon travel time or look back time. It is defined as


S

S S
dstt

0

0  (15)

where S0 is the present value of the scale factor of the universe. The redshift Z
can be given by the equation

. 1 0

S
SZ  (16)

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

. 
0

0 
t

t S
dtSD (17)

3. Case I. In this case we assume the following form of the function b(t)

  . sech2 ttb  (18)

The deceleration parameter and scale factor are obtained as
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1sech2  tq (19)

. sinh tS  (20)

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

  . coth242coth
sinh
12 22

2 tt
t

kG  (21)

The energy density  , Pressure P and tension of the domain walls d  have the
following expressions
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From Fig.1, it is observed that energy density is positive only for k = 1. It
is zero for k = 0 and negative for k = -1. The tension of the domain walls is positive
in the early stages for k = 1, -1 which tends to zero at later time and therefore
the domain walls will be vanished in the far future (see Fig.2), which is as per
the expectations of Zeldovich et al. [38]. The d  is zero throughout the evolution
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for k = 0. Since energy density is negative for k = -1. We are not interested in
this case. The model is in favor of closed universe. It is important to note that
in our earlier study of domain walls in  TRf  ,  theory we found that the
possibility of closed universe model is declined and model is in favor of flat and
or open universe [10]. In self creation theory in case of FRW space time, it is
found that the energy density tends to constant at large time [39].

3.1. Physical parameters. The look back time, Hubble parameter, proper
distance, luminosity distance, and a pair of state finders are obtatained as follows:

Fig.1. Plot of energy density with cosmic time.
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Fig.3. Plot of deceleration parameter with redshift.
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The Hubble parameter is decreasing function of time t. The rate of expansion
of the universe was large in the early stages of evolution of the universe and at the
present the rate of expansion is decreasing. The r  start from zero and tends to 1
with increasing time whereas s is negative throughout the evolution of the universe.
From Fig.4 we see that ( rs  , ) varies from (0.003, 0.98) to (0, 1) which corresponds
to flat CDM  model in state finder plane. From Fig.5, it is clear that ( rq  , ) varies
from (-0.98, 0.98) to (-1, 1) which corresponds to steady state universe.

4. Case II. In this case we assume the b(t) in the following form
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The scale factor and deceleration parameter are obtained as
2tS  (32)
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The deceleration parameter is negative i.e. the universe is accelerating. The scale
factor is increasing function of the time. The Gauss-Bonnet invariant have the
following expression
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The energy density, pressure and tension of the domain walls have the following
expressions
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From Fig.6, 7 we found that the energy density was large in the past and
it is tends to constant at the present for k = 1, -1. It is similar to the result
obtained by Caglar and Aygun [39]. The universe may be steady state in the future.
The domain wall tension was positive and large in the past which conforms the
existence of the domain walls in the early universe. The term d  tends to zero
as 1Z  which is as per expectation of Zeldovich et al. [38].

4.1. Physical parameters. We obtain look back time, Hubble parameter,
proper distance, luminosity distance, and a pair of state finders as follows:

Fig.6. Plot of energy density with redshift.
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The Hubble parameter is decreasing function of time. Therefore, the rate of
expansion of the universe is slowing down with increasing time. The state finder
pair has fixed value i.e    31 ,0 ,  sr  which is the quiessence model of the
universe.

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

1. In the case I, the model is in favor of closed universe. The behavior of
term d  indicate that the domain walls exists in the early epoch of the universe
which vanish at the present. The value of a statefinder pair ( sr  , ) indicate that

Fig.7. Plot of tension of domain wall with redshift.
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the universe is at like CDM  model whereas the pair ( qr  , ) indicate the steady
state universe.

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

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

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

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

In the summary of two cases we found that the universe may be steady state
in the future. The domain walls was exist in the past and vanish at the present.
The universe is expanding and accelerating.
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FRW ÄÎÌÅÍÍÛÅ ÑÒÅÍÊÈ  Â
ÌÎÄÈÔÈÖÈÐÎÂÀÍÍÎÉ ÒÅÎÐÈÈ ÃÐÀÂÈÒÀÖÈÈ f(G)

Ñ.Ä.ÊÀÒÎÐÅ1, Ñ.Ï.ÕÀÒÊÀÐ2, Ï.Ñ.ÄÓÄÕÅ3

Â ñòàòüå  èññëåäóåòñÿ ïðîñòðàíñòâî-âðåìÿ Ôðèäìàíà-Ðîáåðòñîíà-Óîêåðà
ïðè íàëè÷èè äîìåííûõ ñòåíîê â ðàìêàõ  Gf -òåîðèè ãðàâèòàöèè. Ïðåäëàãàåòñÿ
îáîáùåíèå ëèíåéíî èçìåíÿþùåãîñÿ ïàðàìåòðà çàìåäëåíèÿ. Îòìå÷àåòñÿ, ÷òî
Âñåëåííàÿ óñêîðÿåòñÿ è ðàñøèðÿåòñÿ. Çíà÷åíèÿ ïàðàìåòðà {r, s} áëèçêè ê
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ìîäåëè CDM . Ïîäðîáíî îáñóæäàþòñÿ íåêîòîðûå ôèçè÷åñêèå ïàðàìåòðû
ïîëó÷åííûõ ìîäåëåé.

Êëþ÷åâûå ñëîâà: äîìåííûå ñòåíêè: FRW: ãðàâèòàöèÿ  Gf
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Исследована динамика дрейфовых волн в электронно-позитронной плазме магнито
сферы пульсара. Показано, что нелинейное взаимодействие дрейфовых волн с частицами 
плазмы приводит к образованию мелкомасштабных структур. Циклотронная неустойчивость, 
возникающая в этих структурах, может быть причиной образования нановсплесков, 
обнаруженных в радиоизлучении пульсара в Крабовидной туманности.

Ключевые слова: пульсары:радиоизлучение:Крабовидная туманность

1. Введение. Крабовидная туманность является уникальным объектом 
в нашей Галактике. Одним из ее загадочных свойств является особенность 
излучения пульсара Р8И 0531+21, который расположен в Крабовидной 
туманности. В частности, давно известно [1], что излучение этого пульсара 
в радио, оптическом, рентгеновском и гамма-диапазонах генерируется в 
одной и той же области магнитосферы, которая расположена вблизи светового 
цилиндра (гипотетической поверхности, на которой скорость вращения 
магнитных силовых линий становится равной скорости света). Объяснение 
этого факта является одной из основных задач любой модели радиоизлучения 
пульсаров. Существуют несколько моделей радиоизлучения пульсаров [2-6], 
но до настоящего времени ни одна из них не смогла полностью объяснить 
имеющиеся наблюдения.

Один из возможных механизмов радиоизлучения пульсара аналогичен 
механизму, ответственному за солнечные радиовсплески. Двухпотоковая 
неустойчивость между первичным электронным пучком и электронно
позитронной плазмой магнитосферы пульсара генерирует сильную ленгмю
ровскую турбулентность [6]. Эти волны не могут покинуть магнитосферу 
напрямую. Модуляционная неустойчивость в сильной ленгмюровской 
турбулентности генерирует солитоны, а нелинейные волновые взаимодействия 
внутри солитонов генерируют вспышки электромагнитного излучения, которые 
могут покинуть магнитосферу.

Механизм, основанный на электронно-мазерном излучении, также пред-
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ïîëàãàåò, ÷òî ïó÷îê ïëàçìû ãåíåðèðóåò ëåíãìþðîâñêóþ òóðáóëåíòíîñòü. Êîãäà
òóðáóëåíòíîñòü ñòàíîâèòñÿ ñèëüíåå, òî ïåðâîíà÷àëüíûé ïó÷îê è òóðáóëåíòíûå
ôëóêòóàöèè ñòàíîâÿòñÿ ïðîñòðàíñòâåííî íåîäíîðîäíûìè [4]. Â ðåçóëüòàòå
êîëëåêòèâíîå äâèæåíèå ñãóñòêîâ çàðÿäà, âçàèìîäåéñòâóþùèõ ñ ýëåêòðî-
ñòàòè÷åñêèìè ôëóêòóàöèÿìè â òóðáóëåíòíîñòè, ïðèâîäèò ê êîãåðåíòíîìó
ïó÷êîîáðàçíîìó èçëó÷åíèþ.

Åùå îäèí âîçìîæíûé ìåõàíèçì ðàäèîèçëó÷åíèÿ ñâÿçàí ñ ðàçâèòèåì
öèêëîòðîííîé íåóñòîé÷èâîñòè [5,7]. Öèêëîòðîííàÿ íåóñòîé÷èâîñòü ðàçâèâàåòñÿ
ïðè âûïîëíåíèè óñëîâèÿ ðåçîíàíñà íà àíîìàëüíîì ýôôåêòå Äîïëåðà. Ýòà
íåóñòîé÷èâîñòü ãåíåðèðóåò ýëåêòðîìàãíèòíûå âîëíû, êîòîðûå ìîãóò íàïðÿìóþ
ïîêèíóòü ìàãíèòîñôåðó.

Äðóãèå âîçìîæíûå ìåõàíèçìû âêëþ÷àþò èçëó÷åíèå, âûçâàííîå óñêîðåíèåì
÷àñòèö â ýëåêòðè÷åñêîì ïîëå êîëåáàíèé, ïàðàëëåëüíûõ ìàãíèòíîìó ïîëþ
ïóëüñàðà [3], èçãèáíîå èçëó÷åíèå êîãåðåíòíûìè ñãóñòêàìè [2] è ìàçåðíîå
èçãèáíîå èçëó÷åíèå [8].

Ñðàâíåíèå ïðåäñêàçàíèé ðàçíûõ ìîäåëåé ñ íàáëþäåíèÿìè ÿâëÿåòñÿ
íåïðîñòîé çàäà÷åé. Îñíîâíàÿ ñëîæíîñòü çàêëþ÷àåòñÿ â òîì, ÷òî âñå ìîäåëè
îñíîâàíû íà ìèêðîñêîïè÷åñêèõ ïëàçìåííûõ ïðîöåññàõ â ìàãíèòîñôåðå, òîãäà
êàê áîëüøèíñòâî ñóùåñòâóþùèõ íàáëþäåíèé ñâÿçàíû ñ êðóïíîìàñøòàáíûìè
ïðîöåññàìè. Íåäàâíèå íàáëþäåíèÿ ñ î÷åíü âûñîêèì âðåìåííûì ðàçðåøåíèåì
ïîçâîëèëè [9] ñðàâíèòü äàííûå íàíîâñïëåñêîâ, íàáëþäàåìûõ â îñíîâíîì
èìïóëüñå, è íèçêî÷àñòîòíûå ìåæèìïóëüñíûå õàðàêòåðèñòèêè ïóëüñàðà PSR
0531+21, ñ ïðåäñêàçàíèÿìè ðàçëè÷íûõ ìîäåëåé ðàäèîèçëó÷åíèÿ. Àâòîðû
ïðèøëè ê âûâîäó, ÷òî íè îäíà èç ñóùåñòâóþùèõ ìîäåëåé íå ìîæåò îáúÿñíèòü
îäíîâðåìåííî âñå òðè îñíîâíûõ ñâîéñòâà íàáëþäåíèé: ñïåêòð, âðåìåííûå
ìàñøòàáû ÿâëåíèé è íàáëþäàåìûé âûñîêèé óðîâåíü êðóãîâîé ïîëÿðèçàöèè.
×òî êàñàåòñÿ ìîäåëè, îñíîâàííîé íà ðàçâèòèè öèêëîòðîííîé íåóñòîé÷èâîñòè,
àâòîðû èññëåäîâàíèÿ [9] ïðèøëè ê âûâîäó, ÷òî ýòà ìîäåëü åñòåñòâåííûì
îáðàçîì îáúÿñíÿåò íàáëþäàåìûé óðîâåíü êðóãîâîé ïîëÿðèçàöèè [5,10], íî,
ñ äðóãîé ñòîðîíû, ïîñêîëüêó ìåõàíèçì ãåíåðàöèè ÿâëÿåòñÿ ëèíåéíûì, â
ðàìêàõ ïðîñòåéøåé âåðñèè ìîäåëè íåâîçìîæíî îáúÿñíèòü ñóùåñòâîâàíèå
ÿâëåíèé ñ õàðàêòåðíûì âðåìåííûì ìàñøòàáîì ïîðÿäêà íàíîñåêóíä.

Â ïðåäñòàâëåííîé ðàáîòå èññëåäîâàíî ðàçâèòèå öèêëîòðîííîé íåóñòîé-
÷èâîñòè â ýëåêòðîííî-ïîçèòðîííîé ïëàçìå ìàãíèòîñôåðû ïóëüñàðà. Ïîêàçàíî,
÷òî âîçäåéñòâèå äðåéôîâûõ âîëí íà ðàçâèòèå öèêëîòðîííîé íåóñòîé÷èâîñòè
ìîæåò ïðèâåñòè ê îáðàçîâàíèþ íàáëþäàåìûõ íàíîâñïëåñêîâ.

2. Ðàçâèòèå öèêëîòðîííîé íåóñòîé÷èâîñòè. Ñòàíäàðòíàÿ ìîäåëü
ìàãíèòîñôåðû ïóëüñàðà [11] ïðåäïîëàãàåò, ÷òî ðåëÿòèâèñòñêàÿ ýëåêòðîííî-
ïîçèòðîííàÿ ïëàçìà äâèæåòñÿ âäîëü ñèëîâûõ ëèíèé ìàãíèòíîãî ïîëÿ. Â
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ðàáîòå [12] áûëî ïîêàçàíî, ÷òî ÷åðåíêîâñêîå èçëó÷åíèå â ýëåêòðîííî-
ïîçèòðîííîé ïëàçìå ïîäàâëåíî. Íî ïîçæå îáíàðóæèëîñü [5,7], ÷òî ýôôåêòèâíàÿ
ãåíåðàöèÿ ýëåêòðîìàãíèòíûõ âîëí âîçìîæíà ïðè ìîäèôèöèðîâàííîì ÷åðåí-
êîâñêîì ðåçîíàíñå, åñëè ïðèíÿòü âî âíèìàíèå äðåéôîâîå äâèæåíèå ÷àñòèö,
âûçâàííîå èñêðèâëåíèåì ìàãíèòíîãî ïîëÿ (òàê íàçûâàåìûé äðåéôîâûé
÷åðåíêîâñêèé ðåçîíàíñ). Óñëîâèå ðåçîíàíñà èìååò ñëåäóþùèé âèä:

  . 0 ukvk |||| (1)

Çäåñü ||v  - ïàðàëëåëüíàÿ ñîñòàâëÿþùàÿ ñêîðîñòè ÷àñòèöû, cB|| Rvu 
2  -

ñêîðîñòü äðåéôà ýëåêòðîíîâ, âûçâàííàÿ êðèâèçíîé ñèëîâûõ ëèíèé, R
c
 -

ðàäèóñ êðèâèçíû ñèëîâûõ ëèíèé, mceBB 0  - öèêëîòðîííàÿ ÷àñòîòà, e -
ýëåìåíòàðíûé çàðÿä, c - ñêîðîñòü ñâåòà, B0 - ìàãíèòíîå ïîëå ïóëüñàðà, 
- ÷àñòîòà âîëíû, ||k  è k - ïàðàëëåëüíàÿ è ïåðïåíäèêóëÿðíàÿ ê ìàãíèòíîìó
ïîëþ ñîñòàâëÿþùèå âîëíîâîãî âåêòîðà.

Ôóíêöèÿ ðàñïðåäåëåíèÿ ÷àñòèö ýëåêòðîí-ïîçèòðîííîé ïëàçìû â ìàãíè-
òîñôåðå ïóëüñàðà îïèñûâàåò äâèæåíèå ïëàçìû îò ïîâåðõíîñòè çâåçäû ê
ñâåòîâîìó öèëèíäðó è ñîñòîèò èç òðåõ êîìïîíåíò [11,13,14]. Ïåðâàÿ êîìïîíåíòà
- ýòî ïåðâè÷íûé ïó÷îê ýëåêòðîíîâ ñ ïëîòíîñòüþ Ãîëüäðàéõà-Äæóëèàíà

PBnn GJb 
 2107 , ãäå B  - ìàãíèòíîå ïîëå íà ïîâåðõíîñòè ïóëüñàðà,

P - ïåðèîä âðàùåíèÿ. Òèïè÷íûé ëîðåíö-ôàêòîð ïåðâè÷íîãî ïó÷êà
76 1010  ~b . Âòîðàÿ êîìïîíåíòà - òàê íàçûâàåìûå õâîñòîâûå ÷àñòèöû [14]

c 1513 1010 ~nt  ñì-3 è òèïè÷íûì ëîðåíö-ôàêòîðîì 53 1010  ~t . Òðåòüåé
êîìïîíåíòîé ÿâëÿåòñÿ îñíîâíàÿ ýëåêòðîííî-ïîçèòðîííàÿ ïëàçìà, ïëîòíîñòü
êîòîðîé ñèëüíî çàâèñèò îò õàðàêòåðà ìàãíèòíîãî ïîëÿ ïóëüñàðà. Åñëè ìàãíèòíîå
ïîëå ïóëüñàðà äèïîëüíîå, òîãäà ïëîòíîñòü 1810~nn pbbp   ñì-3 è 210~p .
Ñ äðóãîé ñòîðîíû, äëÿ êâàäðóïîëüíîãî ìàãíèòíîãî ïîëÿ èìååì [15] 103 ~p
è 2010~np ñì-3. Âñÿ ôóíêöèÿ ðàñïðåäåëåíèÿ ÷àñòèö ÿâëÿåòñÿ îäíîìåðíîé.
Òàêîé âèä ôóíêöèè ðàñïðåäåëåíèÿ íåóñòîé÷èâ ïî îòíîøåíèþ ê öèêëîòðîííîé
íåóñòîé÷èâîñòè [5,7] ïðè âûïîëíåíèè óñëîâèÿ àíîìàëüíîãî äîïëåðîâñêîãî
ðåçîíàíñà:

. 0



 
res

B
||||

sukvk (2)

Çäåñü 3... 2, ,1 s  - íîìåð ãàðìîíèêè öèêëîòðîííîé ÷àñòîòû è res  -
ëîðåíö-ôàêòîð ðåçîíàíñíûõ ÷àñòèö.

Äëÿ àíàëèçà ðåçîíàíñíîãî óñëîâèÿ (2) íàì ïîíàäîáÿòñÿ îñíîâíûå
õàðàêòåðèñòèêè ñîáñòâåííûõ ìîä ýëåêòðîííî-ïîçèòðîííîé ïëàçìû. Ñóùåñòâóþò
òðè ñîáñòâåííûõ ìîäû ýëåêòðîííî-ïîçèòðîííîé ïëàçìû. Îäíà èç ñîáñòâåííûõ
ìîä, òàê íàçûâàåìàÿ O-âîëíà, ÿâëÿåòñÿ ÷èñòî ïîïåðå÷íîé. Åå ýëåêòðè÷åñêîå
ïîëå E0 ïåðïåíäèêóëÿðíî ê ïëîñêîñòè, îáðàçîâàííîé âîëíîâûì âåêòîðîì è
ôîíîâûì ìàãíèòíûì ïîëåì. Äâå äðóãèå (òàê íàçûâàåìûå A è X-âîëíû) èìåþò
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ñìåøàííûé, ïðîäîëüíî-ïîïåðå÷íûé õàðàêòåð. Äëÿ âîëí, ðàñïðîñòðàíÿþùèõñÿ
ïî÷òè ïàðàëëåëüíî ñèëîâûì ëèíèÿì, äèñïåðñèîííûå óðàâíåíèÿ äëÿ Î, À è
Õ-ìîä èìåþò ñëåäóþùèé âèä:

  23

2

4
где, 1

Bp

p
X kc




 (3)
















 

2

22

4
1

pp
||A

ckck (4)

. 22322
0 ck||pp   (5)

Â óðàâíåíèè (3) mne pp
22 4  - ïëàçìåííàÿ ÷àñòîòà.

Êàê èçâåñòíî [13], ôóíêöèÿ ðàñïðåäåëåíèÿ ÷àñòèö â ìàãíèòîñôåðå ÿâëÿåòñÿ
îäíîìåðíîé. Òàêîé âèä ôóíêöèè ðàñïðåäåëåíèÿ íåóñòîé÷èâ ïî îòíîøåíèþ
ê öèêëîòðîííîé íåóñòîé÷èâîñòè, è ïðè âûïîëíåíèè ðåçîíàíñíîãî óñëîâèÿ
(2) ïðîèñõîäèò ãåíåðàöèÿ ðàäèîâîëí. Âî âðåìÿ êâàçèëèíåéíîé ñòàäèè íåóñòîé-
÷èâîñòè ðàäèîâîëíû âîçäåéñòâóþò íà ôóíêöèþ ðàñïðåäåëåíèÿ ÷àñòèö, è ýòî
âûçûâàåò äèôôóçèþ ÷àñòèö êàê âäîëü, òàê è ïåðïåíäèêóëÿðíî ñèëîâûì
ëèíèÿì. Ýòî îáñòîÿòåëüñòâî ïðèâîäèò ê íàñûùåíèþ íåóñòîé÷èâîñòè. Ñ
äðóãîé ñòîðîíû, ÷àñòèöû ïðèîáðåòàþò ïîïåðå÷íóþ ñîñòàâëÿþùóþ èìïóëüñà
è âñëåäñòâèå ñèíõðîòðîííîãî èçëó÷åíèÿ ãåíåðèðóþò ýëåêòðîìàãíèòíûå âîëíû
â ðåíòãåíîâñêîì è ãàììà-äèàïàçîíàõ. Ýòîò ñöåíàðèé îáúÿñíÿåò, êàê ðàäèî è
âûñîêî÷àñòîòíûå âîëíû ìîãóò ãåíåðèðîâàòüñÿ â îäíîé è òîé æå îáëàñòè.
×àñòîòà ãåíåðèðóåìûõ ðàäèîâîëí ìîæåò áûòü íàéäåíà èç óðàâíåíèÿ (2) ñ
èñïîëüçîâàíèåì óðàâíåíèÿ (3) è ðàçëîæåíèé

. 
2

1и
2

11 2

2

2 






















 

||
||

res
|| k

kkkcv (6)

Â ýòîì ñëó÷àå

. 4 2

2
3

pres

B
p

res

B
||

ssck







 (7)

Õàðàêòåðíàÿ ÷àñòîòà âûñîêî÷àñòîòíîãî ñèíõðîòðîííîãî èçëó÷åíèÿ äàåòñÿ
âûðàæåíèåì

. 2
resB (8)

Ïîñëåäíèå äâà óðàâíåíèÿ äàþò ñâÿçü ìåæäó ãåíåðèðîâàííûìè ðàäèî è
âûñîêî÷àñòîòíûìè âîëíàìè.

Ñîãëàñíî óðàâíåíèþ (7), äëÿ 3 p  ðàäèîâîëíû ñ ÷àñòîòàìè ïîðÿäêà
íåñêîëüêèõ ÃÃö ìîãóò áûòü âîçáóæäåíû ðåçîíàíñíûìè ÷àñòèöàìè ñ ëîðåíö-
ôàêòîðîì 710~res . Èñïîëüçóÿ ýòè ïàðàìåòðû, äëÿ êâàäðóïîëüíîãî ìàãíèòíîãî



137ÍÀÍÎÂÑÏËÅÑÊÈ  ÏÓËÜÑÀÐÀ  PSR 0531+21

ïîëÿ [15] ïîëó÷àåì  4282 1046 rR.p   (ðàä/ñ)2, è  4201041 rR.B   ðàä/ñ.
Èñïîëüçóÿ óðàâíåíèå (7) è ïðåäïîëàãàÿ, ÷òî ãåíåðàöèÿ ðàäèîâîëíû ïðîèñõîäèò
ïðè 810~r , äëÿ ÷àñòîòû ãåíåðèðóåìûõ ðàäèîâîëí ìû ïîëó÷àåì:

. срад 104 9 (9)

Ïðè s = 1 ðàäèîèçëó÷åíèå ñîîòâåòñòâóåò ÷àñòîòàì ïîðÿäêà 1 ÃÃö. Ïîñêîëüêó
÷àñòèöû äâèæóòñÿ âäîëü ñèëîâûõ ëèíèé, íàïðàâëåííûõ ê íàáëþäàòåëþ,
óãëîâîå ðàñïðåäåëåíèå èçëó÷åíèÿ äîñòèãàåò íàáëþäàòåëÿ ñèëüíî àíèçîòðîïíî
[16,17] è â îñíîâíîì ñîñðåäîòî÷åíî â ïðåäåëàõ óãëà

res


1
(10)

îêîëî ñèëîâûõ ëèíèé ïîëÿ.

3. Ãåíåðàöèÿ äðåéôîâûõ âîëí. Â ïðåäûäóùåì ðàçäåëå áûëè ðàñ-
ñìîòðåíû âîëíû, ðàñïðîñòðàíÿþùèåñÿ ïî÷òè ïàðàëëåëüíî ê ìàãíèòíîìó ïîëþ.
Çäåñü ìû ðàññìîòðèì ãåíåðàöèþ À-âîëí ñ âîëíîâûì âåêòîðîì, ïî÷òè ïåðïåí-
äèêóëÿðíûì ê ìàãíèòíîìó ïîëþ [5,16,17]. ×àñòèöû ïëàçìû, äâèæóùèåñÿ
âäîëü ñèëîâûõ ëèíèé, ïîäâåðæåíû äðåéôîâîìó äâèæåíèþ èç-çà êðèâèçíû
ñèëîâûõ ëèíèé. Ñêîðîñòü äðåéôà âûðàæàåòñÿ ñëåäóþùåé ôîðìóëîé:

. 
2

cB

||

R
v

u



 (11)

×àñòèöû äðåéôóþò â íàïðàâëåíèè, ïåðïåíäèêóëÿðíîì ïëîñêîñòè, ñîäåðæàùåé
èçîãíóòûå ëèíèè ïîëÿ. Ïîýòîìó âçàèìîäåéñòâèå äðåéôîâîé âîëíû ñ ÷àñòèöàìè
ïëàçìû óäîáíî èçó÷àòü â ëîêàëüíîé öèëèíäðè÷åñêîé ñèñòåìå îòñ÷åòà (x, r,
 ). Îñü x íàïðàâëåíà ïåðïåíäèêóëÿðíî ê ïëîñêîñòè, ñîäåðæàùåé èçîãíóòóþ
ëèíèþ ìàãíèòíîãî ïîëÿ,  -íàïðàâëåíèå ïåðïåíäèêóëÿðíî îñè x è íàïðàâëåíî
ïî êàñàòåëüíîé ê ñèëîâîé ëèíèè. Öåíòð ñèñòåìû íàõîäèòñÿ â öåíòðå êðèâèçíû
ñèëîâîé ëèíèè, è ñëåäîâàòåëüíî, óãîë îïðåäåëÿåò ðàñïîëîæåíèå ÷àñòèöû
âäîëü ëèíèè ìàãíèòíîãî ïîëÿ.

Â ðàáîòå [5] áûëà èçó÷åíà ãåíåðàöèÿ ïî÷òè ïîïåðå÷íûõ ( 1kkx )
äðåéôîâûõ âîëí íà ìîäèôèöèðîâàííîì ÷åðåíêîâñêîì ðåçîíàíñå (1). Äëÿ
÷àñòîòû ãåíåðèðóåìîé âîëíû óðàâíåíèå (1) ïðèíèìàåò âèä  ukvk xx , à
èíêðåìåíò íåóñòîé÷èâîñòè äàåòñÿ ñëåäóþùåé ôîðìóëîé [16]:

. 
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Èíêðåìåíò (12) äîñòèãàåò ìàêñèìóìà äëÿ âîëíû ñ âîëíîâûì âåêòîðîì
2322 23 ck ppx  . Äëÿ ïàðàìåòðîâ ïóëüñàðà â Êðàáîâèäíîé òóìàííîñòè ýòî

óñëîâèå äàåò k
x

 << 0.5 ñì-1. Èñïîëüçóÿ óñëîâèå bbpp nn   , äëÿ òèïè÷íîãî
çíà÷åíèÿ èíêðåìåíòà óðàâíåíèå (12) äàåò 10~  ñ-1. Ãåíåðèðóåìûå äðåéôîâûå
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âîëíû ðàñïðîñòðàíÿþòñÿ ïî÷òè ïåðïåíäèêóëÿðíî ê ìàãíèòíîìó ïîëþ. Îíè
öèðêóëèðóþò âîêðóã ñèëîâûõ ëèíèé, ìåäëåííî ïðèáëèæàÿñü ïî ñïèðàëüíîé
òðàåêòîðèè ê ïîâåðõíîñòè ñâåòîâîãî öèëèíäðà. Ïîýòîìó ýòè âîëíû äîâîëüíî
äîëãî îñòàþòñÿ â ìàãíèòîñôåðå è ìîãóò ýôôåêòèâíî ó÷àñòâîâàòü â ðàçëè÷íûõ
äèíàìè÷åñêèõ ïðîöåññàõ.

4. Íåëèíåéíûå ïðîöåññû è ôîðìèðîâàíèå íàíîâñïëåñêîâ. Ðàñ-
ñìîòðèì äðåéôîâóþ âîëíó, ðàñïðîñòðàíÿþùóþñÿ ïî÷òè ïåðïåíäèêóëÿðíî ê
ìàãíèòíîìó ïîëþ, óäîâëåòâîðÿþùóþ óñëîâèþ  ukuk xx . Äëÿ òàêèõ âîëí
ìû èìååì xxuk . Âîçìóùåíèå ýëåêòðè÷åñêîãî ïîëÿ ïàðàëëåëüíî ñèëîâîé
ëèíèè, à âîçìóùåíèå ìàãíèòíîãî ïîëÿ èìååò òîëüêî r -êîìïîíåíòó rB . Èç
óðàâíåíèÿ Ìàêñâåëëà èìååì    xxr ucE~ckEB   , ãäå E  - âîçìóùåíèå
ýëåêòðè÷åñêîãî ïîëÿ. Èç ýòîãî óðàâíåíèÿ ñëåäóåò, ÷òî  EBr .

Ïîêàæåì, ÷òî íàðàñòàíèå rB  ïðèâîäèò ê èçìåíåíèþ ðàäèóñà êðèâèçíû
ñèëîâîé ëèíèè ìàãíèòíîãî ïîëÿ. Â äåêàðòîâîé ñèñòåìå êîîðäèíàò (x, y), â
êîòîðîé ëåæèò ñèëîâàÿ ëèíèÿ, èìååì:

. 
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À êðèâèçíà ñèëîâîé ëèíèè cc R1  îïðåäåëÿåòñÿ èç óðàâíåíèÿ:
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êîòîðîå â öèëèíäðè÷åñêèõ êîîðäèíàòàõ èìååò âèä:
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Â ýòîì óðàâíåíèè   2122
rBBB   . Èç âûðàæåíèÿ äëÿ B ñëåäóåò, ÷òî åñëè

àìïëèòóäà âîëíû ãîðàçäî ìåíüøå ôîíîâîãî ïîëÿ ïóëüñàðà, 1BBr , òî
èçìåíåíèå    222122 21   BBBBBB rr  ïðåíåáðåæèìî ìàëî. Â òî æå âðåìÿ,
ïîñêîëüêó â àçèìóòàëüíîì íàïðàâëåíèè  rik~Br exp , èç óðàâíåíèÿ (15)
ñëåäóåò:

, 11













 B
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c (16)

è ñëåäîâàòåëüíî, äëÿ ãàðìîíèê ñ 1rk  äðåéôîâàÿ âîëíà ìîæåò çíà÷èòåëüíî
èçìåíèòü êðèâèçíó ìàãíèòíîãî ïîëÿ äàæå â ñëó÷àå 1BBr . Ðàññìîòðèì
êàê ýòî èçìåíåíèå âëèÿåò íà ðåçîíàíñíûå óñëîâèÿ (1) è (2). Èñïîëüçóÿ
ðàçëîæåíèå  222 2211 cucv    è äèñïåðñèîííîå óðàâíåíèå O-ìîä,
óðàâíåíèå (2) ïðèíèìàåò âèä:
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Ýòî óðàâíåíèå îïèñûâàåò êàê ðåçîíàíñû íà àíîìàëüíîì ýôôåêòå Äîïëåðà
(s = +1, +2, ...), òàê è ÷åðåíêîâñêèé ðåçîíàíñ (s = 0). Èç-çà íàëè÷èÿ äðåéôîâûõ
âîëí íè ìàãíèòíîå ïîëå, íè åãî êðèâèçíà íå ÿâëÿþòñÿ ïîñòîÿííûìè.
Ñëåäîâàòåëüíî, ðåçîíàíñíîå óñëîâèå (17) ìîæåò âûïîëíÿòüñÿ òîëüêî äëÿ
îñîáûõ îáëàñòåé, ôîðìèðóÿ òåì ñàìûì "èçëó÷àþùèå ïÿòíà" â ìàãíèòîñôåðå.
Â îáëàñòÿõ, ãäå äðåéôîâàÿ âîëíà âûçûâàåò óâåëè÷åíèå êðèâèçíû ìàãíèòíîãî
ïîëÿ, òàêæå óâåëè÷èâàåòñÿ ìàãíèòíîå ïîëå. Òàê êàê ðåëÿòèâèñòñêèå ÷àñòèöû
äâèæóòñÿ âäîëü ñèëîâûõ ëèíèé, óñèëåíèå ìàãíèòíîãî ïîëÿ âûçûâàåò óâåëè÷åíèå
êîíöåíòðàöèè ÷àñòèö, è ñëåäîâàòåëüíî, óñèëåíèå èíòåíñèâíîñòè èçëó÷åíèÿ.
Õàðàêòåðèñòèêè "èçëó÷àþùåãî ïÿòíà" ñèëüíî çàâèñÿò îò åå ëîêàëèçàöèè, à
òàêæå ôàçû äðåéôîâîé âîëíû [5,7].

Â ïðèáëèæåíèè ñëàáîé òóðáóëåíòíîñòè íåëèíåéíàÿ äèíàìèêà äðåéôîâûõ
âîëí â ìàãíèòîñôåðå ïóëüñàðà ìîæåò âêëþ÷àòü êàê 3-õ è 4-õ âîëíîâûå
ðåçîíàíñíûå âçàèìîäåéñòâèÿ, òàê è íåëèíåéíîå âçàèìîäåéñòâèå âîëí ñ
÷àñòèöàìè ïëàçìû [16]. Òðåõâîëíîâîå âçàèìîäåéñòâèå âêëþ÷àåò êâàäðàòè÷íî-
íåëèíåéíûé òîê, êîòîðûé ÿâëÿåòñÿ íå÷åòíîé ôóíêöèåé çàðÿäà, òàê ÷òî
ýëåêòðîíû è ïîçèòðîíû âíîñÿò âêëàä ñ ïðîòèâîïîëîæíûì çíàêîì, ïðàêòè÷åñêè
ïîëíîñòüþ êîìïåíñèðóÿ äðóã äðóãà [18]. ×åòûðåõâîëíîâîå âçàèìîäåéñòâèå,
êîòîðîå ïðåäïîëàãàåò êóáè÷åñêóþ íåëèíåéíîñòü, ìàëî ïðè íå î÷åíü ñèëüíîé
íåëèíåéíîñòè, è ñëåäîâàòåëüíî, íåëèíåéíîå âçàèìîäåéñòâèå âîëí ñ ÷àñòèöàìè
ïëàçìû ÿâëÿåòñÿ äîìèíèðóþùèì íåëèíåéíûì ïðîöåññîì ñ ó÷àñòèåì äðåéôîâûõ
âîëí [16]. Ýòè âçàèìîäåéñòâèÿ âêëþ÷àþò â ñåáÿ êàê ðàññåÿíèå âîëí ÷àñòèöàìè
ïëàçìû, òàê è ñëèÿíèå âîëí. Â ïåðâîì ñëó÷àå äëèíà âîëíû óâåëè÷èâàåòñÿ,
è ýòîò ïðîöåññ îãðàíè÷åí ðàçìåðàìè ìàãíèòîñôåðû, òîãäà êàê â ñëó÷àå
ñëèÿíèÿ âîëí  äëèíà âîëíû óìåíüøàåòñÿ, è ýíåðãèÿ ïåðåêà÷èâàåòñÿ ê áîëåå
ìåëêîìàñøòàáíûì âîçìóùåíèÿì.

Íåëèíåéíûå âçàèìîäåéñòâèÿ âîëí è ÷àñòèö â ýëåêòðîííî-èîííîé ïëàçìå
ìîãóò áûòü ñèëüíî îñëàáëåíû [19] èç-çà ïîëÿðèçàöèè ñðåäû (ôîðìèðîâàíèå
òàê íàçûâàåìîãî ýêðàíèðóþùåãî îáëàêà). Â îòëè÷èå îò ýòîãî â ýëåêòðîííî-
ïîçèòðîííîé ïëàçìå ïîëÿðèçàöèîííûå âêëàäû ýëåêòðîíîâ è ïîçèòðîíîâ
êîìïåíñèðóþò äðóã äðóãà [5], è ñëåäîâàòåëüíî, è ýôôåêò îñëàáëåíèÿ âçàèìî-
äåéñòâèÿ, ñâÿçàííûé ñ ïîëÿðèçàöèåé, îòñóòñòâóåò. Ñîõðàíåíèå ýíåðãèè è
èìïóëüñà äëÿ íåëèíåéíîãî âçàèìîäåéñòâèÿ âîëí ñ ÷àñòèöàìè ïëàçìû ïðèâîäèò
ê ñëåäóþùèì óñëîâèÿì:

  . ||vkk   (18)

Çäåñü âåëè÷èíû áåç ïðèìà îòíîñÿòñÿ ê ðàññåèâàåìîé âîëíå, à âåëè÷èíû ñ
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ïðèìîì îòíîñÿòñÿ ê âîëíå ïîñëå íåëèíåéíîãî âçàèìîäåéñòâèÿ. Çíàê ìèíóñ
â óðàâíåíèè (18) ñîîòâåòñòâóåò íåëèíåéíîìó ðàññåÿíèþ âîëí, à çíàê ïëþñ
îïèñûâàåò ñëèÿíèå âîëí. Íåëèíåéíîå ðàññåÿíèå äðåéôîâûõ âîëí äåòàëüíî
èçó÷àëîñü ðàíåå [5,16]. Ýòîò ïðîöåññ ïåðåäàåò ýíåðãèþ âîëíû ÷àñòèöàì, è
ñëåäîâàòåëüíî, êàñêàä ýíåðãèè ïðîèñõîäèò ê áîëåå íèçêèì ÷àñòîòàì. Íàïðîòèâ,
ñëèÿíèå âîëí óâåëè÷èâàåò ÷àñòîòó âîëíû è ïåðåäàåò ýíåðãèþ ê ìåíüøèì
ìàñøòàáàì. Âðåìåííûå ìàñøòàáû ýòèõ ïðîöåññîâ èìåþò îäèíàêîâûé ïîðÿäîê
[19] è êàê ïîêàçàíî ðàíåå [5,16], ýíåðãèÿ ìîæåò áûòü ýôôåêòèâíî ïåðåêà÷àíà
ê  ðàçëè÷íûì ìàñøòàáàì, ïðåæäå ÷åì äðåéôîâûå âîëíû ïîêèíóò ìàãíèòîñôåðó.
Ñëåäîâàòåëüíî, ñëèÿíèå âîëí ïðèâîäèò ê ôîðìèðîâàíèþ ìåëêîìàñøòàáíûõ
äðåéôîâûõ âîëíîâûõ ñòðóêòóð. Èíòåíñèâíîñòü ìàãíèòíîãî ïîëÿ, à òàêæå
ïëîòíîñòü ïëàçìû â ýòèõ ñòðóêòóðàõ óñèëèâàþòñÿ, ÷òî ïðèâîäèò ê ôîðìèðî-
âàíèþ ìåëêîìàñøòàáíûõ èíòåíñèâíî èçëó÷àþùèõ ïÿòåí. Åñëè ðàçìåð èçëó÷àþ-
ùåãî ïÿòíà íåçíà÷èòåëåí ïî ñðàâíåíèþ ñ ðàçìåðàìè ìàãíèòîñôåðû, òî
ïðîäîëæèòåëüíîñòü èçëó÷åíèÿ, ïîëó÷åííîãî íàáëþäàòåëåì, äàåòñÿ âûðàæåíèåì
(ñì. óðàâíåíèå (10)):

. 1

res
 (19)

Ó÷èòûâàÿ, ÷òî äëÿ ïóëüñàðà â Êðàáîâèäíîé òóìàííîñòè 200  ñ-1, à äëÿ
÷àñòèöû ïåðâè÷íîãî ïó÷êà 76 1010~  , ìèíèìàëüíàÿ äëèòåëüíîñòü ñèãíàëà,
ñâÿçàííîãî ñ íåáîëüøèì èçëó÷àþùèì ïÿòíîì, ñîñòàâëÿåò 910 ~ ñ. Êàê
âèäèì, ïîëó÷åííîå çíà÷åíèå ïî ïîðÿäêó âåëè÷èíû ñîîòâåòñòâóåò íàáëþäàåìîé
äëèòåëüíîñòè íàíîâñïëåñêîâ. Ïðåäñòàâëåííàÿ ìîäåëü ïðåäïîëàãàåò, ÷òî èç-çà
íåëèíåéíîé ýâîëþöèè äðåéôîâûõ âîëí â ìàãíèòîñôåðå ïóëüñàðà îäíîâðåìåííî
îáðàçóåòñÿ ìíîãî èçëó÷àþùèõ ïÿòåí, íî ëèøü íåìíîãèå èç íèõ ïåðåñåêàþò
ëèíèþ íàáëþäåíèÿ.

5. Çàêëþ÷åíèå. Â ïðåäñòàâëåííîé ðàáîòå èññëåäîâàíî âëèÿíèå äðåéôîâûõ
âîëí íà ôîðìèðîâàíèå ðàäèîèçëó÷åíèÿ â ýëåêòðîííî-ïîçèòðîííîé ïëàçìå
ìàãíèòîñôåðû ïóëüñàðà. Ïîêàçàíî, ÷òî â íåëèíåéíîé ýâîëþöèè äðåéôîâûõ
âîëí ïðåîáëàäàåò íåëèíåéíîå âçàèìîäåéñòâèå âîëí ñ ÷àñòèöàìè ïëàçìû,
êîòîðîå âêëþ÷àåò êàê èíäóöèðîâàííîå ðàññåÿíèå, òàê è ñëèÿíèå âîëí. Ïîñëåäíèé
ïðîöåññ ïåðåäàåò ýíåðãèþ ê ìåíüøèì ìàñøòàáàì è ïðèâîäèò ê îáðàçîâàíèþ
ìåëêîìàñøòàáíûõ ñòðóêòóð, â êîòîðûõ óñèëèâàþòñÿ ìàãíèòíîå ïîëå è ïëîòíîñòü
ïëàçìû. Ýòè ñòðóêòóðû îáðàçóþò èíòåíñèâíî èçëó÷àþùèå ïÿòíà. Äëèòåëüíîñòü
ñèãíàëà, ñâÿçàííîãî ñ ïÿòíîì, ñîñòàâëÿåò ïîðÿäêà íàíîñåêóíä, ñëåäîâàòåëüíî,
ñòðóêòóðû äðåéôîâîé âîëíû ìîãóò áûòü îòâåòñòâåííû çà íåäàâíî îáíàðó-
æåííûå íàíîâñïëåñêè â ðàäèîèçëó÷åíèè ïóëüñàðà Êðàáîâèäíîé òóìàííîñòè.
Ðàññìîòðåííàÿ ìîäåëü ïðåäïîëàãàåò, ÷òî îäíîâðåìåííî ôîðìèðóþòñÿ ìíîãî
èçëó÷àþùèõ ïÿòåí, íî ëèøü íåìíîãèå èç íèõ ïåðåñåêàþò ëèíèþ îáçîðà
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GENERATION OF NANOFLARES IN THE
EMISSION OF CRAB PULSAR

G.MACHABELI1, I.MALOV2, G.GOGOBERIDZE1, N.KEVLISHVILI1

We study the dynamics of drift waves in the electron-positron plasma of pulsar
magnetosphere. It is shown that nonlinear interaction of the drift waves with
plasma particles leads to the formation of small scale structures. We show that
cyclotron instability developed within these nonlinear structures can be responsible
for the formation of nanoflares discovered in the radio emission of the Crab pulsar.
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СПЕКТР ЭМИССИИ ПЫЛИ В ОСТЫВАЮЩЕМ ГАЗЕ
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Проведено моделирование эмиссионного спектра пыли, испытывающей существенные 
флуктуации температуры за фронтами сильных (>100 км/с) ударных волн. Моделирование 
включает расчет функции распределения температуры пылинок, возникающей под действием 
стохастического нагрева со стороны электронов окружающей плазмы, а также особенности 
результирующего спектрального распределения эмиссии пыли. В процессе остывания 
окружающей плазмы эмиссионный спектр меняется, заметно отличаясь от "квази- 
планковского'спекгра изотермической пыли (или суперпозиции таких спектров). Характер 
его изменений может бьпъ использован для диагностики теплового состояния плазмы. 
Кратко обсуждаются объекты, где такие эффекты могут бьпъ существенны.

Ключевые слова: горячий газ:межзвездный:межгалактический: сверхновые: 
межзвездная пыль: эмиссионные спектры пыли

1. Введение. Межзвездная среда (МЗС) заполнена ударными волнами 
(УВ) - многие ее динамические особенности и спектральные свойства определяются 
действием сверхновых, звездного ветра, ионизационных фронтов и др. [1-3]. 
Структура МЗС, в том числе крупномасштабная (например, Северный Полярный 
шпур, см. [4]) определяются, по֊видимому, коллективными вспышками сверх
новых [5-10]. Важная задача, которая ставится при исследовании этих объектов 
- это диагностика газа, нагретого в результате действия ударных волн. Один 
из способов оценки параметров среды ֊ это наблюдение ИК-излучения от 
нагретой за фронтами ударных волн пыли, как было предложено в пионерских 
работах [11,12]. Тепловые свойства пыли описывались в более поздних работах 
[13,14]. В настоящей работе мы рассматриваем влияние стохастического нагрева 
пыли за фронтами радиационных ударных волн на их эмиссионный спектр.

В расширяющемся остатке сверхновой столкновительный нагрев, как правило, 
преобладает над нагревом от УФ-квантов межзвездного поля излучения. Мелкие 
пылинки испытывают более редкие удары (время между которыми больше 
времени остывания пылинки) с темпом: усо11 =2иагпУ1 (п - концентрация 
плазмы, - тепловая скорость частиц, а - радиус пылинки), (см. раздел 3). 
В результате этого каждая отдельная пылинка испытывает температурные 
флуктуации той или иной амплитуды. Такой режим нагрева называется 
стохастическим [15]. Амплитуда температурных вариаций пыли при стохасти-
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÷åñêîì íàãðåâå â óñëîâèÿõ ãîðÿ÷åé ïëàçìû (T
g
 = 106

 - 107
 Ê) çàìåòíî ïðåâûøàåò

òàêîâóþ ïðè íàãðåâå ïûëè ÓÔ êâàíòàìè ìåæçâåçäíîãî ïîëÿ èçëó÷åíèÿ (ñì.
ðàçäåë 3). Ïî ýòîé ïðè÷èíå ýôôåêòû ôëóêòóàöèé òåìïåðàòóðû çà ôðîíòàìè
ÓÂ ìîãóò ïðîÿâëÿòüñÿ çàìåòíåå. Çà ôðîíòàìè ðàäèàöèîííûõ óäàðíûõ âîëí
ðåæèì ñòîõàñòè÷åñêîãî íàãðåâà ïûëèíîê èçìåíÿåòñÿ ïî ìåðå ýâîëþöèè
ïàðàìåòðîâ îñòûâàþùåé ïëàçìû, à èìåííî: âñëåäñòâèå óìåíüøåíèÿ òåìïåðàòóðû
è ñîîòâåòñòâóþùåãî óâåëè÷åíèÿ ïëîòíîñòè ãàçà 1 Tn  ÷àñòîòà ñòîëêíîâåíèé
áóäåò óâåëè÷èâàòüñÿ ïðèáëèçèòåëüíî êàê 21 T . Áîëåå òîãî, óìåíüøåíèå
òåìïåðàòóðû ãàçà ìîæåò ïðèâîäèòü ê óâåëè÷åíèþ äîëè ýíåðãèè, òåðÿåìîé
÷àñòèöàìè ïëàçìû â ïûëèíêå (ñì. ðàçäåë 3). Ýòî îáñòîÿòåëüñòâî ìîæåò
ñóùåñòâåííî âëèÿòü íà ýìèññèîííûé ñïåêòð ïûëè. Åãî èññëåäîâàíèþ
ïîñâÿùåíà íàñòîÿùàÿ ðàáîòà.

Ñòàòüÿ ïîñòðîåíà ñëåäóþùèì îáðàçîì. Ïðîöåññ îñòûâàíèÿ ãàçà è åãî
õàðàêòåðíûå òåìïû îáñóæäàþòñÿ â ðàçäåëå 2, à ìîäåëü íàãðåâà ïûëèíîê ïðèâîäèòñÿ
â ðàçäåëå 3. Çäåñü, ïî ñðàâíåíèþ ñ ðàáîòîé [16], ìû èñïîëüçóåì íîâûé
ñòàòèñòè÷åñêèé ìåòîä äëÿ ïîñòðîåíèÿ ôóêíöèè ðàñïðåäåëåíèÿ òåìïåðàòóð ïûëèíîê,
êîòîðûé ÿâëÿåòñÿ áîëåå óíèâåðñàëüíûì äëÿ ðàñ÷åòà â ïëîòíîé è ãîðÿ÷åé ñðåäå,
ïîäðîáíåå ýòîò ìåòîä îáñóæäàåòñÿ â ðàçäåëå 4. Èçìåíåíèå ïàðàìåòðîâ ñðåäû â
ñâÿçè ñ îñòûâàíèåì ãàçà áóäåò îòðàæàòüñÿ â ýìèññèîííûõ ñïåêòðàõ ïûëè â ÈÊ
äèàïàçîíå (ñì. ðàçäåë 5). Ïîäîáíûå èçìåíåíèÿ ìîãóò ñëóæèòü õàðàêòåðíûì
èíäèêàòîðîì ïðîöåññîâ, êîòîðûå èäóò â íåêîòîðûõ îáëàñòÿõ ìåæçâåçäíîé ñðåäû
ñ âûñîêîé òåìïåðàòóðîé ãàçà, è îáåñïå÷èâàòü äèàãíîñòèêó ñîñòîÿíèÿ ãàçîâîé
ñðåäû â ýòèõ îáëàñòÿõ. Â ðàçäåëå 6 ìû êðàòêî ñóììèðóåì îñíîâíûå ðåçóëüòàòû.

2. Òåïëîâàÿ ýâîëþöèÿ ãàçà çà ôðîíòîì óäàðíîé âîëíû. Óðàâíåíèå
îñòûâàíèÿ ýëåìåíòà ãàçà çà ôðîíòîì ÓÂ îïðåäåëÿåòñÿ âûðàæåíèåì [17]:

  , 
3
2 T
k
n

dt
dT

B
 (1)

ãäå TTnn 004 , à n0 - ïëîòíîñòü ïåðåä ôðîíòîì ÓÂ (ò.å. ôîíîâàÿ ïëîòíîñòü),

Bsp kmT 163 2
0 v  - òåìïåðàòóðà ãàçà ñðàçó çà ôðîíòîì ÓÂ,   - ìîëåêóëÿðíûé

âåñ, m
p
 - ìàññà ïðîòîíà, k

B
 - ïîñòîÿííàÿ Áîëüöìàíà,  T  - ôóíêöèÿ

îõëàæäåíèÿ ãàçà.
Çàäàåòñÿ ïëîòíîñòü ôîíîâîé ñðåäû, ïî êîòîðîé ïðîõîäèò óäàðíàÿ âîëíà:

n0 = 0.3, 1, 3 ñì-3 è ñêîðîñòü óäàðíîé âîëíû 310sv  êì/ñ, ÷òî ñîîòâåòñòâóåò
íà÷àëüíîé òåìïåðàòóðå ãàçà 7

0 1022  .T  Ê. Ãàç çà ôðîíòîì ñ÷èòàåòñÿ ïîëíîñòüþ
èîíèçîâàííûì è îñòàåòñÿ òàêîâûì äî êîíöà ñ÷åòà, ïîñêîëüêó âðåìÿ îñòûâàíèÿ
ãàçà êîðî÷å õàðàêòåðíîãî âðåìåíè ðåêîìáèíàöèè [17], ñ÷åò çàêàí÷èâàeòñÿ ïðè
òåìïåðàòóðå 5105   K. Ôóíêöèÿ îõëàæäåíèÿ ãàçà çàäàåòñÿ â âèäå òàáëèöû ñî
çíà÷åíèÿìè òåìïåðàòóð îò 105

 K äî 108
 K. Äàííûå âçÿòû èç [17]. Ôðàãìåíò

çàâèñèìîñòè ôóíêöèè îõëàæäåíèÿ îò òåìïåðàòóðû ïðèâåäåí íà ðèñ. 1, ëåâàÿ
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ïàíåëü. Íà ðèñ.1 (öåíòðàëüíàÿ è ïðàâàÿ ïàíåëè) ïîêàçàíû çàâèñèìîñòè èçìå-
íåíèÿ òåìïåðàòóðû è ïëîòíîñòè îò âðåìåíè; âðåìÿ íîðìèðîâàíî íà õàðàêòåðíîå
âðåìÿ îõëàæäåíèÿ
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ãäå T - õàðàêòåðíàÿ òåìïåðàòóðà, äî êîòîðîé îñòûâàåò ãàç, ðàâíàÿ ïîëîâèíå
íà÷àëüíîé òåìïåðàòóðû.

3. Ìîäåëü òåïëîâîé ýâîëþöèè ïûëè. Ðàññìàòðèâàåòñÿ îáúåì ãàçà,
ñîäåðæàùèé åäèíè÷íûé ïî ìàññå ýëåìåíò ïûëè. Íàãðåâ ïûëè â óñëîâèÿõ
âûñîêîé òåìïåðàòóðû è êîíöåíòðàöèè ãàçà ïðîèñõîäèò â îñíîâíîì çà ñ÷åò
óäàðîâ ÷àñòèö ãàçà î ïûëèíêó. Íàãðåâîì çà ñ÷åò ïîãëîùåíèÿ ÓÔ êâàíòîâ,
êàê îòìå÷àëîñü âûøå, ìîæíî ïðåíåáðå÷ü ïî ñðàâíåíèþ ñî ñòîëêíîâèòåëüíûì
ìåõàíèçìîì ïåðåäà÷è ýíåðãèè, òàê êàê òèïè÷íîå çíà÷åíèå ýíåðãèè ÓÔ
êâàíòîâ ìåæçâåçäíîãî ïîëÿ èçëó÷åíèÿ ñîñòàâëÿåò ~10 ýÂ, â òî âðåìÿ êàê
ñðåäíÿÿ êèíåòè÷åñêàÿ ýíåðãèÿ ýëåêòðîíà â ãàçå ñ òåìïåðàòóðîé 106

 K îêîëî

Ðèñ.1. Ëåâàÿ ïàíåëü - ôóíêöèÿ îñòûâàíèÿ ãàçà )(T  äëÿ çíà÷åíèÿ ìåòàëëè÷íîñòè 1 Z
â çàâèñèìîñòè îò òåìïåðàòóðû ãàçà [17]. Ïðèâåäåíî èçìåíåíèå òåìïåðàòóðû ãàçà (öåíòðàëüíàÿ
ïàíåëü) è ïëîòíîñòè (ïðàâàÿ ïàíåëü) ñî âðåìåíåì â ïðîöåññå îñòûâàíèÿ ãàçà, íà÷àëüíàÿ
ïëîòíîñòü ãàçà n0 = 0.3 ñì-3. Âðåìÿ îñòûâàíèÿ âûðàæåíî â õàðàêòåðíûõ âðåìåíàõ îñòûâàíèÿ
ãàçà â äâà ðàçà îò íà÷àëüíîé òåìïåðàòóðû 

7
0 1022  .T  K, à õàðàêòåðíîå âðåìÿ ðàâíî tc =

1.6 ìëí. ëåò äëÿ ZZ  , è tc = 3.35 ìëí. ëåò äëÿ Z.Z 10 . Ñïëîøíàÿ ëèíèÿ - ìåòàëëè÷íîñòü
ãàçà ZZ  , à ïóíêòèðíàÿ - Z.10 . Çàâèñèìîñòü òåìïåðàòóð è ïëîòíîñòè ãàçà îò
ìåòàëëè÷íîñòè ïðîÿâëÿåòñÿ, êàê ëåãêî âèäåòü, òîëüêî â äëèòåëüíîñòè îñòûâàíèÿ.
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130 ýÂ, áóëüøàÿ ÷àñòü êîòîðîé ìîæåò ïåðåäàâàòüñÿ íà íàãðåâ ïûëèíîê (ñì.
ðàçäåë 5). Çà ñ÷åò ýòîãî òåìïåðàòóðà ïûëèíîê â ãîðÿ÷åé ïëàçìå èñïûòûâàåò
áóëüøèå ôëóêòóàöèè, ÷åì ïðè íàãðåâå ÓÔ-êâàíòàìè, ñèëüíî èñêàæàÿ
ýìèññèîííûé ñïåêòð ïî ñðàâíåíèþ ñ èçîòåðìè÷åñêèì ðàñïðåäåëåíèåì.
Îñíîâíîé âêëàä â íàãðåâ ïûëèíîê áóäåò ïðîèñõîäèòü çà ñ÷åò ñòîëêíîâåíèÿ
ñ ýëåêòðîíàìè, èç-çà ðàçëè÷èÿ â ìàññàõ ÷àñòîòà ñòîëêíîâåíèé ýëåêòðîíîâ ñ
ïûëèíêàìè âûøå, ÷åì ó èîíîâ ie .~ vv 842 . Ïîýòîìó â ïîñòðîåíèè ÔÐÒ äëÿ
ïûëè ó÷èòûâàþòñÿ òîëüêî ñòîëêíîâåíèÿ ñ ýëåêòðîíàìè, êîíöåíòðàöèÿ êîòîðûõ
ïðåäïîëàãàåòñÿ ðàâíîé êîíöåíòðàöèè ÷àñòèö ãàçà.

Â ðàñ÷åòàõ ìû ïðèíåáðåãàåì âëèÿíèåì çàðÿäà ïûëèíêè íà ñå÷åíèå ñòîëê-
íîâåíèÿ ýëåêòðîíà ñ íåé, ïîëàãàÿ, ÷òî ìåæçâåçäíîå ïîëå èçëó÷åíèÿ, à òàêæå
èçëó÷åíèå îò óäàðíîé âîëíû êîìïåíñèðóåò ïðèòîê îòðèöàòåëüíîãî çàðÿäà
ýëåêòðîíîâ íà ïûëèíêó [18,19]. Â ýòîì ñëó÷àå ïîòîê îòðèöàòåëüíîãî çàðÿäà
íà ïûëèíêó çà ñ÷åò òåïëîâûõ ýëåêòðîíîâ êîìïåíñèðóåòñÿ ôîòîèîíèçàöèåé
ïûëèíêè îïòè÷åñêèìè è óëüòðàôèîëåòîâûìè êâàíòàìè. Äåéñòâèòåëüíî, åñëè
ïðèíÿòü äëÿ ïëîòíîñòè êâàíòîâ ìåæçâåçäíîãî ïîëÿ çíà÷åíèå Õàáèíãà-Äðåéíà

14104   ýðã ñì-3 äëÿ êâàíòîâ ñ äëèíîé âîëíû îêîëî Å1000~  [20], òî â
îêðåñòíîñòè OB-àññîöèàöèé, ãäå íàèáîëåå ÷àñòî ïðîèñõîäÿò âñïûøêè
ñâåðõíîâûõ, ïîòîê ìîæåò ïðåâûøàòü çíà÷åíèå Õàáèíãà-Äðåéíà íà ïîðÿäîê
íà âðåìåíàõ äî 100  ìëí. ëåò [21]. Îòñþäà ñëåäóåò îöåíêà ñêîðîñòè
ôîòîýôôåêòà íà åäèíè÷íîé ïîâåðõíîñòè ïûëèíêè   810101  ~ph  ñì-2

 ñ-1.
Íåêîòîðûé âêëàä â ôîòîèîíèçàöèþ ïûëèíîê äàåò è ýìèññèÿ îò óäàðíîé
âîëíû [18]. Çàðÿä, êîòîðûé ïûëèíêè ïðèîáðåòàþò îò ñòîëêíîâåíèé ñ òåïëîâûìè
ýëåêòðîíàìè ïëàçìû, îïðåäåëÿåòñÿ ÷àñòîòîé íàëèïàíèÿ èõ íà ïûëèíêó. Ýòà
÷àñòîòà íà åäèíèöó ïîâåðõíîñòè ïûëèíêè ñîñòàâëÿåò     gsn eeTee ,v ,

es  - ñðåäíÿÿ âåðîÿòíîñòü íàëèïàíèÿ ýëåêòðîíà íà ïûëèíêó,   - ñðåäíÿÿ
âåðîÿòíîñòü âûáèâàíèÿ ñ ïîâåðõíîñòè ïûëèíêè âòîðè÷íîãî ýëåêòðîíà,

   eg , åñëè 0 ,    1g  â ïðîòèâíîì ñëó÷àå, kTZe2 , Z - çàðÿä
ïûëèíêè [22], ÷èñëåííîå çíà÷åíèå ÷àñòîòû íàëèïàíèÿ ýëåêòðîíîâ íà ïûëèíêó

kTaZe
eeTee eTn~n

221
6

8
, 104  v  ñì-2

 ñ-1 (T6 = 10-6T), äëÿ îòðèöàòåëüíî çàðÿæåííîé
ïûëèíêè Z < 0. Ëåãêî âèäåòü, ÷òî ïðè n

e
 < (0.25 - 2.5) ñì-3 ïûëèíêà çàðÿæåíà

ïîëîæèòåëüíî, ïðè áóëüøèõ çíà÷åíèÿõ çàðÿä åå îòðèöàòåëåí. Îäíàêî äëÿ
èíòåðåñóþùèõ íàñ êîíöåíòðàöèé ãàçà ÷àñòîòà ôîòîýôôåêòîâ è ÷àñòîòà
íàëèïàíèÿ ýëåêòðîíîâ îñòàþòñÿ ñðàâíèìûìè, ïîýòîìó çàðÿä ïûëèíêè îñòàåòñÿ
ñóùåñòâåííî ìåíüøå ðàâíîâåñíîãî ñòîëêíîâèòåëüíîãî çíà÷åíèÿ, îïðåäåëÿåìîãî
òåïëîâûìè ýëåêòðîíàìè 22 ekTa~Z , ïðè êîòîðîì âëèÿíèå êóëîíîâñêèõ ñèë
îêàçûâàåòñÿ çàìåòíûì (ñì. áîëåå ïîäðîáíîå îáñóæäåíèå â [19]).

Ôóíêöèÿ ðàñïðåäåëåíèÿ ïî ñêîðîñòÿì ýëåêòðîíîâ ïðèíèìàåòñÿ ìàêñâåë-
ëîâñêîé, âêëàä íåòåïëîâûõ ýëåêòðîíîâ çà ôðîíòîì óäàðíîé âîëíû ñ ýíåðãèåé
>10 êýÂ, ñîãëàñíî [23], ìàë è íå ó÷èòûâàåòñÿ â ýòîé ðàáîòå. Äîëÿ ýíåðãèè,
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ïåðåäàâàåìàÿ ïûëèíêå ïðè ñîóäàðåíèè, îïðåäåëÿåòñÿ âûðàæåíèåì [15]:

    



















, , -1-1

, 
3223 EEEEE

EEE
E

(3)

ãäå     323248 101041 da.E  
 , a - ðàäèóñ ïûëèíêè, d  - ïëîòíîñòü ñîðòà

ïûëè, E - ýíåðãèÿ ïàäàþùåãî ýëåêòðîíà.
Ïûëèíêà ïîñëå ïîãëîùåíèÿ êèíåòè÷åñêîé ýíåðãèè ýëåêòðîíà îñòûâàåò çà

ñ÷åò èçëó÷åíèÿ â ÈÊ îáëàñòè. Óðàâíåíèå, îïèñûâàþùåå èçìåíåíèå åå
òåìïåðàòóðû, èìååò ñëåäóþùèé âèä:

 
  , 

4 442

d

ddabsrrabsSBd

TC
TQTQa

dt
dT 

 (4)

ãäå T
r
 - òåìïåðàòóðà ôîòîíîâ ðåëèêòîâîãî èçëó÷åíèÿ, ðàâíàÿ 2.7 K, êîòîðûå

íå äàþò ïûëèíêàì îñòûâàòü íèæå ýòîãî çíà÷åíèÿ, SB  - ïîñòîÿííàÿ Ñòåôàíà-
Áîëüöìàíà, T

d
 - òåêóùàÿ òåìïåðàòóðà ïûëè,  dTC  - òåïëîåìêîñòü ïûëè,

âçÿòàÿ èç ðàáîò [15,24], à rabsQ  è dabsQ  - êîýôôèöèåíòû ïîãëîùåíèÿ

ðåëèêòîâûõ ôîòîíîâ è èçëó÷åíèÿ ÈÊ-êâàíòîâ, ñîîòâåòñòâåííî, óñðåäíåííûõ

ïî ïëàíêîâñêîìó ñïåêòðó: 2aTQabs  , ÷òî ñîîòâåòñòâóåò ÷àñòîòíîé çàâèñè-

ìîñòè  aQabs ; â íàñòîÿùåé ðàáîòå ïðèíÿòî äëÿ ïðîñòîòû 2 , òî÷íûå
âûðàæåíèÿ äëÿ êîýôôèöèåíòîâ ïîãëîùåíèÿ ãðàôèòîâûõ è ñèëèêàòíûõ
ïûëèíîê ïðèâåäåíû â [20].

Âðåìÿ îñòûâàíèÿ ïûëèíêè îò íà÷àëüíîé òåìïåðàòóðû âñëåä çà ïîãëîùåíèåì
ýíåðãèè ýëåêòðîíà äî çàäàííîé òåìïåðàòóðû îïðåäåëÿåòñÿ âûðàæåíèåì

, 
,








Ed

i

T

T d

d
c dtTd

Td
(5)

ãäå EdT ,  - òåìïåðàòóðà ïîñëå ïîãëîùåíèÿ ýíåðãèè E , è îïðåäåëÿåìàÿ
âûðàæåíèåì:

  . 
,





Ed

d

T

T
d dTTCE (6)

4. Ñòàòèñòè÷åñêàÿ ìîäåëü ðàñ÷åòà ÔÐÒ. Â ðàáîòå [15] îïèñûâàåòñÿ
ìîäåëü ïîñòðîåíèÿ ÔÐÒ äëÿ ïûëèíîê ñ èñïîëüçîâàíèåì èòåðàöèîííîãî
ìåòîäà, îñíîâàííîãî íà ñâåðòêå ôóíêöèè îñòûâàíèÿ ïûëè è ðàñïðåäåëåíèÿ
ïî ýíåðãèÿì ñòàëêèâàþùèõñÿ ýëåêòðîíîâ. Åñëè âðåìÿ îñòûâàíèÿ ïûëèíêè
ìíîãî ìåíüøå, ÷åì ñðåäíåå âðåìÿ ìåæäó ñîóäàðåíèÿìè, òî ìîæíî îãðàíè-
÷èâàòüñÿ îäíèì ýòàïîì èòåðàöèé äëÿ ïîñòðîåíèÿ ÔÐÒ. Îäíàêî ïðè ðàññìîò-
ðåíèè êðóïíûõ ïûëèíîê â äîñòàòî÷íî ïëîòíîé è ãîðÿ÷åé ñðåäå, ãäå ñðåäíåå
âðåìÿ ìåæäó ñîóäàðåíèÿìè ñðàâíèìî ñ âðåìåíåì îñòûâàíèÿ ïûëèíêè,
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íåîáõîäèì ó÷åò ìíîæåñòâåííûõ óäàðîâ, ÷òî òðåáóåò íåñêîëüêèõ èòåðàöèé.
Óâåëè÷åíèå êîëè÷åñòâà èòåðàöèé ñèëüíî çàìåäëÿåò âðåìÿ ðàñ÷åòîâ, ïîýòîìó
äëÿ ïîñòðîåíèÿ ÔÐÒ â ñðåäàõ ñ âûñîêîé ïëîòíîñòüþ íåîáõîäèìî èñïîëüçîâàòü
äðóãîé, áîëåå ýêîíîìè÷íûé ìåòîä, à èìåííî - ñòàòèñòè÷åñêèé.

Ìåòîä ðåàëèçîâàí â âèäå ïðÿìîãî ìîäåëèðîâàíèÿ ñòîëêíîâåíèé ýëåêòðîíîâ
ñ ïûëèíêîé. Îñíîâíûì ïàðàìåòðîì, êîòîðûé îïðåäåëÿåò òî÷íîñòü ìåòîäà,
ÿâëÿåòñÿ êîëè÷åñòâî ñîóäàðåíèé ïûëèíêè ñ ýëåêòðîíàìè. Ïðåäïîëîæèì, ÷òî
ìû îïèñûâàåì N

e
 ñëó÷àåâ ñòîëêíîâåíèé ýëåêòðîíîâ ñ ïûëèíêîé. Ïîëíîå

âðåìÿ, êîòîðîå òðåáóåòñÿ ïûëèíêå, ÷òîáû èñïûòàòü N
e
 ñòîëêíîâåíèé îïðäåëÿåòñÿ

âûðàæåíèåì: collef N  , ãäå collcoll 1  îïðåäåëåíî âûøå. Âðåìåíà ñîáûòèé
ñîóäàðåíèÿ âûáèðàþòñÿ ñëó÷àéíûì îáðàçîì íà èíòåðâàëå îò 0 äî f .

Êàæäîìó ñîáûòèþ ñîóäàðåíèÿ ïðèñâàèâàåòñÿ çíà÷åíèå ýíåðãèè ïàäàþùåãî
ýëåêòðîíà â ñîîòâåòñòâèè ñ ðàñïðåäåëåíèåì Ìàêñâåëëà, ÷òî îïðåäåëÿåò íà÷àëü-
íóþ òåìïåðàòóðó ïûëèíêè ïîñëå ñîóäàðåíèÿ ñ ýëåêòðîíîì. Äëÿ êàæäîãî ñëó÷àÿ
ðàññ÷èòûâàåòñÿ ôóíêöèÿ èçìåíåíèÿ òåìïåðàòóðû ïûëèíêè  tTd , ñîãëàñíî
óðàâíåíèþ (4). ×òîáû ó÷åñòü âåðîÿòíîñòü íàõîæäåíèÿ ïûëèíêè ñ òåìïåðàòóðîé
T

d
 â äàííûé ìîìåíò âðåìåíè, ìû îïðåäåëÿåì äëÿ êàæäîãî çíà÷åíèÿ òåìïåðàòóðû

ñòàòèñòè÷åñêèé âåñ:     fdidi TtT  , ãäå  di Tt  - âðåìÿ, ïðîâåäåííîå
ïûëèíêîé ïðè òåìïåðàòóðå T

d
. Ñóììèðîâàíèåì ïî âñåì ñëó÷àÿì ñîóäàðåíèé

â èòîãå ïîëó÷àåì çíà÷åíèå ÔÐÒ äëÿ äàííîé òåìïåðàòóðû ïûëèíêè:

   .  , 
eN

i
did TTaG (7)

Ñõåìàòè÷íî çàâèñèìîñòü òåìïåðàòóðû ïûëèíêè îò âðåìåíè ïðåäñòàâëåíà
íà ðèñ.2, ãäå ïîêàçàíî èçìåíåíèå  tTd  ïîä âîçäåéñòâèåì ñîóäàðåíèé ñ
ýëåêòðîíàìè. Æèðíîé ïîëîñîé âûäåëåí íåêîòîðûé èíòåðâàë, äëÿ êîòîðîãî

Ðèñ.2. Ôðàãìåíò çàâèñèìîñòè òåìïåðàòóðû ïûëèíêè îò âðåìåíè.

T
d,
 K

t, c

2102 

102

2103 

1104 

1106 

2102 
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ïðîèñõîäèò ñ÷èòûâàíèå âåñîâîãî êîýôôèöèåíòà ïî âñåì ñëó÷àÿì ñòîëêíîâåíèé.
Òàêèì îáðàçîì, ìû ïåðåáèðàåì âñå çíà÷åíèÿ â òåìïåðàòóðíîì äèàïàçîíå äëÿ
âñåõ ñîáûòèé ñòîëêíîâåíèé ïûëèíêè ñ ýëåêòðîíàìè.

5. Ðåçóëüòàòû. Äëÿ íàãëÿäíîñòè ýâîëþöèè ÔÐÒ ïûëè â îñòûâàþùåì
ãàçå ìû îïðåäåëÿåì õàðàêòåðíóþ òåìïåðàòóðó ïûëè è ïîêàçûâàåì åå èçìåíåíèå.
Ïðè ýòîì îòëè÷èÿ â óñðåäíåííûõ òåìïåðàòóðàõ ïûëè â ñëó÷àÿõ ñîëíå÷íîé
ìåòàëëè÷íîñòè è Z.10  íåçíà÷èòåëüíû, ïîýòîìó äàëåå ðàññìàòðèâàþòñÿ òîëüêî
ðåçóëüòàòû äëÿ ZZ  .

5.1. Óñðåäíåííàÿ ïî ÔÐÒ ïûëè òåìïåðàòóðà. Ïîñëå âûïîëíåíèÿ
ðàñ÷åòîâ ìû ïîëó÷àåì ÔÐÒ äëÿ ðàçíûõ ðàçìåðîâ ïûëèíîê íà ñåòêå ïàðàìåòðîâ
îñòûâàþùåãî ãàçà äëÿ òðåõ çíà÷åíèé íà÷àëüíîé ôîíîâîé ïëîòíîñòè ãàçà.
×òîáû êà÷åñòâåííî îõàðàêòåðèçîâàòü ýâîëþöèþ ÔÐÒ ìû îöåíèâàåì çíà÷åíèå
òåìïåðàòóðû, óñðåäíåííîé ïî ôóíêöèè ðàñïðåäåëåíèÿ:

 
 
 

. 
 ,

 ,









dd

ddd
Gd TdTaG

TdTTaG
aT (8)

Íèæå íà ðèñ.3 ïîêàçàíû çàâèñèìîñòè òàêîé õàðàêòåðíîé òåìïåðàòóðû
ãðàôèòîâûõ ïûëèíîê îò èçìåíÿþùèõñÿ ïàðàìåòðîâ ãàçà. Èç ãðàôèêîâ âèäíî,

÷òî, çíà÷åíèÿ òåìïåðàòóðû ïûëè   Gd aT  ðàñòóò â ïðîöåññå îñòûâàíèÿ ãàçà

Ðèñ.3. Çàâèñèìîñòü ñðåäíåé òåìïåðàòóðû 
Gd aT )( , îïðåäåëåííîé ïî ÔÐÒ, â îñòûâàþùåì

ãàçå äëÿ ðàçíûõ ðàçìåðîâ ïûëèíîê îò êîíöåòðàöèè è òåìïåðàòóðû ãàçà. Äàíû çàâèñèìîñòè
äëÿ òðåõ ðàçíûõ íà÷àëüíûõ çíà÷åíèé êîíöåíòðàöèè ãàçà: n0 = [0.3, 1.0, 3.0] ñì-3. Çàâèñèìîñòè
ïîñòðîåíû äëÿ ãðàôèòîâîé ïûëè.
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òîëüêî äëÿ ïûëèíîê ìàëûõ ðàçìåðîâ ( Å30a ). ×åì áîëüøå ðàçìåð ïûëèíêè,
òåì ïðè ìåíüøèõ ïëîòíîñòÿõ è áîëüøèõ òåìïåðàòóðàõ ïðåêðàùàåòñÿ ðîñò
óñðåäíåííîé ïî ÔÐÒ òåìïåðàòóðû ( Å100a ), èëè äàæå íà÷èíàåòñÿ åå
óìåíüøåíèå âìåñòå ñ îõëàæäåíèåì ïëàçìû. Ýòî ëåãêî îáúÿñíÿåòñÿ òåì, ÷òî
êðóïíûå ïûëèíêè èñïûòûâàþò áîëüøåå çà åäèíèöó âðåìåíè êîëè÷åñòâî
ñòîëêíîâåíèé ñ ýëåêòðîíàìè, ïîýòîìó òåìïåðàòóðíûå ôëóêòóàöèè äëÿ íèõ
ìåíåå ñóùåñòâåííû è èõ òåìïåðàòóðà ñëåäóåò çà òåìïåðàòóðîé ïëàçìû. Òàê,
äëÿ êðóïíûõ ïûëèíîê (a = 300, 1000, 3000Å ) çíà÷åíèå õàðàêòåðíîé òåìïåðàòóðû
ïàäàåò ñðàçó ñ íà÷àëîì îñòûâàíèÿ ãàçà.

Ñóùåñòâåííûì ïðè ýòîì, îñîáåííî äëÿ ìåëêèõ ïûëèíîê, ÿâëÿåòñÿ è íåìî-
íîòîííàÿ çàâèñèìîñòü ýôôåêòèâíîñòè íàãðåâà ïûëèíîê, à èìåííî, âåëè÷èíà
ïåðåäàâàåìîé ýëåêòðîíîì ýíåðãèè ïûëèíêå. Ýòî ïðîÿâëÿåòñÿ â íåìîíîòîííîé

çàâèñèìîñòè ñðåäíåé ïî ôóíêöèè ðàñïðåäåëåíèÿ òåìïåðàòóðû ïûëè   Gd aT  îò

òåìïåðàòóðû ãàçà, âèäèìîé íà ãðàôèêàõ ðèñ.3 äëÿ ìåëêîé ïûëè. Â ÷àñòíîñòè,
êàê âèäíî èç ðèñóíêà, ìàêñèìóì ýôôåêòèâíîñòè ïåðåäà÷è ýíåðãèè ïûëèíêå
ðàäèóñîì 100 Å  â îñòûâàþùåì ãàçå ñ íà÷àëüíîé ïëîòíîñòüþ n0 = 0.3 ñì-3

äîñòèãàåòñÿ ïðè ïàðàìåòðàõ ïëàçìû: 61043  .Tg  K, n
e
 = 7.7 ñì-3 è âðåìåíè ïîñëå

íà÷àëà îñòûâàíèÿ 61053  .t  ìëí. ëåò; ñ íà÷àëüíîé ïëîòíîñòüþ n0 = 1 ñì-3

ïàðàìåòðû ïëàçìû: 6105 gT  K, n
e
 = 17.5 ñì-3, t = 106

 ìëí. ëåò; è ñ íà÷àëüíîé

ïëîòíîñòüþ n0 = 3 ñì-3 òåìïåðàòóðà   Gd aT  äëÿ ïûëèíêè ðàçìåðîì 100Å
íà÷èíàåò óáûâàòü ïðè ïàðàìåòðàõ ãàçà: 61083  .Tg  K, n

e
 = 70 ñì-3, 51073  .t

Ðèñ.4. Ôðàãìåíòû çàâèñèìîñòè ýíåðãèè, ïåðåäàâàåìîé ïûëèíêå ïðè ñòîëêíîâåíèè ñ ýëåêòðîíîì,
îáëàäàþùèì ýíåðãèåé Ek = 3kTg /2, ãäå Tg - òåìïåðàòóðà ãàçà, îò êîíöåíòðàöèè ýëåêòðîíîâ
îñòûâàþùåãî ãàçà. Çàâèñèìîñòè äàíû äëÿ ðàçíûõ íà÷àëüíûõ ïëîòíîñòåé ãàçà è ðàçìåðîâ ïûëèíîê.
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ìëí. ëåò.
Â êà÷åñòâå èëëþñòðàöèè ýòîãî ýôôåêòà íà ðèñ.4 ïîêàçàíû çàâèñèìîñòè

ýíåðãèè, ïîãëîùåííîé ïûëèíêîé ïîñëå ñòîëêíîâåíèÿ ñ ýëåêòðîíîì, îò èçìåíåíèÿ
ïàðàìåòðîâ ãàçà â ïðîöåññå îñòûâàíèÿ. Ýíåðãèÿ ýëåêòðîíà, ïàäàþùåãî íà
ïûëèíêó, çàäàåòñÿ êàê ñðåäíÿÿ òåïëîâàÿ ýíåðãèÿ ãàçà: E

k
 = 3kT/2, ãäå k -

ïîñòîÿííàÿ Áîëüöìàíà, T - òåìïåðàòóðà ãàçà. Ýôôåêòèâíîñòü ïåðåäà÷è ýíåðãèè
îïðåäåëÿåòñÿ âûðàæåíèåì (4). Òàêèì îáðàçîì, ìû âèäèì, ÷òî èçëîìû â
ãðàôèêàõ, êàê íà ðèñ.3, òàê è íà ðèñ.4 ïðîèñõîäÿò ïðè áëèçêèõ çíà÷åíèÿõ
ïëîòíîñòè. À ðàçëè÷èÿ ìîæíî îáúÿñíèòü òåì, ÷òî ïðè ïîñòðîåíèè óñðåäíåííûõ
ïî ÔÐÒ òåìïåðàòóð ýíåðãèÿ ýëåêòðîíîâ íå ôèêñèðîâàíà, à çàäàíà ìàêñâåëëîâ-
ñêèì ðàñïðåäåëåíèåì. Â ðåçóëüòàòå ýòîãî èçëîì â ôóíêöèè ýôôåêòèâíîñòè
ïåðåäà÷è ýíåðãèè íà÷èíàåò ïðîÿâëÿòüñÿ íà çàâèñèìîñòè óñðåäíåííîé
òåìïåðàòóðû îò ïàðàìåòðîâ ãàçà ÷óòü ïîçæå ïî âðåìåíè â ïðîöåññå îñòûâàíèÿ.

Èçëîì çàâèñèìîñòè   Gd aT  îáúÿñíÿåòñÿ òåì, ÷òî ðàñòåò ýôôåêòèâíîñòü

ïåðåäà÷è êèíåòè÷åñêîé ýíåðãèè  E  îò ïàäàþùèõ íà ïûëèíêó ýëåêòðîíîâ
(êàê ïîêàçàíî íà ðèñ.4), çàòåì ïåðåäà÷à ýíåðãèè ïðè ñòîëêíîâåíèè ñ ýëåêò-

Ðèñ.5. Äèàãðàììà "öâåò-öâåò" ýìèññèè ïûëè çà ôðîíòîì óäàðíîé âîëíû â ïðîöåññå îñòûâàíèÿ
ãàçà. Îòòåíêîì ñåðîãî ïîêàçàíî çíà÷åíèå ëîãàðèôìà âðåìåíè â ãîäàõ, êàê óêàçàíî íà öâåòîâîé
øêàëå ñïðàâà. Ðàçíûì ðàçìåðîì îòìå÷åíû äèàãðàììû "öâåò-öâåò"äëÿ ðàçíûõ çíà÷åíèé íà÷àëüíîé
ïëîòíîñòè: îò ñàìûõ ìàëåíüêèõ ìàðêåðîâ äî ñàìûõ êðóïíûõ ìåíÿåòñÿ çíà÷åíèå n0 = [0.3, 1.0,
3.0] ñì-3, ñîîòâåòñòâåííî. Èçìåíåíèå òåìïåðàòóðû è ïëîòíîñòè ïëàçìû âäîëü ýâîëþöèîííûõ
òðåêîâ äèàãðàììû "öâåò-öâåò" ïðîèñõîäèò ñ òåïëîâîé èñòîðèåé, ïîêàçàííîé íà ðèñ.1 äëÿ ìîìåíòîâ
âðåìåíè, óêàçàííûõ íà öâåòîâûõ ëèíåéêàõ, êîòîðûå íîðìèðîâàíû íà íà÷àëüíóþ ïëîòíîñòü ãàçà,
ïîêàçàííûõ ñïðàâà.
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ðîíàìè äîñòèãàåò ìàêñèìóìà è íà÷èíàåò ïàäàòü ñ óìåíüøåíèåì òåìïåðàòóðû,
÷òî âûçûâàåò ñìåùåíèå ÔÐÒ ïûëè â íèçêîòåìïåðàòóðíóþ ÷àñòü.

5.2. Ýâîëþöèÿ ñïåêòðà ýìèññèè ïûëè. Ýâîëþöèÿ ÔÐÒ ïûëèíîê
â ïðîöåññå îñòûâàíèÿ ãàçà èìååò íàáëþäàòåëüíûå ïðîÿâëåíèÿ, ëåãêî ðàçëè÷èìûå
íà äâóõöâåòíûõ äèàãðàììàõ. Â êà÷åñòâå èëëþñòðàöèè ìû ñòðîèì äèàãðàììó
"öâåò-öâåò" ýìèññèè ïûëè, íàõîäÿùåéñÿ çà ôðîíòîì óäàðíîé âîëíû. Òàêèå
äèàãðàììû ÿâëÿþòñÿ õîðîøèì è íàãëÿäíûì ñïîñîáîì äèàãíîñòèêè èçìåíåíèÿ
ýìèññèîííîãî ñïåêòðà (ñì., íàïðèìåð [25,26]).

Íèæå íà ðèñ.5 ïîêàçàíà äèãðàììà "öâåò-öâåò" äëÿ ïûëè â îñòûâàþùåì
ãàçå. Ëåãêî âèäåòü, ÷òî íà íà÷àëüíîì ýòàïå (äî ìîìåíòà âðåìåíè   51054 
ëåò) â ïðîöåññå îñòûâàíèÿ ïëàçìû äèàãðàììû "öâåò-öâåò" îïèñûâàþò ýâîëþ-
öèîííûå òðåêè, îäíîçíà÷íî ñîîòâåòñòâóþùèå òåïëîâîìó ñîñòîÿíèþ îêðóæàþùåé
îñòûâàþùåé ïëàçìû, è â ýòîì ñìûñëå äàþò âîçìîæíîñòü åå íàáëþäàòåëüíîé
äèàãíîñòèêè. Ïî÷òè âî âñåõ äèàïàçîíàõ èçìåíåíèå ýâîëþöèîííîé ïîñëåäîâà-
òåëüíîñòè "öâåò-öâåò" ïðîèñõîäèò ñ õàðàêòåðíûì èçëîìîì äèàãðàììû, ïîñëå
êîòîðîãî íàïðàâëåíèå ýâîëþöèîííîé ïîñëåäîâàòåëüíîñòè ìåíÿåòñÿ íà îáðàòíîå.
Òàêèì îáðàçîì, â ïðîöåññå îñòûâàíèÿ ãàçà ñïåêòð ñìåùàåòñÿ ñíà÷àëà â
äëèííîâîëíîâóþ ÷àñòü, à ïîñëå äîñòèæåíèÿ íåêîòîðîé êðèòè÷åñêîé òåìïåðàòóðû
ãàçà, â êîðîòêîâîëíîâóþ.

Òî÷êè ïîâîðîòà ýâîëþöèîííîé äèàãðàììû ìîæíî âèäåòü íà ðèñ.6, ãäå
äåìîíñòðèðóåòñÿ èçìåíåíèå ïîëíîé ñâåòèìîñòè ïûëè â ïðîöåññå îñòûâàíèÿ

Ðèñ.6. Èçìåíåíèå òåïëîâîé ñâåòèìîñòè ïûëè â ïðîöåññå îñòûâàíèÿ ãàçà çà ôðîíòîì
óäàðíîé âîëíû. Ëåâàÿ ïàíåëü ñîîòâåòñòâóåò íà÷àëüíîé ôîíîâîé ïëîòíîñòè ãàçà n0 = 0.3 ñì-3,
ñðåäíÿÿ - n0 = 1.0 ñì-3, ïðàâàÿ - n0 = 3.0 ñì-3. Çíà÷åíèÿ ñâåòèìîñòè ïðèâåäåíû äëÿ åäèíè÷íîé
ìàññû ïûëè. Òîíêàÿ øòðèõïóíêòèðíàÿ ëèíèÿ - ñèëèêàòíàÿ ïûëü, ïóíêòèðíàÿ ëèíèÿ -
ãðàôèòîâàÿ ïûëü, à òîëñòàÿ ñïëîøíàÿ ëèíèÿ - ñóììàðíàÿ ñâåòèìîñòü âñåõ ñîðòîâ ïûëè.
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ãàçà. Òî÷êè èçëîìà ýâîëþöèîííîé äèàãðàììû "öâåò-öâåò" ïðèìåðíî ñîâïàäàþò
ñ ìîìåíòîì îñòûâàíèÿ ãàçà, ïðè êîòîðîì íà÷èíàåò óìåíüøàòüñÿ ñâåòèìîñòü
ïûëè. Ïðèðîäà èçëîìîâ íà ðèñ.5 è íà ðèñ.6 îäíà è òà æå è îáúÿñíÿåòñÿ
óìåíüøåíèåì òåìïåðàòóðû ãàçà íèæå íåêîòîðîãî êðèòè÷åñêîãî çíà÷åíèÿ. Ýòî
îïèñûâàëîñü âûøå è äåìîíñòðèðóåòñÿ íà ðèñ.4.

Èñïîëüçîâàíèå äèàãðàìì "öâåò-öâåò" äàåò âîçìîæíîñòü äèàãíîñòèêè
òåïëîâîãî ñîñòîÿíèÿ îêðóæàþùåé ïëàçìû. Íà ðèñ.7 (ëåâàÿ ïàíåëü) ïîêàçàí
òèïè÷íûé ñïåêòð ýìèññèè ïûëè, íàõîäÿùåéñÿ â îñòûâàþùåì ãàçå. Ëåãêî
âèäåòü, ÷òî â îñòûâàþùåì ãàçå ñïåêòð ïûëè îòëè÷àåòñÿ îò ýìèññèè ïûëè
â ñòàöèîíàðíîé ïëàçìå, ãäå íàáëþäàåòñÿ õàðàêòåðíàÿ äâóõïèêîâàÿ ôîðìà,
êîòîðàÿ íå ìîæåò áûòü àïïðîêñèìèðîâàíà îäíîòåìïåðàòóðíûì ðàñïðåäåëåíèåì
ïûëè (ñì. [16]). Äëÿ ïðèìåðà ìû ñðàâíèâàåì ñïåêòð, ïîëó÷åííûé ñ ó÷åòîì
òåìïåðàòóðíûõ ôëóêòóàöèé, ñ êâàçèïëàíêîâñêèì ñïåêòðîì îáëàêà ïûëè,
ïîïàäàþùåãî íà ëó÷ çðåíèÿ, ñîñòîÿùåé èç ïûëèíîê ñ ñðåäíåâçâåøåííûì
ðàäèóñîì 10.a   ìêì, îïðåäåëÿåìûì ñîãëàñíî [27]. Ïûëü ñîñòîèò èç äâóõ

Ðèñ.7. Íà ëåâîé ïàíåëè ïîêàçàí ñïåêòð èçëó÷åíèÿ ïûëè çà ôðîíòîì óäàðíîé âîëíû.
Ïàðàìåòðû îêðóæàþùåãî ãàçà: ne = 1.3 ñì-3; 7102 gT Ê. Ñïëîøíîé ëèíèåé ïîêàçàí ñïåêòð
ýìèññèè ìîäåëüíîé ïûëè, òîëñòîé ïóíêòèðíîé ëèíèåé è òîíêîé øòðèõïóíêòèðíîé - ñïåêòðû
èçëó÷åíèÿ ñðåäíåâçâåøåííîé ïûëè ðàäèóñîì 0.1 ìêì ñ ðàçëè÷íûìè ìàññîâûìè êîýôôèöèåíòàìè.
Çíà÷åíèå òåìïåðàòóðû ãðàôèòîâûõ ïûëèíîê TC = 61 Ê, à ñèëèêàòíûõ - TSi = 59 Ê. Íà ïðàâîé
ïàíåëè ïðåäñòàâëåíà ýâîëþöèÿ ñïåêòðà èçëó÷åíèÿ ïûëè çà ôðîíòîì óäàðíîé âîëíû â ïðîöåññå
îñòûâàíèÿ ãàçà. Òîëñòîé ñïëîøíîé ëèíèåé ïîêàçàí ñïåêòð ýìèññèè ïûëè ïðè òåìïåðàòóðå

7102 gT Ê, ïóíêòèðíîé - ñïåêòð ýìèññèè ñðåäíåâçâåøåííîé ïûëè ðàäèóñà 0.1 ìêì ñ ðàâíî-
âåñíîé òåìïåðàòóðîé, óêàçàííîé âûøå, ìàññîâûé êîýôôèöèåíò md = 3.1; ñïëîøíîé ëèíèåé è
ïóíêòèðíîé ñðåäíåé òîëùèíû - ïðè òåìïåðàòóðå ãàçà 61043  .Tg Ê è òåìïåðàòóðå ñðåäíå-
âçâåøåííîé ïûëè: TC = 58 Ê, TSi = 54, ìàññîâûé êîýôôèöèåíò md = 5.2; òîíêîé ñïëîøíîé è
ïóíêòèðíîé ëèíèÿìè - ïðè òåìïåðàòóðû ãàçà 610650  .Tg Ê è òåìïåðàòóðå ñðåäíåâçâåøåííîé
ïûëè: TC = 51 Ê, TSi = 47, ìàññîâûé êîýôôèöèåíò md = 7.1. Ïîêàçàòåëü ïîãëîùåíèÿ ïûëè íà
âñåõ ïàíåëÿõ 2 .
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ñîðòîâ: ñèëèêàòíîé è ãðàôèòîâîé ñ ïëîòíîñòÿìè: 3.2 ã ñì-3 è 2.2 ã ñì-3,
ñîîòâåòñòâåííî. Ïîêàçàòåëü ïîãëîùåíèÿ ïûëè 2 . Òàê æå, êàê è â ñëó÷àå
ñ ôëóêòóèðóþùåé ïûëüþ, ìû ïðåäïîëàãàåì, ÷òî ìàññà èçëó÷àþùåé ïûëè
åäèíè÷íà1. Òåìïåðàòóðà ïûëè T

eq
 (äàëåå òàêóþ òåìïåðàòóðó ìû íàçûâàåì

"ðàâíîâåñíîé") ñ÷èòàåòñÿ èç óñëîâèÿ òåïëîâîãî ðàâíîâåñèÿ ïîòîêà ýíåðãèè îò
ñòîëêíîâåíèÿ ñ ýëåêòðîíàìè è òåïëîâîé ýìèññèåé ïûëèíîê:  egcoll nTaH  , ,

 eqIR TaL  , , ãäå H
coll

 - âû÷èñëÿåòñÿ ñ ïîìîùüþ âûðàæåíèÿ ïðåäñòàâëåííîãî
â ðàáîòå [23], à T

g
 - òåìïåðàòóðà ãàçà. Äëÿ òîãî ÷òîáû ñïåêòð ñðåäíåâçâåøåííîé

ïûëè ìàêñèìàëüíî òî÷íî îïèñûâàë ýìèññèþ ôëóêòóèðóþùåé ïûëè, ìû
óìíîæàåì çíà÷åíèå ñïåêòðàëüíîé ñâåòèìîñòè ñðåäíåâçâåøåííîé ïûëè íà
ìàññîâûé êîýôôèöèåíò m

d
 òàê, ÷òîáû çíà÷åíèÿ ìàêñèìóìîâ äâóõ ñïåêòðîâ

ñîâïàëè. Ëåãêî âèäåòü, ÷òî íà ðèñ.7 ìû ïðåíåáðåãëè âêëàäîì ñïåêòðàëüíûõ
îñîáåííîñòåé â îáëàñòè îò 10 äî 20 ìêì, ñâÿçàííûõ ñ ïîëèöèêëè÷åñêèìè
àðîìàòè÷åñêèìè óãëåâîäîðîäàìè (ÏÀÓ). ÏÀÓ ýôôåêòèâíî ðàçðóøàþòñÿ â
ïëàçìå ñ òåìïåðàòóðîé áîëüøå 106

 Ê è ïëîòíîñòüþ ïîðÿäêà 1 ñì-3, è âðåìÿ
èõ æèçíè íå ïðåâûøàåò 103 ëåò [28], ÷òî ñóùåñòâåííî ìåíüøå õàðàêòåðíîãî
âðåìåíè îñòûâàíèÿ ãàçà t

c
 ~ 106 ëåò.

Ýâîëþöèþ ýìèññèîííîãî ñïåêòðà â îñòûâàþùåì ãàçå ìîæíî âèäåòü íà
ðèñ.7 (ïðàâàÿ ïàíåëü). Õîðîøî âèäíî, ÷òî ñ óìåíüøåíèåì òåìïåðàòóðû ãàçà
ïðîäîëæàåò ðàñòè èçëó÷åíèå â êîðîòêîâîëíîâîé îáëàñòè ñïåêòðà, òàê êàê
óâåëè÷èâàåòñÿ òåìïåðàòóðà ìåëêèõ ïûëèíîê (30 Å , 100 Å ). Ïðè îñòûâàíèè
ãàçà äî ìèíèìàëüíîãî çíà÷åíèÿ 610650  .Tg K ïûëèíêè ðàäèóñà 100 Å  óæå
ïðîãðåâàþòñÿ íå òàê ýôôåêòèâíî è äàþò ìåíüøèé âêëàä â êîðîòêîâîëíîâîé
÷àñòè ñïåêòðà.

Íà ðèñ.8 ñòðîÿòñÿ ýâîëþöèîííûå äèàãðàììû "öâåò-öâåò" äëÿ ñïåêòðà
ïûëè â îñòûâàþùåì ãàçå è ñðåäíåâçâåøåííîé ïûëè ñ ðàâíîâåñíîé
òåìïåðàòóðîé. Çíà÷åíèÿ äëèíí âîëí, äëÿ êîòîðûõ ñòðîèòñÿ äèàãðàììà, òàêèå
æå, êàê è íà ðèñ.5. Äèàãðàììà ñòðîèòñÿ äëÿ çíà÷åíèÿ íà÷àëüíîé ïëîòíîñòè
n0 = 0.3 ñì-3. Èç ýòîãî ðèñóíêà ìîæíî âèäåòü, ÷òî íà êîðîòêèõ äëèíàõ âîëí
âîçíèêàåò ìàêñèìàëüíîå îòëè÷èå ìåæäó ñïåêòðîì ñðåäíåâçâåøåííîé ïûëè è
ñïåêòðîì ïûëèíîê ñ òåìïåðàòóðíûìè ôëóêòóàöèÿìè. Ýòî ñâÿçàíî ñ òåì, ÷òî
ìåëêèå ïûëèíêè, èñïûòûâàþùèå òåìïåðàòóðíûå ôëóêòóàöèè â øèðîêèõ
ïðåäåëàõ, ìîãóò íàãðåâàòüñÿ äî òåìïåðàòóð áîëåå 200 Ê, äàâàÿ ñèëüíûé âêëàä
â êîðîòêîâîëíîâóþ ÷àñòü ñïåêòðà.

Ýâîëþöèîííûå äèàãðàììû ñïåêòðà ïûëè ñ ðàâíîâåñíîé òåìïåðàòóðîé
òàêæå èñïûòûâàþò èçëîì, ïîñëå ÷åãî âûðîæäàþòñÿ, ò.å. ñîâïàäàþò ñ êðèâûìè
äî èçëîìà. Ëåãêî âèäåòü, ÷òî ýâîëþöèîííûå êðèâûå, ñîîòâåòñòâóþùèå
ñòîõàñòè÷åñêîìó òåïëîâîìó ðåæèìó ïûëèíîê, â öåëîì ëåæàò çàìåòíî îòëè÷íî

1 Â Ïðèëîæåíèè À îïèñàí ñïîñîá ïîäñ÷åòà êîëè÷åñòâà ïûëèíîê â åäèíè÷íîé ìàññå ïûëè.
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îò êðèâûõ äëÿ ðàâíîâåñíîé òåìïåðàòóðû ïûëè. Ýòî îáñòîÿòåëüñòâî ìîæåò
ñëóæèòü äëÿ äèàãíîñòèêè ïëàçìû. Â öåëîì, àíàëèç íàáëþäàòåëüíûõ çíà÷åíèé
íà äèàãðàììàõ "öâåò-öâåò" è èõ ñðàâíåíèå ñ ìîäåëüíûìè äèàãðàììàìè ìîæåò
áûòü èñïîëüçîâàí â êà÷åñòâå èíñòðóìåíòà äèàãíîñòèêè.

6. Âûâîäû. Â íàñòîÿùåé ðàáîòå ìû ðàññìàòðèâàëè ýôôåêòû ñòîõàñ-
òè÷åñêîãî íàãðåâà ïûëè â îñòûâàþùåé èçíà÷àëüíî ãîðÿ÷åé ïëàçìå. Ïîêàçàíî,
÷òî:

1) Òåïëîâûå ñâîéñòâà ïûëè çà ôðîíòàìè óäàðíûõ âîëí ñóùåñòâåííî
íåðàâíîâåñíû - ïûëèíêè ðàçíûõ ðàçìåðîâ äåìîíñòðèðóþò ïðèíöèïèàëüíî
ðàçíóþ òåïëîâóþ ýâîëþöèþ. Ýòî îáñòîÿòåëüñòâî ïðîÿâëÿåòñÿ â îñîáåííîñòÿõ
ñïåêòðà èõ ñóììàðíîé ýìèññèè. Ïî ìåðå îñòûâàíèÿ ãàçà ïûëèíêè ñ ðàäèóñîì
30 Å  ïðîäîëæàþò íàãðåâàòüñÿ, òàê êàê ðàñòåò ýôôåêòèâíîñòü ïåðåäà÷è ýíåðãèè
ïðè ñòîëêíîâåíèÿõ ñ ýëåêòðîíàìè. Ïûëèíêè ðàäèóñîì 100Å  âíà÷àëå ïðîäîë-
æàþò íàãðåâàòüñÿ, íî ïîñëå äîñòèæåíèÿ ìàêñèìóìà ýôôåêòèâíîñòè ïåðåäà÷è
ýíåðãèè íà÷èíàþò îñòûâàòü âìåñòå ñ ãàçîì. Áîëåå êðóïíàÿ ïûëü ( Å300a )
íà÷èíàåò îñòûâàòü ñðàçó âìåñòå ñ ãàçîì, ÷òî ñëàáî ñêàçûâàåòñÿ íà ñóììàðíîì

Ðèñ.8. Ýâîëþöèîííàÿ äèàãðàììà "öâåò-öâåò" äëÿ ìîäåëüíîãî ñïåêòðà ïûëè, ïîëó÷åííîãî
ñ ó÷åòîì òåìïåðàòóðíûõ ôëóêòóàöèé (ìàðêåðû áîëüøåãî ðàçìåðà) è ñïåêòðà ñðåäíåâçâåøåííîé
ïûëè ñ ïîêàçàòåëåì ïîãëîùåíèÿ 2  (ìàðêåðû ìåíüøåãî ðàçìåðà). Èçìåíåíèå òåìïåðàòóðû
è ïëîòíîñòè ïëàçìû âäîëü ýâîëþöèîííûõ òðåêîâ äèàãðàììû "öâåò-öâåò" ïðîèñõîäèò ñ òåïëîâîé
èñòîðèåé, ïîêàçàííîé íà ðèñ.1, äëÿ ìîìåíòîâ âðåìåíè, óêàçàííûõ íà öâåòîâûõ ëèíåéêàõ. Âðåìÿ
çàäàíî â çíà÷åíèÿõ ëîãàðèôìà êîëè÷åñòâà ëåò ñ ìîìåíòà íà÷àëà îñòûâàíèÿ. Çâåçäîé îòìå÷åí
ìîìåíò âðåìåíè 2 ìëí. ëåò. Íà÷àëüíàÿ ïëîòíîñòü îñòûâàþùåãî ãàçà n0 = 0.3 ñì-3.
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ñïåêòðå, êîòîðûé îïðåäåëÿåòñÿ ïðåèìóùåñòâåííî ìåëêèìè ïûëèíêàìè.
2) Ýìèññèîííûå ñïåêòðû ïûëè, îêðóæåííîé ãîðÿ÷åé îñòûâàþùåé ïëàçìîé,

ïðèíöèïèàëüíî îòëè÷àþòñÿ îò êâàçèïëàíêîâñêèõ ñïåêòðîâ ïûëè ñ ðàâíîâåñíîé
òåìïåðàòóðîé. Ýòè îòëè÷èÿ ñâÿçàíû ñ òåì, ÷òî äëÿ ìåëêèõ ïûëèíîê ñóùåñò-
âåííû ýôôåêòû òåìïåðàòóðíûõ ôëóêòóàöèé, êîòîðûå óñèëèâàþò èõ ýìèññèþ
â êîðîòêîâîëíîâîé ÷àñòè ñïåêòðà. Çàâèñèìîñòü ñòîõàñòè÷åñêîãî íàãðåâà ïûëèíîê
îò òåïëîâîãî ñîñòîÿíèÿ ïëàçìû ïîçâîëÿåò èñïîëüçîâàòü îñîáåííîñòè ñïåêòðà
ïûëèíîê ñ ôëóêòóèðóþùåé òåìïåðàòóðîé äëÿ äèàãíîñòèêè îêðóæàþùåé èõ
ïëàçìû. Â êà÷åñòâå "èíñòðóìåíòà" òàêîé äèàãíîñòèêè ìîãóò ñëóæèòü äèàãðàììû
"öâåò-öâåò" íà âðåìåíàõ   51054 t  ëåò â êîðîòêîâîëíîâîé (âèíîâñêîé)
îáëàñòè ýìèññèîííîãî ñïåêòðà ïûëè.

Àâòîð áëàãîäàðåí Å.Î.Âàñèëüåâó, Ä.Ç.Âèáå, Ì.Ñ.Êèðñàíîâîé çà îáñóæäåíèå
ðåçóëüòàòîâ, è îòäåëüíî Þ.À.Ùåêèíîâó çà ìíîãî÷èñëåííûå äèñêóññèè è
êðèòè÷åñêèå çàìå÷àíèÿ.

Ôèçè÷åñêèé èíñòèòóò èì. Ï.Í.Ëåáåäåâà, Ìîñêâà, Ðîññèÿ,
e-mail: sai.drozdov@gmail.com
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Äëÿ íàõîæäåíèÿ ÷èñëà ïûëèíîê íåîáõîäèìî çíàòü íîðìèðîâî÷íûé
êîýôôèöèåíò C íåïðåðûâíîãî ñïåêòðà ðàçìåðîâ ïûëèíîê:   53.Caan  . Íàéòè
åãî ìîæíî ñ ïîìîùüþ âûðàæåíèÿ

    , d
a

a
d Mdaanam

max

min

 (A1)

ãäå a
min

 - ìèíèìàëüíûé ðàçìåð ïûëè, a
max

 - ìàêñèìàëüíûé ðàçìåð ïûëè, à
m

d
(a) - ìàññà îòäåëüíîé ïûëèíêè, M

d
 - ïîëíàÿ ìàññà ñîðòà ïûëè. Îäíàêî â

ýòîé ðàáîòå èñïîëüçóåòñÿ äèñêðåòíûé ñïåêòð ðàçìåðîâ ïûëèíîê: 30Å , 100 Å ,
300 Å , 1000 Å , 3000 Å , êîòîðûå ðàñïðåäåëåíû ñîãëàñíî ñòåïåííîìó çàêîíó
  53.Caan  . Ñ÷èòàÿ ìàññó ãðàôèòîâîé è ñèëèêàòíîé ïûëè îäèíàêîâîé, à èõ

a (ìêì) 3 
.
 10-3 0.01 0.03 0.1 0.3

N
gr

9.4 
.
 1017 1.4 

.
 1016 2.9 

.
 1014 4.4 

.
 1012 9.4 

.
 1010

N
sil

6.4 
.
 1017 9.5 

.
 1015 2 

.
 1014 3 

.
 1012 6.4 

.
 1010

Òàáëèöà 1

×ÈÑËÎ ÏÛËÈÍÎÊ ÐÀÇÍÛÕ ÐÀÇÌÅÐÎÂ Â ÅÄÈÍÈ×ÍÎÉ
ÌÀÑÑÅ ÏÛËÈ



157ÑÏÅÊÒÐ  ÝÌÈÑÑÈÈ  ÏÛËÈ  Â  ÎÑÒÛÂÀÞÙÅÌ  ÃÀÇÅ

ïîëíóþ ìàññó íîðìèðîâàííîé íà 1 ã, íàõîäèì êîýôôèöèåíò C èç âûðàæåíèÿ:

,г  5034 353 .aCa
i

di
.

i  
(A2)

ãäå ñóììèðîâàíèå ïðîèñõîäèò ïî âñåì ðàçìåðàì ïûëèíîê èç èñïîëüçóåìîãî
íàìè äèñêðåòíîãî ñïåêòðà, a

i
 - ðàäèóñ ïûëèíêè. Çíàÿ íîðìèðîâî÷íûé

êîýôôèöèåíò C, ìû îïðåäåëÿåì ÷èñëî ïûëèíîê ñîîòâåòñòâóþùåå ðàçíûì
ðàçìåðàì (ñì. òàáë.1). Êîýôôèöèåíò 61059  .C  ñì3.5 äëÿ ñèëèêàòíûõ ïûëèíîê
è 51041  .C  ñì3.5 äëÿ ãðàôèòîâûõ.

EMISSION SPECTRUM OF DUST IN A COOLING GAS

S.A.DROZDOV

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

Keywords: hot gas: interstellar, intergalaxies, supernovae, interstellar dust: dust
emission spectra
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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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