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РАСХОЖДЕНИЕ МЕЖДУ ЗНАЧЕНИЯМИ 
ПОСТОЯННОЙ ХАББЛА, ПОЛУЧЕННЫМИ 

РАЗНЫМИ МЕТОДАМИ
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Рассмотрен вопрос о расхождении значений постоянной Хаббла, определенных для 
’ранней” и "поздней" Вселенной. Отмечается, что в определении первого значения физические 
свойства барионной материи не фигурируют явным образом, тогда как во втором случае 
при определении этого же коэффициента используются скорости космических объектов, 
определяемые измерением красного смещения. Выдвигается гипотеза, что расхождение 
может быть связано с эволюцией барионной материи. Анализ показывает, что изменение 
массы атомных ядер и элементарных частиц на долю 6.67-10՜ в год может привести к 
наблюдаемому расхождению. Этот результат согласуется с нашим предыдущим заключением 
об увеличении массы Солнца вследствие эволюции барионной материи.

Ключевые слова: темная энергия: взаимодействие: обмен энергией: барионная 
материя: эволюция

1. Введение. Уточнение постоянной Хаббла продолжается почти одно 
столетие. Исторически первым эту величину определил Леметр [1], который 
получил значение 625 км с՜1 Мпк՜1. Через два года, эту же величину определил 
также Хаббл [2], который получил 500 км с՜1 Мпк՜1.

Первые существенные уточнения постоянной произошли лишь в середине 
50-х годов, когда стали учитывать существование двух типов звездных 
населений, а также возможное влияние наблюдательной селекции [3-4]. Эти 
уточнения привели к значениям 260-280кмс1Мпк՜1. Важными вехами процесса 
уточнения этой величины можно считать также работы Хюмасона, Мэйола 
и Сэндиджа [5], Сэндиджа. [6]. В работе [6] впервые было получено значение 
75 км с՜1 Мпк՜1, которое стало эталонным в течение достаточно долгого времени. 
Впоследствии Сэндидж с Тамманом продолжали работы с целью получить 
все более низкие значения (см., напр., [7-9]). Это по-видимому было 
продиктовано желанием обосновывать больший возраст Вселенной.

Новый этап уточнений постоянной Хаббла начался в 90-е годы прошлого 
столетия, когда было предложено много новых методов более точных 
измерений. Достаточно подробную информацию об этих проектах можно 
найти в обзорных статьях Хухры [10] и Джексона [11]. Здесь мы упомянем
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ëèøü äâà ïðîåêòà, êîòîðûå âûäåëÿþòñÿ ñâîåé ïîñëåäîâàòåëüíîé è äîëãîñðî÷íîé

àêòèâíîñòüþ. Íà íàø âçãëÿä òàêèì ÿâëÿåòñÿ êëþ÷åâîé ïðîåêò òåëåñêîïà

èìåíè Õàááëà ïî îïðåäåëåíèþ ìàñøòàáà âíåãàëàêòè÷åñêèõ ðàññòîÿíèé.

Âòîðîå íàïðàâëåíèå áûëî ñâÿçàíî ñ èçó÷åíèåì ñòðóêòóðû êîñìè÷åñêîãî

ìèêðîâîëíîâîãî ôîíîâîãî èçëó÷åíèÿ (CMB - Cosmic Microwave Background).

Çäåñü â îäíó ãðóïïó îáúåäèíÿþòñÿ ïðîåêò WMAP (Wilkinson Microwave

Anisotropy Probe - Çîíä èìåíè Óèëêèíñîíà ïî èçó÷åíèþ àíèçîòðîïíîñòè

ìèêðîâîëíîâîãî èçëó÷åíèÿ), à òàêæå ïðîåêò, Åâðîïåéñêîãî êîñìè÷åñêîãî

àãåíòñòâà "Ïëàíê".

2. Ñîâðåìåííûå íàáëþäàòåëüíûå äàííûå. Ïîñòåïåííîå óìåíüøåíèå

ïîãðåøíîñòåé èçìåðåíèé ïîñòîÿííîé Õàááëà íåîæèäàííî ïðèâåëî ê ðàñõîæ-

äåíèþ ýòèõ çíà÷åíèé, êîòîðîå áûëî íàçâàíî íàïðÿæåííîñòüþ Õàááëà (Hubble

tension). Ïðè íåâûñîêîé òî÷íîñòè èçìåðåíèé èññëåäîâàòåëè áûëè óâåðåíû,

÷òî ðàñõîæäåíèÿ ÿâëÿþòñÿ ðåçóëüòàòîì ïîãðåøíîñòåé èçìåðåíèé. Îäíàêî

ïîâûøåíèå òî÷íîñòè ïðèâåëî ê îáðàçîâàíèþ äâóõ ãðóïï çíà÷åíèé, ñòàòèñ-

òè÷åñêè îòëè÷àþùèõñÿ äðóã îò äðóãà íà óðîâíå   64 .

Âñå çíà÷åíèÿ ãðóïïèðóþòñÿ âîêðóã âåëè÷èí, ïîëó÷åííûõ â ðàìêàõ ïðîåêòà

SH0ES, ñ îäíîé ñòîðîíû, è ñïóòíèêîì "Ïëàíê" - ñ äðóãîé. Ïîñêîëüêó

ìèêðîâîëíîâîå êîñìè÷åñêîå èçëó÷åíèå îïèñûâàåò ïðîñòðàíñòâåííóþ è

òåìïåðàòóðíóþ ñòðóêòóðó Âñåëåííîé â ðàííèõ ýòàïàõ åå æèçíè, òî ïîñòîÿííóþ

Õàááëà, ïîëó÷åííóþ â ðàìêàõ ïðîåêòà "Ïëàíê", ÷àñòî íàçûâàþò ïàðàìåòðîì

ðàííåé Âñåëåííîé. Ñîîòâåòñòâåííî, äðóãîå çíà÷åíèå ïîñòîÿííîé ñ÷èòàåòñÿ

âåëè÷èíîé ïîçäíåé Âñåëåííîé. Íà ðèñ.1 ïîêàçàíû çàèìñòâîâàííûå èç [12]

çíà÷åíèÿ ïîñòîÿííîé Õàááëà ñ ñîîòâåòñòâóþùèìè âåëè÷èíàìè ïîãðåøíîñòåé.

Â âåðõíåì ëåâîì óãëó ïðèâåäåíû çíà÷åíèÿ ïîñòîÿííîé Õàááëà, ïîëó÷åííûå

íà îñíîâå ïàðàìåòðîâ ðàííåé Âñåëåííîé. Ïåðâîå çíà÷åíèå ñ òî÷íîñòüþ

67.4 ± 0.5 êì ñ-1
 Ìïê-1 îáåñïå÷åíî äàííûìè ñïóòíèêà "Ïëàíê". Ýòî çíà÷åíèå

ïîääåðæèâàþò òàêæå íåêîòîðûå äðóãèå ïðîåêòû, èçó÷àþùèå ñòðóêòóðó

êîñìè÷åñêîãî ìèêðîâîëíîâîãî ôîíà. Òàêèå èçìåðåíèÿ, ñäåëàííûå, íàïðèìåð,

ñ ïîìîùüþ ÀÑÒ (Atacama Cosmology Telescope), êîòîðûõ íåò íà ïðèâåäåííîì

ðèñóíêå, äàþò çíà÷åíèå 67.9 ± 1.5 êì ñ-1
 Ìïê-1 [13].

Â ñðåäíåé ÷àñòè ðèñóíêà, ïðèâåäåíû ðåçóëüòàòû, îòíîñÿùèåñÿ ê ïîçäíåé

Âñåëåííîé ( 1z ), êîòîðûå ïîëó÷åíû èññëåäîâàíèåì áàðèîííûõ îáúåêòîâ â

ðàçëè÷íûõ ãàëàêòèêàõ. Ïðîåêò SH0ES èñïîëüçîâàë öåôåèäû, H0LICOW -

ãðàâèòàöèîííîå ôîêóñèðîâàíèå êâàçàðîâ. Êàê ñëåäóåò èç äàííûõ íà ðèñ.1,

óêàçàííûå ïðîåêòû äàþò çíà÷åíèÿ 74.0 ± 1.4 êì ñ-1
 Ìïê-1 è 73.3 ± 1.8 êì ñ-1

Ìïê-1, ñîîòâåòñòâåííî. Íàèìåíüøåå çíà÷åíèå äëÿ ïîçäíåé Âñåëåííîé ïîëó÷åíî,

êîãäà â êà÷åñòâå èíäèêàòîðà ðàññòîÿíèÿ èñïîëüçîâàíà, òàê íàçûâàåìàÿ, âåðõóøêà

âåòâè êðàñíûõ ãèãàíòîâ (TRGB - Tip of the Red-Giant Branch). Íà ðèñ.1 ýòîò
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ðåçóëüòàò îáîçíà÷åí ÷åðåç CCHP è ÷èñëåííî ðàâåí 69.8 ± 1.9 êì ñ-1
 Ìïê-1.

Ðåçóëüòàòû ñòàòèñòè÷åñêîãî ñðàâíåíèÿ çíà÷åíèé ïîñòîÿííîé Õàááëà äëÿ

ðàííåé è ïîçäíåé Âñåëåííîé ïîêàçàíû â íèæíåé ÷àñòè äèàãðàììû. Êàê

âèäíî èç ïðèâåäåííûõ äàííûõ, ýòè çíà÷åíèÿ, îïðåäåëåííûå äëÿ ðàííåé è

ïîçäíåé Âñåëåííîé, îòëè÷àþòñÿ íà óðîâíå  64 . Òàêèì îáðàçîì, ðàñõîæ-

äåíèå ìåæäó çíà÷åíèÿìè ïîñòîÿííîé Õàááëà â íàñòîÿùåå âðåìÿ íå âûçûâàåò

ñîìíåíèÿ.

Ñëåäóåò îòìåòèòü, ÷òî âñå îáúåêòèâíûå äàííûå ñâèäåòåëüñòâóþò î òîì,

÷òî íàáëþäàòåëüíûé ìàòåðèàë è ìåòîäû îáðàáîòêè áåçóïðå÷íû. Ñ äðóãîé

ñòîðîíû, ñïåöèàëèñòû ïîêà íå íàõîäÿò èçúÿíû â òåîðåòè÷åñêîì îáîñíîâàíèè

CDM  ìîäåëè. È òåì íå ìåíåå, íà íàø âçãëÿä, åñòü îäèí íþàíñ, êîòîðûé

íå ó÷èòûâàåòñÿ: CDM  êîñìîëîãèÿ áàçèðóåòñÿ íà ãåîìåòðèþ ìèêðîâîëíîâîãî

èçëó÷åíèÿ, à ôèçè÷åñêèå ñâîéñòâà áàðèîííîé ìàòåðèè ÿâíûì îáðàçîì íå

6.1 

5.8 

4.0 

4.4 

H
0
 [êì ñ-1

 Ìïê-1]

66 68 70 72 74 76 78 80
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ôèãóðèðóþò â èñïîëüçóåìûõ óðàâíåíèÿõ. Òî îáñòîÿòåëüñòâî, ÷òî áîëüøîå

çíà÷åíèå ïîñòîÿííîé Õàááëà ïîëó÷àåòñÿ èìåííî äëÿ ïîçäíåé Âñåëåííîé,

íàâîäèò íà ìûñëü, ÷òî ïðîáëåìà ìîæåò áûòü ñêðûòà â ýâîëþöèîííûõ

ñâîéñòâàõ âåùåñòâà, èç ÷åãî ñîñòîÿò êîñìè÷åñêèå îáúåêòû.

Ïðè îïðåäåëåíèè ïîñòîÿííîé Õàááëà â "áëèçêîì" êîñìîñå èçìåðÿþòñÿ

ðàññòîÿíèÿ ãàëàêòèê è èõ êðàñíûå ñìåùåíèÿ. ×èñëåííîå çíà÷åíèå ïîñòîÿííîé

Õàááëà ìîæåò ïîëó÷èòüñÿ áîëüøå åå èñòèííîãî çíà÷åíèÿ, åñëè êðàñíîå

ñìåùåíèå íå ÿâëÿåòñÿ ÷èñòî äîïëåðîâñêèì, íî ñîäåðæèò íåêîòîðûé êîìïîíåíò,

êîòîðûé íå ñâÿçàí ñî ñêîðîñòüþ ðàñøèðåíèÿ.

3. Âçàèìîäåéñòâèå òåìíîé ýíåðãèè ñ áàðèîííûì âåùåñòâîì.

Îòêðûòèå óñêîðåíèÿ ðàñøèðåíèÿ Âñåëåííîé â êîíöå ïðîøëîãî âåêà [14,15]

êîðåííûì îáðàçîì èçìåíèëî ïðåäñòàâëåíèå î ïðè÷èííî-ñëåäñòâåííûõ ñâÿçÿõ

â ðàñøèðÿþùåéñÿ Âñåëåííîé. Âìåñòî ïåðâîíà÷àëüíûõ ïðåäñòàâëåíèé î

ðàñøèðåíèè âñëåäñòâèå ïåðâè÷íîãî áîëüøîãî âçðûâà, íîâûå äàííûå ñâèäå-

òåëüñòâóþò î ñóùåñòâîâàíèè ïîñòîÿííîé ðàñøèðÿþùåé ñèëû. Òàêàÿ ôèçè÷åñêàÿ

êàðòèíà ïðåâðàùàåò êîñìîëîãè÷åñêîå ðàñøèðåíèå èç ïðåðîãàòèâû

êîñìîëîãè÷åñêèõ ìàñøòàáîâ â óíèâåðñàëüíîå âîçäåéñòâèå, êîòîðîå äîëæíî

íàáëþäàòüñÿ âî âñåõ ìàñøòàáàõ. Ýòî ñëåäóåò íåïîñðåäñòâåííî èç òîãî, ÷òî

ýíåðãèÿ, êîòîðàÿ óñêîðÿåò ðàñøèðåíèå, ïî ïðèíÿòûì ñåãîäíÿ ïðåäñòàâëåíèÿì,

ðàâíîìåðíî íàïîëíÿåò âñå ïðîñòðàíñòâî íà âñåõ ìàñøòàáàõ.

Áîëåå òîãî, ýòà ýíåðãèÿ, êîòîðóþ íàçâàëè òåìíîé, áûëà îòêðûòà íà

îñíîâå âûÿâëåíèÿ óñêîðåíèÿ ðàçáåãàíèÿ ãàëàêòèê. À ýòî äîêàçûâàåò, ÷òî îíà

âçàèìîäåéñòâóåò ñ îáû÷íîé áàðèîííîé ìàòåðèåé. Ýòîò ôàêò èìååò äàëåêî

èäóùèå ñëåäñòâèÿ, êîòîðûå äîëæíû áûòü ó÷òåíû â ëþáîì ÷àñòíîì ñëó÷àå

ýíåðãåòè÷åñêîãî îáìåíà ìåæäó áàðèîííûì âåùåñòâîì è íîñèòåëåì òåìíîé

ýíåðãèè. Ñ öåëüþ ïîëó÷åíèÿ ñàìîñîãëàñîâàííîé êàðòèíû äîëæíû áûòü

ó÷òåíû âñå çàêîíû, îòíîñÿùèåñÿ ê ýòîìó ñëó÷àþ.

Ñåãîäíÿ áîëüøèíñòâî èññëåäîâàòåëåé ñ÷èòàåò, ÷òî âçàèìîäåéñòâèå íîñèòåëÿ

òåìíîé ýíåðãèè ñ áàðèîííîé ìàòåðèåé ïðîèñõîäèò ëèøü ãðàâèòàöèîííûì

ñïîñîáîì. Îäíàêî ñëåäóåò îòìåòèòü, ÷òî íåò íèêàêèõ äîêàçàòåëüñòâ î çàïðå-

ùåííîñòè äðóãèõ òèïîâ âçàèìîäåéñòâèé. Íàïðèìåð, íåò âåñêèõ àðãóìåíòîâ

ïðîòèâ òîãî, ÷òî òåìíàÿ ýíåðãèÿ âëèÿåò íà ñòðóêòóðíûå îñîáåííîñòè àòîìíûõ

ÿäåð. Â ïîäîáíûõ ñëó÷àÿõ íàèáîëåå ýôôåêòèâíûì èíñòðóìåíòîì èññëåäîâàíèé

ñòàíîâèòñÿ ìûñëåííûé ýêñïåðèìåíò, ñ ïðèìåíåíèåì àïðîáèðîâàííîãî àðñåíàëà

ôèçèêè.

Òàêîé ïîäõîä áûë ïðèìåíåí íàìè äëÿ ðàññìîòðåíèÿ íåêîòîðûõ ÷àñòíûõ

çàäà÷ äàííîé îáëàñòè (ñì., íàïðèìåð, [16-19] è ññûëêè â íèõ). Â ýòèõ ðàáîòàõ

ñäåëàíà ïîïûòêà ðàññìîòðåíèÿ ôèçè÷åñêèõ ïðîöåññîâ â ðàìêàõ ñîâðåìåííîé

ôèçèêè ïðè ñàìîñîãëàñîâàííîì ïðèìåíåíèè èçâåñòíûõ çàêîíîâ ïðèðîäû. Ïðè
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ýòîì âîçìîæíûå ýâîëþöèîííûå ïóòè êîñìè÷åñêèõ îáúåêòîâ ðàçëè÷íûõ èåðàð-

õè÷åñêèõ óðîâíåé áûëè ðàññìîòðåíû ñ ó÷åòîì ýôôåêòîâ âîçäåéñòâèÿ òåìíîé

ýíåðãèè íà áàðèîííóþ ìàòåðèþ. Â ïåðâóþ î÷åðåäü, ïðåäïîëàãàëîñü, ÷òî ëþáîé

ïðîöåññ âçàèìîäåéñòâèÿ îáû÷íîé áàðèîííîé ìàòåðèè ñ íîñèòåëåì òåìíîé

ýíåðãèè ïðîèñõîäèò ïðè ñîõðàíåíèè âòîðîãî çàêîíà òåðìîäèíàìèêè. Òîãäà,

ðàññìàòðèâàÿ ýíåðãåòè÷åñêèé áàëàíñ âçàèìîäåéñòâèÿ, ìû äîëæíû áûëè èìåòü

â âèäó ïðîöåññ îáìåíà ýíåðãèÿìè â ñâåòå óïîìÿíóòîãî çàêîíà.

Äåéñòâèòåëüíî, òîò ôàêò, ÷òî ïðè âçàèìîäåéñòâèè ñ áàðèîííûìè îáúåêòàìè

íåêîòîðûå ïîðöèè òåìíîé ýíåðãèè òðàíñôîðìèðóþòñÿ â êèíåòè÷åñêóþ ýíåðãèþ

ýòèõ îáúåêòîâ, íå âûçûâàåò ñîìíåíèé. Åùå ðàç ïîä÷åðêíåì, ÷òî èìåííî

áëàãîäàðÿ ýòîìó ýôôåêòó áûëî îòêðûòî óñêîðåíèå ðàñøèðåíèÿ Âñåëåííîé è

ââåäåíî ïîíÿòèå òåìíîé ýíåðãèè. Òî åñòü, óñêîðåíèå ðàñøèðåíèÿ áàðèîííîé

Âñåëåííîé îáúÿñíÿåòñÿ òåì, ÷òî êèíåòè÷åñêàÿ ýíåðãèÿ âñåõ ãàëàêòèê

óâåëè÷èâàåòñÿ çà ñ÷åò òåìíîé ýíåðãèè.

Ñ äðóãîé ñòîðîíû, ìû äîëæíû èìåòü â âèäó, ÷òî ëþáîé öåëîñòíûé îáúåêò,

à òàêæå ñòàöèîíàðíàÿ ñèñòåìà îáúåêòîâ âñåãäà îáëàäàþò îòðèöàòåëüíîé

ïîòåíöèàëüíîé ýíåðãèåé. Â ìèêðîìèðå àíàëîãîì îòðèöàòåëüíîé ýíåðãèè ìîæåò

ñ÷èòàòüñÿ äåôåêò ìàññ àòîìíûõ ÿäåð, ÷òî îáåñïå÷èâàåò öåëîñòíîñòü ÿäðà. Òîãäà,

èìåÿ â âèäó âòîðîé çàêîí òåðìîäèíàìèêè, ïðèõîäèì ê âûâîäó, ÷òî âñëåäñòâèå

âçàèìîäåéñòâèÿ ñ íîñèòåëåì òåìíîé ýíåðãèè, â áàðèîííûå îáúåêòû ìîãóò

âëèâàòüñÿ íåêîòîðûå ïîðöèè ñóãóáî ïîëîæèòåëüíîé òåìíîé ýíåðãèè.

Êàê èçâåñòíî, ãðàâèòàöèîííàÿ ýíåðãèÿ, íàïðèìåð, ñôåðè÷åñêîãî îäíî-

ðîäíîãî îáúåêòà ñ ìàññîé M è ðàäèóñîì r âûðàæàåòñÿ ôîðìóëîé

. 
5

3 2

r

M
GEg  (1)

Âëèâàíèå ïîëîæèòåëüíîé ýíåðãèè â òàêîé îáúåêò, åñëè òàêîå äåéñòâèòåëüíî

èìååò ìåñòî, äîëæíî ïðèâåñòè ê óìåíüøåíèþ àáñîëþòíîãî çíà÷åíèÿ ïðàâîé

÷àñòè âûðàæåíèÿ (1). Ýòî ìîæåò ïðîèçîéòè ëèøü ïðè óñëîâèè, ÷òî óâåëè-

÷èâàåòñÿ ðàäèóñ îáúåêòà èëè óìåíüøàåòñÿ åãî ìàññà. Â îáùåì ñëó÷àå, î÷åâèäíî,

÷òî ïîòåíöèàëüíàÿ ýíåðãèÿ äàííîãî îáúåêòà ìîæåò ðàñòè, åñëè ðàäèóñ îáúåêòà

óâåëè÷èâàåòñÿ áûñòðåå, ÷åì êâàäðàò åãî ìàññû.

Ïðè ðàññìîòðåíèè ñèñòåì êîñìè÷åñêèõ îáúåêòîâ, ñëåäóåò ó÷èòûâàòü

âîçìîæíûå èçìåíåíèÿ êàê êèíåòè÷åñêîé, òàê è ïîòåíöèàëüíîé ýíåðãèé. Åñëè

ðàññìîòðèì ïðîñòåéøóþ ñèñòåìó, ñîñòîÿùóþ èç äâóõ îáúåêòîâ, òî äëÿ ïîëíîé

ýíåðãèè ñèñòåìû áóäåì èìåòü

, 
2

2

UT
R

mM
G

mv
E  (2)

ãäå m è M - ìàññû äâèæóùåãîñÿ è "íåïîäâèæíîãî" îáúåêòîâ, R - ðàññòîÿíèå

ìåæäó íèìè, v - ëèíåéíàÿ ñêîðîñòü âðàùàþùåãîñÿ îáúåêòà, T - êèíåòè÷åñêàÿ
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ýíåðãèÿ è U - ïîòåíöèàëüíàÿ ýíåðãèÿ. Äëÿ ñòàöèîíàðíîé ñèñòåìû, êàê

èçâåñòíî, E < 0, à òàêæå ñîãëàñíî òåîðåìå î âèðèàëå

. 02 UT (3)

Ïðè âçàèìîäåéñòâèè ñ íîñèòåëåì òåìíîé ýíåðãèè óâåëè÷åíèå ýíåðãèè

äàííîé ñèñòåìû, êàê íåòðóäíî âèäåòü, ìîæåò ïðîèçîéòè âñëåäñòâèå âîçðàñòàíèÿ

êèíåòè÷åñêîé ýíåðãèè T, èëè óìåíüøåíèÿ àáñîëþòíîãî çíà÷åíèÿ ïîòåíöèàëüíîé

ýíåðãèè U. Ðàññìîòðèì ñëó÷àé, êîãäà óâåëè÷èâàåòñÿ êèíåòè÷åñêàÿ ýíåðãèÿ,

à âòîðîé ÷ëåí îñòàåòñÿ áåç èçìåíåíèÿ. Òîãäà ñîîòíîøåíèå (3) íàðóøèòñÿ è

ïîëó÷èì 02 UT , ÷òî ñïðàâåäëèâî äëÿ ðàñøèðÿþùèõñÿ ñèñòåì. Ïîëó÷àåòñÿ,

÷òî óâåëè÷åíèå êèíåòè÷åñêîé ýíåðãèè ïðèâîäèò ê ðàñøèðåíèþ ñèñòåìû èëè

ðîñòó ðàññòîÿíèÿ ìåæäó îáúåêòàìè. À ðîñò ðàññòîÿíèÿ ïðèâîäèò ê óìåíüøåíèþ

ñêîðîñòè âòîðîãî îáúåêòà, ÷òî ïðîòèâîðå÷èò íàøåìó ïðåäïîëîæåíèþ. ×òî

êàñàåòñÿ âîçìîæíîñòè óâåëè÷åíèÿ ïîòåíöèàëüíîé ýíåðãèè (ïðè óìåíüøåíèè

àáñîëþòíîãî çíà÷åíèÿ U), òî òàêîå ìîæåò ïðîèçîéòè ëèáî ïðè óâåëè÷åíèè

R, ëèáî ïðè óìåíüøåíèè ìàññû M. Óìåíüøåíèå ìàññû ïðè âëèâàíèè

ýíåðãèè íå ïîíÿòíî ñ òî÷êè çðåíèÿ ôèçèêè. Òîãäà ïðèõîäèì ê âûâîäó, ÷òî

ïðîèñõîäèò óâåëè÷åíèå ðàññòîÿíèÿ ìåæäó îáúåêòàìè, ò.å. ñèñòåìà ðàñøèðÿåòñÿ,

÷òî ïðèâîäèò ê óìåíüøåíèþ ñêîðîñòè âòîðîãî îáúåêòà.

Íî âñå ñêàçàííîå îòíîñèòñÿ ëèøü ê ñèñòåìå áåç ó÷åòà ýíåðãåòè÷åñêèõ

èçìåíåíèé â ñàìèõ îáúåêòàõ. Ïðîèñõîäÿò ëè èçìåíåíèÿ â ýòèõ îáúåêòàõ

ñîãëàñíî ñîîòíîøåíèþ (1)? Ñ äðóãîé ñòîðîíû, ÷òî æå ìîæåò ïðîèçîéòè ñ

àòîìíûìè ÿäðàìè è ýëåìåíòàðíûìè ÷àñòèöàìè ïðè âçàèìîäåéñòâèè ñ íîñèòåëåì

òåìíîé ýíåðãèè, åñëè ïðåäïîëîæèòü, ÷òî îíè òàêæå ó÷àñòâóþò â îáìåíå

ýíåðãèÿìè? Àêñèîìû ñîâðåìåííîé ôèçèêè óòâåðæäàþò, ÷òî âñå îäíîèìåííûå

ýëåìåíòàðíûå ÷àñòèöû è àòîìíûå ÿäðà ïî âñåì âíóòðåííèì ïàðàìåòðàì

íåðàçëè÷èìû äðóã îò äðóãà. Íåò íèêàêèõ äîñòîâåðíûõ ñâèäåòåëüñòâ îá

ýâîëþöèîííîì èçìåíåíèè ýòèõ ïàðàìåòðîâ, è ïîýòîìó âîïðîñ îá ýâîëþöèè

îáúåêòîâ ìèêðîìèðà íèêîãäà íå ðàññìàòðèâàëñÿ áîëåå èëè ìåíåå ñàìîñîãëà-

ñîâàííî. Îäíàêî, ñ äðóãîé ñòîðîíû, íåò âåñêèõ îñíîâàíèé óòâåðæäàòü

àáñîëþòíóþ íåçûáëåìîñòü ýòèõ îáúåêòîâ, åñëè îáúåêòû âñåõ äðóãèõ èåðàð-

õè÷åñêèõ óðîâíåé ïîäâåðæåíû ýâîëþöèè.

Òåì íå ìåíåå, äàæå ïðè ñàìîì ïîâåðõíîñòíîì ïðåäñòàâëåíèè îá àòîìíîì

ÿäðå, ìû òî÷íî çíàåì, ÷òî âíóòðè ÿäðà áàðèîíû èìåþò ìåíüøóþ ñðåäíþþ

ìàññó ïî ñðàâíåíèþ ñ òîé ìàññîé, êîòîðóþ îíè èìåþò â ñâîáîäíîì ñîñòîÿíèè.

Áîëåå òîãî, ìàññà áàðèîíîâ â ÿäðå èçìåíÿåòñÿ ïðè ïåðåõîäå îò îäíîãî ÿäðà

ê äðóãîìó. Äàííîå ñâîéñòâî õîðîøî èçâåñòíî è äîñòàòî÷íî î÷åâèäíî ïðåäñòàâ-

ëÿåòñÿ â ó÷åáíèêàõ íà ãðàôèêå çàâèñèìîñòè ñðåäíåé óäåëüíîé ýíåðãèè ñâÿçè

(äåôåêòà ìàññû) â çàâèñèìîñòè îò êîëè÷åñòâà áàðèîíîâ, ïîêàçûâàþùèé

ìàêñèìóì â ðàéîíå ÿäðà æåëåçà. Òî åñòü, ëþáîé áàðèîí ìîæåò õàðàêòåðèçîâàòüñÿ

ðàçëè÷íûìè ìàññàìè, â çàâèñèìîñòè îò ôèçè÷åñêèõ óñëîâèé, â êîòîðûõ îí
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íàõîäèòñÿ.

Èç îáùèõ ñîîáðàæåíèé ìîæíî çàêëþ÷èòü, ÷òî âñëåäñòâèå ýíåðãåòè÷åñêîãî

îáìåíà ïðè âçàèìîäåéñòâèè ñ íîñèòåëåì òåìíîé ýíåðãèè, åñëè òàêîå ïðîèñõîäèò,

àòîìíîå ÿäðî ìîæåò "îñâîèòü" íåêîòîðîå êîëè÷åñòâî ñóãóáî ïîëîæèòåëüíîé

òåìíîé ýíåðãèè. Ïðè÷åì ýòîò ïðîöåññ (åñëè ðàçðåøåí ôèçè÷åñêèìè çàêîíàìè)

ïðîèñõîäèò çà âñå âðåìÿ ñóùåñòâîâàíèÿ äàííîãî ÿäðà è âçàèìîäåéñòâèÿ ñ

òåìíîé ýíåðãèåé. Ïîãëîùåííàÿ àòîìíûì ÿäðîì ïîëîæèòåëüíàÿ ýíåðãèÿ, ïî-

âèäèìîìó, êàê è â ñëó÷àå ãðàâèòàöèîííûõ ñèñòåì, óìåíüøàåò ýíåðãèþ ñâÿçè

âíóòðè ÿäðà. Ñ äðóãîé ñòîðîíû, ïîñêîëüêó ýíåðãèÿ ñâÿçè ðàâíà äåôèöèòó

ìàññû, òî íå ëèøåí ñìûñëà âûâîä î òîì, ÷òî áëàãîäàðÿ âçàèìîäåéñòâèþ

áàðèîííîé ìàòåðèè ñ íîñèòåëåì òåìíîé ýíåðãèè, ìîæíî îæèäàòü óâåëè÷åíèå

ìàññ àòîìíûõ ÿäåð.

Òî æå ñàìîå, ïî-âèäèìîìó, ìîæíî îæèäàòü è â ñëó÷àå îäèíî÷íûõ

áàðèîíîâ, òàê êàê èõ öåëîñòíîå ñóùåñòâîâàíèå òàêæå çàâèñèò îò ýíåðãèè

ñâÿçè, êîíòðîëèðóåìîé ñèëüíûìè âçàèìîäåéñòâèÿìè. Áîëåå òîãî, åñëè òàêîé

âûâîä êà÷åñòâåííî âåðåí, òî ïðè èçìåíåíèè ìàññû áàðèîíîâ â ñîñòàâå

ðàçëè÷íûõ àòîìíûõ ÿäåð, ïðîöåññ óïðàâëÿåòñÿ òåì æå ôèçè÷åñêèì ìåõàíèçìîì.

4. Íàáëþäàåìûå ýôôåêòû, ñâÿçàííûå ñ âëèÿíèåì òåìíîé

ýíåðãèè íà áàðèîííóþ ìàòåðèþ. Ïîìèìî ðàñøèðåíèÿ íàøåé áàðèîííîé

Âñåëåííîé íàáëþäàòåëüíûå äàííûå ñâèäåòåëüñòâóþò î ðàñøèðåíèè è â äðóãèõ

ñèñòåìàõ áîëåå íèçêèõ èåðàðõè÷åñêèõ óðîâíåé. Îäíî ÿâëåíèå ñâÿçàíî ñ

óäàëåíèåì Ëóíû îò Çåìëè ñ äîñòàòî÷íî áîëüøîé ñêîðîñòüþ â 3.82 ñì çà ãîä.

Òðàäèöèîííîå îáúÿñíåíèå ñ ïðèâëå÷åíèåì ïðèëèâíîãî âçàèìîäåéñòâèÿ ìåæäó

íàøåé ïëàíåòîé è åå ñïóòíèêîì íå äàåò óäîâëåòâîðèòåëüíûõ ðåçóëüòàòîâ.

Ñîâìåñòíîå èñïîëüçîâàíèå òðàäèöèîííîãî ìåõàíèçìà ñ óíèâåðñàëüíûì ðàñøè-

ðåíèåì ðåøàåò ýòó ïðîáëåìó [16] è âäîáàâîê ïîçâîëÿåò îïðåäåëèòü âêëàä

êàæäîãî èç ìåõàíèçìîâ â íàáëþäàòåëüíîì çíà÷åíèè ñêîðîñòè óäàëåíèÿ.

Äðóãîå ïîäîáíîå ÿâëåíèå ñâÿçàíî ñ ðîñòîì àñòðîíîìè÷åñêîé åäèíèöû.

Ïðè êëàññè÷åñêîì ïîäõîäå äëÿ èíòåðïðåòàöèè äàííîãî ÿâëåíèÿ áûëî

èñïðîáîâàíî íåñêîëüêî âîçìîæíûõ ìåõàíèçìîâ, â òîì ÷èñëå, óìåíüøåíèå

ìàññû Ñîëíöà âñëåäñòâèå èçëó÷åíèÿ è âûáðîñà ìàòåðèè, êîòîðîå íå áîëüøå,

÷åì M~ 14109   â ãîä. Òîãäà, ó÷èòûâàÿ òàêæå ñëåäóþùèå ñîîòíîøåíèÿ:

2

2

R

MM
G

R

vM   (4)

è

,const vRM (5)

ãäå M  - ìàññà Çåìëè, R - àñòðîíîìè÷åñêàÿ åäèíèöà, v - îðáèòàëüíàÿ

ñêîðîñòü âðàùåíèÿ Çåìëè è, ñ÷èòàÿ ìàññó Çåìëè M  íåèçìåííîé, ïîëó÷àåì



486 Ã.À.ÀÐÓÒÞÍßÍ

.const RM (6)

Èç (6), äëÿ ïðèðàùåíèÿ àñòðîíîìè÷åñêîé åäèíèöû, ïîëó÷àåì 1.05 ñì/ãîä, ÷òî

íà ïîðÿäîê íèæå íàáëþäàåìîé âåëè÷èíû â 15.4 ñì/ãîä [20].

Åñëè ïðèäåðæèâàòüñÿ ìíåíèÿ, ÷òî òåìï ðàñøèðåíèÿ ïîä âëèÿíèåì òåìíîé

ýíåðãèè îäèíàêîâ âî âñåõ ìàñøòàáàõ è çàäàåòñÿ ïîñòîÿííîé Õàááëà 70 êì ñ-1

Ìïê-1, òî ãîäîâîå ïðèðàùåíèå àñòðîíîìè÷åñêîé åäèíèöû ïî ýòîé ïðè÷èíå

áóäåò 10.7 ì. Ýòî íà äâà ïîðÿäêà áîëüøå íàáëþäàåìîé âåëè÷èíû, è ðàñõîæäåíèå

íå òîëüêî íå èñ÷åçàåò, íî ñòàíîâèòñÿ åùå âûïóêëåå. Ïîëó÷àåòñÿ, ÷òî

òðàäèöèîííûå ìåõàíèçìû îáåñïå÷èâàþò îêîí÷àòåëüíûé ðåçóëüòàò, êîòîðûé

íà ïîðÿäîê ìåíüøå íàáëþäàåìîãî çíà÷åíèÿ, à ðàñøèðåíèå âñëåäñòâèå òåìíîé

ýíåðãèè - íà äâà ïîðÿäêà áîëüøå.

Îäíàêî âî âòîðîì ñëó÷àå îñòàåòñÿ åùå îäèí íåó÷òåííûé ôàêòîð, êîòîðûé

íàìè áûë ðàññìîòðåí â [18]. Ýòèì ôàêòîðîì ÿâëÿåòñÿ âîçìîæíîñòü óâåëè÷åíèÿ

ìàññû Ñîëíöà âñëåäñòâèå óìåíüøåíèÿ ýíåðãèè ñâÿçè â àòîìíûõ ÿäðàõ è

îòäåëüíûõ áàðèîíàõ. Ó÷èòûâàÿ, ÷òî îáìåí ýíåðãèÿìè áàðèîííûõ îáúåêòîâ ñ

íîñèòåëåì òåìíîé ýíåðãèè ïðîèñõîäèò ïðè âñåõ ìàñøòàáàõ, ìû ïðîâåðèëè,

ñ êàêîé ñêîðîñòüþ äîëæíà óâåëè÷èâàòüñÿ ìàññà Ñîëíöà, ÷òîáû âìåñòî

óâåëè÷åíèÿ àñòðîíîìè÷åñêîé åäèíèöû íà 10.7 ìåòðîâ, ïðèðîñò áûë áû ðàâåí

íàáëþäàåìîé âåëè÷èíå 15.4 ñì. Ðàñ÷åòû ïîêàçûâàþò, ÷òî äëÿ ýòîãî ãîäîâîé

ïðèðîñò ñîëíå÷íîé ìàññû äîëæåí áûòü [18]:

, 10047 11


.
M

M




(7)

÷òî â àáñîëþòíûõ çíà÷åíèÿõ ñîñòàâëÿåò 151044 .  ã/ñ èëè â ýíåðãåòè÷åñêîì

ýêâèâàëåíòå - 361004 .  ýðã/ñ. Ýòî 1000 ðàç áîëüøå ñâåòèìîñòè Ñîëíöà, ò.å.,

åñëè 0.1 ïðîöåíòîâ äàííîé ìàññû ïðåâðàòèòñÿ â ëó÷èñòóþ ýíåðãèþ, òî ìîæåò

îáåñïå÷èòü íàáëþäàåìóþ ñâåòèìîñòü Ñîëíöà.

Ñ äðóãîé ñòîðîíû, óâåëè÷åíèå ìàññû àòîìíûõ ÿäåð, åñëè òàêîå

äåéñòâèòåëüíî ïðîèñõîäèò, îçíà÷àåò, ÷òî ñî âðåìåíåì èõ ýíåðãåòè÷åñêèå

óðîâíè ñòàíîâÿòñÿ áîëåå ãëóáîêèìè, à ñîîòâåòñòâóþùèå ñïåêòðàëüíûå ëèíèè

ïåðåìåùàþòñÿ â ñòîðîíó êîðîòêèõ âîëí, ò.å. ïðîèñõîäèò "ãîëóáîå ñìåùåíèå"

âñåõ ëèíèé. Äåéñòâèòåëüíî, äëÿ äëèíû âîëíû mn  ïðîñòåéøåé ìîäåëè àòîìà

âîäîðîäà èìååì

, 
1111
22
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ãäå Ry - ýíåðãåòè÷åñêàÿ åäèíèöà Ðèäáåðãà, à îñòàëüíûå îáîçíà÷åíèÿ

îáùåïðèíÿòû.
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Èç (8)-(9) î÷åâèäíî, ÷òî äëèíà âîëíû äëÿ ñïåêòðàëüíûõ ëèíèé îáðàòíî

ïðîïîðöèîíàëüíà ïðèâåäåííîé ìàññå ýëåêòðîíà è ïðîòîíà

rpe

pe

mMm

Mm
~

1



 (10)

è ñòàíîâèòñÿ êîðî÷å, åñëè îíà óâåëè÷èâàåòñÿ. Åñëè äåéñòâèòåëüíî ïðîèñõîäèò

òàêîå ìîíîòîííîå èçìåíåíèå, òî â ñïåêòðå äàëåêèõ îáúåêòîâ, êðîìå äîïëå-

ðîâñêîãî êðàñíîãî ñìåùåíèÿ, äîëæía áûòü íåêîòîðàÿ ñîñòàâëÿþùàÿ, íå

îáóñëîâëåííàÿ ñêîðîñòüþ ðàñøèðåíèÿ Âñåëåííîé, à ñâÿçàííàÿ ëèøü ýâîëþ-

öèîííûìè ñâîéñòâàìè îáû÷íîé ìàòåðèè. Èñõîäÿ èç ýòîãî ïðåäñòàâëåíèÿ è

ñ÷èòàÿ, ÷òî ðàçíîñòü äâóõ çíà÷åíèé ïîñòîÿííîé Õàááëà ìîæåò áûòü ñëåäñòâèåì

óâåëè÷åíèÿ ìàññû îáû÷íîé ìàòåðèè çà âðåìÿ ïðîõîæäåíèÿ ñâåòà ïóòü â îäèí

ìåãàïàðñåê, ìîæíî âû÷èñëèòü ãîäîâîå ïðèðàùåíèå ìàññû, êîòîðîå ìîæåò

îáåñïå÷èòü òàêîå ðàñõîæäåíèå.

 Ðàçíèöà çíà÷åíèé ïîñòîÿííîé Õàááëà äëÿ ïîçäíåé è ðàííåé Âñåëåííîé

ñîñòàâëÿåò 6.6 êì ñ-1
 Ìïê-1. Òîãäà êðàñíîå ñìåùåíèå, ñîîòâåòñòâóþùåå

ðàññòîÿíèþ â îäèí ñâåòîâîé ãîä, áóäåò ðàâíî

, 1076
10310263

66 12

56




 .
.

.
z (11)

ãäå ó÷òåíî, ÷òî 1 Ìïê ñîñòàâëÿåò 3.26 ìëí ñâåòîâûõ ëåò.

Ñ äðóãîé ñòîðîíû, åñëè âûðàçèòü ýòî æå çíà÷åíèå êðàñíîãî ñìåùåíèÿ

÷åðåç èçìåíåíèå äëèíû âîëíû, òîãäà

, 



 z (12)

ãäå 12  . Ó÷èòûâàÿ (10), íàõîäèì

, 
2

12

r

r

r

rr

m

m

m

mm
z





 (13)

ãäå 1rm  è 2rm  - ñóòü ïðèâåäåííûå ìàññû ïàðû ïðîòîí-ýëåêòðîí, èçìåðåííûå

ñ ðàçíèöåé âðåìåíè â îäèí ãîä. Òîãäà, èç (11) è (13) äëÿ ïðèðîñòà

ïðèâåäåííîé ìàññû íàõîäèì

. 106.67 12-


r

r

m

m
(14)

Èìåÿ ñîîòíîøåíèå (14), ìîæíî âû÷èñëèòü òåìï èçìåíåíèÿ ìàññû ïðîòîíà.

Ìû çäåñü ðàññìàòðèâàåì äâà ñëó÷àÿ. Íàøè ðàññóæäåíèÿ îá èçìåíåíèè ìàññû

îòíîñèëèñü ê àòîìíûì ÿäðàì è áàðèîíàì, êîòîðûå ÿâëÿþòñÿ ñîñòàâíûìè

îáúåêòàìè è îáëàäàþò ýíåðãèåé ñâÿçè. Ñîãëàñíî ñîâðåìåííûì ïðåäñòàâëåíèÿì,

ëåïòîíû, â òîì ÷èñëå è ýëåêòðîí, íå îáëàäàþò âíóòðåííåé ñòðóêòóðîé.

Ïîýòîìó â êà÷åñòâå ïåðâîãî âàðèàíòà ìû ìàññó ýëåêòðîíà ñ÷èòàëè íåèçìåííîé,
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à âî âòîðîì ñëó÷àå ðàññìîòðåíî îäèíàêîâîå èçìåíåíèå ìàññ ýëåêòðîíà è

ïðîòîíà. Â ïåðâîì ñëó÷àå äëÿ áàðèîííîé êîìïîíåíòû îêîí÷àòåëüíî íàõîäèì

, 1031 8
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(15)

à âî âòîðîì ñëó÷àå

. 1066 12
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(16)

Íå èìååò ñìûñëà ðàññìàòðèâàòü ïåðâûé âàðèàíò, ïîñêîëüêó ïðèðîñò ìàññû

îáû÷íîé ìàòåðèè â ýòîì ñëó÷àå îãðîìåí è ñêîðåå âñåãî áûë áû îáíàðóæåí

äàæå ïðè îïðåäåëåíèè ìàññû ïðîòîíà   241051967262192361  .M p ãð. Ïîýòîìó

ìîæíî ïðèéòè ê âûâîäó, ÷òî åñëè ðàññìîòðåííûé çäåñü ìåõàíèçì äåéñòâè-

òåëüíî ðàáîòàåò, òî ñî âðåìåíåì ýâîëþöèîíèðóåò ìàññà íå òîëüêî áàðèîíîâ,

íî è âñåõ ëåïòîíîâ èëè, ïî êðàéíåé ìåðå, ýëåêòðîíà. Îçíà÷àåò ëè ýòî, ÷òî

ýëåêòðîí òàêæå îáëàäàåò âíóòðåííåé ñòðóêòóðîé, ïîêà òðóäíî ñêàçàòü. Â

ïåðâóþ î÷åðåäü ñëåäóåò íàéòè äðóãèå ìåòîäû, ñâèäåòåëüñòâóþùèå îá

ýâîëþöèîííîì ðîñòå ìàññû àòîìíûõ ÿäåð è ýëåìåíòàðíûõ ÷àñòèö.

Îáíàäåæèâàåò òîò ôàêò, ÷òî ïîëó÷åííàÿ çäåñü îöåíêà ïðèðîñòà ìàññû

àòîìíûõ ÿäåð è ýëåìåíòàðíûõ ÷àñòèö êà÷åñòâåííî ïîäòâåðæäàåò íàéäåííóþ

íàìè îöåíêó èçìåíåíèÿ ìàññû Ñîëíöà. Ñ äðóãîé ñòîðîíû, ðàçíèöà â îäèí

ïîðÿäîê èñêîìîé âåëè÷èíû ìîæåò áûòü èíòåðïðåòèðîâàíà ïî-ðàçíîìó, è êàê

ðåçóëüòàò ïîãðåøíîñòåé èçìåðåíèé, è êàê ñëåäñòâèå íåäîó÷åòà ðàçëè÷íûõ

ôàêòîðîâ.

5. Îáñóæäåíèå è çàêëþ÷åíèå. Íà÷íåì ýòè îáñóæäåíèÿ ñ ðàññìîòðåíèÿ

ïàðàäîêñà, êîòîðûé îáû÷íî îáõîäèòñÿ ìîë÷àíèåì èëè èíòåðïðåòèðóåòñÿ íå

ñ òî÷êè ôèçè÷åñêèõ çàêîíîâ, à íåïîíÿòíûõ óìîçðèòåëüíûõ äîâîäîâ. Äåëî â

òîì, ÷òî äâå îáùåïðèíÿòûå ãèïîòåçû ñîâðåìåííîñòè, à èìåííî ïðåäïîëîæåíèå

î âîçíèêíîâåíèè Âñåëåííîé, áëàãîäàðÿ òàê íàçûâàåìîìó áîëüøîìó âçðûâó,

ñ îäíîé ñòîðîíû, è âîçìîæíîñòü ñóùåñòâîâàíèÿ îáúåêòîâ-ìîíñòðîâ ïîä

íàçâàíèåì ÷åðíûå äûðû, ñ äðóãîé, âîîáùå ãîâîðÿ, íåñîâìåñòèìû. Òàêîé

âûâîä ñëåäóåò èç ñàìîñîãëàñîâàííîãî ïðèìåíåíèÿ ëîãè÷åñêè ñâÿçàííûõ

óòâåðæäåíèé, îáîñíîâàííûõ çàêîíàìè ôèçèêè.

Ñîãëàñíî ïðèíÿòûì ñåãîäíÿ ïðåäñòàâëåíèÿì î áîëüøîì âçðûâå, íàøà

Âñåëåííàÿ âîçíèêëà ïðèìåðíî 13.8 ìëðä ëåò íàçàä èç ôèçè÷åñêîãî âàêóóìà

âñëåäñòâèå ãðàíäèîçíîé ôëóêòóàöèè è ïðîäîëæàåò ðàñøèðÿòüñÿ ïî ñåé äåíü.

Òåîðèÿ, ïîñòðîåííàÿ íà áàçå òîé æå ãèïîòåçû, óòâåðæäàåò, ÷òî âñÿ áàðèîííàÿ

ìàòåðèÿ óæå áûëà ñôîðìèðîâàíà, à ýëåêòðîíû áûëè çàõâà÷åíû ïåðâè÷íûìè

ÿäðàìè óæå çà ïåðâûå 379000 ëåò ïîñëå âçðûâà. Íî åñëè ýòî òàê, òî âîçíèêøàÿ

èç íè÷åãî ìàòåðèÿ óæå îáëàäàëà ñâîèì ñîáñòâåííûì ãðàâèòàöèîííûì ïîëåì.
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Òîãäà íå îøèáåìñÿ, åñëè çàêëþ÷èì, ÷òî áàðèîííàÿ Âñåëåííàÿ-çàðîäûø

äîñòàòî÷íî äîëãîå âðåìÿ íàõîäèëàñü âíóòðè ñôåðû ñ ðàäèóñîì Øâàðöøèëüäà.

Íî ïðè ýòîì âîçíèêàåò âîïðîñ, êàêèì îáðàçîì Âñåëåííàÿ ïðîäîëæàëà

ðàñøèðÿòüñÿ?

Ïðè ñàìîñîãëàñîâàííîì ðàññìîòðåíèè ýòîé êàðòèíû ñ òî÷êè çðåíèÿ

ñîâðåìåííîé ôèçèêè, ìîæåò áûòü ëèøü îäíî ðåøåíèå äëÿ ýòîãî ïàðàäîêñà.

Îíî çàêëþ÷àåòñÿ â òîì, ÷òî ìàññà Âñåëåííîé â ëþáîì ýòàïå åå ýâîëþöèè

âíóòðè ëþáîãî ðàäèóñå âñåãäà áûëà ìåíüøå êðèòè÷åñêîé. Ïðèíèìàÿ âî

âíèìàíèå, ÷òî ãðàâèòàöèîííûé ðàäèóñ ïðîïîðöèîíàëåí ìàññå, íåèçáåæíî

ïðèõîäèì ê âûâîäó, ÷òî â ïðîøëîì ìàññà Âñåëåííîé äîëæíà áûëà áûòü

ìåíüøå è îíà ðàñòåò ñî âðåìåíåì, áëàãîäàðÿ ýâîëþöèè ìàòåðèè.

Êàê ïîêàçûâàåò àíàëèç ïðè÷èííî-ñëåäñòâåííûõ ïîñëåäîâàòåëüíîñòåé,

ïðèìåíåíèå èäåè îá ýâîëþöèîííîì ðîñòå ìàññû àòîìíûõ ÿäåð è áàðèîíîâ

ïðèâîäèò ê íåêîòîðûì äðóãèì ôèçè÷åñêèì ýôôåêòàì, êîòîðûå èìåþò íàáëþ-

äàòåëüíûå ïðîÿâëåíèÿ. Îäíî èç òàêèõ ïðîÿâëåíèé íàìè ðàññìîòðåíî â [19].

Îíî ñâÿçàíî ñ ýâîëþöèåé ìàòåðèè, òåìï êîòîðîé âûøå â îáúåêòàõ ñ ìåíüøåé

ìàññîé. Èññëåäîâàíèå äâóõ ñêîïëåíèé ãàëàêòèê, à èìåííî, ñêîïëåíèé â Äåâå

è â Ïå÷è, ïîêàçûâàåò, ÷òî ó êàðëèêîâûõ ãàëàêòèê â ñðåäíåì êðàñíîå ñìåùåíèå

ìåíüøå (ïîäðîáíåå ñì. [19]). Ýòîò ôàêò ìîæåò áûòü èíòåðïðåòèðîâàí ñ òî÷êè

çðåíèÿ ýâîëþöèîííîãî ðîñòà ìàññû áàðèîíîâ è àòîìíûõ ÿäåð.

Òàêèì îáðàçîì, âñå àíàëèçû íàáëþäàòåëüíûõ äàííûõ, ïî êðàéíåé ìåðå,

íå ïðîòèâîðå÷àò âîçìîæíîñòè ýâîëþöèîííîãî èçìåíåíèÿ áàðèîííîé ìàòåðèè

íà óðîâíå ìèêðîìèðà. Áîëåå òîãî, â íåêîòîðûõ ñëó÷àÿõ ýâîëþöèÿ êàæåòñÿ

íåèçáåæíîé. Êîíå÷íî, íåò ñîìíåíèé, ÷òî àíàëèçû ñ ïðèâëå÷åíèåì êàê ìîæíî

áîëüøåãî êîëè÷åñòâà ðàçëè÷íûõ íàáëþäàòåëüíûõ äàííûõ äîëæíû ïðîäîëæàòüñÿ

äëÿ ïîëó÷åíèÿ áîëåå òâåðäûõ è îáîñíîâàííûõ çàêëþ÷åíèé.

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

Àðìåíèÿ, e-mail: hhayk@bao.sci.am

DISCREPANCY BETWEEN VALUES OF THE HUBBLE
CONSTANT, DETERMINED BY DIFFERENT METHODS

H.A.HARUTYUNIAN

The issue of the discrepancy between the values of the Hubble constant,

determined for the "early" and "late" Universe is considered. We note here that
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the definition of the first value does not depend explicitly on the physical

properties of baryonic matter, while in the second case the velocities of cosmic

objects are determined. Therefore, we put forward a hypothesis that the mystery

may be hidden in the evolutionary changes of baryonic matter. Our analysis shows

that a growth of the mass of atomic nuclei and elementary particles by a fraction
1210676 .  per year could lead to the observed discrepancy. This result is consistent

with our previous conclusion about the secular increase in the mass of the Sun.

Keywords: dark energy: energy exchange: baryonic matter: evolution
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Using the apparent-magnitude limited active galactic nucleus (AGN) host galaxy sample of 
the Sloan Digital Sky Survey Data Release 12 (SDSS DR12), we investigate the environmental 
dependence of u-, g-, r-, i- and z -band luminosities of AGN host galaxies. We divide the whole 
apparent-magnitude limited AGN sample into many subsamples with redshift binning size A z = 0.01, 
and analyse the environmental dependence of all the five band luminosities of subsamples in each 
redshift bin. It turns out that overall, all the five band luminosities of AGN host galaxies are weakly 
correlated with the local environment.

Keywords: galaxies:fundamental parameters - galaxies: statistics

1. Introduction. In the last several decades, the study of active galactic nuclei 
(AGNs) has been an important subject in the galaxy field [1-8]. Dressier et al. 
[1] and Miller et al. [2] examined the local environmental dependence of the 
presence of active galactic nuclei (AGNs). Using two volume-limited main galaxy 
samples of the SDSS, Deng et al. [3] explored the environmental dependence of 
the star formation rate (SFR), specific star formation rate (SSFR), and the 
presence of AGNs for high stellar mass (HSM) and low stellar mass (LSM) 
galaxies. Komiya, et al. [4] showed results of the cross-correlation analysis between 
AGNs and galaxies at redshift 0.1-1. Davies et al. [5] found that the fraction of 
these AGN in SO host galaxies decreases strongly as a function of galaxy group 
size (halo mass) - which contrasts with the increasing fraction of galaxies of SO 
type in denser environments. Bornancini &Garcia Lambas [6] observed different 
properties of host galaxies of distinct AGNs: Type 1 AGNs reside in blue, star
forming and less massive host galaxies compared to Type 2. Koulouridis & 
Bartalucci [7] studied the distribution of X-ray detected AGNs in the five most 
massive and distant galaxy clusters in the Planck and South Pole Telescope (SPT) 
surveys. Liu et al. [8] presented a. new, complete sample of 14,584 broad-line 
active galactic nuclei (AGNs) at z<0.35.

Galaxy luminosities strongly depend on the environment (e.g., [9-12]). Park 
et al. [9] claimed that high-density regions preferentially include bright galaxies,
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low density regions tend to harbor only faint galaxies. Blanton et al. [10] reported

that local density is a strong function of luminosity: the most luminous galaxies

tend to reside in the densest regions of the universe. Blanton et al. [11] demonstrated

that galaxy color and luminosity jointly comprise a pair of properties most predictive

of the local environment. Zandivarez et al. [12] computed the luminosity function

for several subsamples of galaxies in groups, and observed that the characteristic

magnitude is 50.  magnitudes brighter than those obtained for field galaxies. The

above-mentioned conclusion is consistent with hierarchical models of galaxy for-

mation which predict that bright galaxies should be more strongly clustered than

faint galaxies (e.g., White et al. [13]; Kauffmann et al. [14]).

However, the environmental dependence of luminosity is rather complicated.

For example, Norberg et al. [15] showed that the clustering amplitude increases

slowly with absolute magnitude for galaxies fainter than 719log5 10 .hMbJ 

(Folkes et al. [16]), but rises more strongly at higher luminosities. Deng et al.

[17] demonstrated that the galaxy luminosity strongly depend on local environ-

ments only for galaxies above the value of 520.M r   found for the overall

Schechter fit to the galaxy luminosity function (Ball et al. [18]), but this

dependence is very weak for galaxies below the value of 

rM . Applying different

statistical methods, Deng & Zou [19] and Deng [20] explored the environmental

dependence of u-, g-, r-, i- and z -band luminosities in the Main galaxy sample

(Strauss et al. [21]) of the SDSS, and demonstrated that the environmental

dependence of galaxy luminosities does not follow a single trend for different

bands. They paid special attention to the abnormal environmental dependence of

u-band luminosity: luminous galaxies in the u-band exist preferentially in low

density regions, while faint galaxies in the u-band are located preferentially in high

density regions.

The primary goal of this study is to explore the environmental dependence

of u-, g-, r-, i- and z -band luminosities of active galactic nucleus (AGN) host

galaxies. The outline of this paper is as follows. In Section 2, we describe the

AGN host galaxy sample. We present statistical result in Section 3. Our main

results and conclusions are summarize in Section 4.

In calculating the distance, we used a cosmological model with a matter density

of 300 . , a cosmological constant of 70. , and a Hubble constant of

H
0 
=

 
70

 
km

 
s-1

 
Mpc-1.

2. Data. Data Release 12 (DR12) (Alam et al. [22]) of the SDSS is the

final public release of spectroscopic data from the SDSS-III BOSS. In this work,

the data of the Main galaxy sample [21] was downloaded from the Catalog Archive

Server of SDSS Data Release 12 [22] by the SDSS SQL Search (with SDSS

flag: LEGACY_TARGET1 & (64 | 128 | 256) > 0). We extract 631968 Main galaxies
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with the spectroscopic redshift 20020 .z.  .

The galSpecExtra table contains estimated parameters for all galaxies in the

MPA-JHU spectroscopic catalogue. BPT classification in this table is based on the

methodology of Brinchmann et al. [23]:

All. The set of all galaxies in the sample regardless of the S/N of their

emission lines.

SF. The star-forming galaxies. These are the galaxies with S/N > 3 in all four

BPT lines that lie below lower line in Fig.1 of Brinchmann et al. [23]. This

lower line is taken from equation (1) of Kauffmann et al. [24].

C. The composite galaxies. They are the objects with S/N > 3 in all four BPT

lines that are between the upper and lower lines in Fig.1 of Brinchmann et al.

[23]. The upper line has been taken from equation (5) of Kewley et al. [25].

AGN. The AGN population consists of the galaxies above the upper line in

Fig.1 of Brinchmann et al. [23]. This line corresponds to the theoretical upper

limit for pure starburst models.

Low S/N AGNs. They have   60H6584NII .  (and S/N > 3 in both lines)

(e.g. Kauffmann et al. [24]), and still are classified as an AGN even if their [OIII]

5007 and/or H  have too low S/N. Miller et al. [2] called such AGNs the "two-

line AGNs".

Low S/N SF. The remaining galaxies with S/N > 2 in H  are considered

low S/N star formers.

Unclassifiable. Those remaining galaxies that are impossible to classify using

the BPT diagram. This class is mostly made up of galaxies with no or very weak

emission lines.

Deng & Wen [26] selected C, AGN and Low S/N AGN populations and

constructed an apparent magnitude-limited AGN sample which contains 122923

AGN host galaxies. In this work, we use this AGN sample.

3. Statistical results. Following [20], we measure the projected local density
2
55 dN   (Galaxies Mpc-2), where d

5
 is the distance to the 5th nearest neighbor

within ±1000 km s-1 in redshift (e.g., [27-29]) and divide this AGN sample into

subsamples with a redshift binning size of 010.z  . In each subsample, we

arrange galaxies in a density order from smallest to largest, select approximately

5% of the galaxies, construct two samples at both extremes of density, and compare

the distribution of u-, g-, r -, i- and z -band luminosities of AGN host galaxies

in the lowest density regime with those in the densest regime.

Fig.1-5 show u-, g-, r -, i- and z -band absolute magnitude distributions at both

extremes of density in different redshift bins for the apparent magnitude-limited

AGN sample. As seen form these figures, overall, all the five band luminosities of

AGN host galaxies are weakly correlated with the local environment.
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We further perform the Kolmogorov-Smirnov (KS) test which can show the

degree of similarity or difference between two independent distributions in a figure

by calculating a probability value. A large probability implies that it is very likely

that the two distributions are derived from the same parent distribution. Con-

versely, a lower probability value indicates that the two distributions are less likely

to be similar. The probability of the two distributions coming from the same

parent distribution is listed in Table 1, which is much larger than that obtained

by Deng (see Table 1 of [20]) and even is much larger than 0.05 (5%, is the

standard in a statistical analysis). Such a result shows that two independent

distributions in these two figures are very similar. This is in good agreement with

the conclusion obtained by the histogram figures.

The redshift ranges of the AGN sample in this work is the same as one of

the apparent-magnitude limited Main galaxy sample of the SDSS used by Deng

[20]. Using the same method, Deng [20] investigated the environmental depen-

dence of u-, g-, r -, i- and z -band luminosities in all redshift bins of the

apparent-magnitude limited Main galaxy sample. It was found that overall, all the

five band luminosities apparently correlate with the local environment. For r, i

and z  bands, luminous galaxies exist preferentially in the densest regions of the

Redshift bins Galaxy P(u-band) P(g-band) P(r-band) P(i-band) P( z -band)
number

0.02-0.03 3433 0.512 0.353 0.287 0.353 0.287
0.03-0.04 5105 0.239 0.683 0.683 0.464 0.464
0.04-0.05 6281 0.411 0.908 0.600 0.600 0.156
0.05-0.06 7757 0.385 0.385 0.096 0.0452 0.0550
0.06-0.07 10503 0.876 0.310 0.0472 0.0192 0.00873
0.07-0.08 13062 0.00619 5.840e-05 6.671e-07 4.913e-07 3.607e-07
0.08-0.09 12860 0.0820 0.840 0.661 0.567 0.357
0.09-0.10 9824 0.0113 0.0859 0.309 0.392 0.183
0.10-0.11 8186 0.702 0.156 0.0305 0.0103 0.00184
0.11-0.12 9109 0.203 0.487 0.981 0.903 0.389
0.12-0.13 8136 0.210 0.580 0.813 0.863 0.322
0.13-0.14 7650 2.838e-07 1.400e-06 0.0146 0.0525 0.330
0.14-0.15 6412 0.00734 0.00425 0.114 0.319 0.370
0.15-0.16 4787 0.00776 0.00411 0.0545 0.0695 0.251
0.16-0.17 3445 0.782 0.0476 0.782 0.782 0.693
0.17-0.18 2710 0.222 0.129 0.543 0.645 0.748
0.18-0.19 2190 0.619 0.0666 0.506 0.734 0.840
0.19-0.20 1473 0.616 0.879 0.879 0.994 0.879

Table 1

KS PROBABILITIES OF ALL THE FIVE BAND LUMINOSITIES THAT

TWO SAMPLES AT BOTH EXTREMES OF DENSITY ARE DRAWN

FROM THE SAME DISTRIBUTION
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Fig.1. u-band absolute magnitude distribution at both extremes of density in different redshift
bins: solid line for the sample at high density, dashed line for the sample at low density. The error

bars of dashed lines are 1  Poissonian errors. Error-bars of solid lines are omitted for clarity.
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Fig.2. As Fig.1 but for g-band absolute magnitude distribution at both extremes of density in
different redshift bins.
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Fig.3. As Fig.1 but for r-band absolute magnitude distribution at both extremes of density in
different redshift bins.
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Fig.4. As Fig.1 but for i-band absolute magnitude distribution at both extremes of density in
different redshift bins.
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Fig.5. As Fig.1 but for z -band absolute magnitude distribution at both extremes of density
in different redshift bins.

universe, while faint galaxies are located preferentially in low density regions,

which is consistent with the conclusion obtained by Deng & Zou [19]. Deng [20]
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also observed that the environmental dependence of all the five band luminosities

nearly are the strongest in the redshift bin 080070 .z.  , in which a super-large-

scale structure exists (Gott et al. [30]; Deng et al. [31]). It is noteworthy that

luminous galaxies in M
u
 (the u-band absolute magnitude) exist preferentially in

low density regions of the universe, while faint galaxies in M
u
 are located

preferentially in high density regions, especially in the redshift range 100050 .z.  ,

which is opposite to widely accepted conclusion.

In faint volume-limited Main galaxy sample, galaxy age still strongly depend

on environment [32], but in the faint volume-limited AGN host galaxy sample,

the environmental dependence of the age is fairly weak (Deng & Wen [26]).

Zheng et al. [33] analysed the stellar age and metallicity distributions for 1105

galaxies on the SDSS-IV MaNGA (Mapping Nearby Galaxies at APO) (Bundy

et al. [34]) integral field spectra, and also observed that the galaxy age depends

on local density. Thus, Deng & Wen [26] believed that the environmental

dependence of the age of AGN host galaxies is likely different from the one of

genenal galaxies. Here, we again note that the environmental dependence of all

the five band luminosities of AGN host galaxies is different from the one of

genenal galaxies.

4. Summary. In this study, we use the apparent-magnitude limited AGN

sample of the SDSS DR12 [21] which contains 122923 AGN host galaxies and

investigate the environmental dependence of u-, g-, r -, i- and z -band luminosities

of active galactic nucleus (AGN) host galaxies. Following Deng [20], we divide the

whole apparent-magnitude limited AGN sample into many subsamples with redshift

binning size 010.z  , and analyse the environmental dependence of all the five

band luminosities of subsamples in each redshift bin. As shown by Figs.1-5, overall,

all the five band luminosities of AGN host galaxies are weakly correlated with

the local environment. We also perform the Kolmogorov-Smirnov (KS) test.

Statistical result is in good agreement with the conclusion obtained by the

histogram figures.
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ÇÀÂÈÑÈÌÎÑÒÜ ÑÂÅÒÈÌÎÑÒÅÉ ÐÎÄÈÒÅËÜÑÊÈÕ
ÃÀËÀÊÒÈÊ AGN Â ÏßÒÈ ÏÎËÎÑÀÕ ÎÒ

ÎÊÐÓÆÀÞÙÅÉ ÑÐÅÄÛ

ÞÍ ÑÈÍÜ, ÊÑÈÍ-ÔÀ ÄÝÍÃ

Èñïîëüçóÿ âûáîðêó ðîäèòåëüñêèõ ãàëàêòèê AGN ñ îãðàíè÷åííîé âèäèìîé

âåëè÷èíîé èç Sloan Digital Sky Survey Data Release 12 (SDSS DR12), ìû

èññëåäîâàëè çàâèñèìîñòü ñâåòèìîñòåé â u, g, r, i è z  ïîëîñàõ îò îêðóæàþùåé

ñðåäû ðîäèòåëüñêèõ ãàëàêòèê AGN. Ìû ðàçäåëèëè âñþ âûáîðêó AGN ñ

îãðàíè÷åííîé âèäèìîé âåëè÷èíîé íà ìíîæåñòâî ïîäâûáîðîê ñ ðàçìåðîì

áèííèíãà êðàñíîãî ñìåùåíèÿ 010.z   è àíàëèçèðîâàëè çàâèñèìîñòü

ñâåòèìîñòåé â ïÿòè ïîëîñàõ îò îêðóæàþùåé ñðåäû äëÿ ïîäâûáîðîê â êàæäîé

ÿ÷åéêå êðàñíîãî ñìåùåíèÿ. Îêàçàëîñü, ÷òî äëÿ âñåõ ïÿòè ïîëîñ ñâåòèìîñòè

ðîäèòåëüñêèõ ãàëàêòèê AGN ñëàáî êîððåëèðóþò ñ ìåñòíûì îêðóæåíèåì.

Êëþ÷åâûå ñëîâà: ãàëàêòèêè: ôóíäàìåíòàëüíûå ïàðàìåòðû - ãàëàêòèêè:

ñòàòèñòèêà
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ИССЛЕДОВАНИЕ ЗВЕЗДЫ AY LAC, ВЗРЫВНОЙ 
ПЕРЕМЕННОЙ ТИПА WZSGE, МЕТОДАМИ 

МНОГОЦВЕТНОЙ ФОТОМЕТРИИ

С.Ю.ШУГАРОВ12, М.Д.АФОНИНА23, А.В.ЖАРОВА1 2

1. Звезды типа SU UMa. Общие положения. Катаклизмические 
или взрывные переменные звезды (КП) - тесные двойные системы, первичный 
компонент - это белый карлик (БК), вторичный - красный карлик позднего 
спектрального класса, который заполняет свою полость Роша.

Вследствие этого вещество от вторичного компонента через внутреннюю 
точку Лагранжа L1 аккрецирует на белый карлик. Аккреционная струя не 
падает непосредственно на БК, а закручивается в направлении орбитального 
движения и вокруг БК формируется аккреционный диск. Как правило, диск 
и яркие образования на нем вносят наибольший вклад в оптическое излучение, 
идущее от системы. На кривой блеска появляются вспышки, волнообразные 
изменения, депрессии и другие эффекты (см., например, статьи [1-4]).

Один из подклассов КП - звезды типа SU UMa и их подтипы ֊ 
переменные типа ER UMa и WZ Sge.

Для звезд типа SU UMa характерно наличие вспышек двух типов: 
нормальной и сверхвспышки. Нормальная вспышка длится всего несколько 
дней, имеет амплитуду 2-4зв. вел., а сверхвспышка длится около двух недель 
и имеет большую амплитуду (примерно на 1-2зв. вел.).

Наибольшую вспышечную амплитуду имеют звезды подтипа. WZ Sge

Поступила 14 июля 2021
Принята к печати 20 октября 2021

Во время вспышки карликовой новой AY Lac в октябре 2020г, авторами было получено 
2250 l^LKcZc-наблюдений переменной. Анализ полученных фотометрических рядов показал, 
что у исследуемой звезды типа SUWZ наблюдались сверхгорбы как ранние, так и на стадии "В", 
периоды которых составляли 0d.058074 и 0d .059418 суток, соответственно. Исследовано изменение 
формы сверхгорбов в течение вспышки, были найдены значения Pdot = Р/ Р = 6.6-10 , избьпок 
периода а = 0.024, оценено наиболее вероятное отношение масс компонентов q = 0.11, а также 
цветовые температуры и ряд других величин. Показано, что AY Lac является типичной звездой 
типа WZ Sge по всем изученным характеристикам.

Ключевые слова: AY Lac: Катаклизмические переменные: аккреционные диски: 
сверхгорбы: колориметрия
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(SUWZ), â íåêîòîðûõ ñëó÷àÿõ îáúåêò âñïûõèâàåò íà 8-9 çâ. âåë. [5] è ïî

ôîòîìåòðè÷åñêîìó ïîâåäåíèþ ýòè çâåçäû îò÷àñòè ïîõîæè íà êëàññè÷åñêèå

íîâûå. Îäíàêî âñïûøåê ñ àìïëèòóäîé äî 19 çâ. âåë., êàê áûëî, íàïðèìåð,

ó êëàññè÷åñêîé íîâîé V1500 Cyg [6,7], ó çâåçä òèïà WZ Sge íèêîãäà íå

íàáëþäàëîñü.

Ñðåäíèé èíòåðâàë ìåæäó ïîñëåäîâàòåëüíûìè ñâåðõâñïûøêàìè íàçûâàåòñÿ

"ñâåðõöèêë". Îáû÷íûå, íîðìàëüíûå âñïûøêè ïðîèñõîäÿò ìåæäó ñâåðõ-

âñïûøêàìè. Ó çâåçä ïîäòèïà WZ Sge îáû÷íûõ âñïûøåê íå íàáëþäàåòñÿ.

Çâåçäû ïîäòèïà ER UMa èìåþò íàèáîëåå êîðîòêèå ñâåðõöèêëû, äåñÿòêè

äíåé, ìåæäó êîòîðûìè òàêæå ïðîèñõîäÿò îáû÷íûå âñïûøêè. Àìïëèòóäà âñåõ

âèäîâ âñïûøåê ó çâåçä ýòîãî ïîäêëàññà ñàìàÿ ìèíèìàëüíàÿ äëÿ çâåçä òèïà

SU UMa è ñîñòàâëÿåò íåñêîëüêî çâ. âåë. [8-11].

Âî âðåìÿ ñâåðõâñïûøåê ýòè îáúåêòû ïîêàçûâàþò êîëåáàíèÿ áëåñêà,

íàçûâàåìûå ñâåðõãîðáàìè. Îíè èìåþò ñèíóñîèäàëüíóþ ôîðìó, èõ àìïëèòóäà

ìåíÿåòñÿ, äîñòèãàÿ, êàê ïðàâèëî, 0.2 çâ. âåë., îäíàêî èçðåäêà íàáëþäàþòñÿ

âîëíû ñ àìïëèòóäîé äî 0.4 çâ. âåë. Ñâåðõãîðáû äåëÿòñÿ íà òðè ñòàäèè [12]:

ñòàäèÿ "À" - ðàííÿÿ ýâîëþöèÿ, â òå÷åíèå êîòîðîé âîçðàñòàåò èõ àìïëèòóäà

è íàáëþäàåòñÿ ïîñòîÿííûé è áîëåå ïðîäîëæèòåëüíûé èõ ïåðèîä, ÷åì íà

ñòàäèè "Â". Âî âðåìÿ ñòàäèè "Â" ñâåðõãîðáû íàèáîëåå ÷åòêî âûðàæåíû, èõ

ïåðèîä îïðåäåëÿåòñÿ ñ íàèëó÷øåé òî÷íîñòüþ, â òå÷åíèå ýòîé ñòàäèè äëèíà

ïåðèîäà èçìåíÿåòñÿ ïî âðåìåíè ïðèáëèçèòåëüíî ïî ïàðàáîëè÷åñêîìó çàêîíó.

Äëÿ ÷èñëåííîé õàðàêòåðèñòèêè ýòîãî èçìåíåíèÿ âû÷èñëÿåòñÿ âåëè÷èíà P
dot

,

ïîêàçûâàþùàÿ ñêîðîñòü èçìåíåíèÿ ïåðèîäà çà ïåðèîä PP . Äëÿ ñèñòåì ñ

êîðîòêèì îðáèòàëüíûì ïåðèîäîì ýòà âåëè÷èíà îáû÷íî ïîëîæèòåëüíàÿ.

Ôèíàëüíàÿ ñòàäèÿ ñâåðõâñïûøêè "Ñ" ïîêàçûâàåò ìåíåå ÷åòêèå ñâåðõãîðáû,

àìïëèòóäà èõ îáû÷íî óìåíüøàåòñÿ, à  çíà÷åíèå ïåðèîäà ñòàíîâèòñÿ ìåíüøå,

÷åì íà ñòàäèè "Â".

Â áîëüøèíñòâå ñëó÷àåâ ïåðèîä òàêèõ ñâåðõãîðáîâ íà íåñêîëüêî ïðîöåíòîâ

áîëüøå, ÷åì îðáèòàëüíûé ïåðèîä è íàáëþäàåìûå âàðèàöèè áëåñêà íàçûâàþò

"ïîëîæèòåëüíûìè" ñâåðõãîðáàìè. Åñëè æå ïåðèîä ñâåðõãîðáîâ íåìíîãî ìåíüøå

îðáèòàëüíîãî, òî òàêèå êîëåáàíèÿ áëåñêà íàçûâàþò "îòðèöàòåëüíûìè ñâåðõ-

ãîðáàìè". Äàëåå áóäåò áîëåå ïîäðîáíî îïèñàí ìåõàíèçì ýòîãî ÿâëåíèÿ.

Ó íåêîòîðûõ çâåçä ïîäòèïà WZ Sge ïîñëå îñíîâíîé ñâåðõâñïûøêè ìîãóò

ïðîèñõîäèòü ïîâòîðíûå ýõî-âñïûøêè èëè ðåáðàéòåíèíãè ñ ìåíüøåé àìïëè-

òóäîé è ïðîäîëæèòåëüíîñòüþ. Òàê, íàïðèìåð, ó çâåçäû EZ Lyn íàáëþäàëîñü

11 ðåáðàéòåíèíãîâ [13,14], ó TCPJ18154219+3515598 - 10 [15]. Ïî 6 ðåáðàé-

òåíèíãîâ áûëî ó ASASSN-18fk è V1006 Cyg [16,17].

Ó ýòèõ çâåçä íà íà÷àëüíîé ñòàäèè âñïûøêè íàáëþäàþòñÿ òàêæå "ðàííèå

ñâåðõãîðáû", ýòî èõ îòëè÷èòåëüíàÿ îñîáåííîñòü îò çâåçä òèïà SU UMa [5].

Ïîäðîáíåå ïðèðîäà "ðàííèõ ñâåðõãîðáîâ" áóäåò îïèñàíà â ðàçäåëå 2.
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2. Ôèçè÷åñêèå ïðîöåññû, ïðîèñõîäÿùèå âî âðåìÿ ñâåðõâñïûøåê.

Âî âðåìÿ ñâåðõâñïûøêè, èìåþùåé áîëüøóþ ýíåðãåòèêó, ôîðìà äèñêà èñêàæàåòñÿ

è îí ñòàíîâèòñÿ ýëëèïòè÷åñêèì.

Äëÿ îáúÿñíåíèÿ òàêîãî ïîâåäåíèÿ êàðëèêîâûõ íîâûõ òèïà SU UMa,

Îñàêè [27] îáúåäèíèë ìåõàíèçì òåïëîâîé íåñòàáèëüíîñòè ñ ïðèëèâíîé

íåñòàáèëüíîñòüþ (ìîäåëü TTI), îòêðûòîé Âàéòõåðñòîì [18], è îáúÿñíÿþùåé

ñâåðõãîðáû. Îñàêè ïîä÷åðêèâàåò, ÷òî äàííàÿ ìîäåëü íå òðåáóåò óñèëåíèÿ

ïåðåíîñà âåùåñòâà îò âòîðè÷íîãî êîìïîíåíòà âî âðåìÿ ñâåðõâñïûøêè. Â ýòîé

ìîäåëè äëÿ ñèñòåìû ñ ìàëûì îòíîøåíèåì ìàññ ( 25012 .qMM  ) ðàäèóñ

äèñêà ìîæåò äîñòè÷ü òàêîãî çíà÷åíèÿ, ÷òî îðáèòàëüíûé ïåðèîä â ñèñòåìå

áóäåò îòíîñèòüñÿ ê ïåðèîäó îáðàùåíèÿ ôèçè÷åñêîé òî÷êè íà äèñêå êàê 3:1.

Èç-çà òàêîãî ñîîòíîøåíèÿ ïåðèîäîâ íàñòóïàåò ðåçîíàíñíîå âðàùåíèå: â ýòî

âðåìÿ ýêñöåíòðè÷åñêàÿ íåóñòîé÷èâîñòü ñòàíîâèòñÿ áîëåå âûðàæåííîé,

ïîâûøåííàÿ òóðáóëåíòíîñòü óâåëè÷èâàåò îáìåí ìàññ è íà÷èíàåòñÿ ìîùíàÿ

ñâåðõâñïûøêà.

Áîëüøàÿ ïîëóîñü äèñêà ìåäëåííî ïðåöåññèðóåò â íàïðàâëåíèè âðàùåíèÿ

ñèñòåìû ñ ïåðèîäîì â íåñêîëüêî äíåé [18,19]. Cîãëàñíî ìàòåìàòè÷åñêîìó

ìîäåëèðîâàíèþ, ïðîâåäåííîìó àâòîðàìè ýòèõ ñòàòåé, èçëó÷àþùàÿ îáëàñòü íà

âíåøíèõ ÷àñòÿõ äèñêà îáðàçóåòñÿ îò îäíîâðåìåííîãî ïåðåñå÷åíèÿ âíåøíèõ

ýëëèïòè÷åñêèõ è âíóòðåííèõ êðóãîâûõ îðáèò ôèçè÷åñêèõ òî÷åê (ôàêòè÷åñêè

ãàçîâûõ ïîòîêîâ), âðàùàþùèõñÿ ïî êåïëåðîâûì îðáèòàì âîêðóã ÁÊ. Âñëåäñòâèå

ýòîãî è èçëó÷åíèå èç îáëàñòè ñîóäàðåíèÿ òàêæå èçìåíÿåòñÿ, ÷òî ìû è íàáëþäàåì

êàê ÿâëåíèå ñâåðõãîðáîâ [5,12,18,19,27].

Â èòîãå îäèíàêîâàÿ êîíôèãóðàöèÿ ýëëèïòè÷åñêîãî ïðåöåññèðóþùåãî äèñêà,

ãîðÿ÷åãî îáðàçîâàíèÿ íà íåì è îðáèòàëüíîé ôàçû ïîâòîðÿåòñÿ ÷åðåç èíòåðâàë

âðåìåíè, ðàâíûé ïåðèîäó ñâåðõãîðáîâ P
sh
:

, 
111

precorbsh PPP


(àíàëîã ñèäåðè÷åñêîãî è ñèíîäè÷åñêîãî ïåðèîäîâ).

Îäíàêî ó íåêîòîðûõ êàðëèêîâûõ íîâûõ íàáëþäàþòñÿ âàðèàöèè áëåñêà,

ïåðèîä êîòîðûõ íåìíîãî ìåíüøå îðáèòàëüíîãî. Òàêèå êîëåáàíèÿ áëåñêà

íàçûâàþòñÿ "îòðèöàòåëüíûìè ñâåðõãîðáàìè" [20-23].

Ïðîèñõîæäåíèå îòðèöàòåëüíûõ ñâåðõãîðáîâ ìîæíî îáúÿñíèòü íàêëîííûì

ê îñè âðàùåíèÿ àêêðåöèîííûì äèñêîì, ó êîòîðîãî ïðîèñõîäèò åùå è ÿâëåíèå

íóòàöèè (ñì. [8] ñ.3). Ïðè÷èíà ïîÿâëåíèÿ îòðèöàòåëüíûõ ñâåðõãîðáîâ ñîñòîèò

â òîì, ÷òî ãîðÿ÷àÿ èçëó÷àþùàÿ îáëàñòü îáðàçóåòñÿ íà âíóòðåííåé ÷àñòè

äèñêà, à íå íà åãî êðàþ. Òàêîå èçìåíåíèå ëîêàöèè ãîðÿ÷åé îáëàñòè òàêæå

âûçûâàåò èçìåíåíèå êîëè÷åñòâà âûñâîáîæäàåìîé ýíåðãèè è, ñëåäîâàòåëüíî,

åå ñâåòèìîñòè íà äèñêå. Êîìáèíàöèÿ äâèæåíèé â ñèñòåìå, ñâÿçàííàÿ ñ
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îðáèòàëüíûì ïåðèîäîì, îáðàòíîé ïðåöåññèåé è íóòàöèåé, ìîæåò äàòü ýôôåêò

îòðèöàòåëüíûõ ñâåðõãîðáîâ.

Îáúåêòîâ, ïîêàçûâàþùèõ "îòðèöàòåëüíûå ñâåðõãîðáû", íà ïîðÿäîê ìåíüøå,

÷åì ñèñòåì ñ "ïîëîæèòåëüíûìè" ñâåðõãîðáàìè, è èõ èçó÷åíèå ïðåäñòàâëÿåò

îñîáûé èíòåðåñ [24-26].

Îòìåòèì, ÷òî ðàçðàáîòàíû òàêæå è íåìíîãî îòëè÷àþùèåñÿ îò ìîäåëè TTI

òåîðèè, îáúÿñíÿþùèå íàáëþäàåìûå ïðîöåññû (ñì. [28-33]).

Íàëè÷èå ðàííèõ ñâåðõãîðáîâ ó çâåçä òèïà WZ Sge Kato [5] îáúÿñíÿåò òåì,

÷òî ýòè ñèñòåìû èìåþò íèçêîå îòíîøåíèå ìàññ. Â ýòîì ñëó÷àå, âñëåäñòâèå

ãåîìåòðèè ïîëîñòè Ðîøà, ðàçìåð äèñêà ìîæåò ðàñøèðèòüñÿ äî ðåçîíàíñíîãî

çíà÷åíèÿ 2:1. Ýòîò ðåçîíàíñ áîëåå ñèëüíûé, ÷åì îïèñàííûé ðàíåå 3:1. Â

ñëó÷àå äîñòèæåíèÿ äèñêîì ýòîãî ðàäèóñà âîçíèêàþò äâóõðóêàâíûå èëè

äâóõñïèðàëüíûå âîëíû ïëîòíîñòè íà äèñêå, è íà êðèâûõ áëåñêà ìîãóò

ïîÿâèòüñÿ äâóãîðáûå ìîäóëÿöèè âîëíû ñ ïåðèîäîì, ðàâíûì îðáèòàëüíîìó.

Äàëåå äèñê óìåíüøàåòñÿ, ýòîò ðåçîíàíñ òåðÿåòñÿ, íî íàñòóïàåò ðåçîíàíñ 3:1,

âûçûâàþùèé îáû÷íûå ñâåðõãîðáû.

3. Êðàòêàÿ èñòîðèÿ èññëåäîâàíèé AY Lac. Õîòÿ ïåðåìåííîñòü

AY Lac (207.1928) áûëà îòêðûòà â 1928ã. [34], äîëãîå âðåìÿ ïðèðîäà ýòîé

ïåðåìåííîé íå áûëà ïîíÿòíà. Áîëüøóþ ÷àñòü âðåìåíè îáúåêò áûë íåâèäèì

íà àðõèâíûõ ôîòîïëàñòèíêàõ. Çâåçäà áûëà âèäíà â òå÷åíèå êîðîòêîãî âðåìåíè

â 1927, 1943 è â 1966ãã. Ïåðåìåííóþ ñ÷èòàëè ëèáî UG, ëèáî òèïà Ìèðû

Êèòà, ëèáî Íîâîé. Ïîäðîáíóþ èñòîðèþ èññëåäîâàíèé ìîæíî ïðî÷èòàòü â

ñòàòüå [35]. Àâòîðû óêàçàëè, ÷òî AY Lac ÿâëÿåòñÿ ïðåäïîëîæèòåëüíî êàðëèêîâîé

íîâîé òèïà WZ Sge.

8 îêòÿáðÿ 2020ã. ïðîèçîøëà ïîñëåäíÿÿ âñïûøêà AY Lac. Ñîãëàñíî

ñîîáùåíèþ Patrick Wiggins (vsnst-alertNo 24778), 7 îêòÿáðÿ çâåçäà íå áûëà

îáíàðóæåíà íà ñíèìêàõ ïàòðóëüíîé êàìåðû (ïðåäåë îêîëî 17m). Íà ñëåäóþùèé

äåíü áëåñê AY Lac äîñòèã ïðèìåðíî g=13m.8 â ñèñòåìå SDSS. 21 îêòÿáðÿ.

Tonny Vanmunster (vsnet-alertNN 24824 è 24825) îáúÿâèë îá îáíàðóæåíèè

ñâåðõãîðáîâ ñ âîçìîæíûì ïåðèîäîì 0d.0595 èëè ñóòî÷íîé ãàðìîíèêîé ê íåìó

0d.0766. Òàêæå ó îáúåêòà íàõîäèëè ïåðèîä ñâåðõãîðáîâ ñ ïåðèîäîì 0d.0568.

4. Íàáëþäåíèÿ. Ñ 8 îêòÿáðÿ 2020ã., êîãäà áëåñê AY Lac äîñòèã ~14m,

áûë ïðîâåäåí ôîòîìåòðè÷åñêèé ìîíèòîðèíã.

Ïåðâûå äâå íî÷è, 8/9 è 9/10 îêòÿáðÿ 2020ã., UBVRcIc-ìîíèòîðèíã áûë

ïðîâåäåí ñ ïîìîùüþ òåëåñêîïà Öåéññ-600 (äèàìåòð çåðêàëà 60 ñì, ôîêóñ -

7.5 ì) Àñòðîíîìè÷åñêîãî èíñòèòóòà Ñëîâàöêîé ÀÍ, îñíàùåííîãî ÏÇÑ-ìàòðèöåé

FLI ML3041. Äàëüíåéøèå íàáëþäåíèÿ ïðîâîäèëèñü c 11 äî 24 îêòÿáðÿ íà

Êðûìñêîé ñòàíöèè ÌÃÓ-ÃÀÈØ ñ ïîìîùüþ òàêîãî æå òåëåñêîïà â ïîëîñàõ

BVRñIñ ñ èñïîëüçîâàíèåì ÏÇÑ-êàìåðû FLI-39000. Îáðàáîòêà âñåõ êàäðîâ



507ÈÑÑËÅÄÎÂÀÍÈÅ  ÇÂÅÇÄÛ  AY Lac

ïðîâîäèëàñü ìåòîäîì àïåðòóðíîé ôîòîìåòðèè ïðîãðàììîé MAXIM-DL5 è

ñîáñòâåííûõ àëãîðèòìîâ. Áûëî âûáðàíî 9 îïîðíûõ çâåçä, íàèáîëåå áëèçêèõ

ïî öâåòó ê AY Lac. Êàðòà îêðåñòíîñòåé ïîêàçàíà íà ðèñ.1. Âåëè÷èíû îïîðíûõ

çâåçä áûëè ïðèâÿçàíû ê ñòàíäàðòàì âîêðóã Z And [36]. Òàêæå áûëè ó÷òåíû

B, V âåëè÷èíû äëÿ AY Lac èç áàçû äàííûõ AAVSO. Îòìåòèì, ÷òî, ê

ñîæàëåíèþ, ïðèâÿçêà áûëà ïðîèçâåäåíà òîëüêî â îäíó íî÷ü 9/10 îêòÿáðÿ

2020ã. è ïîýòîìó, âîçìîæíî, îñòàëîñü íåáîëüøîå ñèñòåìàòè÷åñêîå óêëîíåíèå

ìåæäó íàéäåííûìè çâåçäíûìè âåëè÷èíàìè îïîðíûõ çâåçä (è, ñîîòâåòñòâåííî,

Ðèñ.1. Êàðòà îêðåñòíîñòåé è êîíòðîëüíûå çâåçäû ñðàâíåíèÿ (ñì. òàáë.1)

No U B V Rc Ic B-V

1 13.40 13.350 12.890 12.620 12.380 0.460
2 12.51 12.426 12.076 11.901 11.713 0.350
3 14.00 13.888 13.251 12.888 12.568 0.636
4 13.71 13.634 13.007 12.681 12.375 0.627
5 13.47 13.421 12.847 12.540 12.247 0.574
6 13.02 12.940 12.498 12.210 11.973 0.442
7 15.26 15.260 14.674 14.334 14.022 0.586
8 13.61 13.542 13.081 12.844 12.609 0.461
9 16.30 16.168 15.488 15.120 14.780 0.680

Òàáëèöà 1

ÇÂÅÇÄÍÛÅ ÂÅËÈ×ÈÍÛ ÎÊÐÅÑÒÍÛÕ ÇÂÅÇÄ
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ñàìîé ïåðåìåííîé) è ñòàíäàðòíîé UBVRcIc ñèñòåìîé Äæîíñîíà-Êóçåíñà.

Â òàáë.1 ïðèâåäåíû âû÷èñëåííûå íàìè âåëè÷èíû ñòàíäàðòíûõ çâåçä

âîêðóã AY Lac, êîòîðûå îòìå÷åíû íà ðèñ.1.

Ñâîäêà âñåõ íàáëþäåíèé ïîêàçàíà â òàáë.2, ãäå óêàçàíà ñðåäíÿÿ çâåçäíàÿ

âåëè÷èíà â íî÷ü è êîëè÷åñòâî êàäðîâ â ïîëîñàõ UBVRcIc.

5. Öâåòîâûå âàðèàöèè. Íà ðèñ.2 ïîêàçàíû êðèâàÿ áëåñêà â ïîëîñàõ

V è Rñ (íèæíÿÿ ÷àñòü ðèñóíêà) ïî íàøèì è AAVSO äàííûì, à òàêæå

èçìåíåíèÿ ïîêàçàòåëåé öâåòà (âåðõíÿÿ ÷àñòü), íî òîëüêî ïî íàøèì íàáëþ-

äåíèÿì. Íà ãðàôèê íàíåñåíî ñðåäíåå èçìåðåíèå â òå÷åíèå íî÷è èç òàáë.2.

Âèäåí ìîíîòîííûé ñïàä áëåñêà ïîñëå âñïûøêè è óâåëè÷åíèå (ò.å. ïîêðàñíåíèå)

ïîêàçàòåëåé öâåòà B - V, V - Rc è Rc - Ic. Îòìåòèì, ÷òî ïîäîáíîå ïîâåäåíèå

ÿâëÿåòñÿ õàðàêòåðíûì äëÿ áîëüøèíñòâà ÊÏ [37-45].

Íà êàðòå ïàëîìàðñêîãî àòëàñà â ñèíèõ ëó÷àõ íà ìåñòå AY Lac (äëÿ

êîîðäèíàò RA = 22h22m22s.17; Decl. = +50o23'40".1, J2000) âèäíà ñëàáàÿ çâåçäà

~21 çâ. âåë. Íà êðàñíîé êàðòå íà ýòîì æå ìåñòå ñ òðóäîì íà ôîíå øóìîâ

ðàçëè÷èìà î÷åíü ñëàáàÿ çâåçäà, âåðîÿòíî 21-22 çâ. âåë. Òàêèì îáðàçîì,

àìïëèòóäà âñïûøêè ñîñòàâèëà 7 çâ. âåë.

Íà ðèñ.3 ïîêàçàíî ïîëîæåíèå AY Lac âî âðåìÿ âñïûøêè íà äèàãðàììå

U-Â /B-V. Òàêæå íà ðèñóíêå íàíåñåíà ëèíèÿ ãëàâíîé ïîñëåäîâàòåëüíîñòè ñî

ñïåêòðàëüíûìè êëàññàìè, ëèíèÿ àáñîëþòíî ÷åðíîãî òåëà ñ òåìïåðàòóðîé â

ãðàäóñàõ Êåëüâèíà, îêðåñòíûå çâåçäû èç òàáë.1. Ïî ðàñïîëîæåíèþ îêðåñòíûõ

çâåçä ìîæíî îöåíèòü âåëè÷èíó ìåæçâåçäíîãî ïîêðàñíåíèÿ. Âèäíî, ÷òî îíî

JD U NU B NB V NV Rc NR Ic NI

59131.43 13.168 86 14.059 140 13.991 138 14.019 218 14.098 131
59132.45 13.511 26 14.363 29 14.314 80 14.311 92 14.348 27
59134.49 - - - - - - 14.767 126 - -
59135.34 - - 15.031 31 14.959 30 14.897 151 14.916 28
59136.39 - - 15.209 61 15.118 59 15.072 60 15.066 60
59137.39 - - 15.364 61 15.262 62 15.216 62 15.225 61
59138.45 - - 15.541 26 15.432 26 15.370 25 15.346 24
59139.38 - - 15.636 50 15.525 50 15.466 50 15.447 49
59141.36 - - - - - - 15.598 83 - -
59142.29 - - 15.902 24 15.797 23 15.713 23 15.682 23
59143.41 - - 16.055 6 15.919 6 15.829 107 15.835 6
59145.39 - - 16.255 50 16.110 51 16.028 51 - -
59146.40 - - 16.397 49 16.210 49 16.136 49 16.085 46
59147.27 - - - - - - 16.177 99 - -

Òàáëèöà 2

ÆÓÐÍÀË ÍÀÁËÞÄÅÍÈÉ



509ÈÑÑËÅÄÎÂÀÍÈÅ  ÇÂÅÇÄÛ  AY Lac

Ðèñ.2. Êðèâàÿ áëåñêà â ïîëîñàõ V è Rc è ïîêàçàòåëåé öâåòà â òå÷åíèå âñïûøêè.

Íàíåñåíû ñðåäíèå çà íî÷ü âåëè÷èíû ïî íàøèì è AAVSO äàííûì.

R
c

JD 2400000+
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Ðèñ.3. Äâóõöâåòíàÿ äèàãðàììà B-V/U-B. Íàíåñåíû: ëèíèÿ ãëàâíîé ïîñëåäîâàòåëüíîñòè,

àáñîëþòíî ÷åðíîãî òåëà, ïîëîæåíèå AY Lac âî âðåìÿ âñïûøêè. Ïîäðîáíåå îáúÿñíåíèÿ ñì.
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Ðèñ.5. Äâóõöâåòíàÿ äèàãðàììà Rc-Ic/V-Rc. Îáúÿñíåíèÿ òå æå, ÷òî è íà ðèñ.4. Âèäíî

óìåíüøåíèå öâåòîâîé òåìïåðàòóðû.

Ðèñ.4. Äâóõöâåòíàÿ äèàãðàììà V-Rc/B-V. Ëèíèè è ñèìâîëû òàêèå æå, êàê íà ðèñ.3.

Ñòðåëêà "decline" ïîêàçûâàåò òðåê AY Lac îò ìàêñèìóìà âñïûøêè äî åå îêîí÷àíèÿ.
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íåâåëèêî, E(B - V ) ~ 0m.15, äëèíà è íàïðàâëåíèå ñòðåëêè íà ðèñ.3 ñîîòâåòñòâóåò

ýòîìó ïîêðàñíåíèþ. Äëÿ èíûõ ïîêàçàòåëåé öâåòà ïðè ñòàíäàðòíîì ãàëàêòè-

÷åñêîì ïîêðàñíåíèè ýòîò èçáûòîê áóäåò åùå ìåíüøå. Öâåòîâóþ òåìïåðàòóðó

âî âðåìÿ âñïûøêè ñ ó÷åòîì ïîêðàñíåíèÿ ìîæíî îöåíèòü êàê ~15000 Ê.

Íà ðèñ.4-5 ïîêàçàíî ïîëîæåíèå AY Lac è îïîðíûõ çâåçä íà äèàãðàììàõ

B-V/V-R, V-R/R-I. Íà ýòèõ äèàãðàììàõ âèäíî, ÷òî öâåòîâàÿ òåìïåðàòóðà âî

âðåìÿ âñïûøêè äîñòèãàëà òàêæå 14-16 òûñ. Êåëüâèíà, îäíàêî â êîíöå íàøåãî

ñåòà íàáëþäåíèé îïóñòèëàñü äî 10-12 òûñÿ÷ ãðàäóñîâ. Çà ýòî âðåìÿ çâåçäà

îñëàáëà íà 2 çâ. âåë. (ñì. ðèñ.2). Äëÿ ñðàâíåíèÿ íàïîìíèì, ÷òî öâåòîâàÿ

òåìïåðàòóðà äëÿ äðóãèõ çâåçä òèïà WZ Sge èçìåíÿëàñü â ïîõîæèõ ïðåäåëàõ

[10,40,46,47]. Òàêèì îáðàçîì, íàøè ìíîãîöâåòíûå íàáëþäåíèÿ ïîêàçàëè, ÷òî

èçìåíåíèå öâåòîâîé òåìïåðàòóðû ÿâëÿåòñÿ òèïè÷íûì äëÿ âçðûâíûõ ïåðåìåííûõ.

6. Ýâîëþöèÿ ñâåðõãîðáîâ. Â ïåðâûå äíè ïîñëå íà÷àëà âñïûøêè, ïîêà

íå ñôîðìèðîâàëñÿ ýëëèïòè÷åñêèé äèñê, ó çâåçä òèïà WZ Sge ìîãóò íàáëþäàòüñÿ

ðàííèå ñâåðõãîðáû, ïåðèîä êîòîðûõ áëèçîê èëè ðàâåí îðáèòàëüíîìó (ïðè

ðåçîíàíñå 1:2, ñì. ðàçäåë 2). Äëÿ âûÿâëåíèÿ ïåðèîäè÷åñêîé ñîñòàâëÿþùåé ìû

îáúåäèíèëè íàáëþäåíèÿ â BVRñIñ-ïîëîñàõ â îáùèé ñóììàðíûé ðÿä, ïðèâåäÿ

Ðèñ.6. Ðàííèå ñâåðõãîðáû, ðàçëè÷íûå öâåòîâûå ïîëîñû ïîêàçàíû ðàçëè÷íûìè ñèìâîëàìè.

×åðíûå êðóæêè c îøèáêàìè - óñðåäíåííûå ïî ôàçàì äàííûå.  Âèäíà äâîéíàÿ âîëíà çà

ïåðèîä ñ ìàëîé àìïëèòóäîé (îêîëî 0.02 çâ. âåë.).
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ðàçíûå óðîâíè áëåñêà è çâåçäíóþ âåëè÷èíó â ðàçëè÷íûõ ôèëüòðàõ â òå÷åíèå

íî÷è â ñðåäíåì ê íóëþ, ò.å. íàìè áûë ó÷òåí òðåíä âî âðåìÿ ïàäåíèÿ áëåñêà

ïîñëå âñïûøêè. Â èòîãå, â íàøèõ ñóììèðîâàííûõ ðÿäàõ îòíîñèòåëüíûé

áëåñê ïåðåìåííîé èçìåíÿëñÿ âîêðóã íóëåâîé âåëè÷èíû âî âñåõ ïîëîñàõ è

ìîæåò áûòü ïðîàíàëèçèðîâàí ðàçëè÷íûìè àëãîðèòìàìè ïîèñêà ïåðèîäîâ.

Âðåìåííîé àíàëèç íå ïîêàçàë íèêàêèõ ïåðèîäè÷åñêèõ âàðèàöèé áëåñêà â

ñàìûå ïåðâûå äíè ïîñëå íà÷àëà âñïûøêè, ò.å. â JD 2459131-134. Äàëåå, â

JD 2459135-139 Ôóðüå-àíàëèç îïðåäåëÿåò ñ íåáîëüøîé ïîëóàìïëèòóäîé îêîëî

0m.01-0m.02 èçìåíÿþùèéñÿ ñèãíàë ñ ïåðèîäîì 0d.029037. Ìû âèäèì "ðàííèå

ñâåðõãîðáû", êîòîðûå ïðåäñòàâëÿþò ñîáîé äâîéíóþ âîëíó çà ïåðèîä, ò.å. â

íàøåì ñëó÷àå èñòèííûé ïåðèîä âäâîå áîëüøå íàéäåííîãî ìåòîäîì Ôóðüå-

àíàëèçà è ðàâåí 0d.058074 ñóòîê. Ñâåðòêà ñ ýòèì ïåðèîäîì ïîêàçàíà íà ðèñ.6.

Íåñìîòðÿ íà áîëüøóþ äèñïåðñèþ äàííûõ, ýòîò ïåðèîä îïðåäåëÿåòñÿ óâåðåííî.

Ìîæíî ïðåäïîëîæèòü, ÷òî ýòî è åñòü îðáèòàëüíûé ïåðèîä â äàííîé òåñíîé

äâîéíîé ñèñòåìå.

Íà÷èíàÿ ñ JD 2459141, íàøè íàáëþäåíèÿ ïîêàçàëè, ÷òî â ñèñòåìå ïîÿâèëèñü

ñâåðõãîðáû ñòàäèè "Â". Â ýòîò ìîìåíò íà÷èíàåò ïðîÿâëÿòüñÿ íàèáîëåå ÷åòêî

ðåçîíàíñ 3:1 (ñì. ðàçäåë 2). Îäíàêî äàííûå èç ÀÀVSO ïîêàçàëè, ÷òî â JD

2459140 ó ñèñòåìû óæå ïîÿâèëèñü ñâåðõãîðáû. Êàê âèäíî, ïîñëå ñòàäèè

ðàííèõ ñâåðõãîðáîâ ôàêòè÷åñêè ñðàçó íàñòóïèëè ñâåðõãîðáû ñòàäèè "Â". Âåðîÿòíî

ñòàäèÿ "À" áûëà î÷åíü ñêîðîòå÷íîé, ìåíåå îäíèõ ñóòîê, ÷òî äåéñòâèòåëüíî

íàáëþäàåòñÿ â íåêîòîðûõ ñëó÷àÿõ ó ïîäîáíûõ ÊÏ (ñì. ðèñ.22 â [5]). Íàéäåííûé

ôàêò õîðîøî äîïîëíÿåò ýòó ýìïèðè÷åñêóþ çàâèñèìîñòü ìåæäó îòíîøåíèåì

ìàññ è äëèòåëüíîñòüþ ñòàäèè "À" â îáëàñòè íàèáîëåå êîðîòêîïåðèîäè÷åñêèõ

ñèñòåì òèïà WZ Sge.

Â JD 2459143 ôîðìà ñâåðõãîðáîâ áûëà ñàìàÿ ÷åòêàÿ, â äàëüíåéøåì

ñâåðòêà íà÷àëà ðàçìàçûâàòüñÿ, àìïëèòóäà è ñòàáèëüíîñòü ãîðáîâ óìåíüøèëàñü,

îäíàêî ïðîñëåæèâàëàñü äî êîíöà íàøåãî ìîíèòîðèíãà äî JD 2459147. Íà

ðèñ.7 ïîêàçàíû ñâåðòêè, âûïîëíåííûå ñî ñðåäíèì ïåðèîäîì ñâåðõãîðáîâ ñ

îäíîé è òîé æå íà÷àëüíîé ýïîõîé:

  . 405941803692459141JD d
max_hel E..  (1)

Íà êðèâûõ âèäíî ñìåùåíèå ìîìåíòà ìàêñèìóìà ñâåðõãîðáà îòíîñèòåëüíî

ýôåìåðèäû äëÿ ðàçíûõ íî÷åé, ÷òî ñâèäåòåëüñòâóåò îá èçìåíåíèè åãî ïåðèîäà.

Äëÿ áîëåå òî÷íîãî íàõîæäåíèÿ çàêîíîìåðíîñòè èçìåíåíèÿ ïåðèîäà

ñâåðõãîðáîâ ìû ïîñòðîèëè ãðàôèê îñòàòêîâ Î-Ñ äëÿ íàøèõ äàííûõ, à òàêæå

äëÿ íî÷è JD 2459140, âçÿòûõ èç áàçû äàííûõ AAVSO. Äëÿ òî÷íîñòè

íàõîæäåíèÿ ýêñòðåìóìà â ñëó÷àå íåñêîëüêèõ íàáëþäåííûõ ìàêñèìóìîâ

ñâåðõãîðáîâ â òå÷åíèå îäíîé íî÷è ìû áðàëè ñðåäíþþ âåëè÷èíó Î-Ñ.

Íà ðèñ.8 ïîêàçàí ãðàôèê èçìåíåíèÿ îñòàòêîâ O-C îòíîñèòåëüíî
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ïðèâåäåííûõ ðàíåå ýëåìåíòîâ (ôîðìóëà 1), ïðè÷åì èíäåêñ "E" ïîêàçûâàåò

÷èñëî öèêëîâ, ïðîøåäøèõ îò ïðèíÿòîé íàìè íà÷àëüíîé ýïîõè, ñîîòâåòñò-

âóþùåé ìàêñèìóìó ñâåðõãîðáà.

Òàêîé ïàðàáîëè÷åñêèé õîä îñòàòêîâ Î-Ñ ïî÷òè âñåãäà íàáëþäàåòñÿ ó

çâåçä òèïà SU UMa è WZ Sge íà ýòîé ñòàäèè ñâåðõãîðáîâ. Â íàøåì ñëó÷àå

âåëè÷èíà 51066  .Pdot , õàðàêòåðèçóþùàÿ ñêîðîñòü èçìåíåíèÿ ïåðèîäà,

ÿâëÿåòñÿ õàðàêòåðíîé äëÿ çâåçä ýòîãî ïîäêëàññà. Â ñåðèè ðàáîò Êàòî ýòîò

ïîêàçàòåëü áûë èçó÷åí äëÿ íåñêîëüêèõ ñîòåí çâåçä òèïà SU UMa è WZ Sge

[12,48-50 è äð.].

Ðèñ.7. Câåðõãîðáû íà ñòàäèè "B" äëÿ ðàçíûõ íî÷åé è ðàçëè÷íûõ ôîòîìåòðè÷åñêèõ

ïîëîñ. Âèäíî èçìåíåíèå ôîðìû è äèñïåðñèè êðèâûõ, à òàêæå ñìåùåíèå ìàêñèìóìà ñâåðõãîðáà

îòíîñèòåëüíî ñðåäíåé ýôåìåðèäû îò íî÷è ê íî÷è.
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7. Îòíîøåíèå ìàññ è îöåíêà ðàññòîÿíèÿ äî ñèñòåìû. Çíàÿ

îðáèòàëüíûé ïåðèîä è ïåðèîä ñâåðõãîðáîâ, ìîæíî ðàññ÷èòàòü èçáûòîê ïåðèîäà

ñâåðõãîðáîâ, ýòî âåëè÷èíà 1 orbsh PP . Ïî íàøèì íàáëþäåíèÿì ïåðèîä

ñâåðõãîðáîâ íàéäåí ëèøü äëÿ ñòàäèè "Â" (Ôîðìóëà 1). Îòíîñèòåëüíî ýòîãî

ïåðèîäà ìû íàõîäèì, ÷òî 0240. . Â íåêîòîðûõ ñëó÷àÿõ äëÿ àíàëèçà

èñïîëüçóþò ÷óòü èíóþ âåëè÷èíó shorb PP 1 . Â íàøåì ñëó÷àå 0230. .

Èñïîëüçóÿ êîððåëÿöèþ, ïîêàçàííóþ íà ðèñ.7, â ñòàòüå Êàòî è Îñàêè [51]

ìîæíî íàéòè, ÷òî äëÿ ñòàäèè "Â", äëÿ çíà÷åíèÿ 0240.  îòíîøåíèå ìàññ

êîìïîíåíòîâ q = 0.10(±0.015).

Ñóùåñòâóåò ìåíåå òî÷íàÿ êîððåëÿöèÿ îòíîøåíèÿ ìàññ q îò îðáèòàëüíîãî

ïåðèîäà. Èñïîëüçóÿ çàâèñèìîñòü, ïîêàçàííóþ íà ðèñ.5 èç [51], ïîëó÷àåì

q = 0.09(±0.030). Èñïîëüçóÿ êîððåëÿöèþ P
dot

 - q (ñì. [12], ðèñ.29), ìû íàõîäèì,

÷òî q = 0.12(±0.02).

Ñðåäíåå îòíîøåíèå ìàññ, íàéäåííîå ïî òðåì çàâèñèìîñòÿì, ðàâíî

q = 0.11(±0.015). Ïðè òàêîì îòíîøåíèè ìàññ â ñèñòåìàõ ðåçîíàíñ 1:2 ìîæåò

ðåàëèçîâàòüñÿ, âñëåäñòâèå ýòîãî ìû íàáëþäàëè ðàííèå ñâåðõãîðáû ó AY Lac

âñêîðå ïîñëå íà÷àëà ñâåðõâñïûøêè.

Ñîãëàñíî [52], àáñîëþòíàÿ âåëè÷èíà âî âðåìÿ ñâåðõâñïûøêè çâåçä òèïà

SU UMa â ñðåäíåì ñîñòàâëÿåò MV = 4m.6(±0.15), à ñðåäíÿÿ àáñîëþòíàÿ

âåëè÷èíà âî âðåìÿ ñòàäèè "ïëàòî" MV = 5m.5(±0.2). Âèäèìàÿ çâåçäíàÿ âåëè÷èíà

AY Lac â ìîìåíò ñâåðõâñïûøêè áûëà V = 14m.0, à ñðåäíÿÿ âåëè÷èíà íà

ñòàäèè ïëàòî V = 15m.3.

Äëÿ íàøèõ ðàñ÷åòîâ áóäåì èñïîëüçîâàòü âåëè÷èíó ìåæçâåçäíîãî

ïîãëîùåíèÿ Av = 3E(B - V ) = 0m.45 (ñì. ðàçäåë 5). Ïî ýòèì çíà÷åíèÿì ìîæíî

íàéòè, ÷òî ìîäóëü ðàññòîÿíèÿ âî âðåìÿ âñïûøêè ñîñòàâèò M - m = 9m.0. Äëÿ

ñòàäèè ïëàòî íàõîäèì, ÷òî M - m = 9m.4. Â èòîãå ðàññòîÿíèå äî ñèñòåìû,

Ðèñ.8. Ãðàôèê îñòàòêîâ O-C âî âðåìÿ ñâåðõãîðáîâ, ñòàäèÿ "Â". Âèäíà ïàðàáîëè÷åñêàÿ

çàâèñèìîñòü O-C îò âðåìåíè.
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îöåíåííîå ïî ñðåäíåé çâåçäíîé âåëè÷èíå íà ïëàòî, ïîëó÷àåòñÿ ~750 ïê, à ïî

ìàêñèìàëüíîìó áëåñêó ~650 ïê. Ïîýòîìó ñäåëàåì âûâîä, ÷òî ðàññòîÿíèå äî

AY Lac ñîñòàâëÿåò 700 ïê.

8. Îñíîâíûå âûâîäû. Â èòîãå ìû ïîäòâåðäèëè, ÷òî:

- äàííàÿ çâåçäà ÿâëÿåòñÿ òèïè÷íîé çâåçäîé òèïà WZ Sge ñ àìïëèòóäîé

âñïûøêè îêîëî 7m, à òàêæå:

- íàøëè ïåðèîä ðàííèõ ñâåðõãîðáîâ: P = 0d.058075(10),

- óòî÷íèëè ïåðèîä ñâåðõãîðáîâ íà ñòàäèè "Â": P = 0d.059418(4),

- îïðåäåëèëè ñêîðîñòü èçìåíåíèÿ ñâåðõãîðáîâ, ò.å. âåëè÷èíó 51066  .Pdot
(ñòàäèÿ "Â"),

- ïîêàçàëè ñêîðîòå÷íîñòü (ìåíüøå 1 ñóòîê) ñòàäèè "À" ñâåðõãîðáîâ,

- íàøëè âåëè÷èíó "èçáûòêà ïåðèîäà" 0240. ,

- îöåíèëè îòíîøåíèå ìàññ â ñèñòåìå q = 0.11(±0.015),

- îöåíèëè ðàññòîÿíèå äî ñèñòåìû îêîëî 700(±50) ïê,

- îöåíèëè öâåòîâóþ òåìïåðàòóðó âî âðåìÿ âñïûøêè â 14-16 òûñ. ãðàä.

Êåëüâèíà è îêîëî 10-12 òûñ. ãðàä. Êåëüâèíà â êîíöå âñïûøêè.

Íàñòîÿùàÿ ðàáîòà ïðîäåëàíà ïðè ïîääåðæêå ãðàíòîâ Ñëîâàöêîé Àêàäåìèè

VEGA 2/0030/21, APVV-20-0148, à òàêæå ïðîãðàììîé ðàçâèòèÿ ÌÃÓ èì.

Ì.Â.Ëîìîíîñîâà "Âåäóùèå íàó÷íûå øêîëû", ïðîåêòà "Ôèçèêà çâåçä, ðåëÿòè-

âèñòñêèõ îáúåêòîâ è ãàëàêòèê". Àâòîðû áëàãîäàðÿò ðåöåíçåíòà ñòàòüè çà

âàæíûå çàìå÷àíèÿ è ïîïðàâêè.
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STUDY OF THE AY Lac STAR, AN EXPLOSIVE
VARIABLE OF THE WZ Sge TYPE, BY MULTICOLOR

PHOTOMETRY METHODS

S.Yu.SHUGAROV1,2, M.D.AFONINA2,3, A.V.ZHAROVA2

During the outburst of the dwarf nova AY Lac in October 2020, the authors

obtained 2250 UBVRcIc observations of this variable. An analysis of the obtained
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photometric series showed that the investigated SUWZ-type star had both as early

as the ordinary superhumps of "B" stage, the periods of which were 0d.058074

and 0d.059418 days, respectively. The change of the shape of the superhumps

during the outburst was found, the values of 
5

dot 106.6PPP   , period excess

0240. , the most probable component mass ratio q = 0.11, as well as color

temperatures and other parameters were estimated. It is shown that AY Lac is a

typical WZ Sge-type star by all found characteristics.

Keywords: AY Lac: cataclysmic variables: accretion disks: superhumps: cololimetry
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Представлены три новые области звездообразования, находящиеся в южном полушарии 
- SFR 1, SFR 2, SNO 28. SFR 1 расположен в темной глобуле с римом (ободком), которая 
входит в радиальную систему темных глобул первого вида и представляет группу, в основном, 
ИК звезд, многие из которых связаны с пылевыми дисками или оболочками. Две звезды 
связаны с кометарными туманностями. Имеются также объекты Хербига-Аро. SFR 2 находится 
в темном облаке. Имеются звезды с кометарными туманностями, пылевыми оболочками или 
дисками. Из звезды с конической туманностью наблюдается выброс со сгущением. SNO 28 
- звезда с пылевым диском, имеющая два противоположных выброса. Один из выбросов и 
часть второго выброса погружены в темное облако и видны только в ИК. Внешняя часть 
второго выброса выходит из облака и видна только в оптике. На втором выбросе имеется 
сгущение, которое может быть объектом Хербига-Аро. Объект связан с точечным источником 
IRAS 08196-4931, имеющим ИК цвета, типичные для источников, связанных с мазерами 
воды.

Ключевые слова: область звездообразования: ИК звезды: темные глобулы

1. Введение. При обзоре карт Южного неба (ESO В, R, ESO/SRC J, 
EJ) нами был предпринят поиск новых областей звездообразования, объектов 
Хербига-Аро, групп звезд, составляющих тесные системы типа Трапеции, 
звезд с кометарными туманностями [1,2].

Как известно, области звездообразования бывают двух видов [3]: области, 
связанные с гигантскими молекулярными облаками (ГМО), в которых рож
даются звезды с большими массами, и области, в которых рождаются звезды 
средних и малых масс. Исследованные в данной статье области звездообра
зования, которые найдены после опубликования обзоров [1,2], относятся ко 
второму виду. Обычно в областях звездообразования встречаются компактные 
области НИ, МЗО, звезды типа Т Тельца, выбросы, кометарные туманности. 
Третьим объектом в данной статье является звезда с двумя противоположными 
выбросами SNO 28 [2]. Этот объект, являясь МЗО (молодой звездный 
объект), родственен областям звездообразования. Он также погружен в темное 
облако, только часть одного выброса видна в оптике.

2. Область звездообразования SFR 1 в темной глобуле с
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ðèìîì. Ýòà îáëàñòü çâåçäîîáðàçîâàíèÿ íàõîäèòñÿ â òåìíîé ãëîáóëå âáëèçè

ñâåòëîãî ðèìà. Äàííûé îáúåêò áûë íàéäåí ïîñëå îïóáëèêîâàíèÿ îáçîðîâ êàðò

þæíîãî íåáà [1,2]. Ãëîáóëà ÿâëÿåòñÿ ÷àñòüþ ðàäèàëüíîé ñèñòåìû òåìíûõ

ãëîáóë âîêðóã çâåçäû HD 53974, èìåþùåé ñïåêòð Â 0.5 IV (ñì. ðèñ.1). Ýòî

ðàäèàëüíàÿ ñèñòåìà ïåðâîãî âèäà - îáðàçóþùàÿ åå çâåçäà òèïà ÎÂ, âîêðóã

êîòîðîé ïðèñóòñòâóåò îáëàñòü HII, ìíîãèå òåìíûå ãëîáóëû ðàäèàëüíîé ñèñòåìû

èìåþò ÿðêèå ðèìû (ñì. ðèñ.1). Íà DSS2 R èçîáðàæåíèè âèäíû òîëüêî

íåñêîëüêî çâåçä (ñì. ðèñ.2a), îáúåêò ïîëíîñòüþ âèäåí â ÈÊ, íà 2MASS K

èçîáðàæåíèè (ñì. ðèñ.2b), íàðÿäó ñî çâåçäàìè èìåþòñÿ òàêæå òóìàííûå

îáúåêòû. Íåäàëåêî îò ýòîé ãðóïïû, íà êðàþ òîé æå ãëîáóëû, ó ñàìîãî ðèìà

íàõîäèòñÿ ïåðåìåííàÿ çâåçäà òèïà Ò Òåëüöà, ñïåêòðàëüíûé êëàññ F0e (N1 èç

òàáë.1). Ýòà çâåçäà ñâÿçàíà ñ êîìåòàðíîé òóìàííîñòüþ â âèäå êîëüöà (ñì.

ðèñ.2c), åå òîæå ìîæíî îòíåñòè ê îáëàñòè çâåçäîîáðàçîâàíèÿ. Åùå îäíà çâåçäà

(N2 èç òàáë.1) ñâÿçàíà ñ êîìåòàðíîé òóìàííîñòüþ â âèäå êîíóñà (ñì. ðèñ.2c).

Â òàáë.1, äàíû áëåñêè è ïîêàçàòåëè öâåòà îáúåêòîâ èç îáëàñòè çâåçäî-

îáðàçîâàíèÿ SFR 1 (äàííûå âçÿòû èç [4]). Â ïåðâîì ñòîëáöå ïðèâîäèòñÿ íîìåð

îáúåêòà, âî âòîðîì è òðåòüåì - åãî êîîðäèíàòû, â 4-9 - äàíû öâåòà îáúåêòîâ,

â 10 - âåëè÷èíà Q = (J - H) - 1.7(H - K) [5]. Åñëè äëÿ äàííîé çâåçäû Q < -0.10,

òî ìîæíî óòâåðæäàòü, ÷òî âîêðóã çâåçäû èìååòñÿ ïûëåâîé äèñê èëè ïûëåâàÿ

îáîëî÷êà [5].

Èç òàáë.1 äëÿ îáúåêòîâ NN 1, 9-13 âèäíî, ÷òî Q < -0.10, ò.å. âîêðóã ýòèõ

îáúåêòîâ èìååòñÿ ïûëåâîé äèñê. Ìîæíî êîíñòàòèðîâàòü, ÷òî ïðèìåðíî ïîëîâèíà

çâåçä îáëàñòè çâåçäîîáðàçîâàíèÿ SFR 1 îáëàäàåò ïûëåâûì äèñêîì èëè îáîëî÷êîé

Ðèñ.1. DSS2 R èçîáðàæåíèå ðàäèàëüíîé ñèñòåìû òåìíûõ ãëîáóë. 1 - öåíòðàëüíàÿ çâåçäà
HD 53974, 2 - îáëàñòü çâåçäîîáðàçîâàíèÿ SFR 1. Ñåâåð íàâåðõó, âîñòîê ñëåâà. Ðàçìåðû
èçîáðàæåíèÿ 1

o
 õ 1

o
.

2

1
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(îáúåêò N3 ïî âñåé âåðîÿòíîñòè ÿâëÿåòñÿ íå çâåçäîé, à îáúåêòîì Õåðáèãà-Àðî,

òàê êàê ó íåãî åñòü òîëüêî öâåòà B è R).

Ðèñ.2c. DSS2 B èçîáðàæåíèå îáëàñòè

çâåçäîîáðàçîâàíèÿ SFR 1. 1 - çâåçäû ñ
êîìåòàðíûìè òóìàííîñòÿìè, 2 - îáëàñòü
çâåçäîîáðàçîâàíèÿ SFR 1 (â îñíîâíîì

âèäíà â ÈÊ). Ñåâåð íàâåðõó, âîñòîê ñëåâà.
Ðàçìåðû èçîáðàæåíèÿ 6' õ 6'.

Ðèñ.2a. DSS2 R èçîáðàæåíèå îáëàñòè

çâåçäîîáðàçîâàíèÿ SFR 1. 1 - çâåçäû ñ êîìå-
òàðíûìè òóìàííîñòÿìè, 2 - SFR 1 (â îñíîâ-
íîì âèäíà â ÈÊ). Ñåâåð íàâåðõó, âîñòîê

ñëåâà. Ðàçìåðû èçîáðàæåíèÿ 6' õ 6'.

Ðèñ.2b. 2MASS K èçîáðàæåíèå îáëàñòè
çâåçäîîáðàçîâàíèÿ SFR 1. 1 - îáëàñòü çâåçäî-
îáðàçîâàíèÿ SFR 1, 2 - çâåçäû ñ êîìåòàð-

íûìè òóìàííîñòÿìè. Ñåâåð íàâåðõó, âîñòîê
ñëåâà. Ðàçìåðû èçîáðàæåíèÿ 6' õ 6'.

2

1

1

1

2

2

2

1

1
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3. Îáëàñòü çâåçäîîáðàçîâàíèÿ SFR 2. Ýòîò îáúåêò áûë íàéäåí

ïîñëå îïóáëèêîâàíèÿ îáçîðîâ [1,2]. Â îáúåêòå âèäíû çâåçäû è òóìàííûå

îáúåêòû (ñì. ðèñ.3a). Íàáëþäàþòñÿ íåñêîëüêî çâåçä ñ êîìåòàðíûìè òóìàí-

íîñòÿìè: çâåçäà N2 èç òàáë.2 ñâÿçàíà ñ òóìàííîñòüþ â âèäå êîíóñà, ýòà æå

çâåçäà èìååò âûáðîñ (ñì. ðèñ.3b) ñî ñãóùåíèåì íà êîíöå (îáúåêò N8 èç òàáë.2).

Íàõîäÿùàÿñÿ ïîáëèçîñòè çâåçäà N1 èç òàáë.2 (ñì. ðèñ.3b) ñâÿçàíà ñ òóìàííîñòüþ

â âèäå ïîëóêîëüöà. Ýòà çâåçäà ïî-âèäèìîìó íå ïðèíàäëåæèò ê îáëàñòè

çâåçäîîáðàçîâàíèÿ. Íà 2MASS K èçîáðàæåíèè âèäíà çâåçäà N3 èç òàáë.2 ñ

èñòå÷åíèåì (ñì. ðèñ.3c), êîòîðàÿ èìååò ïûëåâóþ îáîëî÷êó (ñì. íèæå).

NN (2000) (2000) B B-V R J J-H H-K    Q

1 07h04m35s.91 -11o04'48" 16.570 15.12 11.062 1.229 0.976 -0.430
2 07 04 40.82 -11 06 14 17.160 0.610 13.68 12.416 1.218 0.656 0.103
3 07 04 40.88 -11 06 11 16.990 16.26
4 07 04 42.15 -11 06 58 15.830 2.067 1.136 0.136
5 07 04 42.38 -11 07 03 16.042 0.917 0.587 -0.081
6 07 04 42.93 -11 07 39 19.390 17.10 14.955 0.696 0.063 0.589
7 07 04 43.35 -11 07 36 16.600 1.556 0.832 0.589
8 07 04 43.89 -11 07 39 19.770 18.24 13.567 1.385 0.840 -0.043
9 07 04 44.06 -11 07 29 19.910 2.520 16.70 13.925 1.181 0.755 -1.103
10 07 04 44.17 -11 06 52 18.50 14.410 1.904 1.186 -0.112
11 07 04 44.24 -11 07 10 16.652 0.605 1.900 -2.655
12 07 04 44.37 -11 07 16 17.60 16.890 0.990 1.510 -1.577
13 07 04 44.88 -11 07 06 15.550 1.056 2.116 -2.541
14 07 04 45.21 -11 07 09 18.48 14.593 1.904 1.081 0.066

Òàáëèöà 1

ÄÀÍÍÛÅ ÎÁ ÎÁÚÅÊÒÀÕ ÈÇ ÎÁËÀÑÒÈ

ÇÂÅÇÄÎÎÁÐÀÇÎÂÀÍÈß SFR 1

NN (2000) (2000) B B-V R J J-H H-K Q

1 05h53m29s.90 -10o24'34" 11.825 0.237 11.34 10.239 0.332 0.184 0.019
2 05 53 39.88 -10 23 51 20.110 16.03 13.089 1.503 0.987 -0.175
3 05 53 42.56 -10 24 00 14.660 0.960 13.77 9.803 2.168 1.679 -0.686
4 05 53 42.63 -10 23 58 12.910 11.79
5 05 53 43.68 -10 22 45 13.970 0.670 12.19 10.878 0.536 0.206 0.186
6 05 53 43.91 -10 23 41 17.120 10.85
7 05 53 43.94 -10 23 43 11.49
8 05 53 45.05 -10 23 22 19.880 2.050 17.89 14.096 1.388 1.203 -0.657

Òàáëèöà 2

ÄÀÍÍÛÅ ÎÁ ÎÁÚÅÊÒÀÕ ÈÇ ÎÁËÀÑÒÈ

ÇÂÅÇÄÎÎÁÐÀÇÎÂÀÍÈß SFR 2
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Â òàáë.2 äàíû áëåñêè è ïîêàçàòåëè öâåòà îáúåêòîâ, ïðèíàäëåæàùèõ ê

îáëàñòè çâåçäîîáðàçîâàíèÿ SFR 2 (äàííûå âçÿòû èç [4]).

Èç òàáë.2 ñëåäóåò, ÷òî Q < -0.10 ó çâåçä NN 2, 3, 8, ò.å. áîëåå ÷åì ó

ïîëîâèíû çâåçä îáëàñòè çâåçäîîáðàçîâàíèÿ SFR 1 (îáúåêòû NN 4, 6 è 7 íå

ÿâëÿþòñÿ çâåçäàìè) èìåþòñÿ ïûëåâûå äèñêè èëè îáîëî÷êè.

Ðèñ.3c. 2MASS K èçîáðàæåíèå îáëàñòè
çâåçäîîáðàçîâàíèÿ SFR 2. 1 - çâåçäà ñ èñòå÷å-
íèåì (N4 èç òàáë.2). Ñåâåð íàâåðõó, âîñòîê

ñëåâà. Ðàçìåðû èçîáðàæåíèÿ 6' õ 6'.

Ðèñ.3a. DSS2 R èçîáðàæåíèå îáëàñòè
çâåçäîîáðàçîâàíèÿ SFR 2. 1 - îáëàñòü çâåçäî-
îáðàçîâàíèÿ SFR 2, 2 - çâåçäû ñ êîìåòàð-

íûìè òóìàííîñòÿìè. Ñåâåð íàâåðõó, âîñòîê
ñëåâà. Ðàçìåðû èçîáðàæåíèÿ 6' õ 6'.

Ðèñ.3b. DSS2 B èçîáðàæåíèå îáëàñòè
çâåçäîîáðàçîâàíèÿ SFR 2. 1 - îáëàñòü çâåçäî-
îáðàçîâàíèÿ SFR 2, 2 - çâåçäû ñ êîìåòàð-

íûìè òóìàííîñòÿìè. Ñåâåð íàâåðõó, âîñòîê
ñëåâà. Ðàçìåðû èçîáðàæåíèÿ 6' õ 6'.

2

1

2

1

2

2

1
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4. Îáúåêò SNO 28. Ýòîò îáúåêò áûë íàéäåí ïðè îáçîðå êàðò þæíîãî

ïîëóøàðèÿ [2]. Îáúåêò â îñíîâíîì ïîãðóæåí â òåìíîå îáëàêî. Îí ïðåäñòàâëÿåò

ñîáîé çâåçäó ñ äâóìÿ ïðîòèâîïîëîæíûìè âûáðîñàìè. Çâåçäà è ñåâåðî-

âîñòî÷íûé âûáðîñ è ÷àñòü þãî-çàïàäíîãî âûáðîñà ïîëíîñòüþ ïîãðóæåíû â

òåìíîå îáëàêî, à äðóãàÿ åãî ÷àñòü þãî-çàïàäíîãî âûáðîñà âûõîäèò èç òåìíîãî

îáëàêà (ñì. ðèñ.4a, 4b).

Â òàáë.3 äàíû áëåñêè è ïîêàçàòåëè öâåòà öåíòðàëüíîé çâåçäû è ñãóùåíèÿ

â âûáðîñå. Äàííûå âçÿòû èç [4].

Êàê âèäíî èç òàáë.3, öåíòðàëüíàÿ çâåçäà (îáúåêò N2) ñâÿçàíà ñ ïûëåâîé

îáîëî÷êîé èëè ñ äèñêîì, òàê êàê ó íåå Q < -0.10. Ñãóùåíèå â âûáðîñå (îáúåêò

N1) èìååò òîëüêî öâåòà Â è R. Çâåçäà ñâÿçàíà ñ òî÷å÷íûì ÈÊ èñòî÷íèêîì

IRAS 08196-4931 [6]. Ó ýòîãî èñòî÷íèêà èìåþòñÿ ñëåäóþùèå ÈÊ öâåòà:

R(2, 3) = log((F(60)x25)/(F(25)x60)) = 1.173; R(3, 4) = log((F(100)x60)/(F(60)x100)) =

-0.076. Ýòè âåëè÷èíû äëÿ ÈÊ öâåòîâ ñîîòâåòñòâóþò òî÷å÷íûì èñòî÷íèêàì

IRAS, ñâÿçàííûì ñ ìàçåðàìè âîäû [7].

Ðèñ.4a. 2MASS K èçîáðàæåíèå îáúåêòà
SNO 28. Ñåâåð íàâåðõó, âîñòîê ñëåâà. Ðàçìåðû
èçîáðàæåíèÿ 6' õ 6'.

Ðèñ.4b. DSS2 R èçîáðàæåíèå îáúåêòà
SNO 28. Ñåâåð íàâåðõó, âîñòîê ñëåâà. Ðàçìåðû
èçîáðàæåíèÿ 6' õ 6'.

NN (2000) (2000) B B-R J J-H H-K Q

1 08h21m05s.81 -49o40'52" 20.750 2.250
2 08 21 06.09 -49 40 50 14.653 1.153 1.647 -1.647

Òàáëèöà 3

ÄÀÍÍÛÅ ÎÁ ÎÁÚÅÊÒÀÕ Â SNO 28
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5. Çàêëþ÷åíèå. Â ñòàòüå ïðåäñòàâëåíû òðè íîâûõ îáúåêòà, íàéäåííûå

ïðè ïðîñìîòðå êàðò þæíîãî íåáà. Îáëàñòü çâåçäîîáðàçîâàíèÿ SFR 1 â

îñíîâíîì ïîãðóæåíà â òåìíóþ ãëîáóëó ñ ÿðêèì ðèìîì è ïîëíîñòüþ âèäíà

òîëüêî â ÈÊ. Ãëîáóëà âõîäèò â ðàäèàëüíóþ ñèñòåìó òåìíûõ ãëîáóë ïåðâîãî

âèäà. Â îáëàñòü çâåçäîîáðàçîâàíèÿ âõîäÿò îáúåêòû Õåðáèãà-Àðî, çâåçäû ñ

êîìåòàðíûìè òóìàííîñòÿìè, ïðè÷åì îäíà èç íèõ - çâåçäà òèïà Ò Òåëüöà.

Áîëüøèíñòâî çâåçä, âõîäÿùèõ â îáëàñòü çâåçäîîáðàçîâàíèÿ, ñâÿçàíû ñ

ïûëåâûìè îáîëî÷êàìè èëè äèñêàìè.

Ñëåäóþùèì îáúåêòîì ÿâëÿåòñÿ îáëàñòü çâåçäîîáðàçîâàíèÿ SFR 2. Èìåþòñÿ

çâåçäû è òóìàííûå îáúåêòû. Íåêîòîðûå çâåçäû ñâÿçàíû ñ êîìåòàðíûìè

òóìàííîñòÿìè (â âèäå êîíóñà, ïîëóêîëüöà). Áîëåå ïîëîâèíû çâåçä îáëàñòè

çâåçäîîáðàçîâàíèÿ ñâÿçàíû ñ ïûëåâûìè äèñêàìè.

Òðåòüèì îáúåêòîì ÿâëÿåòñÿ SNO 28. Ýòî çâåçäà ñ äâóìÿ ïðîòèâîïîëîæíûìè

âûáðîñàìè. Çâåçäà, îäèí èç âûáðîñîâ è ÷àñòü âòîðîãî âûáðîñà ïîãðóæåíû

â òåìíîå îáëàêî è âèäíû òîëüêî â ÈÊ, â îïòèêå âèäíà òîëüêî ÷àñòü âòîðîãî

âûáðîñà. Öåíòðàëüíàÿ çâåçäà ñâÿçàíà ñ ïûëåâîé îáîëî÷êîé è ñ òî÷å÷íûì ÈÊ

îáúåêòîì IRAS 08196-4931. Ýòîò èñòî÷íèê èìååò ÈÊ öâåòà, ñîîòâåòñòâóþùèå

öâåòàì, òèïè÷íûì äëÿ òî÷å÷íûõ èñòî÷íèêîâ, ñâÿçàííûõ ñ ìàçåðàìè âîäû.

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

Àðìåíèÿ, e-mail: agyulb@bao.sci.am

SEVERAL STAR FORMATION REGIONS IN
SOUTHERN HEMISPHERE

A.L.GYULBUDAGHIAN

Three new star forming regions found by us in Southern Hemisphere are

presented. The object SFR 1 is a group of mainly IR stars, many of them are

connected with dust discs or envelopes. There are also HH objects. SFR 1 is

embedded in a dark globule with a bright rim, which is situated in the type I

radial system of dark globules. Two stars of SFR 1 are connected with cometary

nebulae. The second object is star forming region SFR 2. It is situated in a dark

cloud. There are stars with cometary nebulae, an outflow from a star with cometary

nebula, with a condensation at the end of outflow. Many stars are connected with

dust envelopes or discs. The third object is SNO 28. It is a star with dust disc

or envelope and two opposite outflows. The star, one of the outflows and a part
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of the second outflow are embedded in the dark cloud and are seen only in IR.

A part of the second outflow is situated out of the cloud and is seen in optic.

The second outflow has a condensation, which can be an HH object. The object

is connected with an IRAS point source IRAS 08196-4931, which has IR colours,

typical for a source, connected with a water maser.

Keywords: star forming region: IR stars: dark globules
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ËÞÌÈÍÅÑÖÅÍÖÈß ÏÛËÈ È ÔËÓÎÐÅÑÖÅÍÖÈß
ÃÀÇÀ ÒÓÌÀÍÍÎÑÒÈ ÑÅÄ 201

È.À.ÑÈÌÎÍÈß
Ïîñòóïèëà 22 èþëÿ 2021

Ïðèíÿòà ê ïå÷àòè 20 îêòÿáðÿ 2021

Ðàññìîòðåíû ôèçèêî-õèìè÷åñêèå ñâîéñòâà ïûëè òóìàííîñòè ÑÅÄ 201. Ëþìèíåñöåíòíûå
ýìèññèè çàìîðîæåííûõ óãëåâîäîðîäíûõ ÷àñòèö è àëìàçíîé ïûëè âûÿâëåíû â ñïåêòðå ýòîé
òóìàííîñòè. Ïðåäñòàâëåí êðàòêèé êàòàëîã ôëóîðåñöåíòíûõ ýìèññèé àòîìîâ è èîíîâ ãàçîâîé
êîìïîíåíòû âåùåñòâà òóìàííîñòè. Îáñóæäåíû íåêîòîðûå äðóãèå àñïåêòû ïðîáëåìû.

Êëþ÷åâûå ñëîâà: òóìàííîñòü: ïûëü: îðãàíè÷åñêîå âåùåñòâî: ëþìèíåñöåíöèÿ

1. Ââåäåíèå. Ýëåêòðîìàãíèòíîå è êîðïóñêóëÿðíîå èçëó÷åíèÿ çâåçä
òóìàííîñòåé ðàçëè÷íûõ òèïîâ ìîãóò âûçûâàòü ëþìèíåñöåíöèþ ïûëè è
ôëóîðåñöåíöèþ ãàçà ýòèõ òóìàííîñòåé. Ïðè ýòîì èñïóñêàåìûå çâåçäàìè ïîòîêè
ðåíòãåíîâñêîãî è óëüòðàôèîëåòîâîãî èçëó÷åíèé, à òàêæå àíèçîòðîïíûå ïîòîêè
ýëåêòðîíîâ è ïðîòîíîâ ðàçëè÷íûõ ýíåðãèè ìîãóò âûçûâàòü ôîòîëþìèíåñöåíöèþ
- ôëóîðåñöåíöèþ è ðåêîìáèíàöèîííîå èçëó÷åíèå íåéòðàëüíûõ è èîíèçîâàííûõ
êîìïîíåíòîâ ãàçà ýòèõ òóìàííîñòåé. Ïûëü îòðàæàòåëüíûõ, ïðîòîïëàíåòàðíûõ
è ïëàíåòàðíûõ òóìàííîñòåé ìîæåò èíòåíñèâíî ëþìèíåñöèðîâàòü ïîä
âîçäåéñòâèåì èçëó÷åíèÿ îò öåíòðàëüíûõ çâåçä, ïðè÷åì ëþìèíåñöåíòíûå ýìèññèè
ìîãóò ðàñïîëàãàòüñÿ â óëüòðàôèîëåòîâîì, âèäèìîì è èíôðàêðàñíîì äèàïàçîíàõ
ñïåêòðà òóìàííîñòåé.

Ðàçëè÷íûå òóìàííîñòè, êàê êîìïëåêñíûå ãàçî-ïûëåâûå îáúåêòû, äèôôóçíûå
îáðàçîâàíèÿ ãàëàêòèêè, ìîãóò èñïóñêàòü ëþìèíåñöåíòíîå èçëó÷åíèå òâåðäîãî
âåùåñòâà (ïûëè) è ôëóîðåñöåíòíîå èçëó÷åíèå ãàçà. Ïðè ýòîì, ýìèññèîííûé
ñïåêòð òóìàííîñòè ìîæåò áûòü äîñòàòî÷íî ñëîæíûì, ñîñòîÿùèì èç ñòàíäàðòíûõ
ýìèññèé àòîìîâ, èîíîâ ãàçà è ëþìèíåñöåíòíûõ ýìèññèé ìèíåðàëüíîé è
ëåäÿíîé ïûëè ñîîòâåòñòâóþùåé òóìàííîñòè. Ýòè îòíîñèòåëüíî ñëàáûå
ëþìèíåñöåíòíûå ýìèññèè ïûëè çà÷àñòóþ îñòàþòñÿ íåèäåíòèôèöèðîâàíûìè,
âûçûâàÿ îñîáûé èíòåðåñ èññëåäîâàòåëåé. Îïòè÷åñêèå ñïåêòðû òóìàííîñòåé è
äðóãèõ ãàçî-ïûëåâûõ îáðàçîâàíèé ãàëàêòèêè ìîãóò áûòü óñëîæíåíû òàêæå
ðàñøèðåííîé êðàñíîé ýìèññèåé ïûëè â äèàïàçîíå 5400-9400Å . Ýòà øèðîêàÿ,
áåññòðóêòóðíàÿ ïîëîñà òàêæå èìååò ëþìèíåñöåíòíóþ ïðèðîäó.

Â ðàáîòàõ [1,2] ìû ïðåäëîæèëè ìîäåëè çàìîðîæåííûõ óãëåâîäîðîäíûõ
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÷àñòèö (ÇÓ×) ïûëè òóìàííîñòåé, ïîêàçàâ, ÷òî ïîä âîçäåéñòâèåì óëüòðàôèî-
ëåòîâîãî èçëó÷åíèÿ öåíòðàëüíûõ çâåçä ëåäÿíàÿ ïûëü (â âèäå êîìïëåêñîâ
ÇÓ×) òóìàííîñòåé ìîæåò ëþìèíåñöèðîâàòü â îïòè÷åñêîì äèàïàçîíå ñïåêòðà.
Ìû ïðèìåíèëè íàøó òåîðèþ ê òóìàííîñòè ÑÅÄ 201 è âûÿâèëè â îïòè÷åñêèõ
ñïåêòðàõ ýòîé òóìàííîñòè ðÿä ëèíèé è ïîëîñ ëþìèíåñöåíòíîé ïðèðîäû,
ïðèíàäëåæàùèõ ÇÓ×. Íàìè ïðèìåíÿëñÿ ñòàíäàðòíûé ìåòîä âûÿâëåíèÿ
ëþìèíåñöåíòíûõ ýìèññèé ñïåêòðîâ îïðåäåëåííûõ ðåãèîíîâ òóìàííîñòè
ÑÅÄ 201. Ê íàñòîÿùåìó ìîìåíòó ñôîðìèðîâàëèñü ñëåäóþùèå ñóùåñòâåííûå
îáñòîÿòåëüñòâà: 1) îïóáëèêîâàííûå ñïåêòðàëüíûå äàííûå (òàáëèöû, êàòàëîãè
ýìèññèé) ïî òóìàííîñòè ÑÅÄ 201 îãðàíè÷åíû, ðàçðîçíåííû; 2) ÷àñòü ñïåêòðîâ
òóìàííîñòè ÑÅÄ 201, ïîëó÷åííûõ íàìè ðàíåå ïðè ïîìîùè 2-ì òåëåñêîïà
îáñåðâàòîðèè ÒËÑ, Ãåðìàíèÿ, îñòàþòñÿ íåèçó÷åííûìè â ðàìêàõ íàñòîÿùåé
ïðîáëåìû. Áåðÿ âî âíèìàíèå ýòè îáñòîÿòåëüñòâà, ìû èçó÷èëè îäèí èç
ïîëó÷åííûõ íàìè ñïåêòðîâ òóìàííîñòè ÑÅÄ 201, ðàíåå íå ïîäâåðãàâøèéñÿ
àíàëèçó.

2. Íàáëþäåíèÿ è îáðàáîòêà äàííûõ. Íàìè áûëè ïðîèçâåäåíû
ñïåêòðîñêîïè÷åñêèå íàáëþäåíèÿ òóìàííîñòè ÑÅÄ 201 ïðè ïîìîùè 2-ì
òåëåñêîïà è ïðèçìåííîãî ñïåêòðîãðàôà ôîêóñà Íýñìèòà îáñåðâàòîðèè ÒËÑ
(îêòÿáðü-íîÿáðü, 2001). Áûëè ïîëó÷åíû ñïåêòðû ýòîé òóìàííîñòè â äèàïàçîíå
3700- 8500Å . Ñðåäíÿÿ äèñïåðñèÿ ïðèìåíÿâøåãîñÿ ïðèçìåííîãî ñïåêòðîãðàôà
225Å /ìì. Äëèíà ùåëè 3.24 àðêìèí. Ïðèåìíèê èçëó÷åíèÿ ÑÑÄ 800 x 2024.
Âðåìÿ ýêñïîçèöèè òóìàííîñòè â ïðåäåëàõ 540-600 ñ. Áûëà ïðîâåäåíà ýêñòðàêöèÿ
ñïåêòðîâ, ôèëüòðàöèÿ êîñìè÷åñêèõ ÷àñòèö, äåëåíèå íà ïëîñêîå ïîëå, êàëèáðîâêà
è äð. Èç ïîëó÷åííûõ ñïåêòðîâ òóìàííîñòè áûëè âû÷òåíû ñïåêòðû íî÷íîãî
íåáà. Ùåëü ñïåêòðîãðàôà áûëà îðèåíòèðîâàíà ñîîòâåòñòâóþùèì îáðàçîì,
âûðåçàÿ êàê òåìíóþ, òàê è ñâåòëóþ îáëàñòè òóìàííîñòè (âíå çâåçäû).
Ïåðâè÷íàÿ è ïîñëåäóþùàÿ îáðàáîòêè ñïåêòðîâ òóìàííîñòè ïðîâîäèëèñü
ïðîãðàììíûìè ïàêåòàìè MIDAS è DECH20T.

3. Ëåäÿíàÿ ïûëü è ãàç òóìàííîñòè ÑÅÄ 201. Îñíîâíûìè çàäà÷àìè
íàñòîÿùåé ðàáîòû ÿâëÿëèñü: à) âûÿâëåíèå íàèáîëåå èíòåíñèâíûõ (â øêàëå
îòíîñèòåëüíîé èíòåíñèâíîñòè) ëþìèíåñöåíòíûõ ýìèññèé ñïåêòðà òóìàííîñòè
ÑÅÄ 201; á) îòîæäåñòâëåíèå èíòåíñèâíûõ, ñòàíäàðòíûõ ãàçîâûõ ýìèññèé
ñïåêòðà òîé æå òóìàííîñòè; ñ) óñòàíîâëåíèå íåêîòîðûõ ôèçèêî-õèìè÷åñêèõ
ñâîéñòâ òâåðäîãî âåùåñòâà ëåäÿíîé ïûëè ýòîé òóìàííîñòè. Ñ öåëüþ ýôôåê-
òèâíîãî ðåøåíèÿ ýòèõ çàäà÷, îáðàáîòêà îòêàëèáðîâàííîãî ñïåêòðà ïðîâîäèëàñü
ïîøàãîâî, ñ ðàçäåëåíèåì ñïåêòðà íà ïîñëåäîâàòåëüíûå ìàëûå ó÷àñòêè (ïî
âîçðàñòàíèþ äëèí âîëí). Äîïëåðîâñêîå ñìåùåíèå ñïåêòðàëüíûõ ëèíèé (ëó÷åâàÿ
êîìïîíåíòà ïðîñòðàíñòâåííîé ñêîðîñòè òóìàííîñòè) ó÷èòûâàëîñü. Áûëî
óëó÷øåíî êà÷åñòâî ïðîöåäóðû ñðàâíèòåëüíîãî àíàëèçà, à èìåííî: òî÷íîñòü



529ËÞÌÈÍÅÑÅÍÖÈß  È ÔËÓÎÐÅÑÅÍÖÈß  ÑÅÄ 201

ñðàâíèòåëüíîãî àíàëèçà; ó÷åò ñõîäñòâà ïðîôèëåé ñïåêòðàëüíûõ ëèíèè (íàáëþ-
äåííûõ è ëàáîðàòîðíûõ); ïðèìåíåíèå áîëåå îáøèðíûõ è ñîâðåìåííûõ áàç
è èñòî÷íèêîâ ñðàâíèòåëüíûõ äàííûõ. Ñðàâíåíèå ïðîâîäèëîñü ñ òî÷íîñòüþ
±0.5Å . Â êà÷åñòâå èñòî÷íèêîâ ñðàâíèòåëüíûõ äàííûõ íàìè ïðèìåíÿëèñü
[3-19]. Ýòè èñòî÷íèêè ñîäåðæàëè ñïåêòðû ëþìèíåñöåíòíûõ ýìèññèé
çàìîðîæåííûõ ñìåñåé ïîëèöèêëè÷åñêèõ àðîìàòè÷åñêèõ óãëåâîäîðîäîâ è
àëèôàòè÷åñêèõ óãëåâîäîðîäîâ, ðàçëè÷íûõ ìèíåðàëîâ, à òàêæå ñïåêòðû è
êàòàëîãè çàïðåùåííûõ ëèíèé, ýìèññèé ïëàíåòàðíûõ òóìàííîñòåé, ýìèññèé
èñêóñòâåííûõ èñòî÷íèêîâ èçëó÷åíèÿ, âêëþ÷àÿ ðòóòü è íàòðèé è äð.

Îòíîñèòåëüíàÿ íåðåãóëÿðíîñòü, íåîäíîðîäíîñòü ñðàâíèòåëüíîãî ìàòåðèàëà,
âûðàæàâøàÿñÿ â ðàçëè÷èÿõ òî÷íîñòè ëàáîðàòîðíûõ èçìåðåíèé, ïðèìåíÿâøèõñÿ
øêàë äëèí âîëí, à òàêæå ÷óâñòâèòåëüíîñòè ïðèåìíèêîâ èçëó÷åíèÿ, âûçûâàëà
îïðåäåëåííûå ñëîæíîñòè â ïðîöåññå ñðàâíèòåëüíîãî àíàëèçà. Ê ïðèìåðó,
àòëàñû ñïåêòðîâ ëþìèíåñöåíöèè çàìîðîæåííûõ óãëåâîäîðîäîâ ïðàêòè÷åñêè
íå ñîäåðæàò ýìèññèè â äëèííîâîëíîâîé îáëàñòè ñïåêòðà Å7000 . Ýòî
îáóñëîâëèâàëî â ñâîþ î÷åðåäü ïîòåðþ 3-5% ïîëåçíûõ äàííûõ. Ïîëó÷åíèå
áîëåå îäíîðîäíûõ è îáøèðíûõ ëàáîðàòîðíûõ äàííûõ ïî ëþìèíåñöåíöèè
çàìîðîæåííûõ óãëåâîäîðîäîâ ïîëîæèòåëüíî ñêàçàëîñü áû íà ýôôåêòèâíîñòè
ñðàâíèòåëüíîãî àíàëèçà â ïðåäåëàõ èíòåðåñîâ àñòðîôèçèêè.

Îðèåíòàöèÿ ùåëè ïðèìåíÿâøåãîñÿ ïðèçìåííîãî ñïåêòðîãðàôà ïðåäîïðå-
äåëèëà äîñòàòî÷íî âûñîêóþ èíôîðìàòèâíîñòü ïîëó÷åííûõ ñïåêòðîâ òóìàí-
íîñòè. Êàê óæå îòìå÷àëîñü, ùåëü âûðåçàëà îäíîâðåìåííî êàê ÿðêóþ, òàê è
òåìíóþ ÷àñòü òóìàííîñòè ÑÅÄ 201. Ñëåäîâàòåëüíî, îïòè÷åñêèé ñïåêòð ýòîé
òóìàííîñòè ìîæåò ñîäåðæàòü ëþìèíåñöåíòíûå ýìèññèè ëåäÿíîé è ìèíåðàëüíîé
ïûëè è ôëóîðåñöåíòíûå ýìèññèè ãàçà òóìàííîñòè (àòîìîâ è èîíîâ). Ãàçîâàÿ
ñîñòîâëÿþùàÿ òóìàííîñòè ñîñðåäîòî÷åííà âáëèçè îñâåùàþøåé çâåçäû, òîãäà
êàê ïûëü ðàçëè÷íîãî õèìèêî-ìèíåðàëîãè÷åñêîãî ñîñòàâà ñîñðåäîòî÷åíà íà
áîëüøåì óäàëåíèè îò îñâåùàþùåé çâåçäû çàíèìàÿ, ïåðèôåðè÷åñêèå îáëàñòè
òóìàííîñòè. Òàêîå ïðîñòðàíñòâåííîå ïîäðàçäåëåíèå ãàçà è ïûëè èìååò íåñêîëüêî
óñëîâíûé õàðàêòåð, ó÷èòûâàÿ òîò ôàêò, ÷òî äèôôóçíûå îáúåêòû ãàëàêòèêè
ïðåäñòàâëÿþò ñîáîé âçàèìîïðîíèêàþùèå è âçàèìîçàìåùàþùèå ïðîñòðàí-
ñòâåííûå ãàçîïûëåâûå îáðàçîâàíèÿ. Ýòî ïîäðàçäåëåíèå ãàçà è ïûëè íåîáõîäèìî
ðàññìàòðèâàòü â êîíòåêñòå ïðèíÿòîãî â íàñòîÿùåå âðåìÿ îòíîøåíèÿ ñîäåðæàíèÿ
ïûëåâîé è ãàçîâîé ìàòåðèè â ãàëàêòèêå. Â ñëó÷àå îòðàæàòåëüíûõ òóìàííîñòåé
íàì ïðåäñòàâëÿåòñÿ, ÷òî íå ìåíåå 80% ñåãìåíòà òóìàííîñòè, îñâåùàåìîãî
öåíòðàëüíîé çâåçäîé, áóäåò ó÷àâñòâîâàòü â ïðîöåññå ëþìèíåñöåíöèè ïûëè. Òî
åñòü, 80% ïûëåâûõ è ëåäÿíûõ ÷àñòèö îñâåùåíîé ÷àñòè òóìàííîñòè áóäóò
ëþìèíåñöèðîâàòü ïîä âîçäåéñòâèåì êîðîòêîâîëíîâîãî èçëó÷åíèÿ îò öåíòðàëüíîé
çâåçäû. Íåîáõîäèìî îòìåòèòü òàêæå, ÷òî ïîä ëþìèíåñöåíöèåé ïûëè òóìàííîñòè
ìû ïîíèìàåì ÿâëåíèÿ ôîòîëþìèíåñöåíöèèè, êàòîäîëþìèíåñöåíöèè òâåðäîãî
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âåøåñòâà ïûëèíîê, à ïîä ôëóîðåñöåíöèåé ãàçà - íåòåïëîâîå ñâå÷åíèå àòîìîâ
è èîíîâ âîçáóæäàåìûå óëüòðàôèîëåòîâûì èçëó÷åíèåì öåíòðàëüíîé çâåçäû.
Âìåñòå ñ òåì íåëüçÿ èñêëþ÷àòü, ÷òî ñâå÷åíèå ãàçîâîé êîìïîíåíòû ýòîé
òóìàííîñòè ìîæåò áûòü ÷àñòè÷íî îáóñëîâëåíî ÿâëåíèåì èçëó÷àòåëüíîé
ðåêîìáèíàöèè.

Ïîëó÷åííûé íàìè îïòè÷åñêè ñïåêòð òóìàííîñòè ÑÅÄ 201 ïðèâåäåí íà
ðèñ.1. Âî âðåìÿ ñðàâíèòåëüíîãî àíàëèçà è ïîñëåäóþùåé èäåíòèôèêàöèè
ñîîòâåòñòâóþùèõ ñïåêòðàëüíûõ îñîáåííîñòåé ìû îïèðàëèñü â öåëîì íà
ïðåäëîæåííûå íàìè ðàíåå ìîäåëè ÇÓ× è òåîðèþ èõ ëþìèíåñöåíòíîãî
ñâå÷åíèÿ. Îäíàêî â íàñòîÿùåé ðàáîòå âàæíûì ïðèîðèòåòîì äëÿ íàñ ÿâëÿëîñü
âûÿâëåíèå íàèáîëåå èíòåíñèâíûõ íåòåïëîâûõ ýìèññèé çàìîðîæåííûõ óãëåâîäî-
ðîäíûõ ÷àñòèö ñ ïðèâëå÷åíèåì áîëåå îáøèðíûõ ëàáîðàòîðíûõ äàííûõ.
Íåîáõîäèìî îòìåòèòü, ÷òî ýíåðãåòè÷åñêèé âûõîä ëþìèíåñöåíöèè (êàê îòíî-
øåíèå ýíåðãèè èñïóñêàåìûõ ëþìèíåñöåíòíûõ ôîòîíîâ ê ïîãëîùåííîé ýíåðãèè

ôîòîíîâ âîçáóæäàþùåãî èçëó÷åíèÿ) çàìîðîæåííîé ñëîæíîé îðãàíèêè ïðè
Ò < 80 K â ëàáîðàòîðíûõ óñëîâÿõ ìåíÿåòñÿ â ïðåäåëàõ 0.5-0.9. Ýòè æå
çíà÷åíèÿ ìîæíî îæèäàòü äëÿ ñëó÷àÿ çàìîðîæåííûõ óãëåâîäîðîäíûõ ÷àñòèö
òóìàííîñòåé.

Â êîðîòêîâîëíîâîé îáëàñòè îïòè÷åñêîãî ñïåêòðà òóìàííîñòè ÑÅÄ 201 íàì
óäàëîñü èäåíòèôèöèðîâàòü äâå ôîòîëþìèíåñöåíòíûå ýìèññèè ÇÓ× íà äëèíàõ
âîëí 3804.37Å  è 4018.37Å . Çà ýòè ôîòîëþìèíåñöåíòíûå ýìèññèè ñîîòâåò-
ñòâåííî îòâå÷àþò ÇÓ× ñëåäóþùåãî õèìè÷åñêîãî ñîñòàâà: 9,10 äèìåòèëàíòðàöåí
â í-ãåïòàíå (3804Å ), 3-ìåòèëàíòðàöåí â í-îêòàíå (4018.55Å ) [18]. Íàáëþ-

Ðèñ.1. Ñïåêòð òóìàííîñòè ÑÅÄ 201.

Äëèíà âîëíû (Å )

4000 5000 6000 7000 8000
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äåííûå è ëàáîðàòîðíûå ôîòîëþìèíåñöåíòíûå ýìèññèè õîðîøî êîððåëèðóþò
ïî ñïåêòðàëüíûì ïîëîæåíèÿì è ïðîôèëÿì â ïðåäåëàõ íàøèõ êðèòåðèåâ
ñðàâíèòåëüíîãî àíàëèçà, ðèñ.2, 3. Íåîáõîäèìî îòìåòèòü, ÷òî â ëàáîðàòîðíûõ
óñëîâèÿõ çàìîðîæåííûå ñìåñè àðîìàòè÷åñêèõ è àëèôàòè÷åñêèõ óãëåâîäîðîäîâ

Ðèñ.2. Ëþìèíåñöåíòíàÿ ýìèññèÿ ÇÓ× (3804.37 Å ) â ñïåêòðå òóìàííîñòè ÑÅÄ 201.

Ðèñ.3. Ýìèññèÿ (3804 Å ) â ñïåêòðå ëþìèíåñöåíöèè çàìîðîæåííîé ñìåñè óãëåâîäîðîäîâ.
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óêàçàííîãî ñîñòàâà õàðàêòåðèçóþòñÿ èíòåíñèâíûìè ôîòîëþìèíåñöåíòíûìè
ýìèññèÿìè, ñõîæèìè ñ ýìèññèÿìè òóìàííîñòåé (ñïåêòðàëüíûå ïîëîæåíèÿ è
ïðîôèëè), ïðè òåìïåðàòóðå çàìîðîæåííûõ ñìåñåé Ò = 5 K. Ìîæíî ïðåäïî-
ëîæèòü, ÷òî ïîòîêè óëüòðàôèîëåòîâîãî èçëó÷åíèÿ îò îñâåùàþùåé çâåçäû
âîçáóæäàþò ôîòîëþìèíåñöåíöèþ ñëîæíûõ îðãàíè÷åñêèõ ëåäÿíûõ ÷àñòèö
ïåðèôåðè÷åñêîé îáëàñòè òóìàííîñòè ÑÅÄ 201, ïðè÷åì òåìïåðàòóðà ÇÓ× â
ýòîé îáëàñòè äîëæíà áûòü Ò < 10 K. Ñàìî ïðèñóòñòâèå ÇÓ× (â âåùåñòâå
òóìàííîñòè) èñòî÷íèêîâ äîñòàòî÷íî óçêèõ ëþìèíåñöåíòíûõ ýìèññèé â ñïåêòðå
òóìàííîñòè ñâèäåòåëüñòâóåò îá îòíîñèòåëüíîì ïîñòîÿíñòâå óêàçàííûõ òåìïå-
ðàòóðíûõ çíà÷åíèé. Âîçìîæíîå óâåëè÷åíèå òåìïåðàòóðû çàìîðîæåííûõ
óãëåâîäîðîäíûõ ÷àñòèö òóìàííîñòè íåçàìåäëèòåëüíî ïðèâåëî áû ê çíà÷èòåëü-
íîìó óøèðåíèþ ñîîòâåòñòâóþùèõ ôîòîëþìèíåñöåíòíûõ ýìèññèé. Çäåñü
èìååòñÿ â âèäó óøèðåíèå ëþìèíåñöåíòíûõ ýìèññèé äî øèðîêèõ áåññòðóê-
òóðíûõ ïîëîñ, ñõîæèõ ñ ðàñøèðåíîé êðàñíîé ýìèññèåé ïûëè íåêîòîðûõ
òóìàííîñòåé, ëåãêî îáíàðóæèâàåìîé íàçåìíûìè îïòè÷åñêèìè èíñòðóìåíòàìè.
Èäåíòèôèöèðîâàííûå íàìè äâå ôîòîëþìèíåñöåíòíûå ýìèññèè ñïåêòðà
òóìàííîñòè ÑÅÄ 201 íå îáíàðóæèâàëèñü íàìè ðàíåå [1,2]. Âûñîêàÿ èíòåíñèâ-
íîñòü ôîòîëþìèíåñöåíòíûõ ýìèññèé ìîæåò áûòü ïðåäîïðåäåëåíà âåñüìà
íèçêîé òåìïåðàòóðîé âåùåñòâà ÇÓ×, âûñîêîé ïðîñòàíñòâåííîé êîíöåíòðàöèåé
ýòèõ ëåäÿíûõ ÷àñòèö è âûñîêèì êâàíòîâûì âûõîäîì ëþìèíåñöåíöèè êîíê-
ðåòíûõ çàìîðîæåííûõ ñìåñåé (ÏÀÓ+ÀÓ). Ýôôåêòèâíîñòü âûÿâëåíèÿ ýòèõ
ôîòîëþìèíåñöåíòíûõ ýìèññèé áûëà îáóñëîâëåíà ïðèìåíåíèåì íîâûõ áàç
äàííûõ [18]. Ìû èäåíòèôèöèðîâàëè òàêæå â ñïåêòðå òóìàííîñòè ÑÅÄ 201
îäíó ëþìèíåñöåíòíóþ ýìèññèþ àëìàçíîé ïûëè, à èìåííî ýìèññèþ íà äëèíå
âîëíû 7940.40Å  [17,19]. Â ëàáîðàòîðíûõ óñëîâèÿõ ïîä âîçäåéñòâèåì óëüòðà-
ôèîëåòîâîãî èçëó÷åíèÿ ìåëêîäèñïåðñíàÿ àëìàçíàÿ ïûëü ëþìèíåñöèðóåò íà
äëèíå âîëíû 7940Å  [19]. Èìååò ìåñòî õîðîøàÿ êîððåëÿöèÿ ñïåêòðàëüíûõ
ïîëîæåíèé è ïðîôèëåé íàáëþäåííîé è ëàáîðàòîðíîé ýìèññèé.

Êàñàÿñü ïðîñòðàíñòâåííîãî ðàñïðåäåëåíèÿ ÇÓ× è àëìàçíûõ ÷àñòèö â
ïûëåâîé ìàòåðèè òóìàííîñòè ÑÅÄ 201, ìîæíî ïðåäïîëîæèòü, ÷òî íà ìàëûõ
ðàññòîÿíèÿõ îò çâåçäû ìîæåò ïðåâàëèðîâàòü àëìàçíàÿ ïûëü, à íà çíà÷èòåëüíûõ
óäàëåíèÿõ ðàçíîäèñïåðñíûå ÇÓ×. Áåðÿ âî âíèìàíèå ìîäåëü ÇÓ×, ïðåäëîæåííóþ
íàìè â [1,2] (ÇÓ× êàê óãëèñòîå ÿäðî+çàìîðîæåííàÿ îðãàíè÷åñêàÿ ìàíòèÿ),
ìîæíî çàêëþ÷èòü, ÷òî âáëèçè îñâåùàþùåé çâåçäû â óñëîâèÿõ îòíîñèòåëüíî
âûñîêèõ òåìïåðàòóð ïðåâàëèðóþò àëìàçíûå ïûëèíêè, à íà áîëüøèõ óäàëåíèÿõ
îò çâåçäû â óñëîâèÿõ íèçêèõ òåìïåðàòóð ïðåâàëèðóþò ÇÓ× ëåäÿíûå ÷àñòèöû
- ÿäðî+ ìàíòèÿ. Ïðè ýòîì ïðîñòðàíñòâåííûå ïðîöåññû î÷åâèäíû. Àëìàçíàÿ
ïûëü âáëèçè çâåçäû õîðîøî ïðîãðåâàåìà, íî áóäó÷è "âûìåòàåìîé" ëó÷åâûì
äàâëåíèåì, íà÷èíàåò îõëàæäàòüñÿ, ñîïðîâîæäàÿñü ïðîöåñîì êîíäåíñàöèè èëè
äåñóáëèìàöèè ãàçà íà õîëîäíûõ ìèêðî è íàíîÿäðàõ. Ýòî â ñâîþ î÷åðåäü
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ïðèâåäåò ñî âðåìåíåì ê îáðàçîâàíèþ îðãàíè÷åñêèõ ìàíòèé ÇÓ×. Ýòè ÿâëåíèÿ
ìîãóò ñâèäåòåëüñòâîâàòü î òîì, ÷òî òåìíàÿ è õîëîäíàÿ îáëàñòè òóìàííîñòè
ÑÅÄ 201 ìîãóò ñîäåðæàòü ìîëåêóëû óãëåâîäîðîäîâ â ãàçîâîé ôàçå. Äëÿ
âûÿâëåíèÿ ïðîñòðàíñòâåííîãî ðàñïðåäåëåíèÿ ÇÓ× è àëìàçíûõ ïûëèíîê
òóìàííîñòè ÑÅÄ 201 íåîáõîäèìî áóäåò ïðîâåñòè äîïîëíèòåëüíûå ñïåêòðî-
ñêîïè÷åñêèå íàáëþäåíèÿ ýòîé òóìàííîñòè ñ öåëüþ ïîëó÷åíèÿ åå îïòè÷åñêèõ
ñïåêòðîâ ïðè ðàçëè÷íûõ îðèåíòàöèàõ ùåëè ñïåêòðîãðàôà.

Ïî ðåçóëüòàòàì ñðàâíèòåëüíîãî àíàëèçà íàì íå óäàëîñü èäåíòèôèöèðîâàòü
ñëåäóþùèå ýìèññèè ñïåêòðà òóìàííîñòè ÑÅÄ 201: 7342.05Å ; 7634.67Å ;
7866.15Å ; 7984.07Å ; 8088.89Å ; 8154.40Å ; 8180.61Å . Âñå ýòè 7 ýìèññèé
îñòàëèñü â ñòàòóñå íåèäåíòèôèöèðîâàííûõ. Êàê ïîêàçàíî â ðàáîòàõ [1,2]
îñòàâøèåñÿ íåèäåíòèôèöèðîâàííûìè ýìèññèè ìîãóò ïðèíàäëåæàòü, â êà÷åñòâå
ñîñòàâíûõ êîìïîíåíòîâ, ê ðàñøèðåííîé êðàñíîé ýìèññèè ïûëè òóìàííîñòè
ÑÅÄ 201. È â äàííîì ñëó÷àå ìû ïðèäåðæèâàåìñÿ àíàëîãè÷íîãî îáúÿñíåíèÿ.
Çäåñü íåîáõîäèìî äîáàâèòü, ÷òî äëÿ îäíîçíà÷íîãî âûÿâëåíèÿ ðàñøèðåííîé
êðàñíîé ýìèññèè â ñïåêòðàõ òóìàííîñòåé ïðèìåíÿþòñÿ ñïåêòðîãðàôû íèçêîé
äèñïåðñèè. Â íàøåì æå ñëó÷àå ïðèìåíÿëñÿ ñïåêòðîãðàô ñðåäíåé äèñïåðñèè.
Â ñïåêòðå òóìàííîñòè ÑÅÄ 201 ìû âûÿâèëè òàêæå äâå ëèíèè ïîãëîùåíèÿ
4739.01Å  è 5813.42Å . Ñðàâíèòåëüíûé àíàëèç ïîêàçàë, ÷òî äàííûå àáñîðáöèè
íå ïðèíàäëåæàò ê ìåæçâåçäíûì ëèíèÿì ïîãëîùåíèÿ, âêëþ÷àÿ äèôôóçíûå
ìåæçâåçäíûå ïîëîñû. Ïî-âèäèìîìó, ýòè àáñîðáöèè èìåþò ïåêóëÿðíûé õàðàêòåð
è îáóñëîâëåíû ïîãëîùåíèåì èçëó÷åíèÿ îñâåùàþùåé çâåçäû ãàçîïûëåâîé
ìàòåðèåé êîíêðåòíîãî õèìèêî-ìèíåðàëîãè÷åñêîãî ñîñòàâà. Â ðåçóëüòàòå
ñðàâíèòåëüíîãî àíàëèçà ìû èäåíòèôèöèðîâàëè òàêæå â ñïåêòðå òóìàííîñòè
ÑÅÄ 201 ðÿä ëèíèé, ïðåäñòàâëÿþùèõ ñîáîé ôëþîðåñöåíòíûå ýìèññèè àòîìîâ
è èîíîâ ãàçîâîé êîìïîíåíòû ýòîé òóìàííîñòè. Óëüòðàôèîëåòîâîå èçëó÷åíèå
îñâåùàþøåé çâåçäû âîçáóæäàåò ôëóîðåñöåíöèþ ñîñòàâíûõ êîìïîíåíòîâ ãàçà
òóìàííîñòè ñ õàðàêòåðíûì âðåìåíåì ðåëàêñàöèè 10-8

 ñ. Â òàáë.1 ìû ïðèâîäèì
ðåçóëüòàòû íàøåãî ñðàâíèòåëüíîãî àíàëèçà ïî èäåíòèôèêàöèè ôëóîðåñöåíòíûõ
ýìèññèé ãàçà òóìàííîñòè ÑÅÄ 201. Ôàêòè÷åñêè äàííàÿ òàáëèöà ÿâëÿåòñÿ
ïåðâûì êðàòêèì êàòàëîãîì ýìèññèè íåéòðàëüíûõ àòîìîâ è èîíîâ ãàçà ýòîé
òóìàííîñòè. Â ïåðâîé êîëîíêå òàáëèöû ïðèâîäÿòñÿ äëèíû âîëí ãàçîâûõ
ýìèññèé ñïåêòðà òóìàííîñòè â àíãñòðåìàõ (èñïðàâëåííûõ çà äîïëåðîâñêîå
ñìåùåíèå), â êîëîíêå 2 - ýêâèâàëåíòíûå øèðèíû ýìèññèè â àíãñòðåìàõ, â
êîëîíêå 3 - äëèíû âîëí ëàáîðàòîðíûõ ýìèññèé â àíãñòðåìàõ, â êîëîíêå 4
- èäåíòèôèêàöèÿ, ñîîòâåòñòâóþùèå àòîìû è èîíû.

Íåîáõîäèìî îòìåòèòü, ÷òî ýìèññèè íåêîòîðûõ êîìïîíåíòîâ ãàçà òóìàííîñòè
ÑÅÄ 201 õàðàêòåðèçóþòñÿ îïðåäåëåíûì óøèðåíèåì. Ýòî ìîæåò áûòü
îáóñëîâëåíî äâèæåíèåì íåêîòîðûõ êîìïîíåíòîâ ãàçà òóìàííîñòè ïîä
îïðåäåëåíûì óãëîì ê ëó÷ó çðåíèÿ. Èòàê, ñïåêòð òóìàííîñòè ÑÅÄ 201 èìååò
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êîìïëåêñíûé õàðàêòåð. Íàì óäàëîñü îáíàðóæèòü â ñïåêòðå ëþìèíåñöåíòíûå
ýìèññèè ÇÓ× è ôëþîðåñöåíòíûå ýìèññèè ãàçà ýòîé òóìàííîñòè. Îáðàùàþò
íà ñåáÿ âíèìàíèå ýìèññèè èîíîâ [KVI], [CaV], CIV. Âûñîêàÿ ñòåïåíü
èîíèçàöèè ýòèõ àòîìîâ ñâèäåòåëüñòâóåò î ìîùíîì óëüòðàôèîëåòîâîì èçëó÷åíèè
îñâåùàþøåé çâåçäû BD + 69o1231. Ïðèñóòñòâèå æå çàïðåùåííûõ ëèíèè â
ñïåêòðå ýòîé òóìàííîñòè ìîæåò ñâèäåòåëüñòâîâàòü î âûñîêîé ñòåïåíè
ðàçðåæåííîñòè ãàçà, îáóñëîâëèâàþùåé íàõîæäåíèå àòîìîâ è èîíîâ ãàçà â

Òàáëèöà 1

ÔËÞÎÐÅÑÖÅÍÒÍÛÅ ÝÌÈÑÑÈÈ ÃÀÇÀ ÒÓÌÀÍÍÎÑÒÈ ÑÅÄ 201

набл. Ýêâèâàëåíòíàÿ лаб. Àòîì, èîí
øèðèíà

3830.57 1.549 3830.29 OII
3843.67 0.117 3843.18 OII
3856.78 0.654 3856.29 SiII
3887.35 2.371 3887.44 HeII
3970.33 1.263 3970.07 HI
3996.54 0.321 3996.30 [CaV]
4105.72 0.484 4106.02 OII
4337.20 0.823 4336.86 OII
4359.04 0.207 4359.33 [FeII]
4385.24 0.246 4384.98 NeII
4861.30 3.110 4861.33 HI
5049.11 0.218 5048.85 NiI
5464.02 0.883 5464.28 FeI
5498.96 0.383 5499.06 FeII
5577.57 4.264 5577.34 [OI]
5603.78 0.081 5604.00 [KVI]
5690.84 0.360 5690.43 SiI
5892.04 0.811 5850-5894 CIII
5953.18 0.767 5952.94 HeII
6302.58 2.474 6302.51 FeI
6328.79 0.202 6328.39 NII
6363.73 0.960 6363.78 [OI]
6564.63 5.161 6562.85 HI
6874.72 0.620 6874.60 CIV
6896.56 0.352 6896.20 [FeII]
7241.60 0.915 7241.78 NII
7280.90 0.598 7281.35 HeI
7918.56 0.259 7918.44 NI
7949.13 0.471 7948.30 CIV
7962.23 0.377 7962.30 HeI
8032.11 0.748 8029-8077 CII
8127.91 1.118 8127.50 OIII
8196.41 1.740 8196.48 CIII
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ìåòàñòàáèëüíûõ ñîñòîÿíèÿõ â òå÷åíèå ïðîäîëæèòåëüíîãî ïåðèîäà âðåìåíè.
Ðîëü èçëó÷åíèÿ õðîìîñôåðû îñâåùàþùåé çâåçäû äîëæíà áûòü ðàñìîòðåíà
îòäåëüíî â ïðåäåëàõ àáñîëþòíîé ñïåêòðîôîòîìåòðèè òóìàííîñòè ÑÅÄ 201 è
îñâåùàþøåé çâåçäû.

4. Çàêëþ÷åíèå. Ìû ïðîäîëæèëè èçó÷åíèå ëþìèíåñöåíöèè çàìîðîæåíûõ
÷àñòèö ïûëåâîé ìàòåðèè òóìàííîñòè ÑÅÄ 201. Íàì óäàëîñü âûÿâèòü äâå
ëþìèíåñöåíòíûå ýìèññèè â ñïåêòðå ýòîé òóìàííîñòè. Çà ýòè ëþìèíåñöåíòíûå
ýìèññèè îòâå÷àþò ÇÓ× ñëîæíîãî õèìè÷åñêîãî ñîñòàâà. Óëüòðàôèîëåòîâîå
èçëó÷åíèå îñâåùàþøåé çâåçäû âîçáóæäàåò ôîòîëþìèíåñöåíöèþ ÇÓ× ñ
õàðàêòåðíûì ïåðèîäîì ïîñëåñâå÷åíèÿ. Íàì óäàëîñü ïîäòâåðäèòü è ðàñøèðèòü
ïîëó÷åííûå íàìè ðàííåå ðåçóëüòàòû. Ìû ïîêàçàëè òàêæå ÷òî ãàçîâàÿ ñîñòàâ-
ëÿþùàÿ òóìàííîñòè ôëóîðåñöèðóåò ïîä âîçäåéñòâèåì êîðîòêîâîëíîâîãî
èçëó÷åíèÿ îñâåùàþøåé çâåçäû. Ïîòîêè ýëåêòðîíîâ è ïðîòîíîâ îò îñâåùàþùåé
çâåçäû òàêæå ó÷àñòâóþò â âîçáóæäåíèè ëþìèíåñöåíöèè âåùåñòâà òóìàííîñòè
ÑÅÄ 201. Áûëî áû öåëåñîîáðàçíûì ïðîäîëæåíèå ñïåêòðîñêîïè÷åñêèõ èññëå-
äîâàíèé ýòîé òóìàííîñòè òåëåñêîïàìè áîëüøåé ñâåòîñèëû, ñïåêòðîãðàôàìè
âûñîêîé ðàçðåøàþùåé ñèëû â îïòè÷åñêîì è èíôðàêðàñíîì äèàïàçîíàõ ñïåêòðà.

Àâòîð âûðàæàåò áëàãîäàðíîñòü Õ.Ëèìàíó çà ó÷àñòèå â íàáëþäàòåëüíûõ
ýêñïåðèìåíòàõ. Àâòîð áëàãîäàðåí àíîíèìíîìó ðåöåíçåíòó çà öåííûå çàìå÷àíèÿ.

Ôàêóëüòåò åñòåñòâåííûõ íàóê è ìåäèöèíû ãîñóäàðñòâåííîãî óíèâåðñèòåòà
èì. Èëèè, e-mail: irakli_simonia@iliauni.edu.ge

LUMINESCENCE OF DUST AND FLUORESCENCE
OF GAS OF CED 201 NEBULA

I.A.SIMONIA

Physical and chemical properties of CED 201 nebula dust are considered.
Luminescence emissions of frozen hydrocarbon particles and diamond dust were
revealed in the spectrum of this nebula. The short catalog of atomic and ionic
fluorescence emissions of gaseous component of nebula matter is presented. Some
other aspects of the problem are discussed.

Keywords: nebula: dust: organic substance: luminescence
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Î ÇÀÂÈÑßÙÈÕ ÎÒ ÂÐÅÌÅÍÈ ÇÀÄÀ×ÀÕ ÏÅÐÅÍÎÑÀ
ÈÇËÓ×ÅÍÈß Â ÎÄÍÎÌÅÐÍÎÉ ÑÐÅÄÅ

À.Ã.ÍÈÊÎÃÎÑßÍ
Ïîñòóïèëà 14 îêòÿáðÿ 2021

Â ðàáîòå ïðèâîäèòñÿ ðåøåíèå íåñêîëüêèõ îäíîìåðíûõ çàäà÷ íåñòàöèîíàðíîãî ïåðåíîñà
èçëó÷åíèÿ â ÷àñòîòàõ ñïåêòðàëüíîé ëèíèè. Ïðèìåíÿåòñÿ ïîäõîä, îñíîâàííûé íà ïîèñêå
èñêîìûõ âåëè÷èí â âèäå ðàçëîæåíèé â ðÿäû Íåéìàíà. Èçó÷àåòñÿ ýâîëþöèÿ ïðîôèëÿ
ëèíèè, îáðàçóåìîé ïðè îòðàæåíèè îò ïîëóáåñêîíå÷íîé àòìîñôåðû êàê ïðè êîãåðåíòíîì,
òàê è ïîëíîñòüþ íåêîãåðåíòíîì ðàññåÿíèè â ñðåäå. Ðàññìàòðèâàåòñÿ òàêæå çàâèñèìîñòü îò
âðåìåíè ïðîôèëåé ëèíèé, ôîðìèðóþùèõñÿ íà ãðàíèöàõ êîíå÷íîé àòìîñôåðû. Â îáîèõ
çàäà÷àõ ïðåäïîëàãàåòñÿ, ÷òî àòìîñôåðû îñâåùàþòñÿ èçëó÷åíèåì ëèáî â âèäå )(t  - îáðàçíîãî
èìïóëüñà, ëèáî èçëó÷åíèåì ñ èíòåíñèâíîñòüþ ôîðìû åäèíè÷íîãî ñêà÷êà. Ïðè ðåøåíèè
ó÷èòûâàþòñÿ îáå âîçìîæíûå ïðè÷èíû òðàòû âðåìåíè ôîòîíàìè ïðè äèôôóçèè â ñðåäå:
âðåìåíè ïðåáûâàíèÿ àòîìà â âîçáóæäåííîì ñîñòîÿíèè è âðåìåíè, òåðÿåìîãî ôîòîíàìè íà
ïðîõîæäåíèå ïóòè ìåæäó äâóìÿ ïîñëåäîâàòåëüíûìè àêòàìè ðàññåÿíèÿ. Ïîêàçûâàåòñÿ, ÷òî
ïðè òàêîé îáùåé ïîñòàíîâêå çàäà÷è ðåçóëüòèðóþùàÿ ôóíêöèÿ ðàñïðåäåëåíèÿ ïëîòíîñòè
âåðîÿòíîñòè âûõîäÿùåãî èçëó÷åíèÿ çàäàåòñÿ â âèäå ñâåðòêè ðàñïðåäåëåíèé, ñîîòâåòñòâóþùèõ
äâóì êîìïîíåíòàì ðàñõîäà âðåìåíè ôîòîíàìè.

Êëþ÷åâûå ñëîâà: íåñòàöèîíàðíûé ïåðåíîñ èçëó÷åíèÿ: Erlang-n ðàñïðåäåëåíèå:

    ðàñïðåäåëåíèå ïëîòíîñòè âåðîÿòíîñòè: êóìóëÿòèâíîå

     ðàñïðåäåëåíèå: ïðîôèëè ñïåêòðàëüíûõ ëèíèé

1. Ââåäåíèå. Ðàçëè÷íûå ÿâëåíèÿ èçó÷àåìûå â àñòðîôèçèêå ïîêàçûâàþò

âðåìåííûå èçìåíåíèÿ, ÷òî ÿâëÿåòñÿ äîïîëíèòåëüíûì è âåñüìà âàæíûì

ïîäñïîðüåì ïðè èíòåðïðåòàöèè äàííûõ íàáëþäåíèé. Ïðèðîäà òàêèõ èçìåíåíèé

îòëè÷àåòñÿ áîëüøèì ðàçíîîáðàçèåì, ñ òî÷êè çðåíèÿ  êàê ôèçèêè ÿâëåíèÿ,

òàê è ñêîðîñòè åãî ïðîòåêàíèÿ. ßðêèìè ïðèìåðàìè ìîãóò ñëóæèòü ÿâëåíèÿ

âñïûøåê çâåçä ðàçëè÷íûõ ìàñøòàáîâ îò íåáîëüøèõ âûáðîñîâ çâåçäíîé ìàòåðèè

äî ãðàíäèîçíûõ ÿâëåíèé, ñâÿçàííûõ ñ ïîòåðåé âåðõíèõ ñëîåâ çâåçäû, ñîïðî-

âîæäàþùèõñÿ âûäåëåíèåì îãðîìíîé ýíåðãèè (Íîâûå, Ñâåðõíîâûå). Âìåñòå

ñ òåì ìîæíî óêàçàòü íà ÿâëåíèÿ ðåëàêñàöèîííîãî òèïà, êîãäà ðàâíîâåñíîå

ñîñòîÿíèå â èçëó÷àþùåé ñðåäå  óñòàíàâëèâàåòñÿ â òå÷åíèå áîëåå èëè ìåíåå

ïðîäîëæèòåëüíîãî âðåìåíè. Ñòðîãî ãîâîðÿ, âñå íàáëþäàåìûå ÿâëåíèÿ â

áîëüøåé èëè ìåíüøåé ñòåïåíè ïîäâåðæåíû èçìåíåíèÿì âî âðåìåíè, ïîýòîìó

âîçíèêàåò íåîáõîäèìîñòü â ðàçâèòèè òåîðèè ïåðåíîñà ëó÷èñòîé ýíåðãèè

çàâèñÿùåé îò âðåìåíè.

Â ðàìêàõ äàííîé òåîðèè ðàññìàòðèâàþòñÿ çàäà÷è, ó÷èòûâàþùèå
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íåñòàöèîíàðíîñòü ðàçëè÷íûõ õàðàêòåðèñòèê êàê ïàäàþùåãî íà ñðåäó èçëó÷åíèÿ,

òàê è âîçìîæíûå èçìåíåíèÿ òåõ èëè èíûõ ïàðàìåòðîâ ñàìîé èçëó÷àþùåé

ñðåäû òàêèõ, êàê åå îïòè÷åñêàÿ òîëùèíà è ñïîñîáíîñòü ïîãëîùàòü è ðàññåèâàòü

ïàäàþùåå íà íåå ëó÷èñòóþ ýíåðãèþ. Äëÿ íàñ çäåñü ïðåäñòàâëÿåò èíòåðåñ

êëàññ çàäà÷, â êîòîðûõ çàâèñÿùåé îò âðåìåíè ÿâëÿåòñÿ èíòåíñèâíîñòü ïàäàþùåãî

íà ñðåäó èçëó÷åíèÿ è ïðèíèìàåòñÿ â ðàñ÷åò âðåìÿ, ïðîâîäèìîå ôîòîíàìè â

ïðîöåññå ìíîãîêðàòíîãî ðàññåÿíèÿ â íåé. Ïîñëåäíåå, êàê èçâåñòíî, ñîñòîèò

èç äâóõ êîìïîíåíòîâ - âðåìåíè ïðåáûâàíèÿ àòîìà â âîçáóæäåííîì ñîñòîÿíèè

è âðåìåíè, ðàñõîäóåìîãî ôîòîíàìè íà ïðîáåã ìåæäó äâóìÿ ïîñëåäîâàòåëüíûìè

àêòàìè ðàññåÿíèÿ. Îáå îíè ÿâëÿþòñÿ ñëó÷àéíûìè âåëè÷èíàìè, ðàñïðåäå-

ëåííûìè ïî ýêñïîíåíöèàëüíîìó çàêîíó ñî ñðåäíèìè çíà÷åíèÿìè, îáîçíà-

÷àåìûìè îáû÷íî ÷åðåç t
1
 è t

2
, ñîîòâåòñòâåííî. Çíà÷åíèå âåëè÷èíû t

2
 îïðå-

äåëÿåòñÿ ïëîòíîñòüþ ïîãëîùàþùèõ àòîìîâ è èîíîâ n è ñàìèì àòîìíûì

êîýôôèöèåíòîì ïîãëîùåíèÿ k: t
2

 = 1/nkc, ãäå c - ñêîðîñòü ñâåòà. Çàìåòèì,

÷òî äàííàÿ âåëè÷èíà ñóùåñòâåííî çàâèñèò îò ôèçè÷åñêèõ óñëîâèé â ñðåäå.

Íàïðèìåð, â âûñîêîèîíèçîâàííîé ñðåäå, â êîòîðîé ïðèõîäèòñÿ ïðèíèìàòü âî

âíèìàíèå ïðîöåññû ðàññåÿíèÿ íà ñâîáîäíûõ ýëåêòðîíàõ, â äâóõóðîâíåâîì

ïðèáëèæåíèè áóäåì èìåòü   kcnnnt 112 11  , ãäå n  - ÷èñëî èîíèçîâàííûõ

àòîìîâ è n
1
- êîëè÷åñòâî àòîìîâ íà îñíîâíîì óðîâíå â åäèíèöå îáúåìà [1].

×òî êàñàåòñÿ èíòåíñèâíîñòè èçëó÷åíèÿ ïàäàþùåãî íà ñðåäó, òî íàèáîëüøèé

èíòåðåñ ïðåäñòàâëÿþò ñëó÷àè  t  - îáðàçíîãî èìïóëüñà è èíòåíñèâíîñòè

ôîðìû, çàäàþùåéñÿ ôóíêöèåé åäèíè÷íîãî ñêà÷êà H(t), èçâåñòíîé êàê ôóíêöèÿ

Õåâèñàéäà.

Íà÷àëî ðàçâèòèÿ òåîðèè â äàííîì íàïðàâëåíèè áûëî ïîëîæåíî â ðàáîòàõ

Ìèëíà [1] è ×àíäðàñåêàðà [2,3], â êîòîðûõ ïðèíèìàëîñü â ðàñ÷åò ëèøü âðåìÿ

ïðåáûâàíèÿ àòîìà â âîçáóæäåííîì ñîñòîÿíèè. Åñëè â ïåðâîé èç óêàçàííûõ

ðàáîò â êà÷åñòâå õàðàêòåðíîãî âðåìåíè äàííîãî ñîñòîÿíèÿ áðàëîñü ñðåäíåå

âðåìÿ æèçíè àòîìà íà äàííîì ýíåðãåòè÷åñêîì óðîâíå, òî âî âòîðîé áûëà

äàíà áîëåå òî÷íàÿ ôîðìóëèðîâêà çàäà÷è. Áîëüøîé âêëàä â ðàçâèòèè òåîðèè

íåñòàöèîíàðíîãî ïåðåíîñà èçëó÷åíèÿ áûë âíåñåí â ðàáîòàõ ëåíèíãðàäñêîé

øêîëû àñòðîôèçèêîâ. Ñîáîëåâûì [4,5] çàäà÷è íåñòàöèîíàðíîãî ñâå÷åíèÿ

ñðåäû ðàññìàòðèâàëèñü êàê íà îñíîâå óðàâíåíèé ïåðåíîñà èçëó÷åíèÿ, òàê è

ïðèìåíåíèåì ðàçðàáîòàííîãî èì âåðîÿòíîñòíîãî ïîäõîäà. Ìèíèíûì [6,7]

ðàçâèâàëñÿ ìåòîä, ïîçâîëÿþùèé ïóòåì ïðåîáðàçîâàíèÿ Ëàïëàñà ñâåñòè ðàññìàò-

ðèâàåìûå çàäà÷è ê ðåøåíèþ èõ ñòàöèîíàðíûõ àíàëîãîâ. ×èñëåííîå ðåøåíèå

íåñòàöèîíàðíîé çàäà÷è ïóòåì îáðàùåíèÿ ïðåîáðàçîâàíèÿ Ëàïëàñà áûëî äàíî

â ðàáîòå [8]. Â ðàáîòàõ [9,10] äëÿ ðåøåíèÿ çàäà÷è äèôôóçíîãî îòðàæåíèÿ

è ïðîïóñêàíèÿ ñðåäû êîíå÷íîé îïòè÷åñêîé òîëùèíû âïåðâûå áûë ïðèìåíåí

ïðèíöèï èíâàðèàíòíîñòè Àìáàðöóìÿíà. Àíàëîãè÷íîé çàäà÷å äëÿ íåîäíîðîäíîé

ñðåäû è èçîòðîïíîãî ðàññåÿíèÿ ïîñâÿùåíà ñåðèÿ ðàáîò Ìàöóìîòî (ñì.,
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íàïðèìåð, [11,12], â êîòîðûõ ðàññìàòðèâàëèñü îáà óïîìÿíóòûõ âûøå ñëó÷àÿ

îñâåùåíèÿ ñðåäû.

Ìåòîäû, îñíîâàííûå íà ïðåîáðàçîâàíèè Ëàïëàñà ñòàëêèâàþòñÿ ñ áîëüøèìè

òðóäíîñòÿìè ïðè îáðàùåíèè ïîëó÷àåìûõ ðåçóëüòàòîâ. Ïîýòîìó â ðàáîòàõ

[13,14] áûë ïðåäëîæåí àëüòåðíàòèâíûé ïîäõîä ê ðåøåíèþ çàâèñÿùèõ îò

âðåìåíè çàäà÷ ïåðåíîñà èçëó÷åíèÿ. Ðàçâèâàåìàÿ àâòîðàìè èäåÿ îñíîâûâàëàñü

íà îäèíàêîâîñòè êîíñòðóêöèè ðÿäà Íåéìàíà â íåñòàöèîíàðíîé è ñîîòâåòñò-

âóþùåé åé ñòàöèîíàðíîé çàäà÷àõ. Óêàçàííûé ìåòîä áûë ïðèìåíåí â ïðåäûäóùåé

íàøåé ðàáîòå [15] äëÿ îäíîìåðíîé ñðåäû ñ èñïîëüçîâàíèåì ðåêóððåíòíîãî

ñîîòíîøåíèÿ ïîëó÷åííîãî íàìè â [16]. Ââèäó ìàòåìàòè÷åñêîé ñëîæíîñòè

íåñòàöèîíàðíûõ çàäà÷ ïåðåíîñà èçëó÷åíèÿ ÷àùå ðàññìàòðèâàëèñü îäíîìåðíûå

ìîäåëè, èëè îãðàíè÷èâàëèñü ðåøåíèåì çàäà÷ ïðè îäíîì èç äâóõ âçàèìíî

ïðîòèâîïîëîæíûõ ïðåäïîëîæåíèÿõ 21 tt  , 21 tt  .

Â íàñòîÿùåé ðàáîòå ðàññìàòðèâàþòñÿ â îäíîìåðíîì ïðèáëèæåíèè òðè

çàäà÷è ïðè ïðîèçâîëüíûõ çíà÷åíèÿõ ïàðàìåòðîâ t
1
 è t

2
 äëÿ îáîèõ óïîìÿíóòûõ

âûøå ñëó÷àÿõ îñâåùåíèÿ ñðåäû. Öåëü åå ïîêàçàòü, ÷òî ïðè ïðàâèëüíîé

ïîñòàíîâêå ðåøåíèå äàííîé îáùåé çàäà÷è íå âñòðå÷àåò ïðèíöèïèàëüíûõ

òðóäíîñòåé ïî ñðàâíåíèþ ñ ÷àñòî âñòðå÷àåìûìè ÷àñòíûìè ìîäåëÿìè.

2. Ýâîëþöèÿ ïðîôèëåé ñïåêòðàëüíûõ ëèíèé, îáðàçóåìûõ ïðè

äèôôóçíîì îòðàæåíèè îò ïîëóáåñêîíå÷íîé àòìîñôåðû . Äëÿ

íàãëÿäíîñòè â îäíîìåðíîì ïðèáëèæåíèè ðàññìîòðèì ïðîñòåéøóþ çàäà÷ó î

äèôôóçíîì îòðàæåíèè ñâåòà îò ïîëóáåñêîíå÷íîé ïîãëîùàþùåé è êîãåðåíòíî

ðàññåèâàþùåé îäíîðîäíîé àòìîñôåðû, îñâåùåííîé â ìîìåíò t = 0 èçëó÷åíèåì

â íåïðåðûâíîì ñïåêòðå åäèíè÷íîé èíòåíñèâíîñòè ëèáî â âèäå èìïóëüñà  t ,

ëèáî â âèäå åäèíè÷íîãî ñêà÷êà H(t). Ïðîôèëü êîýôôèöèåíòà ïîãëîùåíèÿ â

ñïåêòðàëüíîé ëèíèè ñ÷èòàåòñÿ äîïëåðîâñêèì      2exp1 xx  , ãäå x -

áåçðàçìåðíàÿ ÷àñòîòà, èçìåðÿåìàÿ ñìåùåíèåì îò öåíòðà ëèíèè â äîïëåðîâñêèõ

øèðèíàõ. Âëèÿíèå ïîãëîùåíèÿ â íåïðåðûâíîì ñïåêòðå çàäàåòñÿ âåëè÷èíîé

 , ïðåäñòàâëÿþùåé ñîáîé îòíîøåíèå êîýôôèöèåíòîâ ïîãëîùåíèÿ â

êîíòèíóóìå è â öåíòðå ëèíèè. Äëÿ âåðîÿòíîñòè ïåðåèçëó÷åíèÿ êâàíòà ïðè

ýëåìåíòàðíîì àêòå ðàññåÿíèÿ áóäåì ïîëüçîâàòüñÿ îáùåïðèíÿòûì îáîçíà÷åíèåì

 . Â ñòàöèîíàðíîé çàäà÷å ïðèìåíåíèå ïðèíöèïà èíâàðèàíòíîñòè Àìáàðöóìÿíà

äëÿ îïðåäåëåíèÿ êîýôôèöèåíòà îòðàæåíèÿ  x  (èìåþùåãî âåðîÿòíîñòíûé

ñìûñë) äàåò [17]

   . 122
1




 x (1)

Åñëè ó÷èòûâàåòñÿ ðîëü ðàññåÿíèÿ â êîíòèíóóìå, òî â ñîãëàñèè ñ [15,17]

äîñòàòî÷íî â (1) âìåñòî   ïîäñòàâèòü
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, 





x

x
x

~
(2)

ãäå   - îòíîøåíèå êîýôôèöèåíòà ðàññåÿíèÿ â êîíòèíóóìå ê êîýôôèöèåíòó

ïîãëîùåíèÿ â öåíòðå ñïåêòðàëüíîé ëèíèè. Ðàçëîæåíèå ôóíêöèè  x  â ðÿä

Íåéìàíà çàïèñûâàåòñÿ â âèäå

   . 
1







n

n
n x
~

x (3)

Êîýôôèöèåíòû 1  è 2  â ðàçëîæåíèè (3) ëåãêî íàõîäÿòñÿ ïðè äîáàâëåíèè

ê ñðåäå áåñêîíå÷íî òîíêîãî ñëîÿ ñ ïîñëåäóþùèì ïðåäåëüíûì ïåðåõîäîì è

ðàâíû ñîîòâåòñòâåííî 0.25 è 0.125. Â äàííûõ äâóõ ñëó÷àÿõ îò ñàìîé ñðåäû

êâàíò îòðàæàåòñÿ îäíàæäû. Îñòàëüíûå êîýôôèöèåíòû, ñâÿçàííûå ñ äâóõ-

êðàòíûì îòðàæåíèåì îò ñðåäû, îïðåäåëÿþòñÿ ðåêóððåíòíûì îáðàçîì ïî

ôîðìóëå, ïîëó÷åííîé â [15] ïðèìåíåíèåì ïðèíöèïà èíâàðèàíòíîñòè

. 
2

1

2

1 1

1
11 







 






n

k
knknn (4)

Ïðèâåäåííàÿ ôîðìóëà äîïóñêàåò ïðîñòóþ èíòåðïðåòàöèþ: ïåðâîå ñëàãàåìîå â

ñêîáêàõ îïèñûâàåò ïðîöåññû, ñâÿçàííûå ñ îäíîêðàòíûì îòðàæåíèåì ñâåòà îò

ñðåäû, â òî âðåìÿ êàê âòîðîå ñëàãàåìîå - äâóõêðàòíîå îòðàæåíèå. Ñîáûòèÿ ïðè

äâóõêðàòíîì îòðàæåíèè ÿâëÿþòñÿ ñòàòèñòè÷åñêè íåçàâèñèìûìè è ïîòîìó

çàäàþòñÿ ñóììîé, ÿâëÿþùåéñÿ äèñêðåòíûì àíàëîãîì ñâåðòêè. Â ðàáîòå àâòîðà

[18] ïðèâîäÿòñÿ çíà÷åíèÿ ïåðâûõ 40 êîýôôèöèåíòîâ â ðàçëîæåíèè (4). Çàìåòèì,

÷òî ïðè n > 4, çíà÷åíèÿ n  àñèìïòîòè÷åñêè äîñòàòî÷íî õîðîøî îïèñûâàþòñÿ

òðåõïàðàìåòðè÷åñêîé ýêñïîíåíòîé  2exp cnbna~n  , ãäå a = -1.90267,

b = -0.25674, c = 0.0036.

Âðåìåííàÿ êàðòèíà äèôôóçíîãî îòðàæåíèÿ ñâåòà îò ïîëóáåñêîíå÷íîé

êîãåðåíòíî ðàññåèâàþùåé àòìîñôåðû áûëà ðàññìîòðåíà íàìè â óïîìÿíóòîé

âûøå ðàáîòå [18] â ñâÿçè ñ èçó÷åíèåì ðîëè ðàññåÿíèÿ â êîíòèíóóìå. Âïåðâûå

â íåé áûë îïèñàí ñïîñîá îïðåäåëåíèÿ ñóììàðíîãî âðåìåíè, çàòðà÷èâàåìîãî

ôîòîíàìè ïðè äèôôóçèè â ñðåäå. Ïîñêîëüêó çäåñü ýòîò ñïîñîá áóäåò èñïîëü-

çîâàòüñÿ ïðè ðåøåíèè òàêæå äðóãèõ çàäà÷, êîðîòêî îñòàíîâèìñÿ íà íåì.

Èòàê, ïóñòü ðàññåèâàþùàÿ è ïîãëîùàþùàÿ ïîëóáåñêîíå÷íàÿ àòìîñôåðà

îñâåùàåòñÿ ñíàðóæè èçìåíÿþùèìñÿ âî âðåìåíè èçëó÷åíèåì. Âìåñòî âðåìåíè

t ââåäåì â ðàññìîòðåíèå äâå áåçðàçìåðíûå âåëè÷èíû 1ttu   è 2tt .

Âðåìÿ, ðàñõîäóåìîå ôîòîíàìè â ïðîöåññå äèôôóçèè â ñðåäå, êàê áûëî

ñêàçàíî, ñêëàäûâàåòñÿ îò âðåìåíè ïðåáûâàíèÿ â ïîãëîùåííîì ñîñòîÿíèè è

âðåìåíè ïðîáåãà ìåæäó äâóìÿ ïîñëåäîâàòåëüíûìè àêòàìè ðàññåÿíèÿ. Êàæäûé

èç ýòèõ äâóõ êîìïîíåíòîâ, â ñâîþ î÷åðåäü, ïðåäñòàâëÿåò ñîáîé ñóììó

íåêîòîðîãî êîëè÷åñòâà íåçàâèñèìûõ ýêñïîíåíöèàëüíî ðàñïðåäåëåííûõ
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ñëó÷àéíûõ âåëè÷èí, ðåàëèçóåìûõ ïðè ìíîãîêðàòíîì ðàññåÿíèè â ñðåäå.

Ôóíêöèÿ ðàñïðåäåëåíèÿ ñóììû íåêîòîðîãî ÷èñëà  n òàêèõ âåëè÷èí çàäàåòñÿ

ðàñïðåäåëåíèåì Ýðëàíãà - n (÷àñòíûé ñëó÷àé ãàììà ðàñïðåäåëåíèÿ)
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(5)

çàâèñÿùåì îò äâóõ ïàðàìåòðîâ: ôîðìû (shape) k, è ìàñøòàáà (rate)   [19].

Ðàñïðåäåëåíèå ÿâëÿåòñÿ óñòîé÷èâûì, òàê ÷òî ñóììà è ïðîèçâåäåíèå òàêèõ

ðàñïðåäåëåíèé âíîâü ÿâëÿåòñÿ ðàñïðåäåëåíèåì óêàçàííîãî òèïà ñ ñîîòâåòñò-

âóþùèìè çíà÷åíèÿìè ïàðàìåòðîâ. Â íàøåé çàäà÷å ïàðàìåòð   ïðèîáðåòàåò

ñìûñë âåëè÷èíû, îáðàòíîé ê ñðåäíåìó âðåìåíè òîãî èëè èíîãî èç ðàññìîò-

ðåííûõ ýëåìåíòàðíûõ ïðîöåññîâ. Ñ ó÷åòîì ñêàçàííîãî ôóíêöèÿ ðàñïðåäåëåíèÿ

ïëîòíîñòè âåðîÿòíîñòè (ÐÏÂ) âðåìåíè, òåðÿåìîãî ôîòîíîì íà ïðåáûâàíèå â

ïîãëîùåííîì ñîñòîÿíèè ïðè n - êðàòíîì ðàññåÿíèè, áóäåò èìåòü âèä
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 (6)

Àíàëîãè÷íàÿ ôóíêöèÿ äëÿ âðåìåíè, ðàñõîäóåìîãî ôîòîíîì íà ñâîáîäíûé

ïðîáåã ìåæäó àêòàìè ðàññåÿíèÿ, çàäàåòñÿ ôîðìóëîé

  , 
!

1 ,2


 e
n

nf
n

(7)

ãäå ïðèíÿòî âî âíèìàíèå, ÷òî êîëè÷åñòâî òàêèõ ïðîáåãîâ ïðåâîñõîäèò ÷èñëî

ðàññåÿíèé íà åäèíèöó ââèäó òîãî, ÷òî ïðèíèìàåòñÿ â ðàñ÷åò è ïóòü,

ïðîõîäèìûé ôîòîíîì ïðè åãî ïàäåíèè íà ñðåäó. Ïðèâåäåííûå äâå ôóíêöèè

â îòäåëüíîñòè âìåñòå ñ ôîðìóëàìè (3) è (4) ïîçâîëÿþò îïðåäåëèòü ýâîëþöèþ

îòðàæåííîé îò ñðåäû èíòåíñèâíîñòè äëÿ êàæäîãî èç äâóõ ñëó÷àåâ ïîòåðè

âðåìåíè. Îäíàêî çäåñü íàñ èíòåðåñóåò îáùèé ñëó÷àé, êîãäà ïðèíèìàþòñÿ â

ðàñ÷åò îáå ïðè÷èíû ïîòåðè âðåìåíè. Ñëó÷àéíûå âåëè÷èíû, ñîîòâåòñòâóþùèå

äâóì ðàññìàòðèâàåìûì ïðîöåññàì çàòðàò âðåìåíè, î÷åâèäíî, ÿâëÿþòñÿ

ñòàòèñòè÷åñêè íåçàâèñèìûìè, ïîýòîìó ÐÏÂ äëÿ ñóììàðíîãî êîëè÷åñòâà

âðåìåíè, òåðÿåìîãî ôîòîíîì íà ïðåáûâàíèå â ñðåäå, áóäåò îïðåäåëÿòüñÿ

ñâåðòêîé ïðèâåäåííûõ âûøå äâóõ ðàñïðåäåëåíèé

      .  ,1 , 1
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Äàííûé èíòåãðàë âû÷èñëÿåòñÿ ÿâíûì îáðàçîì è èìååò âèä
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Ââåäåì òåïåðü â ðàññìîòðåíèå ôóíêöèþ  zx  ,  òàê, ÷òî  dzzx  ,  ïðåäñòàâëÿåò

ñîáîé âåðîÿòíîñòü îòðàæåíèÿ îò ïîëóáåñêîíå÷íîé ñðåäû êâàíòà ÷àñòîòû x â
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èíòåðâàëå âðåìåíè ( dzzz  , ). Ïî àíàëîãèè ñ (3), ðÿä Íåéìàíà äëÿ ôóíêöèè

îòðàæåíèÿ çàïèøåòñÿ â âèäå
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Ïîëó÷åííûé ðåçóëüòàò îïèñûâàåò ýâîëþöèþ ïðîôèëÿ ëèíèè, îáðàçóåìîé

ïðè îòðàæåíèè îò àòìîñôåðû, îñâåùåííîé èçëó÷åíèåì ôîðìû  t  - îáðàçíîãî

èìïóëüñà. Íà îñíîâå ñîîòíîøåíèÿ (8) íåòðóäíî îïðåäåëèòü òàê íàçûâàåìóþ

ôóíêöèþ êóìóëÿòèâíîãî ðàñïðåäåëåíèÿ (ÔÊÐ), îïèñûâàþùóþ ïðîöåññ

óñòàíîâëåíèÿ ñòàöèîíàðíîãî ðåæèìà â ñðåäå äî êàêîãî-òî ìîìåíòà âðåìåíè

0z  ïðè åå îñâåùåíèè èçëó÷åíèåì ôîðìû åäèíè÷íîãî ñêà÷êà H(t)
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Èç ôèçè÷åñêîãî ñìûñëà âðåìåííûõ ïåðåìåííûõ ttz   è ttz 00   âûòåêàåò

ñîîòíîøåíèå, ñâÿçûâàþùåå t  ñ t
1
 è t

2
:  2121 ttttt  . ×èñëåííûå ðàñ÷åòû

íà îñíîâå ôîðìóë (10) è (11) áûëè ïðèâåäåíû íàìè â [18] â ñâÿçè ñ

èññëåäîâàíèåì âëèÿíèÿ ðàññåÿíèÿ â êîíòèíóóìå íà ýâîëþöèþ ïðîôèëÿ

ëèíèè, îáðàçóåìîé ïðè îòðàæåíèè îò ïîëóáåñêîíå÷íîé àòìîñôåðû. Ïîýòîìó

äëÿ èëëþñòðàöèè è äàëüíåéøåãî èçëîæåíèÿ ìû îãðàíè÷èìñÿ ëèøü îäíèì

òèïè÷íûì ñëó÷àåì, îòíîñÿùèìñÿ ê ñðàâíèòåëüíî ñèëüíîé ëèíèè.

Ïðèâåäåííûå íà ðèñ.1 ðàñïðåäåëåíèÿ îïèñûâàþò ïðîöåññ ýâîëþöèè

ïðîôèëÿ ëèíèè, îáðàçóåìîé â ðåçóëüòàòå îòðàæåíèÿ îò ñðåäû èçëó÷åíèÿ

åäèíè÷íîé èíòåíñèâíîñòè â íåïðåðûâíîì ñïåêòðå, ìåíÿþùåéñÿ ñî âðåìåíåì

ïî çàêîíàì  t  (ñëåâà) è H(t) (ñïðàâà). Êðèâûå íà ðèñóíêàõ ïîçâîëÿþò

çàêëþ÷èòü, ÷òî ðàñïðåäåëåíèå ÐÏÂ, ïîñòðîåííîå ñ ó÷åòîì  ñîâìåñòíî äâóõ

Ðèñ.1. Ðàñïðåäåëåíèå ïëîòíîñòè âåðîÿòíîñòè è êóìóëÿòèâíàÿ ôóíêöèÿ ðàñïðåäåëåíèÿ
äëÿ ðàçíûõ ÷àñòîò âíóòðè ëèíèè, îòìå÷åííûõ íàä êðèâûìè, ïðè óêàçàííûõ çíà÷åíèÿõ
ïàðàìåòðîâ, îïèñûâàþùèõ äèôôóçèþ èçëó÷åíèÿ â ïîëóáåñêîíå÷íîé àòìîñôåðå.
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òèïîâ ïîòåðü âðåìåíè ïðè àêòàõ ðàññåÿíèÿ, âûðàæàþùååñÿ ïðîèçâåäåíèåì

ñîîòâåòñòâóþùèõ ðàñïðåäåëåíèé, ïðèâîäèò ê ïðàâèëüíûì ðåçóëüòàòàì, êîòîðûå

êà÷åñòâåííî îòëè÷àþùèìèñÿ îò òåõ, ãäå èñïîëüçóåòñÿ áåçðàçìåðíîå âðåìÿ

âèäà  21 ttt   ([6,7,16]). Èç ðèñóíêà âèäíî, ÷òî ïðè çàäàííûõ çíà÷åíèÿõ

ïàðàìåòðîâ ðàññåÿíèÿ îáðàçóåòñÿ ýìèññèîííàÿ ëèíèÿ, ïðè÷åì êðûëüÿ

ñïåêòðàëüíîé ëèíèè óñòàíàâëèâàþòñÿ ãîðàçäî ðàíüøå åå ÿäðà.

3. Êîíå÷íàÿ ñðåäà. Ïðèâåäåííûå âûøå ðàññóæäåíèÿ íåòðóäíî îáîáùèòü

íà ñëó÷àé ñðåäû êîíå÷íîé îïòè÷åñêîé òîëùèíû 0 . Èíòåðåñóþùèå íàñ

èíòåíñèâíîñòè èçëó÷åíèÿ, âûõîäÿùèå èç ñðåäû, âûðàæàþòñÿ ÷åðåç

êîýôôèöèåíòû îòðàæåíèÿ  0 ,  x  è  0 , xq , èìåþùèå âåðîÿòíîñòíûé ñìûñë.

Â ïðåäïîëîæåíèè, ÷òî ôèçè÷åñêèå ñâîéñòâà òàêèå æå, êàê â ïðåäûäóùåì

ïðèìåðå, ïðèìåíåíèå ïðèíöèïà èíâàðèàíòíîñòè â ñòàöèîíàðíîé çàäà÷å

ïðèâîäèò ê ñëåäóþùåé ñèñòåìå äèôôåðåíöèàëüíûõ óðàâíåíèé
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Óðàâíåíèÿ (12), (13) íàïèñàíû ïðè óñëîâèè, ÷òî îñâåùàåòñÿ ëèøü ãðàíèöà

0  ñðåäû. Ðÿäû Íåéìàíà èñêîìûõ âåëè÷èí çàïèñûâàþòñÿ â âèäå
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Îòíîñèòåëüíàÿ ñëîæíîñòü ðàññìàòðèâàåìîé çàäà÷è çàêëþ÷àåòñÿ â òîì, ÷òî

îïðåäåëåíèe êàæäîé èç ïàð êîýôôèöèåíòîâ  0 ,  xn  è  0 , xqn  ñâîäèòñÿ ê

âû÷èñëåíèþ èíòåãðàëîâ, êîòîðûå õîòÿ è âû÷èñëÿþòñÿ àíàëèòè÷åñêè â ÿâíîì

âèäå, òåì íå ìåíåå äåëàþò çàäà÷ó òðóäîåìêîé. Êàê è â ïðåäûäóùåì ïðèìåðå,

ïåðâûå äâà ÷ëåíà â ðàçëîæåíèÿõ (14), íå ñâÿçàííûå ñ ìíîãîêðàòíûì ðàññåÿíèåì,

íàõîäÿòñÿ ïðîùå
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Îñòàëüíûå êîýôôèöèåíòû îïðåäåëÿþòñÿ ïîñëåäîâàòåëüíûì âû÷èñëåíèåì

èíòåãðàëîâ
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Ðèñ.2 èëëþñòðèðóåò ïîâåäåíèå êîýôôèöèåíòîâ  0 ,  xn  è  0 , xqn  â

ðàçëîæåíèè Íåéìàíà â çàâèñèìîñòè îò îïòè÷åñêîé òîëùèíû è ÷àñòîòû â

ñïåêòðàëüíîé ëèíèè. Îáðàùàåò íà ñåáÿ âíèìàíèå îòíîñèòåëüíî áîëåå ðåçêîå

ïàäåíèå êîýôôèöèåíòîâ  0 ,  xn  ñ ðîñòîì n, íåæåëè â ðàçîáðàííîì âûøå

ñëó÷àå ïîëóáåñêîíå÷íîé àòìîñôåðû. Ïðè 0 , î÷åâèäíî, èìååì

   xx  0 , .

Óñêîðÿåòñÿ ñõîäèìîñòü êîýôôèöèåíòîâ è ïðè ïåðåõîäå îò öåíòðà ëèíèè

ê åå êðûëüÿì. Òàêèì îáðàçîì ïðèõîäèì ê çàêëþ÷åíèþ, ÷òî íåñìîòðÿ íà

ñðàâíèòåëüíóþ ñëîæíîñòü îïðåäåëåíèÿ óêàçàííûõ êîýôôèöèåíòîâ, íà ïðàêòèêå

äëÿ îáåñïå÷åíèÿ óäîâëåòâîðèòåëüíîé òî÷íîñòè ïîëó÷àåìûõ ðåçóëüòàòîâ áûâàåò

äîñòàòî÷íî îãðàíè÷èòüñÿ íàõîæäåíèåì íåáîëüøîãî èõ êîëè÷åñòâà, â îñîáåííîñòè

Ðèñ.2. Çàâèñèìîñòü êîýôôèöèåíòîâ ) ,(
0

 x
n

 è ) ,(
0

xq
n

 îò îïòè÷åñêîé òîëùèíû ñðåäû
â öåíòðå ëèíèè (âåðõíèå ïàíåëè) è ïðè ïðîìåæóòî÷íîé ÷àñòîòå x = 2 (íèæíèå ïàíåëè).
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êîãäà ðå÷ü èäåò îá îòíîñèòåëüíî îïòè÷åñêè áîëåå òîíêèõ ëèíèÿõ, à òàêæå

êðûëüåâ ëèíèé.

Ïåðåõîäÿ ê âðåìåííîìó îïèñàíèþ ïðîöåññà ïåðåíîñà èçëó÷åíèÿ â ñðåäå

êîíå÷íîé îïòè÷åñêîé òîëùèíû, ââåäåì ðàññìîòðåíèå ôóíêöèè  zx  , , 0  è

 zxq  , , 0 , êîòîðûìè îïðåäåëÿþòñÿ èíòåíñèâíîñòè èçëó÷åíèÿ îòðàæåííîãî è

ïðîïóùåííîãî ñðåäîé â çàâèñèìîñòè îò âðåìåíè z . Ðàññóæäåíèÿ, àíàëîãè÷íûå

ïðèâåäåííûì â ïðåäûäóùåì ïàðàãðàôå, ïîçâîëÿþò íàïèñàòü
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ãäå     2012200 1limlim
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tttttz
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 - áåçðàçìåðíîå âðåìÿ ïðîõîæäåíèÿ

èçëó÷åíèÿ ÷åðåç êîíå÷íóþ ñðåäó áåç ðàññåÿíèÿ.

Íà ðèñ.3, 4 èçîáðàæåíû ôóíêöèÿ ÐÏÂ è ÔÊÐ îòðàæåíèÿ è ïðîïóñêàíèÿ

ñðåäîé êîíå÷íîé îïòè÷åñêîé òîëùèíû, ïîçâîëÿþùèå ïðîñëåäèòü ýâîëþöèþ

ïðîôèëåé ñïåêòðàëüíûõ ëèíèé, îáðàçóåìûõ ïðè îòðàæåíèè è ïðîïóñêàíèè ñðåäîé.

Íà îñíîâå ïðèâåäåííîãî ÷àñòíîãî ïðèìåðà ìîæíî çàêëþ÷èòü, ÷òî â äàííîì

÷àñòíîì ñëó÷àå îáðàçóåìàÿ ïðè ïðîïóñêàíèè ëèíèÿ ïîãëîùåíèÿ óñòàíàâëèâàåòñÿ

â îáùåé ñëîæíîñòè áûñòðåå, íåæåëè ýìèññèîííàÿ ëèíèÿ, ôîðìèðóþùàÿñÿ  â

ðåçóëüòàòå îòðàæåíèÿ îò ñðåäû. Êðûëüÿ êàê òîé, òàê è äðóãîé ëèíèè óñòàíàâëèâàþòñÿ

â ñðåäíåì ðàíüøå, ÷åì èõ ÿäðà. Èç ðèñ.2 è 3 âèäíî, ÷òî â ïîëóáåñêîíå÷íîé ñðåäå,

êàê è ìîæíî áûëî îæèäàòü, ëèíèÿ îòðàæåíèÿ ýâîëþöèîíèðóåò äîëüøå, ÷åì ýòî

ïðîèñõîäèò â ñëó÷àå êîíå÷íîé ñðåäû.

Îïèñàííûé â äâóõ ïàðàãðàôàõ ìåòîä ðåøåíèÿ çàäà÷ ïîçâîëÿåò èññëåäîâàòü

Ðèñ.3. ÐÏÂ îòðàæåíèÿ îò ñðåäû îïòè÷åñêîé òîëùèíû 3
0
  (ñëåâà) è ÔÊÐ (ñïðàâà)

ïðè óêàçàííûõ çíà÷åíèÿõ ïàðàìåòðîâ ìíîãîêðàòíîãî ðàññåÿíèÿ äëÿ ðàçíûõ ÷àñòîò (îòìå÷àþòñÿ
íàä êðèâûìè) âíóòðè ñïåêòðàëüíîé ëèíèè.
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âëèÿíèå òåõ èëè èíûõ ëîêàëüíûõ îïòè÷åñêèõ ñâîéñòâ ñðåäû íà ïðîöåññ

îáðàçîâàíèÿ ñïåêòðàëüíîé ëèíèè, ÷òî âåñüìà âàæíî ïðè èçó÷åíèè ðàçëè÷íîãî

ðîäà íåñòàöèîíàðíûõ ÿâëåíèé â àñòðîôèçèêå.

3. Ïîëíîñòüþ íåêîãåðåíòíîå ðàññåÿíèå. Ðàññìîòðèì ïðåäûäóùóþ

îäíîìåðíóþ çàäà÷ó ñ ó÷åòîì ïåðåðàñïðåäåëåíèÿ èçëó÷åíèÿ ïî ÷àñòîòàì,

ïðè÷åì, êàê è âûøå, íà÷íåì ñî ñòàöèîíàðíîé çàäà÷è.

Ôóíêöèîíàëüíîå óðàâíåíèå äëÿ ôóíêöèè îòðàæåíèÿ  xx  , , êîòîðàÿ

òåïåðü çàâèñèò êàê îò ÷àñòîòû ïàäàþùåãî íà ñðåäó êâàíòà, òàê è îò ÷àñòîòû

îòðàæåííîãî îò íåå êâàíòà, íåòðóäíî ïîëó÷èòü ïðèìåíåíèåì ïðèíöèïà

èíâàðèàíòíîñòè (ñì., íàïðèìåð, [20])

            

          
























,  , , , , ,

 , , , ,
2

xdxxxxrxdxxxdxxrxx

xdxxxxrxxrxxxx

(22)

ãäå  xxr  ,  - îñðåäíåííàÿ ïî íàïðàâëåíèÿì ôóíêöèÿ ïåðåðàñïðåäåëåíèÿ ïî

÷àñòîòàì è      xx . Â äàííîì ñëó÷àå ðÿä Íåéìàíà çàïèñûâàåòñÿ â âèäå

   .  , ,
1







n

n
n xxxx (23)

Â íàñòîÿùåì ïàðàãðàôå, äëÿ ïðîñòîòû, ðîëü ðàññåÿíèÿ â êîíòèíóóìå íå

ó÷èòûâàåòñÿ, âñëåäñòâèå ÷åãî çàâèñèìîñòü   îò ÷àñòîòû èñ÷åçàåò.

Ðàññóæäåíèÿ, àíàëîãè÷íûå ïðîâåäåííûì â ïðåäûäóùåì ïàðàãðàôå,

ïîçâîëÿþò ïîñòðîèòü íåîáõîäèìûå íàì êîýôôèöèåíòû  xxn  , . Â ÷àñòíîñòè,

êîýôôèöèåíòû 1  è 2 , ñâÿçàííûå ñ îäíîêðàòíûì îòðàæåíèåì îò ñàìîé

Ðèñ.4. Ôóíêöèè ÐÏÂ ïðîïóñêàíèÿ èçëó÷åíèÿ ñðåäîé îïòè÷åñêîé òîëùèíû 3
0


(ñëåâà) è ÔÊÐ (ñïðàâà) ïðè îäèíàêîâûõ ñ ðèñ.3 çíà÷åíèÿõ ïàðàìåòðîâ è ÷àñòîò. Ïðåäïîëà-
ãàåòñÿ, ÷òî îòñ÷åò âðåìåíè ïðîèçâîäèòñÿ ñðàçó ïîñëå íà÷àëà âûõîäà êâàíòîâ èç ñðåäû.
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ñðåäû, îïðåäåëÿþòñÿ ïðîùå è èìåþò âèä
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Îñòàëüíûå êîýôôèöèåíòû íàõîäÿòñÿ ðåêóððåíòíûì îáðàçîì èç
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.  , , ,

 , , , , ,2

n

k
knk

nnn

xdxxxxrxdxx

xdxxrxxxdxxxxrxxxx

(26)

Îïèñàííûé ïóòü ïðèãîäåí äëÿ íåêîãåðåíòíîãî ðàññåÿíèÿ ñ ïðîèçâîëüíîé

ôóíêöèåé ïåðåðàñïðåäåëåíèÿ ïî ÷àñòîòàì. Ðàñ÷åòû â äàííîé ðàáîòå ïðîâåäåíû

äëÿ ÷àñòî ïðèìåíÿåìîãî â ïðèëîæåíèÿõ ïðèáëèæåíèÿ ïîëíîñòüþ íåêîãå-

ðåíòíîãî ðàññåÿíèÿ. Â ýòîì ñëó÷àå      xxxx 00 ,  , ãäå    xx   41
0 .

Òîãäà âìåñòî (24)-(26) áóäåì èìåòü
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ãäå

      .  , 0




 xdxxxx nn (29)

è ó÷òåíà ñèììåòðè÷íîñòü ôóíêöèè îòðàæåíèÿ îòíîñèòåëüíî ñâîèõ àðãóìåíòîâ.

Ïåðåõîä ê îáñóæäàåìîé íàìè çàâèñÿùåé îò âðåìåíè çàäà÷å ïðîèçâîäèòñÿ,

êàê è âûøå, ââåäåíèåì çàâèñÿùåé îò âðåìåíè ôóíêöèè îòðàæåíèÿ  zxx  , , ,

äëÿ êîòîðîé (10) çàïèøåòñÿ â âèäå

   
 










1

. 
!12

 , , ,
n

n
n

n
z

n

z
xxezxx (30)

Ðèñ.5 äåìîíñòðèðóåò ýâîëþöèþ çíà÷åíèé ïðîôèëÿ ëèíèè íà ðàçëè÷íûõ

ðàññòîÿíèÿõ x îò åå öåíòðà, äëÿ ñëó÷àÿ, êîãäà ðàññåÿíèå â ñðåäå ÿâëÿåòñÿ

ïîëíîñòüþ íåêîãåðåíòíûì. Äàëåêèå êðûëüÿ ëèíèè, ïðèìåðíî ïðè 52.x  ,

ìåíÿþòñÿ âî âðåìåíè íåçíà÷èòåëüíî, ïîýòîìó íà ðèñóíêàõ ñîîòâåòñòâóþùèå

êðèâûå îòñóòñòâóþò. Ñðàâíèâàÿ ïðîöåññ îáðàçîâàíèÿ ñïåêòðàëüíîé ëèíèè â

ðåçóëüòàòå îòðàæåíèÿ äëÿ ðàññìîòðåííûõ íàìè äâóõ òèïîâ ðàññåÿíèÿ â ñðåäå,

ñëåäóåò îáðàòèòü âíèìàíèå íà ðàçëè÷íîå ïîâåäåíèå åå ÿäðà è êðûëüåâ âî



548 À.Ã.ÍÈÊÎÃÎÑßÍ

âðåìåíè. ßäðî ëèíèè ( 51.x  ), îáðàçóåìîé ïðè êîãåðåíòíîì ðàññåÿíèè,

ïî÷òè ïëîñêîå è ðàçëè÷íûå åå ÷àñòè ýâîëþöèîíèðóþò ïðàêòè÷åñêè îäèíàêîâî.

Â òî æå âðåìÿ ëèíèÿ, îáðàçóåìàÿ ïðè ïîëíîì ïåðåðàñïðåäåëåíèè ïî ÷àñòîòàì,

ñèëüíåå è øèðå, ïî ñðàâíåíèþ ñ ïðåäûäóùèì ïðèìåðîì. ×òî êàñàåòñÿ

êðûëüåâ ëèíèè, òî îíè ìåíÿþòñÿ âî âðåìåíè íåçíà÷èòåëüíî.

4. Çàêëþ÷åíèå. Â ðàáîòå ìû îãðàíè÷èëèñü ðàññìîòðåíèåì òðåõ ïðîñòûõ

îäíîìåðíûõ çàäà÷, ñ öåëüþ ïðîäåìîíñòðèðîâàòü ïðåèìóùåñòâà ìåòîäà,

îñíîâàííîãî íà ðàçëîæåíèè èñêîìûõ âåëè÷èí â ðÿä Íåéìàíà, êîãäà ïðèìå-

íÿþòñÿ ëåãêî ðåàëèçóåìûå ðåêóððåíòíûå ñîîòíîøåíèÿ, ïîëó÷åííûå íàìè â

[16]. Ïðè ýòîì ïðèíèìàëèñü â ðàñ÷åò îáå âîçìîæíîñòè ïîòåðè âðåìåíè

ôîòîíîì â ïðîöåññå áëóæäàíèÿ â ñðåäå: âðåìÿ ïðåáûâàíèÿ àòîìà â âîçáóæ-

äåííîì ñîñòîÿíèè è âðåìÿ ðàñõîäóåìîå ôîòîíîì íà ïðîõîæäåíèå ïóòè ìåæäó

àêòàìè ðàññåÿíèÿ. Ïîêàçûâàåòñÿ, ÷òî ïðàâèëüíûé ó÷åò îáîèõ òèïîâ ïîòåðü

ïðîèçâîäèòñÿ ñâåðòêîé ñîîòâåòñòâóþùèõ äâóõ ðàñïðåäåëåíèé Ýðëàíãà. ÐÏÂ

è ÔÊÐ, ïîëó÷àåìûå â ðåçóëüòàòå êîððåêòíîé ïîñòàíîâêè çàäà÷è, îáåñïå÷èâàþò

ôèçè÷åñêè ëåãêî òðàêòóåìîå îïèñàíèå ýâîëþöèè ïðîôèëåé îáðàçóåìûõ ëèíèé.

Âàæíî òàêæå îòìåòèòü, ÷òî ïðèìåíÿåìûé â ðàáîòå ïîäõîä íåñëîæíî ðåàëèçîâàòü

äëÿ ðåøåíèÿ çàäà÷ ïðè èõ áîëåå îáùåé ïîñòàíîâêå.

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

Àðìåíèÿ, å-mail: nikoghoss@bao.sci.am

Ðèñ.5. Òå æå ðàñïðåäåëåíèÿ, ÷òî íà ðèñ.1 äëÿ ñëó÷àÿ, êîãäà ñïåêòðàëüíàÿ ëèíèÿ îáðàçóåòñÿ

â ðåçóëüòàòå îòðàæåíèÿ îò ïîëóáåñêîíå÷íîé àòìîñôåðû, â êîòîðîé ðàññåÿíèå ïðîèñõîäèò ñ
ïîëíûì ïåðåðàñïðåäåëåíèåì ïî ÷àñòîòàì.
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ON TIME-DEPENDENT RADIATIVE TRANSFER
PROBLEMS IN ONE-DIMENSIONAL MEDIUM

A.G.NIKOGHOSSIAN

This paper provides a solution to several one-dimensional problems of

nonstationary radiation transfer in spectral line frequencies. An approach based on

the search for the required quantities in the form of Neumann series expansions

is applied. The evolution of the line profile formed by the reflection from the

semi-infinite atmosphere both in the case of coherent and fully incoherent

scattering in the medium is studied. The time dependence of the line profiles

formed at the boundaries of the finite atmosphere is also considered. In both

problems, it is assumed that atmospheres are illuminated by radiation either in

the form of a  t -shaped pulse or by radiation with an intensity of the form

of a unit jump. The solution takes into account both possible causes of time wasted

by photons during diffusion in the medium: the time an atom stays in an excited

state and the time lost by photons to travel the path between two consecutive acts

of scattering. It is shown that in such a general statement of the problem the

resulting distribution function of the probability density function of the outgoing

radiation is given as a convolution of the distributions corresponding to the two

components of the photon time expenditure.

Keywords: time-dependent radiative transfer: Erlang-n distribution: probability

      density distribution: cumulative distribution: spectral line profiles
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ÁÅËÛÅ ÊÀÐËÈÊÈ Â ÏÐÈÁËÈÆÅÍÈÈ ÎÄÍÎÐÎÄÍÎÃÎ
ØÀÐÀ, Ñ Ó×ÅÒÎÌ ÝÔÔÅÊÒÎÂ ÎÒÎ

Ã.Ñ.ÁÈÑÍÎÂÀÒÛÉ-ÊÎÃÀÍ1,2, Å.À.ÏÀÒÐÀÌÀÍ1

Ïîñòóïèëà 1 ñåíòÿáðÿ 2021

Ïðåäåëüíàÿ ìàññà õîëîäíûõ áåëûõ êàðëèêîâ âïåðâûå áûëà âû÷èñëåíà Å.Ñòîíåðîì â
ðàìêàõ ïðèáëèæåííîé ìîäåëè îäíîðîäíîé çâåçäû, è áûëà âñêîðå óìåíüøåíà íà ~20% â
ðàáîòàõ Ñ.×àíäðàñåêàðà è Ë.Ä.Ëàíäàó, íà îñíîâå òî÷íîãî ðåøåíèÿ óðàâíåíèé äëÿ ðàâíîâåñèÿ
çâåçäû. Çäåñü ðàññìîòðåíû îäíîðîäíûå ìîäåëè áåëûõ êàðëèêîâ ñ ó÷åòîì ýôôåêòîâ îáùåé
òåîðèè îòíîñèòåëüíîñòè è âëèÿíèÿ êîíå÷íîé òåìïåðàòóðû. Ðåøåíèÿ ïîëó÷åíû â âèäå êîíå÷íûõ
àíàëèòè÷åñêèõ ôîðìóë è, äëÿ ìàññ, íå áîëåå ÷åì íà ~20% îòëè÷àþòñÿ îò òî÷íûõ ðåøåíèé,
ïîëó÷àåìûõ ïðè ÷èñëåííîì èíòåãðèðîâàíèè äèôôåðåíöèàëüíûõ óðàâíåíèé ðàâíîâåñèÿ çâåçäû.

Êëþ÷åâûå ñëîâà: áåëûå êàðëèêè: îäíîðîäíàÿ ìîäåëü: îáùàÿ òåîðèÿ

    îòíîñèòåëüíîñòè

1. Ââåäåíèå. Ïðè èññëåäîâàíèè ñòðîåíèÿ áåëûõ êàðëèêîâ áûëî îáíà-

ðóæåíî, ÷òî èõ ðàâíîâåñèå âîçìîæíî òîëüêî äëÿ ìàññ, íå ïðåâûøàþùèõ

íåêîòîðûé ïðåäåë, êîòîðûé èçâåñòåí êàê ×àíäðàñåêàðîâñêèé. Äëÿ óãëåðîäíî-

êèñëîðîäíîãî õèìè÷åñêîãî ñîñòàâà, ãäå íà îäèí ýëåêòðîí ïðèõîäèòñÿ äâà

íóêëîíà, 2 e , ýòîò ïðåäåë ðàâåí M.461 . Âïåðâûå âûâîä î ñóùåñò-

âîâàíèè âåðõíåãî ïðåäåëà ìàññû äëÿ õîëîäíûõ çâåçä, ðàâíîâåñèå êîòîðûõ

ïîääåðæèâàåòñÿ äàâëåíèåì âûðîæäåííûõ ýëåêòðîíîâ, áûë ñäåëàí â ðàáîòå

Ñòîíåðà [1], êîòîðûé ðàññìàòðèâàë ìîäåëü áåëîãî êàðëèêà îäíîðîäíîé

ïëîòíîñòè, ñì. òàêæå [2]. Îí îáîáùèë ðàññìîòðåíèå äàâëåíèÿ âûðîæäåííûõ

ýëåêòðîíîâ, ñäåëàííîå â ðàáîòàõ [3,4] íà ñëó÷àé áîëüøîé ïëîòíîñòè â

óñëîâèÿõ óëüòðàðåëÿòèâèñòñêîãî âûðîæäåíèÿ, â êîòîðîì óðàâíåíèå ñîñòîÿíèÿ

äëÿ õîëîäíîãî âåùåñòâà ïðèíèìàåò âèä [5]
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(1)

Çäåñü e  - êîëè÷åñòâî íóêëîíîâ íà îäèí ýëåêòðîí, m
u 
- àòîìíàÿ åäèíèöà

ìàññû, ðàâíàÿ 1/12 ìàññû èçîòîïà 12C. Ìàññà ïîëèòðîïíîé çâåçäû,

ñîîòâåòñòâóþùåé 34 , n = 3, ñîãëàñíî òåîðèè Ýìäåíà, íå çàâèñèò îò

ïëîòíîñòè è îäíîçíà÷íî îïðåäåëÿåòñÿ ïàðàìåòðîì Ê â âèäå [5]
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Èñïîëüçóÿ (2), ×àíäðàñåêàð [6] è Ëàíäàó [7], íåçàâèñèìî è ïî÷òè îäíîâðåìåííî

ïîëó÷èëè äëÿ óðàâíåíèÿ ñîñòîÿíèÿ (2) ïðåäåëüíóþ ìàññó áåëîãî êàðëèêà â
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Äëÿ îïðåäåëåíèÿ ïðåäåëüíîé ìàññû íàáëþäàåìûõ áåëûõ êàðëèêîâ ×àíäðàñåêàð

[6], ñëåäóÿ Ñòîíåðó [1], èñïîëüçîâàë çíà÷åíèå 52.e  , ïîëó÷èâ çíà÷åíèå

M.Mwd 9330 . Ýòî óòî÷íÿëî çíà÷åíèå Ñòîíåðà M.Mwd 11 , ïîëó÷åííîå

ïðè òîì æå 52.e   â ìîäåëè ñ îäíîðîäíîé ïëîòíîñòüþ. Èç òåîðèè ýâîëþöèè

çâåçä, à òàêæå èç íàáëþäåíèé ñëåäóåò, ÷òî ïî÷òè âñå áåëûå êàðëèêè ñîñòîÿò

èç ñìåñè óãëåðîäà 12C è êèñëîðîäà 16O, äëÿ êîòîðîé 2e  [8], à M.Mwd 461 .

Â ðàáîòå [7] âïåðâûå áûëî ïîëó÷åíî ðåàëèñòè÷åñêîå çíà÷åíèå ïðåäåëà ìàññû

áåëîãî êàðëèêà, êîòîðûé çàñëóæèâàåò áîëåå ñïðàâåäëèâîå íàçâàíèå, êàê ïðåäåë

Ñòîíåðà-×àíäðàñåêàðà-Ëàíäàó.

Îòìåòèì, ÷òî çäåñü ïðèâîäÿòñÿ çíà÷åíèÿ ïðåäåëüíûõ ìàññ áåëûõ êàðëèêîâ

ñ èñïîëüçîâàíèåì óòî÷íåííûõ ñîâðåìåííûõ âåëè÷èí äëÿ âñåõ êîíñòàíò, ÷òî

ïðèâåëî ê îòëè÷èþ íà íåñêîëüêî ïðîöåíòîâ îò âåëè÷èí, ïðèâåäåííûõ â

îðèãèíàëüíûõ ðàáîòàõ.

Â äàííîé ðàáîòå îäíîðîäíàÿ ìîäåëü èñïîëüçóåòñÿ äëÿ ïîñòðîåíèÿ ïðèáëè-

æåííûõ ìîäåëåé áåëûõ êàðëèêîâ ïðîèçâîëüíîé ìàññû ïðè êîíå÷íîé òåìïå-

ðàòóðå ñ ó÷åòîì ïîñò-íüþòîíîâñêèõ ïîïðàâîê ê íüþòîíîâñêîé ãðàâèòàöèè çà

ñ÷åò ýôôåêòîâ îáùåé òåîðèè îòíîñèòåëüíîñòè (ÎÒÎ). Èç ñðàâíåíèÿ ðåçóëüòàòîâ

äëÿ ïðåäåëüíûõ ìàññ áåëûõ êàðëèêîâ â òî÷íîé è îäíîðîäíîé ìîäåëÿõ,

îøèáêè â îïðåäåëåíèè âñåõ âåëè÷èí â îäíîðîäíîé ìîäåëè ñîñòàâëÿþò 20%.

2. Áåëûå êàðëèêè â ïðèáëèæåíèè øàðà ïîñòîÿííîé ïëîòíîñòè.

Äëÿ ïðèáëèæåííîãî ðàññìîòðåíèÿ îäíîðîäíûõ çâåçä âçÿò ýíåðãåòè÷åñêèé

ìåòîä, èñïîëüçîâàííûé Ñòîíåðîì [1] äëÿ áåëûõ êàðëèêîâ, è ïîçæå äëÿ

îáùåãî ñëó÷àÿ â ðàáîòàõ [9,10]. Ðàñïðåäåëåíèå ïëîòíîñòè ïðèíèìàåòñÿ

çàäàííûì, ñ åäèíñòâåííûì ïàðàìåòðîì â âèäå öåíòðàëüíîé ïëîòíîñòè, ïðè

èçìåíåíèè êîòîðîé èçìåíåíèÿ â çâåçäå ïðîèñõîäÿò ãîìîëîãè÷åñêè.

Äëÿ îäíîðîäíûõ çâåçä òàêèì ïàðàìåòðîì ÿâëÿåòñÿ ïîñòîÿííàÿ ïî çâåçäå

ïëîòíîñòü. Çàïèøåì ïîëíóþ ýíåðãèþ îäíîðîäíîé çâåçäû   â âèäå
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Çäåñü E
T
 - âíóòðåííÿÿ ýíåðãèÿ åäèíèöû ìàññû, ãðàâèòàöèîííàÿ ýíåðãèÿ

îäíîðîäíîãî øàðà G  îïðåäåëåíà â [11]. Ðàâíîâåñíîå ñîñòîÿíèå è óñëîâèå

óñòîé÷èâîñòè äëÿ çâåçäû ìàññû Ì îïðåäåëÿþòñÿ, ñîîòâåòñòâåííî, ñîîò-
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Çäåñü èñïîëüçîâàíû òåðìîäèíàìè÷åñêèå ñîîòíîøåíèÿ [12]
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Èç ïåðâîãî ñîîòíîøåíèÿ äëÿ ðàâíîâåñèÿ â (5) ïîëó÷àåì åäèíñòâåííîå

ðåøåíèå äëÿ ìàññû îäíîðîäíîé çâåçäû M
u
, â ñëó÷àå óðàâíåíèÿ ñîñòîÿíèÿ

34 KP , â âèäå
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Òàêèì îáðàçîì, ïðèáëèæåííîå çíà÷åíèå äëÿ ïðåäåëüíîé ìàññû îäíîðîäíîé

çâåçäû, ïî Ñòîíåðó, ïðèìåðíî íà 20% ïðåâûøàåò òî÷íîå. Äëÿ ïðîèçâîëüíîãî

óðàâíåíèÿ ñîñòîÿíèÿ èç (5) ïîëó÷àåì ñëåäóþùåå âûðàæåíèå äëÿ çàâèñèìîñòè

ìàññû çâåçäû îò ïëîòíîñòè
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Äëÿ õîëîäíûõ áåëûõ êàðëèêîâ ñ óðàâíåíèåì ñîñòîÿíèÿ [5]
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(10)

ïîëó÷àåì ïðèáëèæåííóþ çàâèñèìîñòü  M  äëÿ áåëîãî êàðëèêà â îäíîðîäíîé

ìîäåëè, ïðåäñòàâëåííóþ ñïëîøíîé ëèíèåé íà ðèñ.1. Â óëüòðàðåëÿòèâèñòñêîì

ïðåäåëå èç (10) ïîëó÷àåì óðàâíåíèå ñîñòîÿíèÿ (1), èç êîòîðîãî ñëåäóåò

ïðèáëèæåííîå çíà÷åíèå ïðåäåëüíîé ìàññû (7), (8). Ïðè ó÷åòå ìàëûõ ïîïðàâîê

çà ñ÷åò îòêëîíåíèÿ îò óëüòðàðåëÿòèâèñòñêîãî ãàçà ïðè y >> 1 è ìàëûõ

òåìïåðàòóðíûõ ïîïðàâîê 12  kTcme , óðàâíåíèå ñîñòîÿíèÿ ïðèíèìàåò

âèä [5]
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(11)

Òîãäà â îäíîðîäíîé ìîäåëè çàâèñèìîñòü ìàññû îò ïëîòíîñòè ïðè áîëüøèõ

ïëîòíîñòÿõ, ñ ó÷åòîì (9), çàïèñûâàåòñÿ â âèäå
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(12)

3. Ìîäåëè îäíîðîäíûõ áåëûõ êàðëèêîâ ñ ó÷åòîì ìàëûõ

ïîïðàâîê íà ÎÒÎ. Ðàññìîòðèì ìîäåëè îäíîðîäíûõ áåëûõ êàðëèêîâ ñ

ó÷åòîì ïîñò-íüþòîíîâñêèõ ïîïðàâîê íà ÎÒÎ.

Äëÿ ðàâíîâåñíûõ çâåçä ïîñò-íüþòîíîâñêèå ïîïðàâêè ê ýíåðãèè ðàññ÷èòàíû

â [9], ñì. òàêæå [13] â èíòåãðàëüíîì âèäå, êîòîðûå äëÿ îäíîðîäíîãî øàðà

âû÷èñëÿþòñÿ àíàëèòè÷åñêè:
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(13)

Â èòîãå ïîëó÷àåì ïîïðàâêó íà ÎÒÎ äëÿ îäíîðîäíîé çâåçäû â âèäå
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Äëÿ ïîëèòðîïíîãî øàðà èìåþò ìåñòî ñîîòíîøåíèÿ [5]
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Ó÷èòûâàÿ (15) â ïåðâîì ÷ëåíå (14), ïîëó÷àåì âûðàæåíèå ïîïðàâêè íà ÎÒÎ

äëÿ ïîëèòðîïíîé çâåçäû îäíîðîäíîé ïëîòíîñòè â âèäå
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Äëÿ ýìäåíîâñêîé ïîëèòðîïíîé ìîäåëè ñ n = 3 ïîïðàâêè íà ÎÒÎ ñîñòàâëÿþò [9]
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Ïðè ó÷åòå ïîïðàâêè íà ÎÒÎ ïðèáëèæåííîå óðàâíåíèå ðàâíîâåñèÿ â

îäíîðîäíîé ìîäåëè, ñ ó÷åòîì (5) è (16), çàïèøåòñÿ â âèäå
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(18)

Çàâèñèìîñòü  M  â îäíîðîäíîé ìîäåëè áåëîãî êàðëèêà ñ ó÷åòîì ýôôåêòîâ

ÎÒÎ, ñëåäóþùàÿ èç (18), ñ èñïîëüçîâàíèåì óðàâíåíèÿ ñîñòîÿíèÿ (10), ïðèâåäåíà

íà ðèñ.1. Ìàêñèìóì ìàññû äîñòèãàåòñÿ ïðè 9106894  .m  ã/ñì3, M.Mm 6721 .

Àíàëîãè÷íûå êðèâûå äëÿ áåëûõ êàðëèêîâ â òî÷íûõ ïîëèòðîïíûõ ìîäåëÿõ

ïîñòðîåíû â ðàáîòå [10].

Èç ñðàâíåíèÿ âèäíî, ÷òî êðèâûå äëÿ îäíîðîäíîé ìîäåëè ïðèìåðíî íà

20% âûøå, ÷åì íà ñîîòâåòñòâóþùèõ êðèâûõ èç [10], è òåðÿþò óñòîé÷èâîñòü

çà ñ÷åò ýôôåêòîâ ÎÒÎ ïðè ïëîòíîñòè ïðèáëèçèòåëüíî â 5 ðàç ìåíüøåé èç-

Ðèñ.1. Çàâèñèìîñòè ìàññû îò ïëîòíîñòè áåç ó÷åòà è ñ ó÷åòîì ýôôåêòîâ ÎÒÎ. Ñïëîøíîé
ëèíèåé îáîçíà÷åíà îäíîðîäíàÿ ìîäåëü áåç ó÷åòà ýôôåêòîâ ÎÒÎ. Øòðèõîâîé ëèíèåé

ïðåäñòàâëåíà îäíîðîäíàÿ ìîäåëü ñ ó÷åòîì ìàëûõ ïîïðàâîê íà ÎÒÎ. Ìàêñèìóì äîñòèãàåòñÿ
â òî÷êå 

9
106894  .

m
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3
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M.M

m
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çà áîëüøîãî âëèÿíèÿ ýòèõ ýôôåêòîâ â îäíîðîäíîé ìîäåëè, ïî ñðàâíåíèþ

ñ òî÷íîé ïîëèòðîïíîé ìîäåëüþ n = 3. Èñïîëüçóÿ óðàâíåíèÿ (11) è (18),

ïîëó÷àåì óðàâíåíèå äëÿ ìàññû îäíîðîäíîãî áåëîãî êàðëèêà ñ ó÷åòîì ýôôåêòîâ

ÎÒÎ ïðè êîíå÷íîé òåìïåðàòóðå.
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Çàâèñèìîñòü ìàññû îò ïëîòíîñòè îäíîðîäíûõ áåëûõ êàðëèêîâ äëÿ ðàçíûõ

òåìïåðàòóð, ñ ó÷åòîì ýôôåêòîâ ÎÒÎ, ïðèâåäåíà íà ðèñ.2.

Çàâèñèìîñòü ìàññû îò ïëîòíîñòè äëÿ èçîòåðìè÷åñêèõ áåëûõ êàðëèêîâ â

ïîëèòðîïíîé ìîäåëè ïîëó÷åíà â ðàáîòå [10]. Îòìåòèì, ÷òî âëèÿíèå ýôôåêòîâ

ÎÒÎ íà óñòîé÷èâîñòü áåëûõ êàðëèêîâ âïåðâûå èññëåäîâàíî Êàïëàíîì [14].

Äàííàÿ ðàáîòà ÷àñòè÷íî ïîääåðæàíà ãðàíòîì ÐÔÔÈ 20-02-00455.

1 Èíñòèòóò êîñìè÷åñêèõ èññëåäîâàíèé ÐÀÍ, Ìîñêâà, Ìîñêîâñêèé ôèçèêî-

 òåõíè÷åñêèé èíñòèòóò ÌÔÒÈ, ã. Äîëãîïðóäíûé, e-mail: gkogan@iki.rssi.ru
2 Íàöèîíàëüíûé èññëåäîâàòåëüñêèé ÿäåðíûé óíèâåðñèòåò ÌÈÔÈ, Ìîñêâà

Ðèñ.2. Êðèâûå äëÿ èçîòåðìè÷åñêèõ îäíîðîäíûõ áåëûõ êàðëèêîâ ïðè áîëüøèõ ïëîòíîñòÿõ
ñ ó÷åòîì ýôôåêòîâ ÎÒÎ.
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WHITE DWARFS IN A UNIFORM SPHERE
APPROXIMATION, WITH ACCOUNT OF GENERAL

RELATIVITY EFFECTS

G.S.BISNOVATYI-KOGAN1,2, E.A.PATRAMAN1

A limiting mass of cold white dwarfs was first calculated by E.Stoner in the

frame of approximate model of a uniform star, and was decreased soon by ~20%

in works of S.Chandrasekhar and L.D.Landau, basing on exact solution of stellar

equilibrim equations. Uniform models of white dwarfs are considered here with

account of General Relativity effects, and influence of a finite temperature.

Solutions are obtained in the form of finite analytic formulae, and, for masses,

not more than ~20% differ from exact solutions, obtained by numerical integration

of differential equations of stellar equilibrium.

Keywords: white dwarf: uniform model: general relativity
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In this work, we investigate the dynamics of Bianchi type VI
0
 space-time in the framework

of f(R, T) theory of gravity where R stands for Ricci scalar and T stands for the trace of the stress
energy-momentum tensor with Modified Renyi Holographic Dark Energy (MRHDE). With the
specific choice of the functional TRTfRfTRf

2121
)()() ,(   where )(

1
Rf  and )(

2
Tf  are

arbitrary functions of R and T respectively and 
1

  and 
2

  are two parameters, we have obtained
the exact solutions of the model by considering the energy density of MRHDE and by using a
law of variation for the Hubble parameter H. It is found that our model leads to the accelerated
expansion of the Universe. The EOS parameter 1

DE
 indicates that our cosmological model

behaves like a quintessence dark energy model which is consistent with the recent observations. A
correspondence between MRHDE and quintessence dark energy is established. The quintessence
dynamics of the potential and scalar field are reconstructed, which illustrates the late-time cosmic
acceleration. All physical parameters are calculated and discussed graphically.

Keywords: MRHDE:  TRf  ,  theory of gravity: quintessence: EOS parameter:

  statefinder parameter

1. Introduction. From the observational astrophysical results [1-5] it is

confirmed that our Universe is accelerating. The source driving this acceleration is

known as dark energy (DE), an unknown form of energy with negative pressure,

whose origin is still a mystery in modern cosmology. Recent experiments indicates

that DE constitutes about 70% of present total cosmic energy. However, so far, the

nature of DE is still unknown. The most familiar candidate for dark energy is the

cosmological constant   which is characterized by the equation of state p

with 1  where p is the pressure and   is the energy density of DE. But from

theoretical point of view, it fails to resolve the hurdle of fine-tuning and cosmic

coincidence problem [6,7]. There are several candidates to play the position of dark

energy (DE), which is the dominant part of the Universe. Some of them are

quintessence [8], phantom [9], k-essence [10], tachyon [11] and so on.

In recent studies, to understand the nature of the Universe, a new DE model

has been constructed based on holographic principle named as holographic dark

energy (HDE) was first put forward by Hooft [12] and Susskind [13]. According

to this principle, the entropy of the system scales not with its volume, but also
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its surface area ( 2L ) and arrived at a conclusion that in quantum field theory a

short distance cut-off is related to a long-distance cut-off due to the limit set by

the black hole formation [14]. By taking HDE  as the quantum zero-point energy

density caused by a short distance cut-off in a region of size L, the total energy

density should not exceed the black hole mass of the same size, giving
23
pHDE LML  . The maximal value L allowed is the one saturating this inequality,

giving the HDE density as 
2223  LMc pHDE , M

p
 is the reduced Planck mass with

GM p  82
 and 23c  is the numerical constant [15].

The late-time acceleration of the Universe can be studied by two ways- by

introducing DE in our Universe and secondly by modifying General Relativity

(GR). There are various modifications of Einstein theory. The presence of a late-

time cosmic acceleration of the Universe can be explained by  Rf  gravity [16].

Harko et al. [17] have proposed a new generalized theory known as  TRf  ,

gravity. According to this theory, gravitational Lagrangian involves an arbitrary

function of the scalar curvature R and trace of the energy-momentum tensor T.

The  TRf  ,  gravity model depends on a source term, representing the variation

of the matter stress-energy tensor with respect to the metric. Mishra and Sahoo

[18] have studied Bianchi type cosmological models assuming    TfRTRf 2 ,  .

In that work, Mishra and Sahoo have obtained exact solutions to the modified

field equations by assuming a specific anisotropic relation. Adhav [19] obtained

exact solutions of the field equations for LRS Bianchi type-I space-time with

perfect fluid in the framework of  TRf  ,  theory of gravity. The  TRf  ,  gravity

models can explain the late time cosmic accelerated expansion of the Universe.

Recently, several entropy formalisms have been used to construct and investigate

the cosmological models. Some new HDE models are constructed such as Tsallis HDE

(THDE) [20,21], Sharma-Mittal HDE (SMHDE) [22] and RHDE model [23].

Among these models, a new dark energy model proposed by Moradpour et al. [23]

named the Rényi holographic dark energy (RHDE) model for the cosmological and

gravitational investigations shows more stability by itself. Several researchers have

discussed RHDE in different theories of gravity. Using the Rényi entropy, the

modified Friedmann equations are obtained [24-26]. The inflation may be found in

the Rényi formalism suggested by Ghaffari et al. [27]. Dubey et al. [28] have studied

interacting RHDE in Brans-Dicke theory of gravity. Saha et al. [29] have investigated

RHDE in the framework of Kaluza-Klein space-time. Prasanthi & Aditya [30] have

explored RHDE in General Relativity (GR) in Bianchi type VI
0
 metric. Dubey et

al. [31] have worked out RHDE in a flat Universe.

The form of the Bekenstein entropy of a system is 4AS   where 24 LA 

and L is the IR cut-off. Rényi entropy [23] can be written as 












 1

4
log

1 A
S
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 1log
1 2 


 L . By considering TdSdVDE   where V and T denote the volume

and temperature of the system, the expression of RHDE assumes the form

  12

2

2

1
8

3 



 L

L

c
DE . By considering Hubble horizon as a candidate for IR cut-

off i.e. 1 HL , the energy density of RHDE is obtained as 
)1(8

3
2

22




H

Hc
DE

where 2c  is a numerical constant. Since the DE occupies almost 70% of the

content of the Universe today, it is rational to assume that the density of DE

is a function of the Hubble parameter H and its derivative w.r. to time [32]. In

cosmology anisotropic and spatially homogeneous universes have obtained much

interest. The major observational evidence from CMBR [33] has been considered

to support the existence of a transition from an anisotropic phase of the universe

to an isotropic phase [34]. It is believed that at the early stages of evolution, the

Universe is, in general spatially homogeneous and anisotropic in nature. Bianchi

type spaces are usually used for studying spatially homogeneous and anisotropic

cosmological models. Recently, many researchers have presented interesting

cosmological models in the presence of DE within the background of anisotropic

Bianchi space-times. Chaubey and Shukla [35] obtained a new class of Bianchi

cosmological models in  TRf  ,  gravity by using a special law of variation.

Motivated by the above investigations we present in this paper Modified Rényi

Holographic Dark Energy (MRHDE) in  TRf  ,  theory of gravity by considering the

energy density in the framework of Bianchi type VI
0
 Universe. Here we modify the

energy density of RHDE as 
 18

3

2

22






H

HHc
DE


 where   is an arbitrary

dimensionless parameter.

The outline of the paper is as follows: Section 2 describes the  TRf  ,  gravity

formalism. The metric and field equations are discussed in Section 3. In Section

4, we derive the solutions of field equations. Sections 5.1 and 5.2 deals with

Statefinder parameters and anisotropy parameter respectively. The stability analysis

and energy conditions are described in Section 6. Various parameters are discussed

graphically in Section 7. Section 8 deals with correspondence between MRHDE and

quintessence scalar field. The paper ends with concluding remarks in Section 9.

2. Gravitational field equations of  TRf  ,  gravity. The gravitational

field equations of  TRf  ,  theory are derived from the Hilbert-Einstein variation

principle. The action for the modified  TRf  ,  gravity is

   


 ,  ,
16

1 44 xdgLxdgTRfS m (1)

where L
m
 is the matter Lagrangian density.

The stress-energy tensor of matter [36] is
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 , 2
mijij Lg

gg
T 








 (2)

where trace ij
ijTgT  .

By assuming that L
m
 of matter depends only on metric tensor components

g
ij
 and not on its derivatives, we have obtained the field equations of  TRf  ,

gravity as

            ,  , ,8 , ,
2

1
 , ijTijTijRjiijijijR TRfTTRfTTRfhggTRfRTRf  (3)

where




















gg

L
gLgT

T

f
f

R

f
fh

ij
m

mijijij

TRk
k

2

22

, , , 

(4)

and i  is the covariant derivative.

The problem of the perfect fluids described by an energy density  , pressure

p
DE

 and four velocity iu  is more complicated because there is no unique definition

of L
m
. Here we have assumed T

ij
 is of the form

  , ijDEjiDEij gpuupT  (5)

where

. 0, 1,  ij
ii

iDEm uuuupL (6)

Using Eqs. (5) and (6) in Eq. (4), we get

. 2 ijDEijij gpT  (7)

In general, the field equations also depend through the tensor ij  on the physical

nature of the matter field. Hence in the case of  TRf  ,  gravity, depending on

the nature of the matter source, various theoretical models corresponding to matter

contributions for  TRf  ,  gravity are obtained. Harko et al. [17] derived three

classes of these models:

 
 

   
     
















. 

2

 ,

321

21

TfRfRf

TfRf

TfR

TRf
(8)

Here we have focused in the second case i.e.       TRTfRfTRf 2121 , 

where  Rf1  and  Tf2  are arbitrary functions of R and T respectively and 1

and 2  are two parameters.

The gravitational field equations obtained from Eq. (3) with the use of Eqs.

(7) and (8) and the aforesaid choice of  TRf  ,  is
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. 
8

22

1

1

2

1

2
ijijDEijij Tg

T
pRgR 

























 (9)

3. Metric and field equations. The Bianchi type VI
0
 metric is given by

, 2222222222 dzeCdyeBdxAdtds xx  (10)

where A, B and C are cosmic scale factors and functions of cosmic time t only.

The energy momentum tensor for dark matter (pressure-less) is

 , 0 0, 0, ,diag m
i
jT  (11)

where m  is the energy density of dark matter (DM).

The energy momentum tensor for MRHDE is

 ,  , , ,diag DEDEDEDEDEDEDE
i
j

'

T  (12)

where DE  is the energy density and DEDEDE p   is the EOS parameter of

MRHDE.

i
j

'
i
j

i
j TTT  (13)

Using Eqs. (11)-(13), the field equations (9) for the metric (10) are obtained as

 DEmDEp
ABC

CB

C

C

B

B












1

2

1

2
2 22

3161
(14)

 DEmDEp
AAC

CA

C

C

A

A












1

2

1

2
2 22

3161
(15)

 DEmDEp
AAB

BA

B

B

A

A












1

2

1

2
2 22

3161
(16)

  DEDEm p
ACA

AC

BC

CB

AB

BA

1

2

1

2
2 22

3161












(17)

. 0
C

C

B

B 
(18)

Integrating Eq. (18) and assuming integrating constant to be unity, we get

. CB  (19)

Using Eq. (19) in Eqs. (14)-(17), we get

 DEmDEp
AB

B

B

B












1

2

1

2
22

2

22

3161
2


(20)

 DEmDEp
AAB
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2
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(21)
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  . 
22

3161
2

1

2

1

2
22

2

DEDEm p
AB

B

AB

BA












(22)

The energy conservation equation is

  , 03  DEDEmDEm pH (23)

where overhead (.) denotes differentiation w.r. to cosmic time t.

Throughout the study, we have considered that there is no interaction between

DM and MRHDE.

4. Solutions of field equations. The spatial volume V is given by

, 32 aABV  (24)

where a is the average scale factor.

The Hubble's parameter H is defined by

  , 2
3

1

3

1

3 











B

B

A

A
HHH

V

V

a

a
H zyx


(25)

where AAHx
  and BBHH zy

  are the directional Hubble parameters in

the directions of x, y and z axes respectively.

The deceleration parameter q is defined as

. 
2a

aa
q




 (26)

Eqs. (20)-(22) are three field equations with five unknowns A, B, m , DE  and

p
DE

. So, we are in search of two extra conditions:

(i) The MRHDE density is defined as

. 

18

3

2

22

















H

HHc
DE



(27)

(ii) The relation between average Hubble parameter H and average scale factor

a as proposed by Berman [37]

 . 01   nnaH n (28)

From Eqs. (25) and (28), we get the average scale factor a as

 nkta 1 (29)

k
1
 is a constant of integration.

The spatial volume V is obtained as

  . 3
1

32 nktaABV  (30)

From Eq. (30), we get

. 
3

2
1kt

n

B

B

A

A





(31)
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From Eqs. (20) and (21), we obtain






















  dt

A

A

B

B
A

V

k

B

B

A

A


 2
2

2

exp
(32)

k
2
 is a constant of integration.

Following Adhav [38], we assume

. 
2

2AA

A

B

B



(33)

Using Eq. (33) in Eq. (32), we get

. 2 te
V

k

B

B

A

A 


(34)

By the use of Eqs. (31) and (34) and then integrating, we obtained the scale factors

as

 
  













 



dt
kt
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3

exp
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1
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1
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 dt

kt

ek
ktkB

n

t
n

(36)

where k
3
 is a constant of integration.

The Hubble parameter H is obtained as

. 
1kt

n
H


 (37)

The Hubble parameter H decreases as cosmic time t evolves and approaches to

a small value at the later stage of the Universe.

The deceleration parameter q is obtained as

. 
1

1
n

q  (38)

From Eq. (38), we can arrive at a conclusion that for q > 0 (0 < n < 1) our Universe

is in decelerating phase and for q < 0 (n > 1) our Universe is in accelerating phase.

The MRHDE density DE  is obtained as

 
    

. 
8

3

22
1

2
1

32

nktkt

nnc
DE






(39)

The energy conservation equation for matter obtained from Eq. (23) is

. 03  mm H (40)

Putting the value of H in Eq. (40) and then integrating, we get
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  , 3
10

n
m kt  (41)

where 0  is a constant of integration.

The energy conservation equation for MRHDE obtained from Eq. (23) is

  . , 03 DEDEDEDEDEDE ppH  (42)

Putting the values of DE  and H in Eq. (42), we get
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5. Statefinder and anisotropy parameters.

5.1. Statefinder parameters. Sahni et al. [39] proposed a cosmological

diagnostic pair {r, s} called statefinder parameters, which is defined as














2

1
3

1
, 

3

q

r
S

aH

a
r



(45)

to differentiate among different forms of dark energy. The Statefinder is dimen-

sionless and, like the Hubble and deceleration parameters H and q, is constructed

from the scale factor of the Universe and its derivatives only. For CDM

(cosmological constant cold dark matter) models, the statefinder parameters have

the value {r, s} = {1, 0}.

For our model, the {r, s} parameters take the form

. 
2

9

2

9
1

2ss
r  (46)

5.2. Anisotropy parameter. The anisotropy parameter A
p
 is defined as
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2

3

1
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22
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ktn
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HH

H
A (47)

6. Stability analysis. In this section we have examined the stability of our

model. The square speed of sound is defined as DEDEs p  2v . The sign of 2
sv

plays a vital role for stability analysis of a background evolution of cosmic models.

The model is stable if 02 sv  and if 02 sv  the model is classically unstable [40].

Also, the casualty condition must be satisfied. It means that the sound speed is
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For our model, 2
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(48)

The Energy Conditions namely, Weak Energy Conditions (WEC), Dominant

Energy Conditions (DEC) and Strong Energy Conditions (SEC) are respectively

given by

(I) 0DE

(II) 0 DEDE p

(III) 03  DEDE p

The left-hand sides of (I), (II) and (III) based on Eqs. (43) and (44) have

been plotted in Fig.2a and found that (I) 0DE , (II) 0 DEDE  and (III)

Fig.1. a) The variations of 
m

  and 
DE

  versus t. 0
m

 and 0
DE

 as t  as seen
from the above figure. b) The graph of 

DE
  versus t. 1

DE
 as observed from the above figure.

Thus, our cosmological model corresponds to quintessence DE.
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03  DEDE . So, WEC and DEC are satisfied whereas SEC is violated. The

violation of SEC gives anti-gravitational effect for which Universe gets jerk and

thus our model exhibits transition from early decelerating to present accelerating

Universe. So, our model is in harmony with recent cosmological observations.

7. Correspondence between MRHDE and quintessence scalar field.

The pressure and energy density for quintessence scalar field [41] are given by

 
 V

2
p

2




(49)

  , 
2

2




 V


(50)

where   denotes the scalar field and  V  is the scalar field potential.

Fig.2. a) The graph of Energy Conditions versus cosmic time t. WEC and DEC are satisfied
whereas SEC is violated. The violation of SEC gives anti-gravitational effect for which Universe

gets jerk and thus our model exhibits transition from the early deceleration to present cosmic
acceleration. So, our model is in good agreement with recent cosmological observations. b) The
graph of A

p
 versus t. 0

p
A  as t  as observed from the figure. Thus, our Universe approaches

isotropy at the later epoch.
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The EOS parameter   is defined as
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Eqs. (39) and (50) together implies
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Eqs. (43) and (51) together implies
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Eqs. (52) and (53) together implies
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Fig.3. a) The plots of scalar field potential )(V  and scalar field   versus cosmic time t. It
is clear from the above figure that )(V  decreases and ultimately tends to zero whereas   decreases

and approaches to small value at the later stage of the Universe. b) The plot of 
2

s
v  versus cosmic

time t. 
2

s
v  is negative throughout the evolution of the Universe. It clearly manifests the unstable

nature of the Universe.
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Using Eq. (54) in Eq. (53) and then integrating, we get
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where 0  is a constant of integration.

8. Graphical discussions. The graphical representations of various param-

eters are discussed here. The numerical values used in the graphs are

. 2and10, 20

, 060, 030, 50, 52, 1

00

21





..

.k.k..nc
(56)

 9. Conclusions. In this paper, we have constructed MRHDE in  TRf  ,

theory of gravity in the framework of Bianchi type VI
0
 Universe. To obtain the

exact solutions of the field equations, we have considered the law of variation for

the Hubble parameter H as proposed by Berman [37]. We have studied the

isotropy and the expansion of the universe. It is seen that the anisotropic parameter

0pA  as t  i.e., our model becomes isotropic at later age of the universe.

And hence our results are in favour of the recent observational data which suggests

the present-day isotropic behaviour of the universe. Also, it is observed that the

deceleration parameter, q > 0 (0 < n < 1) which implies that our universe is in a

decelerating phase and q < 0 (n > 1)  indicates that our universe is in accelerating

phase. In this paper, we have seen that 1DE , which depicts that our model

behaves like quintessence DE. From the study of statefinder parameters, we can

Fig.4. The plot of r versus s. From the above figure it is observed that the curve (r, s) passes
through the point (1, 0). Thus, it indicates that the model corresponds to CDM  model at the

later stage of the Universe.
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conclude that our model corresponds to CDM  model as cosmic time evolves.

Again, it is observed that 2
sv  is negative at late times, which indicates that our

investigated model is unstable. It is found from Fig.2a that WEC and DEC are

satisfied whereas SEC is violated. The violation of SEC gives anti-gravitational

effect for which universe gets jerk and thus our model exhibits transition from

the early deceleration to present cosmic acceleration. From Fig.3a we can arrive

at a conclusion that the scalar field potential  V  decreases and ultimately tends

to zero whereas the scalar field   decreases and approaches to small value at the

later stage of the Universe.

Thus, the physical properties of the model obtained by using Berman's law

provides a very nice description of the transition from the early deceleration to

present cosmic acceleration, which is an essential feature for evolution of the

Universe. Moreover, the correspondence between MRHDE and quintessence scalar

field is constructed in our model. The quintessence dynamics of the potential and

scalar field are reconstructed which describes the current accelerating stage of the

Universe. This shows that our model strongly agrees the present-day observations.
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ÌÎÄÈÔÈÖÈÐÎÂÀÍÍÀß ÃÎËÎÃÐÀÔÈ×ÅÑÊÀß
ÒÅÌÍÀß ÝÍÅÐÃÈß ÐÅÍÜÈ (MRHDE) Â ÒÅÎÐÈÈ

ÃÐÀÂÈÒÀÖÈÈ  TRf  ,

Ä.ÁÕÀÐÀËÈ, Ê.ÄÀÑ

Â ðàáîòå èññëåäîâàíà äèíàìèêà ïðîñòðàíñòâà-âðåìåíè òèïà Áüÿíêè VI
0
 â

ðàìêàõ òåîðèè ãðàâèòàöèè  TRf  , , ãäå R - ñêàëÿð Ðè÷÷è, à T - ñëåä òåíçîðà

ýíåðãèè-èìïóëüñà íàïðÿæåíèÿ ñ Ìîäèôèöèðîâàííîé ãîëîãðàôè÷åñêîé òåìíîé

ýíåðãèåé Ðåíüè (MRHDE). Ïðè êîíêðåòíîì âûáîðå ôóíêöèîíàëà   TRf  ,

    TRTfRf 2121  , ãäå  Rf1  è  Tf2  - ïðîèçâîëüíûå ôóíêöèè îò

R è T - ñîîòâåòñòâåííî, à 1  è 2  - äâà ïàðàìåòðà, ìû ïîëó÷èëè òî÷íûå

ðåøåíèÿ ìîäåëè, ó÷èòûâàÿ ïëîòíîñòü ýíåðãèè MRHDE è èñïîëüçóÿ çàêîí
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èçìåíåíèÿ ïàðàìåòðà Õàááëà H. Îáíàðóæåíî, ÷òî íàøà ìîäåëü ïðèâîäèò ê

óñêîðåííîìó ðàñøèðåíèþ Âñåëåííîé. Ïàðàìåòð EOS 1DE  óêàçûâàåò, ÷òî

íàøà êîñìîëîãè÷åñêàÿ ìîäåëü âåäåò ñåáÿ êàê ìîäåëü òåìíîé ýíåðãèè êâèíò-

ýññåíöèè, êîòîðàÿ ñîãëàñóåòñÿ ñ íåäàâíèìè íàáëþäåíèÿìè. Óñòàíîâëåíî

ñîîòâåòñòâèå ìåæäó MRHDE è êâèíòýññåíöèåé òåìíîé ýíåðãèè. Ðåêîí-

ñòðóèðóåòñÿ êâèíòýññåíöèÿ äèíàìèêè ïîòåíöèàëà è ñêàëÿðíîãî ïîëÿ, êîòîðàÿ

èëëþñòðèðóåò êîñìè÷åñêîå óñêîðåíèå â ïîçäíåì âðåìåíè. Âñå ôèçè÷åñêèå

ïàðàìåòðû ðàññ÷èòûâàþòñÿ è îáñóæäàþòñÿ â ãðàôè÷åñêîì âèäå.

Êëþ÷åâûå ñëîâà: MRHDE:  TRf  ,  òåîðèÿ ãðàâèòàöèè: êâèíòýññåíöèÿ: ïàðàìåòð

    EOS: ïàðàìåòð Statefinder
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 FERMIONIC CONDENSATE IN de SITTER SPACETIME
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Fermionic condensate is investigated in (D + 1)-dimensional de Sitter spacetime by using the
cutoff function regularization. In order to fix the renormalization ambiguity for massive fields an
additional condition is imposed, requiring the condensate to vanish in the infinite mass limit. For
large values of the field mass the condensate decays exponentially in odd dimensional spacetimes
and follows a power law decay in even dimensional spacetimes. For a massless field the fermionic
condensate vanishes for odd values of the spatial dimension D and is nonzero for even D. Depending
on the spatial dimension the fermionic condensate can be either positive or negative. The change
in the sign of the condensate may lead to instabilities in interacting field theories.

Keywords: fermionic condensate: de Sitter spacetime: Bunch-Davies vacuum

1. Introduction. De Sitter (dS) spacetime is among the frequently used

background geometries for the investigation of the influence of gravitational field

on quantum matter. In the early stages of studies this interest was motivated by

high symmetry of the corresponding geometry. The dS spacetime is the maximally

symmetric solution of Einstein's equation with a positive cosmological constant as

the only source of gravitational field and because of that a relatively large number

of physical problems can be exactly solved on that background. This helps to shed

light on the effects of gravity on quantum fields in more complicated geometries.

The further increase of the interest to the investigations of quantum effects on

dS bulk was related to the appearance of the inflationary scenario for the expansion

of the early Universe (for reviews see [1,2]). In most inflationary models the

expansion is described by an approximately dS geometry sourced by the potential

energy of a scalar field (inflaton). A short period of the corresponding quasi-

exponential expansion provides a natural solution to a number of fine tuning

problems of the standard Big Bang model (horizon and flatness problems, the

problem of topological defects, etc.). In addition, the inflationary scenario leads

to an interesting mechanism for the generation of small inhomogeneities in the

energy distribution at the beginning of the radiation dominated cosmological

expansion that seed the large scale structure of the Universe at late stages. This

mechanism is based on the classicalization of quantum fluctuations of scalar fields

by an inflationary expansion. Its predictions are in good agreement with the
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observational data about the temperature anisotropies of the cosmic microwave

background. Those data, in combination with observations of high redshift super-

novae and galaxy clusters indicate that the expansion of the Universe at the present

epoch is well approximated by a model where the dominant part of the energy

content is described by the equation of state close to the one for a positive

cosmological constant. The cosmological expansion with this type of gravitational

source will lead to an asymptotically dS universe as the future attractor. This shows

that the investigation of physical effects in dS spacetime is also important for the

future of the Universe.

The expectation values of bilinear combinations of quantum fields with

different spins (field squared, energy-momentum tensor) for the Bunch-Davies

vacuum in dS spacetime have been investigated in a large number of papers (see

[3-6] and references therein). In particular, the Green function and the effective

Lagrangian for a spinor field have been discussed in [7]. The expression for the

renormalized vacuum expectation value (VEV) of the energy-momentum tensor for

a spinor field in 4-dimensional dS spacetime is derived in [8] by using the

n-wave regularization method. The same result is obtained in [9] by using the

regularization based on a cutoff function. In [9] the fermionic condensate is

investigated as well. The fermionic condensate and the VEV of the energy-

momentum tensor for a spinor field in (D + 1)-dimensional dS spacetime for even

values of D have been investigated in [10] by using the point-splitting regular-

ization technique. The shifts in the VEVs for spinor fields induced by the toroidal

compactification of a part of spatial dimensions in dS spacetime were studied in

[10-12]. Another class of topological effects caused by the presence of a cosmic

string in dS bulk have been discussed in [9].

In the present paper we investigate the renormalized fermionic condensate in

(D + 1)-dimensional dS spacetime for general value of the spatial dimension D.

The regularization procedure will be based on the introduction of a cutoff function

in the corresponding integral representation. In addition to the VEV of the energy-

momentum tensor, the fermionic condensate is an important local characteristic

of the fermionic vacuum. Though the corresponding operator is local, because of

the global nature of the notion of vacuum, it contains information about global

properties of the background geometry. The fermionic condensate is an important

characteristic in quantum chromodynamics, in the physics of superconductivity and

phase transitions, in models of dynamical mass generation and symmetry breaking.

It has been investigated in various types of physical models, including the ones

for curved backgrounds (see, for example, [13-20]).

The paper is organized as follows. In the next section, we describe the

background geometry and present the complete set of fermionic normal modes.

The expression for the fermionic condensate, regularized with the help of cutoff
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function, is provided. The extraction of divergences and the renormalization of

the corresponding VEV differ for dS spacetimes with even and odd numbers of

spatial dimensions and we describe the respective procedures in sections 3 and 4,

respectively. Closed analytic expressions are derived for the renormalized fermionic

condensate in both these cases. In section 5 we consider a model with interacting

scalar and fermionic fields where the fermion condensate determines the effective

mass of the scalar field. The main results are summarized in section 6.

2. Regularized fermionic condensate in dS spacetime. We consider

a quantum fermionic field   on background of (D + 1)-dimensional de Sitter

spacetime described by the line element

  , 
1

2222 



D

i

it dzedtds (1)

in planar coordinates ( Dzzt  ..., , , 1 ). The parameter   determines the Hubble

constant and is related to the corresponding positive cosmological constant   by

the formula    212 DD . In addition to comoving time coordinate t, we will

use the conformal time   defined by the relation  te , 0 . In

terms of this coordinate, the line element (1) takes a conformally flat form with

the conformal factor  2 . The dynamics of the field in a curved spacetime is

governed by the Dirac equation

  , 0 
 mi (2)

where  
 a

ae    are the curved spacetime Dirac matrices and   is the spin

connection. The vielbein fields obey the relation    
  gee ab

ba , with ab  being

the Minkowski spacetime metric tensor and  
  tt eeg 22  ..., , 1,diag . The

flat-space Dirac matrices  a  are NN  matrices with   212  DN , where the

square brackets mean the integer part of the enclosed expression. In the discussion

below these matrices will be taken in the Dirac representation:

    , 
0

0
, 

10

010
























 

a

aa
(3)

with a = 1, 2, ..., D and    22 NN   matrices a . By using the anticommutation

relations for  a  one gets ababba   2 . For the geometry under conside-

ration we can take the vielbein fields in the form 
  00

 e , 
  aata ee   ,

a = 1, 2, ..., D. The components of the spin connection are expressed as 00  ,

     lat
l e  02 , l = 1, 2, ..., D.

The fermionic condensate in the vacuum state 0  is defined as the VEV

 00 , where the Dirac adjoint is expressed as  0† . In the

discussion below we will assume that the state 0  corresponds to the maximally

symmetric Bunch-Davies vacuum. Note that the maximal symmetry does not

uniquely define the vacuum state. As it has been discussed in [21], in dS spacetime
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there is a one-complex-parameter family of maximally symmetric states. Among

those states the Bunch-Davies vacuum is singled out as the only state having the

Hadamard structure of singularities.

Given the complete set of solutions to the equation (2), denoted here as
    



   , , the fermion condensate is written as the mode-sum

        . 
2

1













  (4)

Here, 
 
  and 

 
  are the analogs of the positive and negative energy mode

functions in the Minkowski bulk and the collective index   presents the set of

quantum numbers. In (4), the symbol  is understood as a summation over

the discrete quantum numbers and an integration over the continuous ones. In

the problem under consideration the mode functions are specified by the momen-

tum  Dkk  ..., ,1k  and by the quantum number   taking the values 2 ..., ,1 N

(hence,    ,k ). They are given by the expressions

     
     

       

     
       

     
, 

, 

2
21

2
2121

1
21

1
2121























































wkH

wkHi
ekC

wkHi

wkH
ekC
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miiD

mi

miiD





n

n

kr

kr

(5)

where  , k = |k|, n = k/k,  


D

i

ii zk
1

kr ,   zH ,21
  are the Hankel functions,

and  D  ..., , , 21 . In (5), the one-column matrices  
w  have N/2 rows and

the elements  
llw 


  ,  

ll iw 

  . The normalization coefficient C(k) is ex-

pressed as

    . 
2 22112

2

DDD

mek
kC








(6)

Similar mode functions in locally dS spacetime with a toroidally compactified

subspace are presented in [10]. The mode functions for Dirac fermions in

4-dimensional dS spacetime have also been considered in [22]. For a massless

field, by taking into account that 
    ixexixH  21

21 , we get the conformal

relation 
     

 



  M

D 2
 with the corresponding modes in Minkowski spacetime.

Substituting the normal modes (5) in (4), for the fermionic condensate we find

 
                . 

22

2
21

1
21

2
21

1
21

0
122

1


















kHkHkHkH

dkk
D

Ne

mimimimi

D

DDD

mD

(7)

The expression on the right-hand side is divergent and some renormalization

procedure is necessary. Introducing the Macdonald function instead of the Hankel
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function, the formula (7) is rewritten as

 

   . 

21

2

2

2121

0

1

12

1































 ikKikKdkk

im

Di

N

imim
D

D

DDD

(8)

In deriving this representation we have used the relation

            , 2
11 yKyK

y
yKyKyKyK y 







 
  (9)

with y = ix and  im21 . This relation directly follows from the recurrence

relations for the Macdonald function.

In order to obtain an alternative integral representation of the fermionic

condensate, for the product of the Macdonald functions (8) we use the formula [23]

       


 









0

2

0

. 
2

1
sinh2exp2cosh

u
uyk

u

du
ydyikKikK (10)

Substituting this into (8), we first integrate over k. Then, instead of u we introduce

a new integration variable  yux 22sinh1  . After changing the order of the

integrations, the integral over y is expressed in terms of the Macdonald function

and we find

 
 . 21

22 0

2
21

12

12

1
2




























 xKedxx

imNi
im

xD

D

DD

(11)

Using the relation

        , 22 2
1

222 22

 





 xKxKexxKe xx (12)

the condensate can also be presented in the form

 
 . Im

2

2

0

21
2

12 









 xKedxx

N
im

xD

D

D

(13)

The integral in the right-hand side diverges in the upper limit.

For the further evaluation an explicit regularization scheme should be used.

As such a scheme we will introduce an exponential cutoff function sxe , s > 0,

in the integrand of (13) with the regularized expression

 

 
   . Im

2

2

0

21
12

12 












 xKedxx

N
im

xsD

D

D
s

(14)

The limit 0s  should be taken at the and of calculations.

In (14), the integral over x is explicitly evaluated in terms of the associated

Legendre function (see [24]) and we find
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(15)

with s-1  and

. 
2

1

D

(16)

For the product of the gamma functions in this formula one has

         
 

, 1
2

1

222



D

l
D mlimmBimim (17)

where [D/2] stands for the integer part of D/2, and the function

 
 
 









, even for , cosh

,  oddfor , sinh

Dx

Dxx
xBD (18)

is introduced. Now we want to expand the regularized fermionic condensate in

powers of s. The further discussion should be developed for even and odd values

D separately.

3. Condensate in even dimensional spacetimes . First we consider

odd values of the spatial dimension D. In this case   is an integer and the

corresponding Legendre function in (15) is expressed in terms of the hypergeo-

metric function as follows:
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2

1
 1; ;-1 ,1

1

1 22







 





 




 imimF

im

im
P im (19)

Substituting this into the expression for the regularized fermionic condensate, we

get

 

   
  .  2-1 1; ;-1 ,Re

sinh2
simimF

m

N
s

D
s





 





(20)

The expansion of the right-hand side of this expression is given by the formula

[25]

       








0

, 22lnsinh2-1 1; ;-1 ,
n

n
nn ssbam

i
simimF (21)

for the hypergeometric function. In this formula,

   
 

      , 112, 
!

1
2




 imnimnnb
n

imim
a n

nn
n (22)

where (c)
n
 is Pochhammer's symbol,      xxx   is the digamma function

(here we use the notation  x  for the digamma function instead of the standard

one  x  in order to avoid the confusion with the fermion field  ). With the

use of (21), we have the following expansion
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where 
lC  are the binomial coefficients and the dots stand for the terms which

vanish in the limit 0s . As it is seen from (23), we have the power-law

divergent terms, logarithmically divergent term, and the finite part. Note that the

coefficients (22) can also be written in the form
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Re212

, 1, 
!
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222
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imn

nim
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(24)

On the basis of the expansion (23), taking into account the finite renormalization

terms, the renormalized fermionic condensate is written in the form
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(25)

where we have used the relation       imim Re1Re  which directly

follows from the formula     zzz 11   for the digamma function (see [25]).

In (25), the coefficients f
l
 should be fixed by an additional renormalization

condition (for a discussion of ambiguities in the renormalization of the expectation

value of the energy-momentum tensor in the Hadamard renormalization procedure

for general number of spatial dimensions see [26]). As such a condition we require

that 0
ren

  in the limit m . By using the expansion
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2

1

, 
2

1
lnRe

n
n
n

n

mn

B
mim (26)

with B
2n
 being the Bernoulli coefficients, and requiring the cancellation of the

terms in (25) with positive powers of the mass, we find
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f
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l

nx
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(27)

This relation defines the values of the coefficients f
l
 in the expression (25) for

the renormalized fermionic condensate. In particular, one has f
1

 = -1/6 for

D = 3, f
1

 = -1/6, f
2

 = -17/20 for D = 5, and f
1

 = -1/6, f
2

 = -47/20, f
3

 = -5297/630
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for D = 7. In the cases D = 3 and D = 5 from (25) one finds
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40

17
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12

1
1Reln

2

2222
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43ren
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22ren




























mmimm
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mimm
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(28)

For D = 3 the result (28) coincides with the corresponding expression obtained

previously in [9]. For a massless field the renormalized fermionic condensate

vanishes. For large masses, 1m , the condensate behaves as   mD . In

Fig.1 we have plotted the fermionic condensate as a function of m  for D = 3

and D = 5. In these cases the fermionic condensate is negative for massive fields.

4. Fermionic condensate in odd dimensional spacetime. In the

renormalization procedure we need the expansion of the expression on the right-

hand side of (15) near the point 1 . For even values of D, this expansion for

the associated Legendre function directly follows from the formula
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(29)

The standard definition of the hypergeometric function in terms of the series over

s provides the required expansion. For the case under consideration   is a half-

Fig.1. Fermionic condensate versus m  for the spatial dimensions D = 3 and D = 5.
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integer and, hence, the second term on the right-hand side of (29) does not

contribute to the finite part, whereas the first term is finite in the limit 0s .

Substituting expression (29) into formula (15) and using the expansion for the

hypergeometric function in the second term on the right-hand side, we find the

following expansion for the regularized fermionic condensate
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(30)

where, as before, the dots stand for the terms which vanish in the limit 0s .

From formula (30) we find the following expression for the renormalized

fermionic condensate:
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where the coefficients c
l
 are determined from the renormalization condition

0
ren

  for m . From this condition it follows that
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This leads to the following formula for the fermionic condensate
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1212
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DDD

lm
eD

N
(33)

This expression coincides with the result obtained in [10] by using the point-

splitting procedure and the adiabatic subtraction. Hence, we have shown that the

different renormalization schemes give the same result for the renormalized

fermionic condensate. The sign of the fermionic condensate (33) coincides with

the sign of   21 D . For large values of the mass, 1m , the fermionic

condensate (33) is suppressed by the factor 
 mDD em 2
. Unlike to the case of

odd D, in even number of spatial dimensions the fermionic condensate for a

massless field differs from zero (see also [10]):

    
   . 
4

211
21

2

ren DD

D DN






 (34)

In Fig.2 the dependence of the fermionic condensate on m  is presented for

several values of the spatial dimension.
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5. Interacting scalar and fermion fields. Nonzero fermionic condensate

can be of considerable importance in interacting field theories. As an example,

here we consider a system of interacting fermionic and scalar fields described by

the Lagrangian density

   , 
22

1

2

1 222  





 m
i

MgL (35)

with the coupling constant   having the dimension (length)D
 
-2. The corresponding

field equations read

    , 0, 02 22  
 miM (36)

where   stands for d'Alembert operator for scalar fields.

Assume that the field   is quantized and the field   is a classical field. If

ren
  is the renormalized fermion condensate, then the classical dynamics of

the scalar field is described by the equation

  . 02
ren

2 M (37)

As it is seen, the effect of the interaction of the scalar field with the fluctuations

of the fermionic field is equivalent to the change of the mass term. For a general

background the effective mass depends on the spacetime point. In the case of dS

bulk the fermion condensate is constant and the interaction leads to a constant

shift in the squared mass term for the scalar field. In general, this shift can be

negative and under the condition 02
ren

2 M  the effective mass becomes

Fig.2. Fermionic condensate as a function of m  for D = 2, 4, 6.
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tachyonic. The tachyonic mass may lead to an instability of the corresponding

field theory (for instabilities in interacting scalar field theories induced by

background geometry, nontrivial topology and boundaries see [27]). Note that, in

a similar way, the quantum fluctuations of the scalar field lead to the correction

of the fermionic mass term in the form 
ren

2 . In a more general case of a

scalar field with the potential  V , the interaction with the vacuum fluctuations

of a fermionic field leads to the correction with the effective potential

    2

reneff  VV . In particular, this type of correction to the inflaton

potential can have important consequences in the inflationary scenario.

Similar to the case of the system of interacting fermion and scalar fields, the

nonzero fermionic condensate leads to the shift of the fermion effective mass in

the Nambu-Jona-Lasinio type models. These models contain four fermion inter-

action term  2g  in the Lagrangian density, with g being the four fermion

coupling constant. They were applied to describe the dynamical symmetry breaking

in electroweak theory and quantum chromodynamics (for symmetry breaking in

the Nambu-Jona-Lasinio model in curved spacetime see, for example, [28,29]).

The corresponding effective mass for a fermion field becomes  ren2  gm .

Again, we see that, depending on the fermionic condensate, the effective mass may

become negative.

6. Conclusion. In the present paper we have investigated the fermionic

condensate for a massive spinor field in dS spacetime in an arbitrary number of

spatial dimensions. In Section 2, an expression for the corresponding regularized

quantity is derived assuming that the field is prepared in the Bunch-Davies vacuum

state. The renormalization procedure for even and odd dimensional spacetimes is

considered separately. In even dimensional dS spacetime the renormalized fermionic

condensate is given by expression (25), where the coefficients are obtained from

the condition of vanishing the condensate in the limit m . These coefficients

are defined by the relation (27). For large values of the field mass, the condensate

decays as  m1  and it vanishes for a massless field field. In odd dimensional

dS spacetime, for the renormalized fermionic condensate we derived the formula

(31), with the coefficients c
l
 defined from the relation (32). In this case, for large

values of the mass the fermionic condensate decays exponentially. Unlike the case

of even dimensions, for a massless field the condensate does not vanish.

Another vacuum state in dS spacetime is the hyperbolic vacuum [30-33]. It

is naturally realized by the normal modes of quantum fields in the coordinate

system foliating the spacetime by spatial sections with constant negative curvature.

Unlike to the Bunch-Davies vacuum, the hyperbolic vacuum is not maximally

symmetric and the corresponding fermionic condensate will depend on time. This

feature has been demonstrated for the expectation values of the field squared and
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energy-momentum tensor in the case of a scalar field (see [30,33]). For a massless

fermionic field we expect that the difference in the fermionic condensates for the

Bunch-Davies and hyperbolic vacua will decay at late stages of the expansion like
Dt1 . This is in agreement with the general result in accordance of which the

Bunch-Davies vacuum is a future attractor for relatively large class of states in dS

spacetime. Note that the renormalization of the fermionic condensate for the

hyperbolic vacuum is reduced to the renormalization for the Bunch-Davies vacuum

and the difference in the corresponding VEVs is finite.

In interacting field-theoretical models (self-interacting fermionic field, fermionic

fields interacting with scalar or vector fields) the formation of nonzero fermionic

condensate may lead to phase transitions. We have considered two examples. The

first one presents a system of scalar and fermionic fields with the interaction

Lagrangian density proportional to 2  and the second one corresponds to the

Nambu-Jona-Lasinio type model with the self interaction  2 . Depending on

the value and sign of the condensate, the effective mass squared may become

negative. Scalar-fermionic models with the interaction  
gconst  have

also been considered in the literature. In this type of models the nonzero

condensate may lead to the change of the sign of the kinetic term for the scalar

field (ghost field).
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ÔÅÐÌÈÎÍÍÛÉ ÊÎÍÄÅÍÑÀÒ Â ÏÐÎÑÒÐÀÍÑÒÂÅ-
ÂÐÅÌÅÍÈ äå ÑÈÒÒÅÐÀ

À.À.ÑÀÀÐßÍ1, Å.Ð.ÁÅÇÅÐÐÀ äå ÌÅËËÎ2, À.Ñ.ÊÎÒÀÍÄÆßÍ1,
Ò.À.ÏÅÒÐÎÑßÍ1

Èññëåäîâàí ôåðìèîííûé êîíäåíñàò â (D+1)-ìåðíîì ïðîñòðàíñòâå-âðåìåíè

äå Ñèòòåðà ñ ïîìîùüþ ðåãóëÿðèçàöèè îáðåçàþùåé ôóíêöèåé. Äëÿ óñòðàíåíèÿ

íåîäíîçíà÷íîñòè ïåðåíîðìèðîâêè â ñëó÷àå ìàññèâíûõ ïîëåé, íàêëàäûâàåòñÿ

äîïîëíèòåëüíîå óñëîâèå, òðåáóþùåå çàíóëåíèå êîíäåíñàòà â ïðåäåëå áåñêî-

íå÷íîé ìàññû. Äëÿ áîëüøèõ çíà÷åíèé ìàññû ïîëÿ êîíäåíñàò ýêñïîíåíöèàëüíî

çàòóõàåò â ïðîñòðàíñòâå-âðåìåíè íå÷åòíîé ðàçìåðíîñòè è ñòðåìèòñÿ ê íóëþ

ïî ñòåïåííîìó çàêîíó â ÷åòíî-ìåðíîì ïðîñòðàíñòâå-âðåìåíè. Äëÿ áåçìàññîâîãî

ïîëÿ ôåðìèîííûé êîíäåíñàò îáðàùàåòñÿ â íóëü ïðè íå÷åòíûõ çíà÷åíèÿõ

ïðîñòðàíñòâåííîé ðàçìåðíîñòè D è îòëè÷åí îò íóëÿ ïðè ÷åòíîì D. Â

çàâèñèìîñòè îò ïðîñòðàíñòâåííîé ðàçìåðíîñòè ôåðìèîííûé êîíäåíñàò ìîæåò

áûòü êàê ïîëîæèòåëüíûì, òàê è îòðèöàòåëüíûì. Èçìåíåíèå çíàêà êîíäåíñàòà

ìîæåò ïðèâåñòè ê íåóñòîé÷èâîñòÿì âî âçàèìîäåéñòâóþùèõ òåîðèÿõ ïîëÿ.

Êëþ÷åâûå ñëîâà: ôåðìèîííûé êîíäåíñàò: ïðîñòðàíñòâî-âðåìÿ äå Ñèòòåðà:

      âàêóóì Áàí÷à-Äåâèñà
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