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Àíîòàöèÿ

Êóðñúò Çâåçäîîáðàçóâàíå å ïðåäíàçíà÷åí çà ñòóäåíòè îò ìàãèñòúðñêàòà ïðîãðàìà ½Àñ-
òðîíîìèÿ è àñòðîôèçèêà�, íî ìîæå äà ïðåäñòàâëÿâà èíòåðåñ è çà òàêèâà îò äðóãè ñïåöè-
àëíîñòè ñ èíòåðåñ êúì òåîðåòè÷íèòå è ÷èñëåíè ïðåäèçâèêàòåëñòâà íà îáëàñòèòå íà çâåç-
äîîáðàçóâàíå. Öåëòà íà êóðñà å äà èçãðàäè öÿëîñòíà ïðåäñòàâà çà ïðîöåñèòå, ÷ðåç êîèòî
âúçíèêâàò çâåçäèòå, è äà èçëîæè íàêðàòêî ñúâðåìåííàòà òåîðèÿ íà çâåçäîîáðàçóâàíå.

Èçñëåäâàíèÿòà â îáëàñòòà íà çâåçäîîáðàçóâàíåòî ñà èçêëþ÷èòåëíî èíòåíçèâíè ïðåç
ïîñëåäíèòå äåñåòèëåòèÿ è òîâà íå å ñëó÷àéíî. Òàçè íàó÷íà îáëàñò å ñ öåíòðàëíî çíà÷åíèå
çà àñòðîôèçèêàòà. Ïðåâðúùàíåòî íà ìåæäóçâåçäíèÿ ãàç â çâåçäè îïðåäåëÿ ñòðîåæà íà ãà-
ëàêòèêèòå è òÿõíàòà åâîëþöèÿ. ×ðåç ïðåîáðàçóâàíå íà ÿäðåíàòà åíåðãèÿ íà ãàçà, îñòàíàë
ñëåä Ãîëåìèÿ âçðèâ, òîçè ïðîöåñ îïðåäåëÿ ñâåòèìîñòòà íà ãàëàêòèêèòå è íàé-âåðîÿòíî å
îáóñëîâèë ðåéîíèçàöèÿòà íà Âñåëåíàòà. Îãðîìíàòà ÷àñò îò õèìè÷íèòå åëåìåíòè � âêëþ-
÷èòåëíî òåçè, îò êîèòî å èçãðàäåíî íàøåòî òÿëî � ñå ñå ñèíòåçèðàëè â çâåçäèòå. Ñúùî òàêà,
ïðîöåñúò íà çâåçäîîáðàçóâàíå å íåðàçðèâíî ñâúðçàí ñ âúçíèêâàíåòî è ðàííàòà åâîëþöèÿ
íà ïëàíåòíèòå ñèñòåìè.

Êóðñúò èìà ÷åòèðè ðàçäåëà ñ ðàçëè÷åí îáåì. Óâîäíèÿò ðàçäåë ïðåäñòàâëÿâà çàïîçíàí-
ñòâî ñ ôåíîìåíîëîãèÿòà íà çâåçäîîáðàçóâàíåòî è î÷åðòàâà âàæíèòå ìîìåíòè â ðàçâèòèåòî
íà òåîðèÿòà. Ñëåäâà ãîëÿì ðàçäåë, ïîñâåòåí íà ôèçè÷åñêèòå ïðîöåñè íà çâåçäîîáðàçóâà-
íåòî, ñ óäàðåíèå âúðõó ñúâðåìåííèòå èçñëåäâàíèÿ. Òðåòèÿò ðàçäåë íàñî÷âà âíèìàíèåòî
êúì îáåêòèòå è ñòðóêòóðèòå â îáëàñòèòå íà çâåçäîîáðàçóâàíå, êîèòî ñå èçó÷àâàò ïî íàá-
ëþäàòåëíè è ñèìóëàöèîííè äàííè. Â ïîñëåäíèÿ ðàçäåë ñà ðàçãëåäàíè ãëàâíèòå ïðîáëåìè
ïðåä ñúâðåìåííàòà òåîðèÿ è ñà ïîñî÷åíè íÿêîè òåíäåíöèè çà íåéíîòî ðàçâèòèå.

Êóðñúò å ïîäíåñåí â äîñòúïíà ôîðìà, ñ èëþñòðàöèè îò ñúâðåìåííè íàáëþäåíèÿ è
÷èñëåíè ñèìóëàöèè, êàêòî è ñúñ ñïåöèàëíè êîìåíòàðè âúðõó ïî-ñëîæíèòå ôèçè÷åñêè ôå-
íîìåíè. Â ïðèëîæåíèÿòà å ïðèâåäåí ñïèñúê íà èçïîëçâàíèòå ñúêðàùåíèÿ. Â òåêñòà ÷åñòî
ñå óïîòðåáÿâàò àíãëîåçè÷íèòå ñúêðàùåíèÿ, ñ îãëåä íà øèðîêîòî èì èçïîëçâàíå â íàó÷íàòà
ëèòåðàòóðà è íà ìåæäóíàðîäíè íàó÷íè ôîðóìè. Îáùîïðèåòèòå áúëãàðñêè ñúêðàùåíèÿ ñà
çàïàçåíè.



×àñò I

Íàáëþäàòåëíè îñíîâè è òåîðåòè÷íè

ñúîáðàæåíèÿ
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Äíåñ ìîæå äà ñå êàæå ñ óâåðåíîñò, ÷å çâåçäîîáðàçóâàíåòî å ïîâñåìåñòíî ÿâëåíèå è å
ïðîòè÷àëî ïðàêòè÷åñêè ïðåç öÿëàòà åâîëþöèÿ íà Âñåëåíàòà � ðàçïîëàãàìå ñ îãðîìåí áðîé
íàáëþäàòåëíè ïîòâúðæäåíèÿ. Åòî êàêâî ïîêàçâàò äàííèòå êúì ìîìåíòà:

• Çâåçäîîáðàçóâàíåòî å çàïî÷íàëî ìíîãî ñêîðî ñëåä Ãîëåìèÿ âçðèâ. Ìàêàð ÷å íå ìîæåì
äà íàáëþäàâàìå ïúðâîòî ïîêîëåíèå çâåçäè, âòîðîòî ïîñòåïåííî ñòàâà äîñòúïíî.

• Çâåçäèòå âèíàãè âúçíèêâàò â ãàëàêòèêè è â ïðîòîãàëàêòèêè. Ïðè òîâà ñå íàáëþäàâà
êîðåëàöèÿ ìåæäó îáëàñòèòå íà çâåçäîîáðàçóâàíå è äèíàìèêàòà íà ãîëåìè ñêàëè:
â äèñêîâèòå ãàëàêòèêè çâåçäîîáðàçóâàíåòî å ñúñðåäîòî÷åíî â ñïèðàëíèòå ðúêàâè.
Ïîíÿêîãà å îáóñëîâåíî îò ïðèëèâíà ïåðòóðáàöèÿ îò áëèçêà ãàëàêòèêà.

• Ãëîáàëíî, â ãàëàêòèêèòå çâåçäîîáðàçóâàíåòî êîðåëèðà äîáðå ñ ðàçïðåäåëåíèåòî íà
ìîëåêóëíèÿ âîäîðîä (H2) è íå òîëêîâà äîáðå � ñ ðàçïðåäåëåíèåòî íà àòîìíèÿ âîäîðîä
(H i).

• Ëîêàëíî, çâåçäèòå âúçíèêâàò â ìîëåêóëÿðíè îáëàöè (âèäèìî îáîñîáåíè ñãúñòÿâàíèÿ
îò H2), ÷åñòî â ãðóïè (êóïîâå). Ìîäåëèðàíåòî ïîêàçâà, ÷å ïðîöåñúò íà âúçíèêâàíå
íà çâåçäè å áúðç (îò ïîðÿäúêà íà äèíàìè÷íîòî âðåìå íà ñðåäàòà).

• Îáðàòíîòî âúçäåéñòâèå îò íîâîâúçíèêíàëèòå çâåçäè å ìíîãî âàæíî çà îïðåäåëÿíå íà
ïàðàìåòðèòå íà ïðîöåñà: åôåêòèâíîñò, ñêîðîñò è ò.í.

Ìåæäóçâåçäíàòà ñðåäà1 (ÌÑ) å ïúðâè÷íèÿò ðåçåðâîàð íà ãàëàêòèêèòå, â êîéòî ñå ðàæ-
äàò çâåçäèòå è â êîéòî òå âíàñÿò åíåðãèÿ, èìïóëñ è õèìè÷åñêè îáîãàòåí ìàòåðèàë. Òàêà òÿ
èãðàå êëþ÷îâà ðîëÿ â öèêúëà íà ìàòåðèÿòà è, îòòóê, çà èçãðàæäàíåòî íà åäíà ñúãëàñóâà-
íà êàðòèíà íà îáðàçóâàíåòî è åâîëþöèÿòà íà ãàëàêòèêèòå. Äèíàìèêàòà íà ÌÑ îïðåäåëÿ
ìîìåíòà è ìåñòàòà íà çâåçäîîáðàçóâàíå. Çàòîâà å óìåñòíî äà çàïî÷íåì ñ îáùà èíôîðìàöèÿ
çà íåéíàòà ôèçèêà è íàáëþäåíèÿ.

1Â íàó÷íàòà ëèòåðàòóðà ñå èçïîëçâà ÷åñòî ñúêðàùåíèåòî ISM (InterStellar Medium).



Ãëàâà 1

Ìåæäóçâåçäíà ñðåäà â ãàëàêòèêèòå

Íàáëþäàâàéêè íåáåòî â ÿñíà è áåçëóííà íîù, ëåñíî ìîæåì äà ðàçëè÷èì õàðàêòåðíèòå
òúìíè îáëàñòè, çàêðèâàùè íà ìåñòà èâèöàòà íà Ìëå÷íèÿ Ïúò. Òîâà ñà îáëàöè îò ãàç è
ïðàõ, êîèòî åêðàíèðàò ñâåòëèíàòà îò äàëå÷íèòå çâåçäè. Ñ ïîìîùòà íà ñúâðåìåííèòå íà-
çåìíè è ñàòåëèòíè òåëåñêîïè ìîæåì äà íàáëþäàâàìå òåçè îáåêòè â øèðîê äèàïàçîí îò
åëåêòðîìàãíèòíèÿ ñïåêòúð: îò ðàäèîâúëíèòå ÷àê äî âèñîêîåíåðãèéíèòå ãàìà-ëú÷è. Êðà-
ñèâîòî èçîáðàæåíèå íà ìúãëÿâèíàòà NGC2174, ïîëó÷åíî ñ êîñìè÷åñêèÿ òåëåñêîï �Õúáúë�
ðàçêðèâà ìîðôîëîãèÿòà è ðàçíîîáðàçèåòî îò ñòðóêòóðè, õàðàêòåðíè çà ãàçîâî-ïðàõîâèòå
êîìïëåêñè â Ãàëàêòèêàòà. Äîáðå èçâåñòíî å, ÷å ïðîöåñèòå íà çâåçäîîáðàçóâàíå â Ìëå÷íèÿ
ïúò è äðóãèòå ãàëàêòèêè ñà òÿñíî ñâúðçàíè ñ òåçè òúìíè îáëàöè, ñúñòîÿùè ñå ïðåäèìíî îò
ñòóäåí âîäîðîä â ìîëåêóëíà ôîðìà (H2) è ìåæäóçâåçäåí ïðàõ. Ñëåä çàïî÷âàíå íà ïðîöåñè
íà çâåçäîîáðàçóâàíå, îáðàòíîòî âúçäåéñòâèå, êîåòî ìëàäèòå çâåçäè îêàçâàò âúðõó ðîäè-
òåëñêàòà èì ñðåäà, ñòàâà çíà÷èìî. Èçëú÷âàíåòî íà ìëàäèòå ìàñèâíè çâåçäè å äîñòàòú÷íî
ìîùíî, çà äà éîíèçèðà îêîëíàòà ñðåäà, ñúçäàâàéêè ëîêàëíè îáëàñòè îò ãîðåùà éîíèçèðàíà
ïëàçìà.

1.1 Êîìïîíåíòè íà ìåæäóçâåçäíàòà ñðåäà.

Äÿëúò íà âîäîðîäà îò ìàñàòà íà íàøàòà Ãàëàêòèêà å 70.4%, òîçè íà õåëèÿ å 28.1%, à
âñè÷êè ïî-òåæêè åëåìåíòè (�ìåòàëè�) äîïðèíàñÿò çà åäâà 1.5% îò íåÿ. Ìàñàòà íà ÌÑ å
ïðèáëèçèòåëíî 10-15% îò ìàñàòà íà Ãàëàêòè÷íèÿ äèñê. ÌÑ èìà íÿêîëêî âçàèìîäåéñò-
âàùè ñè êîìïîíåíòè: ìåæäóçâåçäåí ãàç, ïðàõ, ëú÷åíèå è ìàãíèòíî ïîëå, êîåòî ïðîíèçâà
îñòàíàëèòå êîìïîíåíòè è èì îêàçâà ñèëíî âëèÿíèå.

Måæäóçâåçäåí ãàç

Ãàçîâàòà êîìïîíåíòà íà ÌÑ å ñúñðåäîòî÷åíà ïðåäèìíî â ãàëàêòè÷íèòå äèñêîâå. Òðóäíî
å äà ñå îöåíè ïúëíàòà ìàñà íà ãàçà â Ãàëàêòèêàòà; îöåíêèòå ñî÷àò ñòîéíîñòè ∼ 1010M⊙
(Kalberla & Kerp, 2009). Ãîëÿìà ÷àñò îò îáåìà íà ISM ñå ïàäà íà éîíèçèðàíèÿ ãàç, íî
íà íåÿ ñúîòâåòñòâàò åäàâ îêîëî 25 % îò ìàñàòà íà ãàçà. Ðàçïðåäåëåíèåòî íà ãàçà å ñèëíî
íåõîìîãåííî, êàòî ïëúòíèòå çîíè (îáëàöè) èìàò ìíîãî ìàëúê ïðèíîñ çà îáåìà, íî ìíîãî
ñúùåñòâåí çà ìàñàòà. Ïðèáëèçèòåëíî ïîëîâèíàòà îò ïúëíàòà ìàñà íà ãàçîâàòà êîìïîíåíòà
çàåìà ñàìî 1 - 2% îò îáåìà íà ìåæäóçâåçäíàòà ñðåäà. Ãàçúò â òåçè îáëàöè å ïðåäèìíî
ïîä ôîðìàòà íà íåóòðàëåí àòîìåí âîäîðîä (H i). Îáëàöèòå ñà äîñòàòú÷íî ïëúòíè, òàêà
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÷å ôîòîíèòå, ñïîñîáíè äà éîíèçèðàò âîäîðîäíèÿ àòîì, ñå åêðàíèðàò óñïåøíî îò òúíêèòå
ïîâúðõíîñòíè ñëîåâå.

Ãàçîâèòå ïîòîöè â ÌÑ ñå õàðàêòåðèçèðàò ñúñ ñëîæíè åäðîìàùàáíè äâèæåíèÿ. Èçìå-
ðåíèòå äèñïåðñèè íà ñêîðîñòèòå çà ðàçëè÷íè ñòóäåíè îáëàöè ñà òèïè÷íî ñâðúõçâóêîâè
(íÿêîëêî km.s−1; òèïè÷íà ñêîðîñò íà çâóêà çà ÌÎ cs ∝ T 1/2 ∼ 0.5 km.s−1). Èçñëåäâàíèÿòà
íà îòäåëíè ãàçîâè îáëàöè ñâèäåòåëñòâàò çà âèñîêà äèñïåðñèÿ íà ñêîðîñòèòå â òÿõ. Òèïè÷-
íîòî âðåìå íà æèâîò íà îáëàöèòå å îò ïîðÿäúêà íà 10 ìèëèîíà ãîäèíè. Åäðîìàùàáíèòå
äâèæåíèÿ íà ãàçîâèòå ïîòîöè â ÌÑ ñå ïîðàæäàò ÷ðåç âíàñÿíå íà åíåðãèÿ îò èçáóõâà-
ùèòå ñâðúõíîâè, ÷ðåç ìîùíèòå çâåçäíè âåòðîâå è/èëè îò äèôåðåíöèàëíîòî âúðòåíå íà
Ãàëàêòèêàòà. Òàêà ñå çàõðàíâà åäíà êàñêàäà íà òóðáóëåíòíàòà êèíåòè÷íà åíåðãèÿ îò ãî-
ëåìèòå (L ∼ 100 pc) êúì ïî-ìàëêèòå ðàçìåðíè ñêàëè (L < 0.1 pc), äîêàòî ñå äîñòèãíå äî
äèñèïàöèÿ.

Ìåæäóçâåçäåí ïðàõ

Âèäèìîòî ïî÷åðâåíÿâàíå íà ñâåòëèíàòà îò çâåçäèòå ïðè ïðåìèíàâàíåòî �è ïðåç ISM è ôàê-
òúò, ÷å òîçè åôåêò ÿñíî êîðåëèðà ñ êîëîíêîâàòà ïëúòíîñò íà âîäîðîäà, à íå ñ ðàçñòîÿíèåòî,
ãîâîðÿò çà íàëè÷èåòî íà äîïúëíèòåëíà êîìïîíåíòà íà ñðåäàòà, îáóñëàâÿùà àáñîðáöèÿòà â
øèðîêè ÷åñòîòíè äèàïàçîíè. Õàðàêòåðíèòå îñîáåíîñòè íà àáñîðáöèîííàòà êðèâà, íàïðè-
ìåð èçïúêíàëîñòòà íà 217.5 nm, ñà êàòî ïðàâèëî äîñòà øèðîêè è ñëåäîâàòåëíî íå ìîãàò
äà ñå äúëæàò íà ïîãëúùàíåòî îò àòîìè è îòäåëíè ìîëåêóëè. Îñâåí òîâà, èçìåðåíèòå êî-
ëè÷åñòâà íà åëåìåíòè â ëîêàëíàòà ISM ïîêàçâàò, ÷å íÿêîè îò òÿõ (íàïðèìåð, Si è Fe)
ñà çíà÷èòåëíî ïî-ìàëêè, îòêîëêîòî ñëúí÷åâèòå. È íàé-ñåòíå, äåêîìïîçèðàíèòå ñïåêòðè â
MIR è FIR ïîêàçâàò ïîâñåìåñòíî íàëè÷èå íà íåïðåêúñíàòî, êâàçè÷åðíîòåëíî èçëú÷âàíå,
îòíîâî â äîáðà êîðåëàöèÿ ñ êîëîíêîâàòà ïëúòíîñò íà âîäîðîäà. Êàòî âçåìåì ïðåäâèä âñè÷-
êî êàçàíî, íàëàãà ñå èçâîäúò, ÷å îñâåí ãàç â éîíèçèðàíà, íåóòðàëíà è ìîëåêóëíà ôîðìà,
ìåæäóçâåçäíàòà ñðåäà èìà îùå åäíà êîìïîíåíòà, îáèêíîâåíî íàðè÷àíà ïðàõ.

Ïðàõîâèòå ÷àñòèöè ïîãëúùàò è ðàçñåéâàò ñâåòëèíàòà îò çâåçäèòå. Òîâà å ò.íàð. åê-
ñòèíêöèÿ íà ëú÷åíèåòî â ÌÑ, êîÿòî å ïî-åôåêòèâíà ïðè ìàëêè äúëæèíè íà âúëíàòà.
Òî÷íàòà çàâèñèìîñò íà åêñòèíêöèÿòà îò äúëæèíàòà íà âúëíàòà íîñè èíôîðìàöèÿ çà ñúñ-
òàâà è ðàçìåðà íà ïðàõîâèòå ÷àñòèöè, êîèòî âçàèìîäåéñòâàò ñ ëú÷åíèåòî îò çâåçäèòå. Â
ïúðâî ïðèáëèæåíèå àáñîðáöèÿòà àíòèêîðåëèðà ñ äúëæèíàòà íà âúëíàòà � òîâà ïîäñêàç-
âà, ÷å ÷àñòèöèòå ñ ìàëêè ðàçìåðè (ðàçñåéâàùè åôåêòèâíî â óëòðàâèîëåòîâèÿ è îïòè÷íèÿ
äèàïàçîí) ñà â ìíîãî ïî-ãîëåìè êîëè÷åñòâà, îòêîëêîòî åäðèòå. Ïîðàäè åêñòèíêöèÿòà çâåç-
äèòå, êîèòî íàáëþäàâàìå ïðåç ãîëÿìî êîëè÷åñòâî ìåæäóçâåçäåí ïðàõ ïî ëú÷à íà çðåíèå,
èçãëåæäàò ïî-÷åðâåíè, îòêîëêîòî âñúùíîñò ñà. Òîçè íàáëþäàòåëåí åôåêò å ïîçíàò êàòî
ïî÷åðâåíÿâàíå (reddening) è å åäíî îò äîêàçàòåëñòâàòà, ÷å ìåæäóçâåçäíîòî ïðîñòðàíñòâî
å èçïúëíåíî îò ìàòåðèàëíà ñðåäà, êîÿòî âçàèìîäåéñòâà ñ ëú÷åíèåòî.

Çàâèñèìîñòòà ìîæå äà ñå êàëèáðèðà ÷ðåç ñúîòâåòíèòå èçìåðâàíèÿ è å áèëà èçïîëçâàíà
çà èçâåæäàíå â ïîäðîáíîñòè íà ðàçïðåäåëåíèåòî íà ïðàøèíêèòå ïî ðàçìåðè. Åäíà îò íàé-
ðàííèòå è âñå îùå øèðîêî öèòèðàíè ðàáîòè íà òàçè òåìà ïðèíàäëåæè íà Mathis et al.
(1977). Òå âúçïðîèçâåæäàò åêñòèíêöèîííàòà êðèâà íà ISM â èíòåðâàëà 0.1 − 1 µm ñúñ
ñìåñ îò ñôåðè÷íè ãðàôèòîâè è ñèëèêàòíè çúðíà ñ ðàçïðåäåëåíèå ïî ðàçìåðè:

N(a)da ∝ a−3.5da , (1.1)

êúäåòî a å ðàäèóñúò íà ïðàøèíêàòà, âàðèðàù ìåæäó amin = 50 nm è amax = 0.25 µm. Ëåñíî
ìîæå äà ñå âèäè, ÷å ïðè òàêàâà çàâèñèìîñò â ïúëíàòà ìàñà íà ïðàõà ïðåîáëàäàâà ïðèíîñà
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íà ãîëåìèòå ïðàøèíêè, äîêàòî â ïúëíàòà ïëîù � íà ìàëêèòå. Ïî-ñúâðåìåííèòå ìîäåëè
ïîòâúðæäàâàò òàçè êàðòèíà.

Ïúëíàòà ìàñà íà ïðàõà òðóäíî ìîæå äà ñå îöåíè ñàìî ÷ðåç èçìåðâàíèÿ íà àáñîðáöèÿ-
òà, íî â êîìáèíàöèÿ ñ èçìåðâàíèÿòà íà ïúòèùàòà íà èç÷åðïâàíå (depletion) íà ðàçëè÷íèòå
åëåìåíòè â ñòóäåíàòà ISM, ìîæåì äà ïðåñìåòíåì íàäåæäíè îãðàíè÷åíèÿ. Çà ëîêàëíàòà
ISM ñå ïîëó÷àâà, ÷å ïúëíàòà ìàñà íà ìåòàëèòå, íàëè÷íè â ïðàøèíêèòå, å ïðèáëèçèòåë-
íî ñúùàòà êàêòî ïúëíàòà èì ìàñà â ãàçà. Ñëåäîâàòåëíî íà ïðàõà ñå ïàäà îêîëî 1 % îò
ïúëíàòà ìàñà íà ISM. Çàòîâà, êîãàòî ñå îïèòâàìå äà ìîäåëèðàìå òîïëèííîòî è õèìè÷-
íîòî ïîâåäåíèå íà ISM, ïðàõúò ùå èãðàå íå ïî-ìàëêî âàæíà ðîëÿ, îòêîëêîòî ìåòàëèòå â
ãàçîâàòà êîìïîíåíòà.

Ðàçïðåäåëåíèåòî íà ìåæäóçâåçäíèÿ ïðàõ ñëåäâà òîâà íà ãàçîâàòà êîìïîíåíòà â Ãàëàê-
òèêàòà. Òîé å äîáðå ñìåñåí ñ ãàçà â ÌÑ, êàòî ñâîéñòâàòà íà ïðàõîâèòå ÷àñòèöè çàâèñÿò
äî ãîëÿìà ñòåïåí îò íåãîâàòà ïëúòíîñò. Õàðàêòåðíèòå ðàçìåðè íà ïðàøèíêèòå âàðèðàò
îò ÷àñòè îò íàíîìåòúðà (õàðàêòåðíèÿ ðàçìåð íà íÿêîè ãîëåìè ìîëåêóëè) äî îêîëî åäèí
ìèêðîí. Ðàçïðåäåëåíèåòî èì ïî ðàçìåðè îáà÷å ñèëíî çàâèñè îò ñâîéñòâàòà íà ãàçà, ñ êîéòî
ñà ïðèìåñåíè, êàòî ïî ïðàâèëî ãîëåìèòå ïðàõîâè ÷àñòèöè íàñåëÿâàò ïî-ïëúòíèòå çîíè íà
ÌÑ. Ïðè íàëè÷èåòî íà îïðåäåëåíè óñëîâèÿ â ÌÎ íàñòúïâà ãðàâèòàöèîíåí êîëàïñ, îáðà-
çóâà ñå ïðîòîçâåçäà, êîÿòî ðàçâèâà ïðîòîïëàíåòåí äèñê. Òàêà ìåæäóçâåçäíèÿò ïðàõ ñòàâà
îñíîâíèÿò ìàòåðèàë çà îáðàçóâàíå íà ïëàíåòè (èëè íà òâúðäè ÿäðà íà ãàçîâè ïëàíåòè) â
òåçè äèñêîâå.

Íàáëþäåíèÿòà íà ìåæäóçâåçäíèÿ ãàç ïîêàçâàò, ÷å ñúäúðæàíèåòî íà íåìàëêî òåæêè
åëåìåíòè (íàïðèìåð, C è Si) å ìíîãî ïî-íèñêî îò èçìåðåíîòî ïðè ñëúí÷åâè èçñëåäâàíèÿ.
Èçãëåæäà, ÷å ëèïñâàùèòå êîëè÷åñòâà òðÿáâà äà òúðñèì â ñàìèòå ïðàõîâè ÷àñòèöè � èç-
ñëåäâàíåòî èì (ò.íàð. elemental depletion) ìîæå äàäå ïîâå÷å èíôîðìàöèÿ çà ñâîéñòâàòà,
ñòðîåæà è ñúñòàâà íà ìåæäóçâåçäíèÿ ïðàõ, êàêòî è çà ðîëÿòà íà ïðàõîâèòå ÷àñòèöè â
ãëîáàëíèòå ñîéñòâà íà ÌÑ.

Ìàãíèòíî ïîëå

Ìàãíèòíîòî ïîëå íà ÌÑ å ñèëíî íåðåãóëÿðíî è â ãëîáàëåí ïëàí, îðèåíòèðàíî óñïîðåäíî
íà Ãàëàêòè÷íèÿ äèñê. Ñðåäíàòà ìó ñèëà (èíäóêöèÿ) å îò ïîðÿäúêà íà 1 µG, äîêàòî àìïëè-
òóäàòà íà ôëóêòóàöèèòå íà ïîëåòî å îò ïîðÿäúêà íà 5 µG. Òåçè ñòîéíîñòè ñà çíà÷èòåëíî
ïî-íèñêè îò èçìåðåíèòå íà ïîâúðõíîñòòà íà Çåìÿòà, íî âñå ïàê, ïîðàäè ãîëåìèòå âðåìåâè è
ïðîñòðàíñòâåíè ñêàëè â ìåæäóçâåçäíîòî ïðîñòðàíñòâî, ìàãíèòíîòî ïîëå èãðàå çíà÷èòåëíà
ðîëÿ çà äèíàìèêàòà è ñòðóêòóðàòà íà ÌÑ, êàòî âëèÿå íà äâèæåíèåòî íà âñè÷êè çàðåäåíè
÷àñòèöè, ðàçïðîñòðàíåíèåòî íà êîñìè÷íèòå ëú÷è è ñâîéñòâàòà íà éîíèçèðàíèÿ ãàç.

Âñå îùå íÿìàìå ïúëíî ðàçáèðàíå çà ïðîèçõîäà íà ìàãíèòíîòî ïîëå â ÌÑ. Ñìÿòà ñå,
÷å îñíîâíèÿò ìåõàíèçúì çà ïîääúðæàíå íà ïîëåòî å òóðáóëåíòíîòî äèíàìî, ÷ðåç êîéòî
÷àñò îò êèíåòè÷íàòà åíåðãèÿ íà òóðáóëåíòíèòå äâèæåíèÿ íà (÷àñòè÷íî) éîíèçèðàíèÿ ãàç
ñå ïðåâðúùà â åíåðãèÿ íà ìàãíèòíîòî ïîëå. Çåìíîòî ìàãíèòíî ïîëå ñå ñúçäàâà è ïîääúð-
æà îò ïîäîáåí ìåõàíèçúì, äåéñòâàù â òå÷íîòî ÿäðî íà íàøàòà ïëàíåòà. Òðÿáâà îáà÷å äà
ñå îòáåëåæè, ÷å ìåõàíèçìúò íà äèíàìîòî ôóíêöèîíèðà ñàìî ïðè âå÷å íàëè÷íî ìàãíèòíî
ïîëå, ò.å. òîé ìîæå äà ïîääúðæà è óñèëâà ñúùåñòâóâàùè ìàãíèòíè ïîëåòà. Òàêà âúïðîñúò
çà ïðîèçõîäà íà ìàãíèòíîòî ïîëå â ÌÑ îñòàâà îòâîðåí. Åäíî îò ïðåäïîëîæåíèÿòà å, ÷å òî
ïðåäñòàâëÿâà îñòàòúê îò ìàãíèòíè ïîëåòà íà ïúðâèòå çâåçäè1, ïðåìèíàâàùè ïðåç êðàé-

1Ñïîðåä ñúâðåìåííèòå êîñìîëîãè÷íè ïðåäñòàâè, òîâà å íàé-ðàííîòî ïîêîëåíèå (ò.íàð. III-òî ïîêîëåíèå)
çâåçäè â Ãàëàêòèêàòà, âúçíèêíàëè îêîëî 100 ìèëèîíà ãîäèíè ñëåä Ãîëåìèÿ âçðèâ.
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íèòå åòàïè íà ñâîÿòà åâîëþöèÿ. Äðóãî ïðåäïîëîæåíèå äîïóñêà ïî-ñêîðî èçâúíãàëàêòè÷åí
ïðîèçõîä íà ìàãíèòíîòî ïîëå â ÌÑ � ñìÿòà ñå, ÷å òî å óíàñëåäåíî îò ìàãíèòíî ïîëå, êîå-
òî âå÷å å ñúùåñòâóâàëî ïðè îáðàçóâàíåòî íà Ãàëàêòèêàòà (Widrow et al., 2012). Îáøèðåí
ïðåãëåä íà òàçè ïðîáëåìàòèêà ìîæå äà ñå îòêðèå â Durrer & Neronov (2013).

Ðàäèàöèîííî ïîëå

Õèìè÷íîòî è òåðìîäèíàìè÷íîòî ñúñòîÿíèå íà ãàçà â ISM ñå îïðåäåëÿò íàé-âå÷å îò âçàè-
ìîäåéñòâèåòî íà ãàçà è ïðàõà ñ ìåæäóçâåçäíîòî ðàäèàöèîííî ïîëå (ISRF). Òóê òðÿáâà äà
îòáåëåæèì íÿêîëêî âàæíè ôàêòîðà:

• Õèìè÷íîòî ñúñòîÿíèå íà ãàçà (íèâîòî íà éîíèçàöèÿ, ñúîòíîøåíèåòî íà àòîìíèÿ êúì
ìîëåêóëíèÿ ãàç è äð.) çàâèñè îò ñêîðîñòòà íà ôîòîäèñîöèàöèÿ íà ìîëåêóëèòå è íà
ôîòîéîíèçàöèÿ íà àòîìèòå.

• Òåðìîäèíàìè÷íîòî ñúñòîÿíèå íà ãàçà çàâèñè îò ñêîðîñòòà íà ôîòîéîíèçàöèÿ è íà
ôîòîåëåêòðè÷íî íàãðÿâàíå, ò.å. íà èçáèâàíåòî íà åëåêòðîíè îò ïðàøèíêèòå ïðè àá-
ñîðáöèÿ íà UV ôîòîíè.

• Òåðìîäèíàìè÷íîòî ñúñòîÿíèå íà ïðàõà ñå îïðåäåëÿ ïî÷òè èçöÿëî îò áàëàíñà ìåæäó
àáñîðáöèÿòà íà ëú÷åíèåòî îò ISRF îò ïðàøèíêèòå è òîïëèííîòî ïðåèçëú÷âàíå íà
ïîãúëíàòàòà åíåðãèÿ.

Ðàäèàöèîííîòî ïîëå â ÌÑ ïîêðèâà ïúëíèÿ åëåêòðîìàãíèòåí ñïåêòúð, êàòî â ðàçëè÷-
íè äèàïàçîíè ïðåîáëàäàâàò ðàçëè÷íè èçòî÷íèöè. Â Ñëúí÷åâàòà îêîëíîñò, ISRF èìà øåñò
êîìïîíåíòè: (1) Ãàëàêòè÷íî ñèíõðîòðîííî èçëú÷âàíå îò ðåëàòèâèñòè÷íè åëåêòðîíè, (2)
êîñìè÷åñêè ìèêðîâúëíîâ ôîí (CMB), (3) èíôðà÷åðâåíî è FIR åìèñèÿ îò íàãðåòè îò çâåç-
äèòå ïðàøèíêè, (4) ñâúðçàíî-ñâúðçàíè (bb), ñâúðçàíî-ñâîáîäíè (bf) è ñâîáîäíî-ñâîáîäíè
(�) ïðåõîäè â éîíèçèðàíàòà ïëàçìà2 ñ T ∼ 104 K, (5) èçëú÷âàíå íà çâåçäèòå è (6) ðåíòãå-
íîâî èçëú÷âàíå îò ãîðåùàòà ïëàçìà (T ∼ 105 − 108 K). Äà ðàçãëåäàìå íàêðàòêî ïðèíîñà
íà òåçè êîìïîíåíòè:

• Â ìèêðîâúëíîâèÿ äèàïàçîí îñíîâåí ïðèíîñ èìà êîñìè÷åñêèÿò ìèêðîâúëíîâ ôîí
(ÊÌÔ), èçëú÷åí â êîñìîëîãè÷íàòà åïîõà íà ðåêîìáèíàöèÿ è ïðåòúðïÿë ÷åðâåíî îò-
ìåñòâàíå ïîðàäè ðàçøèðÿâàíåòî íà Âñåëåíàòà. Ñïåêòúðúò íà ÊÌÔ å ìíîãî áëèçúê
äî òîçè íà àáñîëþòíî ÷åðíî òÿëî ñ òåìïåðàòóðà TCMB = 2.73 K. Tàçè òåìïåðàòó-
ðà å çíà÷èòåëíî ïî-íèñêà îò òèïè÷íèòå òåìïåðàòóðè íà ãàçà è ïðàõà â ëîêàëíàòà
ÌÑ. Çàòîâà, âúïðåêè âèñîêàòà ïëúòíîñò íà åíåðãèÿòà íà ÊÌÔ, îáìåíúò íà åíåðãèÿ
ìåæäó íåãî è òåçè êîìïîíåíòè íà ñðåäàòà íå ñå îòðàçÿâà îñîáåíî íà òåìïåðàòóðàòà
èì. Çàòîâà ÊÌÔ íå èãðàå ñúùåñòâåíà ðîëÿ â öÿëîñòíèÿ åíåðãèåí áàëàíñ íà ÌÑ â
Ìëå÷íèÿ ïúò èëè â äðóãèòå ãàëàêòèêè. Îáà÷å â ãàëàêòèêèòå íà ãîëÿìî z òåìïåðà-
òóðàòà è åíåðãèéíàòà ïëúòíîñò íà ÊÌÔ ñà äîñòà ïî-âèñîêè è çàâèñÿò îò ÷åðâåíîòî
îòìåñòâàíå ñúîòâåòíî ïî çàêîíèòå TCMB ∝ (1 + z) è uCMB ∝ (1 + z)4. Â òîçè ñëó÷àé
ÊÌÔ èìà ãîëÿìî çíà÷åíèå çà ðåãóëèðàíåòî íà òåðìîäèíàìè÷íàòà åâîëþöèÿ íà ãàçà
è ïðàõà.

• Â èíôðà÷åðâåíàòà îáëàñò (5 ≲ λ ≲ 600 µm) ïðåîáëàäàâà òîïëèííîòî èçëú÷âàíå
íà ìåæäóçâåçäíèÿ ïðàõ: îêîëî 2/3 îò íåãîâàòà åíåðãèÿ ñå ïàäàò íà MIR è FIR

2Ïîíÿêîãà òîâà ñå íàðè÷à íåáóëÿðíî ëú÷åíèå.
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(λ > 50 µm), ñ ìîäèôèöèðàí ÷åðíîòåëåí ñïåêòúð (âæ. ×àñò 2.1). Îñòàâàùàòà 1/3
íàé-âå÷å ñå èçëú÷âà â ïîñëåäîâàòåëíîñò íà îòëè÷èòåëíè ìàêñèìóìè íà äúëæèíè íà
âúëíèòå λ = 3.3, 6.2, 7.7, 8.6, 11.3, 12.7 µm. Ïîñëåäíèòå ñúîòâåòñòâà íà âèáðàöè-
îííè ïðåõîäè íà ò.íàð. ïîëèöèêëè÷íè àðîìàòíè âúãëåâîäîðîäè (polycyclic aromatic
hydrocarbons, PAHs): ãîëåìè îðãàíè÷íè ìîëåêóëè, ñúäúðæàùè åäèí èëè ïîâå÷å áåí-
çîëîâè ïðúñòåíè.

• Â íàé-áëèçêàòà èíôðà÷åðâåíà îáëàñò, êàêòî è âúâ âèäèìà è óëòðàâèîëåòîâà ñâåòëè-
íà ïðåîáëàäàâà èçëú÷âàíåòî íà çâåçäèòå, êàòî ïðèíîñúò íà ïî-ìàñèâíèòå çâåçäè å
çíà÷èòåëåí â óëòðàâèîëåòà. Îáà÷å â çîíè ñ ïðåîáëàäàâàù íåóòðàëåí ãàç, èìà ñèëåí
íåäîñòèã íà çâåçäíè ôîòîíè ñ åíåðãèè, íàäõâúðëÿùè éîíèçàöèîííèÿ ïîòåíöèàë íà
âîäîðîäà (13.6 eV) � òå ñå ïîãëúùàò îò âîäîðîäíèòå àòîìè, êàòî ãè éîíèçèðàò, è òàêà
íå ìîãàò äà ïðîíèêíàò äúëáîêî â òåçè çîíè. Ñêîðîñòòà íà ôîòîåëåêòðè÷íî íàãðÿâàíå
å ÷óâñòâèòåëíà êúì åíåðãèÿòà íà ôîòîíèòå â øèðîê äèàïàçîí, êàòî G0 å ïîäõîäÿù
ïàðàìåòúð çà îöåíêà íà ïðèíîñà íà çâåçäíîòî èçëú÷âàíå çà åíåðãèè 6− 13.6 eV:

G0 ≡
u(6− 13.6 eV)

5.29× 10−14 erg cm−3
. (1.2)

Íàé-çíà÷èìî âúçäåéñòâèå âúðõó ìåæäóçâåçäíèÿ ãàç îêàçâà ðàäèàöèîííîòî ïîëå â UV.
Âèñîêîåíåðãèéíèòå UV ôîòîíè ïðè÷èíÿâàò ôîòîéîíèçàöèÿ è òàêà âëèÿÿò íà õèìèÿòà è
ñòðóêòóðàòà íà ìîëåêóëÿðíèòå îáëàöè. Òúé êàòî ïîòåíöèàëúò íà éîíèçàöèÿ íà âîäîðîä-
íèÿ àòîì ñúîòâåòñòâà íà ôîòîí ñ äúëæèíà íà âúëíàòà îò 912 �A, ôîòîíèòå ñ åíåðãèè ïîä
òàçè ãðàíèöà (ò.å. îò Ëàéìàíîâèÿ êîíòèíóóì) áúðçî ñå àáñîðáèðàò â ÌÑ è ñà â íèùîæíè
êîëè÷åñòâà â çîíèòå ñ íåóòðàëåí âîäîðîä. Åòî çàùî ñàìî àòîìè ñ ïî-íèñúê éîíèçàöèî-
íåí ïîòåíöèàë ìîãàò äà áúäàò éîíèçèðàíè â íåóòðàëíàòà ñðåäà. Òàêúâ àòîì å íàïðèìåð
âúãëåðîäíèÿò: îñíîâåí èçòî÷íèê íà åëåêòðîíè â íåóòðàëíàòà ñðåäà. Îñâåí ôîòîéîíèçà-
öèîííè ïðîöåñè, UV ôîòîíè îáóñëàâÿò è ôîòîåëåêòðè÷åí åôåêò, îòäåëÿíå íà åëåêòðîí
îò ïðàõîâà ÷àñòèöà. Îñâîáîäåíèòå ïðè äâàòà òèïà ïðîöåñè åëåêòðîíè ïîëó÷àâàò ÷àñò îò
èçëèøíàòà åíåðãèÿ íà ôîòîíà, êîÿòî ïðåäàâàò ÷ðåç ñáëúñúöè íà ãàçîâèòå ÷àñòèöè. Òàêà
ôîòîéîíèçàöèÿòà (â çîíèòå ñ éîíèçèðàí ãàç) è ôîòîåôåêòúò (â çîíèòå ñ íåóòðàëåí ãàç)
÷ðåç UV-ôîòîíè ñà ïðåîáëàäàâàù ìåõàíèçúì çà íàãðÿâàíå íà ãàçà.

Óëòðàâèîëåòîâèòå ôîòîíè èãðàÿò âàæíà ðîëÿ è çà ôàçîâàòà ñåãðåãàöèÿ â ÌÑ. Òå ñå
àáñîðáèðàò îò ïðàõîâèòå ÷àñòèöè è îò äðóãè ñëîæíè ìîëåêóëè è òàêà ïðè÷èíÿâàò äèñî-
öèàöèÿòà èì â îáâèâêèòå íà ÌÎ. Â ðåçóëòàò íà òîâà, ìîëåêóëíèÿò ãàç ñå êîíöåíòðèðà
ïðåäèìíî â öåíòðàëíèòå çîíè íà îáëàöèòå, åêðàíèðàíè îò ïîâúðõíîñòíèòå ñëîåâå, êîè-
òî ñà â àòîìíà ôàçà. Ùå íàïðàâèì ïðåãëåä íà îòäåëíèòå ôàçè íà ÌÑ âúâ âðúçêà ñúñ
ñòðóêòóðàòà íà íåóòðàëíèòå îáëàöè.

Êîñìè÷åñêè ëú÷è

Òîâà å òðàäèöèîííîòî íàèìåíîâàíèå íà ÷àñòèöè ñ ðåëàòèâèñòè÷íè, âèñîêîåíåðãèéíè ÷àñ-
òèöè, íàé-âå÷å ÿäðà (∼ 99 %) è ìàëêè êîëè÷åñòâà åëåêòðîíè (∼ 1 %). ßäðàòà ñà ïðåäèìíî
ïðîòîíè, ñ ïðèìåñ îò ∼10 % α-÷àñòèöè è ∼ 1 % ÿäðà íà ïî-òåæêè åëåìåíòè. Åíåðãèèòå
âàðèðàò â øèðîê äèàïàçîí: îò 100 MeV äî íàä 1 TeV (Fig. 2), êàòî ïúëíàòà åíåðãèéíà
ïëúòíîñò å áëèçî 2 eV
cm−3, êîåòî å íÿêîëêî ïúòè ïî-ìàëêî îò ñðåäíàòà ïëúòíîñò íà òîï-
ëèííàòà åíåðãèÿ â ISM. Åòî çàùî êîñìè÷åñêèòå ëú÷è èãðàÿò âàæíà ðîëÿ â ïúëíèÿ åíåðãèåí
áàëàíñ íà ãàçà. Îãðîìíàòà ÷àñò îò êîñìè÷åñêèòå ëú÷è ñ íàé-âèñîêè åíåðãèè ñà ñâúðçàíè
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ñ ìàãíèòíîòî ïîëå íà Ãàëàêòèêàòà è çàòîâà ïðåòúðïÿâàò ïîñòîÿííî ðàçñåéâàíå â íåéíèÿ
äèñê. Ïî òàçè ïðè÷èíà ìîæåì äà î÷àêâàìå, ÷å ëîêàëíàòà èì ïëúòíîñò íà åíåðãèÿòà òðÿáâà
äà ñå îòëè÷àâà ñ ïðèáëèçèòåëíî ðàâíîìåðíî ðàçïðåäåëåíèå. Íàáëþäåíèÿòà íà êîñìè÷åñêè
ëú÷è ñ åíåðãèè îò ïîðÿäúêà íà TeV, ò.å. íåïîâëèÿíè ñúùåñòâåíî îò âçàèìîäåéñòâèÿ ñúñ
ñëúí÷åâèÿ âÿòúð, ïîêàçâàò, ÷å èíòåíçèòúò èì â îòïðàâíà ñèñòåìà â ïîêîé, ñâúðçàíà ñúñ
Ñëúíöåòî, å ïî÷òè èçîòðîïíî ðàçïðåäåëåí, â ñúãëàñèå ñ ïðåäïîëîæåíèåòî çà õîìîãåííî
ïîëå íà åíåðãèéíàòà ïëúòíîñò.

Ïúðâîíà÷àëíî êîñìè÷åñêèòå ÷àñòèöè ñà áèëè èçòåêëè îò çâåçäè â ðàçëè÷åí ñòàäèé
íà òÿõíàòà åâîëþöèÿ, à âïîñëåäñòâèå ñà áèëè óñêîðåíè äî ðåëàòèâèñòè÷íè ñêîðîñòè â
ðåçóëòàò îò ìíîãîêðàòíî ðàçñåéâàíå ïîðàäè íåðåãóëÿðíîñòèòå íà ìåæäóçâåçäíîòî ìàã-
íèòíî ïîëå , ïîðàäè ïðîìåíëèâî ìàãíèòíî ïîëå âñëåäñòâèå íà ìàãíèòîõèäðîäèíàìè÷íà
(magneto-hydrodynamic, MHD) òóðáóëåíòíîñò â ÌÑ èëè ïîðàäè óäàðíè ôðîíòîâå, ïîðî-
äåíè îò èçáóõâàíå íà ñâðúõíîâè.

Ñïåêòúðúò íà êîñìè÷åñêèòå ëú÷è ðÿçêî ñïàäà êúì ãîëåìèòå åíåðãèè. Çàòîâà îñíîâåí
ïðèíîñ çà íàãðÿâàíåòî è éîíèçàöèÿòà íà ãàçà èìàò ÷àñòèöèòå ñ íàé-íèñêè åíåðãèè: ≲
100MeV. Çà ñúæàëåíèå òàçè ÷àñò îò ñïåêòúðà íà êîñìè÷åñêèòå ëú÷è å èçâåñòíà ñ íàé-ìàëêè
ïîäðîáíîñòè. ×àñòèöè ñ òàêèâà åíåðãèè íå ìîãàò äà ïðîíèêíàò â õåëèîñôåðàòà, ïîðàäè
âçàèìîäåéñòâèåòî èì ñúñ ñëúí÷åâèÿ âÿòúð. Çà äà ñå îïðåäåëè ñêîðîñòòà íà éîíèçàöèÿ,
äúëæàùà ñå íà òÿõ, ñå èçïîëçâàò íåïðåêè ïîäõîäè, îñíîâàíè íà îãðàíè÷åíèÿ îò õèìè÷åí
õàðàêòåð.

Îñâåí ÷ðåç ïðåêè íàáëþäåíèÿ, êîñìè÷åñêèòå ëú÷è ìîãàò äà áúäàò èçó÷àâàíè ÷ðåç òÿõ-
íîòî âçàèìîäåéñòâèå ñ âåùåñòâîòî íà ÌÑ. Íàïðèìåð, òàêà ìîæå äà âúçíèêíå ïîòîê îò
ãàìà ëú÷è, êîèòî ìîãàò äà áúäàò ðåãèñòðèðàíè è èçñëåäâàíè. Êîñìè÷åñêèòå ëú÷è ìîãàò
äà éîíèçèðàò è ìîëåêóëèòå â ìåæäóçâåçäíèòå îáëàöè. Òàêà éîíèçàöèÿòà íà H2 å îò îñî-
áåíà âàæíîñò çà ìðåæàòà îò õèìè÷íè ðåàêöèè â ÌÑ. Íàáëþäåíèÿòà íà ìîëåêóëíè éîíè
êàòî H+

3 äàâà äîïúëíèòåëíà èíôîðìàöèÿ çà ñïåêòúðà íà êîñìè÷åñêîòî ëú÷åíèå (ïðåäèì-
íî çà íèñêîåíåðãèéíàòà ÷àñò îò ñïåêòúðà, êîÿòî å ñ îñíîâíî çíà÷åíèå çà éîíèçàöèÿòà íà
ìîëåêóëèòå â ÌÑ).

1.2 Ôàçè íà ìåæäóçâåçäíèÿ ãàç

Òåðìîäèíàìè÷íîòî è õèìè÷íîòî ñúñòîÿíèå íà ãàçîâàòà ISM îáèêíîâåíî ñå îïèñâàò ÷ðåç
áðîÿ íà íåéíèòå ôàçè. Òåìïåðàòóðàòà íà ðàçëè÷íèòå êîìïîíåíòè íà ñðåäàòà ñå èçìåíÿ îò
10 − 80 K â õëàäíèòå ìîëåêóëÿðíè îáëàöè ïðåç ∼ 104 K â H ii-îáëàñòèòå äî 105 − 106 K
â îñòàòúöèòå îò ñâðúõíîâè (SNR). Êîíöåíòðàöèèòå ñúùî âàðèðàò â øèðîêè ãðàíèöè: îò
102 − 107 cm−3 â ìîëåêóëÿðíè è H ii-îáëàöè äî 1− 50 cm−3 (H i-îáëàöè) äî ∼ 10−4 cm−3 â
SNR (ãàç îò êîðîíàëåí òèï). Ïðîáëåìúò çà óñòîé÷èâîñòòà íà òàêèâà îáåêòè èëè ñúñòîÿíèÿ
ñå ðàçãëåæäà âúâ ôàçîâèòå òåîðåòè÷íè ìîäåëè. Ñúùåñòâóâàíåòî íà ìíîãîôàçîâà ñðåäà
å âúçìîæíî ñàìî ïðè ïðèòîê èëè îòòîê íà åíåðãèÿ îò ñèñòåìàòà. Â èçîëèðàíà ñèñòåìà â
ðàâíîâåñèå ìîæå äà ñå ðàçâèå ñàìî åäíîôàçîâà ñðåäà. Ãëàâíèÿò èçòî÷íèê íà åíåðãèÿ çà
ÌÑ ñà âçðèâîâåòå íà ñâðúõíîâè, êàòî ãîðåùèÿò ãàç èçïúëâà ñúùåñòâåíà ÷àñò îò áëèçêîòî
ìåæäóçâåçäíî ïðîñòðàíñòâî.

Åäèí ðàíåí è øèðîêîèçïîëçâàí ìîäåë íà ISM å äâóôàçíèÿò ìîäåë, ïðåäëîæåí îò Field
et al. (1969). Îñíîâíîòî ïðåäïîëîæåíèå å, ÷å àòîìíèÿò ãàç å â òåðìîäèíàìè÷íî ðàâíîâåñèå,
êàòî ñúùåñòâóâàò øèðîêè äèàïàçîíè íà íàëÿãàíåòî, çà êîèòî ñà âúçìîæíè óñòîé÷èâè
ðåøåíèÿ. Åäèíèÿò ñúîòâåòñòâà íà ñòóäåí è âïëúòíåí ãàç ñ T ∼ 100 K, íàðå÷åí ñòóäåíà
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íåóòðàëíà ñðåäà (Cold Neutral Medium, CNM), à äðóãèÿò � íà òîïúë äèôóçåí ãàç ñ T ∼ 104

K, íàðå÷åí òîïëà íåóòðàëíà ñðåäà (Warm Neutral Medium, WNM). Òàêà ìîäåëúò îïèñâà
õëàäíè ïëúòíè îáëàöè, ïîòîïåíè â ãîðåùà è ðàçðåäåíà ìåæäóîáëà÷íà ñðåäà. Äâåòå ôàçè ñà
â îòíîñèòåëíî ðàâíîâåñèå ïî íàëÿãàíèÿ è ïðåõîäúò ìåæäó òÿõ ìîæå äà áúäå äîñòà ðÿçúê.
Ãàçúò ïðè ìåæäèííè òåìïåðàòóðè å òîïëèííî íåóñòîé÷èâ è â çàâèñèìîñò îò ïëúòíîñòòà
ñè ïðîäúëæàâà äà ñå îõëàæäà, äîêàòî ñòàíå ÷àñò îò CNM, èëè ñå íàãðÿâà è ðàçðåæäà,
êàòî ñòàâà ÷àñò îò WNM.

Ðàâíîâåñèåòî ìåæäó äâåòå óñòîé÷èâè ôàçè ñå óñòàíîâÿâà ïðè áàëàíñ ìåæäó íàãðÿâà-
íåòî îò ñâðúõíîâè èëè îò ìëàäè çâåçäè è îõëàæäàíåòî ÷ðåç ëú÷åíèåòî3. Àêî ñðåäàòà å
èçîòåðìè÷íà è â íåÿ èìà ôëóêòóàöèè íà ïëúòíîñòòà, òî ñå îêàçâà, ÷å ïî-ïëúòíèòå îáëà-
öè ñå îõëàæäàò ïî-áúðçî è ñòàâàò îùå ïî-ïëúòíè ïîðàäè ïàäàíåòî íà íàëÿãàíåòî. Çà äà
èçáåãíåì ïðåäïîëîæåíèåòî çà õèäðîäèíàìè÷íè ôëóêòóàöèè, òðÿáâà äà ïðèåìåì êâàçèñòà-
öèîíàðíî ñúñòîÿíèå. Òîãàâà, ïðè ïîñòîÿííî íàëÿãàíå èìàìå n ∝ 1/T . Íî êîíöåíòðàöèÿòà
íà ñâîáîäíè ÷àñòèöè çàâèñè ñèëíî îò ëîêàëíàòà òåìïåðàòóðà. Çàòîâà êúì õàðàêòåðèñòè-
êèòå íà ñòàöèîíàðíîòî ñúñòîÿíèå òðÿáâà äà ñå ïðèáàâÿò è ñêîðîñòèòå íà îáðàçóâàíå è
ðàçðóøàâàíå, íà âúçáóæäàíå è äåàêòèâàöèÿ íà îòäåëíèòå ÷àñòèöè è òàêà äà ñå ïîëó÷è
óñëîâèå çà äåòàéëíî ðàâíîâåñèå.

Ïðè îò÷èòàíå íà âñè÷êè òåçè ôàêòîðè ìîæå äà ñå ïîëó÷è îòíîøåíèåòî ìåæäó íàëÿ-
ãàíåòî è ïëúòíîñòòà â ÌÑ. Ðàâíîâåñèå ìåæäó ôàçèòå ñå íàáëþäàâà ïðè äèñêðåòíè òåì-
ïåðàòóðè è ïëúòíîñòè. Ïðèìåðåí ðåçóëòàò îò òàêúâ ìîäåë å ïîêàçàí íà Ôèã. ? Çà äàäåíî
íàëÿãàíå Pc ñúùåñòâóâàò òðè ðàâíîâåñíè êîíôèãóðàöèè: äâå óñòîé÷èâè (çà ng è nc) è åäíà
íåóñòîé÷èâà. Ìåæäèííàòà å íåóñòîé÷èâà, ïîíåæå ïðè ôëóêòóàöèÿ íà îáåìà êúì ïî-âèñîêà
êîíöåíòðàöèÿ íàëÿãàíåòî ñïàäà ñïðÿìî òîâà íà îáêðúæàâàùàòà ñðåäà è îáåìúò êîëàïñèðà
êúì êîíöåíòðàöèÿ nc. È îáðàòíî, àêî îòêëîíåíèåòî å êúì ïî-íèñêè êîíöåíòðàöèè, íàëÿ-
ãàíåòî íàðàñòâà ñïðÿìî òîâà íà ñðåäàòà è îáåìúò ñå ðàçøèðÿâà äî äîñòèãàíå íà ñúñòîÿíèå
n = ng.

Ïðè òèïè÷íè íàëÿãàíèÿ çà ÌÑ lg(P/k) ≃ 3.0 ïîëó÷àâàìå çà ïàðàìåòðèòå íà äâåòå ôàçè:
T = 9000 K, n = 0.1 cm−3 (ãîðåùà ìåæäóîáëà÷íà ñðåäà) è T = 35 K, n = 30 cm−3 (õëàäíè
îáëàöè). Â òðèôàçíèÿ ìîäåë ñå îò÷èòà è íàëè÷èåòî íà ìíîãî ãîðåù ãàç îò êîðîíàëåí òèï,
êàêâîòî ñå ïîòâúðæäàâà ïðè ðåä íàáëþäåíèÿ îò ìåêîòî ðåíòãåíîâî èçëú÷âàíå, ãåíåðèðàíî
â ãîëÿì îáåì ðàçðåäåí ãàç, è àáñîðáöèîííè ëèíèè íà OVI. Òàêúâ ãàç ñå èçõâúðëÿ ïðè
âçðèâîâå íà ñâðúõíîâè. Ìåæäèííîòî ñúñòîÿíèå ñ T = 5000 K å íåóñòîé÷èâî. Ôèçè÷íèòå
õàðàêòåðèñòèêè íà ôàçèòå íà ISM ñà îáîáùåíè â Òàáëèöà 1.1.

Ôàçà T nH Îáåìåí ôàêòîð
[ K ] [cm−3] íà çàïúëâàíå

Ìîëåêóëíà 10 - 20 102 - 106 1%
Ñòóäåíà íåóòðàëíà (àòîìíà) 20 - 100 20 - 50 4%

Òîïëà íåóòðàëíà 6× 103 − 104 0.2 - 0.5 30%
Òîïëà éîíèçèðàíà 8× 103 0.2 - 0.5 15%
Ãîðåùà éîíèçèðàíà 106 0.0065 50%

Òàáëèöà 1.1: Ôèçè÷íè ñâîéñòâà íà ôàçèòå íà ÌÑ ïî Ferri�ere (2001). Îáåìíèòå ôàêòîðè ía
çàïúëâàíå ñà âçåòè îò (Stahler & Palla, 2005).

Îòâîðåí îñòàâà âúïðîñúò äîêîëêî èçáðîåíèòå ïåò ôàçè ìîãàò äà ñå ðàçãðàíè÷àò åäíà

3 Ìàãíèòíèòå ïîëåòà ñúùî ìîãàò äà äîïðèíåñàò çà óñòîé÷èâîñòòà íà îáëàêà.
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îò äðóãà. Â êëàñè÷åñêèÿ äâóôàçåí ìîäåëè è ìíîãî îò íåãîâèòå ðàçøèðåíèÿ, CNM è WNM
ñà íàïúëíî ðàçãðàíè÷èìè ôàçè â ðàâíîâåñèå ïî íàëÿãàíèÿ, êàòî öåëèÿò àòîìåí âîäîðîä
ISM ïðèíàäëåæè íà íÿêîÿ îò òÿõ. Íàáëþäàòåëíèòå äàííè çà H i îáà÷å ãîâîðÿò, ÷å ðåàë-
íàòà êàðòèíà å äàëå÷ ïî-ñëîæíà. Âå÷å ðàçïîëàãàìå ñ íàäåæíè ñâèäåòåëñòâà, ÷å íåìàëêà
÷àñò îò àòîìíèÿ ãàç å â òîïëèííî íåóñòîé÷èâî ñúñòîÿíèå, ñ ìåæäèííà òåìïåðàòóðà ìåæäó
CNM è WNM. Îñâåí òîâà, ñàìèÿò ôàêò, ÷å ISM å ñèëíî òóðáóëåíòíà, ïîäñêàçâà, ÷å äâó-
ôàçíèÿò ìîäåë ïðåäñòàâëÿâà ïðåêàëåíî îïðîñòÿâàíå. À òóðáóëåíòíîñòòà ñå çàäâèæäà îò
ðàçíîîáðàçíè ôèçè÷íè ïðîöåñè, ñðåä êîèòî òîïëèííà íåóñòîé÷èâîñò, îáðàòíî âúçäåéñòâèå
îò ñâðúõíîâè è ïðèòîê íà ãàç êúì ãàëàêòè÷íèÿ äèñê. Åôåêòúò îò íåÿ å ïîñòîÿííî ðàçìåñ-
âàíå íà ãàçà è ðàçìèâàíå íà ãðàíèöèòå ìåæäó îòäåëíèòå ôàçè íà ñðåäàòà. Íà ðîëÿòà íà
òóðáóëåíòíîñòòà çà ñòðóêòóðèðàíåòî íà ISM è íà ìåõàíèçìèòå íà çàäâèæâàíåòî �è ùå ñå
ñïðåì ïî-ïîäðîáíî â ×àñò 7.

Ìåòàëè÷íîñòòà â ISM èãðàå âàæíà ðîëÿ çà ðåãóëèðàíå íà íåéíàòà òåðìîäèíàìèêà. Èç-
ìåðâàíåòî íà òàçè âåëè÷èíà â Ìëå÷íèÿ ïúò ñòàâà ÷ðåç ðàçëè÷íè ìåòîäè: îò îïòè÷íèòå
åìèñèîííè ëèíèè [O II] è [O III], çàåäíî ñ Hα è Hβ ìîæå äà ñå íàëîæàò îãðàíè÷åíèÿ âúðõó
êîëè÷åñòâîòî íà êèñëîðîä â Ãàëàêòè÷íèòå H ii îáëàñòè, à îòòàì äà ñå ïðåñìåòíå è ïúëíàòà
ìåòàëè÷íîñò Z, çà êîÿòî ñå ïðåäïîëàãà, ÷å çàâèñè ëèíåéíî îò êîëè÷åñòâîòî êèñëîðîä. Äðó-
ãà âúçìîæíîñò å äà ñå èçïîëçâàò àáñîðáöèîííèòå UV ëèíèè â ñïåêòðèòå íà ÿðêè ôîíîâè
çâåçäè çà ïðåñìÿòàíå íà êîëè÷åñòâàòà âúãëåðîä, àçîò, êèñëîðîä è äðóãè òåæêè åëåìåíòè.
Ìåòàëè÷íîñòòà ìîæå äà ñå îïðåäåëè è ïî ñïåêòðèòå íà ìëàäè, ìàñèâíè B çâåçäè. Ïîðà-
äè êðàòêîòî âðåìå íà æèâîò íà òåçè îáåêòè, òàçè îöåíêà å äîñòà áëèçêà äî íàñòîÿùîòî
ëîêàëíî êîëè÷åñòâî íà òåæêèòå åëåìåíòè.

Ñú÷åòàâàéêè èíôîðìàöèÿòà îò òåçè ðàçëè÷íè ìåòîäè, ìîæåì äà ñãëîáèì äîñòàòú÷íî
äîñòîâåðíà êàðòèíà çà ðàçïðåäåëåíèåòî íà ìåòàëè÷íîñòòà â ãàçîâàòà êîìïîíåíòà íà ISM.
Îöåíêèòå íà Z îò ñïåêòðèòå íà B çâåçäè è îò H ii îáëàñòè ïîêàçâàò íàëè÷èåòî íà åäðî-
ìàùàáåí ðàäèàëåí ãðàäèåíò −0.04 dex.kpc−1 íà ìåòàëè÷íîñòòà â ISM (Maciel and Costa
2010). Ìåòàëè÷íîñòòà â ò.íàð. Öåíòðàëíà ìîëåêóëÿðíà çîíà (Central Molecular Zone, CMZ)
â Ìëå÷íèÿ ïúò å îêîëî äâà ïúòè ïî-ãîëÿìà, îòêîëêîòî ñëúí÷åâàòà, à âúâ âúíøíèòå çîíè
íà Ãàëàêòèêàòà òèïè÷íàòà Z å ñ ïî-íèñêà ñòîéíîñò. Ñðàâíåíèåòî ìåæäó ïðåñìåòíàòèòå
êîëè÷åñòâà íà îòäåëíèòå åëåìåíòè îò ñïåêòðèòå íà B çâåçäè è îò UV àáñîðáöèîííè ëè-
íèè ðàçêðèâà, ÷å ïîâå÷åòî åëåìåíòè äî ãîëÿìà ñòåïåí ñà èç÷åðïàíè â ãàçîâàòà ôàçà, à
òîâà ïúê íàâåæäà íà ìèñúëòà, ÷å òå ñà ïðåìèíàëè â ìåæäóçâåäíèÿ ïðàõ. Åëåìåíòèòå ñ
âèñîêè òåìïåðàòóðè íà êîíäåíçàöèÿ ïî-ëåñíî ñå ñâúðçâàò â ïðàøèíêèòå è òîâà îïðåäåëÿ
ïî-ãîëÿìàòà èì ñòåïåí íà èç÷åðïâàíå â ãàçîâàòà êîìïîíåíòà.



Ãëàâà 2

Íàáëþäåíèÿ íà õëàäíà ìåæäóçâåçäíà

ñðåäà

Â îáùèÿ ñëó÷àé ìåæäóçâåäíèòå îáëàöè, â êîèòî ïðîòè÷à çâåçäîîáðàçóâàíå, ñà ñòóäåíè.
Çàòîâà ïîâå÷åòî ïîäõîäè çà òÿõíîòî èçó÷àâàíå èçèñêâàò íàáëþäåíèÿ â èíôðà÷åðâåíèÿ,
sub-mm è ðàäèîäèàïàçîíà. Èíòåðïðåòàöèÿòà íà ðåçóëòàòèòå õè÷ íå å òðèâèàëíà � çà äà ãè
ðàçáèðàìå ïðàâèëíî è çà äà âíèêíåì âúâ ôåíîìåíîëîãèÿòà íà ìåæäóçâåçäíèÿ ãàç, òðÿáâà
äà ðàçáèðàìå äîñòàòú÷íî ôèçèêàòà íà ïðåíîñà íà ëú÷åíèå.

Âîäîðîäúò å íàé-ðàçïðîñòðàíåíèÿò åëåìåíò è ñå íàáëþäàâà ëåñíî, êîãàòî å â àòîìíà
ôîðìà. Îñîáåíî óäîáåí å ïðåõîäúò â ñâðúõòúíêàòà ñòðóêòóðà íà âîäîðîäíèÿ àòîì ñ λ =
21 cm (1.4 GHz): îò ñúñòîÿíèå ñ ïàðàëåëíè êúì òàêîâà ñ àíòèïàðàëåëíè ñïèíîâå íà ïðîòîíà
è åëåêòðîíà. Åíåðãèÿòà, ñúîòâåòñòâàùà íà ïðåõîäà, å 1 K, òàêà ÷å ñúîòâåòíîòî íèâî ìîæå
äà áúäå âúçáóäåíî äîðè â ìíîãî ñòóäåíè ñðåäè. Ïðè òåìïåðàòóðè îêîëî 100 K ñðåäíîòî
âðåìå ìåæäó äâà óäàðà íà ÷àñòèöà å ∼ 500 yr, à åíåðãèÿòà, êîÿòî ìîæå äà ïîñëóæè çà
âúçáóæäàíå å ≤ 10−2 eV. Çàòîâà ïîâå÷åòî àòîìè ñà â îñíîâíî ñúñòîÿíèå. Âñå ïàê íèâàòà
íà ñâðúõòúíêàòà ñòðóêòóðà â îñíîâíî ñúñòîÿíèå ìîãàò äà áúäàò âúçáóäåíè. Ïðåõîäúò

p ↑ e− ↑→ p ↑ e− ↓ +γ (6× 10−6 eV)

å çàáðàíåí, ñ âðåìå íà æèâîò íà ìåòàñòàáèëíîòî íèâî 11×106 yr. Íî òúé êàòî ïúëíèÿò
áðîé âîäîðîäíè àòîìè â ñòúëá ñúñ ñå÷åíèå 1 cm2 è âèñî÷èíà 1 pc å ïî-ãîëÿì îò 1018, ïðåõî-
äúò ñå ðåàëèçèðà â äîñòàòú÷íî ìíîãî ñëó÷àè. Òàêà åìèñèÿ â ëèíèÿòà λ 21 cm ñå íàáëþäàâà
â Ìëå÷íèÿ Ïúò è â ìíîãî áëèçêè ãàëàêòèêè ëèíèÿòà λ 21 cm. Òîâà äàâà âúçìîæíîñò äà
ñå ñòðîÿò êàðòè íà ðàçïðåäåëåíèåòî íà íåóòðàëíèÿ âîäîðîä, à ñúùî êðèâèòå íà âúðòåíå
íà ñïèðàëíè è íåïðàâèëíè ãàëàêòèêè.

Îáà÷å ïðè âèñîêèòå ïëúòíîñòè, õàðàêòåðíè çà çîíèòå íà çâåçäîîáðàçóâàíå, âîäîðîäúò
å â ïðåîáëàäàâàùî ìîëåêóëíà ôîðìà, ïðåêè íàáëþäåíèÿ íà êîÿòî ñà èçêëþ÷èòåëíî òðóä-
íè. Â òîâà ìîæåì äà ñå óáåäèì îò ñõåìàòà íà åíåðãèéíèòå ðîòàöèîííè íèâà íà H2 (Ôèã.
2.1). Äâóàòîìíèòå ìîëåêóëè èìàò òðè òèïà âúçáóäåíè íèâà: åëåêòðîííè (âúçáóæäàíå íà
åäèí èëè ïîâå÷å åëåêòðîííè), âèáðàöèîííè (ñúîòâåòñòâàùè íà âèáðàöèè íà äâåòå ÿäðà) è
ðîòàöèîííè (ñúîòâåòñòâàùè íà âúðòåíåòî íà äâåòå ÿäðà îêîëî îáùèÿ öåíòúð íà ìàñèòå). Â
îáùèÿ ñëó÷àé åëåêòðîííèòå íèâà ñà ñ íàé-âèñîêà åíåðãèÿ, à ðîòàöèîííèòå � ñ íàé-íèñêà. Â
ñëó÷àÿ ñ H2 ïúðâîòî âúçáóäåíî íèâî J = 1 å ðîòàöèîííî, ñ åíåðãèÿ 175 K ïî-ãîëÿìà îò òà-
çè íà îñíîâíîòî. Ïîðàäè íèñêèòå òåìïåðàòóðè â ñãúñòåíàòà ìîëåêóëÿðíà ISM (T ∼ 10 K),
òàì ïî÷òè íÿìà ìîëåêóëè â òîâà âúçáóäåíî ñúñòîÿíèå. Ïðè òîâà, îò ñúîáðàæåíèÿ çà ñè-
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Ôèãóðà 2.1: Åíåðãèéíè ðîòàöèîííè íèâà íà ìîëåêóëàòà H2.

ìåòðèÿ èçëú÷âàòåëíè ïðåõîäè ñ ∆J = 1 ñà çàáðàíåíè â õîìîÿäðåíè1 ìîëåêóëè êàòî H2.
Âñúùíîñò, íÿìà åëåêòðîíåí ïðîöåñ, ÷ðåç êîéòî ìîëåêóëà H2 ñ íå÷åòíî J (ortho-H2) äà ñå
ïðåîáðàçóâà â òàêàâà ñ ÷åòíî J (para-H2) è îáðàòíî, çàùîòî ïîçâîëåíèòå ïðåõîäè ñå îïðå-
äåëÿò îò ñïèíîâåòå íà ÿäðàòà. Òîâà îáóñëàâÿ ëèïñàòà íà åìèñèÿ íà H2 îò òèï J = 1 → 0;
íàé-íèñêîåíåðãèéíàòà å J = 2 → 0, êîÿòî îáà÷å å ìíîãî ñëàáà, ïîíåæå å îò êâàäðóïîëíà
êîíôèãóðàöèÿ. Îùå ïîâå÷å, íèâîòî J = 2 å ñ öåëè 510 K íàä îñíîâíîòî, ò.å. ïðè àíñàìáúë
â ðàâíîâåñèå è ïðè T = 10 K, ôðàêöèÿòà íà ìîëåêóëèòå â òàêîâà âúçáóäåíî ñúñòîÿíèå å
åäâà ∼ e−510/10 ≈ 10−22! Ñ äðóãè äóìè, â åäèí ìîëåêóëÿðåí îáëàê ïðîñòî íÿìà ìîëåêóëè
H2, ñïîñîáíè äà èçëú÷âàò. Âèñîêàòà èì òåìïåðàòóðà íà âúçáóæäàíå ñå äúëæè íà ìàëêàòà
èì ìàñà: ïðè êâàíòîâ îñöèëàòîð èëè ðîòîð ãúñòîòàòà íà íèâàòà âàðèðà ñ ïðèâåäåíàòà ìàñà
ïî çàêîíà m−1/2 .

Ñëåäîâàòåëíî, íàáëþäåíèÿòà íà ìîëåêóëíèÿ âîäîðîä òðÿáâà äà ñå îñúùåñòâÿâàò êîñ-
âåíî, ÷ðåç êîðåëèðàù ñ íåãî èíäèêàòîð. Ñàìî â ìíîãî ðåäêè ñëó÷àè ñà âúçìîæíè ïðåêè
íàáëþäåíèÿ � íàïðèìåð, ïðè íàëè÷èåòî íà ÿðúê UV èçòî÷íèê íà çàäåí ôîí, âúðõó ÷èéòî
ñïåêòúð ñå íàñëàãâàò UV àáñîðáöèîííè ëèíèè.

2.1 Èçëú÷âàíå íà ïðàõà

Ïúðâèÿò èíäèêàòîð íà ìîëåêóëåí ãàç â çâåçäîîáðàçóâàùèòå îáëàöè, êîéòî èçíèêâà â óìà,
å òîïëèííîòî èçëú÷âàíå íà ïðàøèíêèòå. Ãàçîâèòå îáëàöè ñà âèíàãè ïðèìåñåíè ñ ïðàõ, êàòî
ãàçúò å òâúðäå äàëå÷ îò ëîêàëíî òåðìîäèíàìè÷íî ðàâíîâåñèå (LTE, Local Thermodynamic
Equilibrium) è íå èçëú÷âà òîïëèííî. Ïðàõúò îáà÷å, íàãðÿò îò UV èçëú÷âàíåòî íà áëèçêè

1Ñúñòîÿùè ñå îò àòîìè îò åäèí åäèíñòâåí åëåìåíò.
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ãîðåùè ìàñèâíè çâåçäè, èìà òîïëèííî èçëú÷âàíå â MIR. (Òîâà èìà îñîáåíî çíà÷åíèå çà
îõëàæäàíåòî íà îáëàñòèòå íà çâåçäîîáðàçóâàíå.) Ïðè òåçè óñëîâèÿ ìîæå äà ñå ïðåñìåòíå è
òåìïåðàòóðàòà íà ïðàõà T0. Àêî ïðèåìåì, ÷å ïðàõîâàòà ÷àñòèöà å ñôåðè÷íà è ñå íàìèðà íà
ðàçñòîÿíèå D îò çâåçäà ñ òåìïåðàòóðà T∗ è ðàäèóñ R∗, òî îò ðàâåíñòâîòî íà ïîãúëíàòàòà è
èçëú÷åíàòà åíåðãèè çà åäèíèöà âðåìå è îò ïðåäïîëàãàåìîòî ðàâåíñòâî íà ïîãëúùàòåëíàòà
è èçëú÷âàòåëíàòà ñïîñîáíîñò íà ÷àñòèöàòà ìîæåì äà ïîëó÷èì:

T0 = 0.7T∗

(
R∗

D

)1/2

(2.1)

Ïðåäâèä ïàðàìåòðèòå íà ìàñèâíèòå çâåçäè è ðàçñòîÿíèÿòà, ñúîòâåòñòâàùè íà òèïè÷íè-
òå ðàçìåðè íà îáëàñòèòå íà çâåçäîîáðàçóâàíå, òèïè÷íèòå òåìïåðàòóðè íà ïðàõà ñå îêàçâàò
ìåæäó íÿêîëêî äåñåòêè äî íÿêîëêîñòîòèí êåëâèíà. Íåêà îòáåëåæèì, ÷å â èçðàçà (2.1) íå
ôèãóðèðà ðàçìåðà íà ÷àñòèöàòà. Ñúñ ñúùàòà ôîðìóëà ìîæåì äà îöåíèì òåìïåðàòóðàòà
íà Çåìÿòà, íàãðÿíà îò Ñëúíöåòî, è äà ïîëó÷èì 280 K.

Ñåãà äà ðàçãëåäàìå îáëàê ñ ïëúòíîñò ρ è äåáåëèíà s, ïðèìåñåí ñ ïðàøèíêè ñ òåìïå-
ðàòóðà T . Ñìåñòà èìà íåïðîçðà÷íîñò κν , êîÿòî ñå äúëæè ãëàâíî íà ïðàøèíêèòå, îñâåí çà
÷åñòîòè ν, ñúîòâåòñòâàùè íà ðåçîíàíñíè àáñîðáöèè â ãàçîâèòå àòîìè è ìîëåêóëè. Ïðè sub-
mm íàáëþäåíèÿ, òèïè÷íèòå ñòîéíîñòè íà κν ñà ∼ 0.01 cm2.g−1. È òúé êàòî íà ïðàêòèêà
íèêîé îáëàê íÿìà ïîâúðõíîñòíà ïëúòíîñò Σ > 100 g.cm−2, ìîæåì ñïîêîéíî äà ãî ïðèå-
ìåì çà îïòè÷åñêè òúíúê. Â òàêúâ ñëó÷àé ñîáñòâåíîòî èçëú÷âàíå íà îáëàêà ñå ïðåñìÿòà
ëåñíî. Ïðè ïðåäïîëîæåíèå çà ëîêàëíî òåðìîäèíàìè÷íî ðàâíîâåñèå, õàðàêòåðèçèðàùî ñå
ñ òåìïåðàòóðà T , îòíîøåíèåòî ìåæäó èçëú÷âàòåëíàòà ñïîñîáíîñò íà åäèíèöà ìàñà ãàç jν
[erg.g−1.s−1.sr−1] è íåïðîçðà÷íîñòòà κν ùå áúäå ðàâíî íà ôóíêöèÿòà íà Ïëàíê:

Bν(T ) =
2hν3

c2
1

exp(hν/kT )− 1
. (2.2)

Òîãàâà óðàâíåíèåòî íà ëú÷èñòèÿ ïðåíîñ çà îïòè÷åñêè òúíêèÿ ïðàõ (τν ≪ 1) ñå îïðîñ-
òÿâà:

Iν = Bν(T ) (1− exp(−τν)) ≈ τνBν(T ) = κνρsBν(T ) = κνΣBν(T ) ; (2.3)

Òàêà îò èçìåðâàíå íà ñïåöèôè÷íèÿ èíòåíçèòåò íà èçëú÷âàíåòî Iν îò ïðàøèíêèòå â îáëàêà
è ïðè ïîçíàâàíå íà òåìïåðàòóðàòà è ñâîéñòâàòà íà ïðàøèíêèòå, ìîæåì äà îïðåäåëèì
êîëîíêîâàòà ïëúòíîñò íà ãàçà çà âñÿêà íàñî÷åíîñò (beam) íà òåëåñêîïà.

Ïðè ïðåäïîëîæåíèå çà ñòåïåííà çàâèñèìîñò íà íåïðîçðà÷íîñòòà îò ÷åñòîòàòà κν ∝
(ν/ν0)

β, êîåòî å îïðàâäàíî âúâ FIR è ñóáìèëèìåòðîâèÿ äèàïàçîí (Planck Collaboration
XVII, 2014), åìèñèÿòà íà ïðàõà ñå ìîäåëèðà ñ ò.í. �ìîäèôèöèðàíî ÷åðíîòåëíî� èëè �ñèâî-
òåëíî� èçëú÷âàíå ñúñ ñðåäåí ñïåöèôè÷åí èíòåíçèòåò:

Jν ∝ Bν(T0)

(
ν

ν0

)β

. (2.4)

Îáèêíîâåíî ñå ïðèåìà, ÷å ñðåäíàòà òåìïåðàòóðà íà ïðàõîâèòå ÷àñòèöè å T0 ≈ 20 K,
à ñïåêòðàëíèÿò ïîêàçàòåë β ≈ 2, êàòî îñòàâà ñïîðíî äàëè òîé çàâèñè îò òåìïåðàòóðàòà.
Ïðè ðàáîòà ñúñ ñúâðåìåííè íàáëþäàòåëíè äàííè îò Herschel, β îáèêíîâåíî ñå ôèêñèðà,
à ïîòîêúò îò âñåêè ïèêñåë ñå àïðîêñèìèðà ïî ôîðìóëà (2.4), êàòî T è Σ ñå âàðèðàò êàòî
ñâîáîäíè ïàðàìåòðè. Ïðèìåðíî èçîáðàæåíèå, ïîëó÷åíî ÷ðåç òàçè òåõíèêà, å ïîêàçàíî íà
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Ôèã. 2.2. Îñíîâíàòà íåòî÷íîñò å â ïîçíàâàíåòî íà íåïðîçðà÷íîñòòà íà ïðàõà è íà òåìïå-
ðàòóðàòà íà ãàçà (â ðàìêèòå íà ôàêòîð 2-3), êîÿòî îò ñâîÿ ñòðàíà ïîðàæäà íåñèãóðíîñò
â òðàíñôîðìàöèÿòà îò åìèñèÿ íà ïðàõà êúì êîëîíêîâà ïëúòíîñò íà ãàçà. Âñåêè îò äâàòà
ôàêòîðà ìîæå äà áúäå ïîäîáðåí îò íàáëþäåíèÿ â øèðîê ñïåêòðàëåí äèàïàçîí, ïîçâîëÿâà-
ùè åäíîâðåìåííî àïðîêñèìèðàíå íà êîëîíêîâàòà ïëúòíîñò, êðèâàòà íà íåïðîçðà÷íîñò íà
ïðàõà è íà òåìïåðàòóðàòà íà ïðàõà. Ñ èçñòðåëâàíåòî â îðáèòà íà ñàòåëèòà Herschel (2009
ã.) òàêèâà íàáëþäåíèÿ ñòàíàõà âúçìîæíè � èíà÷å ïðè äúëæèíè íà âúëíàòà îò íÿêîëêî
ñòîòèí µm òå ñà íåîñúùåñòâèìè îò çåìíàòà ïîâúðõíîñò.

Ôèãóðà 2.2: Êàðòà íà èçëú÷âàíå íà ïðàõà â ìîëåêóëÿðíèÿ îáëàê Rosette. Èçîáðàæåíèå, ïî-
ëó÷åíî îò íàáëþäåíèÿ íà 250, 350 è 500 µm ñ èíñòðóìåíòà SPIRE íà êîñìè÷åñêèÿ òåëåñêîï
Herschel (http://sky.esa.int).

2.2 Åêñòèíêöèÿ íà ïðàõà

Äðóã âúçìîæåí ïîäõîä çà íàáëþäåíèÿ íà õëàäíàòà ISM å èçìåðâàíåòî íà àáñîðáöèÿòà íà
ôîíîâè çâåçäè, ïðè÷èíåíà îò ïðàõà; îáèêíîâåíî â IR äèàïàçîí. Â ñðàâíåíèå ñ òîïëèííîòî
èçëú÷âàíå íà ïðàõà, òóê èìà ðåä ïðåäèìñòâà:

1. Çâåçäèòå èìàò ìíîãî ïî-ìîùíî èçëú÷âàíå ñïðÿìî ïðàøèíêèòå è ìîãàò äà ñå íàá-
ëþäàâàò â NIR, âìåñòî â sub-mm. Çàòîâà ìîæå äà ïîñòèãíå ìíîãîêðàòíî ïî-äîáðà
ðåçîëþöèÿ íà êàðòèòå.
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2. Òúé êàòî íåïðîçðà÷íîñòòà íå çàâèñè îò òåìïåðàòóðàòà, íåñèãóðíîñòòà ïðè êîíâåð-
òèðàíåòî êúì êîëîíêîâà ïëúòíîñò å ñúùåñòâåíî ïî-ìàëêà.

3. Îùå ïîâå÷å, êðèâàòà íà íåïðîçðà÷íîñò â èíôðà÷åðâåíàòà îáëàñò å ïîçíàòà ñ äîñòà
ïî-äîáðà òî÷íîñò, îòêîëêîòî â sub-mm. Òîâà âîäè äî îùå ïî-íàäåæäíî îïðåäåëÿíå
íà êîëîíêîâàòà ïëúòíîñò.

Ñúùåâðåìåííî òðÿáâà äà ñå ïîñî÷àò è ñëåäíèòå íåäîñòàòúöè íà ïîäõîäà:

∗ Îòíîñèòåëíî âèñîêàòà íåïðîçðà÷íîñò â IR îãðàíè÷àâà ïðèëîæèìîñòòà ìó êàòî öÿëî
äî äèôóçíè îáëàñòè; â ñãúñòåíèòå çîíè ñâåòëèíàòà íà ôîíîâèòå çâåçäè å íàïúëíî
åêðàíèðàíà.

∗ Çà äà ñå ïîñòðîè äîáðà êàðòà å íåîáõîäèìî áîãàòî è ÿñíî âèäèìî ïîëå îò ôîíîâè
çâåçäè, à ñàìî íÿêîëêî îáëàöè èìàò ãåîìåòðèÿ, ïîçâîëÿâàùà òîâà. Âåðîÿòíî íàé-
äîáðèÿò ïðèìåð çà ïðèëîæèìîñòòà íà ïîäõîäà å ìúãëÿâèíàòà Pipe (Ôèã. 2.3).

Ôèãóðà 2.3: Êàðòà íà åêñòèíêöèÿ íà ïðàõà â ìúãëÿâèíàòà Pipe (Lombardi, Alves, & Lada,
2006).

2.3 Ìîëåêóëíè åìèñèè

Ãîëÿìà ÷àñò îò ïîçíàíèÿòà íè çà ãàçà â îáëàñòèòå íà çâåçäîîáðàçóâàíå ñå äúëæàò íà íàáëþ-
äåíèÿ íà ìîëåêóëíè åìèñèè. Êîðåêòíèòå èçìåðâàíèÿ ñà äîñòà ñëîæíè, çàùîòî ïðåäïîëàãàò
ìîäåëèðàíå, è èíòåðïðåòàöèÿòà èì ñúùî íå å ëåñíà. Èçèñêâà ñå è ãîëÿìà ïðåöèçíîñò, òúé
êàòî ëèíèèòå ìîãàò äà áúäàò äîñòà ÿðêè â ñðàâíåíèå ñ èçëú÷âàíåòî â êîíòèíóóìà. Âîäå-
ùà ðîëÿ â èçó÷àâàíåòî íà ISM â ãàëàêòèêè èçâúí Ìåñòíàòà ãðóïà èãðàÿò èçñëåäâàíèÿòà
íà ðîòàöèîííèòå ëèíèè íà ìîëåêóëàòà CO, òúé êàòî ïîñëåäíèòå (çàåäíî ñ èçëú÷âàíåòî
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íà C+ â çîíè ñ àòîìåí âîäîðîä) ñà íàé-ëåñíî äåòåêòèðóåìè åìèñèè îò ñòóäåíàòà ñðåäà.
Íàé-ïðîñòàòà èçëú÷âàùà ñèñòåìà å ÷àñòèöà ñ òî÷íî äâå åíåðãèéíè íèâà è òîçè ôèçè÷åñêè
ïðèìåð íè äàâà äîñòàòú÷íî ðàçáèðàíå. Íà ïðàêòèêà ïî-èíòåðåñíè çà íàñ ñà ìîëåêóëèòå,
ïîðàäè ïðåîáëàäàâàíåòî íà ìîëåêóëíèÿ ãàç â ñãúñòåíè ñðåäè, êúäåòî ïðîòè÷à çâåçäîîáðà-
çóâàíå.

Êîåôèöèåíòè íà Àéíùàéí è óäàðíî âúçáóæäàíå

Íåêà ðàçãëåæäàìå ãàç ñ êîíöåíòðàöèÿ nX, ñúñòîÿù ñå îò àòîìè èëè ìîëåêóëè îò òèï X ïðè
òåìïåðàòóðà T . Çà ïðîñòîòà ùå ïðèåìåì, ÷å ÷àñòèöèòå èìàò ñàìî äâå íèâà ñ åíåðãèéíà
ðàçëèêà E, êàòî êîíöåíòðàöèèòå íà òåçè â îñíîâíî è âúâ âúçáóäåíî íèâî ñà ñúîòâåòíî
n0 è n1. Àêî ãàçúò å â òîïëèííî ðàâíîâåñèå, òî ñúãëàñíî ôîðìóëàòà íà Áîëöìàí n1/n0 =
exp(−E/kT ) è ñúîòâåòíî

n0 = nX/Z , n1 = nX exp(−E/kT )/Z(T ) ,

êúäåòî Z(T ) = 1 + exp(−E/kT ) å ñòàòèñòè÷åñêàòà ñóìà. Âúçìîæíèòå èçëú÷âàòåëíè ïðå-
õîäè ìåæäó íèâàòà ìîãàò äà áúäàò: ñïîíòàííà åìèñèÿ, ñòèìóëèðàíà åìèñèÿ è àáñîðáöèÿ,
îïèñâàíè ñúñ ñúîòâåòíèòå êîåôèöèåíòè íà Àéíùàéí. Îáèêíîâåíî â îáëàñòèòå íà çâåçäî-
îáðàçóâàíå ìîæåì äà ïðåíåáðåãíåì ñòèìóëèðàíàòà åìèñèÿ è àáñîðáöèÿòà, òúé êàòî ôîíî-
âîòî ðàäèàöèîííî ïîëå å òâúðäå ñëàáî è ÷åñòîòàòà íà òåçè ïðîöåñè å ïðåíåáðåæèìî ìàëêà.
Èçêëþ÷åíèå ïðåäñòàâëÿâàò ñëó÷àèòå:

• Êîãàòî îïòè÷íàòà äåáåëèíà íà ëèíèèòå ñòàíå îãðîìíà è áðîÿò ôîòîíè, êîèòî ñå
ïîãëúùàò è ðàçñåéâàò â ñðåäàòà, íàðàñíå çíà÷èòåëíî;

• Êîãàòî ÷åñòîòàòà íà ðàçãëåæäàíèÿ ïðåõîä ñúîòâåòñòâà íà ìíîãî íèñêà åíåðãèÿ è
âçàèìîäåéñòâèÿòà ñ ôîòîíè îò ÊÌÔ ñòàíàò ñúùåñòâåíè.

Ñïîíòàííàòà åìèñèÿ 1 → 0 ñå îïèñâà îò êîåôèöèåíòà A10 ñ ðàçìåðíîñò s−1, êàòî ñêî-
ðîñòòà íà çàòèõâàíå ñå îïðåäåëÿ ïî ôîðìóëàòà:(

dn1

dt

)
se

= −A10n1 [cm−3.s−1] , (2.5)

ò.å. õàðàêòåðíîòî âðåìå íà (åêñïîíåíöèàëíî) íàìàëÿâàíå íà ÷àñòèöèòå íà íèâî 1 å (1/A10)
s. Âðåìåíàòà çà çàòèõâàíå ïðè ìîëåêóëèòå ñà îáèêíîâåíî íå ïîâå÷å îò íÿêîëêî âåêà, êîåòî
å äîñòà ìàëêî â ñðàâíåíèå ñ ðàçëè÷íèòå õàðàêòåðíè âðåìåíà, ñâúðçàíè ñúñ çâåçäîîáðàçóâà-
íåòî. Çàòîâà, àêî ñïîíòàííàòà åìèñèÿ å åäèíñòâåíèÿò ïðîòè÷àù ïðîöåñ, âñè÷êè ìîëåêóëè
ùå ïðåòúðïÿò áúðçà äåàêòèâàöèÿ äî îñíîâíî íèâî è åìèñèÿ íÿìà äà ñå íàáëþäàâà.

Îáà÷å, â ñãúñòåíèòå çîíè íà çâåçäîîáðàçóâàíå óäàðèòå ìåæäó ÷àñòèöèòå ñà äîñòàòú÷-
íî ÷åñòè, çà äà ïîääúðæàò íàñåëåíèå îò âúçáóäåíè ìîëåêóëè. Çà ïðîñòîòà ùå ðàçãëåäàìå
ñàìî óäàðè ìåæäó ïðèìåðíèòå äâóàòîìíè ìîëåêóëè è H2. Îïðåäåëÿíåòî íà ñêîðîñòòà íà
âúçáóæäàíå ïîðàäè óäàðè ïðåäñòàâëÿâà äîñòà òåæêà çàäà÷à íà êâàíòîâàòà ìåõàíèêà; ñ
èçêëþ÷åíèå íà íàé-ïðîñòèòå ñëó÷àè, íå å âúçìîæíî òî÷íîòî ïðåñìÿòàíå äîðè íà åíåðãèé-
íèòå íèâà íà îòäåëíà èçîëèðàíà ìîëåêóëà, êàìî ëè âçàèìîäåéñòâèåòî ìåæäó ñáëúñêâàùè
ñå ìîëåêóëè ïðè ïðîèçâîëíè ñêîðîñòè è âçàèìíè îðèåíòàöèè. À òî÷íèòå ïðåñìÿòàíèÿ íà
÷åñòîòàòà íà óäàðèòå ñà ïî ïðèíöèï íåâúçìîæíè � ïðèáÿãâà ñå èëè äî ïðèáëèæåíèÿ, èëè
äî ëàáîðàòîðíè åêñïåðèìåíòè. Íàïðèìåð, ÷åñòî ñå ïðåäïîëàãà, ÷å ÷åñòîòèòå íà ñáëúñúöè
ñ H2 è ñ âîäîðîäíè àòîìè ñà ñâúðçàíè ñ íÿêàêúâ ïîñòîÿíåí êîåôèöèåíò.
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Íåêà ñêîðîñòòà íà âúçáóæäàíå îò îñíîâíî íèâî ïîðàäè óäàðè ìåæäó ÷àñòèöèòå X è
H2 å: (

dn1

dt

)
cex

= k01n0nH2 [cm−3.s−1] , (2.6)

êúäåòî êîåôèöèåíòúò k01 å ñ ðàçìåðíîñò îáåì âúðõó âðåìå è â îáùèÿ ñëó÷àé å ôóíêöèÿ íà
êèíåòè÷íàòà òåìïåðàòóðà íà ãàçà T , íî íå è íà êîíöåíòðàöèÿòà íà âîäîðîäíèòå ìîëåêóëè
nH2 .

Àêî îçíà÷èì ñúîòâåòíèÿ êîåôèöèåíò íà óäàðíà äåàêòèâàöèÿ ñ k10, òî ñêîðîñòòà íà
äåàêòèâàöèÿ ïîðàäè óäàðè ùå áúäå:(

dn1

dt

)
cdex

= −k10n1nH2 [cm−3.s−1] , (2.7)

Âðúçêàòà ìåæäó k01 and k10 å ïðîñòà. Äà ðàçãëåäàìå çîíà ñ îãðîìíà îïòè÷íà äåáåëèíà,
ïðàêòè÷åñêè íåïðîíèöàåìà çà ôîòîíèòå è çàòîâà áåç çíà÷èìà ðîëÿ íà ðàäèàöèîííèòå
ïðîöåñè. Àêî ãàçúò å â ðàâíîâåñèå, ñêîðîñòèòå íà óäàðíî âúçáóæäàíå è äåàêòèâàöèÿ (óð.
2.6 è 2.7) ùå áúäàò ðàâíè è ïðîòèâîïîëîæíè ïî çíàê, ñëåäîâàòåëíî nH2(k01n0 − k10n1) = 0
è îò ôîðìóëàòà íà Áîëöìàí ïîëó÷àâàìå âðúçêà ìåæäó êîåôèöèåíòèòå

k01 = k10 exp(−E/kT ) ; (2.8)

Òîçè àðãóìåíò å ïðèëîæèì åäíàêâî äîáðå çà èçáðàíà äâîéêà íèâà â ïî-ñëîæíà ìîëåêóëà,
ñ ïîâå÷å îò äâå íèâà. Çàòîâà å äîñòàòú÷íî äà ïîçíàâàìå ñêîðîñòòà íà óäàðíî âúçáóæäàíå
èëè äåàêòèâàöèÿ ìåæäó âñåêè äâå íèâà, çà äà ïðåñìåòíåì è ñêîðîñòòà íà îáðàòíèÿ ïðîöåñ.

Êðèòè÷íà ïëúòíîñò

Ïðè ñòàòèñòè÷åñêî ðàâíîâåñèå íà ñèñòåìàòà ñ äâå íèâà, ñêîðîñòòà íà çàòèõâàíå íà âúçáó-
äåíîòî íèâî, êîÿòî å ñóìà îò ñêîðîñòèòå íà âúçáóæäàíå è äåàêòèâàöèÿ ùå áúäå íóëåâà.
Ïðè çàìåñòâàíå îò ñúîòâåòíèòå óðàâíåíèÿ (2.5)-(2.7) èçâåæäàìå ôîðìóëàòà:

n1

n0

= exp(−E/kT ) 1

1 + A10/(k10nH2)
;

Ëåñíî ñå âèæäà ôèçè÷åñêèÿ ñìèñúë íà òîçè èçðàç: àêî ðàäèàöèîííèòå ïðîöåñè ñà ïðå-
íåáðåæèìè ñïðÿìî áðîÿ íà óäàðèòå (A10 ≪ k10n), òî îòíîøåíèåòî ìåæäó íàñåëåíîñòèòå
íà íèâàòà å áëèçî äî Áîëöìàíîâîòî exp(−E/kT ). Ñ ïîâèøàâàíå íà ïðèíîñà íà ëú÷åíèåòî,
ò.å. ïîâèøàâàíå íà A10/(k10n), ôðàêöèÿòà íà àòîìèòå ñ ãîðíè âúçáóäåíè íèâà íàìàëÿâà
� íàñåëåíîñòòà íà ïîñëåäíèòå å ñóáòîïëèííà. Òúé êàòî ÷åñòîòàòà íà óäàðèòå çàâèñè îò
ïëúòíîñòòà, à èçëú÷âàòåëíàòà äåàêòèâàöèÿ íå, áàëàíñúò ìåæäó òåçè äâà ïðîöåñà ñå îï-
ðåäåëÿ îò ïëúòíîñòòà. Óäîáíî å äà âúâåäåì íÿêàêâà êðèòè÷íà ïëúòíîñò ncrit = A10/k10,
÷ðåç êîÿòî äà çàïèøåì ãîðíèÿ èçðàç:

n1

n0

= exp(−E/kT ) 1

1 + ncrit/nH2

; (2.9)

Ïðè ïëúòíîñòè ìíîãî íàä ncrit, íàñåëåíîñòòà íà íèâîòî ùå áúäå áëèçî äî Áîëöìàíîâàòà
ñòîéíîñò, äîêàòî â îáðàòíèÿ ñëó÷àé âúçáóäåíîòî íèâî ùå áúäå ñ ïî-ìàëêà íàñåëåíîñò. Ñà-
ìàòà êðèòè÷íà ïëúòíîñò ñå äåôèíèðà ïðîñòî êàòî ïëúòíîñòòà, ïðè êîÿòî èçëú÷âàòåëíèòå
è óäàðíèòå äåàêòèâàöèè íà ãîðíîòî íèâî ïðîòè÷àò ñ åäíà è ñúùà ÷åñòîòà.
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Òîçè ïðîöåñ íà òåðìàëèçàöèÿ èìà âàæíè ñëåäñòâèÿ çà åìèñèèòå â ìîëåêóëíè ëèíèè.
Ìîùíîñòòà íà èçëú÷âàíå îò åäíà ìîëåêóëà å:

L

nX

=
EA10n1

nX

= ... = EA10
exp(−E/kT )

Z(T ) + ncrit/nH2

;

Òàêà ïðè íèñêà ïëúòíîñò âñÿêà ìîëåêóëà èìà ïðèíîñ êúì èçëú÷âàíåòî, ïðîïîðöèîíà-
ëåí íà îòíîøåíèåòî ìåæäó ïëúòíîñòòà êúì êðèòè÷íàòà ïëúòíîñò. Íåêà îòáåëåæèì, ÷å
òîâà å îòíîøåíèå ìåæäó ïàðòíüîðè â óäàðèòå (H2), à íå ïëúòíîñò íà èçëú÷âàùèòå ìîëå-
êóëè. Ïúëíàòà ñâåòèìîñò âàðèðà êàòî ãîðíîòî îòíîøåíèå, óìíîæåíî ïî êîíöåíòðàöèÿòà
íà èçëú÷âàùèòå ìîëåêóëè. Ïðàêòè÷åñêàòà ïîëçà îò òîâà å, ÷å ðàçëè÷íè ìîëåêóëè òðà-
ñèðàò ðàçëè÷íè ïëúòíîñòè íà ãàçà â ãàëàêòèêèòå. Ìîëåêóëè ñ íèñêà êðèòè÷íà ïëúòíîñò
äîñòèãàò ëèíååí ðåæèì ïðè íèñêà ïëúòíîñò, è òúé êàòî ïî-ãîëÿìà ÷àñò îò ìàñàòà íà ãàçà
å ñúñðåäîòî÷åíà â òîçè ðåæèì, òå òðàñèðàò íàé-øèðîêî ðàçïðîñòðàíåíàòà ãàçîâà êîìïî-
íåíòà. Åìèñèÿòà íà ìîëåêóëè ñ âèñîêè êðèòè÷íè ïëúòíîñòè ùå ñå îïðåäåëÿ â ïî-ãîëÿìà
ñòåïåí îò ïëúòíèÿ ãàç è çàòîâà òÿ òðàñèðà ïî-ðåäêèòå çîíè íà âèñîêà ïëúòíîñò. Ðàçáè-
ðà ñå, îöåíêàòà å äîíÿêúäå êà÷åñòâåíà, òúé êàòî ïðåõîäúò îò ðåæèìà L/nX ∝ nH2 êúì
L/nX ∼ const íå å îñîáåíî ðÿçúê. Âñå ïàê îòíîøåíèÿòà ìåæäó ñâåòèìîñòèòå â ëèíèè ñ
ðàçëè÷íè êðèòè÷íè ïëúòíîñòè ïðåäñòàâëÿâàò òâúðäå âàæåí äèàãíîñòè÷åí èíñòðóìåíò çà
ïîëó÷àâàíåòî íà öÿëîñòíîòî ðàçïðåäåëåíèå íà ïëúòíîñòòà â ISM.

Ïî-ãîðíèòå ïðåñìÿòàíèÿ ñà íàïðàâåíè çà îïòè÷íî òúíêà åìèñèÿ. Àêî ëèíèÿòà å îïòè÷íî
äåáåëà, âå÷å íå ìîæå äà ñå ïðåíåáðåãâàò ïðîöåñèòå íà ñòèìóëèðàíî èçëú÷âàíå è àáñîðáöèÿ
è íå âñè÷êè èçëú÷åíè ôîòîíè ùå íàïóñêàò îáëàêà. Ëèíèèòå íà CO îáèêíîâåíî ñà îïòè÷íî
äåáåëè.

Äèíàìè÷íà è òåìïåðàòóðíà ñòðóêòóðà íà ãàçà

Àêî åìèñèîííàòà ëèíèÿ å îïòè÷íî òúíêà, òÿ ìîæå äà ñå èçïîëçâà çà èçñëåäâàíå íà äè-
íàìè÷íàòà è òåìïåðàòóðíà ñòðóêòóðà íà ãàçà. Â òîçè ñëó÷àé øèðèíàòà íà ëèíèÿòà ñå
îïðåäåëÿ íàé-âå÷å îò ðàçïðåäåëåíèåòî íà ñêîðîñòòà íà èçëú÷âàùèòå ìîëåêóëè. Ôèçè÷åñ-
êàòà êàðòèíà å äîñòà ïðîñòà. Äà ïðåäïîëîæèì, ÷å ðàçïðåäåëåíèåòî íà ñêîðîñòèòå â ãàçà
ïî ëú÷à íà çðåíèå å ψ(v) , ò.å.

∫
ψ(v)dv = 1. Çà îïòè÷íî òúíêà ëèíèÿ, ïðè ïðåíåáðåæèìî

ìàëêî åñòåñòâåíî ðàçøèðåíèå è ðàçøèðåíèå ïîðàäè åôåêòè íà íàëÿãàíåòî, åìèñèÿòà ùå
èìà ôîðìà íà δ-ôóíêöèÿ â îòïðàâíà ñèñòåìà íà ãàçà â ïîêîé. Êàòî ìåæäó ñêîðîñò è ÷åñ-
òîòà ùå èìà åäíîçíà÷íî ñúîòâåòñòâèå. Òàêà èçëú÷âàíåòî íà ãàç, äâèæåù ñå ñúñ ñêîðîñò
v ñïðÿìî íàáëþäàòåëÿ ïî ëú÷à íà çðåíèå, ùå áúäå ñ ÷åñòîòà ν ≈ ν0(1 − v/c) , êúäåòî ν0
å ÷åñòîòàòà â öåíòúðà íà ëèíèÿòà â îòïðàâíà ñèñòåìà, êúäåòî ìîëåêóëàòà å â ïîêîé, à
v/c≪ 1. Â òîçè ñëó÷àé ïðîôèëúò íà ëèíèÿòà ñå îïèñâà òðèâèàëíî: ϕ(ν) = ψ(c(1− ν/ν0)).

Ïðîôèëúò ϕ(ν) å ïðÿêî èçìåðâàåìà âåëè÷èíà è îò íåÿ íåïîñðåäñòâåíî ïîëó÷àâàìå ðàç-
ïðåäåëåíèåòî ïî ñêîðîñòè ψ(v), êîåòî ñå äúëæè íà òîïëèííè è íà íåòîïëèííè äâèæåíèÿ â
ãàçà. Òîïëèííèòå äâèæåíèÿ ñå îïèñâàò îò Ìàêñóåëîâî ðàçïðåäåëåíèå ïî ñêîðîñòè è ïîðàæ-
äàò Ìàêñóåëîâ ïðîôèë ψ(ν) ∝ exp[−(ν−νcen)2/σν ], êúäåòî νcen = ν0(1−v/c) , à v å ñðåäíàòà
ñêîðîñò íà ãàçîâèòå ÷àñòèöè ïî ëú÷à íà çðåíèå. Øèðèíàòà íà ëèíèÿòà σν = kT/µ/c ñå îï-
ðåäåëÿ ïî ãàçîâàòà òåìïåðàòóðà T è ñðåäíàòà ìàñà íà èçëú÷âàùàòà ìîëåêóëà µ.

Íåòîïëèííèòå äâèæåíèÿ ïðåäñòàâëÿâàò åäðîìàùàáíè ïîòîöè â ãàçà è ìîãàò äà ïîðîäÿò
ðàçíîîáðàçíè ðàçïðåäåëåíèÿ ïî ñêîðîñòè â çàâèñèìîñò îò äâèæåíèåòî íà îáëàêà êàòî öÿ-
ëî. Çà æàëîñò äîðè ñëîæíè íåòîïëèííè äâèæåíèÿ ÷åñòî ïîðàæäàò ðàçïðåäåëåíèÿ ïîäîáíè
íà Ìàêñóåëîâè, ïðîñòî ïîðàäè Öåíòðàëíàòà ãðàíè÷íà òåîðåìà � ñêîðîñòèòå íà äîñòàòú÷íî
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ãîëÿì áðîé ñòîõàñòè÷íè ïîòîöè êëîíÿò êúì Ãàóñîâî ðàçïðåäåëåíèå. Ïðèìåðè çà ðàçïðå-
äåëåíèÿ ïî ñêîðîñòè, èçìåðåíè â äâåòå áëèçêè îáëàñòè íà çâåçäîîáðàçóâàíå Ophiuchus è
Perseus, ñà ïîêàçàíè íà Ôèã. 2.4.

Ôèãóðà 2.4: Ðàçïðåäåëåíèÿ ïî ñêîðîñòè îò íàá-
ëþäåíèÿ â 12CO (òúíêà ëèíèÿ) è 13CO (äåáå-
ëà ëèíèÿ) â ìîëåêóëÿðíèòå îáëàöè Ophiuchus è
Perseus.

Çà äà îïðåäåëèì äàëè ïðîôèëúò íà
äàäåíà ëèíèÿ îòðàçÿâà ïðåäèìíî òîï-
ëèííè èëè íåòîïëèííè äâèæåíèÿ, òðÿá-
âà äà îïðåäåëèì òåìïåðàòóðàòà ïî íåçà-
âèñèì íà÷èí. Òîâà ÷åñòî ñå ïðàâè ÷ðåç
íàáëþäåíèÿ íà ïîâå÷å ëèíèè îò ñúùî-
òî âåùåñòâî. Ôîðìóëà (2.9) ïîêàçâà, ÷å
ñâåòèìîñòòà â îïðåäåëåíà îïòè÷íî òúí-
êà ëèíèÿ å ôóíêöèÿ íà òåìïåðàòóðàòà
T , ïëúòíîñòòà n è êîíöåíòðàöèÿòà íà èç-
ëú÷âàùè ìîëåêóëè nX. Àêî íàáëþäàâàìå
òðè ïðåõîäà â åäíà è ñúùå ìîëåêóëà, ùå
èìàìå ñèñòåìà îò òðè íåçàâèñèìè óðàâ-
íåíèÿ ñ òðè íåèçâåñòíè, êîÿòî ìîæåì äà
ðåøèì çà n, nX è T . Ïðè íÿêîè ìîëåêó-
ëè, ñ îãëåä íà ñòðóêòóðàòà íà íèâàòà èì,
òàçè òåõíèêà äàâà íåäâóñìèñëåíè ðåçóë-
òàòè. Íàé-èçâåñòíèÿò ïðèìåð çà òîâà å
àìîíÿêúò NH3.

Òðóäíîñòè ïðè ðàáîòà ñ äàííè
îò ìîëåêóëíè åìèñèè

Ïúðâàòà òðóäíîñò å ñâúðçàíà ñ îïòè÷-
íàòà äåáåëèíà: ïîâå÷åòî îò íàé-ñèëíèòå
ëèíèè, íà íàé-ðàçïðîñòðàíåíèòå âåùåñ-
òâà â ISM, ñà îïòè÷íî äåáåëè. Â òàêúâ
ñëó÷àé íàáëþäåíèÿòà ñà ïðåäñòàâèòåëíè
ñàìî çà ïîâúðõíîñòíèòå çîíè íà îáëàêà,
à åìèñèÿòà îò íåãîâîòî ÿäðî å åêðàíèðàíà. Âñå ïàê öåííà èíôîðìàöèÿ ìîæå äà ñå èçâëå÷å
è îò îïòè÷íî äåáåëè ëèíèè, íî ïî ïî-ñëîæåí íà÷èí. Ùå ñå âúðíåì íà âúïðîñà, êîãàòî
ðàçãëåæäàìå ðàçïðåäåëåíèåòî íà GMCs íà ãîëåìè ìàùàáè.

Âòîðîòî óñëîæåíèå å ñâúðçàíî ñ õèìè÷íèÿ ñúñòàâ. Îáðàçóâàíåòî è ðàçðóøàâàíåòî íà
ìîëåêóëè â ISM å ñëîæåí ïðîáëåì, êàòî êîëè÷åñòâîòî íà âñåêè åëåìåíò èëè ñúåäèíåíèå
â îáùèÿ ñëó÷àé çàâèñè îò ïëúòíîñòòà, òåìïåðàòóðàòà è ðàäèàöèîííîòî ïîëå â ãàçà. Ïî
êðàèùàòà íà îáëàöèòå íÿêîè ìîëåêóëè ìîæå äà ëèïñâàò, çàùîòî ñà äèñîöèèðàíè îò ìåæ-
äóçâåäíîòî UV èçëú÷âàíå. Ïðè ãîëåìè ïëúòíîñòè è íèñêè òåìïåðàòóðè ìíîãî ìîëåêóëè
ïîëåïâàò ïî ïîâúðõíîñòòà íà ïðàøèíêèòå. Òîâà âàæè îñîáåíî çà CO � ÷åñòî ñå óñòàíîâÿâà,
÷å ìàêñèìóìè íà ïëúòíîñòòà íà êàðòè íà ïðàõîâîòî èçëú÷âàíå ñúîòâåòñòâàò íà ëîêàëíè
ìèíèìóìè íà èçëú÷âàíåòî íà CO. Òîâà ñå äúëæè íà èç÷åðïâàíåòî íà CO â ãàçîîáðàçíî
ñúñòîÿíèå â ñãúñòåíèòå çîíè íà îáëàöèòå è îáðàçóâàíåòî íà ëåä îò CO âúðõó ïîâúðõíîñò-
òà íà ïðàøèíêèòå. Çàòîâà òðÿáâà äà ñå âíèìàâà îñîáåíî äàëè ïðîìåíèòå â ìîëåêóëíèòå
åìèñèè ñå äúëæàò íà ïðîìåíè â òåðìîäèíàìè÷íèòå ïàðàìåòðè íà ãàçà (êàòî ïëúòíîñò è
òåìïåðàòóðà) èëè íà ïðîìåíè â êîëè÷åñòâàòà íà èçëú÷âàùèòå ìîëåêóëè.
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Îáùî ðàçïðåäåëåíèå

Íàé-÷åñòî èçïîëçâàíèÿò íàáëþäàòåëåí èíäèêàòîð íà ìîëåêóëÿðíèòå îáëàöè ñà ðîòàöèîí-
íèòå ëèíèè íà CO. Òå ñà ïîäõîäÿùè çà öåëòà ïî òðè ãëàâíè ïðè÷èíè. Ïúðâî, ìîëåêóëàòà
CO å íàé-ðàçïðîñòðàíåíîòî ñúåäèíåíèå â ISM ñëåä H2. Âòîðî, íåéíîòî ðàçïðåäåëåíèå ÿñíî
êîðåëèðà ñ òîâà íà H2. Íàé-ñåòíå, íèñêîåíåðãèéíèòå �è íèâà ìîãàò äà áúäàò âúçáóäåíè ïðè
íèñêèòå òåìïåðàòóðè, õàðàêòåðíè çà ÌÎ, è ñúîòâåòíèòå ïðåõîäè ìåæäó òÿõ ñà íàáëþäà-
åìè â ðàäèîäèàïàçîíà. Íàïðèìåð, íèâîòî CO J = 1 å ñ åíåðãèÿ åäâà 5.5 K íàä îñíîâíîòî.
Âñúùíîñò ìîëåêóëàòà CO å îñíîâíèÿò îõëàäèòåë íà ìîëåêóëíèÿ ãàç è ñúîòâåòíî íåéíî-
òî âúçáóæäàíå îïðåäåëÿ ãàçîâàòà òåìïåðàòóðà. (Ïîâå÷å çà òîâà ùå ãîâîðèì â ×àñò 6.1.)
Íåéíàòà åìèñèÿ ìîæå äà ñå èçïîëçâà çà îïðåäåëÿíå íà ìàñèòå íà ÌÎ (×àñò 12.1). Ñú-
îòíîøåíèåòî ïî ìàñè ìåæäó H i è H2 â Ìëå÷íèÿ ïúò è íà ãàëàêòîöåíòðè÷íè ðàçñòîÿíèÿ
ïîä òîâà íà Ñëúíöåòî å ãðóáî 70:30. Ôðàêöèÿòà íà ìîëåêóëíèÿ ãàç íàðàñòâà ðÿçêî êúì
Ãàëàêòè÷íèÿ öåíòúð è êëîíè êúì 100 % â ìîëåêóëÿðíèÿ ïðúñòåí íà ∼ 3 kpc, à ïîñëå
ñïàäà äî ∼ 10 % êúì ãàëàêòîöåíòðè÷íè ðàçñòîÿíèÿ, ñðàâíèìè ñ íàøåòî. Â äðóãè áëèçêè
ãàëàêòèêè ïðîïîðöèèòå âàðèðàò â øèðîêè ãðàíèöè: îò ïî÷òè ÷èñò H i äî ïî÷òè èçöÿëî H2.

Ìåæäóçâåçäíàòà ñðåäà â ãàëàêòèêè ñ ïðåîáëàäàâàù àòîìåí ãàç, êàòî íàøàòà, ñå õàðàê-
òåðèçèðàò ñ ïðåäèìíî âëàêíåñòà ñòðóêòóðà, êàòî ìàëêè ìîëåêóëÿðíè îáëàöè ñà ðàçïîëî-
æåíè îêîëî ìàêñèìóìèòå íà ðàçïðåäåëåíèåòî íà H i. Â ãàëàêòèêè ñ åäðîìàùàáíà ñïèðàë-
íà ñòðóêòóðà ìîëåêóëÿðíèÿò ãàç òðàñèðà ìíîãî äîáðå ñïèðàëíèòå ðúêàâè, íàáëþäàåìè
â îïòè÷íèÿ äèàïàçîí. Òèïè÷íè ïðèìåðè ñà ïîêàçàíè íà Ôèã. 3.1. (Ôèçè÷åñêèòå ïðè÷èíè
çà àñîöèèðàíåòî íà ìîëåêóëÿðíèÿ ãàç è H i, êàêòî è ìåæäó ÌÎ è ñïèðàëíèòå ðúêàâè,
ñà èíòåðåñåí ïðåäìåò íà îáñúæäàíå, íà êîéòî ùå ñå âúðíåì ïî-êúñíî.) Êàêòî ëè÷è îò
èçîáðàæåíèÿòà, ìîëåêóëíèÿò ãàç â ãàëàêòèêèòå (èëè çîíè îò ãàëàêòèêè) ñ ïðåîáëàäàâàù
H i îáèêíîâåíî å ãðóïèðàí â äèñêðåòíè îáåêòè, íàðå÷åíè ãèãàíòñêè ìîëåêóëÿðíè îáëàöè
(Giant Molecular Clouds, GMCs). Â Ìëå÷íèÿ ïúò òåõíèòå ìàñè äîñòèãàò äî íÿêîëêî ìè-
ëèîíà M⊙, äîêàòî äîëíàòà ãðàíèöà å ïîíå íÿêîëêî 104M⊙. Îáëàñòè íà ïðåîáëàäàâàùî
ìîëåêóëåí ãàç ñà ïî-áåçñòðóêòóðíè.
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Ôèãóðà 3.1: Ðàçïðåäåëåíèå íà ìîëåêóëíèÿ ãàç â ãàëàêòèêèòå: a) GMCs (êðúã÷åòà), äåòåê-
òèðàíè â ëèíèÿòà CO(1 → 0), íàëîæåíè âúðõó H i êàðòà íà M33 (Imara et al., 2011); b)
êàðòà íà åìèñèÿòà íà CO(1 → 0) â M51 (Schinnerer et al., 2013).

Îáëà÷íè ñòðóêòóðè

GMCs íå ñà ñôåðè÷íè, à èìàò ñëîæíà âúòðåøíà ñòðóêòóðà � ÷åñòî ñèëíî âëàêíåñòà è
íåõîìîãåííà, ñ ìíîæåñòâî îòäåëíè ñãúñòÿâàíèÿ (clumps), êàòî ãîëÿìà ÷àñò îò ìàñàòà å
ñúñðåäîòî÷åíà â ðàçðåäåíè çîíè, à ìíîãî ìàëêà � â ñèëíî ñãúñòåíè. Ñðåäíàòà ïëúòíîñò íà
ãàçà1, òðàñèðàí îò 12CO, å ∼ 100 cm−3. Òèïè÷íèòå ðàçìåðè íà GMCs ñà äåñåòêè pc � îáëà-
êúò Perseus, ïîêàçàí íà Ôèã. 3.2 å ìàëúê ñïðÿìî ïîâå÷åòî ïîäîáíè â Ãàëàêòèêàòà. Èçîá-
ðàæåíèÿ ñ âèñîêà ðåçîëþöèÿ ñà ïîëó÷åíè ñàìî çà áëèçêè è ìàëêè GMCs. Íàé-ìàñèâíèòå
íàñåëÿâàò ò.íàð. Ìîëåêóëÿðåí ïðúñòåí.

Íà ñëîæíàòà ñòðóêòóðà íà GMCs, âèäèìà íà êàðòè íà CO åìèñèèòå, ñúîòâåòñòâà ñëîæ-
íà ñòðóêòóðà è â ïðîñòðàíñòâîòî íà ñêîðîñòèòå. Òèïè÷íàòà äèñïåðñèÿ íà ñêîðîñòèòå íà
òåçè îáåêòè å äîñòà ïî-ãîëÿìà îò òîïëèííàòà ñêîðîñò íà çâóêà cs∼ 0.2 km.s−1(ïðè òåìïåðà-
òóðà íà ãàçà T = 10 K). Çà èçñëåäâàíå íà ðàçïðåäåëåíèåòî íà ãàçà ïðè ðàçëè÷íè ïëúòíîñòè
â PPV ïðîñòðàíñòâîòî (Position - Position - Velocity) ìîãàò äà ñå èçïîëçâàò ðàçëè÷íè èíäè-
êàòîðè � çà âñÿêà òî÷êà íà êàðòàòà ñå ïîëó÷àâà ñïåêòúð, êîéòî íè äàâà ðàçïðåäåëåíèåòî
ïî ðàäèàëíè ñêîðîñòè (Ôèã. 3.2).

Êîìáèíèðàíîòî èçñëåäâàíå ïî íÿêîëêî ìîëåêóëÿðíè èíäèêàòîðà ñúùî íè äàâà ïðåäñòà-
âà çà ñòðóêòóðàòà ïî ïëúòíîñò è ïî ñêîðîñò. Íàïðèìåð, ïî äàííè îò òðèìåðíè PPV êóáîâå
íà åìèñèÿòà â 12CO è 13CO ìîæåì äà î÷åðòàåì èçî-ïîâúðõíèíè, êàòî ïîñëåäíèòå â 12CO
îáèêíîâåíî ñúäúðæàò òåçè â 13CO, òúé êàòî ïúðâîòî ñúåäèíåíèå òðàñèðà ïî-ðàçðåäåíèÿ
ãàç. Íàé-îáùî, îò ïîâúðõíîñòòà êúì �öåíòúðà� íà îáëàêà ñå íàáëþäàâà ãðàäèåíò íà ïëúò-
íîñòòà, íî ìîðôîëîãèÿòà íèêàê íå å ïðîñòà.

Àêî ðåçîëþöèÿòà íà èçîáðàæåíèÿòà íè ïîçâîëÿâà äà ðàçãëåäàìå ïî-ìàëêèòå ñêàëè,
ïëúòíîñòòà íàðàñòâà äî 105 − 107cm−3è ïîâå÷å, äîêàòî ìàñàòà íàìàëÿâà äî íÿêîëêî ñëúí-
÷åâè ìàñè. Òàêèâà îáëàñòè, íàðå÷åíè îáèêíîâåíî �ÿäðà�, ñà íàðåäåíè îáèêíîâåíî â è ïî
ïðîòåæåíèå íà âëàêíà îò ðàçðåäåí ãàç. Ìîðôîëîãè÷íî òå ñà ïî-ñêîðî ñôåðîèäàëíè, çà
ðàçëèêà îò îáâèâàùèòå ãè ñòðóêòóðè, è ñå ñìÿòà, ÷å ìîãàò äà áúäàò ïðåäøåñòâåíèöè íà
îòäåëíè çâåçäè èëè çâåçäíè êóïîâå. (Ùå ðàçãëåäàìå ïî-ïîäðîáíî òåçè îáåêòè â Ãëàâà 14.)

1Ïðåñìåòíàòà êàòî ÷àñòíî íà ìàñàòà è ïðèáëèçèòåëíèÿ îáåì.
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Ôèãóðà 3.2: Êàðòà íà ãèãàíòñêèÿ ìîëåêóëÿðåí îáëàê Perseus ïî åìèñèÿ 13CO (2 → 1) (Sun
et al., 2006). Â ãîðíèÿ ïàíåë å ïîêàçàí èíòåãðèðàíèÿò ïî âñè÷êè ñêîðîñòè èíòåíçèòåò, à â
äâå êîëîíè ïî-äîëó ñà êàðòèòå, ïîëó÷åíè â ðàçëè÷íè ñêîðîñòíè êàíàëè (â ñêîáè ñà óêàçàíè
äèàïàçîíèòå ïî ñêîðîñòè â km.s−1).

Íî ÿäðàòà íå ñå ðàçãðàíè÷àâàò ñàìî êàòî ïðîñòè, ñôåðîèäàëíè ñãúñòÿâàíèÿ, íî è êàòî
ïîäîáíè, ïðîñòè ñòðóêòóðè â ïðîñòðàíñòâîòî íà ñêîðîñòèòå. Äèñïåðñèÿòà íà ñêîðîñòèòå
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â òÿõ ïî-ñêîðî ñóáçâóêîâà � çà ðàçëèêà îò GMCs, êúäåòî òÿ å ñèëíî ñâðúõçâóêîâà. Òîâà
ëè÷è îò òîïëèííîòî ðàçøèðåíèå íà ëèíèèòå, ñðàâíèìî ñ î÷àêâàíîòî îò ÷èñòî òîïëèííè
äâèæåíèÿ.

3.2 Èíäèêàòîðè íà çâåçäîîáðàçóâàíå

Íàïðàâèõìå îáù ïðåãëåä íà ñðåäàòà, â êîÿòî âúçíèêâàò çâåçäèòå. Ñåãà íåêà ñå ñïðåì
è íà ôåíîìåíîëîãèÿòà íà îáåêòèòå, íåïîñðåäñòâåíî ïðåäøåñòâàùè çâåçäîîáðàçóâàíåòî,
êàêòî è íà ìëàäèòå çâåçäíè íàñåëåíèÿ. Âèñîêàòà ñâåòèìîñò íà ïîñëåäíèòå ïîçâîëÿâà äà
ãè íàáëþäàâàìå è èçâúí íàøàòà Ãàëàêòèêà, à ñúùî äà îöåíèì òÿõíîòî âúçäåéñòâèå âúðõó
çàîáèêàëÿùàòà ãè ìåæäóçâåçäíà ñðåäà.

Ïðåäçâåçäíè è ïðîòîçâåçäíè îáåêòè

Àêî çâåçäîîáðàçóâàíåòî çàïî÷âà îò ñãúñòåíî ãàçîâî êúëáî, åñòåñòâåíî å äà òúðñèì òàêúâ
îáåêò â îáëàê, êîéòî å ñòóäåí è íå ñúäúðæà öåíòðàëåí òî÷êîâ èçòî÷íèê. Ùîì âúçíèê-
íå ïðîòîçâåçäà, èçëú÷âàíåòî �è ïîñòåïåííî ùå íàãðåå îáëàêà, äîêàòî ãàçúò ùå àêðåòèðà
âúðõó íåÿ, êîåòî ùå äîâåäå äî íàìàëÿâàíå íà íåïðîçðà÷íîñòòà. Â êðàéíà ñìåòêà îáâèâ-
êàòà ùå ñòàíå ïðîçðà÷íà â NIR è äàæå â îïòè÷íèÿ äèàïàçîí, ïîçâîëÿâàéêè ïúðâè ïðåêè
íàáëþäåíèÿ íà çâåçäàòà. Îñòàòú÷íî îáðàçóâàíèå îêîëî çâåçäàòà å àêðåöèîíåí äèñê, êîéòî
ïîñòåïåííî ñúùî ñå ïîãëúùà îò íåÿ è ÷àñòè÷íî ñå ðàçñåéâà. Îáðàçóâàëàòà ñå çâåçäà ñà ñâè-
âà è ïîïàäà âúðõó Ãëàâíàòà ïîñëåäîâàòåëíîñò. Òàçè îáùà òåîðåòè÷íà ñõåìà å çàëîæåíà â
îñíîâàòà íà �ñòàíäàðòíàòà òåîðèÿ� íà çâåçäîîáðàçóâàíåòî, êîÿòî ùå îïèøåì ïî-äîëó (×àñò
4.2). Òÿ å ïîäêðåïåíà îò íàáëþäàòåëíà äèàãíîñòèêà â èíôðà÷åðâåíèÿ è â ñóáìèëèìåòðî-
âèÿ äèàïàçîí. Ïðèâåäåíàòà íàáëþäàòåëíà êëàñèôèêàöèÿ òðÿáâà äà ñå ðàçãëåæäà ïî-ñêîðî
êàòî îðèåíòèð çà îòäåëíèòå åâîëþöèîííè åòàïè íà åäèí ïðåäçâåçäåí è ïðîòîçâåçäåí îáåêò.

• Ïðåäçâåçäíî ÿäðî: âúçíèêâà â ñãúñòåíè çîíè íà ÌÎ, â êîèòî ñàìîãðàâèòàöèÿòà íàä-
äåëÿâà íàä íåòîïëèííèòå ìåõàíèçìè íà ïîääðúæêà (ïîòîê íà ìàãíèòíîòî ïîëå èëè
ñâðúõçâóêîâà òóðáóëåíòíîñò).

• Çàòúìíåíà ïðîòîçâåçäà ñ àêðåöèîíåí äèñê: îôîðìÿ ñå è íàðàñòâà â öåíòúðà íà êî-
ëàïñèðàù îáëàê. Íàáëþäàâàò ñå â ñóáìèëèìåòðîâèÿ è èíôðà÷åðâåíèÿ äèàïàçîí ïî-
ðàäè ïúëíîòî åêðàíèðàíå íà ìàñèâíàòà îáâèâêà. Äà ðàçãëåäàìå ÿäðî ñ ìàñà ∼ 1M⊙,
íàáëþäàâàíî â åìèñèè íà ïðàõà èëè íà ìîëåêóëè. Êîãàòî â öåíòúðà ìó âúçíèêíå
çâåçäà, òÿ ùå áúäå ñ ìíîãî ìàëêà ìàñà è ñâåòèìîñò è çàòîâà ùå áúäå â ñúñòîÿíèå
äà íàãðåå ñàìî ìàëêî êîëè÷åñòâî ïðàõ è òî â íåïîñðåäñòâåíà áëèçîñò. Òàêà â ïúë-
íîòî èçëú÷âàíå íàé-ãîëÿì äÿë ùå èìà òîïëèííàòà åìèñèÿ íà ïðàõà ïðè íåãîâàòà
ðàâíîâåñíà òåìïåðàòóðà è SED íà èçòî÷íèêà ùå èçãëåæäà êàòî òîâà íà ïðåäõîäíèÿ
åâîëþöèîíåí åòàï.

Íî èìà è äðóãè âúçìîæíè èíäèêàòîðè. Íàïðèìåð, íàáëþäàâàíîòî N -pdf èìà ìíîãî
îñòúð è íåðàçäåëåí ìàêñèìóì. Äðóã õàðàêòåðåí èíäèêàòîð å íàëè÷èåòî íà èçòè÷àíå
íà âåùåñòâî (out�ow) ðàäèàëíî îò öåíòúðà íà ÿäðîòî è ïðîäúëæàâàùî íÿêîëêî äåíà.
Òàêèâà áèïîëÿðíè ñòðóêòóðè ñ âèñîêè ñêîðîñòè ìîãàò äà ñå íàáëþäàâàò â ìîëåêóëíè
åìèñèè. Íåïðåêè ñâèäåòåëñòâà çà òÿõ å äåòåêòèðàíåòî íà ìîëåêóëíè åìèñèè ñ âèñîêè
íèâà íà âúçáóæäàíå, íàïðèìåð ëèíèÿòà SiO(2 → 1), êîÿòî îáèêíîâåíî ñå íàáëþäàâà
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â ãàç, äâèæåù ñå ñ íÿêîëêî äåñåòêè km.s−1 è ñ òåìïåðàòóðà íÿêîëêîñòîòèí K. Åäèí-
ñòâåíî êîìïàêòåí îáåêò ñ âòîðà êîñìè÷åñêà ñêîðîñò ≳ 100 km.s−1 ìîæå äà óñêîðè
ãàçà â ÌÎ äî òàêèâà ñòîéíîñòè.

• Ïðîòîçâåçäà ñ àêðåöèîíåí äèñê è áèïîëÿðíî èçòè÷àíå: çâåçäíèòå âåòðîâå è èçëú÷-
âàíå ïðîáèâàò îáâèâêàòà ïî ðîòàöèîííàòà îñ íà ñèñòåìàòà è ñúçäàâàò ïîñòîÿííî
áèïîëÿðíî èçëú÷âàíå, êîåòî íàêðàÿ âîäè äî ðàçñåéâàíå íà îáâèâêàòà. Îáåêòúò âå-
÷å ñå íàáëþäàâà â îïòè÷íèÿ è áëèçêèÿ èíôðà÷åðâåí äèàïàçîí. Êàòî êðèòåðèé íà
ðàçãðàíè÷åíèå ñïðÿìî ïðåäõîäíèÿ åòàï äíåñ ñå ïðèåìà ñëåäíèÿò: ñóáìèëèìåòðîâàòà
ñâåòèìîñò (çà λ > 350µm) äà ïàäíå ïîä 0.5% îò ïúëíàòà áîëîìåòðè÷íà ñâåòèìîñò. Â
ïðàêòèêàòà îáà÷å ïî-÷åñòî ñå èçïîëçâà äðóãà íàáëþäàåìà âåëè÷èíà: áîëîìåòðè÷íàòà
òåìïåðàòóðà Tbol, îïðåäåëåíà êàòî òåìïåðàòóðàòà íà àáñîëþòíî ÷åðíî òÿëî ñ ÷åñòîòà
íà èçëú÷âàíå, óñðåäíåíà ïî ïîòîê, ðàâíà íà îïðåäåëåíàòà ïî íàáëþäàâàíîòî SED:∫

νBν(Tbol)dν∫
Bν(Tbol)dν

=

∫
νFνdν∫
Fνdν

. (3.1)

Êîãàòî ïðîòîçâåçäàòà äîñòèãíå Tbol = 70 K, òÿ ñå êëàñèôèöèðà êàòî îáåêò îò êëàñ
I (âæ. ñëåäâàùàòà ÷àñò), ïî-íàòàòúøíàòà �è åâîëþöèÿ ñå îïðåäåëÿ îò íåéíîòî SED
â èíôðà÷åðâåíèÿ äèàïàçîí. Íà ïî-ðàííè ñòàäèè íåéíàòà ïðàõîâà îáâèâêà å òîëêîâà
îïòè÷íî äåáåëà, ÷å íàáëþäàòåëÿò èçîáùî íå âèæäà íåéíàòà ôîòîñôåðà, à ðåãèñò-
ðèðà ñàìî òîïëèííàòà åìèñèÿ íà ïðàõà. Òúé êàòî ðàäèóñúò íà îáâèâêàòà å ìíîãî
ïî-ãîëÿì îò òîçè íà çâåçäàòà, à ñâåòèìîñòèòå èì ðàâíè (ïðàõúò å â LTE), Ldust ñúîò-
âåòñòâà íà ïî-íèñêà òåìïåðàòóðà è ñúîòâåòíî ïî-ãîëåìè äúëæèíè íà âúëíàòà λ. Îò
äðóãà ñòðàíà, íåïðîçðà÷íîñòòà íà ïðàõà íàìàëÿâà ñ λ; òàêà èçëú÷âàíåòî ñå îòìåñòâà
êúì äúëæèíè íà âúëíàòà, êúäåòî ïðàõúò å îïòè÷åñêè òúíúê è íàïóñêà îáåêòà. Íàá-
ëþäàâàìå íå çâåçäíà, à �ïðàõîâà ôîòîñôåðà�. Òàêà êîëîíêîâàòà ïëúòíîñò íà ïðàõà
îêîëî çâåçäàòà å ïðîïîðöèîíàëíà íà îòìåñòâàíåòî íà ìàêñèìóìà íà èçëú÷âàíåòî êúì
ïî-ãîëåìè äúëæèíè, çà äà íàïóñíå òî îáåêòà.

Îáåêòè ñ ìàêñèìóìè íà SED, ðàçïîëîæåíè ïî-áëèçî äî îïòè÷íèÿ äèàïàçîí, ñà â ïî-
íàïðåäíàë ñòàäèé íà åâîëþöèÿ, çàùîòî ñà çàãóáèëè ïî-ãîëÿìà ÷àñò îò îáâèâêèòå ñè.
Ïðè Tbol = 650 K âå÷å ãîâîðèì çà îáåêò îò êëàñ II, ò.å.

• Ìëàäà çâåçäà ñ (ïðîòî)ïëàíåòåí äèñê è ïî÷òè áåç îáâèâêà: îáâèâêàòà å íàïúëíî
ïîãúëíàòà îò çâåçäàòà èëè ñå å ðàçñåÿëà îò îáðàòíè ïðîöåñè. Çàòîâà òÿ å âå÷å îïòè÷íî
òúíêà âúâ âèäèìèÿ äèàïàçîí è ìîæåì äà íàáëþäàâàìå ïðÿêî çâåçäíàòà àòìîñôåðà,
ò.å. ÷åðíîòåëíî èçëú÷âàíå ñ èçëèøúê â NIR è MIR, êîéòî ïðåäñòàâëÿâà ïðèíîñ íà
òîïëèÿ ãàçîâ äèñê. Òàêèâà îáåêòè ñà ïîçíàòè ñúùî êàòî êëàñè÷åñêè òèï T Tauri.
Ïîíåæå äèñêúò èì âñå îùå èìà çíà÷èòåëíà ìàñà, ïðåäïîëàãà ñå, ÷å òîâà å åòàïúò, íà
êîéòî ïðîòè÷à îáðàçóâàíåòî íà ïëàíåòè.

• Ìëàäà çâåçäà ñ ðàçñåéâàù ñå èëè îïòè÷åñêè òúíúê äèñê: The �nal class is class III,
which in terms of SED have αIR < −1.6. Stars in this class correspond to weak line
T Tauri stars. The SEDs of these stars look like bare stellar photospheres in the optical
through the mid-infrared. If there is any IR excess at all, it is in the very far IR, indicating
that the emitting circumstellar material is cool and located far from the star. The idea
here is that the disk around them has begun to dissipate, and is either now optically thin
at IR wavelengths or completely dissipated, so there is no strong IR excess.
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However, these stars are still not mature main sequence stars. First of all, their temperatures
and luminosities do not correspond to those of main sequence stars. Instead, they are still
pu�ed up to larger radii, so they tend to have either lower e�ective temperatures or
higher bolometric luminosities (or both) than main sequence stars of the same mass.
Second, they show extremely high levels of magnetic activity compared to main sequence
stars, producing high levels of x-ray emission. Third, they show lithium absorption lines
in their atmospheres. This is signi�cant because lithium is easily destroyed by nuclear
reactions at high temperatures, and no main sequence stars with convective photospheres
show Li absorption. Young stars show it only because there has not yet been time for all
the Li to burn.

Ñòàòèñòèêà íà ìëàäè çâåçäíè íàñåëåíèÿ: â Ìëå÷íèÿ ïúò è èçâúí

Young stars tend to be born in the presence of other stars, rather than by themselves. This is
not surprising: the gas cores from which they form are very small fragments, ∼ 1M⊙, inside
much larger, ∼ 106M⊙clouds. It would be surprising if only one tiny fragment formed. The
smallest scale we can look at beyond a single star is multiple systems. When we do so, we �nd
that a signi�cant fraction of stars are members of multiple systems � usually binaries, but also
some triples, quadruples, and larger. The multiplicity is a strong function of stellar mass. The
vast majority of B and earlier stars are multiples, while the majority of G, K, and M stars are
singles. This means that most stars are single, but that most massive stars are multiples. The
distribution of binary periods is extremely broad, ranging from hours to Myr. The origin of the
distribution of periods, and of the mass-dependence of the multiplicity fraction, is a signi�cant
area of research in star formation theory. Ñ ðàçïðåäåëåíèåòî íà ìëàäèòå çâåçäè ïî ìàñè,
íàðå÷åíî IMF (Initial Mass Function), ùå ñå çàíèìàåì ïî-ïîäðîáíî â ×àñò 18.

Â ãàëàêòèêèòå èçâúí Ìåñòíàòà ãðóïà íå ìîæåì äà ïîëó÷èì ñïåêòðè è äîðè ôîòîìåòðèÿ
íà îòäåëíè çâåçäè. Äà ïðåäïîëîæèì, ÷å çíàåì (íîðìèðàíàòà) IMF dn/dm, ñúñ ñðåäíà
çâåçäíà ìàñà m. Àêî ñâåòèìîñòòà2 íà çâåçäà ñ ìàñà m è â ìîìåíò t å L(m, t), òî îáùàòà
ñâåòèìîñò íà çâåçäíî íàñåëåíèå ñ áðîé N∗, îáðàçóâàëî ñå åäíîâðåìåííî â ìîìåíò t = 0, ùå
áúäå:

L(t) = N∗

∞∫
0

L(m, t)
dn

dm
dm (3.2)

Íåêà ñåãà ðàçãëåäàìå öÿëà ãàëàêòèêà ñúñ ñêîðîñò íà çâåçäîîáðàçóâàíå3 Ṁ∗(t). Òîãàâà
çà îáùàòà ñâåòèìîñò íà çâåçäíîòî íàñåëåíèå, êîåòî å íàëèöå êúì íàñòîÿùèÿ ìîìåíò tgal
îò ñúùåñòâóâàíåòî íà ãàëàêòèêàòà, ïîëó÷àâàìå:

L∗ =

tgal∫
0

Ṁ∗(t)

m
dt

∞∫
0

L(m, t)
dn

dm
dm .

Íåêà êàòî ïúðâî ïðèáëèæåíèå ïðèåìåì, ÷å Ṁ∗(t) = const. Òúé êàòî ôóíêöèÿòà L(m, t)
êëîíè êúì íóëà ñëåä äîñòàòú÷íî äúëãî âðåìå, ìîæåì äà ðàçäåëèì èíòåãðàëèòå ïî m è t

2Áîëîìåòðè÷íà èëè â íÿêàêúâ ñïåêòðàëåí äèàïàçîí.
3Ïîñëåäíàòà âåëè÷èíà ÷åñòî ñå îáîçíà÷àâà ñúñ ñúêðàùåíèåòî SFR: Star Formation Rate.
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è äà çàïèøåì:

L∗ =
Ṁ∗

m

∞∫
0

dn

dm
dm

tgal∫
0

L(m, t)dt ≡ Ṁ∗

m

∞∫
0

⟨Llife⟩m
dn

dm
dm , (3.3)

êúäåòî ⟨Llife⟩m å ïúëíàòà åíåðãèÿ, èçëú÷åíà îò çâåçäàòà çà íåéíîòî âðåìå íà æèâîò. Èçðà-
çúò îòäÿñíî çàâèñè îò SFR Ṁ∗, îò îñâîáîäåíàòà åíåðãèÿ ⟨Llife⟩m è îò IMF dn/dm. Âòîðàòà
âåëè÷èíà ìîæåì äà ïðåñìåòíåì îò òåîðèÿòà çà çâåçäíèÿ ñòðîåæ è åâîëþöèÿ, à L å èç-
ìåðâàåìà âåëè÷èíà. Òîãàâà çàäàâàíåòî íà IMF ùå íè äàäå îöåíêà íà SFR. Ôèçè÷åñêàòà
êàðòèíà å, ÷å àêî íàáëþäàâàìå çâåçäíî íàñåëåíèå, ïðè êîåòî å íàëèöå ðàâíîâåñèå ìåæ-
äó íîâîîáðàçóâàíè è óìèðàùè çâåçäè, ïúëíèÿò áðîé çâåçäè, äîïðèíàñÿù êúì èçìåðåíàòà
ñâåòèìîñò, å ïðîïîðöèîíàëåí íà ñêîðîñòòà íà òÿõíîòî âúçíèêâàíå.

Äàëè îáà÷å äîïóñêàíåòî çà ïîñòîÿííà SFR å îñíîâàòåëíî? Çàâèñè îò ñèñòåìàòà, êî-
ÿòî ðàçãëåæäàìå. Òî å ðàçóìíî çà ãàëàêòèêè, êîèòî íå èçïèòâàò âúíøíà ïåðòóðáàöèÿ
è çà ïåðèîäè, ìíîãî ïî-ìàëêè îò äèíàìè÷íîòî âðåìå4 tdyn. Àêî ðàçãëåæäàìå ñâåòèìîñò
â ñïåêòðàëåí äèàïàçîí, â êîéòî èçëú÷âàò íàé-âå÷å çâåçäè ñ êðàòúê æèâîò (≪ tdyn), òî
L(m, t) êëîíè áúðçî êúì íóëà è ïðåäïîëîæåíèåòî å áëèçî äî èñòèíàòà. Íåîáõîäèìîñòòà
òîâà èçèñêâàíå äà áúäå èçïúëíåíî íè âîäè äî èçïîëçâàíåòî íà ñâåòèìîñòè â äèàïàçîíè,
êúäåòî ïðåîáëàäàâà èçëú÷âàíåòî íà ìíîãî ìàñèâíè çâåçäè, ñ òâúðäå êðàòêî âðåìå íà æè-
âîò. Çàòîâà íè èíòåðåñóâàò ïîäõîäè çà äåòåêòèðàíå íà ìëàäè ìàñèâíè çâåçäè. Åòî íÿêîè
îò òÿõ:

- Ðåêîìáèíàöèîííè ëèíèè: âåðîÿòíî íàé-èçïîëçâàíèÿò ìåòîä, à çà íàçåìíè íàáëþäå-
íèÿ íà ïîâå÷åòî ãàëàêòèêè è åäèíñòâåíèÿò ìåòîä å äåòåêöèÿòà íà ðåêîìáèíàöèîííè
ëèíèè íà âîäîðîäà. Áåãúë ïðåãëåä íà ñïåêòðèòå íà ãàëàêòèêè, îò òàêèâà áåç çâåçäî-
îáðàçóâàíå (òèïîâå E4 è SB) äî ìíîãî àêòèâíè (Sc è Sm/Im) ïîêàçâà ãîëåìè ðàçëèêè
ïî îòíîøåíèå íàëè÷èåòî íà åìèñèîííè ëèíèè (Ôèã. 3.3). Íàé-ñèëíî èçðàçåíèòå ëèíèè
ñà Hα λ 6563 �A è the Hβ λ 4861 �A. Â NIR (íåïîêàçàíè íà ôèãóðàòà) ñå íàáëþäàâàò Paα
(λ = 1.87 µm) è β ((λ = 1.28 µm)), êàêòî è Brα (λ = 4.05 µm) and γ (λ = 2.17 µm).
Òåçè ëèíèè ñà èíäèêàòîðè íà çâåçäîîáðàçóâàíå, çàùîòî ñå ãåíåðèðàò â H ii îáëàñòèòå
îêîëî ìëàäè çâåçäè, à çà âúçíèêâàíåòî íà òàêèâà îáëàñòè çâåçäàòà òðÿáâà äà áúäå ñ
ìàñà ïîíå 10-20M⊙.

Obtaining a numerical conversion between the observed luminosity in one of these lines
and the SFR is a four-step process. First, we do the quantum statistical mechanics
calculation to compute the yield of photons in the various lines per recombination.
Second, we equate the total recombination rate to the total ionization rate, and use
this to determine the total rate of emission for the line in question per ionizing photon
injected into the nebula. Third, we use stellar models to compute ⟨Lion; life⟩m, the total
ionizing photon production by a star of mass m over its lifetime. Four, we evaluate the
integral over the IMF given by equation (3.3) to obtain the numerical conversion between
SFR and luminosity.

Note that there are signi�cant uncertainties in these numbers, the biggest one of which is
the IMF. The reason the IMF matters so much is that the light is completely dominated by
the massive stars, while the mass is all on the low mass stars we're not observing directly.
To give an example, for a Chabrier IMF stars more massive than 15M⊙contribute 99% of

4Îêîëî 200 Myr çà ãàëàêòèêà îò òèïà íà Ìëå÷íèÿ ïúò.
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Ôèãóðà 3.3: Ðeêîìáèíàöèîííè ëèíèè â ñïåêòðè íà ãàëàêòèêè îò ðàçëè÷åí Õúáëîâ òèï
(óêàçàí â ãîðíèòå ëåâè úãëè). Çàèìñòâàíî îò Kennicutt (1992).

the total ionizing �ux for a stellar population, but constitute less than 0.3% of the mass.
Thus we are extrapolating by at least a factor of 30 in mass, and small changes in the
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IMF can produce large changes in the resulting ionizing luminosity to mass conversion.

- Ñïèðà÷íî èçëú÷âàíå â ðàäèîäèàïàçîíà: Òàêîâà èçëú÷âàíå å ñúùî õàðàêòåðíî çà H ii îá-
ëàñòèòå, ðåäîì ñúñ ñâúðçàíî-ñâúðçàíè ïðåõîäè â îáâèâêàòà íà âîäîðîäíèÿ è äðóãè
òèïîâå àòîìè. Íàëè÷èåòî íà ãîëåìè êîëè÷åñòâà éîíè îáóñëàâÿ óñêîðåíèå íà ñâîáîäíè
åëåêòðîíè. Òÿõíîòî ñïèðà÷íî èçëú÷âàíå Fbs å ïðîïîðöèîíàëíî íà êîíöåíòðàöèèòå íà
äâàòà òèïà ÷àñòèöè. Òúé êàòî ñêîðîñòòà íà ðåêîìáèíàöèÿ å ñúùî ïðîïîðöèîíàëíà
íà nenH+ è å ðàâíà íà ñêîðîñòòà íà éîíèçàöèÿ, ïîòîêúò Fbs å ïðîïîðöèîíàëåí íà ñêî-
ðîñòòà íà âíàñÿíå íà éîíèçèðàùè ôîòîíè â H ii îáëàñòòà. Îò ïîçíàâàíåòî íà âòîðàòà
âåëè÷èíà, âúç îñíîâà íà ôèçèêàòà íà òåçè çîíè, ìîæåì äà îöåíèì SFR.

Òîçè ìåòîä å ìíîãî åôåêòèâåí, çàùîòî ðàäèîèçëú÷âàíåòî íå ñå åêðàíèðà îò ïðàõà.
Òîé å îñîáåíî çà ïðåäïî÷èòàíå ïðè íàáëþäåíèÿ â Ìëå÷íèÿ ïúò, íà ìàëêè ãàëàêòè÷íè
øèðèíè. Îò äðóãà ñòðàíà, åìèñèèòå ïîðàäè ñïèðà÷íî èçëú÷âàíå ñà ñëàáè è î÷åðòà-
âàíåòî íà îòäåëíàòà H ii îáëàñò å àáñîëþòíî íåîáõîäèìî, çà äà ãè ðàçëè÷èì îò äðóãè
èçòî÷íèöè.

- Èíôðà÷åðâåíî èçëú÷âàíå íà ïðàõà: Òîâà å ïîäõîäÿù èíäèêàòîð çà ãàëàêòèêè ñ ãîëÿ-
ìî ïðàõîâî ñúäúðæàíèå è ïî-âèñîêè SFR. Åêñòèíêöèÿòà íà ïðàõà ñúçäàâà ïðîáëåìè
ïîðàäè åôåêòèâíîòî ïîãëúùàíå íà Áàëìåðîâàòà ñåðèÿ (âæ. ×àñò 1.1). Ïðè èíôðà÷åð-
âåíèòå ñåðèè íà Paschen è Bracket ïîãëúùàíåòî å ñëàáî, íî ïúê òå ñà íà 1-2 ïîðÿäúêà
ïî-ñëàáè è ñà òðóäíî äåòåêòèðóåìè.

Íî â ãàëàêòèêà ñ äîñòàòú÷íî ñúäúðæàíèå íà ïðàõ ïðàêòè÷åñêè öÿëàòà çâåçäíà ñâåò-
ëèíà ñå ïîãëúùà îò ïðàøèíêèòå, êîèòî ÿ ïðåèçëú÷âàò â FIR. Òàêà ñïåêòðàëíîòî
ðàçïðåäåëåíèå íà åíåðãèÿòà (SED) èìà ìàêñèìóì â èíôðà÷åðâåíèÿ äèàïàçîí è èí-
òåãðàëíîòî èíôðà÷åðâåíî èçëú÷âàíå íà ãàëàêòèêàòà ìîæå äà ñå èçïîëçâà êàòî ìÿðêà
çà îáùàòà ñâåòèìîñò L∗ íà çâåçäíîòî íàñåëåíèå. Â ãàëàêòèêè èëè îáëàñòè îò òÿõ ñ âè-
ñîêè SFR, êúäåòî äåòåêöèÿòà íà Hαè äðóãè ðåêîìáèíàöèîííè ëèíèè íå å íàäåæäíà,
îãðîìíèÿò ïðèíîñ êúì L∗ ñå ïàäà íà ìëàäèòå çâåçäè. Ïîðàäè êðàòêîòî âðåìå íà æè-
âîò íà òàêèâà îáåêòè, ïúëíèÿò èì áðîé âúâ âñåêè ìîìåíò å ïðîñòî ïðîïîðöèîíàëåí
íà SFR.

- Øèðîêîèâè÷íà óëòðàâèîëåòîâà ôîòîìåòðèÿ: Ñòàâà äóìà çà ôîòîíè ñ äúëæèíè
íàä Ëàéìàíîâèÿ êîíòèíóóì, íî ïî-ìàëêè îò äèàïàçîíà íà ìàêñèìàëíî èçëú÷âàíå
íà ïî-ñòàðè çâåçäíè íàñåëåíèÿ: 1250 ≤ λ ≤ 2500 �A. Ïîðàäè íåâúçìîæíîñòòà äà
éîíèçèðàò âîäîðîäà, òåçè ôîòîíè íàïóñêàò ãàëàêòèêàòà, à ïðè ãîëåìè z ìîãàò äà
áúäàò äåòåêòèðàíè è îò çåìíàòà ïîâúðõíîñò. Çà ãàëàêòèêè îò áëèçêàòà Âñåëåíà ñà
íåîáõîäèìè íàáëþäåíèÿ îò êîñìîñà; ãîëÿì íàïðåäúê â òàçè ïîñîêà áåøå îòáåëÿçàí
ñ ïóñêàíåòî íà ñàòåëèòà GALEX, ÷èèòî äåòåêòîðè ôóíêöèîíèðàò íà äúëæèíè 1300-
1800 (FUV) and 1800-2800 �A(NUV). (Ïúðâèÿò âå÷å å èçâúí óïîòðåáà.) Åìèñèÿòà â
òåçè èâèöè ñå äúëæè ïðåäèìíî íà çâåçäè ñ ìàñè ≳ 5M⊙, ò.å. ñ âðåìåíà íà æèâîò
∼50 Myr, êîåòî å õàðàêòåðíîòî âðåìå çà îöåíêà íà SFR.

Íàáëþäåíèÿòà â UV ñòðàäàò îò ñúùèòå ïðîáëåìè êàòî åêñòèíêöèÿòà íà ïðàõà è Hα�
è äîðè ïî-ñåðèîçíè, òúé êàòî íåïðîçðà÷íîñòòà íàðàñòâà ñ ÷åñòîòàòà. Íî îò äðóãà
ñòðàíà, òå ñà ïî-ìàëêî ÷óâñòâèòåëíè êúì âúçïðèåòàòà IMF, îòêîëêîòî Hα, òúé êàòî
éîíèçèðàùèòå ôîòîíè ïðîèçõîæäàò îò îùå ïî-ãîðåùè çâåçäè.



Ãëàâà 4

Êðàòêà èñòîðèÿ íà òåîðåòè÷íèòå ìîäåëè

Çâåçäèòå ñúñ ñðåäíà ïëúòíîñò (≳ 1024 cm−3) è ðàçìåðè îò ïîðÿäúêà íà AU ñå îáðàçóâàò
îò ÌÑ ñ òèïè÷íè ïëúòíîñòè 1 cm−3 (àòîìíà ôàçà) è ñòîòèöè cm−3 è ðàçìåðè îò äåñåòêè
pc (ÌÎ) èëè ∼ 1 pc (ìëàäè êóïîâå). Òîâà å îãðîìíà êîìïðåñèÿ è åäèíñòâåíàòà ñèëà, êî-
ÿòî ìîæå äà ÿ ïðè÷èíè, å ãðàâèòàöèÿòà. Âúçìîæíè àãåíòè íà ïðîòèâîäåéñòâèå ñà: ãàçîâî
(òîïëèííî) íàëÿãàíå íà ñðåäàòà, åäðîìàùàáíà òóðáóëåòíîñò, ìàãíèòíè ïîëåòà, íàëÿãàíå
íà ëú÷åíèåòî. Ñúâðåìåííàòà òåîðèÿ íà çâåçäîîáðàçóâàíåòî å îñíîâàíà íà ñëîæíîòî âçàè-
ìîäåéñòâèå ìåæäó âñè÷êè òåçè ôåíîìåíè. Òóê ùå íàïðàâèì ñàìî ïðåãëåä íà ïðåäõîäíîòî
èñòîðè÷åñêî ðàçâèòèå, à â ñëåäâàùèòå ÷àñòè ùå ñå ñïðåì ïî-ïîäðîáíî íà ôèçèêàòà íà
çâåçäîîáðàçóâàíåòî, êàêòî è íà îáëàñòèòå è îáåêòèòå, â êîèòî òî ïðîòè÷à.

4.1 Ïúðâàòà ïàðàäèãìà: ãðàâèòàöèÿ ñðåùó ãàçîâî íàëÿ-
ãàíå

Ãðóáè îöåíêè çà ìèíèìàëíèòå ðàçìåð R è ìàñà M íà ñàìîãðàâèòèðàù, ñôåðè÷åí ãàçîâ
îáåì îò ìåæäóçâåçäíàòà ñðåäà ìîãàò äà ñå ïîëó÷àò îò óðàâíåíèåòî çà õèäðîñòàòè÷íî ðàâ-
íîâåñèå. Àêî ïðèåìåì, ÷å òàêúâ êîëàïñ å èçîòåðìè÷åí (T = const), çàïî÷âà ïðè íèùîæíî
íàëÿãàíå è çàâúðøâà ïðè ñâèâàíå íà îáåìà äî òî÷êà (R ≃ 0) è íàëÿãàíå P , òî:

dP = −gρ dr → ∆P = P =
∣∣− gρ∆R

∣∣
→ ℜ

µ
ρT =

GM
R2

ρR =
G.4πR3ρ

3R2
ρR

Îòòóê çà R è M ïîëó÷àâàìå:

R =

(
3ℜ

4πGµ

)1/2(
T

ρ

)1/2

(4.1)

M =
4π

3
ρR3 =

(
3

4π

)1/2(
ℜ
Gµ

)3/2
T 3/2

ρ1/2
(4.2)

Òî÷íèòå ñòîéíîñòè íà òåçè âåëè÷èíè ñà èçâåäåíè îò Äæåéìñ Äæèíñ îò õèäðîäèíàìè÷-
íî ðàçãëåæäàíå íà ìàëêà ïåðòóðáàöèÿ ρ′ â èçîòåðìè÷åí è õîìîãåíåí (ρ0 = const) ôëóèä,
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÷èéòî ãðàâèòàöèîíåí ïîòåíöèàë ñå îïèñâà îò óðàâíåíèåòî íà Ïîàñîí (Poisson). Ñëåä èç-
âåñòíè ìàòåìàòè÷åñêè îïåðàöèè ñå ñòèãà äî âúëíîâî äèôåðåíöèàëíî óðàâíåíèå ñ ðåøåíèå
è äèñïåðñèîííî ñúîòíîøåíèå ñúîòâåòíî:

ρ′ = A exp
(
i(k⃗λ.r⃗ − ω.t)

)
ω2 = k2λ c

2
s − 4πGρ0 ,

êúäåòî cs =
√
kT/µ å ñêîðîñòòà íà çâóêà â ñðåäàòà, à kλ å âúëíîâîòî ÷èñëî. Ïðåõîäúò

ìåæäó ðåàëíà è èìàãèíåðíà ñòîéíîñò íà ω ñå îñúùåñòâÿâà ïðè êðèòè÷íàòà äúëæèíà íà
Äæèíñ:

λJ =
2π

kλJ

=

(
π

Gρ0

)1/2

cs (4.3)

Ïðè λ < λJ ïåðòóðáàöèÿòà îñöèëèðà, íî íå íàðàñòâà ïî àìïëèòóäà, äîêàòî â îáðàòíèÿ
ñëó÷àé àìïëèòóäàòà íàðàñòâà åêñïîíåíöèàëíî âúâ âðåìåòî. Ñ äðóãè äóìè, àêî îáëàñòòà
å äîñòàòú÷íî ãîëÿìà (è ìàñèâíà), ùå çàïî÷íå êîëàïñ. Ñúîòâåòñòâàùàòà íà λJ êðèòè÷íà
ìàñà ñå íàðè÷à ìàñà íà Äæèíñ:

MJ =

(
πk

Gµ

)3/2

T 3/2 ρ−1/2 (4.4)

MJ = 1.2× 105M⊙

(
T

102 K

)3/2(
ρ

10−24 g/cm3

)−1/2

µ−3/2 (4.5)

Ïèîíåðñêàòà ðàáîòà íà Äæèíñ has triggered numerous attempts to derive solutions to the
collapse problem, rigorous analytical as well as numerical ones. Particularly noteworthy are the
studies by Bonnor (1956) and Ebert (1957) who independently of each other derived analytical
solutions for the equilibrium structure of spherical density perturbations in self-gravitating
isothermal ideal gases and a criterion for gravitational collapse.

Íà êëàñè÷åñêàòà äèíàìè÷íà òåîðèÿ ùå ñå ñïðåì ïîäðîáíî â ×àñò 9. Òóê ùå îòáåëåæèì
ñàìî íÿêîè îò ïðîáëåìèòå, íà êîèòî ñå íàòúêâà òÿ:

• ÌÎ ñà äîñòà íåóñòîé÷èâè ñïîðåä êðèòåðèÿ íà Äæèíñ, íî ñå îêàçâà, ÷å òå íå îáðà-
çóâàò çâåçäè ñ âèñîêà ñêîðîñò è ñ ãîëÿìà åôåêòèâíîñò. Íàáëþäàòåëíèòå îöåíêè
ñî÷àò ãëîáàëíà SFE â îáëàöèòå åäâà ∼ 5 %. Ñëåäîâàòåëíî ñà íàëèöå ôàêòîðè, êîèòî
âúçïðåïÿòñòâàò êîëàïñ íà ãîëåìè ñêàëè.

• ×àê äî íà÷àëîòî íà 90-òå ãîäèíè ÌÎ ñà ñìÿòàíè çà îáåêòè â ïðèáëèçèòåëíî ðàâíî-
âåñèå è äúëúã æèâîò.

• Íå å îò÷åòåíî çàïàçâàíåòî íà ìîìåíòà íà èìïóëñà.

• Ìîëåêóëÿðíèòå îáëàöè ñà ìàãíåòèçèðàíè, à êëàñè÷åñêàòà òåîðèÿ íå îò÷èòà çàïàç-
âàíåòî íà ìàãíèòíèÿ ïîòîê â õîäà íà êîëàïñà.

Òàêà ñå ñòèãà äî ðåâèçèÿ íà ïúðâîíà÷àëíàòà òåîðèÿ.
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4.2 �Ñòàíäàðòíà òåîðèÿ�: êîëàïñ ñ ìàãíèòíà ïîääðúæêà

Îùå Mestel & Spitzer (1956) èçêàçâàò ñúîáðàæåíèåòî, ÷å ìàãíèòíèòå ïîëåòà ìîãàò äà ïðå-
äîòâðàòÿò ãðàâèòàöèîííèÿ êîëàïñ. Îò ðàçãëåæäàíå íà óðàâíåíèåòî íà âèðèàëà â ñôåðè÷íà
îáëàñò îò èçîòåðìè÷íà õîìîãåííà (ρ = const) ñðåäà ñ õîìîãåííî ìàãíèòíî ïîëå B ìîæå
äà ñå ïîêàæå, ÷å ñàìîãðàâèòàöèÿòà ñå óðàâíîâåñÿâà îò ìàãíèòíèòå ñèëè, àêî ìàñàòà íà
äàäåíàòà îáëàñò íàäìèíàâà îïðåäåëåíà êðèòè÷íà ñòîéíîñò:

Mcr =
53/2

48π2

B3

G3/2ρ2
= 4× 106M⊙

( n

1 cm−3

)−2
(

B

3 µG

)3

. (4.6)

Èçáðàíàòà íîðìèðîâêà îò 3 µG ñúîòâåòñòâà íà ñúâðåìåííàòà îöåíêà çà ñðåäíàòà ñòîéíîñò
íà ïîëåòî â õëàäíàòà ISM (âæ. ×àñò 8). Ïðè òàêîâà ïîëå êðèòè÷íàòà ïîâúðõíîñòíà ïëúò-
íîñò çà êîëàïñ å 7 M⊙.pc−2 èëè ïðîñòðàíñòâåíà ïëúòíîñò 230 cm−3â ñëîé ñ äåáåëèíà 1 pc.
Àêî îáëàêúò å óñòîé÷èâ â ìàãíèòîñòàòè÷åí ñìèñúë, òîé ñå íàðè÷à ñóáêðèòè÷åí, à èíà÷å
� ñâðúõêðèòè÷åí.

Åñòåñòâåíîòî îñíîâíî ïðåäïîëîæåíèå å, ÷å çâåçäèòå âúçíèêâàò îò ïúðâîíà÷àëíî ìàã-
íèòíî ñóáêðèòè÷íè ÿäðà. �Ìàãíèòíàòà ïîääðúæêà� ñå ïðåîäîëÿâà áëàãîäàðåíèå íà ïðîöåñ,
íàðå÷åí àìáèïîëÿðíà äèôóçèÿ. Âúâ ôèçèêàòà íà ïëàçìàòà ïîñëåäíîòî ïîíÿòèå ñå îòíàñÿ
äî åëåêòðîñòàòè÷íî óäúðæàíå íà éîíè è åëåêòðîíè â åäèí àíñàìáúë, êîéòî ïðåòúðïÿ-
âà äðåéô â íåóòðàëåí ãàç. Âúâ ôèçèêàòà íà ìåæäóçâåçäíàòà ñðåäà îáà÷å ñå ðàçãëåæäà
íåãîâ ìàãíèòåí àíàëîã. Ñèëàòà íà Ëîðåíö äåéñòâà åäèíñòâåíî íà éîíèòå è îáóñëàâÿ òåõ-
íèÿ äðåéô ñïðÿìî íåóòðàëíèòå ÷àñòèöè, êàòî ñðåäíàòà äðåéôîâà ñêîðîñò ñå îïðåäåëÿ îò
áàëàíñà ìåæäó ñèëàòà íà Ëîðåíö è ñèëàòà íà òðèåíå ïîðàäè ñáëúñúöè ìåæäó éîíè è íåóò-
ðàëíè ÷àñòèöè. Â ãàç ñ íèñêà ñòåïåí íà éîíèçàöèÿ òàêèâà ñáëúñúöè ñà ðåäêè1 è äðåéôúò
íà íåóòðàëíèÿ àíñàìáúë å åôåêòèâåí. Íåóòðàëíèÿò ãàç ñå ñãúñòÿâà íàïðå÷íî ñïðÿìî ëè-
íèèòå íà ïîëåòî, êàòî ëîêàëíàòà ïëúòíîñò íàðàñòâà, äîêàòî B îñòàâà ïîñòîÿííî. Ñúãëàñíî
ãîðíàòà ôîðìóëà (4.6) êðèòè÷íàòà ìàñà Mcr íàìàëÿâà è òîâà å áëàãîïðèÿòíî çà ãðàâèòà-
öèîííèÿ êîëàïñ. Îöåíêèòå ïîêàçâàò, ÷å ïðè òèïè÷íèòå íèâà íà éîíèçàöèÿ è ðàçìåðè íà
ÌÎ, õàðàêòåðíîòî âðåìå íà àìáèïîëÿðíà äèôóçèÿ å τAD ∼ 107 ãîäèíè, ò.å. íà ïîðÿäúê è
ïîâå÷å ïî-ãîëÿìî îò äèíàìè÷íîòî âðåìå τff íà ñèñòåìàòà (McKee et al. 1993). Òîâà ìîæå
äà îáÿñíè çàùî çâåçäîîáðàçóâàíåòî ïðîòè÷à íà ìíîãî ïî-áàâíè ñêîðîñòè, ñúãëàñíî íàá-
ëþäåíèÿòà íà íîðìàëíè ãàëàêòèêè. Îò äðóãà ñòðàíà, τAD å äîñòàòú÷íî ìàëêî, çà äà ñè
îòãîâîðèì íà âúïðîñà çàùî ìàãíèòíèòå ïîëåòà íå ìîãàò íàïúëíî äà ïðåäîòâðàòÿò êîëàï-
ñà è ôðàãìåíòàöèÿòà íà ÌÎ. Ïðè âñè÷êè ñëó÷àè òî ñå ñúãëàñóâà ñ âúçðàñòòà íà îáëàöèòå,
êîÿòî ïðåç 80-òå ãîäèíè ñå å îöåíÿâàëà íà 30-100 Myr (Solomon et al. 1987).

Òåçè ñúîáðàæåíèÿ âîäÿò äî ðàçðàáîòâàíåòî íà ðåâèçèðàíà òåîðèÿ íà çâåçäîîáðàçóâàíå
(ñïðÿìî ÷èñòî õèäðîäèíàìè÷åí êîëàïñ), îò÷èòàùà ìàãíèòíàòà äèôóçèÿ. Ðåøåíèåòî íà
Ôðàíê Øó (Shu 1977) çà êîëàïñ ïðè òàêèâà óñëîâèÿ å ïîëó÷åíî çà êîëàïñ íà ìàãíèòíî
ñóáêðèòè÷åí èçîòåðìè÷åí îáëàê. Ïðåäïîëàãà ñå, ÷å â òàêúâ îáëàê àìáèïîëÿðíàòà äèôóçèÿ
âîäè äî âúçíèêâàíå íà ñòðóêòóðà ñ ïðîôèë íà ïëúòíîñòòà ρ(r) ∝ r−2, êîÿòî ñå ñâèâà
çà õàðàêòåðíî âðåìå ∼ τAD. Òîçè åâîëþöèîíåí åòàï ñå íàðè÷à êâàçèñòàòè÷åí, ïîíåæå
τAD ≫ τff . Ïîñòåïåííî â öåíòúðà âúçíèêâà ñèíãóëÿðíî ñãúñòÿâàíå, à ñèñòåìàòà êàòî öÿëî
å íåóñòîé÷èâà è ïðåòúðïÿâà êîëàïñ îòâúòðå íàâúí (inside-out collapse). Òîãàâà ìàãíèòíèòå
ïîëåòà ãóáÿò ñâîÿòà äèíàìè÷íà çíà÷èìîñò. Îòâúòðå íàâúí ñå ðàçïðîñòðàíÿâà âúëíà íà
ðàçðåæäàíå ñúñ ñêîðîñòòà íà çâóêà, êàòî ìàòåðèàëúò çàä íåÿ ïàäà ñâîáîäíî êúì ÿäðîòî,

1T.å. ñðåäíèÿò ñâîáîäåí ïðîáåã íà íåóòðàëíàòà ÷àñòèöà å ãîëÿì.
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à ïðåä íåÿ å â ïîêîé. Ìîäåëúò íà Øó ïðåäñêàçâà ïîñòîÿííà ñêîðîñò íà àêðåöèÿ âúðõó
ïðîòîçâåçäàòà dM/dt = 0.975c3s/G = const.

Ôèãóðà 4.1: Ñòàäèè íà çâåçäîîáðàçóâàíåòî ñïîðåä �ñòàíäàðòíàòà òåîðèÿ� (ïî Shu, Adams &
Lizano 1987): (a) Îáðàçóâàíå íà ÿäðà â ÌÎ, ïðè ïîñòåïåííà çàãóáà íà ìàãíèòíà ïîääðúæêà;
(b) Â öåíòúðà íà îáëà÷íîòî ÿäðî ñå îáðàçóâà ïðîòîçâåçäà, ïðè êîëàïñ îòâúòðå-íàâúí; (c)
Çâåçäíèÿò âÿòúð ñúçäàâà áèïîëÿðíî èçòè÷àíå ïî ðîòàöèîííàòà îñ; (d) Àêðåöèÿòà ñïèðà è
íîâîîáðàçóâàíàòà çâåçäà ñ äèñê �ñå ðàçãîëâà� çà íàáëþäàòåëÿ.

Ñòàíäàðòíàòà òåîðèÿ å îáîáùåíà â Shu, Adams & Lizano (1987). Òÿ ñúïîñòàâÿ ñëåäíàòà
ôèçè÷åñêà êàðòèíà íà ðàçëè÷íèòå ôàçè íà ïðîòîçâåçäíàòà åâîëþöèÿ (ñðâ. ×àñò 3.2).

1. Ïðåäçâåçäíà ôàçà: Ìàãíèòíî ñóáêðèòè÷íè ñãúñòÿâàíèÿ çàïî÷âàò äà ñå ñâèâàò áàâ-
íî ïîðàäè çàãóáà íà ìàãíèòíà ïîääðúæêà, îáóñëîâåíà îò àìáèïîëÿðíà äèôóçèÿ. Îò
òàêèâà ÿäðà ñå îáðàçóâàò åäèíè÷íè çâåçäè. Ìàãíèòíî ñâðúõêðèòè÷íèòå ÿäðà åâî-
ëþèðàò ìíîãî áúðçî è ìîãàò äà ôðàãìåíòèðàò ñ îáðàçóâàíå íà ìíîãîêîìïîíåíòíè
çâåçäíè ñèñòåìè.

2. Îáåêò îò êëàñ 0: Öåíòðàëíîòî ñãúñòÿâàíå äîñòèãà ñèíãóëÿðíî ñúñòîÿíèå, ò.å. ïðåâ-
ðúùà ñå â ïðîòîçâåçäà, ïîäõðàíâàíå ñ ïîñòîÿííà ñòîéíîñò íà àêðåöèÿ Ṁ ïðè êîëàïñ
îòâúòðå íàâúí. Ïðîòîçâåçäàòà è äèñêúò îêîëî íåÿ, ñ îáùà ìàñà M∗, ñà äúëáîêî ïî-
òîïåíè â ãàçîâî-ïðàõîâà îáâèâêà ñ ìàñà Menv, ñúùåñòâåíî ïî-ãîëÿìà îò M∗. Ãëàâåí
ïðèíîñ êúì ïúëíàòà ñâåòèìîñò èìà àêðåöèÿòà, à ñèñòåìàòà ñå íàáëþäàâà íàé-äîáðå
â sub-mm è IR äèàïàçîíè.

3. Îáåêò îò êëàñ I: Ðàçâèâàò ñå ìîùíè ïðîòîçâåçäíè èçòè÷àíèÿ (out�ows), êîèòî èç-
äóõâàò îáâèâêàòà ïî ïðîòåæåíèå íà ðîòàöèîííàòà îñ. Ñèñòåìàòà ñå íàáëþäàâà â IR
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è â îïòè÷íèÿ äèàïàçîí, à Menv ≪M∗. Öåíòðàëíàòà ïðîòîçâåçäà å ïðÿêî íàáëþäàåìà
ïðè ëú÷ íà çðåíèå ïî íàïðàâëåíèå íà èçòè÷àíåòî.

4. Îáåêò îò êëàñ II: Èçòè÷àíåòî îêîí÷àòåëíî èçäóõâà îáâèâêàòà. Òîâà ñëàãà êðàé íà
àêðåöèÿòà íà ìàñà è ïðîòîçâåçäàòà íàâëèçà â êëàñè÷åñêèÿ ñòàäèé íà ñâèâàíå ïðåäè
Ãëàâíàòà ïîñëåäîâàòåëíîñò. Òÿ âñå îùå å îêðúæåíà îò ãàçîâî-ïðàõîâ äèñê ñ ìíîãî
ìàëêà ìàñà, êîéòî îáóñëàâÿ èíôðà÷åðâåí èçëèøúê êúì áëèçî ÷åðíîòåëíîòî SED íà
ñèñòåìàòà âúâ âèäèìèÿ äèàïàçîí.

Íàèìåíîâàíèå Ôåíîìåíîëîãèÿ Ïðèìåðè îò íàáëþäåíèÿ
Ïðåäçâåçäíà ôàçà Ïëúòíî áåççâåçäíî ÿäðî â ÌÎ ...
Îáåêò îò êëàñ 0 Åêðàíèðàíà ïðîòîçâåçäà ñ àêðåöèî-

íåí äèñê è åïèçîäè÷íî èçòè÷àíå íà
âåùåñòâî; ïðàõîâà àòìîñôåðà

...

Îáåêò îò êëàñ I Ïðîòîçâåçäà ñ àêðåöèîíåí äèñê è áè-
ïîëÿðíî èçòè÷àíå íà âåùåñòâî

...

Îáåêò îò êëàñ II Ìëàäà çâåçäà ñ (ïðîòî)ïëàíåòåí äèñê
è áåç îáâèâêà (êëàñè÷åñêè òèï T Tau)

...

Îáåêò îò êëàñ III Ìëàäà çâåçäà ñ ðàçñåéâàù ñå èëè îï-
òè÷åñêè òúíúê äèñê (òèï T Tau ñúñ
ñëàáè ëèíèè)

...

Òàáëèöà 4.1: Ôàçè íà ïðîòîçâåçäíàòà åâîëþöèÿ ñïîðåä �ñòàíäàðòíèÿ ìîäåë� è òÿõíàòà
íàáëþäàòåëíà ôåíîìåíîëîãèÿ (âæ. ×àñò 3.2).

Âúïðåêè áåçñïîðíèòå ñè óñïåõè è èíòåëåêòóàëíà êðàñîòà, òåîðèÿòà íà çâåçäîîáðàçóâà-
íå ñ ïîñðåäíè÷åñòâîòî íà ìàãíèòíè ïîëåòà ñòðàäà îò íÿêîëêî ñåðèîçíè íåäîñòàòúêà. Ïî
ïðèíöèï, òÿ å áèëà ðàçðàáîòåíà ñàìî çà èçîëèðàíè çâåçäè ñ ìàëêà ìàñà è â íèêàêúâ ñëó÷àé
íå ìîæå äà ïðåäëîæè ñúãëàñóâàíî îïèñàíèå íà ïîÿâàòà íà çâåçäè ñ ìíîãî ãîëåìè ìàñè è
íà çâåçäíè êóïîâå. Òîâà âîäè äî ñïåêóëàòèâíîòî ðàçãðàíè÷åíèå íà äâå ìîäè íà çâåçäîîá-
ðàçóâàíå: ìàëîìàñèâíèòå çâåçäè âúçíèêâàò îò ÿäðà ñ ìàãíèòíà ïîääðúæêà, à ìàñèâíèòå
� îò ìàãíèòíî ñâðúõêðèòè÷íè îáëàöè. À åòî è íÿêîè ñåðèîçíè ôèçè÷åñêè ïðîáëåìè ïðåä
òåîðèÿòà.

• Îò âñè÷êè ïðåäëîæåíè ïúðâîíà÷àëíè óñëîâèÿ çà ïðîòîçâåçäåí êîëàïñ â ïðèðîäàòà
íàé-òðóäíî ñå îñúùåñòâÿâà ñëó÷àÿò íà åäèíè÷íà, êâàçèñòàòè÷íà, èçîòåðìè÷íà ñôåðà.

• Îöåíêàòà çà ìàãíèòíà ñóáêðèòè÷íîñò íà ïîâå÷åòî ÿäðà ñå å îñíîâàâàëà íà íåñèãóð-
íèòå äàííè (èëè ëèïñàòà íà òàêèâà) çà ìàãíèòíèòå ïîëåòà â ÌÎ. Äíåñ å èçâåñòíî,
÷å ïðàêòè÷åñêè âñè÷êè ïðîòîçâåçäíè ÿäðà ñà ìàãíèòíî ñâðúõêðèòè÷íè èëè, â íàé-
äîáðèÿ ñëó÷àé, ïî÷òè êðèòè÷íè.

• Õèìè÷íàòà âúçðàñò íà ïîäñòðóêòóðèòå â ÌÎ ñå îêàçâà äîñòà ïî-ìàëêà îò τAD. Ñðàâ-
íåíèåòî íà íàáëþäåíèÿòà çà ðàçëè÷íè ìîëåêóëè â îáëà÷íè ÿäðà ñ åâîëþöèîííè õè-
ìè÷íè ìîäåëè ñî÷è âúçðàñòè ∼ 105 ãîäèíè. Òàêèâà âúçðàñòè ñà ñúâìåñòèìè ñàìî ñúñ
ñâðúõçâóêîâà è ñâðúõ-Àëôåíîâà òóðáóëåíòíîñò (âæ. ×àñò ? ).
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4.3 Ñúâðåìåííà ïàðàäèãìà: ãðàâîòóðáóëåíòíî çâåçäîîá-
ðàçóâàíå

Ñúâðåìåííîòî ðàçáèðàíå å, ÷å òóðáóëåíòíîñòòà èìà ìíîãî ïî-ãîëÿìî çíà÷åíèå ïðè ïîä-
äðúæêàòà íà ÌÎ ñðåùó ãðàâèòàöèîíåí êîëàïñ, îòêîëêîòî ïðåäè ñå å ñìÿòàëî. Âñúùíîñò
òÿ ìîæå äà �ïîåìå� ÷àñò îò ðîëèòå, êîèòî ñòàíäàðòíèÿò ìîäåë ïðèïèñâà íà ìàãíèòíèòå
ïîëåòà. Òàêà ñå ðàæäà ïîíÿòèåòî ãðàâîòóðáóëåíòíî çâåçäîîáðàçóâàíå, ò.å. ïðîöåñúò ñå îï-
ðåäåëÿ ïðåäèìíî îò âçàèìîäåéñòâèåòî ìåæäó ñàìîãðàâèòàöèÿòà è òóðáóëåíòíîñòòà. Ïîä-
äðúæêàòà íà çâåçäîîáðàçóâàùè îáëàöè îò ñâðúõçâóêîâà òóðáóëåíòíîñò ìîæå äà îáÿñíè
ìíîãî îò íàáëþäåíèÿòà, êîèòî óñïåøíî ñå âïèñâàò â �ñòàíäàðòíàòà òåîðèÿ�, íî è ïðåîäî-
ëÿâà íÿêîè òðóäíîñòè, êîèòî òÿ ìîæå äà ðåøè. Êëþ÷îâ ìîìåíò â íåÿ å, ÷å ñâðúõçâóêîâàòà
òóðáóëåíòíîñò ïîðàæäà ñèëíè ôëóêòóàöèè íà ïëúòíîñòòà â ìåæäóçâåçäíèÿ ãàç, êàòî êîì-
ïðåñèðà ãàçà îò ãîëåìè ñêàëè â ãúñòè ïëî÷è (sheets) è âëàêíà � äîðè ïðè íàëè÷èåòî íà
ìàãíèòíî ïîëå.

Ïúðâèÿò ôèçè÷åñêè âúïðîñ, êîéòî ìîæå äà èçíèêíå, å êàêâî çàäâèæâà ñàìèòå òóðáó-
ëåíòíè ïîòîöè. Îùå â êðàÿ íà 90-òå ãîäèíè å ïîêàçàíî (Stone et al. 1998, Mac Low 1999),
÷å ñâðúõçâóêîâàòà òóðáóëåíòíîñò äèñèïèðà çà ïî-ìàëêî îò åäíî τff ïðè óñëîâèÿòà â ÌÎ,
áèëè òå ìàãíåòèçèðàíè èëè íå. Ñëåäîâàòåëíî, èëè ñâðúõçâóêîâèòå äâèæåíèÿ òðÿáâà äà
áúäàò çàäâèæâàíè ïîñòîÿííî, èëè ÌÎ òðÿáâà äà áúäàò ïî-ìëàäè îò τff . Íàáëþäåíèÿòà
îáà÷å ñî÷àò, ÷å òèïè÷íàòà ñðåäíà âúçðàñò íà îáëàöèòå å ïîíå íÿêîëêî τff . Ïðè òîâà ñå
îêàçâà, ÷å ñàìèÿò êîëàïñ íå ìîæå äà ïîðîäè äîñòàòú÷íî òóðáóëåíòíîñò, êîÿòî äà ãî ñïðå
èëè äà ãî çàáàâè. Âúïðîñúò çà èçòî÷íèöèòå íà ïîñòîÿííî çàäâèæâàíå íà òóðáóëåíòíîñòòà
îñòàâà îòâîðåí.

Ùå ñå ñïðåì íà íÿêîè ïðåäñêàçàíèÿ íà ãðàâîòóðáóëåíòíèÿ ñöåíàðèé. Äîëíèòå îöåíêè
ñå îñíîâàâàò íà ðåçóëòàòèòå îò ÷èñëåíè ñèìóëàöèè, êîèòî ñà îò êëþ÷îâî çíà÷åíèå (ëèòå-
ðàòóðíè ïðåïðàòêè).

Äâîéíñòâåíàòà ðîëÿ íà òóðáóëåíòíîñòòà

Ãëîáàëíèÿò êîëàïñ íàñòúïâà áúðçî â ñðåäà ñ Ãàóñîâè ïåðòóðáàöèè íà ïëúòíîñòòà, êàêòî
è ïðè ïúðâîíà÷àëíî ïîëå íà ñêîðîñòèòå íà íåçàäâèæâàíà (ðàçïàäàùà ñå) òóðáóëåíòíîñò.
Òóðáóëåíòíîñòòà, ïîðîäåíà îò ñàìèÿ êîëàïñ (èëè âèðèàëèçàöèÿ) íå å äîñòàòú÷íà, çà äà
ñïðå êîëàïñà. Òàêúâ ìåõàíèçúì áè ìîãúë äà å åôåêòèâåí ñàìî ïðè òîïëèííà ïîääðúæêà
â ñèñòåìè ñ íååôåêòèâíà äèñèïàöèÿ, íàïðèìåð â õàëà íà êóïîâå îò ãàëàêòèêè.

Èçñëåäâàíèÿòà íà ñàìîãðàâèòèðàùà òóðáóëåíòíà ñðåäà (Klessen, Heitsch & Mac Low,
2000) ñ ïîñòîÿííî çàäâèæâàíà òóðáóëåíòíîñò ïîêàçâàò äâîéíñòâåíàòà ðîëÿ íà ïîñëåäíàòà.
Íà ãîëåìè ñêàëè, òÿ ìîæå äà îñèãóðè ïîääðúæêà ñðåùó ãðàâèòàöèîííîòî ñâèâàíå. Îòëè-
÷èòåëíà ÷åðòà íà òàêàâà òóðáóëåíòíà ïîääðúæêà ñà èçîëèðàíèòå, íååôåêòèâíè è ëîêàëíè
êîëàïñè â ñðåäàòà. Òàêèâà ôåíîìåíè íå ñå ïðåäñêàçâàò îò àíàëèòè÷íè ìîäåëè è ïðè÷è-
íàòà çà òîâà å, ÷å ñúùåñòâåíàòà ïîääðúæêà èäâà îò ñâðúõçâóêîâèòå ïîòîöè. Ïîñëåäíèòå
êîìïðåñèðàò ãàçà óäàðíî. Âúçíèêíàëèòå ñâðúõïëúòíè çîíè êîëàïñèðàò íåìèíóåìî, îñâåí
ïðè: à) ìíîãî âèñîêè ñðåäíîêâàäðàòè÷íè ñêîðîñòè; á) õàðàêòåðíà äúëæèíà íà çàäâèæâà-
íå íà òóðáóëåíòíîñòòà, ïî-ìàëêà îò ëîêàëíàòà Äæèíñîâà äúëæèíà. Òàêà íà ìàëêè ñêàëè
òóðáóëåíòíîñòòà ìîæå äà çàäâèæè êîëàïñà � äîðè àêî ïîëåòî íà òóðáóëåíòíèòå ñêîðîñòè
èìà äîñòàòú÷íî åíåðãèÿ äà ïðîòèâîäåéñòâà íà êîëàïñà íà ãîëåìè ñêàëè.

Òîâà ìîæå äà ñå âèäè ïðè ðàçãëåæäàíå íà çàâèñèìîñòòà íà Äæèíñîâàòà ìàñà MJ ∝
ρ−1/2c3s îò ñðåäíîêâàäðàòè÷íàòà ñêîðîñò vrms. Êàêòî ùå ïîêàæåì â ×àñò 9.3, àêî òóðáó-
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ëåíòíîñòòà ñå ðàçãëåæäà êàòî äîïúëíèòåëíî íàëÿãàíå, òî MJ ∝ v2rms ïðè vrms ≫ cs, ò.å.
òóðáóëåíòíîñòòà âúçïðåïÿòñòâà êîëàïñà. Èìà îáà÷å øèðîê ìåæäèíåí äèàïàçîí îò ñêàëè,
îñîáåíî ïðè çàäâèæâàíå íà òóðáóëåíòíîñòòà íà ìàëêè âúëíîâè ÷èñëà, íà êîèòî ëîêàëíèÿò
êîëàïñ ñå ñëó÷âà âúïðåêè ãëîáàëíàòà ïîääðúæêà. Ïúëíàòà ìàñà è âðåìåòî íà æèâîò íà
åäíà ôëóêòóàöèÿ îïðåäåëÿò âñúùíîñò äàëè â òàçè çîíà ùå íàñòúïè êîëàïñ. Ãðóáî êàçàíî,
âðåìåòî íà æèâîò íà åäíî ñãúñòÿâàíå ñå îïðåäåëÿ îò èíòåðâàëà ìåæäó äâå ïîñëåäîâàòåëíè
ïðåìèíàâàùè óäàðíè âúëíè; äîêàòî ïúðâàòà âîäè äî âúçíèêâàíåòî ìó, âòîðàòà � àêî å äîñ-
òàòú÷íî ñèëíà � ìîæå äà ãî ðàçñåå. Çàòîâà ìåõàíèçìè íà çàäâèæâàíå íà òóðáóëåíòíîñòòà,
äåéñòâàùè íà ãîëåìè ñêàëè, ùå ïðîèçâåäàò ãîëåìè êîõåðåíòíè ñòðóêòóðè (âëàêíà îò êîì-
ïðåñèðàí ãàç, â êîèòî ñà âëîæåíè ãúñòè ÿäðà) çà îòíîñèòåëíî êðàòêî âðåìå â ñðàâíåíèå
ñúñ çàäâèæâàíåòî íà ìàëêè ñêàëè � äîðè àêî ïúëíàòà êèíåòè÷íà åíåðãèÿ â ñèñòåìàòà å
ñúùàòà. Òåçè åôåêòè ñà îíàãëåäåíè íà Ôèã. 4.2, êúäåòî ñà ñðàâíåíè ñèìóëèðàíè îáëàöè
ñúñ ñàìîãðàâèòàöèÿ, â êîèòî òóðáóëåíòíîñòòà å çàäâèæåíà íà ðàçëè÷íè ñêàëè, íà åäíàêúâ
ñòàäèé íà çâåçäîîáðàçóâàíåòî. ßñíî ñå âèæäà ðàçëè÷íàòà ìîðôîëîãèÿ. Ïðè çàäâèæâàíå
íà ãîëåìè ñêàëè ñå íàáëþäàâà åäèí ãîëÿì óäàðåí ôðîíò, êîéòî å è åäèíñòâåíàòà îáëàñò
íà çâåçäîîáðàçóâàíå. Â òàêúâ ñëó÷àé ãîâîðèì çà ðåæèì íà �êóïîâî çâåçäîîáðàçóâàíå�
(clustered mode of SF) � çâåçäèòå âúçíèêâàò â àãðåãàòè è êóïîâå. Â îáðàòíèÿ ñëó÷àé (Ôèã.
4.2, âäÿñíî) ðàçïðåäåëåíèåòî íà ïëúòíîñòòà å ìíîãî ïî-ðàâíîìåðíî è íå ñå íàáëþäàâà åä-
ðîìàùàáíà ñòðóêòóðà. Îòäåëíè óäàðíè ôðîíòîâå ïîðàæäàò ôëóêòóàöèè íà ïëúòíîñòòà
íà ïðîèçâîëíè ìåñòà è òå åâîëþèðàò ïîâå÷å èëè ïî-ìàëêî íåçàâèñèìî åäíà îò äðóãà. Òîâà
å ðåæèì íà èçîëèðàíî çâåçäîîáðàçóâàíå: îáðàçóâàò ñå åäèíè÷íè, ñàìîòíè ÿäðà, ïðúñíàòè
õàîòè÷íî èç îáëàêà.

Ôèãóðà 4.2: Ñèìóëàöèîííè êóáîâå íà ñàìîãðàâèòèðàùà ìåæäóçâåçäíà ñðåäà (Klessen,
Heitsch & Mac Low, 2000), â êîÿòî òóðáóëåíòíîñòòà å çàäâèæeíà íà ðàçëè÷íè ñêàëè: ãîëåìè
(âëÿâî), ñðåäíè (öåíòúð) è ìàëêè (âäÿñíî). (Âúëíîâèòå ÷èñëà k ñà îáðàòíî ïðîïîðöèîíàë-
íè íà ñêàëàòà.) Èçáðàí å åäèí è ñúù åâîëþöèîíåí åòàï, íà êîéòî îáðàçóâàíèòå ãúñòè ÿäðà
(êðúã÷åòà) ñà çàñìóêàëè 5 % îò ïúðâîíà÷àëíàòà ìàñà íà îáëàêà. Ïëúòíîñòòà å â åäèíèöè
ñðåäíà ïëúòíîñò íà ñèìóëàöèÿòà.

Åôåêòèâíîñòòà íà êîëàïñà çàâèñè îò ñâîéñòâàòà íà òóðáóëåíòíîñòòà. Äîñòàòú÷íî ñèëíî
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çàäâèæâàíå íà òóðáóëåíòíîñòòà íà äîñòàòú÷íî ìàëêè ñêàëè ìîæå äà ïðåäîòâðàòè ëîêàëíè
êîëàïñè çà äúëãî âðåìå. Íî òàêîâà çàäâèæâàíå å òðóäíî äà ñå îñúùåñòâè â ðåàëåí ÌÎ.
Àêî ïðåäïîëîæèì, ÷å åôåêòèâíàòà ñêàëà íà çàäâèæâàíå îò çâåçäíè èçòî÷íèöè å áëèçêà
äî ñðåäíîòî ðàçñòîÿíèå ïîìåæäó èì, òî óñëîâèåòî çàäâèæâàíåòî äà ñòàâà íà ñêàëè ïîä
λJ â òèïè÷íè óäàðíî-ïîðîäåíè ñãúñòÿâàíèÿ èçèñêâà èçêëþ÷èòåëíî ãîëÿì áðîé çâåçäè â
îáëàêà � ñúñ ñðåäíî ðàçñòîÿíèå 0.1 pc â îáëàöè êàòî Taurus è ñàìî 350 AU â Orion. Òîâà
îáà÷å íå ñúîòâåòñòâà íà íàáëþäåíèÿòà.

Ïúðâèòå ÿäðà, ïðåòúðïåëè êîëàïñ, ñúñòàâëÿâàò ìàëêè ãðóïè, ïðúñíàòè ñòîõàñòè÷íî â
îáëàêà. Ñêîðîñòèòå èì îòðàçÿâàò ïðÿêî ïîëåòî íà òóðáóëåíòíèòå ñêîðîñòè â ðîäèòåëñêàòà
ãàçîâà ñðåäà. Òåçè ïðîòîçâåçäè ïðîäúëæàâàò äà çàñìóêâàò âåùåñòâî. Íî êîëêîòî ïîâå÷å
ìàñà ñå íàòðóïâà â òÿõ, òîëêîâà ïîâå÷å íàðàñòâà ðîëÿòà íà âçàèìíîòî èì ãðàâèòàöèîííî
ïðèâëè÷àíå çà äèíàìè÷íîòî ñúñòîÿíèå íà ñèñòåìàòà. Ïîâåäåíèåòî íà ïîñëåäíàòà âñå ïîâå-
÷å ñå äîáëèæàâà äî òîâà íà ñèñòåìà îò N òåëà ñúñ ñáëúñúöè, êàòî ñáëèæàâàíèÿòà ìåæäó
êîìïîíåíòèòå �è ñà ÷åñòè.

Õàðàêòåðíî âðåìå íà çâåçäîîáðàçóâàíå

Àêî çâåçäîîáðàçóâàíåòî ñå êîíòðîëèðà îò òóðáóëåíòíîñòòà, çâåçäíè êóïîâå òðÿáâà äà âúç-
íèêâàò â îáëàñòè áåç äîñòàòú÷íà òóðáóëåíòíà ïîääðúæêà èëè ñúñ çàäâèæâàíå íà òóðáó-
ëåíòíîñòòà ñàìî íà ãîëåìè ñêàëè. Áåç çàäâèæâàíå, òóðáóëåíòíîñòòà â ÌÎ äèñèïèðà çà
ïî-êðàòêî âðåìå îò τff è òîãàâà ïîñëåäíîòî ñå ÿâÿâà õàðàêòåðíî âðåìå çà îáðàçóâàíå íà
ãúñòè êóïîâå. Íî äîðè íàëè÷èåòî íà åäðîìàùàáíî çàäâèæâàíå íå ìîæå äà ïðåäîòâðà-
òè ñúùåñòâåí êîëàïñ â ðàìêèòå íà íÿêîëêî τff . Ãúñòèòå ÿäðà, êîèòî êîëàïñèðàò áúðçî,
ñà ïðåäøåñòâåíèöè íà çâåçäíè îáåêòè. Òàêà τff å õàðàêòåðíàòà âúçðàñò íà çâåçäíè êóïî-
âå, êîèòî âúçíèêâàò ñ ãîëÿìà SFE. Ïðè ñêàëèðàíå êúì íèñêè ïëúòíîñòè è òåìïåðàòóðè
(∼ 102 cm−3 è ≈ 10 K), ãëîáàëíîòî âðåìå íà ñâîáîäíî ïàäàíå å îêîëî 3 Myr. Òàçè ñòîéíîñò
å â äîáðî ñúãëàñèå ñ ìíîãî íèñêèòå SFE â îáëàñòè êàòî Taurus � îáëàêúò íå å ðàçïîëàãàë ñ
âðåìå, çà äà âúçíèêíàò ìíîãî çâåçäè. Â ãúñòè îáëàñòè ñ n ∼ 105 cm−3 è ïðè ñúùèòå íèñêè
òåìïåðàòóðè, äèíàìè÷íàòà åâîëþöèÿ ïðîòè÷à ìíîãî ïî-áúðçî è âðåìåòî íà ñâîáîäíî ïà-
äàíå ïàäà äî 0.1 Myr. Òàêèâà ðåçóëòàòè ñå ïîäêðåïÿò îò íàáëþäàòåëíè îöåíêè çà âðåìåòî
íà îáðàçóâàíå íà êóïà â Orion Trapezium.

Åôåêòèâíîñò íà çâåçäîîáðàçóâàíåòî

Ãëîáàëíàòà åôåêòèâíîñò íà çâåçäîîáðàçóâàíåòî â íîðìàëíè ÌÎ ñå îöåíÿâà îáèêíîâåíî
íà íÿêîëêî ïðîöåíòà, à ñàìèÿò æèâîò íà îáëàöèòå � íà íÿêîëêî òóðáóëåíòíè õàðàêòåðíè
âðåìåíà, ò.å. íà íÿêîëêî ìèëèîíà ãîäèíè. Â òîçè ñëó÷àé ìîäåëèòå íà òóðáóëåíòíîñò â ISM
ñà â ñúãëàñèå ñ íàáëþäàåìèòå SFE. Ïîâå÷å îãðàíè÷åíèÿ ñå íàëàãàò, àêî îáëàöèòå æèâåÿò
äúëãî, äî íÿêîëêî äåñåòêè ìèëèîíà ãîäèíè. Íî äîðè è â òîçè ñëó÷àé ìîãàò äà ñå ïîëó÷àò
SFE îò îêîëî 5 %. Îùå ïîâå÷å òðÿáâà äà ñå ïîä÷åðòàå, ÷å ëîêàëíàòà SFE â îòäåëíè îáëàöè
ìîæå äà áúäå ìíîãîêðàòíî ïî-âèñîêà. Íàïðèìåð, â îáëàñòòà Orion Trapezium îöåíêèòå
ïîêàçâàò ∼ 50 %.

Ñïèðàíå íà çâåçäîîáðàçóâàíåòî

Èìà âñå îùå äîñòà íåÿñíîòè êàêâî îáóñëàâÿ ñïèðàíå íà ïðîöåñèòå íà çâåçäîîáðàçóâàíå
íà ñêàëè íà îòäåëíè îáëàñòè íà çâåçäîîáðàçóâàíå è äàëè ñúùèÿò àãåíò îïðåäåëÿ ïúëíàòà
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SFE â åäèí ÌÎ. Èìà òðè îñíîâíè âúçìîæíîñòè:

1. Îáðàòíîòî âúçäåéñòâèå îò âúçíèêíàëèòå çâåçäè ïîä ôîðìàòà íà éîíèçèðàùî èçëú÷-
âàíå è çâåçäíè èçòè÷àíèÿ ìîæå äà íàãðÿâà è ðàçáúðêâà îêîëíèÿ ãàç äî òàêàâà ñòåïåí,
÷å äà ïðåäîòâðàòè ïî-íàòàòúøíè êîëàïñ è àêðåöèÿ.

Òîçè ìåõàíèçúì å åôåêòèâåí, àêî ñå å îáðàçóâàë êóï, ñúäúðæàù OB çâåçäè ñ ìîùåí
ïîòîê íà èçëú÷âàíå â UV äèàïàçîíà. Éîíèçàöèÿòà âîäè äî íàãðÿâàíå íà ãàçà è äî
óâåëè÷àâàíå íà Äæèíñîâàòà ìàñà. Êëþ÷îâ âúïðîñ òóê å äàëè ðàçøèðÿâàùàòà ñå
H ii îáëàñò âúçäåéñòâà åôåêòèâíî íà ñèëíî íåõîìîãåííèòå, âàëìèñòè ñòðóêòóðè â
ÌÎ. Ùî ñå îòíàñÿ äî áèïîëÿðíèòå èçòè÷àíèÿ, òå ìîãàò äà íàìàëÿò SFE ñ 30-50 %,
íî íÿìàò îñîáåí åôåêò â ïî-ìàñèâíè îáëàñòè íà çâåçäîîáðàçóâàíå.

2. Àêðåöèÿòà ìîæå äà ïðåñòàíå íàïúëíî, êîãàòî âñè÷êèÿò ãúñò, ãðàâèòàöèîííî íåóñ-
òîé÷èâ ãàç ñå çàñìó÷å îò îòäåëíèòå çâåçäè èëè, ñëåä åäèí äèíàìè÷åí ïåðèîä íà
êîíêóðåíòíà àêðåöèÿ, îñòàòú÷íèÿò ãàç ñå ðàçñåå îò ôîíîâèòå òóðáóëåíòíè ïîòîöè.

Òóê àðãóìåíòúò å, ÷å çàïàñúò íà ìàòåðèàë å îãðàíè÷åí � ñàìî äîñòàòú÷íî ñãúñòå-
íèÿò ãàç ùå êîëàïñèðà, à åäâà ìàëêà ÷àñò îò ãàçà ùå ñå ñãúñòè ïîðàäè îõëàæäàíå,
ãðàâèòàöèîííî ñâèâàíå èëè òóðáóëåíòíè ïîòîöè. Òîâà íàñî÷âà âúïðîñà çà ëîêàëíàòà
SFE êúì ïî-ãîëåìèòå ïðîñòðàíñòâåíè ñêàëè. Ìåõàíèçìúò íà êîíêóðåíòíà àêðåöèÿ
ïúê äåéñòâà â ãúñòîòî îáëà÷íî ÿäðî, êúì êîåòî ïàäàò ìàñèâíèòå çâåçäè è ãëàâíî òå
ñè ðàçïðåäåëÿò ãàçîâèÿ ìàòåðèàë.

3. Ôîíîâèòå ïîòîöè ìîãàò äà îòâåÿò è ðàçðóøàò îáëàêà; âåðîÿòíî ïî èäåíòè÷åí íà÷èí
íà ïúðâîíà÷àëíîòî ìó ñãúñòÿâàíå. Âåðîÿòíèÿò èçòî÷íèê íà ôîíîâàòà òóðáóëåíòíîñò
ñà ñâðúõíîâè îò ïîëåòî, ïîíå â îáëàñòèòå íà çâåçäîîáðàçóâàíå â ãàëàêòèêèòå.

Âåðîÿòíî èñòèíñêàòà ïðè÷èíà çà ñïèðàíå íà çâåçäîîáðàçóâàíåòî å íÿêàêâà êîìáèíàöèÿ
îò èçáðîåíèòå òðè.

∗ ∗ ∗

Îò òîâà êðàòêî âúâåäåíèå â îáëàñòòà íà çâåçäîîáðàçóâàíåòî íèå ñå óáåæäàâàìå, ÷å îïè-
ñàíèåòî íà ïðîöåñà îòïðàâÿ êúì èçñëåäîâàòåëèòå ðåäèöà ïðåäèçâèêàòåëñòâà îò íàáëþäà-
òåëíî è òåîðåòè÷íî åñòåñòâî. Íåîáõîäèìî å äåòàéëíî ïîçíàâàíå íà ôèçèêàòà íà õëàäíàòà
ìåæäóçâåçäíà ñðåäà, â êîÿòî âúçíèêâàò çâåçäèòå è ÷èèòî ñâîéñòâà îïðåäåëÿò ïîäõîäè-
òå çà ðåãèñòðèðàíåòî íà ðàçëè÷íèòå åâîëþöèîííè ñòàäèè. Òàçè ñðåäà å ñúùî òàêà ìíîãî
äèíàìè÷íà � â íåÿ èìà ñâðúõçâóêîâè òóðáóëåíòíè ïîòîöè, ðàçëè÷íè òèïîâå íåóñòîé÷è-
âîñòè; çàïî÷âàò ëîêàëíè èëè ãëîáàëíè ãðàâèòàöèîííè êîëàïñè; íîâîâúçíèêíàëè çâåçäè
îêàçâàò ìîùíî âúçäåéñòâèå ÷ðåç çâåçäíè âåòðîâå; èçáóõâàò ñâðúõíîâè. Ïðîöåñèòå ïðîòè-
÷àò íà ðàçëè÷íè ïðîñòðàíñòâåíè è âðåìåâè ìàùàáè. Çà ðàçáèðàíåòî èì ñà íè íåîáõîäèìè
ñà ïîçíàíèÿ îò ðàçëè÷íè íàó÷íè äèñöèïëèíè êàòî êâàíòîâà ôèçèêà è õèìèÿ, ìàãíèòîõèä-
ðîäèíàìèêà, ôèçèêà íà ïëàçìàòà è ãðàâèòàöèîííà äèíàìèêà. Â ñëåäâàùàòà ×àñò II ùå ñå
çàíèìàåì ïî-ïîäðîáíî ñ ôèçè÷åñêàòà îñíîâà íà ñúâðåìåííàòà òåîðèÿ íà çâåçäîîáðàçóâà-
íåòî. Öåëòà å äà ðàçâèåì ôèçè÷åñêà èíòóèöèÿ çà ïîâåäåíèåòî íà ãàçà è äà ñå çàïîçíàåì ñ
íÿêîè àíàëèòè÷íè èíñòðóìåíòà, êîèòî ìîãàò äà íè áúäàò ïîëåçíè.



×àñò II

Ôèçèêà íà çâåçäîîáðàçóâàíåòî



Ãëàâà 5

Õèìè÷åñêè ïðîöåñè â ñòóäåíàòà

ìåæäóçâåçäíà ñðåäà

Êàêâè ôèçè÷åñêè ïðîöåñè ïðîòè÷àò íà ìèêðîñêîïè÷íî íèâî â ñòóäåíàòà ÌÑ? Íåêà ñè
ïðèïîìíèì, ÷å çîíèòå íà çâåçäîîáðàçóâàíå ñå èçïúëíåíè ïðåäèìíî ñ ìîëåêóëåí ãàç � çà
ðàçëèêà îò îñòàíàëàòà ÌÑ â Ìëå÷íèÿ ïúò è â ïîäîáíè ãàëàêòèêè, êúäåòî ïðåîáëàäàâà
àòîìåí èëè éîíèçèðàí ãàç, ñ íèùîæíî êîëè÷åñòâî ìîëåêóëè. Êàê ñå ïîëó÷àâà òàêà, ÷å
íà îïðåäåëåíè ìåñòà ãàçúò ïðåìèíàâà â ìîëåêóëíà ôàçà è êàê å ñâúðçàí òîçè ïðåõîä ñúñ
çâåçäîîáðàçóâàíåòî? Ùå íàñî÷èì âèìàíèåòî ñè êúì íàé-âàæíèòå àòîìè è ìîëåêóëè â ÌÑ:
íà âîäîðîäà, íà âúãëåðîäà è íà êèñëîðîäà.

5.1 Õèìèÿ íà âîäîðîäà

Ìîëåêóëíèÿò âîäîðîä (H2) ïðåäñòàâëÿâà ñúñòîÿíèå ñ ïî-íèñêà åíåðãèÿ îò àòîìíèÿ. Çàòîâà
èçîëèðàíà ñèñòåìà îò ÷èñò âîäîðîä, îñòàâåíà ñàìà íà ñåáå ñè çà äîñòàòú÷íî êðàòêî âðåìå,
ùå ñå ïðåâúðíå â òàêàâà îò ïðåäèìíî ìîëåêóëåí âîäîðîä. Â ìåæäóçâåçäíàòà ñðåäà îáà÷å
ñúîòíîøåíèåòî ìåæäó àòîìíèÿ è ìîëåêóëíèÿ ãàç ñå îïðåäåëÿ îò áàëàíñà ìåæäó ïðîöåñèòå
íà ñúçäàâàíå è ðàçðóøàâàíå. Ïðîöåñúò íà ïðåâðúùàíå íà àòîìåí â ìîëåêóëåí âîäîðîä å
èçêëþ÷èòåëíî áàâåí. Òîâà ñå äúëæè íàé-âå÷å íà ñèìåòðèÿòà íà âîäîðîäíàòà ìîëåêóëà.
Çà äà ñå îáðàçóâà òàêàâà, äâà H àòîìà òðÿáâà äà ñå ñáëúñêàò è ïîñëå äà ñå ñëó÷è ïðåõîä
ñ èçëú÷âàíå íà ôîòîí, îòíàñÿù äîñòàòú÷íî ãîëÿìà åíåðãèÿ, òà äâîéêàòà àòîìè äà îñòà-
íå â ñâúðçàíî ñúñòîÿíèå. Àëà äâà âîäîðîäíè àòîìà â îñíîâíî ñúñòîÿíèå ïðåäñòàâëÿâàò
ñèìåòðè÷íà ñèñòåìà � êàêòî è ìîëåêóëàòà H2 â îñíîâíîòî ñè ñúñòîÿíèå. È òúé êàòî è
íà÷àëíîòî, è êðàéíîòî ñúñòîÿíèå ñà ñèìåòðè÷íè, ñúîáðàæåíèÿòà çà ñèìåòðèÿ âåäíàãà ïî-
êàçâàò, ÷å ñèñòåìàòà íå ìîæå äà èçëú÷è äèïîëíî ëú÷åíèå1. Ïðåõîäúò å âúçìîæåí ñàìî àêî
ïîëåòî íà ëú÷åíèåòî ñå ðàçëîæè äî ñëåäâàù ïîðÿäúê (�ìóëòèôîòîíåí ïðîöåñ� â êâàíòîâà-
òà òåîðèÿ íà ïîëåòî) èëè àêî áèëî íà÷àëíîòî, áèëî êðàéíîòî ñúñòîÿíèå íå å ñèìåòðè÷íî:
åäèí îò ñáëúñêâàùèòå ñå âîäîðîäíè àòîìè èëè ïúê îáðàçóâàëàòà ñå ìîëåêóëà å âúâ âúçáó-
äåíî ñúñòîÿíèå. Íî íèòî åäíà îò òåçè ïúòåêè íå âîäè äî ñúùåñòâåíà ñêîðîñò íà îáðàçóâàíå
íà H2. Ìóëòèôîòîííèòå ïðîöåñè ñà ìíîãî ïî-ìàëêî âåðîÿòíè îò åäíîôîòîííèòå, çàùîòî
ñå ïðåòåãëÿò ñå ñ ïî-âèñîêè ñòåïåíè íà êîíñòàíòàòà íà ôèíàòà ñòðóêòóðà. À ïî-íèñêèòå

1Ôîðìàëíî òîâà ìîæå äà ñå ïîêàæå îò ðàçãëåæäàíåòî íà ñêàëàðíîòî ïðîèçâåäåíèå íà ñúñòîÿíèÿòà
⟨ψ2H| è |ψH2⟩ è îïåðàòîðúò íà äèïîëíî èçëú÷âàíå Er. Ïîðàäè ñèìåòðèÿòà íà ïúðâèòå ïðîèçâåäåíèåòî
⟨ψ2H|Er|ψH2⟩ è òðÿáâà äà áúäå àíòèñèìåòðè÷íî è èíòåãðàëúò îò íåãî ïî âñè÷êè íàïðàâëåíèÿ ùå å íóëà.
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åíåðãåòè÷íè íèâà íà âîäîðîäíàòà ìîëåêóëà âñå ïàê èìàò äîñòàòú÷íî ãîëÿìà åíåðãèÿ è
ñàìî íèùîæíà ÷àñò îò óäàðèòå ñà äîñòàòú÷íî åíåðãåòè÷íè, çà äà ãè ïîðîäÿò.

Ïîðàäè òîâà îãðàíè÷åíèå, ïðåîáëàäàâàùèÿò íà÷èí çà îáðàçóâàíå íà ìîëåêóëåí âî-
äîðîä å îïîñðåäñòâàíèÿò: âúðõó ïîâúðõíîñòòà íà ïðàõîâè ÷àñòèöè. Îñâîáîäåíàòà ïðè
âúçíèêâàíåòî íà ìîëåêóëàòà åíåðãèÿ ñå ïðåâðúùà âúâ âèáðàöèè íà êðèñòàëíàòà ðåøåòêà
íà ïðàøèíêàòà; íÿìà íóæäà îò (çàáðàíåíà) åìèñèÿ íà ôîòîí. Ñêîðîñòòà íà îáðàçóâàíå íà
H2 ÷ðåç òàêàâà ïîâúðõíîñòíà êàòàëèçà ñå ïðåñìÿòà ïî ôîðìóëàòà:

1

2
S(T, Tdg)η(Tdg)ndgnHσdgvH , (5.1)

êúäåòî S(T, Tdg) å âåðîÿòíîñòòà âîäîðîäíàòà ìîëåêóëà, ñáëúñêâàùà ñå ñ ïðàøèíêà äà îöå-
ëåå, η å âåðîÿòíîñòòà ïðàõîâàòà ìîëåêóëà, ïðèñúåäèíèëà âîäîðîäåí àòîì äà ñå ïðèäâèæè
ïî ïîâúðõíîñòòà íà ïðàøèíêàòà è äà ïðèñúåäèíè îùå åäèí àòîì, ïðåäè äà ñå èçïàðè, ndg

è nH ñà ñúîòâåòíèòå êîíöåíòðàöèè, σdg å ñðåäíîòî ñå÷åíèå íà ðàçñåéâàíå çà ïðàøèíêà, à
vH å òîïëèííàòà ñêîðîñò íà âîäîðîäíèòå àòîìè. Ïîñëåäíèòå ÷åòèðè ôàêòîðà ñå îöåíÿâàò
ñðàâíèòåëíî ëåñíî ïî íàáëþäåíèÿ, äîêàòî ïúðâèòå äâå èçèñêâàò ëàáîðàòîðíè èçìåðâàíèÿ
è ïðåñìÿòàíèÿ îò îáëàñòòà íà òåîðåòè÷íàòà õèìèÿ. Ïðè óñëîâèÿòà â GMCs è ïðè ïðàõîâî
ñúäúðæàíèå êàêòî â Ìëå÷íèÿ ïúò, ñêîðîñòòà íà îáðàçóâàíå íà H2 ñå îöåíÿâà ãðóáî íà
RnHnHn, êúäåòî nHn å êîíöåíòðàöèÿòà íà ÿäðàòà íà âîäîðîäíèÿ àòîì (â àòîìíà èëè â
ìîëåêóëíà ôîðìà), à êîåôèöèåíòúò R ≈ 3×10−17 cm3s−1. Â ãàëàêòèêè ñ ïî-íèñêî ïðàõîâî
ñúäúðæàíèå, ñêîðîñòòà íà îáðàçóâàíå íà ìîëåêóëåí âîäîðîä òðÿáâà äà íàìàëåå ïðîïîð-
öèîíàëíî.

Îáðàòíèÿò ïðîöåñ ñå äúëæè íàé-âå÷å íà ôîòîäèñîöèàöèÿ. Òîé ñúùî å óñëîæíåí ïîðàäè
ñèìåòðèÿòà íà ñèñòåìàòà H2, çàáðàíÿâàùà ðåàêöèè îò âèäà:

H2 + γ → H+ H .

Ïîñëåäíàòà å îñúùåñòâèìà ñàìî àêî ìîëåêóëàòà H2 å âúâ âúçáóäåíî (àñèìåòðè÷íî) ñúñòî-
ÿíèå, êîåòî å ìíîãî ðÿäêî îñúùåñòâèìî â MCs, èëè åäèí îò íåéíèòå àòîìè å âúâ âúçáóäåíî
ñúñòîÿíèå, êîåòî âå÷å èçèñêâà åíåðãèÿ îò 14.5 eV � ìíîãî ïîâå÷å îò ôîðìàëíî íåîáõîäè-
ìàòà 4.5 eV. Â îáùèÿ ñëó÷àé òàêèâà ôîòîíè íå ñà íàëè÷íè, çàùîòî òå ìîãàò äà éîíèçèðàò
àòîìíèÿ âîäîðîä è ñå ïîãëúùàò ïî ïúòÿ.

Òîãàâà ãëàâíèÿò ïðîöåñ íà ðàçðóøàâàíå íà âîäîðîäíè ìîëåêóëè ïðîòè÷à íà äâà åòàïà.
Ìîëåêóëàòà H2 èìà ñåðèÿ îò âúçáóäåíè ñúñòîÿíèÿ ñ åíåðãèè íà åëåêòðîíèòå 11.2-13.6 eV
(912 - 1100 �A) íàä îñíîâíîòî �è íèâî, ñúîòâåòñòâàùè íà àáñîðáöèîííèòå èâèöè íà Ëàéìàí
è Âåðíåð (LW). Òåçè ñòîéíîñòè ñà ïî-ãîëåìè îò åíåðãèÿòà íà ñâúðçâàíå íà H2 (4.5 eV)
è çàòîâà ïîãëúùàíå â LW èâèöèòå ìîæå äà äîâåäå äî êàñêàäåí ïðåõîä êúì íåñâúðçàíî
îñíîâíî ñúñòîÿíèå. Òîâà ñå ñëó÷âà ñ ÷åñòîòà 10-15 %, â çàâèñèìîñò îò òîâà äî êîå òî÷íî
âúçáóäåíî ñúñòîÿíèå âîäè ïîãëúùàíåòî íà LW ôîòîí. Èçòî÷íèöè íà òàêèâà êâàíòè ñà
ïðåäèìíî ãîðåùè çâåçäè, êàêâèòî èìà ìíîãî â Ãàëàêòèêàòà, è íå å ÷óäíî, ÷å ãîëÿìà ÷àñò
îò îáåìà íà Ìëå÷íèÿ ïúò å èçïúëíåí ñ àòîìåí èëè éîíèçèðàí, à íå ñ ìîëåêóëÿðåí ãàç.

Êàòî ïðîñò ïðèìåð çà îáðàçóâàíå íà ìîëåêóëÿðåí âîäîðîä ìîæåì äà ðàçãëåäàìå îá-
ëàê âúâ âèä íà õîìîãåíåí ñëîé ñ ïëúòíîñò n, ÷èÿòî ïîâúðõíîñò å îáëú÷âàíà ñ UV ïîòîê
F ∗ = cE∗

0 , êúäåòî E
∗
0 å êîíöåíòðàöèÿòà íà ôîòîíèòå. Íàé-âúíøíèòå ÷àñòè íà îáëàêà ñà

îò àòîìåí âîäîðîä. Ùî ñå îòíàñÿ äî âîäîðîäíèòå ìîëåêóëè, êîãàòî åäíà îò òÿõ ïîãúëíå
ôîòîí, ïðåèçëú÷âà êàñêàäíî íÿêîëêî ôîòîíà ñ ïî-íèñêè åíåðãèè: íåäîñòàòú÷íè çà âúç-
áóæäàíåòî íà ðåçîíàíñíè LW íèâà. Ïî òîçè íà÷èí áðîÿò ôîòîíè íàìàëÿâà ñ äúëáî÷èíàòà
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â îáëàêà è íàêðàÿ ïàäà äî íóëà, à ãàçúò ñòàâà ïðåäèìíî ìîëåêóëÿðåí. Òîçè ïðîöåñ ñå
íàðè÷à ñàìîåêðàíèðàíå.

Ãðóáà îöåíêà çà çíà÷åíèåòî íà ñàìîåêðàíèðàíåòî ìîæåì äà ïîëó÷èì îò óðàâíåíèå çà
õèìè÷íî ðàâíîâåñèå, ò.å. îò ïðèðàâíÿâàíå íà ñêîðîñòèòå íà îáðàçóâàíå è ðàçðóøàâàíå íà
H2:

RnHn ≈ fdiss

∫
nH2σH2, νcE

∗
ν dν , (5.2)

êúäåòî σH2, ν å ñå÷åíèåòî íà ïîãëúùàíå, à fdiss å âåðîÿòíîñòòà çà ïîãëúùàíå íà ôîòîí ñ
÷åñòîòà ν. Âòîðàòà âåëè÷èíà å èçâàäåíà ïðåä èíòåãðàëà çàùîòî çàâèñè ñëàáî îò ÷åñòî-
òàòà. Îò äðóãà ñòðàíà ìîæåì äà çàïèøåì óðàâíåíèå çà ñúõðàíåíèå íà ôîòîíèòå, êîåòî
ïðèðàâíÿâà ïðîìÿíàòà íà òÿõíàòà êîíöåíòðàöèÿ íà ñêîðîñòòà íà íàìàëÿâàíåòî �è ïîðàäè
ñáëúñúöèòå ñ ìîëåêóëè H2 â ñëîé dl:

dF ∗
ν

dl
= c

dE∗
ν

dl
= −nH2σH2, νcE

∗
ν . (5.3)

Ïðåíåáðåãâàìå ÷ëåí îò äÿñíàòà ñòðàíà, îòãîâàðÿù çà ïîãëúùàíåòî è ïðåèçëú÷âàíåòî íà
ôîòîíè, òúé êàòî ðàçãëåæäàìå ñàìî âèñîêè (LW) ÷åñòîòè. Èíòåãðèðàìå óðàâíåíèå (5.3)
ïî ÷åñòîòàòà â LW äèàïàçîíà è ãî êîìáèíèðàìå ñ ïî-ãîðíîòî (5.2). Ïîëó÷àâàìå èçðàç çà
ãðàäèåíòà íà ôîòîííàòà êîíöåíòðàöèÿ, êîéòî å ðàâåí íà òåìïà íà ðåêîìáèíàöèÿ, óìíî-
æåí ñ ôàêòîð 1/fdiss, òúé êàòî ñàìî ÷àñò îò ïîãëúùàíèÿòà òðÿáâà äà ñå áàëàíñèðà îò
ðåêîìáèíàöèè:

dE∗

dl
= −nHnR

cfdiss
.

Ñåãà ìîæåì äà íàïðàâèì ðàçóìíàòà àïðîêñèìàöèÿ, ÷å ïðåõîäúò îò àòîìåí êúì ìîëå-
êóëåí âîäîðîä å ðÿçúê (nH ≈ n â ñëîÿ îò àòîìåí âîäîðîä) è ÷å R íå âàðèðà â îáëàêà.
Òîãàâà ïîñëåäíîòî óðàâíåíèå ñå èíòåãðèðà ëåñíî è ïîëó÷àâàìå çàâèñèìîñò íà ôîòîííàòà
êîíöåíòðàöèÿ îò äúëáî÷èíàòà:

E∗(l) = E∗(l = 0)− n2R
cfdiss

l = E∗
0 −

n2R
cfdiss

l . (5.4)

Ñåãà àêî îçíà÷èì ñ lH2 äúëáî÷èíàòà, íà êîÿòî ñòàâà ïðåõîäà êúì ìîëåêóëåí âîäîðîä,
ïúëíàòà êîëîíêîâà ïëúòíîñò íà àòîìíèÿ âîäîðîä ùå áúäå:

NH = nlH2 =
cfdissE

∗
0

nR
. (5.5)

Ñåãà ìîæåì äà íàïðàâèì îöåíêà çà ÌÎ â Ìëå÷íèÿ ïúò, êúäåòî ìåæäóçâåçäíîòî UV
ïîëå íà ëú÷åíèåòî å íàäåæäíî îïðåäåëåíî: E∗

0 = 7.5 × 10−4 LW ôîòîíà ïî cm−3. Àêî
ïðèåìåì n = 100 cm−3 êàòî òèïè÷íà ïëúòíîñò â îáëàñòèòå íà ïîÿâà íà H2, fdiss ≃ 0.1
è R ≈ 3 × 10−17 cm3s−1, ïîëó÷àâàìå NH = 7.5 × 1020 cm−2 èëè ïîâúðõíîñòíà ïëúòíîñò
Σ = 8.4 M⊙.pc−2. Ïî-òî÷íè ïðåñìÿòàíèÿ âîäÿò äî NH = 2×1020 cm−2 � âñåêè ìîëåêóëÿðåí
îáëàê â Ãàëàêòèêàòà òðÿáâà äà áúäå çàîáèêîëåí îò îáâèâêà îò åêðàíèðàù àòîìåí âîäîðîä
ñ ïðèáëèçèòåëíî òàêàâà êîëîíêîâà ïëúòíîñò. Ñ äðóãè äóìè, îêîëî 10 % îò ìàñàòà íà
òèïè÷åí ÌÎ ñ Σ ∼ 100 M⊙.pc−2 ñå ïàäàò íà àòîìàðíàòà ìó îáâèâêà.

Îñâåí òîâà ñòàâà ÿñíî çàùî ãîëÿìà ÷àñò îò ìåæäóçâåçäíèÿ ãàç â Ñëúí÷åâàòà îêîë-
íîñò íå å ìîëåêóëÿðåí. Íåîáõîäèìàòà êîëîíêîâà ïëúòíîñò íà àòîìàðåí åêðàíèðàù ñëîé
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≲ 1021 cm−2 å ñðàâíèìà ñúñ ñðåäíàòà êîëîíêîâà ïëúòíîñò íà öåëèÿ àòîìàðåí äèñê. Ñëå-
äîâàòåëíî ìîëåêóëÿðíè çîíè âúçíèêâàò ñàìî ïðè ãîëÿìî ñãúñòÿâàíå íà ãàçà. Ñúîòâåòíî
ãàëàêòèêè ñ ãîëåìè êîëîíêîâè ïëúòíîñòè ñå õàðàêòåðèçèðàò ñ ïî-âèñîêî ñúäúðæàíèå íà
ìîëåêóëÿðåí âîäîðîä.

5.2 Õèìèÿ íà âúãëåðîäà è êèñëîðîäà

Â ìîëåêóëÿðíèòå çîíè H2 å ïðåîáëàäàâàùèÿò èíäèêàòîð, íî òîé ñå íàáëþäàâà ìíîãî òðóä-
íî ïîðàäè âå÷å îáñúäåíèòå ïðè÷èíè � òåìïåðàòóðèòå ñà òâúðäå íèñêè çà âúçáóæäàíåòî íà
òàçè ìîëåêóëà. Îñâåí òîâà, êàêòî ùå êîìåíòèðàìå â ñëåäâàùàòà ×àñò 6, H2 íå å ïðåîáëà-
äàâàùèÿò àãåíò íà îõëàæäàíå íà ñðåäàòà. (Ïîðàäè ñúùàòà ïðè÷èíà.) Òàçè ðîëÿ ñå ïàäà
íà ìîëåêóëàòà CO.

Çíà÷åíèåòî íà CO å êëþ÷îâî ïîðàäè êîëè÷åñòâàòà íà òàçè ìîëåêóëà. Åëåìåíòèòå âúã-
ëåðîä è êèñëîðîä (çàåäíî ñ àçîòà) ñëåäâàò ïî êîñìè÷åñêà ðàçïðîñòðàíåíîñò âîäîðîäà è
õåëèÿ, à CO å íàé-ïðîñòàòà ìîëåêóëà, êîéòî ãè ñúäúðæà � à ïðè óñëîâèÿòà â ISM å è
åíåðãèéíî íàé-èçãîäíàòà êîíôèãóðàöèÿ. Îùå ïîâå÷å, òÿ ìîæå áúäå âúçáóäåíà ïðè ìíîãî
íèñêè òåìïåðàòóðè, ïîíåæå å ìíîãî ïî-ìàñèâíà îò H2, à äèïîëíèÿò �è ìîìåíò å ìàëúê, íî
íåíóëåâ2

Êàêòî ïî-ãîëÿìàòà ÷àñò îò âîäîðîäà â ISM å â àòîìíà ôîðìà, ñúùîòî ñå îòíàñÿ è
çà êèñëîðîäà. Ïðè âúãëåðîäà å ìàëêî ïî-ðàçëè÷íî: òîé ñå íàìèðà íàé-âå÷å â éîíèçèðàíî
ñúñòîÿíèå C+, ïîðàäè ïî-íèñêèÿ ñè éîíèçàöèîíåí ïîòåíöèàë (ñïðÿìî âîäîðîäà). Êàê òî-
ãàâà ñå ñòèãà îò O è C+ äî ìîëåêóëà CO? Çà ðàçëèêà îò îáðàçóâàíåòî íà H2, òîâà ñòàâà
ïðåäèìíî ÷ðåç ðåàêöèè â ãàçîâàòà ôàçà, à íå ïî ïîâúðõíîñòòà íà ïðàøèíêèòå. Òîâà ñà
ïðåäèìíî âçàèìîäåéñòâèÿ ìåæäó éîíè è íåóòðàëíè àòîìè, ïðåîáëàäàâàùè ïðè íèñêèòå
òåìïåðàòóðè â òàêèâà îáëàñòè îò ISM. Ïðè òîâà òåõíèòå ñêîðîñòè êàòî öÿëî íå çàâèñÿò îò
òåìïåðàòóðàòà. Ñúùåñòâóâàò äâå îñíîâíè âåðèãè îò ðåàêöèè. Ïúðâàòà çàïî÷âà ñ ó÷àñòèåòî
íà êîñìè÷åñêè ëú÷è cr:

H2 + cr → H+
2 + e− + cr

H+
2 +H2 → H+

3 +H

H+
3 +O → OH+ +H2

OH+ +H2 → OH+
2 +H

OH+
2 + e− → OH+H

C+ +OH → CO+ +H

CO+ +H2 → HCO+ +H

HCO+ + e− → CO+H . (5.6)

Âòîðàòà îñíîâíà âåðèãà çàïî÷âà îò ìîëåêóëàòà CH è ïðîòè÷à ÷ðåç ñëåäíèòå ðåàêöèè:

C+ +H2 → CH+
2 + γ

CH+
2 + e− → CH+ H

CH+O → CO+H . (5.7)

2Ìàëêèÿò äèïîëåí ìîìåíò îáóñëàâÿ èçëú÷âàíå ñ ïî-íèñêà åíåðãèÿ, êîåòî íà ñâîé ðåä íàìàëÿâà òåìïå-
ðàòóðàòà, íåîáõîäèìà çà âúçáóæäàíå.
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Îáùàòà ñêîðîñò íà ïúðâàòà âåðèãà å îãðàíè÷åíà îò íàëè÷èåòî íà êîñìè÷åñêè ëú÷è, ÷ðåç
êîèòî âúçíèêâà H+

2 , äîêàòî ñêîðîñòòà íà âòîðàòà � îò ñêîðîñòòà íà ïîñëåäíàòà ðåàêöèÿ
ìåæäó äâå íåóòðàëíè ìîëåêóëè. Êîÿ îò äâåòå âåðèãè ïðåîáëàäàâà çàâèñè îò ñêîðîñòòà
íà éîíèçàöèÿ ÷ðåç êîñìè÷åñêè ëú÷è, ïëúòíîñòòà, òåìïåðàòóðàòà è äðóãè ïàðàìåòðè íà
ñðåäàòà. Íåêà îòáåëåæèì, ÷å è äâåòå âåðèãè èçèñêâàò íàëè÷èåòî íà H2.

Ìîëåêóëàòà CO ñå ðàçðóøàâà ïî ïîäîáåí íà÷èí íà H2 � ÷ðåç ôîòîâúçáóæäàíå, ïîñëåä-
âàíî îò äèñîöèàöèÿ. Ñàìîåêðàíèðàíåòî îáà÷å ñòàâà ïî ïî-ðàçëè÷åí íà÷èí. Äèñîöèèðàùèòå
ôîòîíè ìîãàò äà áúäàò ïîãúëíàòè îò ïðàøèíêè èëè îò CO ìîëåêóëè, íî ÷óâñòâèòåëíî ïî-
ìàëêîòî êîëè÷åñòâî íà ïîñëåäíèòå âîäè äî ðàçëè÷åí áàëàíñ ìåæäó äâàòà ïðîöåñà. Çàòîâà
â òîçè ñëó÷àé åêðàíèðàíåòî îò ïðàõà å ñ ðåøàâàù ïðèíîñ. Îñâåí òîâà íàëèöå å èçâåñòíî
ïðèïîêðèâàíå ìåæäó ðåçîíàíñíèòå ëèíèè íà CO è H2, êîåòî îáóñëàâÿ âçàèìíî åêðàíèðà-
íå. Ïðîáëåìúò å äîñòà ñëîæåí çà ôèçè÷åñêî îïèñàíèå è êàòî öÿëî ñå ïðèáÿãâà äî ÷èñëåíè
ñèìóëàöèè. Ïîñëåäíèòå ïîêàçâàò, ÷å îáëàöèòå èìàò ñëîåñòà ñòðóêòóðà. (Ôèãóðà?) Â çî-
íèòå ñúñ ñëàáî åêðàíèðàíå, êúäåòî FUV ïîòîêúò ïðîíèêâà áåç ñúùåñòâåíî îòñëàáâàíå,
ïðåîáëàäàâàò H i è C+. Â ïî-äúëáîêè çîíè ñ ÷àñòè÷íî ïîãëúùàíå íà FUV ôîòîíè, ïðåîá-
ëàäàâàò H2 è C+. Íàé-ñåòíå, â öåíòðàëíàòà îáëàñò ñå îñúùåñòâÿâà ïðåõîä êúì H2 è CO
êàòî ãëàâíè èíäèêàòîðè.

×èñëåíàòà îöåíêà çà òèïè÷íèòå óñëîâèÿ â Ìëå÷íèÿ ïúò ïîêàçâà, ÷å ãàçúò ùå áúäå
òðàñèðàí ïðåäèìíî îò CO ïðè åêñòèíêöèÿ âúâ âèäèìèÿ äèàïàçîí AV ≳ 1 − 2m, êîåòî
ñúîòâåòñòâà íà íÿêîëêî ïúòè ïî 1021 cm−2 èëè ∼ 20 M⊙.pc−2 çà ïðàõà. Êàêòî ùå âèäèì â
×àñò 12, òèïè÷íèòå êîëîíêîâè ïëúòíîñòè â ãèãàíòñêèòå ÌÎ (GMCs) ñà ∼ 1022 cm−2 èëè ∼
100M⊙.pc−2. Òîâà îçíà÷àâà, ÷å òå ñúäúðæàò ãàçîâ ñëîé ñ ìîëåêóëåí âîäîðîä è âúãëåðîäúò
å âñå îùå â éîíèçèðàí âèä C+, íî íà íåãî ñå ïàäàò íå ïîâå÷å îò íÿêîëêî äåñåòè îò ïðîöåíòà
îò îáùàòà ìàñà. Íî â ãàëàêòèêè ñ îòíîñèòåëíî íèñêî ïðàõîâî ñúäúðæàíèå òîçè ñëîé ìîæå
äà áúäå ìíîãî ïî-ãîëÿì.



Ãëàâà 6

Òåðìîäèíàìèêà íà ìîëåêóëíèÿ ãàç

Âå÷å ñïîìåíàõìå êðèòè÷íîòî çíà÷åíèå íà òåìïåðàòóðàòà çà ðåäèöà ïðîöåñè â ISM: âúçáóæ-
äàíå íà îïðåäåëåíè àòîìè è ìîëåêóëè, ñàìîåêðàíèðàíå, ãðàâèòàöèîííà íåóñòîé÷èâîñò è
ò.í. Íàáëþäåíèÿòà íà ìîëåêóëåí ãàç ãîâîðÿò çà èçêëþ÷èòåëíî íèñêè òåìïåðàòóðè: ∼ 10 K,
à â íÿêîè ñëó÷àè è ïî-íèñêè. Êàê ñå ñòèãà äî òàêîâà ñúñòîÿíèå?

6.1 Íàãðÿâàíå è îõëàæäàíå

Â ìíîãî îòíîøåíèÿ ISM å òâúðäå äàëå÷ îò òåðìîäèíàìè÷íî ðàâíîâåñèå. Çàòîâà êëàñè-
÷åñêèòå ðàâíîâåñíè ðàçïðåäåëåíèÿ íà Áîëöìàí èëè íà Ñàõà íå ñà ïðèåìëèâè îïèñàíèÿ
íà íåéíîòî ñúñòîÿíèå. Óäàðèòå ìåæäó âîäîðîäíèòå è õåëèåâè àòîìè ïðè íèñêè åíåðãèè
(≤ 10 eV) ñà îáà÷å êâàçèåëàñòè÷íè è ïîñòåïåííî ñå ïîëó÷àâà ðàâíîâåñíî ðàçïðåäåëåíèå
ïî êèíåòè÷íè åíåðãèè, ò.å. ìîæåì äà ñå ðàáîòè ñ ðàçïðåäåëåíèå íà Ìàêñóåë ïî ñêîðîñòè.
Ñàìàòà òåìïåðàòóðà íà ñðåäàòà ñå îïðåäåëÿ îò áàëàíñà ìåæäó ïðîöåñèòå íà íàãðÿâàíå è
îõëàæäàíå.

Ïðîöåñè íà íàãðÿâàíå

Ïðåîáëàäàâàùèÿò ïðîöåñ íà íàãðÿâàíå â àòîìíàòà ISM å ôîòîåôåêòúò âúðõó ïðàøèíêè:
ôîòîíè îò çâåçäåí ïðîèçõîä ñ åíåðãèè ∼ 8 − 13.6 eV îñâîáîæäàâàò áúðçè åëåêòðîíè îò
ïðàøèíêèòå. Òåçè åëåêòðîíè âëèçàò â ðàâíîâåñèå ñ ãàçà, êàòî ãî íàãðÿâàò. Ñêîðîñòòà íà
óâåëè÷àâàíå íà åíåðãèÿòà íà åäíî H ÿäðî ïðè òîçè ïðîöåñ ñå ïðåñìÿòà ïî ôîðìóëàòà:

ΓPE ≈ 4× 10−26χFUVZ
′
d exp(−τd) [ erg/s ] , (6.1)

êúäåòî χFUV è Z ′
d ñà ñúîòâåòíî èíòåíçèòåòúò íà ëú÷åíèåòî âúâ FUV è êîëè÷åñòâîòî ïðàõ,

íîðìèðàíè êúì ñòîéíîñòèòå èì çà Ñëúí÷åâàòà îêîëíîñò, à τd å îïòè÷íàòà äåáåëèíà íà
ïðàõà â òîçè äèàïàçîí. Ïðè òèïè÷íè íåïðîçðà÷íîñòè íà ïðàõà κν,FUV ≈ 500 cm2.g−1 è
ïîâúðõíîñòè ïëúòíîñòè â MCs îò ïîðÿäúêà íà 50-100M⊙/pc2, ïîëó÷àâàìå îöåíêè τd ∼
5− 10 è åêñïîíåíòà â ãîðíîòî óðàâíåíèå îêîëî 10−3. Ñëåäîâàòåëíî, âúâ âúòðåøíîñòòà íà
MCs ôîòîåôåêòúò å ñèëíî ïîòèñíàò, ïîðàäè íåïðîçðà÷íîñòòà ñïðÿìî FUV ôîòîíè.

Çàòîâà â òàêèâà ñëó÷àè ãëàâíà ðîëÿ èãðàå íàãðÿâàíåòî ÷ðåç êîñìè÷åñêè ëú÷è (CR).
Êàòî ðåëàòèâèñòè÷íè ÷àñòèöè, òå èìàò ìíîãî ïî-ìàëêî ñå÷åíèå íà âçàèìîäåéñòâèå îò FUV
ôîòîíèòå è çàòîâà ïðîíèêâàò â çîíè, åêðàíèðàíè çà åëåêòðîìàãíèòíîòî ëú÷åíèå. Ïúðâàòà
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ñòúïêà â ïðîöåñà íà íàãðÿâàíå å èçáèâàíåòî íà åëåêòðîí îò ìîëåêóëà:

cr + H2 → H+
2 + e− + cr (6.2)

Òèïè÷íàòà åíåðãèÿ íà îñâîáîäåíèÿ åëåêòðîí ∼ 30 eV çàâèñè ñëàáî îò åíåðãèÿòà íà êîñ-
ìè÷åñêàòà ÷àñòèöà. Åëåêòðîíúò íå ìîæå ëåñíî è ïðÿêî äà ïðåäàäå åíåðãèÿòà ñè íà äðóãè
÷àñòèöè â ãàçà, òúé êàòî ìàñàòà ìó å ìàëêà è ïîâå÷åòî óäàðè ñà åëàñòè÷íè. Àëà òàçè åíåð-
ãèÿ å äîñòàòú÷íà, çà äà éîíèçèðà èëè äèñîöèèðà äðóãè ìîëåêóëè H2. Òîâà âå÷å ìîæå äî
äîâåäå äî íååëàñòè÷íî âçàèìîäåéñòâèå è ÷àñò îò åíåðãèÿòà íà åëåêòðîíà äà ñå ïðåâúðíå
â òîïëèíà, ïî òðè âúçìîæíè êàíàëà:

1. Äèñîöèàöèîííî íàãðÿâàíå
e− +H2 → 2H + e− (6.3)

Èçëèøúêúò îò åíåðãèÿ íà åëåêòðîííà íàä äèñîöèàöèîííèÿ ïîòåíöèàë íà ìîëåêóëàòà
(4.5 eV) ñå ïðåâðúùà â êèíåòè÷íà åíåðãèÿ íà äâàòà îòñêà÷àùè âîäîðîäíè àòîìà.
Ïîñëåäíèòå ñà äîñòàòú÷íî ìàñèâíè, çà äà ÿ ñïîäåëÿò ñ äðóãè ãàçîâè ÷àñòèöè.

2. Âúçáóæäàíå íà âîäîðîäíà ìîëåêóëà: Òÿ ñå ñáëúñêâà ñ äðóãà è ñå äåàêòèâèðà óäàðíî.
Èçëèøúêúò îò åíåðãèÿ ñå ïðåâðúùà â êèíåòè÷íà åíåðãèÿ íà äâàòà îòñêà÷àùè àòîìà,
êîèòî ÿ ñïîäåëÿò ñúñ ñðåäàòà.

e− +H2 → H∗
2 + e−

cH∗
2 +H2 → 2H2 . (6.4)

3. Õèìè÷íî íàãðÿâàíå: Ñúçäàäåíèÿò îò êîñìè÷åñêè ëú÷è éîí H+
2 ðåàãèðà ñ äðóãè ìî-

ëåêóëè, îòäåëÿùè òîïëèíà. Âúçìîæíè ñà íàé-ðàçëè÷íè åêçîòåðìè÷íè ðåàêöèè, íàï-
ðèìåð:

H+
2 +H2 → H+

3 +H (6.5)

H+
3 + CO → HCO+ +H2 (6.6)

HCO+ + e− → CO+H . (6.7)

Âñÿêà îò òåçè ðåàêöèè âîäè äî òåæêè ÷àñòèöè, îòñêà÷àùè ñ ãîëÿìà ñêîðîñò è ñïî-
ñîáíè äà ñïîäåëÿò êèíåòè÷íàòà ñè åíåðãèÿ ñúñ ñðåäàòà. Íî ïðåñìÿòàíåòî íà ïúëíàòà
îñâîáîäåíà åíåðãèÿ èçèñêâà ñóìèðàíå ïî âñåâúçìîæíèòå âåðèãè íà ðåàêöèÿ è çàäà÷à-
òà ñòàâà äîñòà ñëîæíà îò ìàòåìàòè÷åñêà ãëåäíà òî÷êà. Êðàéíèÿò ðåçóëòàò å ÷å ïðî-
èçâîäñòâîòî íà åíåðãèÿ íà åäíà ïúðâè÷íà éîíèçàöèÿ îò êîñìè÷åñêè ëú÷è å ∼ 13 eV
ïðè òèïè÷íè óñëîâèÿ â ÌÎ, ñ âúçìîæíè îòêëîíåíèÿ îò íÿêîëêî eV â çàâèñèìîñò îò
ëîêàëíàòà ïëúòíîñò, êîëè÷åñòâî åëåêòðîíè è äðóãè ïàðàìåòðè.

Êàòî âçåìåì ïðåäâèä è íàáëþäàòåëíàòà îöåíêà çà ïúðâè÷íà éîíèçàöèÿ ÷ðåç êîñìè÷åñ-
êè ëú÷è â Ìëå÷íèÿ ïúò ∼ 10−16 s−1 íà H ÿäðî â ÌÎ, ïúëíàòà ñêîðîñò íà íàãðÿâàíå íà H
ÿäðî íà åäèíèöà îáåì âúçëèçà íà:

Γcr ∼ 2× 10−27nH erg.s−1.cm−3 , (6.8)

êúäåòî nH å êîíöåíòðàöèÿòà íà âîäîðîäíè àòîìè. Òîâà å äîñòàòú÷íî çà ïðåîáëàäàâàíå íà
íàãðÿâàíåòî ÷ðåç êîñìè÷åñêè ëú÷è âúâ âúòðåøíîñòòà íà ÌÎ.
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Ïðîöåñè íà îõëàæäàíå

Â ìîëåêóëÿðíèòå îáëàöè ïðåîáëàäàâàò äâà ïðîöåñà íà îõëàæäàíå: ÷ðåç ìîëåêóëíè åìèñèè
è èçëú÷âàíå íà ïðàõà. Ïðàõúò å åôåêòèâåí àãåíò íà îõëàæäàíå â ãàçà, çàùîòî ïðàøèíêèòå
ñà òâúðäè òåëà è ìîãàò äà èçëú÷âàò òîïëèííî. Ñàìî ÷å òîçè ìåõàíèçúì ñå îñúùåñòâÿâà,
àêî óäàðèòå ìåæäó ïðàøèíêè è âîäîðîäíè ìîëåêóëè ñà äîñòàòú÷íî ÷åñòè, çà äà îñèãóðÿò
òîïëèííî ðàâíîâåñèå íà öÿëàòà ñèñòåìà. Â ïðîòèâåí ñëó÷àé äâàòà àíñàìáúëà ñà â ðàç-
ëè÷íî òåðìîäèíàìè÷íî ñúñòîÿíèå � ïðàøèíêèòå ñå îõëàæäàò, äîêàòî ãàçúò îñòàâà ãîðåù.
Ïëúòíîñòòà, íåîáõîäèìà çà ïîñòèãàíå íà òîïëèííî ðàâíîâåñèå, å îêîëî 104 − 105 cm−3,
ò.å. ïî-âèñîêà îò òèïè÷íàòà â åäèí GMC è çàòîâà çàñåãà íÿìà äà ðàçãëåæäàìå âúçìîæíî
îõëàæäàíå ÷ðåç ãàçà. Ïîñëåäíîòî ïðèäîáèâà çíà÷åíèå ïðè êîëàïñèðàùè, ïëúòíè îáåêòè.

Àëòåðíàòèâíèÿò ïðîöåñ íà îõëàæäàíå å ÷ðåç åìèñèÿ â ìîëåêóëíè ëèíèè è íàé-âàæíàòà
ìîëåêóëà â òîâà îòíîøåíèå å CO. Ôèçèêàòà íà ïðîöåñà å ïðîñòà. Ìîëåêóëèòå íà CO ñå
âúçáóæäàò ÷ðåç íååëàñòè÷íè óäàðè ñ ìîëåêóëè H2, ïðè êîèòî êèíåòè÷íàòà åíåðãèÿ ïðåìè-
íàâà â ïîòåíöèàëíà. Ïðè ëú÷èñòî äåàêòèâèðàíå íà ìîëåêóëàòà ôîòîíúò íàïóñêà îáëàêà è
ïîñëåäíèÿò ãóáè åíåðãèÿ. Íèâàòà íà äâóàòîìíà ìîëåêóëà êàòî CO, êîèòî ìîãàò äà áúäàò
âúçáóäåíè, ñà ðîòàöèîííè, âèáðàöèîííè èëè åëåêòðîííè. Ïðè íèñêèòå òåìïåðàòóðè â ÌÎ,
îáèêíîâåíî îò çíà÷åíèå ñà ñàìî ðîòàöèîííèòå íèâà. Òå ñå õàðàêòåðèçèðàò îò êâàíòîâî
÷èñëî íà ïúëíèÿ ìîìåíò íà èìïóëñà J , êàòî îò âñÿêî íèâî J èìà åäèíñòâåí ïîçâîëåí ïðå-
õîä êúì ïî-äîëíîòî J − 1. Ïðåõîäè ñ ïî-ãîëåìè ∆J ñà ñèëíî ïîòèñíàòè, çàùîòî èçèñêâàò
åìèñèÿ îò ïîâå÷å ôîòîíè çà çàïàçâàíå íà ìîìåíòà íà èìïóëñà.

Çà ñúæàëåíèå ñêîðîñòòà íà îõëàæäàíå ÷ðåç ÑÎ ìîëåêóëè ñå ïðåñìÿòà äîñòà òðóäíî,
çàùîòî âñè÷êè ëèíèè íà ÑÎ ñ íèñêè ðîòàöèîííè íèâà ñà îïòè÷íî äåáåëè. Ôîòîí, èçëú÷åí
ïðè ïðåõîä îò íèâî J = 1, âåðîÿòíî ùå áúäå ïîãúëíàò îò äðóãà ìîëåêóëà â ñúñòîÿíèå ñ
J = 0 îùå ïðåäè äà íàïóñíå îáëàêà è íÿìà äà äîïðèíåñå çà îõëàæäàíåòî. Ñëåäîâàòåëíî
ñêîðîñòòà íà îõëàæäàíå Λ å ñëîæíà ôóíêöèÿ îò ïðîñòðàíñòâåíîòî ïîëîæåíèå â îáëàêà �
ôîòîíè áëèçî äî ïîâúðõíîñòòà ìó ùå íàïóñíàò ñ ïî-ãîëÿìà âåðîÿòíîñò è òóê Λ ùå áúäå
ìíîãî ïî-ãîëÿìà, îòêîëêîòî â äúëáî÷èíà. Äèñïåðñèÿòà íà ñêîðîñòèòå ñúùî å îò çíà÷åíèå;
ãîëåìèòå äèñïåðñèè íà ñêîðîñòòà îáóñëàâÿò Äîïëåðîâî îòìåñòâàíå íà åìèñèÿòà â øèðîê
äèàïàçîí îò ÷åñòîòè è îòòóê âåðîÿòíîñòòà çà ðåçîíàíñíî ïîâòîðíî ïîãëúùàíå íà äàäåí
ôîòîí íàìàëÿâà. Íà ïðàêòèêà òîâà îçíà÷àâà, ÷å ñêîðîñòèòå íà îõëàæäàíå ïðè ðàçëè÷íè
ïðåõîäè òðÿáâà äà ñå ïðåñìåòíàò ÷èñëåíî è ùå çàâèñÿò îò ãåîìåòðèÿòà íà îáëàêà, àêî
èñêàìå äà ïîñòèãíåì òî÷íîñò â ðàìêèòå íà ôàêòîð ∼ 2. Âñå ïàê ìîæåì äà ïðèäîáèåì
èçâåñòíà ïðåäñòàâà îò íÿêîè îáùè ñúîáðàæåíèÿ. Âèñîêèòå íèâà J íà ìîëåêóëàòà CO ñà
îïòè÷íî òúíêè, òúé êàòî áðîÿò ìîëåêóëè â ñúñòîÿíèÿ J−1, ñïîñîáíè äà ïîãúëíàò ôîòîíè
ïðè ïðåõîäè J → J − 1, ñà â ìíîãî ìàëêè êîëè÷åñòâà è òàêèâà ôîòîíè, êúäåòî è äà ñà
èçëú÷åíè, íàïóñêàò îáëàêà ñ ëåêîòà. Íî òåìïåðàòóðèòå çà âúçáóæäàíå íà òåçè íèâà ñà
âèñîêè ñïðÿìî èçìåðåíèòå â ÌÎ è ñúîòâåòíî òàêèâà åìèñèè ñà ñëàáè. Îùå ïîâå÷å íèâàòà
ñ ïî-ãîëåìè J èìàò è âèñîêè êðèòè÷íè ïëúòíîñòè è ñà ñóáòîïëèííî íàñåëåíè1, êîåòî å îùå
åäèí ôàêòîð çà îòñëàáâàíå íà åìèñèÿòà.

Îò äðóãà ñòðàíà, íèâàòà íà ÑÎ ìîëåêóëàòà ñ ìàëêî J ñå õàðàêòåðèçèðàò ñ íàé-ãîëÿìà
íàñåëåíîñò è ñúîòâåòíèòå ïðåõîäè èìàò íàé-ãîëåìè îïòè÷íè äúëáî÷èíè � òèïè÷íèòå çà
ïðåõîäà J = 1 → 0 ñà íÿêîëêî äåñåòêè è ïîâå÷å. Òàêèâà ìîëåêóëè ñà àãåíòè íà îõëàæäà-
íå, ñàìî àêî ñå íàìèðàò â ñëîåâå ñ τ ∼ 1 ñïðÿìî ïîâúðõíîñòòà íà îáëàêà. Ñ äðóãè äóìè,
îõëàæäàíåòî å åôåêòèâíî ñàìî â ìàëúê îáåì îò îáëàêà. Ñóìàðíèÿò åôåêò îò îòñëàáâàíå-
òî íà ïðåõîäèòå ñ ìàëêè J ïîðàäè åôåêòè íà îïòè÷íàòà ïëúòíîñò è íà òåçè ñ ãîëåìè J

1Ò.å. ïî-ñëàáî íàñåëåíè, îòêîëêîòî ïðè òîïëèííî ðàâíîâåñèå.
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ïîðàäè åôåêòè íà âúçáóæäàíåòî å, ÷å îõëàæäàíåòî ñå îïðåäåëÿ ïðåäèìíî îò åäíà ëèíèÿ,
ñúîòâåòñòâàùà íà íàé-íèñêîòî íèâî J çà êîåòî ëèíèÿòà íå å îïòè÷íî äåáåëà. Ïîñëåäíàòà å
îò÷àñòè îïòè÷íî òúíêà, íî å áëèçêà äî ñúñòîÿíèå íà LTE ïîðàäè âçàèìîäåéñòâèå íà íèñ-
êèòå íèâà ñ ïîëåòî íà ëú÷åíèåòî. Êîÿ òî÷íî ëèíèÿ å òàçè çàâèñè îò êîëîíêîâàòà ïëúòíîñò
è äèñïåðñèÿòà íà ñêîðîñòèòå â îáëàêà. Òèïè÷íèòå ïèêîâè ñòîéíîñòè â ãàëàêòèêè îò òèïà
íà Ìëå÷íèÿ ïúò âàðèðàò îò J = 2 → 1 äî J = 5 → 4.

Ñêîðîñòòà íà îõëàæäàíå ΛCO ∝ exp(−EJ/kT ) ÷ðåç åìèñèè íà ìîëåêóëàòà CO ñå ïðåñ-
ìÿòà, êàòî ïîñëåäíàòà ñå ðàçãëåæäà êàòî êâàíòîâ ðîòîð â LTE, à îòíîñèòåëíîòî êîëè÷åñòâî
íà CO íà åäíî âîäîðîäíî ÿäðî ñå ïðèåìå çà xCO ≈ 1.1× 10−4. Çà 2 ≤ J ≤ 5 è òåìïåðàòóðè
∼ 10 K îöåíêèòå ñî÷àò ΛCO ∼ 10−27 − 10−26 erg.s−1.cm−3. Ñðàâíåíèåòî ñ ôîðìóëà (6.8)
ïîêàçâà çàùî òèïè÷íèòå ðàâíîâåñíè òåìïåðàòóðè íà ÌÎ ñà áëèçêè äî 10 K.

Íàïðàâåíèòå îöåíêè çà ñêîðîñòèòå íà íàãðÿâàíå è îõëàæäàíå èìàò äâå êðèòè÷íè ïîñ-
ëåäñòâèÿ çà äèíàìèêàòà íà ÌÎ:

• Òåìïåðàòóðàòà å ñëàáî ÷óâñòâèòåëíà êúì âàðèàöèè â ëîêàëíàòà ñêîðîñò íà íàãðÿ-
âàíå. Ñêîðîñòèòå íà íàãðÿâàíå ÷ðåç êîñìè÷åñêè ëú÷è èëè ôîòîåôåêò ñà â ãîëÿìà
ñòåïåí íåçàâèñèìè îò òåìïåðàòóðàòà, äîêàòî òàçè íà îõëàæäàíå � òúêìî íàïðîòèâ,
çàùîòî ïðåîáëàäàâàùèòå ëèíèè íà îõëàæäàíå ÷ðåç CO èìàò åíåðãèè, ñúùåñòâåíî
íàäâèøàâàùè kT . ×èñëåíèòå ïðåñìÿòàíèÿ ïîêàçâàò, ÷å ΛCO å ïðîïîðöèîíàëíà íà
òåìïåðàòóðàòà íà ñòåïåí 2 ≲ p ≲ 3. Òîâà îçíà÷àâà, ÷å óâåëè÷àâàíå íà ëîêàëíàòà
ñêîðîñò íà íàãðÿâàíå ñ ôàêòîð f áè äîâåëî äî ïðîìÿíà íà òåìïåðàòóðàòà åäâà ñ
ôàêòîð ∼ f 1/p. Ñëåäîâàòåëíî ìîæåì äà î÷àêâàìå, ÷å ÌÎ ñà áëèçêè äî èçîòåðìè÷íî
ñúñòîÿíèå, îñâåí àêî íå ñà ðàçïîëîæåíè äî ìîùíè èçòî÷íèöè íà íàãðÿâàíå.

• Õàðàêòåðíîòî âðåìå íà îõëàæäàíå τcool ïîðàäè ëú÷åíèå å ìíîãî ïî-ìàëêî îò òîâà
íà íàãðÿâàíåòî ÷ðåç ìåõàíè÷íè ÿâëåíèÿ (íàïð. óäàðíè âúëíè). Òî ìîæå äà ñå îöåíè
êàòî ϵth/ΛCO, êúäåòî ñðåäíàòà òîïëèííà åíåðãèÿ íà åäíî âîäîðîäíî ÿäðî å:

ϵth ≈ 1

2

(
3

2
kT

)
= 10−15

(
T

10 K

)
erg. (6.9)

Ðàâåíñòâîòî å ïðèáëèçèòåëíî, çàùîòî ñà ïðåíåáðåãíàòè êâàíòîâîìåõàíè÷íèòå åôåê-
òè, êîèòî èìàò çíà÷åíèå ïðè íèñêè òåìïåðàòóðè. Àêî ïðåäïîëîæèì, ÷å ãàçúò å èç-
ëÿçúë ëåêî îò ðàâíîâåñèå, ñ T = 20 K, ðàâíîâåñèåòî ìåæäó íàãðÿâàíå è îõëàæäàíå
å ñåðèîçíî íàðóøåíî â ïîëçà íà âòîðîòî. Òîãàâà ïðè ΛCO/nH ∼ 4 × 10−26 erg.s−1,
ñòèãàìå äî τcool = 1.6 kyr. Çà ñðàâíåíèå, õàðàêòåðíîòî òóðáóëåíòíî âðåìå τcr ∼ L/σ
çà îáëàê ñ ðàçìåð L = 30 pc è äèñïåðñèÿ íà ñêîðîñòèòå σ4 km/s å öåëè 7 Myr.

6.2 Ïðåõîä îò àòîìíà êúì ìîëåêóëíà ôàçà

Ôàçè íà ìåæäóçâåçäíèÿ ãàç.
Äèíàìèêàòà íà ÌÑ îáõâàùà ãîëÿì äèàïàçîí îò ïðîñòðàíñòâåíè ñêàëè: îò Ãàëàêòèêàòà

êàòî öÿëî äî ëîêàëíè ñãúñòÿâàíèÿ îò ìåæäóçâåçäåí ãàç, êîèòî êîëàïñèðàò ñ îáðàçóâàíå íà
îòäåëíè çâåçäè èëè äâîéíè çâåçäíè ñèñòåìè. Ñúùî òàêà, äèíàìè÷íèòå ïðîöåñè â ÌÑ ïðî-
òè÷àò âúâ âíóøèòåëíè âðåìåâè ìàùàáè: îò ñòîòèöè ìèëèîíè ãîäèíè (îò ïîðÿäúêà íà åäèí
ïúëåí ðîòàöèîíåí ïåðèîä íà Ãàëàêòèêàòà) äî ñòîòèöè ãîäèíè, íåîáõîäèìè çà ïðåìèíàâàíå-
òî íà éîíèçàöèîíåí ôðîíò ïðåç îáëàê îò ìîëåêóëåí âîäîðîä, ñ àêòèâíî çâåçäîîáðàçóâàíå.
Òîçè øèðîê äèàïàçîí îò ïðîñòðàíñòâåíè è âðåìåâè ñêàëè å ñâúðçàí ïî ñëîæåí íà÷èí ñ
ðåäèöà ôåíîìåíè íà îáðàòíî âúçäåéñòâèå âúðõó ñðåäàòà â çîíèòå íà çâåçäîîáðàçóâàíå.
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Òóðáóëåíòíîñò è íåéíèòå

õàðàêòåðèñòèêè

Òóðáóëåíòíîñòòà ñàìà ïî ñåáå ñè å ïîëå çà îòäåëíî íàó÷íî èçñëåäâàíå. Ðàçáèðàíåòî è
îïèñàíèåòî �è ñà èçêëþ÷èòåëíî ñëîæíè. (Àíåêäîò...) Â ðàìêèòå íà òîçè êóðñ íà íàñ íè å
íåîáõîäèìî äà ðàçáèðàìå îñíîâíèòå ñòàòèñòè÷åñêè ïîäõîäè, èçïîëçâàíè çà ìîäåëèðàíå íà
òóðáóëåíòíîñòòà â ISM.

7.1 Ôëóèäíè óðàâíåíèÿ è õàðàêòåðíè ÷èñëà

We start by examining the equations of �uid dynamics and the characteristic numbers that
they de�ne. Although the ISM is magnetized, we will �rst start with the simpler case of an
unmagnetized �uid. Fluids are governed by a series of conservation laws. The most basic one
is conservation of mass:

∂

∂t
ρ = −∇ · (ρv) (7.1)

Physically, this is very intuitive: density at a point changes at a rate that is simply equal to
the rate at which mass �ows into or out of an in�nitesimal volume around that point.

We can write a similar equation for conservation of momentum (Navier-Stokes):

∂

∂t
(ρv) = −∇ · (ρvv)−∇P + ρν∇2v . (7.2)

The term ρv is the density of momentum at a point. Ïúðâèÿò ÷ëåí îòäÿñíî, in analogy
to the equivalent term in the conservation of mass equation, the rate at which momentum is
advected into or out of that point by the �ow. The term ∇P is the rate at which pressure forces
acting on the �uid change its momentum. Finally, the last term ρv∇2v is the rate at which
viscosity redistributes momentum, êàòî the quantity ν is called the kinematic viscosity.

Âèñêîçíèÿò ÷ëåí â óðàâíåíèåòî requires a bit more discussion. All the other terms in the
momentum equation are completely analogous to Newton's second law for single particles. The
viscous term, on the other hand, is unique to �uids, and does not have an analog for single
particles. It describes the change in �uid momentum due to the di�usion of momentum from
adjacent �uid elements. We can understand this intuitively: a �uid is composed of particles
moving with random velocities in addition to their overall coherent velocity. If we pick a
particular �uid element to follow, we will notice that these random velocities cause some of
the particles that make it up di�use across its boundary to the neighboring element, and some
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particles from the neighboring element enter. The particles that wander across the boundaries of
our �uid element carry momentum with them, and this changes the momentum of the element
we're following. The result is that momentum di�uses across the �uid, and this momentum
di�usion is called viscosity. Viscosity is interesting and important because it's the only term in
the equation that converts coherent, bulk motion into random, disordered motion. That is to
say, the viscosity term is the only one that is dissipative, or that causes the �uid entropy to
change.

To understand the relative importance of terms in the momentum equation, it is helpful to
make order of magnitude estimates of their sizes. Let us consider a system of characteristic size
L and characteristic velocity V; if we're examining a molecular cloud, we might have L ∼ 10 pc
and v ∼ 5 km/s. The natural time scale for �ows in the system is L/V, so we expect time
derivative terms to be of order the thing being di�erentiated divided by L/V. Similarly, the
natural length scale for spatial derivatives is L, so we expect spatial derivative terms to be
order the quantity being di�erentiated divided by L. If cs is the gas sound speed, and we have
written the pressure as P = ρc2s and we apply these scalings to the momentum equation, we
expect the various terms to scale as follows:

ρv2

L
∼ ρv2

L
+
ρc2s
L

+ ρν
v

L2
↔

1 ∼ 1 +
c2s
v2

+
ν

vL
. (7.3)

From this exercise, we can derive two dimensionless numbers that are going to control the
behavior of the equation. We de�ne the Mach number and the Reynolds number as:

M =
v

cs
, (7.4)

Re =
Lv

ν
. (7.5)

The meanings of these dimensionless numbers are fairly clear from the equations. IfM ≪ 1,
òî pressure term å îïðåäåëÿù çà åâîëþöèÿòà íà ôëóèäà. È íàïðîòèâ, ïðè ñèëíî ñâðúõçâó-
êîâè ôëóèäíè ïîòîöè M ≫ 1, then the pressure term is unimportant for the behavior of the
�uid (�ôëóèä áåç íàëÿãàíå�). In èçîòåðìè÷åí molecular cloud:

cs =

√
kT

µmH

= 0.18(T/10 K)1/2 , (7.6)

where µ = 2.33 is the mean mass per particle in a gas composed of molecular hydrogen and
helium in the usual cosmic abundance ratio of 1 He per 10 H atoms. Thus MV/cs ∼ 20, and
we learn that pressure forces are unimportant.

The Reynolds number is a measure of how important viscous forces are. Viscous forces are
signi�cant for Re∼ 1 or less, and are unimportant of Re≫ 1. We can think of the Reynolds
number as describing a characteristic length scale L ∼ ν/V in the �ow. This is the length
scale on which di�usion causes the �ow to dissipate energy. Larger scale motions are e�ectively
dissipationless, while smaller scales ones are damped out by viscosity. ... The extremely large
value of the Reynolds number immediately yields a critical conclusion: molecular clouds must
be highly turbulent, because �ows with Re of more than ∼ 103 − 104 invariable are. Figure 4.1
illustrates this graphically from laboratory experiments.
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7.2 Òåîðèÿ íà Êîëìîãîðîâ è òóðáóëåíòíà êàñêàäà

In a turbulent medium velocity �uctuates in time and space, and so the best way to proceed
is to study those �uctuations statistically. We will make two simplifying assumptions. First we
assume that the turbulence is homogenous, in the sense that the turbulent motions do vary
only randomly, and not systematically, with position in the �uid. Second, we assume that it
is isotropic, so that turbulent motions do not have a preferred directions. Neither of these are
likely to be strictly true in a molecular cloud, particularly the second, since large-scale magnetic
�elds provide a preferred direction, but we will start with these assumptions and relax them
later.

Âàðèàöèÿòà íà ñêîðîñòòà â çàâèñèìîñò îò ïîëîæåíèåòî âúâ ôëóèäà ñå îïèñâà îò àâòî-
êîðåëàöèîííàòà ôóíêöèÿ:

A(r) ≡ 1

V

∫
v(x)v(x+ r) d3x = ⟨v(x) · v(x+ r)⟩ . (7.7)

Óñðåäíÿâàíåòî å ïî âñè÷êè íàïðàâëåíèÿ x, à A(0) = ⟨v2⟩ å ïðîñòî êâàäðàòúò íà ñðåäíîê-
âàäðàòè÷íàòà (RMS) ñêîðîñò. Ïðè èçîòðîïíî ïîëå íà ñêîðîñòèòå A(r) = A(|r|) = A(r) è
ñúäúðæà èíôîðìàöèÿ çà ïðîìÿíàòà íà ñêîðîñòòà íà íÿêàêúâ ìàùàá (ñêàëà) r âúâ ôëóèäà.

×åñòî å ïî-óäîáíî äà ñå ðàáîòè âúâ Ôóðèå-ïðîñòðàíñòâîòî. Ôóðèå-òðàíñôîðìàöèÿòà
íà ïîëåòî íà ñêîðîñòòà ñå äåôèíèðà òðèâèàëíî:

ṽ(k) =
1

2π

∫
v(x) exp(−ik · x) d3x ,

à ñïåêòúðúò íà åíåðãèÿòà (power spectrum) íà òóðáóëåíòíîñòòà, ñúîòâåòíî:

Ψ(k) ≡ |ṽ(k)|2 . (7.8)

Again, for isotropic turbulence, the power spectrum depends only on the magnitude of the
wave number k = |k|, not its direction, so it is more common to talk about the power per unit
radius in k-space,

P (k) = 4πk2Ψ(k) , (7.9)

à ñúãëàñíî òåîðåìàòà íà Ïàðñåâàë∫
P (k) dk =

∫
v(x) d3x ,

i.e. so for a �ow with constant density (an incompressible �ow) the integral of the power
spectrum just tells us how much kinetic energy per unit mass there is in the �ow. The power
spectrum at a wavenumber k then just tells us what fraction of the total power is in motions
at that wavenumber, i.e. on that characteristic length scale. The power spectrum is another
way of looking at the spatial scaling of turbulence. A power spectrum that peaks at low k
means that most of the turbulent power is in large-scale motions, since small k corresponds to
large λ. Conversely, a power spectrum that peaks at high k means that most of the power is in
small-scale motions.

The power spectrum also tells us about the how the velocity dispersion will vary when it
is measured over a region of some characteristic size. Suppose we consider a volume of size ℓ,
and measure the velocity dispersion σv(ℓ) within it. Further suppose that the power spectrum
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is described by a power law P (k) ∝ k−n. The total kinetic energy per unit within the region is,
up to factors of order unity,

Ekin ∼ σv(ℓ)
2 .

Îò äðóãà ñòðàíà:

Ekin =

∞∫
2π/l

P (k)dk ∝ ℓn−1 ,

îòêúäåòî ïîëó÷àâàìå çàêîí çà ñêàëèðàíå íà ñêîðîñòòà. Àêî îáîçíà÷èì ñ ℓs ò.íàð. çâóêî-
âà ñêàëà, íà êîÿòî äèñïåðñèÿòà íà ñêîðîñòèòå ñå èçðàâíÿâà ñúñ ñêîðîñòòà íà çâóêà, è ÿ
èçïîëçâàìå êàòî íîðìèðàùà âåëè÷èíà, òîçè çàêîí ìîæå äà ñå çàïèøå:

σv = cs

(
ℓ

ℓs

)(n−1)/2

. (7.10)

The closest thing we have to a model of turbulence is in the case of subsonic, hydrodynamic
turbulence; the basic theory for that goes back to Kolmogorov (1941). Real interstellar clouds
are neither subsonic nor hydrodynamic (as opposed to magnetohydrodynamic), but this theory
is still useful for understanding how turbulence works. Kolmogorov's theory of turbulence begins
with the realization that turbulence is a phenomenon that occurs when Re is large, so that there
is a large range of scales where dissipation is unimportant. It is possible to show by Fourier
transforming the Navier-Stokes equation that for incompressible motion transfer of energy can
only occur between adjacent wavenumbers. Energy at a length scale k cannot be transferred
directly to some scale k′ ≪ k. Instead, it must cascade through intermediate scales between k
and k′. This gives a simple picture of how energy dissipates in �uids. Energy is injected into a
system on some large scale that is dissipationless, and it cascades down to smaller scales until
it reaches a small enough scale for Re ∼ 1, at which point dissipation becomes signi�cant. In
this picture, if the turbulence is in statistical equilibrium, such that is neither getting stronger
or weaker, the energy at some scale k should depend only on k and on the rate of injection or
dissipation ψ.

Ñåãà îò àíàëèç íà ðàçìåðíîñòèòå, ìîæåì äà ïîëó÷èì âàæíè ñêàëèðàùè ñúîòíîøåíèÿ.
Äà ïðåäïîëîæèì, ÷å òóðáóëåíòíèÿò ñïåêòúð çàâèñè ïî ñòåïåíåí çàêîí îò ñêàëàòà è îò
ñêîðîñòòà íà èíæåêòèðàíå/äèñèïàöèÿ: P (k) = Ckαψβ. Òîé èìà ðàçìåðíîñò íà energy per
unit mass per unit radius in k-space, ò.å. L3/T 2. The injection / dissipation rate ψ has units of
energy per unit mass per unit time: L2/T 3. Îòòóê ñòèãàìå äî:

L3

T 2
∼ L−α

(
L2

T 3

)β

→ α = −5

3
, β =

2

3
; (7.11)

Ò.íàð. �çàêîí −5/3� ïîêàçâà êàê ñå ðàçïðåäåëÿ åíåðãèÿòà ïî ñêàëè â åäíà òóðáóëåíò-
íà êàñêàäà. This means that most of the power is in the largest scale motions, since power
diminishes as k increases. Âòîðî, àêî çàìåñòèì α âúâ ôîðìóëàòà çà ñêàëèðàíå íà ñêîðîñòòà
(7.10), ùå ïîëó÷èì:

σv ∝ ℓ1/3 (7.12)

This is an example of what is known in observational astronomy as a linewidth-size relation
� linewidth because the observational diagnostic we use to characterize velocity dispersion is
the width of a line. This relationship tells us that larger regions should have larger linewidths,
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with the linewidth scaling as the 1/3 power of size in the subsonic regime. Â êëþ÷îâàòà ðàáî-
òà íà Larson (1981) å óñòàíîâåíî, ÷å äèñïåðñèèòå íà ñêîðîñòòà â ÌÎ è òåõíè ôðàãìåíòè
ñå ïîä÷èíÿâàò íà ïîäîáíî ñêàëèðàùî ñúîòíîøåíèå, ñúñ ñòåïåíåí ïîêàçàòåë 0.38. Òîâà íà-
âåæäà íà ìèñúëòà çà âàæíàòà ðîëÿ íà òóðáóëåíòíîñòòà â îáëàñòèòå íà çâåçäîîáðàçóâàíå è
ñïîìàãà çà ïðåîñìèñëÿíåòî íà ïàðàäèãìàòà â òåîðèÿòà (âæ. ×àñò 4.3). The subsonic regime
can be tested experimentally on Earth, and Kolmogorov's model provides an excellent �t to
observations. (Ôèãóðà, ñðàâíÿâàùà ñïåêòúð ïî Êîëìîãîðîâ ñúñ ñêàëèðàíå ïî Larson.)

Ôèãóðà 7.1: Ñïåêòúð íà òóðáóëåíòíîñòòà ïî Êîëìîãîðîâ: åêñïåðèìåíòàëíî ïîòâúðæäåíèå
îò èçñëåäâàíå íà ãàçîâà ñòðóÿ (Champagne, 1978). Ïî àáñöèñàòà å íàíåñåíî âúëíîâîòî
÷èñëî, à ñ ïëúòíè è ïðàçíè ñèìâîëè å îáîçíà÷åí ñúîòâåòíî ñïåêòúðúò íà óñïîðåäíèòå è
íà ïåðïåíäèêóëÿðíèòå íà ïîòîêà êîìïîíåíòè íà ñêîðîñòòà.

7.3 Ñâðúõçâóêîâà òóðáóëåíòíîñò

Analytic attempts to characterize turbulence have a fundamental limitation, so far they are all
restricted to incompressible �ows. However, molecular cloud observations clearly show extremely
non-uniform structure. This may render all applications of incompressible turbulence to the
theory of star formation meaningless.

We have seen that real interstellar clouds not only have Re ≫ 1, they also have M ≫ 1,
and so the �ows within them are supersonic. This means that pressure is unimportant on size
scales L ≫ ℓs. Since viscosity is also unimportant on large scales, this means that gas tends
to move ballistically on large scales. On small scales this will produce very sharp gradients in
velocity, since fast-moving volumes of �uid will simply overtake slower ones. Since the viscosity
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term gets more important on smaller scales, the viscosity term will eventually stop the �uid
from moving ballistically. In practice this means the formation of shocks � regions where the
�ow velocity changes very rapidly, on a size scale determined by the viscosity.

We expect that the velocity �eld that results in this case will look like a series of step
functions. The power spectrum of a step function is a power law P (k) ∝ k−2. One can establish
this easily from direct calculation. Let's zoom in on the region around a shock, so that the
change in velocity on either side of the shock is small. The Fourier transform of v in 1D is

ṽ(k) =

√
1

2π

∫
v(x) exp(−ikx) dx

The periodic function vanishes for all periods in the regions where v is constant. It is non-
zero only in the period that includes the shock. The amplitude of v(x) exp(−ikx) dx during
that period is simply proportional to the length of the period, i.e. to 1/k. Thus, (̃v)(k) ∝ 1/k.
It then follows that P (k) ∝ k−2 for a single shock. An isotropic system of overlapping shocks
should therefore also look approximately like a power law of similar slope. This gives a velocity
dispersion versus size scale σv ∝ 1/2, and this is exactly what is observed. Figure 4.3 shows an
example.

Note that, although the power spectrum is only slightly di�erent than that of subsonic
turbulence (−5/3 versus about−2), there is really an important fundamental di�erence between
the two regimes. Most basically, in Kolmogorov turbulence decay of energy happens via a
cascade from large to small scales, until a dissipative scale is reached. In the supersonic case,
on the other hand, the decay of energy is via the formation of shocks, and as we have just seen
a single shock generates a power spectrum ∝ k−2, i.e. it non-locally couples many scales. Thus,
in supersonic turbulence there is no locality in k-space. All scales are coupled at shocks.

In subsonic �ows the pressure force is dominant, and so if the gas is isothermal, then the
density stays nearly constant � any density inhomogeneities are ironed out immediately by
the strong pressure forces. In supersonic turbulence, on the other hand, the �ow is highly
compressible. It is therefore of great interest to ask about the statistics of the density �eld.

Numerical experiments and empirical arguments (but not fully rigorous proofs) indicate
that the density �eld for a supersonically turbulent, isothermal medium is well-described by a
lognormal probability distribution function (PDF):

p(s) =
1√
2πσ2

s

exp

[
−(s− s0)

2

2σ2
s

]
, (7.13)

êúäåòî s = ln(ρ/ρ). Íàëàãàíå íà åñòåñòâåíîòî èçèñêâàíå çà ñðåäíàòà ïëúòíîñò ρ =
∫
ρp(s) ds

âîäè äî ñëåäíàòà âðúçêà ìåæäó øèðèíàòà íà PDF è íåéíèÿ ìàêñèìóì:

s0 = −σ2
s/2 ; (7.14)

Íå å òðóäíî äà ñå ïîêàæå, ÷å ìàñîâî ïðåòåãëåíàòà PDF èìà ñúùèÿ âèä, íî ìàêñèìóìúò �è
å îòìåñòåí îò −s0 êúì +s0. Physically, the meaning of these shifts is that the typical volume
element in a supersonic turbulent �eld is at a density lower than the mean, because much of the
mass is collected into shocks. The typical mass element lives in one of these shocked regions, and
thus is at higher-than-average density. Figure 4.4 shows an example of the density distribution
produced in a numerical simulation of supersonic turbulence.

The lognormal functional form is not too surprising, given the central limit theorem. Supersonic
turbulence consists of an alternative series of shocks, which cause the density to be multiplied
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Ôèãóðà 7.2: Ñêàëèðàíå íà äèñïåðñèÿòà íà ñêîðîñòòà â ISM íà Ìëå÷íèÿ ïúò. Relation
between velocity dispersion (as measured by the width of the J =1�0 rotational line transition
of 12 CO) and spatial scale in the Galactic ISM. The data points come from a wide range
of observations that trace di�erent structures and physical conditions (in terms of density,
temperature, excitation parameter, etc.). This in part contributes to the large scatter in
the data. However, altogether the observations reveal a clear power-law relation of the form
∆vNT ∝ ℓa. To guide the eyes, the solid lines illustrate the slopes a = 1/3 and a = 1/2. The
lower limit of ∆vNT ≈ 0.1 km/s is due to the spectral resolution in the data and corresponding
noise level. The �gure is taken from Falgarone et al. (2009), where further details and a full list
of references can be found.

by some factor, and supersonic rarefactions, which cause it to drop by some factor. The result of
multiplying a lot of positive density increases by a lot of negative density drops at random tends
to produce a normal distribution in the multiplicative factor, and thus a lognormal distribution
in the density.

This argument does not, however, tell us about the dispersion of densities, which must
be determined empirically from numerical simulations. The general result of these simulations
(e.g., Federrath, 2013) is that

σ2
s ≈ ln

(
1 + b2M2 β0

β0 + 1
,

)
(7.15)

êúäåòî ôàêòîðúò 1/3 ≤ b ≤ 1 çàâèñè îò òèïà çàäâèæâàíå íà òóðáóëåíòíîñòòà (îò ñîëåíîè-
äàëíî êúì êîìïðåñèâíî), à β0 å the ratio of thermal to magnetic pressure at the mean density
and magnetic �eld strength � we'll get to the magnetic case next.
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7.4 Çàäâèæâàíå íà òóðáóëåíòíîñòòà (forcing)

Èçòî÷íèöè íà òóðáóëåíòíîñòòà â ISM.



Ãëàâà 8

Ìàãíèòíè ïîëåòà â õëàäíàòà

ìåæäóçâåçäíà ñðåäà

In our treatment of �uid �ow and turbulence in Chapter 4, we concentrated on the hydrodynamic
case. However, real star-forming clouds are highly magnetized. We therefore devote this chapter
to the question of how magnetic �elds change the nature of molecular cloud �uid �ow.

8.1 Èçìåðâàíèÿ íà ìàãíèòíîòî ïîëå îò íàáëþäåíèÿ

It became clear from observations of polarized starlight (Hiltner 1949, 1951) that substantial
magnetic �elds thread the interstellar medium (Chandrasekhar & Fermi 1953a), forcing the
magnetic �ux problem to be addressed, but also raising the possibility that the solution to
the angular momentum problem might be found in the action of magnetic �elds. The typical
strength of the magnetic �eld in the di�use ISM was not known to an order of magnitude,
though, with estimates ranging as high as 30 µG from polarization (Chandrasekhar & Fermi
1953a) and synchrotron emission (e.g. Davies & Shuter 1963). the modern value of around 3
µG only gradually became accepted over the next two decades.

There are several methods that can be used to measure magnetic �elds, but the most direct
is the Zeeman e�ect. The Zeeman e�ect is a slight shift in energy levels of an atom or molecule
in the presence of a magnetic �eld. Ordinarily the energies of a level depend only the direction
of the electron spin relative to its orbital angular momentum vector, not on the direction of
the net angular momentum vector. However, in the presence of an external magnetic �eld,
states with di�erent orientations of the net angular momentum vector of the atom have slightly
di�erent energies due to the interaction of the electron magnetic moment with the external
�eld. This causes a normally single spectral line produced transitions from that level to split
into several separate lines at slightly di�erent frequencies.

For the molecules with which we are concerned, the level is normally split into three sublevels
� one at slightly higher frequency than the unperturbed line, one at slightly lower frequency,
and one at the same frequency. The strength of this splitting varies depending on the electronic
con�guration of the atom or molecule in question. For OH, for example, ÷óâñòâèòåëíîñòòà íà
Zeeman e Z = 0.98 Hz/µG, à ñàìîòî îòìåñòâàíå ∆ν = BZ, where B is the magnetic �eld
strength. One generally wants to look for molecules where Z is as large as possible, and these
are generally molecules or atoms that have an unpaired electron in their outer shell. Examples
include atomic hydrogen, OH, CN, CH, CCS, SO and O2. Ïðîñòîòî ïðåñìÿòàíå îáà÷å ïîêàçâà,
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÷å unless the �eld is considerably larger than 1000 µG (òâúðäå ãîëåìè ñòîéíîñòè çà ISM),
the Zeeman splitting is smaller than the Doppler line width, and we won't see the line split.

However, there is a trick to avoid this problem: radiation from the di�erent Zeeman sublevels
has di�erent polarization. If the magnetic �eld is along the direction of propagation of the
radiation, emission from the higher frequency Zeeman sublevel is right circularly polarized,
while radiation from the lower frequency level is left circularly polarized. The unperturbed
level is unpolarized. Thus although one cannot see the line split if one looks at total intensity
(as measured by the Stokes I parameter), one can see that the di�erent polarization components
peak at slightly di�erent frequencies, so that the circularly polarized spectrum (as measured
by the Stokes V parameter) looks di�erent than the total intensity spectrum. One can deduce
the magnetic �eld strength along the line of sight from the di�erence between the total and
polarized signals. (Figure 5.1)

Applying this technique to molecular line emission from molecular clouds indicates that
they are threaded by magnetic �elds whose strengths range from tens to thousands of µG, with
higher density gas generally showing stronger �elds. We can attempt to determine if this is
dynamically important by a simple energy argument. For a low-density envelope of a GMC
with n ∼ 100 cm−3 (ρ ∼ 10−22 g.cm−3), we might have v of a few km/s, giving a kinetic
energy density Ekin ∼ ρv2 ∼ 10−11 erg.cm−3, äîêàòî åíåðãèéíàòà ïëúòíîñò íà ìàãíèòíîòî
ïîëå å Emag = B2/8π ∼ (10 µG)2/8π ∼ 10−11 erg.cm−3. Thus the magnetic energy density is
comparable to the kinetic energy density, and is dynamically signi�cant in the �ow.

Another commonly-used technique, which we will not discuss in any detail, is the Chandrasekhar-
Fermi method (Chandrasekhar & Fermi, 1953). This method relies on the fact that interstellar
dust grains are non-spherical, which has two important implications. First, a non-spherical
grain acts like an antenna, in that it interacts di�erently with electromagnetic waves that are
oriented parallel and perpendicular to its long axis. As a result, grains both absorb and emit
light preferentially along their long axis. This would not matter if the orientations of grains
in the interstellar medium were random. However, there is a second e�ect. Most grains are
charge, and as a result they tend to become preferentially aligned with the local magnetic �eld.
The combination of these two e�ects means that the dust in a particular region of the ISM
characterized by a particular large scale �eld will produce a net linear polarization in both the
light it emits and any light passing through it. The direction of the polarization then reveals
the orientation of the magnetic �eld on the plane of the sky.

8.2 Ìàãíåòèçèðàíà òóðáóëåíòíîñò: óðàâíåíèÿ è õàðàê-
òåðíè ÷èñëà

To understand how magnetic �elds a�ect the �ows in molecular clouds, it is helpful to write
down the fundamental evolution equation for the magnetic �eld (óðàâíåíèå íà èíäóêöèÿòà)
in a plasma:

∂B

∂t
= ∇× (v ×B)−∇× (η∇×B) , (8.1)

êúäåòî v å ñêîðîñòòà íà ôëóèäíèÿ (éîííèÿ ïîòîê), η = ρel/µ0 å ìàãíèòíîòî ñúïðîòèâëåíèå
íà ôëóèäà, à ρel è µ0 ñà ñúîòâåòíî ñïåöèôè÷íîòî åëåêòðè÷åñêî ñúïðîòèâëåíèå è êîíñòàí-
òàòà íà ìàãíèòíîòî ïîëå. Àêî η ≃ const(r), ìîæåì äà îïðîñòèì óðàâíåíèåòî. Êàòî âçåìåì
ïðåäâèä ∇ · B = 0 è èçïîëçâàìå âðúçêàòà ∇ × (∇ × B) = ∇(∇ · B) − ∇2B, ìîæåì äà
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îïðîñòèì ãîðíîòî óðàâíåíèå äî:

∂B

∂t
+∇× (B× v) = η∇2B . (8.2)

The last term here èçãëåæäà ïî ïîäîáåí íà÷èí êàòî âèñêîçíèÿ ÷ëåí ν∇2v â óðàâíåíèåòî
íà Navier-Stokes (ôîðìóëà 7.2). That term described di�usion of momentum, while the one
in this equation describes di�usion of the magnetic �eld.di�usion of the magnetic �eld. (Note
that we're simplifying a bit here - the real dissipation mechanism in molecular clouds is not
simple resistivity, it is something more complex called ambipolar drift, which we'll discuss in
more detail later. However, the qualitative point we can make is the same, and the algebra is
simpler if we use a simple scalar resistivity.)

Ïî àíàëîãèÿ ñ óðàâíåíèåòî íà Navier-Stokes, ìîæåì äà ïðèáåãíåì äî àíàëèç íà ðàçìåð-
íîñòèòå, êàòî îçíà÷èì ñ L be the characteristic size of the system and V be the characteristic
velocity (L/V is the characteristic timescale), à B be the characteristic magnetic �eld strength.
Inserting the same scalings as before, the terms vary as

Bv

L
+
Bv

L
∼ η

B

L2
↔

1 ∼ η

vL
. (8.3)

Ìîæåì äà äåôèíèðàìå ìàãíèòíî ÷èñëî íà Ðåéíîëäñ, ïî àíàëîãèÿ ñ õèäðîäèíàìè÷íîòî
ìó ñúîòâåòñòâèå:

Rm =
Lv

η
. (8.4)

Magnetic di�usion is signi�cant only if Rm ∼ 1 or smaller. Ïðîñòà îöåíêà çà ÌÎ ñ ðàçìåðè
íÿêîëêî äåñåòêè pc, äèñïåðñèÿ íà ñêîðîñòèòå îò íÿêîëêî km/s è ìàãíèòíî ïîëå ñ èíäóêöèÿ
íÿêîëêî äåñåòêè µG, âîäè äî 102 ≲ Rm ≲ 104. This means that on large scales magnetic
di�usion is unimportant for molecular clouds � although it is important on smaller scales. The
signi�cance of a large value of Rm becomes clear if we write down the induction equation ñ
íóëåâî ìàãíèòíî ñúïðîòèâëåíèå (áåçêðàéíî ïðîâîäÿùà ñðåäà, Rm≫ 1):

∂B

∂t
+∇× (B× v) = 0 . (8.5)

Ìàãíèòåí ïîòîê ïðåç íÿêàêâà ïëîù Σ íà ôëóèäà ñå äåôèíèðà òðèâèàëíî:

Φ =

∫
Σ

B · dS ,

Ïðîèçâîäíàòà íà ìàãíèòíèÿ ïîòîê ïî âðåìåòî ìîæå äà ñå ðàçëîæè íà äâå êîìïîíåíòè.
Ïúðâàòà îò÷èòà ïðîìåíëèâîñòòà íà ñàìîòî ìàãíèòíî ïîëå, à âòîðàòà � ïðîìÿíà (äåôîð-
ìèðàíå) íà ïîâúðõíèíàòà, ïî êîÿòî ñå èíòåãðèðà:

dΦ

dt
=

∫
Σ(t0)

∂B

∂t
· dS+

d

dt

∫
Σ(t)

B(t0) · dS ; (8.6)

Äà ðàçãëåäàìå âòîðèÿ ÷ëåí îò äÿñíàòà ñòðàíà. Ïðè äâèæåíèå íà ðàìêàòà â èíòåðâàë
îò âðåìå [t0, t] è ñúñ ñêîðîñò v, òÿ îïèñâà ïîâúðõíèíà, êàòî äèôåðåíöèàëåí åëåìåíò îò
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ðàìêàòà dl çàìèòà ïëîù vdt × dl. Êàòî âçåìåì ïðåäâèä çàêîíà íà Ãàóñ ∇ · B = 01, íå å
òðóäíî äà ñå ñúîáðàçè, ÷å ïðîìÿíàòà íà ïîòîêà âúâ âòîðèÿ ÷ëåí å

B · (vdt× dl) = dt.B× v · dl ,

îòêúäåòî çà âòîðèÿ ÷ëåí îòäÿñíî â óðàâíåíèå (8.6) ñëåäâà

d

dt

∫
Σ(t)

B(t0) · dS =

∮
Σ(t0)

B× v · dl .

Êàòî ïðèëîæèì êúì íåãî òåîðåìàòà íà Ñòîêñ è ñ îãëåä íà óðàâíåíèåòî íà èíäóêöèÿòà
â áåçêðàéíî ïðîâîäÿùà ñðåäà (ôîðìóëà 8.5), ïîëó÷àâàìå:

dΦ

dt
=

∫
Σ

[
∂B

∂t
+∇× (B× v)

]
· dS = 0 ; (8.7)

Òîâà îçíà÷àâà, ÷å êîãàòî Rm is large, the magnetic �ux through each �uid element is conserved.
This is called �ux-freezing, since we can envision it geometrically as saying that magnetic �eld
lines are frozen into the �uid, and move along with it. Òîâà å èçïúëíåíî íà ãîëåìè ñêàëè. Íà
ìàëêè ñêàëè îáà÷å ìàãíèòíîòî ÷èñëî íà Ðåéíîëäñ å îêîëî åäèíèöà, and the �eld lines are
not tied to the gas. Ùå ñå îïèòàìå äà îöåíèì òàçè ãðàíè÷íà ñêàëà.

Before that, however, we want to calculate another important dimensionless number describing
the MHD �ows in molecular clouds. Àêî âêëþ÷èì â óðàâíåíèåòî íà Navier-Stokes è ìàãíèò-
íèòå ñèëè:

∂

∂t
(ρv) = −∇ · (ρvv)−∇P + ρν∇2v +

1

4π
(∇×B)×B , (8.8)

è íàïðàâèì àíàëîãè÷íà îöåíêà íà ÷ëåíîâåòå ìó ñ òî÷íîñò äî ïîðÿäúê, ñòèãàìå äî:

ρv2

L
∼ −ρv

2

L
+
ρc2s
L

+
ρνv

L2
+
B2

L

1 ∼ 1 +
ρc2s
v2

+
νv

L
+
B2

ρv2
= 1 +

1

M2
+

1

Re
+

4π

M2
A

, (8.9)

êúäåòî ñìå äåôèíèðàëè Àëôåíîâî Ìàõîâî ÷èñëî

MA =
v

vA
(8.10)

è ñúîòâåòíî Àëôåíîâà ñêîðîñò (ñêîðîñò íà ìàãíèòîõèäðîäèíàìè÷íà Àëôåíîâà âúëíà)

vA =
B√
4πρ

. (8.11)

Â ïîòîöè ñ MA ≫ 1 ìàãíèòíàòà ñèëà å íåñúùåñòâåíà, äîêàòî â îáðàòíèÿ ñëó÷àé òÿ ïðå-
îáëàäàâà. Çà ÌÎ ñ ïëúòíîñò îò ∼ 100 cm−3, B îò íÿêîëêî äåñåòêè µG è äèñïåðñèÿ íà
ñêîðîñòèòå v îò íÿêîëêî km/s, vA å ñðàâíèìà ñ v. Ñëåäîâàòåëíî òóðáóëåíòíèòå ïîòîöè â
òàêàâà ñðåäà çà ñèëíî ñâðúõçâóêîâè (M ≫ 1), íî åäâà òðàíñ-Àëôåíîâè (MA ∼ 1), ò.å. ìàã-
íèòíèòå ñèëè íå ìîãàò äà áúäàò ïðåíåáðåãíàòè. Òîâà ñå ïîòâúðæäàâà îò MHD ñèìóëàöèè
(ôèãóðà?).

1Ò.å. ãúñòîòàòà íà ëèíèèòå íà ïîëåòî ïðåç ðàìêàòà å ïîñòîÿííà.
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8.3 Àìáèïîëÿðíà äèôóçèÿ

Molecular clouds are not very good plasmas. Most of the gas in a molecular cloud is neutral,
not ionized. The ion fraction may be 10−6 or lower. Since only ions and electrons can feel the
Lorentz force directly, this means that �elds only exert forces on most of the particles in a
molecular cloud indirectly. The indirect mechanism is that the magnetic �eld exerts forces on
the ions and electrons (and mostly ions matter for this purpose), and these then collide with
the neutrals, transmitting the magnetic force. Â ×àñò 4.2 âå÷å ñïîìåíàõìå òîçè ìåõàíèçúì
è ãî íàðåêîõìå àìáèïîëÿðíà äèôóçèÿ. If the collisional coupling is su�ciently strong, then
the gas acts like a perfect plasma. However, when the ion fraction is very low, the coupling is
imperfect, and ions and neutrals don't move at exactly the same speed. The �eld follows the
ions, since the are much less resistive, and �ux freeizing for them is a very good approximation,
but the neutrals are able to drift across �eld lines. Íåêà ïðåñìåòíåì õàðàêòåðèñòèêèòå íà
òîçè ïðîöåñ.

Ñèëèòå, êîèòî äåéñòâàò â ìåæäóçâåçäíàòà ïëàçìà, ñà ñèëàòà íà Ëîðåíö è ñèëàòà íà
òðèåíå ïîðàäè ñáëúñúöè ìåæäó éîíè è íåóòðàëíè ÷àñòèöè:

fL =
1

4π
(∇×B)×B

fd = γρionρn(vion − vn) , (8.12)

êúäåòî èíäåêñèòå ion è n ñå îòíàñÿò çà éîíèòå è çà íåóòðàëíèòå ÷àñòèöè, à êîåôèöè-
åíòúò íà òðèåíå γ ñå ïðåñìÿòà îò ìèêðîôèçèêàòà íà ïëàçìàòà. In a very weakly ionized
�uid, the neutral and ions very quickly reach terminal velocity with respect to one another,
so the drag force and the Lorentz force must balance. Ïðèðàâíÿâàéêè äâåòå ñèëè ïî-ãîðå,
ïîëó÷àâàìå çà ñêîðîñòòà íà äðåéô vd = vion − vn:

vd =
1

4πγρionρn
(∇×B)×B ; (8.13)

Ñëåä çàìåñòâàíå â óðàâíåíèåòî íà èíäóêöèÿòà ïðè íóëåâî ìàãíèòíî ñúïðîòèâëåíèå (8.5)
è èçâåñòíè ïðåîáðàçóâàíèÿ, ñòèãàìå äî:

∂B

∂t
+∇× (B× vn) = ∇×

(
B

4πγρionρn
× [B× (∇×B)]

)
.

Ïðèïîìíÿéêè ñè óðàâíåíèåòî íà ìàãíèòíàòà èíäóêöèÿ â ïëàçìà (8.1), óñòàíîâÿâàìå, ÷å
ìàãíèòíîòî ñúïðîòèâëåíèå íà ôëóèäà íå å ñêàëàðíà âåëè÷èíà è íå å ëèíåéíà (ò.å. çàâèñè îò
ïîëåòî). However, our scaling analysis still applies. The magnitude of the resistivity produced
by ambipolar drift is

ηAD =
B

4πγρionρn
,

à ñúîòâåòíîòî ìàãíèòíî ÷èñëî íà Ðåéíîëäñ:

Rm =
Lv

ηAD

≈ 4πρ2xγ

B2
, (8.14)

êúäåòî x = ρion/ρn ≪ 1 å ôðàêöèÿòà íà éîíèòå. Ion-neutral drift will allow the magnetic
�eld lines to drift through the �uid on length scales L such that Rm ≲ 1. Thus, we can de�ne
a characteristic length scale for ambipolar di�usion by

LAD =
B2

4πρ2xγ
(8.15)
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In order to evaluate this numerically, we must calculate two things from microphysics: the
ion-neutral drag coe�cient γ and the ionization fraction x. For γ, the dominant e�ect at low
speeds is that ions induce a dipole moment in nearby neutrals, which allows them to undergo
a Coulomb interaction. This greatly enhances the cross-section relative to the geometric value.
γ ≈ 9.2×1013cm3/s/g The remaining thing we need to know to compute the drag force is the ion
density. In a molecular cloud the gas is almost all neutral, and the high opacity excludes most
stellar ionizing radiation. The main source of ions is cosmic rays, which can penetrate the cloud,
although nearby strong x-ray sources can also contribute if present. Calculating the ionization
fraction requires balancing this against the recombination rate, which is a nasty problem.
That is because recombination is dominated by di�erent processes at di�erent densities, and
recombinations are usually catalyzed by dust grains rather than occurring in the gas phase.
Thielens (2005): x ≈ 10−6 ïðè nH ∼ 100 cm−3.

Plugging this into our formulae, along with our characteristic numbers L of a few tens of
pc, V a few km/s, and B ∼ 10µG, we �nd Rm≈ 50 è LAD ∼ 0.5 pc çà ÌÎ (0.05 pc, çà ãúñòè
ÿäðà). Thus we expect the gas to act like a fully ionized gas on scales larger than this, but to
switch over to behaving hydrodynamically on small scales.



Ãëàâà 9

Ãðàâèòàöèîííà íåóñòîé÷èâîñò è êîëàïñ

9.1 Íåóñòîé÷èâîñò ïî Äæèíñ. Ñôåðà íà Bonnor-Ebert

The derivation neglects viscous e�ects and assumes that the linearized version of the Poisson
equation describes only the relation between the perturbed potential and the perturbed density
(neglecting the potential of the homogeneous solution, the so-called `Jeans swindle', see e.g.
Binney and Tremaine, 1997). The third term in Equation (2.1) is responsible for the existence of
decaying and growing modes, as pure sound waves stem from the dispersion relation ω2−c2sk2 =
0. Perturbations are unstable against gravitational contraction if their wavenumber is below a
critical value, the Jeans wavenumber kJ .

The Jeans instability has a simple physical interpretation in terms of the energy budget.
The energy density of a sound wave is positive. However, its gravitational energy is negative,
because the enhanced attraction in the compressed regions outweighs the reduced attraction
in the dilated regions. The instability sets in at the wavelength λJ where the net energy
density becomes negative. The perturbation will grow allowing the energy to decrease even
further. In isothermal gas, there is no mechanism that prevents complete collapse. In reality,
however, during the collapse of molecular gas clumps, the opacity increases and at densities of
n(H2) ≈ 1010cm−3 gas becomes optically thick and the heat generated by the collapse is no
longer radiated away freely. The equation of state becomes adiabatic. Then collapse proceeds
slower. The central region begins to heat up and contraction comes to a �rst halt. But as the
temperature reaches T ≈ 2000 K molecular hydrogen begins to dissociate. The core becomes
unstable again and collapse sets in anew. Most of the released gravitational energy goes into the
dissociation of H2 so that the temperature rises only slowly. This situation is similar to the �rst
isothermal collapse phase. When all molecules in the core are dissociated, the temperature rises
sharply and pressure gradients again become able to halt the collapse. The second hydrostatic
core has formed. This is the �rst occurrence of the protostar which subsequently grows in
mass by the accretion of the still infalling material from the outer parts of the original cloud
fragment. As this matter is still in free fall, most of the luminosity of the protostar at that
stage is generated in a strongly supersonic accretion shock.

Finally at very high central densities (ρ ≈ 1g.cm−2) fusion processes set in. This energy
source leads to a new equilibrium (e.g. Tohline 1982): a new star is born.

Èäåàëèçèðàíè ïðåäïîëîæåíèÿ â ìîäåëà:

• Íàëè÷èå íà ïîäõîäÿùè ïåðòóðáàöèè â ñðåäàòà. (Òâúðäå íåðåàëèñòè÷íî.)

• Ôðàãìåíòàöèÿòà ñïèðà ïðè ñúùåñòâåíà íåïðîçðà÷íîñò. (Íåèçâåñòíè ãåîìåòðè÷íè ôàê-



9.2 Ìàãíèòíà êðèòè÷íà ìàñà 61

òîðè è ëú÷èñòè çàãóáè.)

• Ïúðâîíà÷àëíà õîìîãåííîñò íà ñðåäàòà è ëèïñà íà çàâèñèìîñò îò ïîëåòî íà ñêîðîñ-
òèòå. (Äàëå÷ îò ðåàëíîñòòà íà ìàëêè ìàùàáè.)

9.2 Ìàãíèòíà êðèòè÷íà ìàñà

9.3 Òóðáóëåíòíà ïîääðúæêà è êîëàïñ

Attempts to include the e�ect of turbulent motions into the star formation process were
already being made in the middle of the XX century by von Weizs�acker (1943, 1951) based on
Heisenberg's (1948a,b) concept of turbulence. He also considered the production of interstellar
clouds from the shocks and density �uctuations in compressible turbulence. A more quantitative
theory was proposed by Chandrasekhar (1951a,b), who investigated the e�ect of microturbulence
in the subsonic regime. In this approach the scales of interest, e.g. for gravitational collapse,
greatly exceed the outer scale of turbulence. If turbulence is isotropic (and more or less incompressible),
it simply contributes to the pressure on large scales, and Chandrasekhar derived a dispersion
relation similar to Equation (Jeans) by introducing an e�ective sound speed

c2s, eff = c2s +
1

3
⟨v2⟩ , (9.1)

where ⟨v2⟩ is the rms velocity dispersion due to turbulent motions.
In reality, however, the outer scales of turbulence typically exceed or are at least comparable

to the size of the system (e.g. Ossenkopf and Mac Low, 2001), and the assumption of microturbulence
is invalid. In a more recent analysis, Bonazzola et al. (1987) therefore suggested a wavelength-
dependent e�ective sound speed c2s, eff(k) = c2s+1/3v2(k) for Equation (Jeans). In this description,
the stability of the system depends not only on the total amount of energy, but also on the
wavelength distribution of the energy.
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Îáðàòíî âúçäåéñòâèå îò íîâîîáðàçóâàíè

çâåçäè

The �nal piece of physics we will discuss before moving on to the star formation process itself
is the interaction of stellar radiation, winds, and other forms of feedback with the interstellar
medium. Our goal is to understand the myriad ways that stars in�uence their environments.
This is particularly relevant to star formation because for the most part these in�uences are
exerted most strongly by young stellar populations, and therefore constitute an important part
in the regulation of star formation.

Ùå âúâåäåì äâå îáùè ïîíÿòèÿ, îïèñâàùè îáðàòíîòî âúçäåéñòâèå âúðõó ISM. Äà ðàçã-
ëåäàìå êóï çâåçäè, ïîòîïåíè â ïúðâîíà÷àëíî õîìîãåííî ðàçïðåäåëåí ãàç ñ ïëúòíîñò ρ. Òå
èçëú÷âàò ôîòîíè è èçõâúðëÿò áàðèîíè (ïîä ôîðìàòà íà çâåçäíè âåòðîâå), êîèòî âíàñÿò
êàêòî èìïóëñ, òàêà è åíåðãèÿ â îêîëíàòà ñðåäà. Âå÷å âèäÿõìå, ÷å ìîëåêóëíèÿò è äàæå
ñãúñòåíèÿò àòîìåí ãàç ñå íàãðÿâàò äîñòà òðóäíî, ïîðàäè åôåêòèâíîòî îõëàæäàíå ÷ðåç èç-
ëú÷âàíå. Óâåëè÷åíèåòî íà ëú÷èñòîòî íàãðÿâàíå ñ åäèí ïîðÿäúê áè äîâåëî äî ïîâèøàâàíå
íà òåìïåðàòóðàòà ñ åäâà äåñåòèíà ïðîöåíòà. Íî ïðè äîñòàòú÷íî âèñîêè òåìïåðàòóðè èëè
ïðè ïðîäúëæèòåëíî âúçäåéñòâèå íà ëú÷åíèåòî, ñêîðîñòòà íà îõëàæäàíå çàïî÷âà äà íà-
ìàëÿâà. Îò ñúùåñòâåíî çíà÷åíèå å äà ðàçãðàíè÷èì ìåõàíèçìèòå, ñïîñîáíè äà ïîääúðæàò
âèñîêà òåìïåðàòóðà íà ãàçà çà äúëãî âðåìå (îò ïîðÿäúêà íà è ïîâå÷å îò õàðàêòåðíîòî òóð-
áóëåíòíî âðåìå íà îáëàêà), è ìåõàíèçìèòå, ïðè êîèòî õàðàêòåðíîòî âðåìå íà îõëàæäàíå
å ïî-êðàòêî. Âúâ âòîðèÿ ñëó÷àé âíåñåíàòà îò ôîòîíè è áàðèîíè åíåðãèÿ íÿìà çíà÷åíèå,
à ñàìî èìïóëñúò, òúé êàòî òîé íå ñå ïðåèçëú÷âà. Ïðè áúðçè (ëú÷èñòè) çàãóáè íà åíåðãèÿ
ùå ãîâîðèì çà îáðàòíî âúçäåéñòâèå ñ âíàñÿíå íà èìïóëñ, à èíà÷å � çà òàêîâà ñ âíàñÿíå íà
åíåðãèÿ.

Ìîæåì äà îíàãëåäèì ðàçãðàíè÷åíèåòî ñ äâà ãðàíè÷íè ñëó÷àÿ. Íåêà �âêëþ÷èì� çâåç-
äèòå îò êóïà â ìîìåíò t = 0; òå çàïî÷âàò äà âíàñÿò åíåðãèÿ è èìïóëñ â îêðúæàâàùèÿ
ãè ãàç ñúîòâåòíî ñúñ ñêîðîñòè Ėw è ṗw. Íÿìà çíà÷åíèå äàëè íîñèòåëèòå ñà ôîòîíè èëè
áàðèîíè, ñòèãà îòíåñåíàòà ìàñà äà å ñúùåñòâåíî ïî-ãîëÿìà îò ìàñàòà íà ñàìèÿ âÿòúð. Ïîä
äåéñòâèåòî íà âÿòúðà, ãàçúò â ñðåäàòà ñå äâèæè ðàäèàëíî íàâúí è ñå íàòðóïâà ìàòåðèàë
â ðàçøèðÿâàùà ñå îáâèâêà. Äà ðàçãëåäàìå ñâîéñòâàòà íà îáâèâêàòà â ãðàíè÷íèòå ñëó÷àè
íà ïúëíî èçñâåòâàíå íà åíåðãèÿòà è íà çàäúðæàíå íà öÿëàòà åíåðãèÿ.

• Ïðè ïúëíî èçñâåòâàíå (radiated away, ra) ðàäèàëíèÿò èìïóëñ íà îáâèâêàòà âúâ
âñåêè ìîìåíò ùå áúäå ðàâåí íà âíåñåíèÿ êúì òîçè ìîìåíò èìïóëñ:

psh =Mshvsh = ṗwt ,
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êàòî êèíåòè÷íàòà åíåðãèÿ íà îáâèâêàòà ùå áúäå:

Era =
p2sh
2Msh

=
1

2
vshṗwt

• Ïðè ïúëíî çàäúðæàíå íà åíåðãèÿòà (energy conserving, ec) èìàìå ïðîñòî

Eec = Ėwt =
2Ėw

vshṗw
Era =

1

vsh
· 2Ėw

ṗw
Era

Êîåôèöèåíòúò 2Ėw/ṗw å ïðîñòî ñêîðîñòòà íà âÿòúðà; êàòî ïðè íîñèòåëè ôîòîíè òÿ
å 2Ėw/ṗw = c. Ñëåäîâàòåëíî åíåðãèÿòà å ïî-ãîëÿìà ñ ôàêòîð c/vsh (ïðè ôîòîíåí
âÿòúð) èëè vw/vsh (ïðè áàðèîíåí âÿòúð) îò ñëó÷àÿ íà ïúëíî èçñâåòâàíå. Òåçè âåëè-
÷èíè íå ñà ìàëêè: òèïè÷íèòå ñêîðîñòè íà ðàçøèðÿâàùè ñå îáâèâêè ñà äåñåòêè km/s,
äîêàòî çâåçäíèòå âåòðîâå îò ìàñèâíè çâåçäè äîñòèãàò õèëÿäè km/s. Åòî çàùî èìà
ãîëÿìî çíà÷åíèå êúäå òî÷íî ìåæäó ãðàíè÷íèòå ñëó÷àè íà çàïàçâàíå íà èìïóëñà (ra)
è íà çàïàçâàíå íà åíåðãèÿòà (ec) ïîïàäà åíåðãèÿòà íà åäèí ìåõàíèçúì íà îáðàòíî
âúçäåéñòâèå.

10.1 Ìåõàíèçìè íà âíàñÿíå íà èìïóëñ

Âåòðîâå, çàäâèæâàíè îò ëú÷åíèåòî

The simplest form of feedback to consider is radiation pressure. Since the majority of the radiant
energy deposited in the ISM will be re-radiated immediately, radiation pressure is (probably) a
momentum-driven feedback. To evaluate the momentum it deposits, one need merely evaluate
the integrals over the IMF we have written down using the bolometric luminosities of stars.
(Çà ÍÔÌ ùå ãîâîðèì â ×àñò 18.) Êàòî èçïîëçâàìå ñúâðåìåííà îöåíêà íà ñðåäíîòî ñúîò-
íîøåíèå ìàñà-ñâåòèìîñò â ãàëàêòèêèòå ⟨L/M⟩ ≃ 2200 erg.s−1.g−1, ïîëó÷àâàìå ñêîðîñò íà
âíàñÿíå íà èìïóëñ:⟨ ṗrad

M

⟩
=

1

c

⟨ L
M

⟩
= 7.3× 10−8 cm.s−2 = 23 km/s.Myr−1 (10.1)

Òàêà âñåêè ãðàì çâåçäíî âåùåñòâî çà 1 Myr ïðîèçâåæäà ñâåòëèíà, äîñòàòú÷íà äà óñ-
êîðè 1 ãðàì îò ISÏ äî ñêîðîñòè 23 km/s. For very massive stars, radiation pressure also
accelerates winds o� the star's surfaces; for such stars, the wind carries a bit under half
the momentum of the radiation �eld. Including this factor raises the estimate by a few tens
of percent. However, these winds may also be energy conserving, a topic we will approach
momentarily (ïî-äîëó). Integrated over the lifetimes of the stars, çà 100 Myr the total energy
production is ∼ 1051 erg.M⊙

−1. The majority of this energy is produced in the �rst ∼ 5 Myr
of a stellar population's life, when the massive stars live and die. It is common to quote the
energy budget in units of c2 , which gives a dimensionless e�ciency with which stars convert
mass into radiation. Doing so gives

ϵ =
1

c2

⟨Erad

M

⟩
= 6.2× 10−4 (10.2)

è ñúîòâåòíî áþäæåò íà èìïóëñà íà ëú÷åíèåòî⟨prad, tot
M

⟩
=
ϵ

c
≃ 190 km/s (10.3)
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This is an interesting number, since it is not all that di�erent than the circular velocity a
typical galaxy. It is a suggestion that the radiant momentum output by stars may be interesting
in pushing matter around in galaxies � probably not by itself, but perhaps in conjunction with
other e�ects.

Ïðîòîçâåçäíè âåòðîâå

All accretion disks appear to produce some sort of wind that carries away some of the mass
and angular momentum, and protostars are no exception. The winds from these stars carry a
mass �ux of order a few tens of percent of the mass coming into the stars, and eject it with a
velocity of order the Keplerian speed at the stellar surface. Note that these winds are distinct
from the radiatively-driven ones that come from main sequence O stars. They are very di�erent
in both their driving mechanism and physical characteristics.

Protostellar winds are also a momentum-driven feedback mechanism ïîðàäè their characteristic
speeds. Consider a star of mass M∗ and radius R∗. Its wind will move at a speed of order

vw =

√
GM∗

R∗
= 250.

(
M∗

M⊙

)1/2(
R∗

3R⊙

)−1/2

km/s (10.4)

where the scalings are for typical protostellar masses and radii. The kinetic energy per unit
mass carried by the wind is v2w/2, and when the wind hits the surrounding ISM it will shock and
this kinetic energy will be converted to thermal energy. We can therefore �nd the post-shock
temperature from energy conservation. The thermal energy per unit mass is (3/2)kT/µmH ,
where µ is the mean particle mass in H masses. Thus the post-shock temperature will be

T =
µmHv

2
w

3k
∼ 5× 106 K ; (10.5)

for the �ducial speed above. This is low enough that gas at this temperature will be able to
cool fairly rapidly, leaving us in the momentum-conserving limit.

Îöåíêà íà èìïóëñà, êîéòî ìîæå äà áúäå ïðåíåñåí îò ïðîòîçâåçäíèòå âåòðîâå, ìîæå äà
ñå ïîëó÷è îò óñðåäíÿâàíå ïî ÍÔÌ çà íÿêàêâî õàðàêòåðíî âðåìå íà îáðàçóâàíå íà ãðóïà
çâåçäè tform. For simplicity íèå ïðåäïîëàãàìå, ÷å the accretion rate during the formation stage
is constant; again, this assumption actually makes no di�erent to the result, it just makes the
math easier. Thus a star of mass m accretes at a rate ṁ = m/tform and during this time it
produces a wind with a mass �ux fṁ that is launched with a speed vK . In reality vK , f and
the accretion rate probably vary over the formation time of a star, but to get a rough answer
we can assume that they are constant. Òîãàâà èíòåãðèðàíåòî ïî âðåìå è ìàñè å òðèâèàëíî.
Òàêà çà óñðåäíåíèÿ áþäæåò íà èìïóëñà îò âÿòúðà ñå ïîëó÷àâà:⟨pw

M

⟩
= fvK (10.6)

Depending on the exact choices of f and vK , this amounts to a momentum supply of a few
tens of km/s per unit mass of stars. formed. Thus in terms of momentum budget, protostellar
winds carry over the full lifetimes of the stars that produce them about as much momentum
as is carried by the radiation each Myr. Thus if one integrates over the full lifetime of even a
very massive, short-lived star, it puts out much more momentum in the form of radiation than
it does in the form of out�ows.
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So why worry about out�ows at all, in this case? First, because the radiative luminosities
of stars increase steeply with stellar mass, the luminosity of a stellar population is dominated
by its few most massive members. In small star-forming regions with few or no massive stars,
the radiation pressure will be much less than our estimate, which is based on assuming full
sampling of the IMF, suggests. On the other hand, protostellar winds produce about the same
amount of momentum per unit mass accreted no matter what stars is doing the accreting �
this is just because vK is not a very strong function of stellar mass. This means that winds
will be signi�cant even in regions that lack massive stars, because they can be produced by
low-mass stars too. Second, while winds carry less momentum integrated over stars' lifetimes,
when they are on they are much more powerful. Typical formation times, we shall see, are of
order a few times 105 yr, so the instantaneous production rate of wind momentum is typically
∼ 100 km/s.Myr−1, a factor of several higher than radiation pressure. Thus winds can dominate
over radiation pressure signi�cantly during the short phase when they are on.

10.2 Ìåõàíèçìè íà âíàñÿíå íà åíåðãèÿ

Éîíèçèðàùî ëú÷åíèå

Massive stars produce signi�cant amounts of ionizing radiation: ñðåäíî S = 6 × 1046 ôîòîíà
â ñåêóíäà íà 1 M⊙, à çà öÿëîòî âðåìå íà æèâîò íà çâåçäàòà ∼ 4× 1060 ôîòîíà íà 1 M⊙.
Photons capable of ionizing hydrogen will be absorbed with a very short mean free path,
producing a bubble of fully ionized gas within which all the photons are absorbed. The size
of this bubble rS can be found by equating the hydrogen recombination rate with the ionizing
photon production rate, à ñàìèÿò ìåõóð ñå íàðè÷à ñôåðà íà Str�omgren. Ëåñíî ìîæå äà ñå
ïîêàæå, ÷å rS ∝ S1/3n

−2/3
0 , êúäåòî n0 = ρ0/µH å íà÷àëíàòà êîíöåíòðàöèÿ íà ãàçà â ñôåðàòà.

Ïðè ïúðâîíà÷àëíà ïëúòíîñò íà îáëàñòòà ïðåäè �âêëþ÷âàíå� íà ëú÷åíèåòî ρ0 the pressure
in the ionized region is ρ0c2s, ion , which is generally much larger than the pressure outside the
ionized region, where cs, ion is the sound speed in the éîíèçèðàíèÿ gas. As a result, the ionized
region is hugely over-pressured compared to the neutral gas around it. The gas in this region
will therefore begin to expand dynamically.

The time to reach ionization balance is short compared to dynamical timescales, so we can
assume that ionization balance is always maintained as the expansion occurs. Ñëåäîâàòåëíî, at
the start of expansion ρi = ρ0, à ñåòíå ρi ∝ r

−3/2
i as expansion proceeds. Since the expansion is

highly supersonic with respect to the external gas, there is no time for sound waves to propagate
away from the ionization front and pre-accelerate the neutral gas. Instead, this gas must be
swept up by the expanding H ii region. However, since ρi ≪ ρ0, the mass that is swept up
as the gas expands must reside not in the ionized region interior, but in a dense neutral shell
at its edges. At late times, when ri ≫ rS, we can neglect the mass in the shell interior in
comparison to that in the shell, and simply set the shell mass equal to the total mass swept
up: Msh = (4/3)πr3i ρ0.

We can write down the equation of motion for this shell. If we neglect the small ambient
pressure, then the only force acting on the shell is the pressure ρic2s, ion exerted by ionized gas
in the H ii region interior. Conservation of momentum therefore requires that

d

dt
(Mshṙi) = 4πr2i ρics, ion
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è ñ èçïîëçâàíå íà ñêàëèðàíåòî ρi = ρ0(ri/r0)
−3/2 ïîëó÷àâàìå îáèêíîâåíî äèôåðåíöèàë-

íî óðàâíåíèå çà ðàçìåðà íà ðàçøèðÿâàùàòà ñå îáâèâêà:

d

dt

(
1

3
r3i ṙi

)
= c2s, ionr

2
i

(
ri
rS

)−3/2

(10.7)

Àíàëèòè÷íî ðåøåíèå å âúçìîæíî çà êúñíè åâîëþöèîííè åòàïè (ri ≫ rS) ñ ãðàíè÷íî
óñëîâèå ri ≈ 0 ïðè t→ 0. Òîâà ñòàâà ñ òúðñåíå íà ðåøåíèå îò âèäà ri = frS(t/tS)

η, êúäåòî
íîðìèðîâêàòà ïî âðåìå ñå èçáèðà tS = rS/cs, ion. Ñëåä èçâåñòíè ïðåñìÿòàíèÿ ïîëó÷àâàìå:

ri = rS

(
7t

2
√
3tS

)4/7

; (10.8)

Êàêâè ñà òîãàâà e�ects of an expanding H ii region? There are several: ionization can
eject mass, drive turbulent motions, and possibly even disrupt clouds entirely. First consider
mass ejection. In our simple calculation, we have taken the ionized gas to be trapped inside a
spherical H ii region interior. In reality, though, once the H ii region expands to the point where
it encounters a low density region at a cloud edge, it will turn into a �blister� type region, and
the ionized gas will freely escape into the low density medium. The mass �ux carried in this
ionized wind will be roughly Ṁ = 4πr2i ρics, ion, i.e. the area from which the wind �ows times
the characteristic density of the gas at the base of the wind times the characteristic speed of
the wind. Substituting in our similarity solution, we have

Ṁ = 4πr2Sρics, ion

(
7t

2
√
3tS

)2/7

= 7.2× 10−3t
2/7
6 S

4/7
49 n

−1/7
2 T

1/7
i, 4 M⊙.yr

−1 , (10.9)

êúäåòî t6 = t/106 yr, S49 = S/1049 s−1, n2 = n/100 cm−3, à Ti, 4 = T/104 K. We therefore see
that, over the roughly 3-4 Myr lifetime of an O star, it can eject ∼ 103 − 104 M⊙ of mass from
its parent cloud, provided that cloud is at a relatively low density (i.e. n2 is not too big). Thus
massive stars can eject many times their own mass from a molecular cloud.

À äîêîëêî éîíèçèðàùîòî ëú÷åíèå å â ñúñòîÿíèå äà çàäâèæè òóðáóëåíòíè äâèæåíèÿ?
We can also estimate the energy contained in the expanding shell.

Esh =
1

2
Mshṙ

2
i = 8.1× 1047t

6/7
6 S

5/7
49 n

−10/7
2 T

10/7
i, 4 erg (10.10)

For comparison, the gravitational binding energy of a 105 M⊙ GMC with a surface density
of 0.03 g.cm−2 is ∼ 1050 erg. Thus a single O star's H ii region provides considerably less energy
than this. On the other hand, the collective e�ects of ∼ 102 O stars, with a combined ionizing
luminosity of 1051 s−1 or so, can begin to produce H ii regions whose energies rival the binding
energies of individual GMCs. This means that H ii region shells may sometimes be able to
unbind GMCs entirely. Even if they cannot, they may be able to drive signi�cant turbulent
motions within GMCs.

We can also compute the momentum of the shell, for comparison to the other forms of
feedback we discussed previously: psh =Mshṙi ∝ S

4/7
49 t

9/7
6 . Since this is non-linear in S49 and in

time, the e�ects of H ii regions will depend on how the stars are clustered together, and how
long they live. To get a rough estimate, though, we can take the typical cluster to have an
ionizing luminosity around 1049, since by number most clusters are small, and we can adopt
an age of 4 Myr. This means that (also using n2 = 1 and Ti, 4 = 1) the momentum injected
per 1049 photons/s of luminosity is p = 3− 5× 105 M⊙.km/s. Recalling that we get 6.3× 1046
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photons/s M⊙
−1 for a zero-age population, this means that the momentum injection rate for

H ii regions is roughly ⟨pH II

M

⟩
∼ 3× 103 km/s ; (10.11)

This is obviously a very rough calculation, and it can be done with much more sophistication,
but this analysis suggests that H ii regions are likely the dominant feedback mechanism compared
to winds and ëú÷èñòî íàëÿãàíå.

There is one important caveat (óãîâîðêà) to make, though. Although in the similarity
solution we formally have vi → ∞ as ri → 0, in reality the ionized region cannot expand faster
than roughly the ionized gas sound speed: one cannot drive a 100 km/s expansion using gas
with a sound speed of 10 km/s. As a result, all of these e�ects will not work in any cluster for
which the escape speed or the virial velocity exceeds ∼ 10 km/s. This is not a trivial limitation,
since for very massive star clusters the escape speed can exceed this value. An example is the
R136 cluster in the LMC, which has a present-day stellar mass of 5.5× 104 M⊙ inside a radius
of 1 pc. The escape speed from the stars alone is roughly 20 km/s. Assuming there was gas in
the past when the cluster formed, the escape speed must have been even higher. For a region
like this, H ii regions cannot be important.

Çâåçäíè âåòðîâå

We have already seen that the momentum carried by these winds is fairly unimportant in
comparison to the momentum of the protostellar out�ows or the radiation �eld, let alone the
momentum provided by H ii regions. However, because of the high wind velocities ïðè O çâåç-
äèòå (vw ∼ 1000 − 2500 km/s; âæ. ôîðìóëà 10.4), repeating the analysis we performed for
protostellar jets yields a characteristic post-shock temperature that is closer to 108 K than
106 K. Gas at such high temperatures has a very long cooling time, so we might end up with
an energy-driven feedback. Since the winds are radiatively driven, they tend to carry momenta
comparable to that carried by the stellar radiation �eld. The observed correlation between
stellar luminosity and wind momentum is

Ṁwvw ≈ 0.5
L∗

c
(10.12)

where L∗ is the stellar luminosity. This implies that the mechanical luminosity of the wind is

Lw =
1

2
Ṁwv

2
w =

L2
∗

8Ṁwc2
(10.13)

è îòòóê ìîæåì äà ïðåñìåòíåì ïúëíàòà åíåðãèÿ, ïðåíåñåíà îò âÿòúðà çà ∼ 4 Myr lifetime of
a massive star � not much less than the amount of energy released when the star goes supernova.
If energy is conserved, and we assume that about half the available energy goes into the kinetic
energy of the shell and half is in the hot gas left in the shell interior, conservation of energy
then requires that

d

dt

(
2

3
πρ0r

3
bṙ

2
b

)
≈ 1

2
Lw ;

Òîâà óðàâíåíèå îòíîâî ñå ðåøàâà ñ ïîëàãàíå îò òèïà rb = Atη è òàêà çà ðàäèóñà íà ìåõóðà
(buble) ïîëó÷àâàìå:

rb = 16L
2/5
∗, 5Ṁ

−1/5
−7 n

−1/5
2 t

3/5
6 pc , (10.14)
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êúäåòî ñâåòèìîñòòà å íîðìèðàíà íà 105 L⊙, à çàãóáèòå íà ìàñà � íà 10−7 M⊙. Note that
this is greater than the radius of the comparable H ii region, so the wind will initially move
faster and drive the H ii region into a thin ionized layer between the hot wind gas and the outer
cool shell � if the energy-driven limit is correct. A corollary of this is that the wind would be
even more e�ective than the ionized gas at ejecting mass from the cloud. However, this may not
be correct, because this solution assumes that the energy carried by the wind will stay con�ned
within a closed shell. This may not be the case: the hot gas may instead break out and escape,
imparting relatively little momentum. Whether this happens or not is di�cult to determine
theoretically, but can be address by observations.

Â ÷àñòíîñò, if the shocked wind gas is trapped inside the shell, it should produce observable
x-ray emission. We can quantify how much x-ray emission we should see with a straightforward
argument. It is easiest to phrase this argument in terms of the pressure of the x-ray emitting gas,
which is essentially what an x-ray observation measures. Ñ ïðîñòè ïðåñìÿòàíèÿ è ñ èçïîëçâàíå
íà âðúçêàòà (10.12) ñòèãàìå äî:

PX

Prad

≈ vw
vexp

,

Thus if shells expand ñúñ ñêîðîñò vexp in the energy-driven limit due to winds, the pressure
of the hot gas within them should exceed the direct radiation pressure by a factor of roughly
vw/vexp. In contrast, the momentum driven gas gives PX/Prad ∼ 1/2, since the hot gas exerts a
force that is determined by the wind momentum, which is roughly has the momentum carried
by the stellar radiation �eld.

Ñâðúõíîâè

We can think of the energy and momentum budget from supernovae as simply representing a
special case of the lifetime budgets: all the energy and momentum of the supernova is released
in a single burst at the lifetime of the star in question. We normally assume that the energy
yield per star is 1051 erg, and have to make some estimate of the minimum mass at which a
SN will occur, which is roughly mmin = 8 M⊙. We can also, if we want, imagine mass ranges
where other things happen, for example direct collapse to black hole, pair instability supernova
that produce more energy, or something more exotic. These choices usually don't make much
di�erence, though, because they a�ect very massive stars, and since the supernova energy yield
(unlike the luminosity) is not a sharp function of mass, the relative rarity of massive stars
means they make a small contribution.

Given this preamble, we can write the approximate supernova energy yield per unit mass
as ⟨

ESN

M

⟩
≡ ESN

⟨
NSN

M

⟩
= 1.1× 1049 erg.M−1

⊙ , (10.15)

ïðè îöåíêà çà ïúëíèÿ áðîé çâåçäè íà åäèíèöà ìàñà ⟨NSN/M⟩ = 0.011 M⊙
−1 (ñ èçïîëçâàíå

íà ÍÔÌ ïî Chabrier; âæ. ×àñò 17) è ñ ïðèåìàíå íà ôèêñèðàíà ESN = 1051 erg ïðè èçáóõâàíå
íà åäíà ñâðúõíîâà. Note that this, plus the Milky Way's SFR of ∼ 1M⊙.yr−1, is the basis of
the oft-quoted result that we expect ∼ 1 supernova per century in the Milky Way.

The momentum yield from SN can be computed in the same way. This is slightly more
uncertain, because it is easier to measure the SN energy than its momentum � the latter
requires the ability to measure the velocity or mass of the ejecta before they are mixed with
signi�cant amounts of ISM. However, roughly speaking the ejection velocity is vej ≈ 109 cm/s,
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which means that the momentum is pSN = 2ESN/vej. Adopting this value, we have⟨pSN
M

⟩
=

2

vej

⟨
ESN

M

⟩
= 55

(
vej

109 cm/s

)−1

km/s ; (10.16)

Physically, this means that every M⊙ of stellar matter provides enough momentum to raise
another M⊙ of matter to a speed of 55 km/s. This is not very much compared to other feedbacks,
but of course supernovae, like stellar winds, may have an energy-conserving phase where their
momentum deposition grows. We will discuss the question of supernova momentum deposition
more in the next few classes as we discuss models for regulation of the star formation rate.
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Îáîáùåíèå: çâåçäîîáðàçóâàíåòî êàòî

ñúâêóïíîñò îò ïðîöåñè íà ìíîãî ñêàëè

Ïî ñâîÿòà ñúùíîñò, çâåçäîîáðàçóâàíåòî e ôåíîìåí, êîéòî îáõâàùà ìíîãî ïðîñòðàíñòâå-
íè ñêàëè è âêëþ÷ââà ðàçíîîáðàçíè ôèçè÷åñêè ïðîöåñè. Ìíîãî å òðóäíî � àêî èçîáùî å
âúçìîæíî � äà ñå ðàçãëåäà îòäåëåí ïðîöåñ. Îïðîñòåíèòå òåîðåòè÷íè ïîäõîäè îáèêíîâåíî
òúðïÿò íåóñïåõ.

1. Stars form from the complex interplay of self-gravity and a large number of competing
processes (such as turbulence, B-�eld, feedback, thermal pressure)

2. Thermodynamic properties of the gas (heating vs cooling) play a key role in the star
formation process

3. Detailed studies require the consistent treatment of many di�erent physical and chemical
processes (theoretical and computational challenge)

4. Star formation is regulated by several feedback loops, which are still poorly understood

5. Primordial star formation shares the same complexities as present-day star formation



×àñò III

Îáëàñòè íà çâåçäîîáðàçóâàíå
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Ãèãàíòñêè ìîëåêóëÿðíè îáëàöè

Ñåãà ùå ðàçãëåäàìå ïî-ïîäðîáíî ïðîöåñèòå íà çâåçäîîáðàçóâàíå îò ãîëåìè êúì ìàëêè ñêà-
ëè. Â ×àñò III ùå ðàçãëåäàìå ðàçëè÷íèòå ñòðóêòóðè, êîèòî ñå íàáëþäàâàò â îáëàñòèòå íà
çâåçäîîáðàçóâàíå. Ùå çàïî÷íåì ñ õàðàêòåðèñòèêèòå íà GMCs, íàé-âå÷å â Ìëå÷íèÿ ïúò
è â áëèçêèòå ãàëàêòèêè, êúäåòî òåçè îáåêòè ìîãàò äà áúäàò ðàçäåëåíè íà èçîáðàæåíèÿ-
òà. Ðàçáèðà ñå, íàáëþäåíèÿòà â íàøàòà Ãàëàêòèêà ñå îòëè÷àâàò ñ ïî-âèñîêà ðåçîëþöèÿ.
Ïðåäèìñòâîòî äà ðàáîòèì ñ äàííè çà äðóãè ãàëàêòèêè å ÷å ìîæåì ðàçãëåæäàìå èçâàäêà
îò GMCs, íåïîâëèÿíà îò åôåêòè íà ïðîåêöèÿ èëè íåñèãóðíîñò íà ðàçñòîÿíèåòî1. Òîâà íè
äàâà âúçìîæíîñò äà ïðàâèì ñòàòèñòè÷åñêè îöåíêè, êàêâèòî ëîêàëíî, â Ìëå÷íèÿ ïúò, áèõà
áèëè òâúðäå íåñèãóðíè.

12.1 Ôèçè÷íè õàðàêòåðèñòèêè

Ìàñè è òÿõíîòî îïðåäåëÿíå

The most basic quantity we can measure for a molecular cloud is its mass. However, this also
turns out to be one of the trickiest quantities to measure. The most commonly used method
for inferring masses is based on molecular line emission, because lines are bright and easy to
see even in external galaxies. The three most commonly-used species on the galactic scale are
12CO, 13CO, and, more recently, HCN.

For emitting molecules in LTE at temperature T , it is easy to show from the radiative
transfer equation that the intensity emitted by a cloud of optical depth τν at frequency ν is
simply

Iν =
(
1− exp(−τν)

)
Bν(T ) , (12.1)

êúäåòî Bν(T ) å Ïëàíêîâàòà ôóíêöèÿ. Ïðè îïòè÷íî ìíîãî äåáåë îáëàê (τν ≫ 1), åêñïîíåí-
òàòà â ãîðíàòà ôîðìóëà êëîíè êúì íóëà è Iν → Bν(T ). Â äðóãèÿ êðàåí ñëó÷àé íà îïòè÷íî
ìíîãî òúíúê îáëàê (τν ≪ 1) èìàìå exp(−τν) ≈ 1 − τν è Iν ≈ τνBν(T ). Òàêà èíòåíçèòåòúò
å ïðîñòî ïðîïîðöèîíàëåí íà îïòè÷íàòà äåáåëèíà, êîÿòî îò ñâîÿ ñòðàíà å ïðîïîðöèîíàë-
íà íà êîëîíêîâàòà ïëúòíîñò. Òîâà íè ïîçâîëÿâà äà ïðèëîæèì ïðîñò ìåòîä çà îöåíêà íà
êîëîíêîâàòà ïëúòíîñò ïî íàáëþäåíèÿ íà ÌÎ â ëèíèèòå íà 13CO è 12CO (J = 1 → 0).

• Îïòè÷íî òúíêè ëèíèè

1Òúé êàòî ìîæåì äà ïðèåìåì, ÷å âñè÷êè GMCs â äàäåíàòà ãàëàêòèêà ñå íàìèðàò íà åäíî è ñúùî
ðàçñòîÿíèå.
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Àêî ïðåäïîëîæèì, ÷å ëèíèÿòà 12CO å îïòè÷íî äåáåëà (êîåòî ïî÷òè âèíàãè å òà-
êà), òî Iν ≈ Bν(T ) è îò èçìåðåíèÿ èíòåíçèòåò ìîæåì íåïîñðåäñòâåíî äà îïðåäåëèì
òåìïåðàòóðàòà T . Ïîñëå ìîæåì äà ïðèåìåì, ÷å ìîëåêóëèòå íà 13CO ñà ïðè ñúùàòà
òåìïåðàòóðà, ò.å. Bν(T ) å ñúùàòà è çà äâàòà àíñàìáúëà, êàòî ïðåíåáðåãíåì ìàëêàòà
ðàçëèêà ìåæäó ÷åñòîòèòå. Ñåãà ìîæåì äà ðåøèì óðàâíåíèåòî (12.1) çà îïòè÷íàòà
äåáåëèíà τν . Àêî îçíà÷èì ñ N13CO êîëîíêîâàòà ïëúòíîñò íà 13CO, òî ïðè LTE ïðè-
íîñèòå êúì êîëîíêîâàòà ïëúòíîñò îò ìîëåêóëè â îñíîâíî è ïúðâî âúçáóäåíî íèâî ùå
áúäàò:

N0 = N13CO/Z(T ) ; N1 = exp(−T/T1)N13CO/Z(T ) ,

êúäåòî Z(T ) å ñòàòèñòè÷åñêàòà ñóìà ïî êâàíòîâè ñúñòîÿíèÿ, à T1 = 5.3 K å òåì-
ïåðàòóðàòà, ñúîòâåòñòâàùà íà ïúðâîòî âúçáóäåíî íèâî. Ëèíåéíàòà íåïðîçðà÷íîñò,
ñ ðàçìåðíîñò îïòè÷íà äåáåëèíà íà åäèíèöà äúëæèíà2, çàâèñè îò êîåôèöèåíòèòå íà
Àéíùàéí çà ñïîíòàííà àáñîðáöèÿ B01 è çà ñòèìóëèðàíà åìèñèÿ B10 (ñ ðàçìåðíîñò
s−1.erg−1.cm2.sr) è ôóíêöèÿòà íà ïðîôèëà íà ëèíèÿòà ϕν :

κ′ν =
hν

4π
(n0B01 − n1B10) , (12.2)

êàòî n0 è n1 ñà ñúîòâåòíî êîíöåíòðàöèèòå íà ìîëåêóëèòå â îñíîâíî è ïúðâî âúçáóäåíè
íèâà. Ñúîòâåòíî çà öåíòðàëíàòà îïòè÷íà äåáåëèíà íà ëèíèÿòà èìàìå èçðàç, â êîéòî
ó÷àñòâàò êîëîíêîâèòå ïëúòíîñòè N0 è N1:

τν =
hν

4π
(N0B01 −N1B10) , (12.3)

Çíàåéêè τν îò èçìåðåíèÿ èíòåíçèòåò íà ëèíèÿòà, ìîæåì äà îïðåäåëèì ϕν ïðîñòî îò
íåéíèÿ ïðîôèë. Îò äðóãà ñòðàíà, N0 è N1 çàâèñÿò ñàìî îò N13CO è îò òåìïåðàòóðàòà
(êîÿòî âå÷å ñúùî íè å èçâåñòíà). Òàêà óðàâíåíèå (12.3) ìîæå äà ñå ðåøè çà N13CO.
Íà ïðàêòèêà ïðîöåäóðàòà å ìàëêî ïî-ñëîæíà: îïòè÷íàòà äåáåëèíà è ïðîôèëà íà
ëèíèÿòà ñå àïðîêñèìèðàò åäíîâðåìåííî � íî èäåÿòà å ñúùàòà. Íàêðàÿ ñå ïðåñìÿòà
êîëîíêîâàòà ïëúòíîñò íà H2, êàòî ñå èçïîëçâàò îöåíêè çà ñúîòíîøåíèÿòà N12CO/NH2

è íà N13CO/NH2 .

Ñòðóâà ñè äà ñå îòáåëåæàò íÿêîè âàæíè íåäîñòàòúöè íà òîçè ïîäõîä:

- Íåîáõîäèìîñò îò äîïúëíèòåëíè îöåíêè çà N12CO/NH2 è N13CO/NH2 . Ïúðâîòî ñú-
îòíîøåíèå å îñîáåíî òðóäíî çà îïðåäåëÿíå, çàùîòî íàáëþäàòåëíèòå äàííè êàòå-
ãîðè÷íî ñâèäåòåëñòâàò çà âàðèðàíå íà N13CO/N12CO ñ ãàëàêòîöåíòðè÷íîòî ðàçñ-
òîÿíèå.

- Ïðåäïîëîæåíèåòî, ÷å 12CO è 13COñà ïðè åäíà è ñúùà òåìïåðàòóðà, ìîæå äà
íå å âÿðíî, çàùîòî åìèñèÿòà íà 12CO èäâà ïðåäèìíî îò ïîâúðõíîñòíèòå ñëîå-
âå, äîêàòî òàçè íà 13CO � îò öåëèÿ îáëàê. È òúé êàòî ïîâúðõíîñòòà íà îáëàêà
îáèêíîâåíî å ïî-òîïëà îò äúëáîêèòå ìó íåäðà, òîâà âåðîÿòíî ùå äîâåäå äî ïîä-
öåíÿâàíå íà òåìïåðàòóðàòà íà âúçáóæäàíå íà ìîëåêóëèòå 13COè îòòóê � íà
êîëîíêîâàòà ïëúòíîñò. Ïðîáëåìúò ìîæå äà ñå îêàæå îùå ïî-ñåðèîçåí, çàùîòî
ïî-íèñêîòî êîëè÷åñòâî íà 13CO îçíà÷àâà, ÷å ñàìîåêðàíèðàíåòî ñïðÿìî äèñîöè-
èðàùîòî UV èçëú÷âàíå íå å òàêà åôåêòèêâíî, êàêòî ïðè 12CO. Â òàêúâ ñëó÷àé
ìîëåêóëàòà íÿìà äà áúäå íàëè÷íà âúâ âúíøíèòå ÷àñòè íà îáëàêà è òå íÿìà äà
èìàò ïðèíîñ êúì ïðåñìåòíàòàòà êîëîíêîâà ïëúòíîñò.

2Äà íå ñå áúðêà ñ êîåôèöèåíòà íà íåïðîçðà÷íîñò κν , êîéòî èìà ðàçìåðíîñò cm2/g.
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- Òúé êàòî ëèíèÿòà 13CO å îïòè÷åñêè òúíêà, òÿ ïðîñòî å ñ ïî-ñëàá èíòåíçèòåò.
Ñëåäîâàòåëíî, ìåòîäúò êàòî öÿëî ìîæå äà ñå èçïîëçâà ñàìî çà îáëàñòè â Ìëå÷-
íèÿ ïúò, íî íå è â äðóãè ãàëàêòèêè.

• Îïòè÷íî äåáåëè ëèíèè

Optically thick lines are nice and bright, so we can see them in distant galaxies. The
challenge for an optically thick line is how to infer a mass, given that we're really only
seeing the surface of a cloud. Our standard approach here is to de�ne an X factor: a
scaling between the observed frequency-integrated intensity along a given line of sight
and the column density of gas along that line of sight.

The immediate question that occurs to us after de�ning the X factor is: why should
such a scaling exist at all? Given that the cloud is optically thick, why should there be a
relation between column density and intensity at all? Here's why: consider optically thick
line emission from a cloud of mass M and radius R at temperature T . The mean column
density is N = M/(µπR2), where µ = 3.9 × 10−24 g is the mass per H2 molecule. The
total integrated intensity we expect to see from the line is∫

Iνdν =

∫
[1− exp(−τν)]Bν(T )dν

The optical depth at line center is τν0 ≫ 1 and for a Gaussian line pro�le the optical
depth at frequency ν is

τν = τν0 exp

[
− (ν − ν0)

2

2(ν0σ1D/c)2

]
; (12.4)

Since the integrated intensity depends on the integral of τν , we expect that the integrated
intensity will depend on σ1D. To get a sense of how this dependence will work, let us adopt
a very simpli�ed yet schematically correct form for τnu. We will take the opacity to be a
step function, which is in�nite near line center and drops sharply to 0 far from line center.
The frequency at which this transition happens will be set by the condition τν = 1, which
gives ∆ν = |ν − ν0| = ν0

√
2 ln τν0(σ1D/c), êîåòî ñúîòâåòñòâà íà Äîïëåðîâî îòìåñòâàíå

∆v =
√

2 ln τν0σ1D. For this step-function form of τν , the emitted brightness temperature
Tb, v is T çà |v − v0| < ∆v è 0 â îñòàíàëèòå ñëó÷àè. Òîãàâà

ICO =

∫
Tb, vdv = 2Tδv =

√
8 ln τν0σ1DT

Ñúîòâåòíî çà X ôàêòîðà (ñ ðàçìåðíîñò cm−2.(K.km.s−1)−1)) ïîëó÷àâàìå îáùà çàâè-
ñèìîñò:

X =
M/(µπR2)

ICO

= 105
(8 ln τν0)

−1/2

Tµπ

M

σ1DR2
= 105

(8 ln τν0)
−1/2

Tµπ

M1/2(M/R3)1/2

σ1DR1/2

= 105
(µ ln τν0)

−1/2

T

√
5n

6παvirG
, (12.5)

where n = 3M/(4πR3) is the number density of the cloud, αvir å âèðèàëíèÿò ïàðàìåòúð,
à the factor of 105 comes from the fact that we're measuring ICO in km/s rather than
cm/s. To the extent that all molecular clouds have comparable volume densities on large



12.2 Ñêàëèðàùè îòíîøåíèÿ 75

scales and are virialized, this suggests that there should be a roughly constant CO X
factor. If we plug in T = 10 K, n = 100 cm−3, αvir = 1, and τν0 = 100, this gives
XCO = 5 × 1019 cm−2 (K.km.s−1)−1. This argument is a simpli�ed version of a more
general technique of converting between molecular line luminosity and mass called the
large velocity gradient approximation, introduced by Goldreich & Kwan (1974). The basic
idea of all these techniques is the same: for an optically thick line, the total intensity you
get out will be determined not directly by the amount of gas, but instead by the range
in velocity / frequency that the cloud occupies.

Of course this calculation has a few problems � we have to assume a volume density,
and there are various fudge factors like a �oating around. Moreover, we had to assume
virial balance between gravity and internal motions. This implicitly assumes that both
surface pressure and magnetic �elds are negligible, which they may not be. Making
this assumption would necessarily make it impossible to independently check whether
molecular clouds are in fact in virial balance between gravity and turbulent motions. In
practice, the way we get around these problems is by determining X factors by empirical
calibration. We generally do this by attempting to measure the total gas column density
by some tracer that measures all the gas along the line of sight, and then subtracting o�
the observed atomic gas column � the rest is assumed to be molecular.

Ðàçïðåäåëåíèå ïî ìàñè

Armed with these techniques for measuring molecular cloud masses, what do we actually see?
The answer is that in both the Milky Way and in a collection of nearby galaxies, the molecular
cloud mass distribution in the cloud seems to be well-�t by a truncated powerlaw,

dN
dM

= Nup

(Mup

M

)γ
, M ≤Mup; (12.6)

Òóê Mup å ìàêñèìàëíàòà èçìåðåíà ìàñà íà MCs, à Nup å ñúîòâåòíèÿò áðîé òàêèâà îáåêòè.
In the inner, H2-rich parts of galaxies, the slope is typically γ ∼ −2 to −1.5. In the outer,

molecule-poor regions of galaxies, and in dwarf galaxies, it is −2 to −2.5. These measurements
imply that, since the bulk of the molecular mass is found in regions with γ > −2, most of the
molecular mass is in large clouds rather than small ones. This is just because the mass in some
mass range is proportional to (dN/dM)MdM ∼M2+γ.

12.2 Ñêàëèðàùè îòíîøåíèÿ

Observations of GMCs in the Milky Way and in nearby galaxies yield three basic results,
which are known as Larson's Laws, since they were �rst pointed in Larson (1981). The physical
signi�cance of these observational correlations is still debated today.

Ñêàëèðàíå íà ñðåäíàòà ïëúòíîñò

The �rst is the molecular clouds have characteristic surface densities of ∼ 100 M⊙.pc−2. This
appears to be true of molecular in the clouds in the Milky Way and in all nearby galaxies where
we can resolve individual clouds. There may be some residual weak dependence on the galactic
environment � ∼ 50 M⊙.pc−2 in low clouds surface density, low metallicity galaxies like the
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LMC, up ∼ 200 M⊙.pc−2 in molecule- and metal-rich galaxies like M51, but generally around
that mean value.

Note that the universal column density combined with GMC mass spectrum implies are
characteristic volume density for GMCs:

⟨n⟩ = 3M

4πR3µ
= 23Σ

3/2
2 M

−1/2
6 cm−2 , (12.7)

êúäåòî Σ2 = Σ/(100M⊙.pc−2),M6 =M/106 M⊙, à çà ñðåäíàòà ìàñà íà ÷àñòèöà â ìîëåêóë-
íèÿ ãàç ñå ïðèåìà µ = 3.9× 10−24 g. Àêî ïîâúðõíîñòíàòà ïëúòíîñò ñå ïðèåìå çà ïîñòîÿííà
ïðè ìîëåêóëÿðíèòå îáëàöè, òî M ∝ ΣR2 ∝ R2 è òîãàâà ìàñàòà òðÿáâà äà ñå ñêàëèðà êàòî:

⟨n⟩ ∝ R−1 (12.8)

Âñúùíîñò, Larson (1981) ïîëó÷àâà ⟨n⟩ ∝ R−1.1 çà ãîëÿìà èçâàäêà îò îáëàöè è îáëà÷íè
ôðàãìåíòè.

There is an important possible caveat to this, however, which is sensitivity bias: GMCs with
surface densities much lower than this value may be hard to detect in CO surveys. However,
there is no reason that higher surface density regions should not be detectable, so it seems fairly
likely that this is a physical and not just observational result (though that point is disputed).

Ñêàëèðàíå íà ñêîðîñòòà

The GMCs obey a linewidth-size relation. The velocity dispersion of a given cloud depends
on its radius. Solomon et al. (1997) �nd σ = (0.72 ± 0.07)(R/1 pc)0.5±0.05 km.s−1 in the
Milky Way. For a sample of a number of external galaxies, Bolatto et al. (2008) �nd σ =
0.44(R/1 pc)0.60±0.10 km.s−1. Within individual molecular clouds Heyer & Brunt (2004) �nd
σ = 0.9(R/1 pc)0.56±0.02 km.s−1.(Figure 8.3). Îáîáùåíî, àêî îçíà÷èì ñ σ0 äèñïåðñèÿòà íà
ñêîðîñòèòå íà ñêàëà 1 pc, çàêîíúò çà ñêàëèðàíå íà ñêîðîñòòà ñå çàïèñâà âúâ âèäà:

σ = σ0

(
R

1 pc

)1/2

; (12.9)

One interesting thing to notice here is that the exponents of the observed linewidth-size
relation within a single cloud is quite close to σ ∼ ℓ0.5 that is a generic result of supersonic
turbulence. However, turbulence alone does not explain why all molecular clouds follow the
same linewidth-size relation, in the sense that not only is the exponent the same, but the
normalization is the same. It would be fully consistent with supersonic turbulence for di�erent
GMCs to have very di�erent levels of turbulence, so that two clouds of equal size could have
very di�erent velocity dispersions. Thus the fact that turbulence in GMCs is universal is an
important observation.

Âèðèàëèçàöèÿ íà îáëàöèòå

Òðåòèÿò ðåçóëòàò íà Larson å, ÷å ÌÎ ñà â ïðèáëèçèòåëíî âèðèàëíî ðàâíîâåñèå ìåæäó
ãðàâèòàöèÿòà è òóðáóëåíòíîñòòà, ò.å. ÷å αvir ≈ 1. Òîâà ñå ïîòâúðæäàâà îò ñúãëàñóâàíîñòòà
ìåæäó ñòîéíîñòòà íàX-ôàêòîðà, ïðåñìåòíàòà ïðè ïðåäïîëîæåíèå αvir = 1, è îïðåäåëåíàòà
ïî äðóãè ìåòîäè. Ñëåä Larson, äî ïîäîáåí ðåçóëòàò (αvir = 1.1) ñòèãàò Solomon et al. (1987),
à çà âúíøíè ãàëàêòèêè � Bolatto et al. (2011). Òîâà îáà÷å èçãëåæäà å âàëèäíî ñàìî çà
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äîñòàòú÷íî ìàñèâíè GMCs; îáëàöè ñ ìàñè ≲ 104 M⊙ ñå õàðàêòåðèçèðàò ñ αvir ≫ 1 è
âåðîÿòíî ñå óäúðæàò íå îò ãðàâèòàöèÿòà, à îò âúíøíî íàëÿãàíå.

Âàæíî å äà ñå îòáåëåæè, ÷å òðèòå çàêîíà íà Larson ñà âçàèìîçàâèñèìè. Àêî çàìåñòèì
çàêîíà çà ñêàëèðàíå íà ñêîðîñòòà (ôîðìóëà 12.9) â èçðàçà çà âèðèàëíèÿ ïàðàìåòúð, ùå
ïîëó÷èì:

αvir =
5σ2R

GM
=

(
5

π.pc

)
σ2
0

GΣ
= 3.7

(
σ0

1 km/s

)2(
100 M⊙.pc

−2

Σ

)
; (12.10)

Òàêà ñå âèæäà, ÷å àêî çàêîíúò çà ñêàëèðàíå íà ñêîðîñòòà å óíèâåðñàëåí, òîâà ïðåäïîëà-
ãà ïîñòîÿííà ïîâúðõíîñòíà ïëúòíîñò íà îáëàöèòå è îáðàòíî. Óíèâåðñàëíèÿò êîåôèöèåíò
â çàêîíà íà ñêàëèðàíå íà ñêîðîñòòà ïúê âîäè äî çàêîí çà âèðèàëèçàöèÿ íà îáëàöèòå.

12.3 Õàðàêòåðíè âðåìåíà

Perhaps the most di�cult thing to observe about GMCs are the timescales associated with
their behavior. These are always long compared to any reasonable observation time, so we
must instead infer timescales indirectly. In order to help understand the physical implications
of GMC timescales, it is helpful to compare these to the characteristic timescales implied by
Larson's Laws.

Òóðáóëåíòíî õàðàêòåðíî âðåìå è âðåìå íà ñâîáîäíî ïàäàíå

Òóðáóëåíòíîòî õàðàêòåðíî âðåìå å òèïè÷íîòî âðåìå, çà êîåòî ïîòîêúò ùå ïðåêîñè îáëàêà,
è çàòîâà â àíãëîåçè÷íàòà ëèòåðàòóðà ñå íàðè÷à crossing time (âðåìå çà ïðåñè÷àíå). Ìîæåì
äà ãî èçðàçèì êàòî ôóíêöèÿ íà ìàñàòà, ïîâúðõíîñòíàòà ïëúòíîñò è âèðèàëíèÿ ïàðàìåòúð
ïî ñëåäíèÿ íà÷èí:

tcr ≡
R

σ
≈ 1√

αvirG

(
M

Σ3

)1/4

= 14α
−1/2
vir M

1/4
6 Σ

−3/4
2 Myr (12.11)

Âðåìåòî íà ñâîáîäíî ïàäàíå ìîæå äà ñå äåôèíèðà êàòî âðåìåòî, íåîáõîäèìî çà ãðàâè-
òàöèîíåí êîëàïñ íà îáëàêà ïðè ëèïñàòà íà ñúùåñòâåíà ïîääðúæêà îò ãàçîâîòî íàëÿãàíå
èëè òóðáóëåíòíîñòòà.

Âðåìå íà èç÷åðïâàíå

Îñîáåíî âàæíà âðåìåâà õàðàêòåðèñòèêà íà GMC å ñêîðîñòòà, ñ êîÿòî îò íåãî ñå îáðàçóâàò
çâåçäè. Ïîä âðåìå íà èç÷åðïâàíå ùå ðàçáèðàìå call this the depletion time

Âðåìå íà æèâîò

Ïðåäçâåçäíî õàðàêòåðíî âðåìå
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Îáðàçóâàíå è ñòðóêòóðà íà

ìîëåêóëÿðíè îáëàöè

13.1 Ñöåíàðèè çà âúçíèêâàíå íà îáëàöèòå

Ñáëúñúöè è êîàãóëàöèÿ

Åäèí îò íàé-ïðîñòèòå ìîäåëè çà îáðàçóâàíåòî íà ÌÎ å òîçè íà êîàãóëàöèÿòà, ïðåäëîæåí
ïúðâîíà÷àëíî îò Oort (1954) è âïîñëåäñòâèå ðàçðàáîòåí îò ìíîçèíà àâòîðè (íàïð. Field
1965; Kwan 1979; Tomisaka 1984; Tasker and Tan 2009). Òîé ñå îñíîâàâà íà ïðåäñòàâàòà çà
ISM, â êîÿòî ñòóäåíèÿò àòîìåí è ìîëåêóëåí ãàç å ðàçïðåäåëåí â ìíîæåñòâî îò äèñêðåòíè
îáëàöè ñ øèðîê äèàïàçîí îò ìàñè. Ìàëêèòå àòîìàðíè îáëàöè âúçíèêâàò íàïðàâî îò òîïëèÿ
àòîìåí ãàç ïîðàäè òîïëèííà íåóñòîé÷èâîñò (Field 1965). Ñåòíå ñáëúñúöèòå ìåæäó òåçè
îáåêòè âîäÿò äî äèñèïàöèÿ íà åíåðãèÿ è òàêà ñå ñòèãà äî êîàãóëàöèè, ñ îáðàçóâàíåòî íà
ïî-ãîëåìè îáëàöè. Ùîì îáëàöèòå äîñòèãíàò äîñòàòú÷íî ãîëåìè ðàçìåðè, òå ñà â ñúñòîÿíèå
äà ñå ñàìîåêðàíèðàò îò ìåæäóçâåçäíîòî ðàäèàöèîííî ïîëå (ISRF); â òîçè ìîìåíò â òÿõ
çàïî÷âà äà ïðåîáëàäàâà ìîëåêóëíèÿò ãàç. Íî è ñëåä êàòî ñà ñå ïðåâúðíàëè â ìîëåêóëÿðíè,
îáëàöèòå ïðîäúëæàâàò äà òúðïÿò ïîñòîÿííî ñáëúñúöè è ìîãàò äà ñòàíàò òâúðäå ìàñèâíè.
Ïðîöåñúò â äàäåí îáëàê ïðåêúñâà, êîãàòî îáðàòíîòî âúçäåéñòâèå îò çâåçäèòå (âæ. ×àñò
10) å â ñúñòîÿíèå äà ãî ðàçñåå.

Ìîäåëúò èìà íÿêîëêî ñèëíè ñòðàíè. Ñòîõàñòè÷íîñòòà íà ïðîöåñà íà ñáëúñúöè ìåæäó
îáëàöèòå âîäè ïî åñòåñòâåí íà÷èí êúì ñòåïåííà ôóíêöèÿ íà ìàñèòå, à ôàêòúò, ÷å òàêèâà
ñáëúñúöè ñòàâàò ïî-÷åñòî â ñãúñòåíè çîíè îò ãàëàêòè÷íèÿ äèñê, îñèãóðÿâà ïðîñòî îáÿñíå-
íèå çà ïîâèøåíàòà êîíöåíòðàöèÿ íà ìîëåêóëåí ãàç è ïðîäúëæàâàùîòî çâåçäîîáðàçóâàíå
â ïîâå÷åòî ñïèðàëíè ðúêàâè. Îñâåí òîâà, ìîäåëúò íà êîàãóëàöèÿ ëåñíî âúçïðîèçâåæäà
îáëàöè, êîèòî ñå âúðòÿò â îáðàòíà ïîñîêà ñïðÿìî ãàëàêòè÷íèÿ äèñê è îáÿñíÿâà ÷åñòîòàòà,
ñ êîÿòî òàêèâà îáåêòè ñå ñðåùàò â ISM (see e.g. Phillips 1999; Imara and Blitz 2011).

Çà æàëîñò îáà÷å, ìîäåëúò èìà è ãîëåìè ïðîáëåìè. Äîêàòî ìàëêèòå ÌÎ ìîãàò äà âúç-
íèêíàò ñðàâíèòåëíî áúðçî, çà ãèãàíòñêèòå ñ ìàñè 105− 106 M⊙ ùå ñà íåîáõîäèìè âðåìåíà
îêîëî 100 Myr èëè ïîâå÷å (Blitz and Shu 1980). Òîâà å íà ïîðÿäúê ïîâå÷å îò ïîâå÷åòî
îöåíêè çà âðåìåòî íà æèâîò íà òèïè÷íèòå GMCs (Blitz et al. 2007), ÷èåòî âúçíèêâàíå
â ðàçðåäåíè çîíè, à ñúùî íàëè÷èåòî èì â ìåæäóðúêàâíèòå ïðîñòðàíñòâà (íàïð. â M51,
Hughes et al. 2013) íå ìîæå äà áúäå îáÿñíåíî îò ìîäåëà. Äðóã ïðîáëåì îò ôóíäàìåíòàëåí
õàðàêòåð å, ÷å íå å ÿñíî äîêîëêî ðåàëíà å ïðåäñòàâàòà çà ISM, â êîÿòî GMCs ñà äèñêðåòíè
îáåêòè ñ äîáðå äåôèíèðàíè ìàñè è ãðàíèöè. Íàáëþäåíèÿòà ñî÷àò, ÷å GMCs ñà ïîâñåìåñ-
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òíî ïîòîïåíè â îáøèðíè îáâèâêè îò àòîìåí ãàç (see e.g. Wannier et al. 1983; Elmegreen
and Elmegreen 1987; Lee et al. 2012; Heiner and Vazquez-Semadeni 2013; Motte et al. 2014).
Â òàêúâ ñëó÷àé òîâà, êîåòî íàðè÷àìå �ãðàíèöà� íà åäèí GMC � îïðåäåëåíà îò äåòåêòè-
ðóåìîñòòà íà CO åìèñèÿ � íàé-âåðîÿòíî ïðåäñòàâëÿâà ïðîñòî õèìè÷åí ïðåõîä â ãàçà, à
íå ðÿçêà ïðîìÿíà íà ïëúòíîñòòà. Íàé-ñåòíå, çíà÷èòåëíà ÷àñò îò ìîëåêóëíèÿ ãàç â åäíà
ãàëàêòèêà ñå ñúäúðæà â îáøèðíà äèôóçíà êîìïîíåíòà, à íå â äèñêðåòíè îáëàöè (see e.g.
Pety et al. 2013; Shetty et al. 2014; Smith et al. 2014). Ïîñëåäíîòî îòêðèòèå ïîðàæäà îùå
ñúìíåíèÿ îòíîñíî ïðåäñêàçàíèÿòà íà ìîäåëà çà ñáëúñúöè ìåæäó îáëàöèòå.

Ñëèâàùè ñå ïîòîöè

Èçîáùî å òâúðäå âåðîÿòíî ÌÎ äà íå ñà äèñêðåòíè îáåêòè ñ äúëãî âðåìå íà æèâîò, à
äà ïðåäñòàâëÿâàò ïðîñòî íàé-ïëúòíèòå çîíè â òóðáóëåíòåí ãàçîâ ïîòîê ñúñ çíà÷èòåëíî
ïî-ãîëåìè ðàçìåðè. Òàêàâà ïðåäñòàâà ìîòèâèðà ñúçäàâàíåòî íà àëòåðíàòèâåí ìîäåë çà
âúçíèêâàíå íà îáëàöèòå, èçâåñòåí êàòî ìîäåë íà ñëèâàùè ñå ïîòîöè (converging �ows).
Îñíîâíàòà èäåÿ å, ÷å îáëàöèòå âúçíèêâàò â ñãúñòåíèòå çîíè ñëåä ïðåìèíàâàíå íà óäàðåí
ôðîíò, êîãàòî ïî-ðàçðåäåíè ãàçîâè ïîòîöè ñå ñáëúñêâàò è âçàèìîäåéñòâàò. Àêî ïîòîöèòå
ïúðâîíà÷àëíî ñå ñúñòîÿò îò òîïúë àòîìåí ãàç, ñáëúñúêúò èì ùå ïîðîäè òîïëèííà íåóñ-
òîé÷èâîñò, êîÿòî îò ñâîÿ ñòðàíà âîäè äî áúðçî âúçíèêâàíå íà îáëàê îò äîñòà ïî-ïëúòåí è
ïî-õëàäåí ãàç (see e.g. Hennebelle and Perault 1999, 2000; Koyama and Inutsuka 2002; Audit
and Hennebelle 2005; Heitsch et al. 2005, 2006; Vazquez-Semadeni et al. 2006; Hennebelle and
Audit 2007; Heitsch and Hartmann 2008; Banerjee et al. 2009). Ñðåäíàòà ïëúòíîñò íà ñòóäå-
íè ãàçîâè îáëàöè, îáðàçóâàíè ïî òîçè íà÷èí, å îêîëî 100 cm−3: äîñòàòú÷íî âèñîêà, çà äà
âúçíèêíå H2 ôàçà çà õàðàêòåðíî âðåìå, ïî-ìàëêî îò âðåìåòðàåíåòî íà ñáëúñúêà. Ùå ñå
îáðàçóâà è CO � â çîíè, êúäåòî êîëîíêîâàòà ïëúòíîñò å äîñòàòú÷íî âèñîêà, çà äà îñèãóðè
åôåêòèâíî åêðàíèðàíå íà ISRF. Ñèìóëàöèèòå ïîêàçâàò, ÷å òàêèâà çîíè ñå ïîÿâÿâàò, àêî
ïîíå ÷àñò îò ñòóäåíèÿ îáëàê ïðåòúðïè ãðàâèòàöèîíåí êîëàïñ (Heitsch and Hartmann 2008;
Clark et al. 2012b).

Ìîäåëúò íà ñëèâàùèòå ñå ïîòîöè îáÿñíÿâà ïî åñòåñòâåí íà÷èí çàùî ÌÎ, êîèòî íå ñà
àñîöèèðàíè ñ ðàéîíè íà íàñòîÿùî çâåçäîîáðàçóâàíå, ñà ãîëÿìà ðÿäêîñò. Íàáëþäåíèÿòà â
åìèñèè íà CO íå ìîãàò äà äåòåêòèðàò âòè÷àíèÿ ïðè ðàííàòà åâîëþöèÿ íà îáëàêà, òúé êàòî
íà òîçè åòàï ôðàêöèÿòà íà ìîëåêóëíèÿ ãàç å ìíîãî ìàëêà (Hartmann et al. 2001). Ãîëåìè
êîëè÷åñòâà H2 è äåòåêòèðóåìî èçëú÷âàíå â ëèíèèòå íà CO ñà íàëèöå ñàìî íà îòíîñèòåë-
íî êúñíè åâîëþöèîííè ôàçè, êàòî ïîÿâàòà íà åìèñèÿ â CO ïðåäøåñòâà îáðàçóâàíåòî íà
ïúðâèòå çâåçäè ñ åäâà 1-2 Myr (Clark et al. 2012b). Â ïîäêðåïà íà ñöåíàðèÿ ãîâîðÿò íà-
ðàñòâàùèòå íàáëþäàòåëíè ñâèäåòåëñòâà, ÷å ÌÎ (ñ èíäèêàòîð CO) ïîñòîÿííî íàðàñòâàò
ïî ìàñà ïðè ñâîÿòà åâîëþöèÿ1. Òàêà ïðîöåñúò íà íåïðåêúñíàòà àêðåöèÿ ïðåäëàãà ïðîñ-
òî îáÿñíåíèå çà íàëè÷èèåòî íà òóðáóëåíòíè äâèæåíèÿ â GMCs. Êèíåòè÷íàòà åíåðãèÿ íà
ïîòîêà, îò êîéòî âúçíèêâà îáëàêúò, å äîñòàòú÷íà çà çàäâèæâàíå íà âúòðåøíàòà ìó òóðáó-
ëåíòíîñò è äà îáÿñíè ìíîãî îò ñâîéñòâàòà ìó (see Klessen and Hennebelle 2010; Goldbaum
et al. 2011). Êàòî ñëåäñòâèå îò òàçè êàðòèíà ìîæåì äà î÷àêâàìå òóðáóëåíòíà êàñêàäà îò
ãîëåìè ãàëàêòè÷íè ñêàëè íàäîëó ÷àê äî ñóá-ïàðñåêîâè ñêàëè, êúäåòî ïðîòè÷à äèñèïàöèÿ
(âæ. ×àñò ...).

Íÿêîè ïðîáëåìè íà ìîäåëà íà ñëèâàùèòå ñå ïîòîöè è èäåè çà òÿõíîòî ïðåîäîëÿâàíå:

1Íàïðèìåð, GMCs in the LMC íàðàñòâàò ñ íÿêîëêî 10−2 M⊙.yr
−1 (Fukui et al. 2009, Kawamura et al.

2009).
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• Îáðàçóâàíå íà ìàñèâíè GMCs: â ÷èñëåíèòå ìîäåëè ðàçãëåæäàíåòî å ïðåäèìíî åä-
íîìåðíî, ñ ÷åëåí ñáëúñúê ìåæäó ãàçîâèòå ïîòîöè, íî ïðîñòîòî ïðåñìÿòàíå ïîêàçâà,
÷å ïðè òîçè ñöåíàðèé íå ìîãàò äà âúçíèêíàò ìàñèâíè GMCs. Suppose we have two
�ows of convergent gas, each of which has a cross-sectional area A, an initial number
density n0, and a length Lflow/2. Òîãàâà ïúëíàòà ìàñà íà îáðàçóâàíèÿ îáëàê áè áèëà
ïðèáëèçèòåëíî Mcl ∼ µn0ALflow, where we have assumed that all of the gas in the �ows
becomes part of the cold cloud and µ = 1.26mH = 2.11× 10−24 g typical for atomic gas.
If the gas in the �ows is initially part of the warm neutral medium, then the number
density is n0 ∼ 0.5 cm−3(âæ. Òàáëèöà ...) è:

Mcl ∼ 2300

(
A

1000 pc2

)(
Lflow

150 pc

)
M⊙ ; (13.1)

If the �ows together have a total length Lflow ∼ 150 pc that is comparable to the molecular
gas scale height of the Galactic disk, and a cross-sectional area typical of a reasonably
large GMC (Solomon et al. 1987), then the total mass of the resulting cloud is only a few
thousand solar masses, much smaller than the mass of most GMCs.

Âúçìîæíèòå íà÷èíè çà ðåøàâàíå íà ïðîáëåìà ñà íÿêîëêî. Ïðè óâåëè÷àâàíå íà Lflow

äî 1000 pc, ìàñàòà íà îáëàêà ïàê îñòàâà ìàëêà (∼ 1.5 × 104 M⊙). Äðóã âàðèàíò å
óâåëè÷àâàíå íà ãàçîâàòà êîíöåíòðàöèÿ. Ñòîéíîñòòà, âúçïðèåòà ïî-ãîðå, å òèïè÷íà
çà óñòîé÷èâàòà WNM, àëà òîïëèííî íåóñòîéâèÿò äèôóçåí àòîìåí ãàç ìîæå äà å ñ
åäèí ïîðÿäúê ïî-ïëúòåí. Íî è òàêàâà êîðåêöèÿ íå áè ïîâèøèëà äîñòàòú÷íî Mcloud,
çà äà îáÿñíè âúçíèêâàíåòî íà íàé-ìàñèâíèòå GMCs. Îñòàâà íè äà ïîâèøèì ïëîù-
òà A. Simulations show that clouds formed in one-dimensional �ows tend to collapse
gravitationally in the directions perpendicular to the �ow (see e.g. Burkert and Hartmann
2004; Heitsch et al. 2008; Vazquez-Semadeni et al. 2009). Çàòîâà å ðàçóìíî äà ñå ïðåäïî-
ëîæè, ÷å íàïðå÷íîòî ñå÷åíèå íà ïîòîöèòå, î÷åðòàâàùî çîíàòà íà âúçíèêâàíå íà îáëà-
êà å âåðîÿòíî äîñòà ïî-ãîëÿìî îò òîâà íà âúçíèêâàùèÿ âïîñëåäñòâèå GMC. However,
even if we increase A by a factor of 20, so that the width and height of the �ow are
comparable to its length, we again only increase Mcloud by an order of magnitude. In
addition, if all of the dimensions of the �ow are similar, it is unclear whether we should
really think of it as a one-dimensional �ow any longer. In the end, what is needed in order
to explain the formation of the most massive GMCs in this model is a combination of
these points. The �ow must consist of gas that is denser than is typical for the WNM,
that has a coherent velocity over a relatively large distance, and that either has a large
cross-sectional area or is actually in�owing from multiple directions simultaneously. How
often these conditions are realized in the real ISM remains an open question.

• Çàäâèæâàíå íà ñëèâàùèòå ñå ïîòîöè

Åäèí îò î÷åâèäíèòå ìåõàíèçìè å åäðîìàùàáíà ãðàâèòàöèîííà íåóñòîé÷èâîñò. Analysis
of the behavior of small perturbations in a thin rotating gas disk shows that the key
parameter that determines whether or not they grow exponentially å ò.íàð. ïàðàìåòúð
íà Toomre (Toomre 1964):

Q =
cs, effκ

πGΣ
, (13.2)

êúäåòî cs, eff is the e�ective sound-speed of the gas, which accounts not only for the
thermal sound speed, but also for the in�uence of the small-scale turbulent velocity
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dispersion, κ is the epicyclic frequency of the disk, and Σ is the surface density of the
gas. A pure gas disk is unstable whenever Q < 1. In the case of a disk that contains a
mix of gas and stars, the analysis is more complex, but the required value of Q remains
close to unity. Measurements of Q in nearby spirals and dwarf galaxies suggest that in
most of these systems, the gas is marginally Toomre stable, even when the gravity of the
stellar component is taken into account. However, this does not mean that gravitational
instability is unimportant in these systems, as simulations show that star formation in
disk galaxies tends to self-regulate so that Q ∼ 1. Brie�y, the reason for this is that
if Q ≪ 1, the disk will be highly unstable and will form stars rapidly. This will both
deplete the gas surface density, and also increase cs, eff , due to the injection of thermal
and turbulent energy into the gas by the various stellar feedback processes (âæ. ×àñò
10). These e�ects combine to increase Q until the disk becomes marginally stable.

Another mechanism that can drive large-scale convergent �ows of gas in spiral galaxies
is the Parker instability (Parker 1966). This is a magnetic instability which causes a
�eld that is strati�ed horizontally in the disk to buckle due to the in�uence of magnetic
buoyancy. Gas then �ows down the buckled magnetic �eld lines, accumulating near the
midplane of the disk. The characteristic length scale associated with this instability is a
factor of a few larger than the disk scale height. It therefore allows gas to be accumulated
from within a large volume, and is hence capable of producing even the most massive
GMCs (Mouschovias 1974; Mouschovias et al. 1974). However, the density contrasts
produced by the Parker instability are relatively small (see e.g. Kim et al. 1998, 2001,
2002) and so, although this instability may play a role in triggering thermal instability
in the galactic midplane (Mouschovias et al. 2009), it seems unlikely to be the main
mechanism responsible for GMC formation.

Finally, stellar feedback in the form of expanding H ii regions, stellar wind bubbles,
supernova remnants and super-bubbles may also drive converging �ows of gas in the
ISM (see e.g. Ntormousi et al. 2011; Dobbs et al. 2012; Hennebelle and I�rig 2014 for
some recent examples). The idea that stellar feedback may trigger cloud formation, and
hence also star formation, has a long history (see e.g. Elmegreen and Lada 1977 for
a seminal early study). At �rst sight it has considerable observational support, since
examples of spatial associations between molecular clouds and feedback-driven bubbles
are widespread (e.g. Beaumont and Williams 2010; Deharveng et al. 2010; Hou and Gao
2014). However, this is a case in which the observations are somewhat misleading. The fact
that a molecular cloud is associated with the edge of a feedback-driven bubble does not
necessarily imply that the bubble is responsible for creating the cloud, since the expanding
bubble may simply have swept up some dense, pre-existing structure (e.g. Pringle et al.
2001). Models of cloud formation in a supernova-driven turbulent ISM without self-gravity
�nd that although some cold, dense clouds are formed in the expanding shells bounding
the supernova remnants, the total star formation rate expected for these regions is only
∼ 10 % of the rate required to produce the assumed supernova driving (Joung and Mac
Low 2006). Recent e�orts to quantify the e�ectiveness of triggering in the LMC also
�nd that no more than about 5�10 % of the total molecular gas mass budget can be
ascribed to the direct e�ect of stellar feedback (Dawson et al. 2013). Therefore, although
stellar feedback clearly plays an important role in structuring the ISM on small scales
and contributes signi�cantly to the energy budget of interstellar turbulence (Sect. 4.6), it
does not appear to be the main process responsible for the formation of molecular clouds.



13.2 Éåðàðõè÷íè ñòðóêòóðè: ñãúñòÿâàíèÿ, ÿäðà, âëàêíà 82

13.2 Éåðàðõè÷íè ñòðóêòóðè: ñãúñòÿâàíèÿ, ÿäðà, âëàêíà



Ãëàâà 14

Ïðåäçâåçäíè ÿäðà

Ïðè òèïè÷íèòå ìàñè è ðàçìåðè íà H i-îáëàöèòå (M = 500M⊙, R ≈ 5 pc) ñå îêàçâà, ÷å
âúòðåøíàòà èì åíåðãèÿ å ïî-ãîëÿìà îò ïîòåíöèàëíàòà. Òîâà îçíà÷àâà, ÷å òå íå ñà ãðàâè-
òàöèîííî ñâúðçàíè è ñà óñòîé÷èâè ñàìî, àêî ñà â ðàâíîâåñèå ïî íàëÿãàíå ñ îêîëíàòà èì
ñðåäà. Çà ôèçè÷åñêèòå óñëîâèÿ â ìîëåêóëÿðíèòå (H2) îáëàöè ñå ñúäè ïî ðàäèîíàáëþäåíèÿ
íà åìèñèîííèòå ëèíèè íà CO ìîëåêóëàòà. Åêâèâàëåíòíèòå èì øèðèíè ∆λ ïîäñêàçâàò, ÷å
òåçè îáëàöè ñà òâúðäå ñòóäåíè: T ≲ 3 ÷ 20 K. Ñòîéíîñòèòå íà ∆λ ñà äîñòà ïî-ãîëåìè îò
òåçè çà òîïëèííè ñêîðîñòè ïðè ïîñî÷åíèòå òåìïåðàòóðè, çàùîòî ñå îïðåäåëÿò îò ñêîðîñ-
òèòå íà òóðáóëåíòíèòå ïîòîöè. Ñúãëàñíî èçñëåäâàíèÿòà (Larson 1981), íàëèöå å êîðåëàöèÿ
ìåæäó äèñïåðñèÿòà íà ñêîðîñòèòå σv è ðàçìåðà íà îáëàêà R:

σv ≈ 0.8 km/s

(
R

pc

)0.4

(14.1)

Ìàëêèòå òúìíè îáëàöè èìàò ìàñè 102 − 104M⊙è ðàäèóñè 1 − 10 pc, äîêàòî GMCs -
ñúîòâåòíî 105−106.5M⊙è 10−60 pc. Íàëÿãàíåòî, óïðàæíÿâàíî îò òóðáóëåíòíèòå ïîòîöè â
îáëàêà, å ïî-ãîëÿìî îò òîâà íà îáêðúæàâàùàòà ñðåäà è çàòîâà òðÿáâà äà áúäå óðàâíîâåñåíî
îò ñàìîãðàâèòàöèÿòà. Çà ðàçëèêà îò H i-îáëàöèòå, ãèãàíòñêèòå ìîëåêóëÿðíè îáëàöè ñà â
ïðèáëèçèòåëíî âèðèàëíî ðàâíîâåñèå. Òîãàâà çà îáëàê ñ ìàñà M è ðàäèóñ R è òèïè÷åí
íàáëþäàåì ïðîôèë ρ(r) = ρ̄R/r, ñå ïîëó÷àâà (ïðè ïðåíåáðåãâàíå íà ìàãíèòíîòî ïîëå):

3Mσ2
v =

2

3

GM
R2

M ≈ 1000 M⊙
σ2
v

(km/s)2
R

pc
(14.2)

îòêúäåòî n ∝ R−1.2 è êîëîíêîâàòà ïëúòíîñò NH2 = 1.5×1022 cm−2 ≈ const(M). Ïîíåæå
ìåæäóçâåçäíèÿò ïðàõ å ñ ïðàêòè÷åñêè ñúùîòî ïðîñòðàíñòâåíî ðàçïðåäåëåíèå, ñúùåñòâó-
âà äîáðà êîðåëàöèÿ ìåæäó NH è åêñòèíêöèÿòà AV . Â Ìëå÷íèÿ ïúò íàáëþäåíèÿòà äàâàò
ñëåäíàòà ðåëàöèÿ:

NH = 1.9× 1021AV cm−2mag−1



×àñò IV

Ïðîáëåìè íà ñúâðåìåííàòà òåîðèÿ íà

çâåçäîîáðàçóâàíå
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Çâåçäîîáðàçóâàíå íà ãàëàêòè÷íè

ìàùàáè

Ñêîðîñò è åôåêòèâíîñò íà çâåçäîîáðàçóâàíå.
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Âúçíèêâàíå íà çâåçäè â ãðóïè

Ìëàäè êóïîâå è àñîöèàöèè. Ðåæèìè íà çâåçäîîáðàçóâàíå.
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Íà÷àëíà ôóíêöèÿ íà çâåçäíèòå ìàñè:

íàáëþäåíèÿ

çâåçäè îò ïîëåòî, êóïîâå, ãàëàêòèêè
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Íà÷àëíà ôóíêöèÿ íà çâåçäíèòå ìàñè:

òåîðèÿ

Êîíêóðåíòíà àêðåöèÿ, ôðàãìåíòàöèÿ, äèíàìèêà íà ìëàäè çâåçäíè êóïîâå.
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Îáðàçóâàíå íà ïðîòîçâåçäè

It was Larson (1969) who realized that the dynamical evolution in the initial isothermal collapse
phase can be described by an analytical similarity solution. This was independently discovered
also by Penston (1969b), and later extended by Hunter (1977) into the regime after the
protostar has formed. This so called Larson-Penston solution describes the isothermal collapse
of homogeneous ideal gas spheres initially at rest.
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Ïðèëîæåíèå À: Èçïîëçâàíè

ñúêðàùåíèÿ

Â íàñòîÿùåòî ó÷åáíî ïîñîáèå ñå èçïîëçâàò ïðåäèìíî ñúêðàùåíèÿ íà àíãëîåçè÷íèòå ïîíÿ-
òèÿ. Òîâà å íàïðàâåíî ñúçíàòåëíî, çà äà ñå óëåñíè ÷èòàòåëÿ ïðè èçïîëçâàíåòî íà ìåæäóíà-
ðîäíà íàó÷íà ëèòåðàòóðà. Íàé-íàïðåä ñà ïðèâåäåíè ñúêðàùåíèÿ íà óòâúðäåíè áúëãàðñêè
åêâèâàëåíòè íà àíãëîåçè÷íèòå ïîíÿòèÿ (ïîñî÷åíè â ñêîáè).

Íà êèðèëèöà
ÃÏ Ãëàâíà Ïîñëåäîâàòåëíîñò (MS)
ÊÌÔ Êîñìè÷åí Ìèêðîâúëíîâ Ôîí (CMB)
ÌÑ Ìåæäóçâåçäíà Ñðåäà (ISM)
ÌÎ Ìîëåêóëÿðåí Îáëàê(-öè) (MC, MCs)

Íà ëàòèíèöà
CMB Cosmic Microwave Background (êîñìè÷åñêè ìèêðîâúëíîâ ôîí)
CNM Cold Neutral Medium (ñòóäåíà íåóòðàëíà ñðåäà)
CR Cosmic Rays (êîñìè÷åñêè ëú÷è)
ISRF InterStellar Radiation Field (ìåæäóçâåçäíî ðàäèàöèîííî ïîëå)
FIR Far InfraRed (äàëå÷åí èíôðà÷åðâåí äèàïàçîí)
IMF Initial Mass function (íà÷àëíà ôóíêöèÿ íà ìàñèòå)
ISM InterStellar Medium (ìåæäóçâåçäíà ñðåäà)
LMC Large Magellanic Cloud
LTE Local Thermodynamic Equilibrium (ëîêàëíî òåðìîäèíàìè÷íî ðàâíîâåñèå)
MC Molecular Cloud (ìîëåêóëÿðåí îáëàê)
MS Main Sequence (Ãëàâíà ïîñëåäîâàòåëíîñò)
NIR Near InfraRed (áëèçúê èíôðà÷åðâåí äèàïàçîí)
PAHs Polycyclic Aromatic Hydrocarbons (ïîëèöèêëè÷íè àðîìàòíè âúãëåâîäîðîäè)
PDF Probability Density Function (ôóíêöèÿ íà âåðîÿòíîñòíî ðàçïðåäåëåíèå)
PPV Position - Position - Velocity (ïðîñòðàíñòâî ïîëîæåíèå-ïîëîæåíèå-ñêîðîñò)
RMS Root of Mean Squared (ñðåäíîêâàäðàòè÷åí)
SED Spectral Energy Distribution (ñïåêòðàëíî ðàçïðåäåëåíèå íà åíåðãèÿòà)
SFR Star Formation Rate (ñêîðîñò íà çâåçäîîáðàçóâàíå)
SNR SuperNova Remnant (îñòàíêè îò ñâðúõíîâà)
UV UltraViolet (óëòðàâèîëåòîâî èçëú÷âàíå)
WNM Warm Neutral Medium (òîïëà íåóòðàëíà ñðåäà)



Ïðèëîæåíèå Á: Èçïîëçâàíè îçíà÷åíèÿ

íà âåëè÷èíè

cs Ñêîðîñò íà çâóêà
cV Speci�c heat at constant volume
Γ 1) Íàêëîí íà IMF; 2) Ñêîðîñò íà íàãðÿâàíå (heating rate)
H i Àòîìåí (íåéîíèçèðàí) âîäîðîä
H ii Éîíèçèðàí âîäîðîä
Mcr Ìàãíèòíà êðèòè÷íà ìàñà
MJ Ìàñà íà Äæèíñ
M ×èñëî íà Ìàõ
ℓs Çâóêîâà ñêàëà (sonic scale)
Λ Ñêîðîñò íà îõëàæäàíå (cooling rate)
ncrit Êðèòè÷íà ïëúòíîñò (critical density)
N -pdf PDF íà êîëîíêîâàòà ïëúòíîñò
ρ-pdf PDF íà ïðîñòðàíñòâåíàòà ïëúòíîñò
Re ×èñëî íà Reynolds
tAD Õàðàêòåðíî âðåìå íà àìáèïîëÿðíà äèôóçèÿ
tcool Õàðàêòåðíî âðåìå íà îõëàæäàíå; τc ≈ cV T/nΛ
tcr Õàðàêòåðíî òóðáóëåíòíî âðåìå (crossing time)
tdyn Õàðàêòåðíî äèíàìè÷íî âðåìå
tff , τff Âðåìå íà ñâîáîäíî ïàäàíå
Tbol Áîëîìåòðè÷íà òåìïåðàòóðà



Ïðèëîæåíèå Â: Ôóíäàìåíòàëíè è

àñòðîôèçè÷íè êîíñòàíòè

Â ñúâðåìåííàòà ôèçèêà ñå ïðåäïî÷èòà èçïîëçâàíåòî íà ñèñòåìàòà SI (MKS), äîêàòî â
àñòðîôèçèêàòà, îò ñúîáðàæåíèÿ çà óäîáñòâî â ðåä ñëó÷àè, ïî-øèðîêî ïðèëîæåíèå íàìèðà
ñèñòåìàòà CGS ñ îñíîâíè åäèíèöè [L] = cm, [M ] = g è [T ] = s. Åäèíèöèòå çà ñèëà è
åíåðãèÿ â CGS ñúîòâåòíî ñà:

1 dyn = 10−5 N

1 erg = 10−7 J

Øèðîêî èçïîëçâàíàòà åäèíèöà çà äúëæèíà íà âúëíàòà å àíãñòðüîì: 1�A= 10−10 m, à åíåð-
ãèèòå íà ôîòîíèòå, îñîáåíî êîãàòî ñà âèñîêè, îáèêíîâåíî ñå ïðèâåæäàò â åëåêòðîíâîëòè:

1eV = 1.6022× 10−12 erg

Ôóíäàìåíòàëíè êîíñòàíòè

G = 6.672041× 10−8 cm3/g.s2

c = 2.997925× 1010 cm/s
h = 6.626176× 10−27 erg.s
mp = 1.672649× 10−24 g
me ≈ (1/1836) mp

k = 1.380662× 10−16 erg/K
RH = 1.097× 105 cm−1

σ = 5.670327× 10−5 erg/cm2.s.K4

qe = 4.80325× 10−10 CGSEq
ℜ = 8.314× 103 J/K.kmol

Àñòðîôèçè÷íè êîíñòàíòè

Åäèíèöà çà âðåìå

• Çâåçäíà ãîäèíà: yr = 365.d2564

Åäèíèöè çà äúëæèíà/ðàçñòîÿíèå

• Çåìåí ðàäèóñ: R⊕ = 6.378× 108 cm

• Ñëúí÷åâ ðàäèóñ: R⊙ = 6.9599× 1010 cm
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• Àñòðîíîìè÷åñêà åäèíèöà: AU = 1.495979× 1013 cm

• Ïàðñåê: pc = 3.085678× 1018 cm

Åäèíèöè çà ìàñà

• Çåìíà ìàñà: M⊕ = 5.9764× 1027 g

• Ìàñà íà Þïèòåð: MJ = 317.8M⊕

• Ñëúí÷åâà ìàñà: M⊙ = 1.989× 1033 g

Åäèíèöè çà ìîùíîñò íà èçëú÷âàíåòî

• Ñëúí÷åâà ñâåòèìîñò: L⊙ = 3.8269× 1033 erg/s


