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Ñèñòåìè ñìóã ìîëåêóëè NaH ó ñïåêòðàõ ç³ð 
ï³çí³õ ñïåêòðàëüíèõ êëàñ³â

Â ðîáîò³ ìîäåëþºòüñÿ ïîãëèíàííÿ âèïðîì³íåííÿ ñèñòåìàìè ñìóã ìî -
ëåêóëè NaH â àòìîñôåðàõ ç³ð ï³çí³õ ñïåêòðàëüíèõ êëàñ³â. Ðîçðàõóíêè
ñèíòåòè÷íèõ ñïåêòð³â ç ïàðàìåòðàìè ìîäåëåé àòìîñôåð, ÿê³ îïèñó -
þòü Ì-çîð³, äåìîíñòðóþòü, ùî ñìóãè ë³í³é ö³º¿ ìîëåêóëè óòâîðþþòü
ïîì³òí³ ñïåêòðàëüí³ äåòàë³ ïðèáëèçíî îäíàêîâî¿ ³íòåíñèâíîñò³ íà
äîâæèíàõ õâèëü â³ä l » 380 íì äî ìàéæå 1100 íì. Â ðîçðàõóíêàõ âè -
êîðèñòîâóâàëèñü íåùîäàâíî ðîçðàõîâàí³ ïàðàìåòðè ìîëåêóëè NaH ç
áàçè äàíèõ Exomol, à òàêîæ íîâå çíà÷åííÿ ïîòåíö³àëó äèñîö³àö³¿ ö³º¿
ìîëåêóëè D0 = 1.975. Áóëè ðîçãëÿíóò³ çàëåæíîñò³ ðîçðàõîâàíèõ ðîçïî -
ä³ë³â åíåðã³¿ â³ä ïîòåíö³àëó äèñîö³àö³¿ ìîëåêóëè NaH òà â³ä ïàðà ìåò -
ð³â çîðÿíî¿ àòìîñôåðè (Tåô, lgg, [Fe/H]). Àíàë³ç ñèíòåòè÷íèõ ñïåêò -
ð³â ïîêàçóº, ùî ë³í³¿ ìîëåêóëè NaH ñëàáøàþòü ç³ çðîñòàííÿì òåìïå -
ðàòóðè òà çìåíøåííÿì ñèëè òÿæ³ííÿ â àòìîñôåð³ çîð³. Òîáòî, ë³í³é
ã³äðèäó íàòð³þ íåìîæëèâî ñïîñòåð³ãàòè í³ â çîðÿõ ç åôåêòèâíèìè
òåìïåðàòóðàìè, ùî â³äïîâ³äàþòü ðàíí³ì Ì-çîðÿì, í³ ó Ì-ã³ãàíòàõ.
Ë³í³¿ ìîëåêóëè NaH ìàþòü ïðîÿâëÿòèñÿ ëèøå ó ñïåêòðàõ õîëîäíèõ
êàðëèê³â, õî÷à ñèëüíå ïîãëèíàííÿ ³íøèìè ìîëåêóëàìè (TiO, CrH, FeH)
ó âèäèì³é òà áëèçüê³é ³íôðà÷åðâîí³é îáëàñò³ ñïåêòðó òà ïîãëèíàííÿ
àòîìàìè â ñèí³é ä³ëÿíö³ óñêëàäíþþòü äåòåêòóâàííÿ ë³í³é NaH. Â³ä -
òâîðåíî ðîçïîä³ë åíåðã³¿ ó ñïåêòð³ ÷åðâîíîãî êàðëèêà VB 10 (M8V) â
ñèí³é îáëàñò³ ñïåêòðó. Ïîêàçàíî, ùî ïðè íîðìàëüíèõ óìîâàõ òà
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áëèçü êîìó äî ñîíÿ÷íîãî õ³ì³÷íîìó ñêëàä³ ìîëåêóëè NaH ëèøå âíîñÿòü
äîäàòêîâó ñêëàäîâó â íåïðîçîð³ñòü àòìîñôåð õîëîäíèõ ç³ð êàðëèê³â
òà ñóáçîðÿíèõ îá’ºêò³â.
Êëþ÷îâ³ ñëîâà: ñèíòåòè÷í³ ñïåêòðè, ñïåêòðè õîëîäíèõ ç³ð, àòîìíå
òà ìîëåêóëÿðíå ïîãëèíàííÿ.

ÂÑÒÓÏ

Çàãàëüíèé âèãëÿä ñïåêòð³â ç³ð òà ñóáçîðÿíèõ îá’ºêò³â ï³çí³õ ñïåêò ðàëü -
íèõ êëàñ³â ôîðìóºòüñÿ çàâäÿêè ìîëåêóëÿðíîìó ïîãëèíàííþ ð³çíèõ õ³- 
ì³÷ íèõ ñïîëóê. Îñíîâíèìè ìîëåêóëàìè, â³äïîâ³äàëüíèìè çà íåïðîçî -
ð³ñòü â àòìîñôåðàõ öèõ ç³ð, º: AlH, SiH — â ñèí³é îáëàñò³ ñïåêòðó, TiO,
VO ó âèäèì³é ÷àñòèí³ ñïåêòðó, CaH, FeH, CrH, MgH â ÷åðâîí³é òà H2O, 
CO ó áëèçüê³é ³íôðà÷åðâîí³é îáëàñò³ ñïåêòðó [3, 7, 13, 16, 22, 25].

Â³äñóòí³ñòü àáî íåñòà÷à òî÷íèõ òà ÿêîìîãà ïîâí³øèõ ñïèñê³â ë³í³é
ìîëåêóë ïðè äîñë³äæåíí³ õîëîäíèõ êàðëèê³â ìîæóòü íåãàòèâíî âïëè -
âàòè íà â³äòâîðåííÿ ðîçïîä³ëó åíåðã³¿ ó ñïåêòðàõ öèõ îá’ºêò³â ³, òàêèì
÷èíîì, íà êîðåêòí³ñòü âèçíà÷åííÿ îñíîâíèõ ïàðàìåòð³â çîðÿíèõ àòìî -
ñôåð: åôåêòèâíî¿ òåìïåðàòóðè, ïðèñêîðåííÿ â³ëüíîãî ïàä³ííÿ, ìåòà -
ë³÷íîñò³ òîùî. 

Íåùîäàâí³ äîñë³äæåííÿ ìîäåëåé àòìîñôåð Ì-êàðëèê³â [22] ïîêà -
çàëè, ùî NaH º îäí³ºþ ç òðüîõ ìîëåêóë, ïîðÿä ç CaOH ³ AlH, íåâðàõó -
âàííÿ ÿêèõ ïðèçâîäèòü äî íåêîðåêòíîãî â³äòâîðåííÿ ñïîñòåðåæíèõ
ñïåêòð³â (CaOH â ðàéîí³ l = 557 íì, AlH òà NaH ì³æ 380 òà 460 íì).
Õî÷à âàðòî çàçíà÷èòè, ùî ñïîñòåðåæåííÿ, ÿê³ ïðîâîäèëèñÿ ðàí³øå, íå
ï³äòâåðäæóâàëè íàÿâíîñò³ NaH ó áóäü-ÿêèõ ñïîñòåðåæíèõ îá’ºêòàõ
(çîðÿõ àáî ïëàíåòàõ [26]). Ïðè öüîìó äåÿê³ ìîëåêóëè, çîêðåìà ã³äðèäè
ìåòàë³â, ñïîñòåð³ãàþòüñÿ ó ì³æçîðÿíîìó ïðîñòîð³. Àëå äëÿ ìîëåêóëè
NaH áóëè îòðèìàí³ ëèøå âåðõí³ ìåæ³ âì³ñòó, ÿê ó ù³ëüíèõ, òàê ³ â
äèôóçíèõ õìàðàõ [9, 20, 24].

Ó ö³é ðîáîò³ ìè çðîáèëè ñïðîáó â³äòâîðèòè êîðîòêîõâèëüîâó (ñè -
íþ) ÷àñòèíó ñïîñòåðåæíèõ ñïåêòð³â Ì-êàðëèê³â ç âðàõóâàííÿì íåïðî -
çî ðîñò³, çóìîâëåíî¿ ìîëåêóëîþ NaH òà âèçíà÷èòè íàé³ìîâ³ðí³ø³ ³í-
òåð âàëè äîâæèí õâèëü, â ÿêèõ ìîæíà ñïîñòåð³ãàòè ë³í³¿ ö³º¿ ìîëåêóëè.
Ó ðîë³ ñïîñòåðåæóâàíîãî ñïåêòðó âèêîðèñòîâóâàâñÿ ñïåêòð äîáðå âèâ -
÷åíîãî ÷åðâîíîãî Ì-êàðëèêà VB10 (M8V).

ÌÅÒÎÄÈÊÀ ÐÎÇÐÀÕÓÍÊ²Â

Ñèíòåòè÷í³ ñïåêòðè. Ñèíòåòè÷í³ ñïåêòðè ðîçðàõîâóâàëèñÿ ç âèêî -
ðèñ òàííÿì ïðîãðàìè WITA6 [17] ó êëàñè÷íèõ íàáëèæåííÿõ (ïëîñêî -
ïàðàëåëüíà ìîäåëü àòìîñôåðè, â³äñóòí³ñòü äæåðåë òà ñòîê³â åíåðã³¿).
Äëÿ ðîçðàõóíê³â ñèíòåòè÷íèõ ñïåêòð³â (òî÷í³øå — ðîçïîä³ë³â åíåðã³¿
ó ñïåêòðàõ) âèêîðèñòîâóâàëèñü ìîäåë³ àòìîñôåð BT-Settl [5] ç ñ³òêè
PHOE NIX [2].

66 ISSN 0233-7665. Ê³íåìàòèêà ³ ô³çèêà íåáåñ. ò³ë. 2022. Ò. 38, ¹ 3

Þ. Ï. ËÞÁ×ÈÊ, ß. Â. ÏÀÂËÅÍÊÎ, Î. Ê. ËÞÁ×ÈÊ, Õ. Ð. À. ÄÆÎÍÑ



Äëÿ âðàõóâàííÿ ³íñòðóìåíòàëüíîãî ïðîô³ëþ ðîçðàõîâàí³ ñèíòå -
òè÷ í³ ñïåêòðè çãîðòàëèñÿ ç ãàóññ³àíîþ FWHM = 0.1 íì, ùî â³äïîâ³äàº
ñïåêòðàì ñåðåäíüî¿ ðîçä³ëüíîñò³ R » 6500.

Äæåðåëà íåïðîçîðîñò³. Äëÿ ïîð³âíÿííÿ â³äíîñíîãî âêëàäó â íå -
ïðî çîð³ñòü âðàõîâóâàëîñü ïîãëèíàííÿ àòîìíèìè òà ìîëåêóëÿðíèìè
ë³í³ÿìè ð³çíèõ õ³ì³÷íèõ åëåìåíò³â â íàáëèæåíí³ «ë³í³ÿ çà ë³í³ºþ».
Ñèñòåìè ñìóã ìîëåêóëè NaH ó ñïåêòðàõ ç³ð ôîðìóþòüñÿ ó ñïåêòðàëü -
íèõ îáëàñòÿõ, äå âíåñîê â íåïðîçîð³ñòü çóìîâëåíèé ðÿäîì ìîëåêóë,
çîêðåìà TiO, FeH, CrH, MgH, SiH òà ³í. Äëÿ öüîãî â ðîçðàõóíêàõ
ñèíòåòè÷íèõ ñïåêòð³â, êð³ì ñïèñê³â ë³í³é NaH, ìè âèêîðèñòîâóâàëè:
cïèñîê àòîìíèõ ë³í³é ç áàçè äàíèõ VALD3 [11], ñïèñêè AlH [28], SiH
[27], MgH (CD 18 Êóðóöà) [12], TiO [21], H2O [6], FeH [10] òà CrH [8].

Ñïèñîê ë³í³é NaH. Äàí³ äëÿ ðîçðàõóíê³â ñïèñêó ìîëåêóëè NaH
áóëè âçÿò³ ç áàçè EXOMOL (ñàéò www:exomol.com). Ó ðîáîò³ [23] íà -
âå äå íî ôóíêö³¿ ñòàíó, ïàðàìåòðè ð³âí³â åíåðã³¿ òà ïåðåõîä³â äëÿ ã³äðè -
äó íàòð³þ, ÿê äëÿ 23NaH, òàê ³ äëÿ 23NaD. Öåé ñïèñîê ë³í³é âêëþ÷àº âñ³
îáåðòàëüíî-êîëèâàëüí³ ñòàíè îñíîâíîãî (C S1 + ) òà ïåðøîãî çáóäæåíî -
ãî (A S1 + ) åëåêòðîííèõ ð³âí³â. Ñïèñîê ë³í³é ï³äõîäèòü äëÿ òåìïåðàòóð
äî 7000 K òà ìîæå âèêîðèñòîâóâàòèñÿ äëÿ ðîçðàõóíê³â íåïðîçîðîñò³ â
àòìîñôåðàõ åêçîïëàíåò, êîðè÷íåâèõ êàðëèê³â òà õîëîäíèõ ç³ð.

Ñïèñîê ë³í³é NaH áóâ ïðèâåäåíèé äî ôîðìàòó, ùî âèêîðèñòî -
âóºòüñÿ ó ïðîãðàì³ WITA618 [17]: äîâæèíà õâèë³ â àíãñòðåìàõ, ñèëà
îñöèëÿòîðà gf, ïîòåíö³àë çáóäæåííÿ c â åëåêòðîíâîëüòàõ. 

Äîâæèíà õâèë³ ðîçðàõîâóâàëàñü ÿê âåëè÷èíà îáåðíåíî ïðîïîðö³é -
íà ð³çíèö³ åíåðã³é ð³âí³â ïåðåõîäó òà ïåðåâîäèëàñü â àíãñòðåìè. Âåëè -
÷èíà gf îá÷èñëþâàëàñü çã³äíî ç ôîðìóëîþ gf = 1499 10 8 2. × - gAl , äå g —
ñòàòèñòè÷íà âàãà ð³âíÿ, A — éìîâ³ðí³ñòü ñïîíòàííîãî ïåðåõîäó, l —
äîâæèíà õâèë³, âèðàæåíà ó ì³êðîìåòðàõ [1].

Ïàâëåíêî òà ³í. â ðîáîò³ [19] âêàçàëè íà âàæëèâó â³äì³íí³ñòü ó âè -
çíà÷åíí³ ôóíêö³é ñòàíó Q òà, â³äïîâ³äíî, ñèë îñöèëÿòîð³â ë³í³é, ÿê³ âè -
êî ðèñòîâóþòüñÿ ó ô³çè÷íèõ òà àñòðîíîì³÷íèõ ðîçðàõóíêàõ. ×èñåëüíî
â³äì³íí³ñòü âèðàæàºòüñÿ ôîðìóëîþ Q(phys)/Q(astro) = g. Ó âèïàäêó ìîëå -
êóëè NaH g = (2I(Na) + 1)(2I(H) + 1), äå I(Na) = +3/2 — ñï³í ÿäðà
³çîòîïó 23Na, à I(H) = +1/2 — ñï³í ÿäðà 1H [4]. Òîìó çíà÷åííÿ gf ë³í³é
NaH, ùî áóëè îá÷èñëåí³ çà ô³çè÷íèìè ïàðàìåòðàìè ç áàçè äàíèõ
EXOMOL [23], â íàø³é ðîáîò³ áóëè çìåíøåí³ ó g = 8 ðàç³â.

²îí³çàö³éíî-äèñîö³àòèâíà ð³âíîâàãà. Ïðè ðîçðàõóíêàõ ñèíòåòè÷ -
íèõ ñïåêòð³â ñèñòåìà ð³âíÿíü ³îí³çàö³éíî-äèñîö³àòèâíî¿ ð³âíîâàãè
ðîç â’ÿ çóâàëàñü äëÿ ñåðåäîâèùà, ùî ñêëàäàºòüñÿ ç àòîì³â, ³îí³â òà ìî -
ëå êóë, ïðè öüîìó âðàõîâóâàâñÿ âïëèâ ïðèáëèçíî 100 êîìïîíåíò³â
[17].

Äëÿ ìîëåêóëè NaH áóëî âçÿòî íîâå çíà÷åííÿ åíåðã³¿ äèñîö³àö³¿
D0 = 1.975 [14] òà ðîçðàõîâàíî íîâ³ ð³âíîâàæí³ êîíñòàíòè äèñîö³àö³¿
(dis so ci a tion equi lib rium con stants) äëÿ ñóì ïî ñòàíàõ ç EXOMOL [23].

Â õîä³ ðîáîòè áóëè òàêîæ ïðîàíàë³çîâàí³ çàëåæíîñò³ ìîëåêó ëÿð -
íèõ ù³ëüíîñòåé ðå÷îâèí, ùî ì³ñòÿòü Na, â³ä òåìïåðàòóðè òà òèñêó ó
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ôîòîñôåð³. Àíàë³ç ïðîäåìîíñòðóâàâ, ùî ç ï’ÿòè íàéá³ëüø ïîøèðåíèõ
ìîëåêóë (NaOH, NaF, NaH, Na2, NaCl) ìîëåêóëà NaH ìàº íàéá³ëüøó
ìîëåêóëÿðíó ù³ëüí³ñòü ïðè ð³çíèõ çíà÷åííÿõ ïàðàìåòð³â àòìîñôåðè.

ÐÅÇÓËÜÒÀÒÈ

Ñèíòåòè÷í³ ñïåêòðè, ùî âðàõîâóþòü ìîëåêóëó NaH. Äëÿ ð³çíèõ
çíà÷åíü åôåêòèâíèõ òåìïåðàòóð (Tåô = 2000...4000 Ê), ïðèñêîðåíü â³ëü -
íîãî ïàä³ííÿ (lgg = 0.0...5.0) òà ìåòàë³÷íîñòåé ([Fe/H] = –1.0...0.0) áóëè
îá÷èñëåí³ ðîçïîä³ëè åíåðã³¿ ó ñïåêòðàõ, ÿê³ ïîêàçóþòü, ÿê çì³íþ ºòüñÿ
³íòåíñèâí³ñòü ë³í³é NaH â çàëåæíîñò³ â³ä öèõ ïàðàìåòð³â äëÿ ð³çíèõ
äîâæèí õâèëü. Íà ðèñ. 1 íàâåäåíî ñïåêòðè äëÿ Tåô = 2600 òà 3400 K,
lgg = 0.0 òà 5.0 òà ñîíÿ÷íî¿ ìåòàë³÷íîñò³ ([Fe/H] = 0.0). Ç àíàë³çó ñèí -
òåòè÷íèõ ñïåêòð³â âèäíî, ùî ³íòåíñèâí³ñòü ìîëåêóëÿðíèõ ë³í³é NaH
ïðè çìåíøåíí³ ïðèñêîðåííÿ â³ëüíîãî ïàä³ííÿ çìåíøóºòüñÿ, ³ ó ñïåêò -
ðàõ ç³ð-ã³ãàíò³â ë³í³¿ ö³º¿ ìîëåêóëè íå áóäóòü âèÿâëÿòèñÿ âçàãàë³. Òà -
êîæ çìåíøóºòüñÿ ³íòåíñèâí³ñòü ë³í³é NaH ç³ çá³ëüøåííÿì åôåêòèâíî¿
òåìïåðàòóðè. Ïðè çì³í³ ïàðàìåòðà ìåòàë³÷íîñò³ ³íòåíñèâí³ñòü ë³í³é
NaH ïðàêòè÷íî íå çì³íþºòüñÿ â³äíîñíî ³íøèõ ìîëåêóë, ùî ôîðìóþòü
âèä ñïåêòð³â õîëîäíèõ ç³ð. Ðèñ. 1 äåìîíñòðóº, ùî ó ñïåêòðàõ õîëîäíèõ
êàðëèê³â ë³í³¿ NaH ç’ÿâ ëÿ þòüñÿ â ðàéîí³ äîâæèí õâèëü l = 350 íì òà
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Ðèñ. 1. Çàëåæí³ñòü ³íòåíñèâíîñòåé ìîëåêóëÿðíèõ ñìóã NaH â³ä åôåêòèâíî¿ òåìïåðàòóðè òà lgg
ïðè ñîíÿ÷í³é ìåòàë³÷íîñò³ [Fe/H] = 0.0



ñïîñòåð³ãàþòüñÿ äî l » 1050 íì, çáåð³ãàþ÷è ïðèáëèçíî îäíàêîâó
³íòåíñèâí³ñòü íà âñ³é ö³é ä³ëÿíö³ ñïåêòðó.

Â³äîìî, ùî âèãëÿä ñïåêòð³â ç³ð òà ñóáçîðÿíèõ îá’ºêò³â ï³çí³õ
ñïåêòðàëüíèõ êëàñ³â ó âèäèì³é òà áëèçüê³é ³íôðà÷åðâîí³é îáëàñòÿõ
ñïåêòðó ôîðìóºòüñÿ âíàñë³äîê ïîãëèíàííÿ ìîëåêóëàìè TiO, VO, H2O,
FeH, CrH, íà ôîí³ ÿêèõ ³íø³ ìîëåêóëÿðí³ ë³í³¿ íå âèÿâëÿþòüñÿ.
Ïîãëèíàííÿ ìîëåêóëîþ TiO ñòàº ïîì³òíèì âæå íà äîâæèíàõ õâèëü  l »
» 450 íì, à ³íø³ ïåðåðàõîâàí³ ìîëåêóëè ïî÷èíàþòü â³ä³ãðàâàòè ðîëü ó
á³ëüø äîâãîõâèëüîâ³é ÷àñòèí³ ñïåêòðó.

Ìè ïðîàíàë³çóâàëè îáëàñòü äîâæèí õâèëü äî l = 500 íì, ùîá
âèçíà÷èòè, ïîãëèíàííÿ ÿêèõ ìîëåêóë ñóòòºâå â öüîìó ñïåêòðàëüíîìó
ä³àïàçîí³. Íà ðèñ. 2 íàâåäåíî ñèíòåòè÷í³ ñïåêòðè, ùî ðîçðàõîâàí³ äëÿ
îêðåìèõ àòîì³â òà ìîëåêóë, ÿê³ äàþòü íàéá³ëüøèé âíåñîê ó íåïðî -
çîð³ñòü ó ñïåêòðàõ õîëîäíèõ êàðëèê³â â ñèí³é îáëàñò³ äëÿ ð³çíèõ ïàðà -
ìåòð³â Tåô, lgg òà ñîíÿ÷íî¿ ìåòàë³÷íîñò³. Íà ðèñ. 2, êð³ì NaH, çî -
áðàæåíî ë³í³¿ íàéñèëüí³øî¿ â ö³é ä³ëÿíö³ ñïåêòðó ìîëåêóëè TiO òà
àòîì í³ ë³í³¿. Ó âèïàäêó íèçüêèõ òåìïåðàòóð ë³í³¿ NaH º íàéá³ëüø ³í -
òåí ñèâíèìè ìîëåêóëÿðíèìè ë³í³ÿìè íà äîâæèíàõ õâèëü l £ 420 íì,
ç’ÿâëÿþ÷èñü â ñèíüîìó êðèë³ ðåçîíàíñíî¿ ë³í³¿ Ca I l 422.6 íì. Àëå çà
³íòåíñèâí³ñòþ âñå îäíî âîíè âèÿâëÿþòüñÿ ñëàáøèìè, í³æ ïîãëèíàííÿ
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Ðèñ. 2. Ñèíòåòè÷í³ ñïåêòðè, ðîçðàõîâàí³ äëÿ îñíîâíèõ äæåðåë íåïðîçîðîñò³ â ñèí³é îáëàñò³, äå 
íàÿâí³ ë³í³¿ ìîëåêóëè NaH. Ìîäåë³ àòìîñôåðè Tåô = 2600, 3400 Ê, lgg = 5.0, [Fe/H] = 0.0



àòîìàìè, ÿêå ôîðìóº âèä ñïåêòðó íà öèõ äîâæèíàõ õâèëü. Ïî÷èíàþ÷è
ç ïðàâîãî êðèëà ë³í³¿ Ca I l 422.6 íì çá³ëüøóºòüñÿ ³íòåíñèâí³ñòü ë³í³é
ìîëåêóëè TiO, ÿê³ â îñíîâíîìó ³ ôîðìóþòü âèä ñïåêòð³â õîëîäíèõ ç³ð
ó âèäèì³é îáëàñò³ ñïåêòðó. 

Íà ðèñ. 3 òà 4 âèäíî, ùî ë³í³¿ NaH â óëüòðàõîëîäíèõ êàðëèêàõ
(lgg = 5.0) ñòâîðþþòü äîäàòêîâó íåïðîçîð³ñòü, àëå íå âèä³ëÿþòüñÿ íà
ôîí³ ïîãëèíàííÿ ìîëåêóëîþ TiO â îáëàñò³ ðåçîíàíñíî¿ ë³í³¿ K I l
769.9 íì òà CrH ³ FeH â îáëàñò³ äîâæèí õâèëü l ³ 850 íì, ÿê³ ³
ôîðìóþòü îñ íîâíèé âèä ñïåêòðó â öèõ ä³ëÿíêàõ. Äëÿ õîëîäíèõ
ã³ãàíò³â (lgg = 0.0) ë³í³¿ ìîëåêóëè NaH äóæå ñëàáê³ ³ íå äàþòü ïî -
ì³òíîãî âíåñêó â ðîç ðàõîâàíèé ñïåêòð.

Ïîð³âíÿííÿ ç³ ñïîñòåðåæåííÿìè. Äëÿ ïîð³âíÿííÿ ç³ ñïîñòåðåæ ó -
âàíèì ñïåêòðîì õîëîäíîãî êàðëèêà VB10 (M8V) ìè ðîçðàõóâàëè
ñèíòåòè÷í³ ñïåêòðè ç óðàõóâàííÿì ïîãëèíàííÿ ìîëåêóëàìè TiO,
MgH, SiH, AlH, NaH â îáëàñò³ l = 350...500 íì. Ïàðàìåòðè àòìîñôåðè 
Tåô/lgg/[Fe/H] = 2800/5.0/0.0 òà v isin  = 10 êì/ñ áóëè âçÿò³ ç ðîáîòè
Ëþá÷èêà òà ³í. [15]. ßê â³äì³÷àëîñÿ â ðîáîò³ [18], àòîìí³ ë³í³¿ ïîãëè -
íàííÿ â ñèí³é îáëàñò³ ñïåêòðó â òåîðåòè÷íèõ ðîçðàõóíêàõ âèÿâëÿ þòü -
ñÿ çíà÷íî ñèëüí³øèìè, í³æ ó ñïîñòåðåæíèõ ñïåêòðàõ. Äëÿ êðàùîãî
â³ä òâîðåííÿ ñïîñòåðåæíîãî ñïåêòðó VB10 â ñèí³é îáëàñò³ ïðè ðîçðà -
õóíêàõ ñèíòåòè÷íèõ ñïåêòð³â ìè âèêîðèñòîâóâàëè ìåòîäèêó, çàïðîïî -
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Ðèñ. 3. Òå æ, ùî ³ íà ðèñ. 2, â îáëàñò³ ë³í³¿ K



íîâàíó â ðîáîò³ [18], ÿêà äîçâîëÿº çìåíøèòè ñèëè àòîìíèõ ë³í³é çà ðà -
õóíîê âðàõóâàííÿ äîäàòêîâîãî ïîãëèíàííÿ â êîíòèíóóì³. Äîäàòêîâå
ïîãëèíàííÿ â êîíòèíóóì³ âðàõîâóâàëîñü äîìíîæåííÿì çíà÷åíü íå -
ïðî çîðîñò³ íà êîåô³ö³ºíò k = 100. Íà ðèñ. 5 ïðåäñòàâëåíî ïîð³âíÿííÿ
ñïîñòåðåæíîãî ñïåêòðó ç òåîðåòè÷íèìè ç âðàõóâàííÿì òà áåç âðàõó -
âàííÿ ïîãëèíàííÿ ìîëåêóëîþ NaH â îêðåìèõ ä³ëÿíêàõ ñïåêòðó. Ö³
ä³ëÿíêè äîâæèí õâèëü ïîáëèçó l = 354, 357.5, 377.5, 399 ³ 409 íì áóëè
â³ä³áðàí³ òàêèì ÷èíîì, ùîá ïîãëèíàííÿ àòîìàìè ïîáëèçó öèõ äîâæèí
õâèëü áóëî ì³í³ìàëüíèì (äèâ. ðèñ. 2). Â³äñóòí³ñòü ã³äðèäó íàòð³þ â
ðîçðàõóíêàõ ïðèçâîäèòü äî íåäîñòàòíüîãî ïîãëèíàííÿ òà, â³äïîâ³äíî,
äî ìåíø êîðåêòíîãî îïèñó ñïîñòåðåæåíü. 

Îáãîâîðåííÿ ðåçóëüòàò³â. Ïðîâåäåí³ íàìè ðîçðàõóíêè òà àíàë³ç
âíåñêó ë³í³é ìîëåêóëè NaH ó ôîðìóâàííÿ ñïåêòð³â õîëîäíèõ ç³ð äå -
ìîí ñòðóþòü, ùî ë³í³¿ ö³º¿ ìîëåêóëè ìàéæå íå äàþòü âíåñêó â íåïðî -
çîð³ñòü ó ñïåêòðàõ ç³ð-ã³ãàíò³â. Äîñë³äæåííÿ òàêîæ ïîêàçóþòü, ùî ³í -
òåíñèâí³ñòü ë³í³é NaH çìåíøóºòüñÿ ç ï³äâèùåííÿì åôåêòèâíî¿ òåìïå -
ðàòóðè. Ë³í³¿ NaH ïðèáëèçíî îäíàêîâî¿ ³íòåíñèâíîñò³ ñïîñòåð³ãà þòü -
ñÿ â ñèíòåòè÷íîìó ñïåêòð³ íà äîâæèíàõ õâèëü â³ä l = 350 íì äî l =
= 1050 íì äëÿ ç³ð ç Tåô » 2600 K òà lgg » 5.0, õî÷à âîíè ³ íå ñòàþòü

ñèëüí³øèìè â³ä îñíîâíèõ äæåðåë íåïðîçîðîñò³ íà öèõ äîâæèíàõ
õâèëü.
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Ðèñ. 4. Òå æ, ùî ³ íà ðèñ. 2, â îáëàñò³ ë³í³¿ Na
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Ðèñ. 5. Ïîð³âíÿííÿ ñïîñòåðåæíîãî ñïåêòðó VB10 (M8V) (ñóö³ëüíà ë³í³ÿ) òà ñèíòåòè÷íèõ
ñïåêòð³â, ðîçðàõîâàíèõ ç âðàõóâàííÿì ìîëåêóë TiO, MgH, SiH, AlH, NaH òà àòîìíèõ ë³í³é â
îêðåìèõ ä³ëÿíêàõ ñïåêòðó (øòðèõîâ³ ë³í³¿ — ç âêëþ÷åííÿì ìîëåêóëè NaH, ïóíêòèðí³ — áåç
ìîëåêóëè NaH).  Ìîäåëü àòìîñôåðè Tåô/lgg/[Fe/H]: 2800/5.0/0.0, v isin  = 10 êì/ñ



Òàêèì ÷èíîì, âðàõóâàííÿ ïîãëèíàííÿ ë³í³ÿìè ìîëåêóëè NaH âíî -
ñèòü äîäàòêîâó íåïðîçîð³ñòü â çàãàëüíèé âèä ñïåêòð³â õîëîäíèõ êàð -
ëèê³â ³ ñòàº ñóòòºâèì ïðè ìîäåëþâàíí³ ñïåêòð³â âèñîêî¿ ðîçä³ëüíîñò³
òà âåëèêèõ çíà÷åíü ñï³ââ³äíîøåííÿ ñèãíàë/øóì.

ÏÎÄßÊÈ

Ðîáîòó âèêîíàíî â ðàìêàõ áþäæåòíîãî ô³íàíñóâàííÿ íàóêîâî-äîñë³ä -
íèöüêî¿ òåìè (ðåºñòðàö³éíèé N 14006632), ùî ô³íàíñóºòüñÿ Â³ää³-
ëåííÿì ô³çèêè ³ àñòðîíîì³¿ Íàö³îíàëüíî¿ àêàäåì³¿ íàóê Óêðà¿íè. Â
öüîìó äîñë³äæåíí³ âèêîðèñòîâóâàëèñü äàí³ ç áàçè äàíèõ SIMBAD
(simbad.u-strasbg.fr/simbad/), øî ïðàöþº â CDS (Ñòðàñ áóðã, Ôðàíö³ÿ),
áàçà äàíèõ VALD3 (vald.astro.uu.se), ÿêà ïðàöþº â Óí³âåðñèòåò³
Óïïñàëà, ²íñòèòóò³ àñòðîíîì³¿ ÐÀÍ òà Â³äåíñüêîìó óí³âåðñèòåò³, à
òàêîæ äàí³ ç áàçè ñïåêòðàëüíèõ ë³í³é ExoMol (www.exomol.com), ùî
ï³äòðèìóºòüñÿ Advanced Investigator Projects 267219 and 883830. Ñïî -
ñòåðåæíèé ìàòåð³àë áóâ îòðèìàíèé â ªâðîïåéñüê³é îðãàí³çàö³¿ àñò ðî -
íîì³÷íèõ äîñë³äæåíü ó ï³âäåíí³é ï³âêóë³ â ðàìêàõ ïðîãðàì ESO 072.

REF ER ENCES

1. Allen’s Astrophysical Quantities. (2002) Ed. A. N. Cox, New York: Springer. 
2. Allard F., Hauschildt P. H. (1995) Model at mo spheres for M (sub)dwarf stars. 1: The

base model grid. Astrophys. J. 445. 433—450. 
3. Allard F., Hauschildt P. H., Schwenke D. (2000) TiO and H2O ab sorp tion lines in cool

stel lar at mo spheres. Astrophys. J. 540. 1005—1015. 
4. Audi G., Kondev F. G., Meng Wang, Huang W. J., Naimi S. (2017) The NUBASE2016

eval u a tion of nu clear prop er ties. Chi nese Phys. 41. 030001
5. Baraffe I., Homeier D., Allard F., Chabrier G. (2015) New evo lu tion ary mod els for

pre-main se quence and main se quence low-mass stars down to the hy dro gen-burn ing 
limit. Astron. and Astrophys. 577. A 42. 

6. Bar ber R. J., Ten ny son J., Har ris G. J., Tolchenov R. N. (2006) A high-ac cu racy
com puted wa ter line list. Mon. Notic. Roy. Astron. Soc. 368. 1087—1094. 

7. Bean J. L., Sneden C., Hauschildt P. H., Johns-Krull C. M., Ben e dict G. F. (2006)
Ac cu rate M dwarf metallicities from spec tral syn the sis: a crit i cal test of model
at mo spheres. Astrophys. J. 652. 1604—1616. 

8. Bur rows A., Ram R. S., Bernath P., Sharp C. M., Milson J. A. (2002) New CrH opac i ties
for the study of L and brown dwarf at mo spheres. Astrophys. J. 577. 986—992. 

9. Czarny J., Felenbok P., Roueff E. (1987) A search for in ter stel lar NaH and MgH in
dif fuse clouds. Astron. and Astrophys. 188. 155—158. 

10. Dulick M., Bauschlicher C. W., Bur rows A., et al. (2003) Line in ten si ties and
mo lec u lar opac i ties of the FeH F4D i  - X

4D i  tran si tion. Astrophys. J. 594. 651—663. 
11. Kupka F., Piskunov N., Ryabchikova T. A., Stempels H. C., Weiss W. W. (1999)

VALD-2: Prog ress of the Vi enna Atomic Line Data base. Astron. and Astrophys.
Suppl. Ser. 138. 119—133. 

12. Kurucz R. L. (1993) CD-ROM NN 1-23. Cam bridge, MA: Smith so nian Astrophys.
Obs. 

13. Leggett S. K., Allard F., Dahn C., et al. (2000) Spec tral en ergy dis tri bu tions for disk
and halo M dwarfs. Astrophys. J. 535. 965—974. 

14. Le Roy R. J., Walji S., Sentjens K. (2013) A DPF anal y sis yields quan tum

ISSN 0233-7665. Ê³íåìàòèêà ³ ô³çèêà íåáåñ. ò³ë. 2022. Ò. 38, ¹ 3 73

ÑÈÑÒÅÌÈ ÑÌÓÃ ÌÎËÅÊÓËÈ NaH Ó ÑÏÅÊÒÐÀÕ Ç²Ð



me chan i cally ac cu rate an a lytic po ten tial en ergy func tions for the a 1S+ and X1S+

States of NaH. 68th In ter na tional Sym po sium on Mo lec u lar Spectroscopy.
15. Lyubchik Yu., Jones H. R. A., Pavlenko Y. V., Pinfield D. J., Covey K. R. (2012)

Val ues of vsini for late-type stars from spec tral syn the sis in the K-band re gion. Mon.
Notic. Roy. Astron. Soc. 422. 2195—2201. 

16. _nehag A., Heiter U., Gustafsson B., et al. (2012) M-dwarf metallicities. A
high-res o lu tion spec tro scopic study in the near in fra red. Astron. and Astrophys. 542.
A 33. 

17. Pavlenko Y. V. (1998) Lith ium lines in the spec tra of late M dwarfs: The ef fects of
chro mo sphere-like struc tures. As tron . Re pts. 42. 501—507. 

18. Pavlenko Y. V., Su<rez MascareZo A., Rebolo R., Lodieu N., Bejar V. J. S., Gonz<lez
Hern<ndez J. I. (2017) Flare ac tiv ity and photospheric anal y sis of Proxima Centauri.
Astron. and Astrophys. 606. A 49. 

19. Pavlenko Y. V., Yurchenko S. N., Ten ny son J. (2020) Anal y sis of the first over tone
bands of isotopologues of CO and SiO in stel lar spec tra. Astron. and Astrophys. 633.
A 52.

20. Plambeck R. L., Erickson N. R. A (1982) search for NaH in dense mo lec u lar clouds —
ev i dence against for ma tion on grains. Astrophys. J. 262. 606—610. 

21. Plez B. (1998) A new TiO line list. Astron. and Astrophys. 337. 495—500. 
22. Rajpurohit A. S., ReylJ C., Allard F., et al. (2013) The ef fec tive tem per a ture scale of M

dwarfs. Astron. and Astrophys. 556. A15.
23. Rivlin T., Lodi L., Yurchenko S. N., Ten ny son J., Le Roy R. J. (2015) ExoMol

mo lec u lar line lists. X. The spec trum of so dium hy dride. Mon. Notic. Roy. Astron.
Soc. 451. 634—638. 

24. Snow T. P., Smith W. H. (1977) A search for in ter stel lar NaH in dif fuse clouds.
Astrophys. J. 217. 68—70. 

25. Valenti J. A., Piskunov N., Johns-Krull C. M. (1998) Spec tral syn the sis of TiO lines.
Astrophys. J. 498. 851—862. 

26. Weisstein E. W., Serabyn E. (1996) Submillimeter line search in Ju pi ter and Sat urn.
Icarus. 123. 23—36. 

27. Yurchenko S. N., Sinden F., Lodi L., Hill C., Gorman M. N, Ten ny son J. (2018)
ExoMol line lists XXIV: A new hot line list for sil i con monohydride, SiH. Mon.
Notic. Roy. Astron. Soc. 473. 5324—5333. 

28. Yurchenko S. N., Wil liams H., Leyland P. C., Lodi L., Ten ny son J. (2018) ExoMol
linelists XXVIII: the rovibronic spec trum of AlH. Mon. Notic. Roy. Astron. Soc. 479.
1401—1411. 

Yu. P. Lyubchyk1, Ya. V. Pavlenko1, O. K. Lyubchyk2,1, H. R. A. Jones3 
1Main As tro nom i cal Ob ser va tory of Na tional Acad emy of Sci ences of Ukraine, 
 Kyiv, Ukraine 

2Bogomolets Na tional Med i cal Uni ver sity, Kyiv, Ukraine 
3Centre for As tro phys ics Re search, Uni ver sity of Hert ford shire, Hat field, UK

BANDS OF NaH LINES IN SPEC TRA OF LATE TYPE STARS

The ab sorp tion of ra di a tion by sys tems of NaH mol e cule bands in the at mo spheres of late
type stars is mod eled. Cal cu la tions of syn thetic spec tra with model at mo sphere pa ram e ters, 
which cor re sponds to M stars, show that the lines of this mol e cule form no ta ble spec tral de -
tails ap prox i mately the same in ten sity at wave lengths from l » 380 nm to al most
~1100 nm. The re cently cal cu lated pa ram e ters of the NaH mol e cule from the da ta base
Exomol, as well as a new value of the dis so ci a tion po ten tial of this mol e cule D0 = 1.975
were used in our cal cu la tions. The dependences of the cal cu lated spec tral en ergy dis tri bu -
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tions on the dis so ci a tion po ten tial of the NaH mol e cule and on the pa ram e ters of the stel lar
at mo spheres (Teff, lgg, [Fe/H]) were con sid ered. Anal y sis of syn thetic spec tra shows that
the lines of the NaH mol e cule be come weak with tem per a ture in creas ing and grav ity de -
creas ing in the stel lar at mo sphere. So, so dium hy dride lines can not be ob served ei ther in
stars with ef fec tive tem per a tures cor re spond ing to early M stars, nor in M gaints. NaH lines 
should ap pear only in the spec tra of cold dwarfs, al though the strong ab sorp tion of other
mol e cules (TiO, CrH, FeH) in vis i ble and near-in fra red re gion of the spec trum and ab sorp -
tion by at oms in the blue re gion make the NaH lines de tec tion very com pli cated task. The
en ergy dis tri bu tion in the spec trum of the red dwarf VB 10 (M8V) in the blue re gion of the
spec trum is mod eled. The re sults of our anal y sis show that un der nor mal con di tions and
close to the so lar chem i cal com po si tion, NaH mol e cules pro vide only an ad di tional com po -
nent in the opac ity of the spec tra of cold dwarfs and substellar ob jects.
Keywords: syn thetic spec tra, spec tra of cold stars, atomic and mo lec u lar ab sorp tion.
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