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Òðèâàë³ñòü ãîð³ííÿ ãåë³þ ó ç³ð íàñåëåíü ²...²²²

Îòðèìàíî óçàãàëüíåí³ àïðîêñèìàö³éí³ ôîðìóëè, ÿê³ îïèñóþòü çàëåæ -
í³ñòü «÷àñ ãîð³ííÿ ãåë³þ — ìàñà ç³ð íóëüîâîãî â³êó» äëÿ ³íòåðâàë³â ìàñ
³ åëåìåíòíîãî ñêëàäó ç³ð, ÿê³ â³äíîñÿòü äî íàñåëåíü ²...²²². Àïðîêñè -
ìàö³þ ïðîâåäåíî ÿê ç óðàõóâàííÿì îñüîâîãî îáåðòàííÿ ç³ð, òàê ³ áåç
éîãî óðàõóâàííÿ. Äîñë³äæåíî çàêîíîì³ðíîñò³, ùî ïðîÿâëÿþòüñÿ ó
îòðèìàíèõ çàëåæíîñòÿõ â³ä âì³ñòó âàæêèõ õ³ì³÷íèõ åëåìåíò³â Z (ó
ìåæàõ â³ä 0 äî 0.1), ÿê³ âêëþ÷àþòü õàðàêòåðí³ çíà÷åííÿ äëÿ çîðÿíèõ
íàñåëåíü ²...²²², ³ íàÿâíîñò³/â³äñóòíîñò³ îñüîâîãî îáåðòàííÿ ç³ð.
Êëþ÷îâ³ ñëîâà: ãîð³ííÿ ãåë³þ, îñüîâå îáåðòàííÿ ç³ð, àïðîêñèìàö³éí³
ôîðìóëè, çîð³ íàñåëåíü ²...²²², ìàñà ç³ð íóëüîâîãî â³êó.

ÂÑÒÓÏ

ßäåðíå ãîð³ííÿ ãåë³þ â íàäðàõ ç³ðîê â³äáóâàºòüñÿ íà ñòàä³¿ ã³ãàíò³â. Öå
îäíà ç îñíîâíèõ ñòàä³é ç³ðîê, â ÿê³é â³äáóâàºòüñÿ ãåíåðàö³ÿ âàæêèõ
ÿäåð õ³ì³÷íèõ åëåìåíò³â. Çã³äíî ç äàíèìè [5] ¿¿ òðèâàë³ñòü t Íå ç òî÷ -
í³ñòþ äî 10 % íà ïîðÿäîê ìåíøà â³ä ÷àñó ãîð³ííÿ âîäíþ t Í . Öåé ÷àñ
ìîæå ç òàêîþ æ òî÷í³ñòþ âèçíà÷àòè ÷àñ æèòòÿ ç³ðîê-ã³ãàíò³â, îñê³ëüêè
òðèâàë³ñòü ãîð³ííÿ ³íøèõ õ³ì³÷íèõ åëåìåíò³â ç á³ëüø ìàñèâíèìè ÿä ðà -
ìè ùå íà ïîðÿäîê ìåíøà, í³æ t Íå. 

Âèÿâëåííÿ çàëåæíîñò³ ÷àñó ÿäåðíîãî ãîð³ííÿ â íàäðàõ ç³ðîê-ã³ãàí -
ò³â â³ä ïî÷àòêîâèõ ìàñ ç³ðîê, âèâ÷åííÿ âïëèâó íà öþ çàëåæí³ñòü âèðîä -
æåííÿ åëåêòðîí³â ó ðå÷îâèí³ çîðÿíèõ íàäð, íàÿâíîñò³ îñüîâîãî îáåð -
òàííÿ ìàãí³òíîãî ïîëÿ — îäíà ç àêòóàëüíèõ ïðîáëåì àñòðîô³çèêè. Ïðè 
öüîìó çàêîíîì³ðíîñò³ ÿäåðíîãî ãîð³ííÿ ãåë³þ âèâ÷åíî íàáàãàòî ã³ð øå, 
í³æ îñîáëèâîñò³ ãîð³ííÿ âîäíþ â íàäðàõ ç³ðîê, ùî íàëåæàòü äî ð³çíèõ
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ïîêîë³íü Ãàëàêòèêè. Ó ð³çíèõ äîñë³äæåííÿõ îòðèìàíî íàï³âåì ï³ðè÷í³
çàëåæíîñò³, ùî äîçâîëÿþòü îö³íþâàòè ïîëîæåííÿ ç³ðîê íà ñòà ä³¿ ãî -
ëîâ íî¿ ïîñë³äîâíîñò³ [2—6, 8, 9, 36], àíàë³çóâàòè âïëèâ çîðÿíîãî â³òðó
[5] ³ íàâ³òü îá÷èñëþâàòè ìàêñèìàëüíó ìàñó ç³ðîê äèñêà Ãàëàê òèêè [3]. 

Äëÿ âèð³øåííÿ òàêîãî ðîäó çàâäàíü íåîáõ³äí³ ìîäåë³ ç³ðîê ð³çíèõ
ìàñ, ¿õíüîãî åëåìåíòíîãî ñêëàäó ³ â³êó, à îñòàíí³ì ÷àñîì — ³ íàÿâíîñò³ 
îñüîâîãî îáåðòàííÿ. Òàê³ ìîäåë³ ç³ðîê ïî÷àëè ðîçðàõîâóâàòè ç äðóãî¿
ïî ëîâèíè ìèíóëîãî ñòîë³òòÿ. Îäíàê äàëåêî íå ó âñ³õ ðîáîòàõ íàâî -
äÿòüñÿ íåîáõ³äí³ òàáëè÷í³ äàí³ ïðî ÷àñ ãîð³ííÿ õ³ì³÷íèõ åëåìåíò³â, ÿê³
á äîçâîëèëè îá÷èñëþâàòè îáãîâîðþâàí³ çàëåæíîñò³. 

Ìåòîþ ö³º¿ ðîáîòè áóëî îäåðæàííÿ çàëåæíîñò³ ÷àñó ãîð³ííÿ ãåë³þ
â³ä ïî÷àòêîâèõ ìàñ ç³ðîê, ùî íàëåæàòü íàñåëåííÿì I, II (Ãàëàêòèêè) ³
III, áåç îáë³êó ³ ç óðàõóâàííÿì ¿õíüîãî îñüîâîãî îáåðòàííÿ, äëÿ äîñÿã -
íåííÿ ÿêî¿ áóëî âèêîíàíî òàêèé êîìïëåêñ ðîá³ò: 

— âèêîíàíî ïîøóê íåîáõ³äíèõ äîñë³äæåíü (ñåðåä áëèçüêî 2000
ë³òåðàòóðíèõ äæåðåë) â áàç³ äàíèõ SAO/NASA ADS [http://adsabs.har -
vard.edu/ab stract_ser vice.html], â îñíîâíîìó ðåçóëüòàò³â äîñë³äæåíü
Ïà äóàíñüêî¿ ³ Æåíåâñüêî¿ ãðóï; 

— îòðèìàíî âèðàç äëÿ çíàõîäæåííÿ â ÿâíîìó âèãëÿä³ â³äïî â³ä íîñ -
ò³ ì³æ âì³ñòîì ìåòàë³â ç³ðîê ³ âì³ñòîì ó íèõ âàæêèõ õ³ì³÷íèõ åëå ìåí -
ò³â äëÿ âèçíà÷åííÿ ïðèíàëåæíîñò³ ç³ðîê äî ïåâíîãî íàñåëåííÿ Ãà ëàê -
òèêè; 

— ïðîâåäåíî ïîøóê àïðîêñèìàö³éíèõ çàëåæíîñòåé ÷àñó ÿäåðíîãî
ãîð³ííÿ â³ä ïî÷àòêîâî¿ ìàñè ç³ðêè áåç óðàõóâàííÿ ³ ç óðàõóâàííÿì ¿õ -
íüîãî îñüîâîãî îáåðòàííÿ; 

— âèêîíàíî àíàë³ç îòðèìàíèõ ðåçóëüòàò³â. 

ÀÏÐ²ÎÐÍÀ ²ÍÔÎÐÌÀÖ²ß ÄËß ÐÎÇÂ’ßÇÓÂÀÍÍß 

ÏÎÑÒÀÂËÅÍÈÕ ÇÀÂÄÀÍÜ 

Äî ñåðåäèíè 1980-õ ðð. áóëî ðîçðàõîâàíî âåëèêó ê³ëüê³ñòü åâîëþö³é -
íèõ ìîäåëåé ç³ðîê, ùî äîçâîëÿþòü çðîáèòè ¿õí³ ïåðø³ óçàãàëüíåííÿ.
Ìîäåë³ ç³ðîê áóëè îòðèìàí³ äëÿ ìàñ â³ä 0.7m8 äî 150m8 ³ çíà÷åíü âì³ñ -
òó âàæêèõ õ³ì³÷íèõ åëåìåíò³â Z â³ä 0.00001 äî 0.04 (ïðè âì³ñò³ ãåë³þ
Y = 0.1...0.4). Ñåðåä íèõ âèä³ëÿëèñÿ òðè îñíîâíèõ ³íòåðâàëè ìàñ äëÿ
ïîáóäîâàíèõ ìîäåëåé: (0.7...2-3)m8, (2-3...10)m8 ³ ïîíàä 10m8. Äëÿ
ïåð øîãî ä³àïàçîíó ìàñ ó òîé ÷àñ íàéá³ëüø ïîâí³ â³äîìîñò³ ïðî ÷èñåëü -
í³ ðîçðàõóíêè ìîäåëåé ç³ðîê ïðåäñòàâëåíî â ðîáîòàõ [27, 42]. Îãëÿäè
ïðî ðåçóëüòàòè ÷èñåëüíîãî ìîäåëþâàííÿ ç³ðîê ïîì³ðíèõ ìàñ (2-3...
10)m8 ìîæíà çíàéòè â ðîáîòàõ [23, 34, 41], à ìàñèâíèõ ç³ðîê (> 10m8) ó 
ðîáîòàõ [1, 15, 16, 24, 33]. Óçàãàëüíåííÿ ³ ñèñòåìàòèçàö³ÿ öèõ äàíèõ
âèêîíàí³ â ìîíîãðàô³¿ [5]. 

Ó öåé ïåð³îä äîñë³äæåíü áóëî ç’ÿñîâàíî, ùî òðèâàë³ñòü ÿäåðíîãî
ãîð³ííÿ ãåë³þ ó ìåæàõ 10 % çá³ãàºòüñÿ ç ÷àñîì ïåðåáóâàííÿ ç³ðîê íà
ñòà ä³¿ ã³ãàíò³â [5]. Òàêó îö³íêó ìîæíà îòðèìàòè íà îñíîâ³ îá÷èñëåíî¿
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òðè âàëîñò³ ÿäåðíîãî ãîð³ííÿ ãåë³þ, ÿêà, ÿê âèÿâèëîñÿ, íà ïîðÿäîê ìåí -
øà â³ä ÷àñó ÿäåðíîãî ãîð³ííÿ âîäíþ íà ñòàä³¿ ãîëîâíî¿ ïîñë³äîâ íîñò³, à 
çàãàëüíèé ÷àñ ãîð³ííÿ âóãëåöþ, êèñíþ ³ êðåìí³þ íå ïåðåâèùóº 1000
ðî ê³â. Òàì æå, íà îñíîâ³ åâîëþö³éíèõ ìîäåëåé ç³ðîê ç ïî÷àò êî âèìè
ìàñàìè (10...100)m8, ïðèâåäåíî çàëåæí³ñòü ÷àñó ãîð³ííÿ ãåë³þ t Íå â³ä
¿õí³õ ìàñ ó âèãëÿä³

t He » × -16 107 1. M  ðîê³â, (1)

äå Ì = m/m8 — ìàñà ç³ðîê, âèðàæåíà â ñîíÿ÷íèõ îäèíèöÿõ.
Ó 1990-ò³ ðð. áóëè âèêîíàí³ ñèñòåìàòè÷í³ îäíîð³äí³ ðîçðàõóíêè

åâîëþö³éíèõ ìîäåëåé ç³ðîê, ÿê³, ÿê ïðàâèëî, íå âðàõîâóâàëè ¿õíº îñüî -
âå îáåðòàííÿ. Âîíè îõîïëþâàëè óâåñü ä³àïàçîí ïî÷àòêîâèõ ìàñ, ÿê³
ìî æóòü ïðîõîäèòè ñòàä³þ ç³ðîê-ã³ãàíò³â (Ì = 0.5...120 äëÿ ç³ðîê íàñå -
ëåííÿ I, II) ç åëåìåíòíèì ñêëàäîì Z = 0.0004...0.1 [11, 13, 19—21, 32,
38—40]. 

Ç ïî÷àòêó 2000-õ ðð. ç’ÿâèëèñÿ ïåðø³ ðåçóëüòàòè ìîäåëþâàííÿ ç³ð
ç íóëüîâèì âì³ñòîì ìåòàë³â (Z = 0 ³ Ì = 0.7...1000), ÿê³ áóëî â³äíåñåíî
äî íàñåëåííÿ III [25, 26], à òàêîæ ñïåðøó ïîîäèíîê³, à ç 2012 ð. — ³ ñè -
ñòåìàòè÷í³ îäíîð³äí³ ðåçóëüòàòè ðîçðàõóíê³â ìàñèâíèõ ç³ðîê (M > 9)
áåç óðàõóâàííÿ ³ ç óðàõóâàííÿì ¿õíüîãî îñüîâîãî îáåðòàííÿ [14, 17, 18, 
22, 28—30, 35, 37]. Ìîäåëÿì ç ñîíÿ÷íèì åëåìåíòíèì ñêëàäîì ìàñèâ -
íèõ ç³ðîê ç ìàñàìè â ä³àïàçîí³ Ì = 13...120, îá÷èñëåíèì ç óðàõóâàííÿì
îñüîâîãî îáåðòàííÿ òà áåç íüîãî, ïðèñâÿ÷åíî ðîáîòó [14]. Ó òàáëèöÿõ
íàâåäåíî çíà÷åííÿ òðèâàëîñò³ ãîð³ííÿ âîäíþ (H), ãå ë³þ (He), âóãëåöþ
(C), íåîíó (Ne), êèñíþ (O) ³ êðåìí³þ (Si) ÿê ôóíêö³¿ îñíîâíèõ õàðàê òå -
ðèñ òèê ç³ðîê. Çã³äíî ç ïðîâåäåíèìè ðîçðàõóíêàìè ó ìîäåëÿõ îáåðòî -
âèõ ç³ðîê ìàñè óòâîðþâàíèõ Íå- ³ CO-ÿäåð âèÿâèëèñÿ á³ëüøèìè â³ä
òèõ, ÿê³ ôîðìóþòüñÿ ó ç³ðêàõ áåç îñüîâîãî îáåðòàííÿ. Àíàë³ç âïëèâó
îáåðòàííÿ íà ìîäåë³ ç³ðîê ³ ïðîáëåì îïèñó åâîëþ ö³éíèõ ïðîöåñ³â íà
ñòàä³¿ ï³ñëÿ ãîëîâíî¿ ïîñë³äîâíîñò³ çðîáëåíî ó ðî áîòàõ [31] ³ [12] â³ä -
ïîâ³äíî. Âêàçóºòüñÿ, ùî îáåðòàííÿ âïëèâàº íà ïðî ô³ëü åâîëþö³éíèõ
òðå ê³â ³ òðèâàë³ñòü ÿäåðíîãî ñèíòåçó [31]. Â³äçíà ÷à ºòüñÿ, ùî íà ñòàä³¿
ç³ðîê-ã³ãàíò³â ìàº áóòè êðèòè÷íà ìàñà, ÿêà çàëåæèòü â³ä ¿õíüîãî çàãàëü -
íîãî åëåìåíòíîãî ñêëàäó, âèùå ÿêî¿ â ÿäð³ ãåë³é ñïà ëþºòüñÿ ñïîê³éíî
[12]. Àëå í³ àíàë³òè÷íèõ, í³ ãðàô³÷íèõ çàëåæíîñòåé îïèñàíèõ ïðîöåñ³â
â³ä ïî÷àòêîâèõ ìàñ ç³ðîê íå íàâîäèòüñÿ. 

ßê ³ â ðîáîò³ [14], òðèâàë³ñòü ãîð³ííÿ H, He, C, Ne, O, Si îòðèìàíî
ïðè ðîçðàõóíêó íåîáåðòîâèõ åâîëþö³îíóþ÷èõ ç³ðîê, ðå÷îâèíà íàäð
ÿêèõ îïèñóºòüñÿ ñó÷àñíèìè ìîäåëÿìè çîðÿíî¿ ðå÷îâèíè [35]. ²íòåð -
âàëè ïî÷àòêîâèõ ìàñ Ì º ôóíêö³ÿìè âì³ñòó ìåòàë³â: Ì = 15...25 äëÿ Z =
= 0.01 ³ Ì = 15...25 äëÿ Z = 0.02; çíà÷åííÿ òðèâàëîñò³ ãîð³ííÿ íàâåäåíî
ó òàáëè÷íîìó âèãëÿä³. 

Òàêèì ÷èíîì, íàéá³ëüø ³íôîðìàòèâíèìè ³ çðó÷íèìè äëÿ îòðèìàí -
íÿ çàëåæíîñò³ «÷àñ ÿäåðíîãî ãîð³ííÿ ãåë³þ — ìàñà ç³ðîê íóëüîâîãî
â³êó» äëÿ ìîäåëåé ç³ðîê ð³çíîãî âì³ñòó âàæêèõ õ³ì³÷íèõ åëåìåíò³â, ó
ÿêèõ íå âðàõîâóâàëîñÿ îñüîâå îáåðòàííÿ, äîö³ëüíî âèä³ëèòè ðîáîòè
[11, 13, 19—21, 32, 38—40], à äëÿ ç’ÿñóâàííÿ âïëèâó îñüîâîãî îáåð -
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òàííÿ — ðåçóëüòàòè ðîá³ò [14, 17, 18, 22, 25, 26, 28—30, 35, 37], ÿê³ ³
áóëè âèêîðèñòàí³ äëÿ äîñÿãíåííÿ ìåòè, ñôîðìóëüîâàíî¿ â ðîáîò³. 

ÌÅÒÀË²×Í²ÑÒÜ ² ÄÎËÜÎÂ² ÂÌ²ÑÒÈ ÌÅÒÀË²Â Ó Ç²ÐÎÊ ÍÀÑÅËÅÍÜ I...III 

Äëÿ ðîçðàõóíêó ìîäåëåé ç³ðîê ç âì³ñòîì ìåòàë³â Z â ³íòåðâàë³ Z =
= 0...0.1 áóëè âèêîðèñòàí³ äàí³ ðîá³ò [11, 13, 19—21, 32, 38—40].
Ç³ðêàì íàñåëåííÿ III ³ ñîíÿ÷íîãî âì³ñòó ìåòàë³â â³äïîâ³äàþòü çíà÷åííÿ 
ZIII = 0 ³ Z = 0.02 [10]. Ùîá âèä³ëèòè ç ³íòåðâàëó Z ò³ çíà÷åííÿ, ùî â³ä -
ïîâ³ äà þòü ç³ðêàì íàñåëåíü I ³ II, âèêîðèñòîâóâàëèñÿ ôóíêö³ÿ ìåòàë³÷ -
íîñ ò³ äëÿ ç³ðîê ãàëî Ãàëàêòèêè ³ çâ’ÿçîê ì³æ ³íäåêñîì ìåòàë³÷íîñò³
[Me/H] òà âì³ñòîì ìåòàë³â Z. (Òóò ³ äàë³ ³íäåêñ ìåòàë³÷íîñò³ áóäåìî ïî -
çíà÷àòè [Me/H], ÿêùî ò³ëüêè ìîâà íå áóäå éòè ïðî êîíêðåòí³ åëåìåíòè
(íà ïðèê ëàä C/H, O/H, Ne/H, [Fe/H] ³ ò. ä.). 

Çà òèïîâ³ ³íäåêñè ìåòàë³÷íîñò³ äëÿ ç³ðîê íàñåëåííÿ I ³ II äîö³ëüíî
ïðèéíÿòè õàðàêòåðí³ çíà÷åííÿ [Me/H], ó ìåæàõ ÿêèõ âîíè çóñòð³÷à -
þòü ñÿ â äèñêó é ãàëî Ãàëàêòèêè â³äïîâ³äíî. Çã³äíî ç ôóíêö³ºþ ìåòà -
ë³÷ íîñòåé, ïîáóäîâàíîþ äëÿ ãàëàêòè÷íîãî äèñêà ³ ãàëî [7], ³íòåðâàëè
äëÿ ³íäåêñó ìåòàë³÷íîñò³ òàê³: [Me/H]I = –0.5...0.3; [Me/H]II = –2.2...
–0.5. 

Çâ’ÿçîê ì³æ [Me/H] òà âì³ñòîì ìåòàë³â Z ìîæíà îòðèìàòè ç âèçíà -
÷åííÿ ³íäåêñó ìåòàë³÷íîñò³: 

[Me/H] =  lg
Z X

Z X

/

/8 8

ì
í
î

ü
ý
þ
, (2)

äå Õ è Z — ñîíÿ÷íèé âì³ñò âîäíþ ³ âàæêèõ õ³ì³÷íèõ åëåìåíò³â â³äïî -
â³äíî. 

Ðîçâ’ÿçóþ÷è öå ð³âíÿííÿ â³äíîñíî Z/Õ º Z/H ³ ïðèéìàþ÷è, ùî öå
â³ä íîøåííÿ â äàí³é çàäà÷³ â³äïîâ³äàº çíà÷åííÿì ³íäåêñó ìåòàë³÷íîñ -
òåé ïåâíî¿ ïîïóëÿö³¿ ç³ðîê Ãàëàêòèêè [Me/H]Ðîð, ï³ñëÿ ðÿäó ïåðåòâî -
ðåíü, ³ ç óðàõóâàííÿì òîãî ùî Z/H = 0.027 (äëÿ Ñîíöÿ Õ = 0.73, Z = 0.02
[13]), îòðèìàºìî: 

lg lg [Me / H]( / ) ( / )Z X Z X Ðî= +8 8 ð , (3)

{ }( / ) ( / )Z X Z Xi Ðî= +dex lg [Me / H]8 8 ð . (4)

Ï³ñëÿ ï³äñòàíîâêè ³íäåêñ³â ìåòàë³÷íîñò³ [Me/H]Ðîð ó (3) äîëüîâèé
âì³ñò ìåòàë³â ó ç³ðîê íàñåëåííÿ ² òà ²² äîð³âíþº 

{ }Z X Z Xi i Ðî= +dex lg [Me / H]( / )8 8 ð =

= 
ì
í
î

0.006...0.04, äëÿ ïîïóëÿö³¿ I,
(5)

0.0001...0.006, äëÿ ïîïóëÿö³¿ II,

äå äëÿ âì³ñòó âîäíþ ïðèéíÿòî çíà÷åííÿ XI = 0.73 ³ XII = 0.74. 
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ÇÀÃÀËÜÍ² ÀÏÐÎÊÑÈÌÀÖ²ÉÍ² ÂÈÐÀÇÈ ÄËß ÇÀËÅÆÍÎÑÒ² 

«×ÀÑ ÃÎÐ²ÍÍß ÃÅË²Þ — ÏÎ×ÀÒÊÎÂÀ ÌÀÑÀ Ç²ÐÎÊ» 

Çàëåæíîñò³ «÷àñ ãîð³ííÿ ãåë³þ — ïî÷àòêîâà ìàñà ç³ðîê» øóêàëèñÿ çà
ðåçóëüòàòàìè ðîá³ò [11, 13, 14, 17—22, 25, 26, 28—30, 32, 35, 37—40]
íå äëÿ ðîçðàõîâàíèõ äîëüîâèõ âì³ñò³â ìåòàë³â Z, à äëÿ ç³ðîê íàñåëåííÿ
I...III, çíà÷åííÿ Z ÿêèõ (â³ä 0 äî 0.04) ïîòðàïëÿþòü â ³íòåðâàëè, ùî â³ä -
ïîâ³äàþòü âèðàçó (5). Îá÷èñëåííÿ âèêîíóâàëèñÿ ìåòîäîì íàéìåíøèõ
êâàäðàò³â ç âèêîðèñòàííÿì ïåâíèõ êóñêîâî-íåïåðåðâíèõ ôóíêö³é,
êîæ íà ç ÿêèõ âèáèðàëàñÿ äëÿ ïåâíîãî ³íòåðâàëó ïî÷àòêîâèõ ìàñ ç³ðîê.
Âèá³ð êëàñó ôóíêö³é çä³éñíþâàâñÿ ç óðàõóâàííÿì ÿê³ñíî¿ ïîâåä³íêè
àíà ë³çîâàíèõ çàëåæíîñòåé íà âèçíà÷åíîìó ³íòåðâàë³. Äëÿ ïîøóêó ð³-
øåíü ó çàãàëüíîìó âèïàäêó âèêîðèñòîâóâàëèñÿ òðè êëàñè ëîãàðèôì³÷ -
íèõ ôóíêö³é: 

lg Het  = aijk , (6)

lg Het  = aijk  + bijk lgM , (7)

lg Het  = aijk  + bijk lgM  + cijk lg2M , (8)

äå aijk , bijk , cijk  — â³ëüí³ ÷ëåíè (i = 1...3 — íîìåð ïîïóëÿö³¿, j = 1...3 —
íîìåð ó ïîñë³äîâíîñò³ îáðàíîãî ³íòåðâàëó ìàñ M, íà ÿêîìó øóêàí³é
çàëåæíîñò³ â³äïîâ³äàº îäíà ³ç ôóíêö³é (6)—(8); k — íîìåð àïðîêñè -
ìàö³éíî¿ ìîäåë³); Ì = m/m8 — ìàñà ç³ðîê íóëüîâîãî â³êó ó ñîíÿ÷íèõ
îäèíèöÿõ. 

Òàêîæ âðàõîâóâàâñÿ òîé ôàêò, ùî ç³ çá³ëüøåííÿì ïî÷àòêîâèõ ìàñ
ç³ðîê ÷àñ ãîð³ííÿ ãåë³þ íå ìîæå çá³ëüøóâàòèñÿ, ÿê ³ ÷àñ ãîð³ííÿ âîäíþ
[3—6]. 

Äëÿ ïîøóêó ð³øåíü, ÿê ³ â ðîáîò³ [4] (äå áóäóâàëèñÿ àíàëîã³÷í³
àïðîêñèìàö³éí³ çàëåæíîñò³ äëÿ ÷àñó ãîð³ííÿ âîäíþ), âèêîðèñòî âó -
âàâñÿ ñòàíäàðòíèé ïàêåò ïðîãðàì Microsoft Ex cel «Ïîøóê ð³øåííÿ»,
ùî äîçâîëÿº ìåòîäîì ³òåðàö³é ðåàë³çóâàòè ìåòîä íàéìåíøèõ êâàä -
ðàò³â ³ îá÷èñëþâàòè ñóìó êâàäðàò³â â³äõèëåíü Dk

k

2å  äëÿ îñòàòî÷íî îò -
ðè ìàíèõ òàêèì ÷èíîì â³ëüíèõ ÷ëåí³â. 

Ðîçâ’ÿçêè øóêàëèñÿ ó äâà åòàïè: äëÿ áàçè ìîäåëåé íåîáåðòîâèõ
ç³ðîê íà îñíîâ³ ðîá³ò 1990-õ ðð. [11, 13, 19—21, 32, 38—40] ³ äîñë³ä -
æåíü, âèêîíàíèõ ï³ñëÿ 2000-õ ðð. [14, 17, 18, 22, 25, 26, 28—30, 35, 37],
ó ÿêèõ ïðåäñòàâëåíî ìîäåë³ îáåðòîâèõ ³ íåîáåðòîâèõ ç³ðîê. Ðåçóëüòàòè 
ðîçâ’ÿçóâàííÿ òàêèõ çàâäàíü ïðåäñòàâëåíî â òàáë. 1...3, äå äëÿ âèçíà -
÷åíèõ ³íòåðâàë³â ìàñ íàâåäåíî çíà÷åííÿ êîíñòàíò ³ â³ëüíèõ ÷ëåí³â àï -
ðîê ñèìàö³éíèõ ôóíêö³é (6)—(8) ³ ì³ðà ¿õíüî¿ äîñòîâ³ðíîñò³ äëÿ ç³ðîê
áåç îñüîâîãî îáåðòàííÿ (òàáë. 1, 2) ³ ïðè éîãî íàÿâíîñò³ (òàáë. 3). Ìî -
äå ë³ ç³ðîê áóëè çãðóïîâàí³ ó ïîïóëÿö³¿ I...III, çíà÷åííÿ âì³ñòó ìåòàë³â
ÿêèõ ïîòðàïëÿþòü â ³íòåðâàëè Z çã³äíî ç ðåçóëüòàòàìè ¿õíüîãî çâ’ÿçêó
ç â³äïîâ³äíîþ ìåòàë³÷í³ñòþ, ùî âèçíà÷àºòüñÿ âèðàçîì (5) äëÿ ïîïó -
ëÿö³é I, II ³ Z = 0 äëÿ ïîïóëÿö³¿ III. 

ISSN 0233-7665. Ê³íåìàòèêà ³ ô³çèêà íåáåñ. ò³ë. 2020. Ò. 36, ¹ 4 23

ÒÐÈÂÀË²ÑÒÜ ÃÎÐ²ÍÍß ÃÅË²Þ Ó Ç²Ð ÍÀÑÅËÅÍÜ ²...²²²



Â óñ³õ íàâåäåíèõ òàáëèöÿõ ï³äêðåñëåí³ çíà÷åííÿ ñóì êâàäðàò³â
â³äõèëåíü (îñòàííÿ ãðàôà) â³äïîâ³äàþòü ¿õí³ì ì³í³ìàëüíèì çíà÷åííÿì
íà àíàë³çîâàíîìó àáî âñ³õ ³íòåðâàëàõ ìàñ ç³ðîê. Êðàù³ àïðîêñèìàö³éí³
çàëåæíîñò³ ïðåäñòàâëåíî íà ðèñ. 1...3 (òî÷êè — âèõ³äí³ äàí³). Íà ðèñ. 4
íàâåäåíî çãëàäæåí³ çàëåæíîñò³, ïðåäñòàâëåí³ íà ðèñ. 1...3. 

ÀÍÀË²Ç ÎÒÐÈÌÀÍÈÕ ÐÅÇÓËÜÒÀÒ²Â ÒÀ ÂÈÑÍÎÂÊÈ 

Ðåçóëüòàòè ñèñòåìàòè÷íèõ ðîçðàõîâàíèõ ìîäåëåé ç³ðîê, ñåðåä ÿêèõ
íà âîäÿòüñÿ ÷àñè ÿäåðíîãî ãîð³ííÿ ãåë³þ, îïóáë³êîâàí³ â 1990-õ ðð. [11, 
13, 19—21, 32, 38—40] ³ ï³ñëÿ 2000-õ ðð. [14, 17, 18, 22, 25, 26, 28—30,
35, 37], âçàºìíî äîïîâíþþòü ³ óòî÷íþþòü îäíå îäíîãî. Öå âèäíî ç ðå -
çóëüòàò³â òàáë. 1—3, äå íàâåäåíî äàí³ ïðî ³íòåðâàëè ìàñ, çì³ñò ìåòà -
ë³â, âðàõóâàííÿ (íåâðàõóâàííÿ) îñüîâîãî îáåðòàííÿ ìîäåëüîâàíèõ ç³ -
ðîê. Áàçîâèìè º ìîäåë³ ç³ðîê, ó ÿêèõ íå âðàõîâóºòüñÿ îñüîâå îáåðòàí -
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Íîìåð
ìîäåë³

Àïðîêñè-
ìàö³ÿ

M = m/m8 aijk bijk cijk
D k

k

2å

Ïîïóëÿö³ÿ I

1.1 (6) 0.5...1.7 8.0772  0 0 0.0907
1.2 (6) 0.5...1.8 8.0772  0 0 0.0907
1.3 (6) 0.5...1.9 8.0772  0 0 0.0907
1.4 (6) 1.7...2.5 8.2630  0 0 0.4246
1.5 (6) 1.8...2.5 8.2844  0 0 0.3440
1.6 (6) 1.9...2.5 8.2970  0 0 0.2951
1.7 (8) 2.5...25 10.4140 –6.2391 2.1077 0.6044
1.8 (8) 2.5...30 10.3464 –6.0477 1.9889 0.6521
1.9 (8) 2.5...120 10.0122 –5.2090 1.5383 2.0416
1.10 (7) 25...120 5.8029 –0.0492 0 1.1063*
1.11 (7) 30...120 5.5606  0.0775 0 1.0421

Ïîïóëÿö³ÿ I²

1.11 (6) 0.5...1.7 8.0790  0 0 0.0475
1.12 (6) 0.5...1.8 8.0934  0 0 0.1131
1.13 (8) 1.7...25 9.3887 –4.2426 1.1806 0.4679
1.14 (8) 1.7...30 9.3845 –4.2274 1.1697 0.4685
1.15 (8) 1.7...120 9.3204 –4.0368 1.0647 0.5934
1.16 (8) 1.8...25 9.4903 –4.4823 1.3068 0.2780
1.17 (8) 1.8...30 9.4802 –4.4464 1.2815 0.3345
1.18 (8) 1.8...120 9.3727 –4.1233 1.0961 0.4337
1.19 (7) 25...120 6.3586 –0.4366 0 0.0881
1.20 (7) 30...120 6.1747 –0.3408 0 0.0624

* Âèáðàíî ð³øåííÿ, ïðè ÿêîìó ñóìà êâàäðàò³â â³äõèëåíü íå ì³í³ìàëüíà, îäíàê âèêîíóºòüñÿ
óìîâà íåãàòèâíîãî ãðàä³ºíòà 

Òàáëèöÿ 1. Êîåô³ö³ºíòè àïðîêñèìàö³é (6)—(8) íà ð³çíèõ ³íòåðâàëàõ ìàñ M äëÿ ÷àñó
ãîð³ííÿ ãåë³þ, îòðèìàí³ áåç óðàõóâàííÿ îñüîâîãî îáåðòàííÿ çà äàíèìè 1990-õ ðð. [11, 13,
19—21, 32, 38—40]. Ï³äêðåñëåí³ çíà÷åííÿ â³äïîâ³äàþòü ì³í³ìóìó âåëè÷èí íà äîñë³äæó -
âàíîìó ³íòåðâàë³ ìàñ M 



íÿ. Âñòàíîâèâøè äëÿ íèõ ïåâí³ çàêîíîì³ðíîñò³, äðóãèì êðîêîì º âèÿâ -
ëåí íÿ âïëèâó íà íèõ îñüîâîãî îáåðòàííÿ. Òàêó ñõåìó áóëî âèáðàíî äëÿ 
àíàë³çó. 

Çàêîíîì³ðíîñò³ ãîð³ííÿ ãåë³þ â íåîáåðòîâèõ ç³ðêàõ øóêàëèñÿ çà
òàáë. 1, 2 ³ ðèñ. 4à, 4á. Ïîð³âíÿííÿ ìîäåëåé, îòðèìàíèõ äî ³ ï³ñëÿ 2000
ð., ïðîâîäèëîñÿ çà â³äíîñíèì â³äõèëåííÿì

Dhijk

hi jk

hi

=
-(lg lg

(lg

He He

He

t t

t

) ( )

)
, (9)

äå h, j — ïðèíàëåæí³ñòü äî çíà÷åííÿ ïåâíî¿ ïîïóëÿö³¿ (I, II, III); i, k —
ïðèíàëåæí³ñòü äî íàéêðàùî¿ àïðîêñèìàö³éíî¿ çàëåæíîñò³ (çàçíà÷åíî¿
ó òàáë. 1...3), ðîçðàõîâàíî¿ äî ³ ï³ñëÿ 2000 ð. â³äïîâ³äíî; ïðè h = j — i ¹
k, ïðè h ¹ j — ìîæóòü ïðèéìàòè çíà÷åííÿ i = k àáî i ¹ k. 
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Íîìåð
ìîäåë³

Àïðîêñè-
ìàö³ÿ

M = m/m8 aijk bijk cijk
D k

k

2å

Ïîïóëÿö³ÿ I

2.1 (8)  2.5...25 10.3140 –5.4952 1.6234 0.1352
2.2 (8)  2.5...30 10.2800 –5.4061 1.5722 0.1415
2.3 (8)  2.5...32 10.2980 –5.4531 1.5989 0.1426*
2.4 (8)  2.5...120 10.0450 –4.8971 1.3274 0.2478
2.5 (7) 25...120  6.2627 –0.3633 0 0.0756
2.6 (7) 30...120  6.0918 –0.2734 0 0.0453
2.7 (7) 32...120  6.1219 –0.2890 0 0.0438*

Ïîïóëÿö³ÿ I²

 2.8 (8)  2.5...25 9.6270 –4.5297 1.2716 0.0219
 2.9 (8)  2.5...32 9.6570 –4.4871 1.2451 0.0019**
2.10 (8)  2.5...120 9.5162 –4.131 1.0554 0.0112
2.11 (7) 25...120 6.5348 –0.5421 0 0.0044
2.12 (7) 32...120 6.4055 –0.4738 0 0.0016**

Ïîïóëÿö³ÿ I²²

2.13 (6) 0.7...1 8.0483  0  0 0.0011
2.14 (8)  1...25 8.3267 –2.4366  0.3859 0.1325**
2.15 (8)  1...40 8.3410 –2.5245  0.4694 0.1404
2.16 (8)  1...60 8.3528 –2.5913  0.5277 0.1493
2.17 (8) 25...200 7.5049 –1.8082  0.3835 0.0048**
2.18 (8) 40...200 5.9803 –0.2678 –0.0006 0.0017
2.19 (8) 60...200 4.791  0.8857 –0.2781 0.0013
2.20 (8) 25...1000 6.9748 –1.2225  0.2265 0.0069
2.21 (8) 40...1000 6.4861 –0.8064  0.1407 0.0023
2.22 (8) 60...1000 6.4683 –0.7917  0.1377 0.0023
2.23 (7) 200...1000 5.476 –0.0494  0 0.0145**

* Â³ä³áðàíî ðîçâ’ÿçîê, ïðè ÿêîìó ñóìà êâàäðàò³â â³äõèëåíü íå ì³í³ìàëüíà, îäíàê âèêîíóºòüñÿ
óìîâà íåãàòèâíîãî ãðàä³ºíòà 
** Â³ä³áðàíî ðîçâ’ÿçîê ç ì³í³ìàëüíîþ çàãàëüíîþ ñóìîþ êâàäðàò³â â³äõèëåíü äëÿ âñüîãî
³íòåðâàëó ìàñ ç³ðîê, à íå ò³ëüêè çàçíà÷åíîãî ó ãðàô³ «M». Íèæ÷å ö³ çíà÷åííÿ òàêîæ
ï³äêðåñëåíî

Òàáëèöÿ 2. Òå æ äëÿ äàíèõ, îòðèìàíèõ ï³ñëÿ 2000 ð. [14, 17, 18, 22, 25, 26, 28—30, 35, 37]



Ó ä³àïàçîí³ ìàñ ç³ðîê Ì = 0.5 ... 1.7 çàëåæíîñò³ lgt He — lgM ìîäå -
ëåé äëÿ íàñåëåííÿ I, II äî 2000 ð. çá³ãàþòüñÿ (|DI-II| = 0.02 %) ³ ìàþòü
ïîñò³éíå çíà÷åííÿ, ùî íå çàëåæèòü â³ä Ì (äèâ. ðèñ. 4à). Äëÿ ïîïóëÿö³¿ I 
â îáëàñò³ Ì = 1.7 ... 2.5 çíà÷åííÿ lgt He ïîñò³éíå, àëå íà 3 % á³ëüøå.
Çíà÷åííÿ êîíñòàíòè òàêèõ çàëåæíîñòåé lgt He — lgM çâ’ÿçóºòüñÿ ç âëàñ -
òèâ³ñòþ ðå÷îâèíè, ð³âíÿííÿ ÿêî¿ â³äïîâ³äàº ñòàíó âèðîäæåíîãî åëåêò -
ðîí íîãî ãàçó, äå â³äáóâàºòüñÿ 3a-ðåàêö³ÿ [5]: Ì < 2.5 äëÿ ïîïóëÿö³¿ I ³
Ì < 1.7 äëÿ ïîïóëÿö³¿ II. Íîâ³ ìîäåë³ ç³ðîê äëÿ ïîïóëÿö³é I, II ó ä³à -
ïàçîí³ ìàñ Ì < 2.5 ï³ñëÿ 2000 ð. íå áóäóâàëèñÿ (äèâ. òàáë. 2). 

ßê âèäíî ç ðèñ. 4à, çíà÷åííÿ lgt He äëÿ ç³ðîê I ïîïóëÿö³¿ ñèñòåìà -
òè÷íî ïåðåâèùóþòü àíàëîã³÷í³ çíà÷åííÿ äëÿ ç³ðîê II ïîïóëÿö³¿, à â îá -
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Íîìåð
ìîäåë³

Àïðîêñè-
ìàö³ÿ

M = m/m8 aijk bijk cijk
D k

k

2å

Ïîïóëÿö³ÿ I

3.1 (8)  2.5...25 10.0030 –4.9228 1.3833 0.0445
3.2 (8)  2.5...30 10.0330 –5.0024 1.4304 0.0471
3.3 (8)  2.5...32 10.0200 –4.9689 1.4108 0.0476**
3.4 (8)  2.5...120 9.8589 –4.6054 1.2308 0.0902
3.5 (7) 25...120 6.3368 –0.3985 0 0.0629
3.6 (7) 30...120 6.1293 –0.2884 0 0.0386
3.7 (7) 32...120 6.0173 –0.2297 0 0.0249

Ïîïóëÿö³ÿ I²

3.8 (8)  2.5...25 9.4401 –4.1168 1.1068 0.0020
3.9 (8)  2.5...30 9.4385 –4.1114 1.1032 0.0021
3.10 (8)  2.5...32 9.4328 –4.0932 1.0912 0.0022**
3.11 (8)  2...120 9.3588 –3.8922 0.9842 0.0189
3.12 (7) 25...120 6.4697 –0.4884 0 0.0216
3.13 (7) 30...120 6.3831 –0.4423 0 0.0174
3.14 (7) 32...120 6.3101 –0.4041 0 0.0150

Ïîïóëÿö³ÿ I²²

3.15 (8)  9...40 10.1740 –5.5420 1.6814 0.0003**
3.16 (8)  9...60  9.4686 –4.3574 1.1994 0.0033
3.17 (8)  9...85  9.1737 –3.8827 1.0166 0.0049
3.18 (8)  9...200  8.6229 –3.0494 0.7190 0.0114
3.19 (8)  9...1000  7.8932 –2.0571 0.4072 0.0344
3.20 (8) 40...200  7.9641 –2.2718 0.4998 0.0003
3.21 (8) 60...200  7.0077 –1.344 0.2766 0.00002
3.22 (8) 85...200  7.6171 –1.9166 0.4105 1.1527å-7
3.23 (8) 40...1000  6.8408 –1.1022 0.2004 0.0018
3.24 (8) 60...1000  6.4158 –0.7531 0.1304 0.0002
3.25 (8) 85...1000  6.3488 –0.6998 0.1199 0.0002
3.26 (7) 200...1000  5.5348 –0.0712 0 0.0004

** Â³ä³áðàíî ðîçâ’ÿçîê ç ì³í³ìàëüíîþ çàãàëüíîþ ñóìîþ êâàäðàò³â â³äõèëåíü äëÿ âñüîãî
³íòåðâàëó ìàñ ç³ðîê, à íå ò³ëüêè çàçíà÷åíîãî ó ãðàô³ «M». Íèæ÷å ö³ çíà÷åííÿ òàêîæ
ï³äêðåñëåíî 

Òàáëèöÿ 3. Òå æ äëÿ äàíèõ, îòðèìàíèõ ï³ñëÿ 2000 ð. [14, 17, 18, 22, 25, 26, 28—30, 35, 37],
àëå ç óðàõóâàííÿì îñüîâîãî îáåðòàííÿ
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Ðèñ. 1. Ìîäåëüí³ çàëåæíîñò³ ÷àñó lgtHe  ÿäåðíîãî ãîð³ííÿ ãåë³þ â³ä ìàñè lgÌ ç³ðîê íóëüîâîãî
â³êó íàñåëåííÿ ² (à) òà ²² (á), îòðèìàí³ áåç óðàõóâàííÿ îñüîâîãî îáåðòàííÿ íà îñíîâ³ äàíèõ
1990-õ ðð. [11, 13, 19, 20, 21, 32, 38, 39, 40] (äèâ. ï³äêðåñëåí³ íîìåðè ìîäåëåé ó òàáë. 1). Òî÷êè
— âèõ³äí³ äàí³

Ðèñ. 2. Ìîäåëüí³ çàëåæíîñò³ ÷àñó lgtHe  ÿäåðíîãî ãîð³ííÿ ãåë³þ â³ä ìàñè lgÌ ç³ðîê íóëüîâîãî
â³êó íàñåëåííÿ ² (à), ²² (á) ³ ²²² (â), îòðèìàí³ áåç óðàõóâàííÿ îñüîâîãî îáåðòàííÿ íà îñíîâ³
äàíèõ 2000-õ ðð. [14, 17, 18, 22, 25, 26, 28—30, 35, 37] (äèâ. ï³äêðåñëåí³ íîìåðè ìîäåëåé ó
òàáë. 2). Òî÷êè — âèõ³äí³ äàí³



ëàñò³ Ì = 10...50 âîíè çá³ãàþòüñÿ ç òî÷í³ñòþ äî 2 %. Òàêà æ ïîâåä³íêà
(³ ç òàêîþ æ òî÷í³ñòþ) çàëåæíîñò³ lgt He — lgM â³äïîâ³äàº íîâèì ìîäå -
ëÿì, ïîáóäîâàíèì ï³ñëÿ 2000 ð. (äèâ. ðèñ. 4á). Çàëåæíîñò³ lgt He — lgM,
îòðèìàí³ íà ³íòåðâàë³ ìàñ Ì = 2.5...120 äëÿ ïîïóëÿö³é I ³ II, çá³ãàþòüñÿ
ì³æ ñîáîþ ó ìåæàõ 2...3 %. Äëÿ ö³º¿ æ îáëàñò³ îòðèìàíî òàêîæ àíàëî -
ã³÷ íó çàëåæí³ñòü äëÿ ç³ðîê ïîïóëÿö³¿ III. Âîíà ëåæèòü ñèñòåìàòè÷íî
íèæ÷å ïîïåðåäí³õ çàëåæíîñòåé, çíà÷åííÿ lgt He ÿêèõ â³äð³çíÿþòüñÿ â³ä
òàêèõ äëÿ ç³ðîê ïîïóëÿö³¿ I íà 11 % (äëÿ Ì = 2.5) ³ 6 % (äëÿ Ì = 5). Äëÿ
³íòåðâàëó ìàñ Ì = 10...120 â³äì³ííîñò³ ñòàíîâëÿòü 2 % ³ ìåíøå. Ïî -
ñò³éíå çíà÷åííÿ lgt He ñïîñòåð³ãàºòüñÿ íà ³íòåðâàë³ ìàñ Ì = 0.7...1, ³ âî -
íî âñüîãî íà 0.4 % ìåíøå, í³æ äëÿ ç³ðîê ïîïóëÿö³é I ³ II. Äàë³ ï³ñëÿ
ñòðèáêà (ïðè Ì = 1) íà 3.4 % çàëåæí³ñòü lgt He — lgM ìîæíà îïèñàòè
ôóíêö³ºþ (8) íà ³íòåðâàë³ ìàñ Ì = 1...25, íàéêðàù³ êîåô³ö³ºíòè ÿêî¿
ïðåäñòàâëåíî ó òàáë. 2. 

Çàêîíîì³ðíîñò³ ãîð³ííÿ ãåë³þ â îáåðòîâèõ ç³ðêàõ â³äîáðàæàþòü
òàáë. 3, ðèñ. 3 ³ ðèñ. 4â. Âîíè äîçâîëÿþòü âðàõóâàòè âïëèâ îñüîâîãî
îáåðòàííÿ íà ÷àñ ãîð³ííÿ ãåë³þ íà ñòàä³¿ ç³ðîê-ã³ãàíò³â. Äëÿ öüîãî ìî -
æå áóòè âèêîðèñòàíà òàêîæ ôîðìóëà (9), â ÿê³é ï³ä ³íäåêñàìè i, k ñë³ä
ðîçóì³òè ïðèíàëåæí³ñòü äî íàéêðàùî¿ àïðîêñèìàö³éíî¿ çàëåæ íîñò³
(âêàçàíî¿ ó òàáë. 2 ³ 3), ðîçðàõîâàíèõ äëÿ ç³ðîê, ÿê³ íå ìàþòü àáî ìàþòü
îñüîâå îáåðòàííÿ. Â äàíîìó âèïàäêó äîö³ëüíî îá³éòèñÿ áåç äàíèõ
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Ðèñ. 3. Ìîäåëüí³ çàëåæíîñò³ ÷àñó lgtHe  ÿäåðíîãî ãîð³ííÿ ãåë³þ â³ä ìàñè lgÌ ç³ðîê íóëüîâîãî
â³êó íàñåëåííÿ ² (à), ²² (á) ³ ²²² (â), îòðèìàí³ ç óðàõóâàííÿì îñüîâîãî îáåðòàííÿ íà îñíîâ³ äàíèõ 
2000-õ ðð. [14, 17, 18, 22, 25, 26, 28—30, 35, 37] (äèâ. ï³äêðåñëåí³ íîìåðè ìîäåëåé ó òàáë. 3).
Òî÷êè — âèõ³äí³ äàí³



òàáë. 1, îñê³ëüêè ó òàáë. 2 ³ 3 íàâåäåíî äàí³, ùî ãðóíòóþòüñÿ íà îäíî -
ð³äíèõ íîâèõ ìîäåëÿõ ç³ðîê. 

ßê âèäíî ç ðèñ. 4â, òàê ñàìî, ÿê ³ äëÿ ìîäåëåé ç³ðîê áåç óðàõóâàííÿ
¿õíüîãî îñüîâîãî îáåðòàííÿ, äëÿ ïîáóäîâàíèõ çàëåæíîñòåé lgt He —
lgM ÷àñ ãîð³ííÿ ãåë³þ ñèñòåìàòè÷íî á³ëüøèé äëÿ ïîïóëÿö³¿ I, ìåíøèé
äëÿ ïîïóëÿö³¿ II ³ íàéìåíøèé — äëÿ ïîïóëÿö³¿ III (íà 2 % ïîð³âíÿíî ç
ïîïóëÿö³ºþ I íà ³íòåðâàë³ ìàñ Ì = 10...90 ³ íà 3 % — íà ³íòåðâàë³ Ì =
= 90...120). Ó ìåæàõ 0.2 % çàëåæíîñò³ lgt He — lgM äëÿ ç³ðîê ç îñüîâèì
îáåðòàííÿì íàñåëåííÿ ïîïóëÿö³¿ I ³ ïîïóëÿö³¿ II íà ³íòåðâàë³ ìàñ Ì =
= 20...50 ìîæíà ââàæàòè îäíàêîâèìè. Íàéá³ëüøèé âïëèâ îñüîâîãî
îáåðòàííÿ, çã³äíî ç êðèòåð³ºì (9), ïðîÿâëÿºòüñÿ ó çá³ëüøåíí³ ÷àñ³â
ãîð³ííÿ ãåë³þ äëÿ ç³ðîê íàñåëåííÿ I ³ II (> 0.4 % íà ³íòåðâàë³ ìàñ Ì < 5).
Íàòîì³ñòü óðàõóâàííÿ îñüîâîãî îáåðòàííÿ ïðèçâîäèòü äî çìåíøåííÿ
çíà÷åíü lgt He: á³ëüø í³æ íà 0.4 % äëÿ ç³ðîê ïîïóëÿö³¿ I ç ìàñàìè Ì =
= 100...120, íà 0.4...0.9 % äëÿ ç³ðîê ïîïóëÿö³¿ II ç ìàñàìè Ì = 20...120 ³
íà 0.5 % — äëÿ ç³ðîê ïîïóëÿö³¿ III ç ìàñàìè ïîðÿäêó 10. Ó ïîð³âíÿíí³ ç
ç³ðêàìè íàñå ëåííÿ ïîïóëÿö³¿ I òðèâàë³ñòü ãîð³ííÿ ãåë³þ á³ëüøà ó ç³ðîê
ïîïóëÿö³¿ III — íà 2 % (Ì = 10...90) ³ òðîõè á³ëüøà — íà ³íòåðâàë³ ìàñ
Ì = 90...120. 
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Ðèñ. 4. Çãëàäæåí³ ìîäåëüí³ çàëåæíîñò³ ÷àñó lgtHe  ÿäåðíîãî ãîð³ííÿ ãåë³þ â³ä ìàñè lgÌ ç³ðîê
íóëüîâîãî â³êó íàñåëåííÿ ², ²² ³ ²²² áåç óðàõóâàííÿ (à, á) ³ ç óðàõóâàííÿì (â) ¿õíüîãî îñüîâîãî
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ÏÐÎÄÎËÆÈÒÅËÜÍÎÑÒÜ ÃÎÐÅÍÈß ÃÅËÈß Ó ÇÂÅÇÄ ÍÀÑÅËÅÍÈÉ ²…²²²

Ïîëó÷åíû îáîáùåííûå àïïðîêñèìàöèîííûå ôîðìóëû, îïèñûâàþùèå çàâèñèìîñòü
«âðåìÿ ãîðåíèÿ ãåëèÿ — ìàññà çâåçä íóëåâîãî âîçðàñòà» äëÿ èíòåðâàëîâ ìàññ è
ýëåìåíòíîãî ñîñòàâà çâåçä, êîòîðûå îòíîñÿò ê íàñåëåíèÿì ²...²²². Àïïðîêñèìàöèÿ
ïðîâîäèëàñü êàê ñ ó÷åòîì îñåâîãî âðàùåíèÿ çâåçä, òàê è áåç åãî ó÷åòà. Èññëåäîâàíû
çàêîíîìåðíîñòè, ïðîÿâëÿþùèåñÿ â ïîëó÷åííûõ çàâèñèìîñòÿõ îò ñîäåðæàíèÿ òÿ -
æåëûõ õèìè÷åñêèõ ýëåìåíòîâ Z (â ïðåäåëàõ îò 0 äî 0.1), âêëþ÷àþùèõ õàðàê òåðíûå
çíà÷åíèÿ äëÿ çâåçäíûõ íàñåëåíèé ²...²²², è íàëè÷èÿ/îòñóòñòâèÿ îñåâîãî âðàùåíèÿ
çâåçä.
Êëþ÷åâûå ñëîâà: ãîðåíèå ãåëèÿ, îñåâîå âðàùåíèå çâåçä, àïïðîêñèìàöèîííûå
ôîðìóëû, çâåçäû íàñåëåíèé ²...²²², ìàññà çâåçä íóëåâîãî âîçðàñòà.

 V. À. Zakhozhay , S. I. Zabuga
V. N. Karazin Kharkiv National University, Kharkiv, Ukraine

THE HE LIUM BURN ING DU RA TION FOR POP U LA TION ²-²²² STARS 

Gen er al ized ap prox i ma tion for mu las are ob tained. The for mu las de scribe the de pend ence 
«he lium burn ing time — mass of stars at zero age» for the stars, that be long to the pop u la -
tion I...III. The ap prox i ma tion was deriven for non-ro tat ing stars and stars with ax ial ro ta -
tion. We have dis cov ered the pat terns in de pend en cies based on the ob tained ap prox i ma -
tion equa tions from the con tent of heavy chem i cal el e ments Z (rang ing from 0 to 0.1), in -
clud ing char ac ter is tic val ues for stel lar pop u la tions I...III, and the pres ence/ab sence of
 axial ro ta tion of stars.
Keywords: Helium burning, axial rotation of stars, approximation formulas, stars of
populations I ... III, mass of stars of zero age.
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