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ÐÀÑÑÒÎßÍÈß ÄÎ 10 ÁËÈÇÊÈÕ ÃÀËÀÊÒÈÊ,
ÍÀÁËÞÄÀÂØÈÕÑß ÍÀ ÊÎÑÌÈ×ÅÑÊÎÌ

ÒÅËÅÑÊÎÏÅ ÕÀÁÁË

È.Ä.ÊÀÐÀ×ÅÍÖÅÂ, Í.À.ÒÈÕÎÍÎÂ
Ïîñòóïèëà 21 íîÿáðÿ 2022

Èçîáðàæåíèÿ 10 ãàëàêòèê â ôèëüòðàõ F814W è F606W, ïîëó÷åííûå ñ ACS êàìåðîé íà
êîñìè÷åñêîì òåëåñêîïå Õàááë, èñïîëüçîâàíû äëÿ ïîñòðîåíèÿ äèàãðàììû öâåò-âåëè÷èíà
çâåçäíîãî íàñåëåíèÿ ýòèõ ãàëàêòèê. Ðàññòîÿíèÿ äî ãàëàêòèê îöåíåíû ïî ñâåòèìîñòè âåðøèíû
âåòâè êðàñíûõ ãèãàíòîâ. Ðàññìîòðåííûå ãàëàêòèêè èìåþò ëó÷åâûå ñêîðîñòè îò 250 êì ñ

-1
 äî

760 êì ñ
-1
 îòíîñèòåëüíî öåíòðîèäà Ìåñòíîé ãðóïïû è ðàññòîÿíèÿ â äèàïàçîíå îò 3.7 Ìïê äî

13.0 Ìïê. Îòìå÷åíû òàêæå íåñêîëüêî äðóãèõ íàáëþäàâøèõñÿ ãàëàêòèê ñ ìàëûìè ëó÷åâûìè
ñêîðîñòÿìè, ðàññòîÿíèÿ êîòîðûõ îêàçàëèñü çà ïðåäåëîì 13 Ìïê.

Êëþ÷åâûå ñëîâà: ãàëàêòèêè - êàðëèêîâûå ãàëàêòèêè: ðàññòîÿíèÿ - ãàëàêòèêè

1. Ââåäåíèå. Áîëüøèì äîñòèæåíèåì â èçó÷åíèè êèíåìàòèêè è äèíàìèêè

Ìåñòíîé âñåëåííîé çà ïîñëåäíèå äâà äåñÿòèëåòèÿ  ÿâèëîñü ìàññîâîå îïðåäåëåíèå

âûñîêîòî÷íûõ ðàññòîÿíèé äî áëèçêèõ ãàëàêòèê ñ ïîìîùüþ êîñìè÷åñêîãî

òåëåñêîïà Õàááë (HST). Èñïîëüçóÿ ìåòîä ñâåòèìîñòè âåðøèíû âåòâè êðàñíûõ

ãèãàíòîâ (TRGB) [1], ñòàëî âîçìîæíûì  èçìåðèòü ðàññòîÿíèÿ ñ ïîãðåøíîñòüþ

~5% äëÿ áîëåå  400 ãàëàêòèê Ìåñòíîãî îáúåìà (ÌÎ) â ïðåäåëàõ ðàññòîÿíèÿ

11D  Ìïê âîêðóã íàñ. Äëÿ ìíîãèõ ãàëàêòèê áûëî óñòàíîâëåíî èõ ÷ëåíñòâî

â áëèçêèõ ãðóïïàõ, è ïî âèðèàëüíûì ñêîðîñòÿì ñïóòíèêîâ áûëè îïðåäåëåíû

ìàññû òåìíîãî ãàëî âîêðóã ÿðêèõ öåíòðàëüíûõ ãàëàêòèê [2]. Ñðåäíÿÿ ïëîòíîñòü

òåìíîé ìàòåðèè, ñîñðåäîòî÷åííîé â ãàëî ìåñòíûõ ãàëàêòèê, îêàçàëàñü ðàâíîé

0.08 â åäèíèöàõ êðèòè÷åñêîé ïëîòíîñòè [3], ÷òî ñîñòàâëÿåò âñåãî îäíó

÷åòâåðòü îò ãëîáàëüíîé êîñìè÷åñêîé ïëîòíîñòè ìàòåðèè 310.m  . Ýòîò

ðåçóëüòàò âûãëÿäèò ïàðàäîêñàëüíûì, ïîñêîëüêó ñðåäíÿÿ ïëîòíîñòü çâåçäíîé

ìàòåðèè â Ìåñòíîì îáúåìå ïðàêòè÷åñêè íåîòëè÷èìà îò ñðåäíåé ãëîáàëüíîé

çâåçäíîé ïëîòíîñòè. Îòêëîíåíèå ëó÷åâûõ ñêîðîñòåé ãàëàêòèê îò èäåàëüíîãî

õàááëîâñêîãî ïîòîêà V = H
0 
D, ãäå H

0
 = 73 êì ñ-1

 Ìïê-1 - ïàðàìåòð Õàááëà, äàëî

òàêæå ÷åòêîå ñâèäåòåëüñòâî íàëè÷èÿ êîëëåêòèâíîãî äâèæåíèÿ ìåñòíûõ ãàëàêòèê

â ñòîðîíó áëèæàéøåãî áîãàòîãî ñêîïëåíèÿ â ñîçâåçäèè Äåâû, à òàêæå ó÷àñòèÿ

èõ â ñèñòåìàòè÷åñêîì ðàñøèðåíèè îêðåñòíîñòåé Ìåñòíîãî âîéäà. Íàáëþäà-

òåëüíûå äàííûå î ðàññòîÿíèÿõ ãàëàêòèê ÌÎ, ïðåäñòàâëåííûå â Updated

Nearby Galaxy Catalog (UNGC, [4]) è Extracalactic Distance Database (EDD,
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[5]), ÿâëÿþòñÿ ôóíäàìåíòîì äëÿ ïðîâåðêè êîñìîëîãè÷åñêèõ ìîäåëåé íà ìàëûõ

ìàñøòàáàõ.

Ïîñëåäíèì çíà÷èòåëüíûì ïîïîëíåíèåì äàííûõ î ðàññòîÿíèÿõ áëèçêèõ

ãàëàêòèê ÿâèëèñü íàáëþäåíèÿ íà HST ñ êàìåðîé ACS ïî ïðîãðàììå SNAP

15922 (PI R.B.Tully). Èç 153 ìèøåíåé ïðîãðàììû íàáëþäåíèÿ áûëè âûïîëíåíû

äëÿ 80 ãàëàêòèê. Àêêóðàòíûå TRGB-ðàññòîÿíèÿ áûëè ïîëó÷åíû äëÿ 53 ãàëàêòèê

[5-11] è äîêóìåíòèðîâàíû â áàçå äàííûõ EDD (edd.ifa.hawaii.edu). Íåçàâèñèìûå

èçìåðåíèÿ TRGB-ðàññòîÿíèé äëÿ 24-õ êàðëèêîâûõ ãàëàêòèê èç îáçîðà

SNAP15922 áûëè ïðîâåäåíû Òèõîíîâûì è Ãàëàçóòäèíîâîé [12], ó ïîëîâèíû

ýòèõ ãàëàêòèê ðàññòîÿíèÿ áûëè îïðåäåëåíû âïåðâûå. Ñðåäè íàáëþäàâøèõñÿ

îáúåêòîâ îñòàëèñü ñëó÷àè, êîãäà ãèäèðîâàíèå òåëåñêîïà îêàçàëîñü íåèäåàëüíûì,

à òàêæå ãàëàêòèêè ñ ïîëîæåíèåì TRGB âáëèçè ïðåäåëà îáíàðóæåíèÿ è íåêîòîðûå

ãîëóáûå êîìïàêòíûå ãàëàêòèêè ñ âûñîêîé çâåçäíîé êîíöåíòðàöèåé. Ðàññìîòðåíèå

ýòèõ ñëîæíûõ ñëó÷àåâ ÿâëÿåòñÿ ïðåäìåòîì äàííîé ðàáîòû.

2. Íàáëþäåíèÿ è îáðàáîòêà äàííûõ. Ñíèìêè ðàññìàòðèâàåìûõ

ãàëàêòèê áûëè ïîëó÷åíû ñ êàìåðîé ACS HST c ýêñïîçèöèÿìè 760 ñ â êàæäîì

ôèëüòðå F814W è F606W. Âûáîð ýêñïîçèöèé îïðåäåëÿëñÿ âîçìîæíîñòüþ

Ðèñ.1. Èçîáðàæåíèÿ ãàëàêòèê â ôèëüòðå F606W, ïîëó÷åííûå íà ACS-êàìåðå êîñìè÷åñêîãî
òåëåñêîïà Õàááë. Ðàçìåð ñíèìêîâ 1'.67 õ 1'.67, ñåâåð è çàïàä îòìå÷åíû ñòðåëêàìè.
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ïðîâåäåíèÿ öèêëà íàáëþäåíèé â òå÷åíèå îäíîãî îðáèòàëüíîãî ïåðèîäà HST

â SNAP-ðåæèìå.

Äëÿ çâåçäíîé ôîòîìåòðèè áûëè èñïîëüçîâàíû ñòàíäàðòíûå ïàêåòû ïðîãðàìì

DAOPHOT II [13,14] è DOLPHOT 2.0 [15]. Ðåçóëüòàòû ôîòîìåòðèè çâåçä

ïðîõîäèëè îáû÷íóþ ïðîâåðêó ïî êðèòåðèÿì "CHI" è "SHARP", ÷òîáû èñêëþ÷èòü

äèôôóçíûå îáúåêòû. Ìåòîäè÷åñêèå äåòàëè èçëîæåíû â ðàáîòå [16].

Èçîáðàæåíèÿ 10-òè èçó÷åííûõ íàìè ãàëàêòèê ïðåäñòàâëåíû â âèäå ìîçàèêè

Ðèñ.1. (Îêîí÷àíèå).
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Ðèñ.2. ÑÌ-äèàãðàììû äëÿ ðàññìàòðèâàåìûõ ãàëàêòèê (ëåâûå ïàíåëè). Ãîðèçîíòàëüíûå

ëèíèè îòìå÷àþò ïîëîæåíèå TRGB. Íà  ïðàâûõ ïàíåëÿõ ïðåäñòàâëåíû ôóíêöèè ñâåòèìîñòè
êðàñíûõ çâåçä â ëèíåéíîé  øêàëå.
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íà ðèñ.1. Ðàçìåð êàæäîãî èçîáðàæåíèÿ â ôèëüòðå F606W ñîñòàâëÿåò 1'.67.

Íåêîòîðûå êðóïíûå ãàëàêòèêè ïîïàäàþò â ýòîò ôîðìàò ëèøü ÷àñòè÷íî.

Ïîëó÷åííûå äèàãðàììû öâåò-âåëè÷èíà (CMD) äëÿ êàæäîé èç 10-òè ãàëàêòèê

ïîêàçàíû íà ëåâûõ ïàíåëÿõ ðèñ.2. Ïðàâûå ïàíåëè ðèñóíêà âîñïðîèçâîäÿò

ïîñòðîåííóþ ôóíêöèþ ñâåòèìîñòè ãàëàêòèê â ëèíåéíîé øêàëå. Äëÿ ïîñòðîåíèÿ

ôóíêöèè ñâåòèìîñòè èñïîëüçîâàíû çâåçäû ñ ïîêàçàòåëåì öâåòà â èíòåðâàëå

1.0 < (V - I ) < 1.7, ñîîòâåòñòâóþùåì äèàïàçîíó öâåòà çâåçä âåòâè êðàñíûõ

ãèãàíòîâ. Ïîëîæåíèå TRGB ó ãàëàêòèê îòìå÷åíî ãîðèçîíòàëüíîé ëèíèåé.

Îíî îïðåäåëÿëîñü ïî ñêà÷êó íà ôóíêöèè ñâåòèìîñòè çâåçä, äëÿ ÷åãî áûëà

èñïîëüçîâàíà ôóíêöèÿ Ñîáåëÿ [17], ìàêñèìóìû êîòîðîé ñîîòâåòñòâóþò ðåçêèì

èçìåíåíèÿì â ÷èñëå çâåçä. Ýòîò ìåòîä èìååò èçâåñòíûå òðóäíîñòè, íåîäíîêðàòíî

îáñóæäàâøèåñÿ â ëèòåðàòóðå. Îñîáåííî ýòè òðóäíîñòè ïðîÿâëÿþòñÿ, êîãäà

TRGB-ãàëàêòèêè ðàñïîëàãàþòñÿ âáëèçè  ôîòîìåòðè÷åñêîãî ïðåäåëà (â íàøåì

ñëó÷àå 027mlim .I  ), èëè åñëè ÷èñëî èçìåðåííûõ çâåçä â êàðëèêîâîé ãàëàêòèêå

íåâåëèêî.

Åùå îäíèì ôàêòîðîì, çàòðóäíÿþùèì îïðåäåëåíèå ïîëîæåíèÿ TRGB,

ÿâëÿåòñÿ íàëè÷èå ó ãàëàêòèêè ïîäñèñòåìû AGB-çâåçä, ñâåòèìîñòè êîòîðûõ

ëèøü íåìíîãî ÿð÷å ñâåòèìîñòè âåðøèíû âåòâè êðàñíûõ ãèãàíòîâ. ×òîáû

îñëàáèòü ðîëü ýòîãî ýôôåêòà, ìû âûáèðàëè äëÿ ôîòîìåòðèè çâåçäû íà îêðàèíå

ãàëàêòèêè, ãäå îòíîñèòåëüíûé âêëàä AGB-çâåçä ìåíüøå, ÷åì âêëàä RGB-

íàñåëåíèÿ.

Ðåçóëüòàòû îïðåäåëåíèÿ ðàññòîÿíèé ó ðàññìîòðåííûõ ãàëàêòèê ïðèâåäåíû

â òàáë.1, ãäå (1) - èìÿ ãàëàêòèêè â áàçå äàííûõ sao.ru/lv/lvgdb; (2) - íîìåð

ãàëàêòèêè â êàòàëîãå HyperLEDA [18]; (3) - ýêâàòîðèàëüíûå êîîðäèíàòû íà

ýïîõó J2000.0; (4) - ëó÷åâàÿ ñêîðîñòü â êì ñ-1 îòíîñèòåëüíî öåíòðîèäà Ìåñòíîé

ãðóïïû; (5) - ïîëîæåíèå âåðøèíû âåòâè êðàñíûõ ãèãàíòîâ (çâ. âåë.); (6) -

Èìÿ ãàëàêòèêè PGC-íîìåð RA  Dec V
LG

I
TRGB

A
I

M
I

DM D
(2000.0)

[KK2000]58 2815824 134600.8-361944 +255 23.85 0.09 -4.11 27.87 3.75
NGC 7713 71866 233615.0-375620 +696 25.45 0.02 -4.10 29.53 8.05
UGC 5829 31923 104241.9+342656 +592 25.69 0.04 -4.11 29.76 8.95
Mrk 1265 32413 104940.4+225019 +534 25.89 0.04 -4.05 29.90 9.55

ESO 373-007 27104 093245.4-331444 +556 26.10 0.20 -4.05 29.95 9.77
NGC 6684 62453 184857.9-651024 +720 26.27 0.10 -3.88 30.05 10.23
UGC 12588 71368 232442.4+412053 +723 26.33 0.22 -4.11 30.22 11.07

Mrk 475 52358 143905.4+364822 +677 26.22 0.02 -4.11 30.31 11.53
KKH 68 2807141 113053.3+140846 +753 26.47 0.06 -4.07 30.48 12.47
KDG 178 42413 124010.0+323931 +763 26.47 0.02 -4.12 30.57 13.00

Òàáëèöà 1

TRGB-ÏÀÐÀÌÅÒÐÛ ÍÀÁËÞÄÀÅÌÛÕ ÃÀËÀÊÒÈÊ
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ìåæçâåçäíîå ïîãëîùåíèå â íàïðàâëåíèè ãàëàêòèêè (çâ. âåë.), ñîãëàñíî Øëàôëè

è Ôèíêáåéíåðó [19]; (7) - ïîëîæåíèå TRGB  (çâ. âåë.), êîòîðîå ñëàáî çàâèñèò

îò ñðåäíåãî ïîêàçàòåëÿ öâåòà (F814W - F606W) ó íàñåëåíèÿ RGB [20]; (8,9) -

ìîäóëü ðàññòîÿíèÿ ãàëàêòèêè (çâ. âåë.) è ëèíåéíîå ðàññòîÿíèå â Ìïê.

Ãàëàêòèêè â òàáëèöå ðàíæèðîâàíû ïî âåëè÷èíå îöåíêè èõ ðàññòîÿíèÿ.

Êàê ïîêàçûâàåò ñðàâíåíèå îöåíîê ðàññòîÿíèÿ ýòèì ìåòîäîì, ñäåëàííûõ

ðàçíûìè àâòîðàìè, õàðàêòåðíàÿ ïîãðåøíîñòü èçìåðåíèÿ D ñîñòàâëÿåò ~5%.

Ýòà ïîãðåøíîñòü âîçðàñòàåò äî 7-10% ñ ïðèáëèæåíèåì TRGB-ãàëàêòèêè ê

ôîòîìåòðè÷åñêîìó ïðåäåëó. Ïðè ýòîì èíîãäà âîçíèêàåò è ñèñòåìàòè÷åñêàÿ

îøèáêà èç-çà ïóòàíèöû â ïîëîæåíèè âåðøèíû âåòâåé RGB- è  AGB-çâåçä.

Î÷åâèäíî, ÷òî ïîëó÷åííûå äàííûå îá îöåíêàõ ðàññòîÿíèÿ ãàëàêòèê

íóæäàþòñÿ â áîëåå äåòàëüíûõ êîììåíòàðèÿõ.

3. Èíäèâèäóàëüíûå ñëó÷àè.

[KK2000]58. Ýòà êàðëèêîâàÿ ñôåðîèäàëüíàÿ ãàëàêòèêà áûëà âïåðâûå

ðàçðåøåíà íà çâåçäû íà ñíèìêàõ ñ íàçåìíûì 8-ì òåëåñêîïîì LVT [21]. Àâòîðû

îïðåäåëèëè ðàññòîÿíèå äî ãàëàêòèêè, ðàâíîå 3.36±0.11 Ìïê, ÷òî ñòàâèëî ýòó

ãàëàêòèêó íà ïåðåäíþþ ãðàíèöó ãðóïïû âîêðóã Cen A (NGC 5128). Íàøà

îöåíêà ðàññòîÿíèÿ, 3.75±0.18, ëó÷øå ñîîòâåòñòâóåò ñðåäíåìó ðàññòîÿíèþ ãðóïïû

Cen A (3.68 Ìïê). Âáëèçè öåíòðà dSph-ãàëàêòèêè íàõîäèòñÿ øàðîâîå çâåçäíîå

ñêîïëåíèå, ëó÷åâàÿ ñêîðîñòü êîòîðîãî áûëà èçìåðåíà Ôàðèîíîì è äð. [22]. Íà

Ðèñ.3. Ñëåâà - ÑÌ-äèàãðàììà äëÿ çâåçä øàðîâîãî ñêîïëåíèÿ âáëèçè öåíòðà dSph-

ãàëàêòèêè [KK2000]58 â àïåðòóðå ðàäèóñîì 2". Ñïðàâà - ÑÌ-äèàãðàììà äëÿ çâåçä ñîñåäíåé
ïëîùàäêè ñ òîé æå àïåðòóðîé.
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ñíèìêàõ, ïîëó÷åííûõ ñ ACS HST, øàðîâîå ñêîïëåíèå õîðîøî ðàçðåøàåòñÿ íà

çâåçäû âåòâè êðàñíûõ ãèãàíòîâ (ðèñ.3). Ïîëîæåíèå TRGB ó ñêîïëåíèÿ

ñîãëàñóåòñÿ ñ îöåíêîé TRGB ïî âñåìó òåëó êàðëèêîâîé ãàëàêòèêè.

NGC 7713. Ñîãëàñíî NASA Extragalactic Database (NED; ned.ipac.caltech.edu),

ýòà ñïèðàëüíàÿ ãàëàêòèêà ïîçäíåãî òèïà èìååò 23 îöåíêè ðàññòîÿíèÿ ïî ìåòîäó

Òàëëè-Ôèøåðà [23], ñâÿçûâàþùåãî ñâåòèìîñòü ãàëàêòèêè ñ àìïëèòóäîé åå

âðàùåíèÿ. Ñðåäíåå çíà÷åíèå ðàññòîÿíèÿ ïî íèì ñîñòàâëÿåò 9.05±1.38 Ìïê,

ñîãëàñóÿñü  â ïðåäåëàõ ñòàíäàðòíîé îøèáêè ñ íàøåé îöåíêîé 8.05±0.40 Ìïê.

Íà ïðîåêöèîííîì ðàññòîÿíèè 1o.9 îò íåå (èëè 270 êïê) íàõîäèòñÿ äðóãàÿ

ñïèðàëüíàÿ ãàëàêòèêà ïîçäíåãî òèïà, IC 5332, ëó÷åâàÿ ñêîðîñòü êîòîðîé,

V
LG

 = 716 êì c-1, è ðàññòîÿíèå D = 9.01 Ìïê [5] óêàçûâàþò íà âîçìîæíîå

ôèçè÷åñêîå àññîöèèðîâàíèå ýòèõ ãàëàêòèê.

UGC 5829 =DDO 84 = VV 794. Èððåãóëÿðíàÿ (Im) ãàëàêòèêà ñ ñèëüíî

âûðàæåííîé ïåêóëÿðíîé ñòðóêòóðîé, ïîëó÷èâøàÿ íàçâàíèå "spider" (ðèñ.4).

Áîëåå ïîëîâèíû áàðèîííîé ìàññû ãàëàêòèêè ïðèõîäèòñÿ íà ãàçîâóþ êîìïîíåíòó,

êîòîðàÿ, î÷åâèäíî, ïîäïèòûâàåò â íåé ìíîãî÷èñëåííûå î÷àãè çâåçäîîáðàçîâàíèÿ.

UGC 5829 = KIG 434 âõîäèò â Êàòàëîã èçîëèðîâàííûõ ãàëàêòèê [24].

Áëèæàéøàÿ îòíîñèòåëüíî ìàññèâíàÿ ãàëàêòèêà NGC 3432 c V
LG

 = 578 êì c-1

è D = 9.14 Ìïê [5] íàõîäèòñÿ íà ïðîåêöèîííîì ðàññòîÿíèè 3o.0 èëè 470 êïê.

UGC 5829 ÿâëÿåòñÿ âûðàçèòåëüíûì ïðèìåðîì òîãî, ÷òî èñêàæåííàÿ ïåêóëÿðíàÿ

ñòðóêòóðà ãàëàêòèêè ìîæåò áûòü âûçâàíà íå âíåøíèì âîçìóùåíèåì, à ñóãóáî

âíóòðåííèìè ñâîéñòâàìè ãàëàêòèêè.

Ðèñ.4. Èçîáðàæåíèå ïåêóëÿðíîé ãàëàêòèêè UGC 5829 (VV 794, "Ïàóê"), âçÿòî èç
öèôðîâîãî îáçîðà íåáà DECaLS. Ðàçìåð ïîëÿ 6' õ 6', ñåâåð - ââåðõó, âîñòîê - ñëåâà.
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Mrk 1265. Ýòà êîìïàêòíàÿ ãîëóáàÿ êàðëèêîâàÿ ãàëàêòèêà íàõîäèòñÿ â

îðåîëå ÿðêîé çâåçäû Ìëå÷íîãî Ïóòè. Êîìïàêòíîñòü ñòðóêòóðû, îáèëèå ãîëóáûõ

çâåçä è íàëè÷èå îðåîëà ïðîåêòèðóþùåéñÿ çâåçäû ïîíèæàþò òî÷íîñòü ôîòîìåòðèè.

Ïî íàøåé îöåíêå ðàññòîÿíèå äî ãàëàêòèêè ñîñòàâëÿåò D = 9.55 ± 0.96 Ìïê, ÷òî

íåñêîëüêî áîëüøå îöåíêè åå ðàññòîÿíèÿ  D
NAM

 = 7.8 Ìïê ïî ëó÷åâîé ñêîðîñòè

ñ ó÷åòîì ìåñòíîãî ïîëÿ ñêîðîñòåé â ìîäåëè Numerical Action Method [25].

ESO 373-007 = AM 0930-330 = [KK2000]31. Äâå îöåíêè ðàññòîÿíèÿ ýòîé

dIrr-ãàëàêòèêè: 8.32 Ìïê ïî ñîîòíîøåíèþ Òàëëè-Ôèøåðà è 9.65 Ìïê â

ìîäåëè NAM õîðîøî ñîãëàñóþòñÿ ñ íàøåé îöåíêîé D = 9.77 ± 0.98 Ìïê ïî

TRGB. Ðÿäîì, íà ïðîåêöèîííîì ðàññòîÿíèè 15' èëè 40 êïê ðàñïîëîæåíà

áîëåå ÿðêàÿ Sd-ãàëàêòèêà ESO 373-008 ñ ëó÷åâîé ñêîðîñòüþ V
LG

 = 620 êì c-1

è TF-ðàññòîÿíèåì 9.68 Ìïê. Îáå ãàëàêòèêè, î÷åâèäíî, îáðàçóþò èçîëèðîâàííóþ

ïàðó.

NGC 6684. Ýòî ãàëàêòèêà ðàííåãî òèïà S0a, â ñòðóêòóðå êîòîðîé âèäíà

ïåðåìû÷êà è êîëüöî. Íà ïåðèôåðèè ãàëàêòèêè çàìåòíà çâåçäíàÿ ïåòëÿ è

ðàäèàëüíàÿ ñòðóÿ. Â NED äëÿ íåå ïðåäñòàâëåíî 14 ãðóáûõ îöåíîê ðàññòîÿíèÿ

ðàçíûìè ïðèáëèæåííûìè ìåòîäàìè â äèàïàçîíå îò 5.5 Ìïê äî 15.5 Ìïê.

Èçìåðåííîå íàìè TRGB-ðàñññòîÿíèå, 10.23 ± 1.9 Ìïê,  ïðèõîäèòñÿ êàê ðàç

íà ñåðåäèíó ýòîãî èíòåðâàëà. Íà ðàññòîÿíèè 2o.6 îò NGC 6684 íàõîäèòñÿ

ñïèðàëüíàÿ ãàëàêòèêà NGC 6744 ñ íåñêîëüêèìè ñïóòíèêàìè. Åå TRGB-

ðàññòîÿíèå, 9.51 Ìïê, [5] è ëó÷åâàÿ ñêîðîñòü V
LG

 = 720 êì c-1, ïîêàçûâàþò, ÷òî

ýòè ãàëàêòèêè, âåðîÿòíî, ÿâëÿþòñÿ ÷ëåíàìè åäèíîé äèôôóçíîé àññîöèàöèè.

UGC 12588. Ýòà dIrr-ãàëàêòèêà, âèäèìàÿ àíôàñ, íàõîäèòñÿ â çîíå

çíà÷èòåëüíîãî ãàëàêòè÷åñêîãî ïîãëîùåíèÿ. Âáëèçè íåå íà ïðîåêöèîííîì

ðàññòîÿíèè 42' èìååòñÿ áîëåå ÿðêàÿ ñïèðàëüíàÿ ãàëàêòèêà NGC 7640 c

V
LG

 = 668 êì c-1 è TRGB-ðàññòîÿíèåì 8.43 Ìïê [5]. Ïî íàøåé îöåíêå TRGB-

ðàññòîÿíèå UGC 12588, 11.07 ± 1.1 Ìïê, çàìåòíî ïðåâîñõîäèò ðàññòîÿíèå

ñîñåäíåé ãàëàêòèêè. Äëÿ ïðîâåðêè âîçìîæíîé ôèçè÷åñêîé ñâÿçè îáåèõ ãàëàêòèê

íåîáõîäèìû áîëåå ãëóáîêèå íàáëþäåíèÿ UGC 12588.

Mrk 475. Ãîëóáàÿ êîìïàêòíàÿ ãàëàêòèêà, ðàñïîëîæåííàÿ âäàëè îò äðóãèõ

ãàëàêòèê ñ áëèçêèìè ëó÷åâûìè ñêîðîñòÿìè. Ãóñòîå çâåçäíîå ïîëå â îñíîâíîì

òåëå ãàëàêòèêè ñíèæàåò òî÷íîñòü ïðîâåäåííîé ôîòîìåòðèè. Ïîëó÷åííàÿ íàìè

îöåíêà TRGB-ðàññòîÿíèÿ, 11.53 ± 1.15 Ìïê, îêàçàëàñü çíà÷èòåëüíî áîëüøå

êèíåìàòè÷åñêîé îöåíêè, 9.18 Ìïê (NAM).

KKH 68 = AGC 212837. Ïîëîæåíèå  TRGB ó ýòîé dIrr-ãàëàêòèêè âûøå

ôîòîìåòðè÷åñêîãî ïðåäåëà âñåãî íà ~0m.5, ÷òî äåëàåò íàøó îöåíêó ðàññòîÿíèÿ,

D
TRBG

 = 12.47 ± 1.25 Ìïê, íåóâåðåííîé. Ãàëàêòèêà íàõîäèòñÿ íà óãëîâîì

ðàññòîÿíèè 2o.9 îò ñïèðàëüíîé Sb-ãàëàêòêèêè NGC 3627 (M 66) c TRGB-

ðàññòîÿíèåì D
TRBG

 = 11.12 ± 0.56 Ìïê [26], êîòîðàÿ ÿâëÿåòñÿ ñàìûì ÿðêèì

÷ëåíîì ãðóïïû â ñîçâåçäèè Ëüâà. Âåðîÿòíî, KKH 68 ïðèíàäëåæèò ê
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ïåðèôåðèéíûì ÷ëåíàì ýòîé ãðóïïû.

KDG 178 = BTS 147. Ýòà áîãàòàÿ ãàçîì êàðëèêîâàÿ ãàëàêòèêà ðàñïîëîæåíà

âñåãî â 26' îò ÿðêîé ñïèðàëüíîé ãàëàêòèêè NGC 4631, ó êîòîðîé V
LG

 = 581

êì c-1 è D
TRBG

 = 7.35 ± 0.10 Ìïê (EDD). Ñóäÿ ïî  ïîëó÷åííîìó íàìè ðàññòîÿíèþ,

13.0 ± 1.3 Ìïê, KDG 178 íàõîäèòñÿ ïîçàäè ãðóïïû êàðëèêîâ âîêðóã NGC

4631. Ðàäèàëüíàÿ óäàëåííîñòü ýòîãî îáúåêòà îò ãðóïïû NGC 4631 êîñâåííî

ïîäòâåðæäàåòñÿ îòíîñèòåëüíî áîëüøîé øèðèíîé ëèíèè 21-ñì, W
50

 = 52 êì c-1,

êîòîðîé ñîîòâåòñòâóåò TF-ðàññòîÿíèå 11  Ìïê.

Ïîìèìî ïåðå÷èñëåííûõ âûøå ñëó÷àåâ, îòìåòèì åùå íåñêîëüêî ãàëàêòèê,

íàáëþäàâøèõñÿ ïî ïðîãðàììå SNAP 15922, íî îêàçàâøèõñÿ  îïðåäåëåííî

äàëåêèìè. Åðéåí è äð. [27] îöåíèëè äëÿ ãàëàêòèêè ESO 219-010 (ÐGC 44110)

ðàññòîÿíèå 4.29 Ìïê ìåòîäîì ôëóêòóàöèé ïîâåðõíîñòíîé ÿðêîñòè. Ýòà ãàëàêòèêà

ïðàêòè÷åñêè íå ðàçðåøàåòñÿ íà çâåçäû íà ñíèìêàõ, ïîëó÷åííûõ ñ ACS. Ïî

ôàêòóðå ýòîé ãàëàêòèêè ìîæíî ãðóáî îöåíèòü åå ðàññòîÿíèå êàê 15D  Ìïê.

Äâå  êàðëèêîâûå ãàëàêòèêè â êîíòóðå ñêîïëåíèÿ Virgo: EVCC 67 è UGC

7983 ñ ëó÷åâûìè ñêîðîñòÿìè, ñîîòâåòñòâåííî, 458 êì ñ-1 è 565 êì ñ-1, îêàçàëèñü

íåðàçðåøåííûìè íà  ñíèìêàõ, ïîëó÷åííûõ ñ ACS. Î÷åâèäíî, îíè ÿâëÿþòñÿ

÷ëåíàìè ñêîïëåíèÿ Virgo íà ðàññòîÿíèè 16.5 Ìïê.

Èçîëèðîâàííàÿ dIrr-ãàëàêòèêà KKH 46 (PGC 2807128) èìååò ëó÷åâóþ

ñêîðîñòü V
LG

 = 409 êì c-1 è øèðèíó ëèíèè 21-ñì W
50

 = 25 êì c-1. Îíà  íàõîäèòñÿ

â òàê íàçûâàåìîé "Çîíå Àíîìàëüíûõ Ñêîðîñòåé" [28], ãäå ãàëàêòèêè ñ

ðàññòîÿíèÿìè D = 16 Ìïê èìåþò áîëüøèå îòðèöàòåëüíûå ïåêóëÿðíûå ñêîðîñòè

îêîëî -700 êì c-1.

4. Çàêëþ÷èòåëüíûå çàìå÷àíèÿ. Èñïîëüçóÿ ñíèìêè, ïîëó÷åííûå ñ

ACS-êàìåðîé íà êîñìè÷åñêîì òåëåñêîïå Õàááëà â ôèëüòðàõ F814W è F606W,

ìû âûïîëíèëè PSF-ôîòîìåòðèþ è ïîñòðîèëè äèàãðàììû öâåò-âåëè÷èíà äëÿ

çâåçäíîãî íàñåëåíèÿ 10 áëèçêèõ ãàëàêòèê. Ïî ñêà÷êó íà ôóíêöèè ñâåòèìîñòè

êðàñíûõ çâåçä îïðåäåëåíû ïîëîæåíèÿ âåðøèíû âåòâè êðàñíûõ ãèãàíòîâ è ïî

íèì îöåíåíû ðàññòîÿíèÿ äî ãàëàêòèê. Ïîìèìî ñïèðàëüíûõ ãàëàêòèê NGC

6684 è NGC 7713, îñòàëüíûå îáúåêòû îòíîñÿòñÿ ê êàðëèêîâûì ãàëàêòèêàì

dIrr, dIm, BCD, dSph. Ëó÷åâûå ñêîðîñòè ãàëàêòèê îòíîñèòåëüíî öåíòðîèäà

Ìåñòíîé ãðóïïû çàêëþ÷åíû â èíòåðâàëå îò 250 êì ñ-1 äî 770 êì ñ-1, à îïðå-

äåëåííûå íàìè ðàññòîÿíèÿ ëåæàò â äèàïàçîíå îò 3.7 Ìïê äî 13.0 Ìïê ñ

ìåäèàíîé 10.0 Ìïê. Íàìè îòìå÷åíî åùå íåñêîëüêî ãàëàêòèê ñ ëó÷åâûìè

ñêîðîñòÿìè 600LG V  êì c-1, êîòîðûå åäâà ðàçðåøàþòñÿ íà çâåçäû è íàõîäÿòñÿ

íà ðàññòîÿíèÿõ áîëåå 13 Ìïê. Ýòè ãàëàêòèêè ÿâëÿþòñÿ èëè ÷ëåíàìè ñêîïëåíèÿ

Virgo, èëè æå ðàñïîëîæåíû â çîíå àíîìàëüíî áîëüøèõ îòðèöàòåëüíûõ

ïåêóëÿðíûõ ñêîðîñòåé. Ïîëó÷åííûå äàííûå äîïîëíÿþò êàðòèíó ïîëÿ

ïåêóëÿðíûõ ñêîðîñòåé ó ãàëàêòèê Ìåñòíîãî îáúåìà, êîòîðàÿ îáóñëîâëåíà
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ðàñïîëîæåíèåì ëîêàëüíûõ àòòðàêòîðîâ ñ ðàçëè÷íûìè ìàññàìè òåìíîãî ãàëî.

Ðàáîòà îñíîâàíà íà íàáëþäåíèÿõ, âûïîëíåííûõ íà êîñìè÷åñêîì òåëåñêîïå

Õàááë NASA/ESA ïî êîíòðàêòó NAS5-26555. Â ðàáîòå èñïîëüçîâàíû áàçû

äàííûõ HyperLEDA, NED è EDD. Ðàáîòà ïîääåðæàíà ãðàíòîì Ìèíèñòåðñòâà
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DISTANCES TO TEN NEARBY GALAXIES OBSERVED
WITH THE HUBBLE SPACE TELESCOPE

  I.D.KARACHENYSEV, N.A.TIKHONOV

Images of 10 galaxies in the F814W and F606W filters, obtained with the

ACS camera on the Hubble Space Telescope, were used to construct color-

magnitude diagrams for the stellar population of these galaxies. The distances to

the galaxies are estimated from the luminosity of  the tip of the red giant branch.

The considered galaxies have radial velocities from 250 km s-1 to 760 km s-1 relative

to the Local Group centroid and distances in the range from 3.7 Mpc to 13.0

Mpc. Several other observed galaxies with low radial velocities were also noted,

the distances of which turned out to be beyond the limit of 13 Mpc.

Keywords: galaxies - dwarf galaxies: distances - galaxies
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ÈÇ ÊÀÒÀËÎÃÀ ÁËÀÇÀÐÎÂ BZCAT

À.Â.ÀÁÐÀÌßÍ, À.Ì.ÌÈÊÀÅËßÍ, Ã.Ì.ÏÀÐÎÍßÍ,
Ã.À.ÌÈÊÀÅËßÍ, À.Ã.ÑÓÊÈÀÑßÍ

Ïîñòóïèëà 7 äåêàáðÿ 2022
Ïðèíÿòà ê ïå÷àòè 3 ôåâðàëÿ 2023

Â êàòàëîãå áëàçàðîâ BZCAT îáúåêòû ðàçäåëåíû íà 4 òèïà: BZB, BZQ, BZG è BZU.
Â äàííîé ðàáîòå èññëåäóþòñÿ îáúåêòû BZG ñ öåëüþ îïðåäåëåíèÿ èõ ôèçè÷åñêîé ïðèðîäû.
Èç 274 BZG îáúåêòîâ 150 èìåþò îïòè÷åñêèå ñïåêòðû â ñïåêòðîñêîïè÷åñêîì êàòàëîãå
SDSS, äëÿ êîòîðûõ áûëà ïðîâåäåíà äåòàëüíàÿ ñïåêòðàëüíàÿ êëàññèôèêàöèÿ. Ðàäèî èññëå-
äîâàíèå ïîêàçàëî, ÷òî ýòè îáúåêòû â îñíîâíîì (69%) èìåþò ïëîñêèé ðàäèî ñïåêòð ñî
ñïåêòðàëüíûì èíäåêñîì ìåíüøå, ÷åì ±0.5. Ñ òàêèìè ðàäèî ñïåêòðàìè äîìèíèðóþò êâàçàðû.
Íî, ñ óâåëè÷åíèåì ðàññòîÿíèÿ, â ñðåäíåì ðàäèî ñïåêòð ñòàíîâèòñÿ áîëåå êðóòûì.

Êëþ÷åâûå ñëîâà: áëàçàð: êâàçàð: îïòè÷åñêàÿ ñïåêòðàëüíàÿ êëàññèôèêàöèÿ:

      ðàäèî ñïåêòðàëüíûé èíäåêñ

1. Ââåäåíèå. Ñðåäè àêòèâíûõ ãàëàêòè÷åñêèõ ÿäåð (ÀßÃ) íàèáîëåå èíòå-

ðåñíû áëàçàðû ñ êîìáèíàöèÿìè äâóõ ïîäòèïîâ: à) îáúåêòû BL Lac (BLL) è

îñîáûå òèïû êâàçàðîâ (QSO) - îïòè÷åñêè ñèëüíûå ïåðåìåííûå (OVV) è á)

âûñîêîïîëÿðèçîâàííûå êâàçàðû (HPQ). Áëàçàð õàðàêòåðèçóåòñÿ êàê î÷åíü

êîìïàêòíûé êâàçàð, ñâÿçàííûé ñ ïðåäïîëàãàåìîé ñâåðõìàññèâíîé ÷åðíîé

äûðîé (Super Massive Black Hole) â öåíòðå àêòèâíîé ãèãàíòñêîé ýëëèïòè÷åñêîé

ãàëàêòèêè. Áëàçàðû ÿâëÿþòñÿ ñàìûìè ýíåðãåòè÷åñêèìè îáúåêòàìè âî Âñåëåííîé

[1]. Ïåðâîíà÷àëüíî îáúåêò BL Lac áûë îáíàðóæåí Õîôôìåéñòåðîì [2] êàê

ïåðåìåííàÿ çâåçäà, à ïîçæå îí áûë èäåíòèôèöèðîâàí Øìèòòîì [3] ñ âíåãàëàê-

òè÷åñêèì èñòî÷íèêîì.

Ìàññàðî è äð. [1] ïðåäñòàâèëè êàòàëîã áëàçàðîâ BZCAT v.5, â êîòîðîì

îíè ðàñïðåäåëåíû íà 4 òèïà: BZB (Ëàöåðòèäû, BL Lac èëè BLL), BZQ

(Êâàçàðû), BZG  (Ãàëàêòèêè) è BZU (Íåîïðåäåëåííûé êëàññ). Â òàáë.1 äàíî

ðàñïðåäåëåíèå òèïîâ áëàçàðîâ èç êàòàëîãà BZCAT.

Â îäíîé èç íàøèõ ïðåäûäóùèõ ðàáîò ìû èññëåäîâàëè è êëàññèôè-

öèðîâàëè îáúåêòû BZU. Äàííàÿ ðàáîòà ïîñâÿùåíà äåòàëüíîé ñïåêòðàëüíîé

êëàññèôèêàöèè áëàçàðîâ òèïà BZG èç êàòàëîãà BZCAT.

2. Âûáîðêà îáúåêòîâ. Äëÿ èññëåäîâàíèÿ áûëè îòîáðàíû îáúåêòû BZG

èç êàòàëîãà BZCAT. Èç òàáë.1 âèäíî, ÷òî ìû èìååì 274 ãàëàêòèêè. Äëÿ 150
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èç 274 BZG îáúåêòîâ èìåþòñÿ îïòè÷åñêèå ñïåêòðû â ñïåêòðîñêîïè÷åñêîì

êàòàëîãå SDSS DR16 [4]. Äëÿ ýòèõ îáúåêòîâ ìû ïðîâåëè äåòàëüíóþ êëàññè-

ôèêàöèþ, èñïîëüçóÿ ñïåêòðû SDSS.

Èñïîëüçóÿ äàííûå ðàçíûõ êàòàëîãîâ è áàç äàííûõ VCV-13 [5], NASA/

IPAC Extragalactic Database (NED) è SDSS [4], ìû âûÿñíèëè êàêóþ îïòè÷åñêóþ

êëàññèôèêàöèþ èìåëè ýòè èñòî÷íèêè äî íàøåé êëàññèôèêàöèè. Â òàáë.2

ïðåäñòàâëåíû ýòè äàííûå.

Êàê âèäíî èç òàáë.2, ýòè îáúåêòû íå èìåþò äåòàëüíóþ îïòè÷åñêóþ êëàññè-

ôèêàöèþ. Îíè áûëè êëàññèôèöèðîâàíû êàê ãàëàêòèêè, ïîòîìó ÷òî â îïòè÷åñêîì

äèàïàçîíå (íà îïòè÷åñêèõ èçîáðàæåíèÿõ) èìåþò ïðîòÿæåííûé âèä. Íà ðèñ.1

ïðåäñòàâëåíû îïòè÷åñêèå èçîáðàæåíèÿ äâóõ òàêèõ ïðîòÿæåííûõ áëàçàðîâ.

Î÷åíü ÷àñòî èçìåðåíèÿ ñïåêòðîâ SDSS îñíîâàíû íà ëèíèÿõ íà óðîâíå

øóìà è íèçêîãî êà÷åñòâà. Â ðåçóëüòàòå àâòîìàòè÷åñêèå èçìåðåíèÿ ïðèâîäÿò

ê íåêîòîðûì íåïðàâäîïîäîáíûì ðåçóëüòàòàì. Òàêèì îáðàçîì, íåîáõîäèìî

N Òèï áëàçàðà               ×èñëî

1 BZB 1151 32.3 %

2 BZG 274 7.7 %

3 BZQ 1909 53.6 %

4 BZU 227 6.4 %

                Âñåãî 3561 100 %

Òàáëèöà 1

ÐÀÑÏÐÅÄÅËÅÍÈÅ ÒÈÏÎÂ ÁËÀÇÀÐÎÂ ÈÇ ÊÀÒÀËÎÃÀ BZCAT

Êëàññèôèêàöèÿ SDSS ñïåêòðû VCV-13 NASA/IPAC

S1 - 8 5
S2 - 4 1

S3 (LINER) - 2 -
S? - 1 -
BL - 54 49
BL? - 33 6
QSO 7 2 -
AGN - 2 -
Galaxy 143 - -

Flat-Spectrum radio
- - 21

source (FSS)
Âñåãî 150 106 82

Òàáëèöà 2

ÊËÀÑÑÈÔÈÊÀÖÈß BZG ÎÁÚÅÊÒÎÂ ÈÇ VCV-13, NED È SDSS
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òùàòåëüíî ïðîâåðèòü ñïåêòðû íà âñåõ äëèíàõ âîëíû è ðåøèòü, êàêèå èçìåðåíèÿ

ñëåäóåò èñïîëüçîâàòü äëÿ äàëüíåéøèõ èññëåäîâàíèé. Îñîáåííî âàæíû òå

ëèíèè, êîòîðûå èñïîëüçóþòñÿ â äèàãíîñòè÷åñêèõ äèàãðàììàõ ( H , [OIII]

5007 Å , [OI] 6300 Å , H , [NII] 6583 Å , è [SII] 6716+6731 Å ) [6].

3. Ñïåêòðàëüíàÿ êëàññèôèêàöèÿ. Â ýòîé ðàáîòå áûëî èñïîëüçîâàíî

íåñêîëüêî ìåòîäîâ äëÿ êëàññèôèêàöèè èññëåäóåìûõ ñïåêòðîâ [7,8]:

1. Âèçóàëüíûé ìåòîä (ñ ó÷åòîì âñåõ òîíêîñòåé è ýôôåêòîâ, â ò.÷. âîçìîæ-

íûõ øèðîêèõ ëèíèé, íå âûÿâëÿþùèõñÿ íà äèàãíîñòè÷åñêèõ äèàãðàììàõ).

2. Äèàãíîñòè÷åñêèå äèàãðàììû ñ èñïîëüçîâàíèåì îòíîøåíèé èíòåíñèâ-

íîñòåé ëèíèé   HOIII  è   HOI  [9].

3. Äèàãíîñòè÷åñêèå äèàãðàììû ñ èñïîëüçîâàíèåì îòíîøåíèé èíòåíñèâ-

íîñòåé ëèíèé   HOIII  è   HNII  [9].

4. Äèàãíîñòè÷åñêèå äèàãðàììû ñ èñïîëüçîâàíèåì îòíîøåíèé èíòåíñèâ-

íîñòåé ëèíèé   HOIII  è   HSII  [9].

Äëÿ ýòèõ îáúåêòîâ â ñïåêòðàõ, â îñíîâíîì, ëèíèè H  è H  îòñóòñòâîâàëè,

ïîýòîìó ìû âûïîëíèëè êëàññèôèêàöèè òîëüêî ñ âèçóàëüíûì ìåòîäîì.

Â òàáë.3 è íà ðèñ.2 ïðèâåäåíà íàøà ñïåêòðàëüíàÿ êëàññèôèêàöèÿ äëÿ 150

BZG îáúåêòîâ ñ èñïîëüçîâàíèåì SDSS ñïåêòðîâ.

Èç òàáë.3 è ðèñ.2 âèäíî, ÷òî ýòè îáúåêòû â îñíîâíîì ÿâëÿþòñÿ Em è

Àbs (îêîëî 80%) ãàëàêòèêàìè è äî íàñ íå áûëè êëàññèôèöèðîâàíû. 30 (20%)

îáúåêòîâ (S, LINER è Composite) íå èìåëè îïòè÷åñêîé êëàññèôèêàöèè èëè

èçìåíèëè êëàññ, òîëüêî 5BZG J1532+3020 áëàçàð áûë êëàññèôèöèðîâàí êàê

LINER è îñòàëñÿ êàê LINER. Èòàê, ìîæíî çàêëþ÷èòü, ÷òî ìû äàåì äåòàëüíóþ

îïòè÷åñêóþ êëàññèôèêàöèþ ïðàêòè÷åñêè äëÿ âñåõ 150 îáúåêòîâ.

Ðèñ.1. Îïòè÷åñêèå èçîáðàæåíèÿ ïðîòÿæåííûõ áëàçàðîâ 5BZG J0850+4036 è 5BZG

J0906+4124 èç SDSS.
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Â òàáë.4 ïðåäñòàâëåíà íàøà äåòàëüíàÿ êëàññèôèêàöèÿ 150 BZG îáúåêòîâ

ñ èñïîëüçîâàíèåì SDSS ñïåêòðîâ.

Íà ðèñ.3, 4 è 5 ïðåäñòàâëåíû òèïè÷íûå ñïåêòðû BZG îáúåêòîâ òèïà S,

LINER è Composite.

S1.2 1 (0.7%)

S1.5 1 (0.7%)

S1.8 1 (0.7%)

LINER 18 (12%)

S1.8/LINER 8 (5.2%)

S2.0/LINER 1 (0.7%)

Em 42 (28%)

Abs 78 (52%)

Âñåãî 150 (100%)

Ðèñ.2. Íîâàÿ êëàññèôèêàöèÿ BZG îáúåêòîâ ñ èñïîëüçîâàíèåì SDSS ñïåêòðîâ.

Òàáëèöà 3
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Íàçâàíèå SDSS Ðàäèî         Ïðåæíÿÿ Íîâàÿ

îáúåêòà r Àáñîëþòíàÿ Êðàñíîå ñïåêò-        îïòè÷åñêàÿ îïòè÷åñêàÿ

(5BZG) çâåçäíàÿ ñìåùåíèå ðàëüíûé     êëàññèôèêàöèÿ êëàññèôè-

âåëè÷èíà èíäåêñ SDSS VCV NED êàöèÿ

1 2 3 4 5 6 7 8 9

J0001-1031 17.846 -21.72 0.2516 -0.2 GAL BL - Abs
J0014+0854 17.191 -21.84 0.1633 -0.6 GAL BL FSS Em
J0022+0006 18.557 -21.25 0.3057 - GAL BL BL Lac Abs
J0027+2607 18.26 -21.81 0.3645 -0.22 GAL BL - LINER
J0056-0936 15.193 -21.38 0.1031 -0.33 GAL - - Em
J0059-0150 17.135 -21.95 0.1439 -0.18 GAL - - Abs
J0103+1526 17.213 -22.02 0.2461 -0.32 GAL BL FSS Em
J0106+2539 17.41 -21.4 0.1975 0.18 GAL BL FSS LINER
J0146-0551 19.816 -20.99 0.4992 -0.44 GAL BL BL Lac Em
J0153-0118 17.681 -21.96 0.2445 -0.84 GAL BL? - Abs
J0202-0559 17.592 -21.89 0.1895 -0.4 GAL - FSS LINER
J0737+3517 16.665 -22.6 0.2104 -0.97 GAL ? - Em
J0741+3205 16.649 -21.9 0.1792 -0.37 GAL BL - Em
J0745+3312 17.329 -22.27 0.2197 -0.85 GAL - - Abs
J0748+2115 17.297 -22.51 0.2631 - GAL - - Em
J0749+2313 17.026 -22.14 0.1741 -0.43 GAL BL? BL Lac? Em
J0751+2913 17.847 -21.46 0.1944 - GAL - - Abs
J0751+1730 16.805 -22.51 0.1865 - GAL BL - LINER
J0753+2921 17.196 -22.17 0.161 - GAL BL - Abs
J0754+4202 18.998 -21.38 0.3692 - GAL BL BL Lac Abs
J0754+4546 19.327 -21.37 0.4558 -0.88 GAL - - Abs
J0756+3834 16.968 -22.3 0.2156 -0.65 GAL - - S1.8/LINER
J0758+2705 17.224 -21.56 0.0987 -0.01 GAL BL BL Lac LINER
J0809+3122 18.848 -21.02 0.2956 -0.57 GAL BL BL Lac Em
J0809+3455 15.841 -21.75 0.0825 -0.32 GAL BL BL Lac Em
J0810+4911 15.644 -22.69 0.1147 - GAL BL Abs
J0810+2846 19.044 -21.11 0.2717 - GAL BL BL Lac Abs
J0814+0857 19.457 -20.94 0.24 - GAL BL - Abs
J0823+1524 17.121 -22.12 0.1667 - GAL - - Em
J0828+4153 17.484 -21.96 0.226 -0.58 GAL ? BL Lac Abs
J0829+1754 15.622 -21.96 0.0895 -0.37 GAL BL? - Em
J0831+5400 15.301 -21.91 0.0617 0.51 GAL - - LINER
J0834+5534 17.186 -21.62 0.2415 -0.15 QSO S2 - LINER
J0835+1517 16.71 -22.06 0.1684 0.05 GAL - FSS Em
J0839+4015 16.854 -22.01 0.1941 -0.53 GAL - - Abs
J0850+4036 17.43 -22.11 0.2666 0.03 GAL - FSS Em
J0850+3455 16.194 -22.12 0.145 -0.1 GAL BL BL Lac Abs
J0852+2433 18.305 -21.5 0.3576 -0.48 GAL BL BL Lac Abs
J0856+5418 16.708 -22.75 0.2593 -0.7 GAL - - Abs

Òàáëèöà 4

ÑÏÈÑÎÊ 150 BZG ÎÁÚÅÊÒÎÂ, ÊËÀÑÑÈÔÈÖÈÐÎÂÀÍÍÛÕ Ñ

ÏÎÌÎÙÜÞ ÑÏÅÊÒÐÎÂ SDSS
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1 2 3 4 5 6 7 8 9

J0857+0627 19.289 -20.89 0.3379 - GAL BL? BL Lac Abs
J0903+4055 17.128 -22.19 0.1882 -0.37 GAL BL? BL Lac Abs
J0905+4705 16.794 -22.33 0.1736 -0.23 GAL - FSS Em
J0906+4124 13.663 -21.52 0.0274 0.25 GAL - FSS Em
J0912+5320 15.937 -22.13 0.1017 -0.43 GAL S2 Sy 2 LINER
J0912+4235 17.689 -22.19 0.2662 -0.88 GAL - - Abs
J0916+5238 16.859 -22.33 0.1904 -0.61 GAL BL - Em
J0927+5545 17.425 -21.97 0.221 -0.54 GAL - - Abs
J0932+3630 16.702 -22.19 0.1538 -0.53 GAL BL? - Em
J0940+6148 17.653 -21.88 0.2105 - GAL BL BL Lac Abs
J0946+5819 16.053 -22.59 0.1469 -0.42 GAL - - Em
J0948+5535 15.82 -22.66 0.1176 -0.2 GAL - - Em
J0950+1804 17.705 -21.37 0.1544 0.14 GAL - FSS LINER
J1012+3932 17.343 -22.02 0.1709 -0.07 GAL BL? BL Lac Abs
J1018+3128 16.891 -22.1 0.1614 - GAL BL? BL Lac? Abs
J1020+6250 17.759 -22.01 0.2496 -0.28 GAL BL BL Lac Abs
J1022+5124 17.574 -21.57 0.1416 - GAL - - LINER
J1028+0555 18.584 -21.2 0.2336 - GAL BL? BL Lac Abs
J1028+1702 16.763 -22.18 0.1691 -0.58 GAL - - Abs
J1033+4222 17.337 -22.33 0.211 -0.45 GAL BL? BL Lac Abs
J1041+1324 18.47 -21.47 0.3748 -0.48 GAL BL - Abs
J1041+3901 17.179 -22.26 0.2084 -0.43 GAL BL? BL Lac Abs
J1048+5009 19.121 -20.87 0.4025 - GAL BL? BL Lac Abs
J1052+4241 16.749 -21.92 0.1362 -0.2 GAL - FSS LINER
J1053+4929 16.014 -21.93 0.1405 -0.29 GAL BL BL Lac Em
J1056+0252 18.026 -21.61 0.236 - GAL BL BL Lac Abs
J1059+4343 18.728 -21.75 0.4587 -0.46 GAL BL? - Abs
J1100+4210 18.139 -21.61 0.3229 - GAL BL? BL Lac? Abs
J1103+0022 18.045 -21.53 0.2745 -0.37 GAL BL BL Lac Em
J1105+4653 17.259 -21.26 0.1125 -0.25 GAL - - LINER
J1108+0202 16.621 -22.29 0.1576 -0.36 QSO S1 - S2.0/LINER
J1119+0900 17.504 -22.8 0.3315 -0.72 GAL - - Em
J1121+4314 17.023 -22.03 0.1854 0.05 GAL - - LINER
J1124+5133 16.79 -22.56 0.235 -0.25 GAL BL - Em
J1132+0515 16.181 -21.76 0.1008 0.11 GAL S2 - LINER
J1136+2550 16.779 -21.94 0.1544 - GAL BL BL Lac Em
J1145-0340 17.11 -22.07 0.1678 - GAL BL BL Lac Abs
J1147+3501 14.581 -22.2 0.0629 0.17 GAL S2 FSS S1.8
J1154+0238 17.841 -21.66 0.2107 -0.3 GAL S1 FSS S1.8/LINER
J1154+1225 15.825 -21.3 0.0811 0.55 GAL - FSS LINER
J1156+4238 17.155 -21.95 0.1716 - GAL BL BL Lac Abs
J1157+2822 17.882 -21.91 0.3 - GAL - - Abs
J1158+2450 17.684 -21.83 0.2026 0.06 QSO - FSS S1.8/LINER
J1200+4758 17.811 -22.02 0.2695 -0.87 GAL - Em
J1201-0007 16.868 -22.13 0.1651 -0.72 GAL BL? - Abs
J1201-0011 18.607 -20.4 0.1637 - GAL - - Abs
J1210+0223 18.044 -22.38 0.3832 -0.89 GAL - - Abs

Òàáëèöà 4 (Ïðîäîëæåíèå)
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1 2 3 4 5 6 7 8 9

J1221+4742 17.504 -21.99 0.2098 -0.58 GAL BL? BL Lac Abs
J1221+0821 17.106 -21.86 0.1318 -0.48 GAL BL? BL Lac? Em
J1223+4650 17.706 -22.03 0.2605 - GAL BL? - Abs
J1226+2604 17.461 -22.09 0.1761 - GAL BL BL Lac Abs
J1233+5026 17.529 -21.86 0.2068 -0.51 GAL - FSS Em
J1235+1700 18.767 -21.36 0.3806 -0.49 GAL - - Abs
J1238+5406 17.338 -22.18 0.2237 -0.34 GAL BL BL Lac Abs
J1243+5212 17.301 -22 0.1998 -0.26 GAL - - Abs
J1253+0326 14.789 -20.8 0.0657 -0.25 GAL BL? BL Lac Abs
J1322+1344 18.724 -21.5 0.3763 - GAL - - Abs
J1323+0439 17.9 -20.82 0.2244 -0.36 GAL BL BL Lac Abs
J1324+5739 15.811 -22.55 0.1151 -0.06 GAL BL - Em
J1326+1229 17.395 -21.99 0.2042 - GAL BL BL Lac Em
J1331+5655 18.444 -21.25 0.2701 - GAL BL? BL Lac Abs
J1341+3959 17.492 -21.98 0.1714 -0.56 GAL BL BL Lac Em
J1341+3716 16.735 -22.21 0.1745 -0.35 GAL - FSS Abs
J1346+2440 17.316 -21.77 0.1675 -0.05 GAL BL BL Lac Abs
J1348+0756 17.07 -22.28 0.2496 -0.46 GAL - - Abs
J1353+3741 16.769 -22.17 0.2159 -0.09 GAL BL BL Lac Abs
J1424+3705 17.579 -22.12 0.2896 -0.64 GAL BL? - Abs
J1427+3908 18.277 -21.06 0.1649 - GAL BL? BL Lac Em
J1428+3912 17.668 -21.98 0.2583 -0.48 GAL S1 FSS LINER
J1435-0055 18.17 -21.53 0.2851 - GAL BL BL Lac Abs
J1435+5815 18.339 -21.43 0.3027 -0.31 GAL BL - Abs
J1436+4129 19.92 -20.27 0.4035 -0.26 GAL BL? BL Lac Abs
J1444+6336 18.497 -21.43 0.2979 - GAL BL BL Lac Abs
J1445+0039 17.927 -21.86 0.3062 - GAL - - Em
J1449+2746 18.162 -21.58 0.2272 -0.65 GAL BL FSS Em
J1451+5800 18.821 -21.54 0.4052 - GAL BL BL Lac Abs
J1504-0248 16.591 -21.65 0.2169 -0.84 GAL S1 Sy 1 LINER
J1506+0219 17.93 -21.46 0.2202 - GAL - - Abs
J1512+0203 17.648 -21.54 0.2199 -0.65 GAL S1 Sy 1 S1.8/LINER
J1516+0015 14.802 -22.11 0.0526 -0.41 QSO S3 FSS S1.8/LINER
J1516+2918 16.323 -22.15 0.1299 -0.48 GAL BL? - Abs
J1518+4045 15.075 -21.83 0.0652 -0.36 GAL S1 Sy 1 S1.8/LINER
J1531+0852 16.883 -22.11 0.1584 - GAL - - Abs
J1531+4659 18.086 -21.66 0.316 -0.14 GAL BL? BL Lac Abs
J1532+3016 15.435 -21.78 0.0653 -0.05 GAL BL? BL Lac? Em
J1532+3020 17.421 -21.72 0.3621 -0.28 GAL S3 - LINER
J1539+4143 15.287 -22.89 0.1194 -0.11 GAL BL? - Em
J1544+0458 18.372 -21.46 0.3262 0.08 GAL ? BL Lac? Abs
J1544+5017 19.841 -21 0.494 0.24 GAL - - Em
J1552+3159 20.799 -20.46 0.5843 - GAL - - Abs
J1604+3345 17.229 -21.64 0.1772 - GAL - - Abs
J1616+3756 18.038 -21.71 0.202 - GAL BL BL Lac Abs
J1624+3726 17.363 -21.81 0.1992 -0.63 GAL BL - Abs
J1628+2527 17.28 -22.18 0.2199 -0.6 GAL BL? - Abs

Òàáëèöà 4 (Ïðîäîëæåíèå)
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1 2 3 4 5 6 7 8 9

J1637+4547 17.211 -22.12 0.1922 -0.69 GAL BL BL Lac Em
J1643+2131 18.881 -20.52 0.1544 - GAL - - Abs
J1644+4546 17.224 -22.25 0.2246 -0.41 GAL BL BL Lac Em
J1647+2909 16.102 -22.25 0.133 -0.66 GAL - - Em
J1717+2931 18.061 -21.3 0.278 - GAL - - S1.8/LINER
J1727+5510 17.203 -22.09 0.2475 0.15 QSO S? FSS S1.8/LINER
J2054+0015 17.099 -21.92 0.1508 -0.02 GAL BL FSS Em
J2055-0506 18.385 -21.28 0.3425 -0.07 GAL BL BL Lac Em
J2059-0037 18.802 -21.23 0.3354 - GAL BL - Abs
J2116-0628 18.495 -21.42 0.2915 - GAL BL BL Lac Abs
J2211-0023 19.313 -20.85 0.4479 - GAL BL BL Lac Abs
J2248-0036 17.337 -22.12 0.2123 -0.37 GAL BL BL Lac Abs
J2256+2618 17.139 -21.64 0.1203 0.01 QSO S1 Sy 1 S1.5
J2311-0946 19.844 -21.07 0.4901 - GAL BL? - Abs

Òàáëèöà 4 (Îêîí÷àíèå)
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4. Ðàäèî/îïòè÷åñêèå ñâîéñòâà BZG. Äëÿ íàøèõ îáúåêòîâ áûëà

ðàññ÷èòàíà àáñîëþòíàÿ çâåçäíàÿ âåëè÷èíà (äëÿ SDSS_r äèàïàçîíà), èñïîëüçóÿ

ôîðìóëó:

    , log55 zmkDmM  (1)

ãäå D - ðàññòîÿíèå äî îáúåêòà [10]. Ïàðàìåòðû k è  zm  áûëè âçÿòû èç

ðàáîòû Âåðîí-Ñåòòè è Âåðîíà [5]. Ðàññòîÿíèÿ äî îáúåêòîâ áûëè ðàññ÷èòàíû,

èñïîëüçóÿ ýòè êîñìîëîãè÷åñêèå ïàðàìåòðû: H
0

 = 71 êì ñ-1
 Ìïñ-1, 290.M  ,

710.  è îïòè÷åñêèé ñïåêòðàëüíûé èíäåêñ 30.  ( ~S ) [5].

Ðèñ.4. Ëàéíåðû (LINERs).
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Àáñîëþòíàÿ çâåçäíàÿ âåëè÷èíà (SDSS_r) 89222720 ..  -21.79
Ðàäèî ñïåêòðàëüíûé èíäåêñ 550970 ..  -0.34
Êðàñíîå ñìåùåíèå 5843002740 ..  0.2235

Òàáëèöà 5
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Ðèñ.5. Îáúåêòû ñ ñîñòàâíûìè ñïåêòðàìè (Composite spectrum objects).
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(LINER), Cåéôåðòû (S) è ñîñòàâíûå (Composite). Íà ðèñóíêå âèäíî, ÷òî

îáúåêòû, êîòîðûå èìåþò àáñîðáöèîííûå ñïåêòðû, â ñðåäíåì îòëè÷àþòñÿ îò

îáúåêòîâ, ó êîòîðûõ ñïåêòðû êëàññèôèöèðîâàíû êàê Åm è AGN.

5. Ðåçóëüòàòû. Äëÿ âûÿñíåíèÿ îïòè÷åñêîé ïðèðîäû ïðîòÿæåííûõ

áëàçàðîâ, áûëè âûáðàëè îáúåêòû BZG èç êàòàëîãà BZCAT. Èç êàòàëîãà SDSS

äëÿ 150 èç 274 BZG îáúåêòîâ èìåþòñÿ îïòè÷åñêèå ñïåêòðû, äëÿ êîòîðûõ

áûëà ïðîâåäåíà äåòàëüíàÿ ñïåêòðàëüíàÿ êëàññèôèêàöèÿ. Íà ðèñ.3, 4 è 5

âèäíî, ÷òî èç 150 îáúåêòîâ 30 (20%) èìåþò êà÷åñòâåííûå îïòè÷åñêèå ñïåêòðû.

Ìû äàëè íîâóþ äåòàëüíóþ ñïåêòðàëüíóþ êëàññèôèêàöèþ äëÿ 149 îáúåêòîâ

è ëèøü îäèí îáúåêò îñòàëñÿ ñ ïðåæíåé êëàññèôèêàöèåé êàê LINER.

Ðàäèî èñëåäîâàíèå ïîêàçàëî, ÷òî èç 150 îáåêòîâ 104 èìåþò ðàäèî ñïåêòðû.

Èç òàáë.5 âèäíî, ÷òî ýòè îáúåêòû â îñíîâíîì èìåþò ïëîñêèé ðàäèî ñïåêòð

(69%). Ó òàêèõ îáúåêòîâ, â ðàäèî ñïåêòðàõ, çíà÷åíèå ðàäèîñïåêòðàëüíîãî

èíäåêñà ìåíüøå, ÷åì ±0.5. Ñ òàêèìè ðàäèî ñïåêòðàìè äîìèíèðóþò êâàçàðû,

ò.å. èññëåäóåìûå îáúåêòû äîëæíû áûòü ðîäñòâåííûìè, ñêîðåå âñåãî Ñåéôåð-

òîâñêèìè ãàëàêòèêàìè (îáúåêòû, êëàññèôèöèðîâàííûå êàê Em) è ñêðûòûìè

AGN (îáúåêòû, êëàññèôèöèðîâàííûå êàê Abs).

Èç òàáë.3 âèäíî, ÷òî èç 150 îáúåêòîâ 78 èìåþò Abs ñïåêòðû, õîòÿ îíè

â êàòàëîãå BZCAT ïðåäñòàâëåíû êàê BZG îáúåêòû. Íàøå äåòàëüíîå ðàäèî è

îïòè÷åñêîå èññëåäîâàíèå ýòèõ îáúåêòîâ ïîêàçàëî, ÷òî ó íèõ ðàäèî ïîòîêè (1400

ÌÃö, FIRST) â ñðåäíåì ñîñòàâëÿþò 0.16 ÷àñòü îïòè÷åñêîãî ïîòîêà (SDSS_r).

À òàêæå èç 78 îáúåêòîâ 66 ÿâëÿþòñÿ èñòî÷íèêàìè ðåíòãåíîâñêîãî èçëó÷åíèÿ.

Ýòî åùå ðàç ïîäòâåðæäàåò íàøå ïðåäïîëîæåíèå î òîì, ÷òî ýòè îáúåêòû ìîãóò

ÿâëÿòüñÿ ñêðûòûìè AGN.

Ðàáîòà âûïîëíåíà ïðè ïîääåðæêå Êîìèòåòà ïî íàóêå ÐÀ, â ðàìêàõ

èññëåäîâàòåëüñêîãî ïðîåêòà No. 21AG-1C053 "Âûÿâëåíèå ðàííèõ ñòàäèé

ýâîëþöèè ãàëàêòèê ñ ïîìîùüþ ìíîãîâîëíîâîãî èçó÷åíèÿ àêòèâíûõ ãàëàêòèê

(2021-2026) è ãðàíòà Íàöèîíàëüíîãî ôîíäà íàóêè è îáðàçîâàíèÿ Àðìåíèè

(ANSEF) PS-astroex-2597 "Ïîèñê è èññëåäîâàíèå ðåíòãåíîâñêèõ ãàëàêòèê

âûñîêîé ñâåòèìîñòè (2022-2023).

ÍÀÍ ÐÀ Áþðàêàíñêàÿ àñòðîôèçè÷åñêàÿ îáñåðâàòîðèÿ èì. Â.Àìáàðöóìÿíà

(ÁAO), Àðìåíèÿ, e-mail: abrahamyanhayk@gmail.com
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OPTICAL CLASSIFICATION OF BZG OBJECTS FROM
BZCAT BLAZAR CATALOG

H.V.ABRAHAMYAN, A.M.MICKAELIAN, G.M.PARONYAN,
G.A.MIKAYELYAN, A.G.SUKIASYAN

In the catalogue of blazars BZCAT, objects are divided into 4 types: BZB,

BZQ, BZG and BZU. In this work we investigate BZG objects with a purpose

of revelation of their physical nature. 150 out of 274 BZG objects have optical

spectra in the SDSS spectroscopic catalog and a detailed spectral classification for

these objects has been carried out. Radio study shows that these objects mainly

(69%) have a flat radio spectrum. For such objects, in the radio spectra, the value

for the radio spectral index is less than ±0.5. Objects with such radio spectra are

dominated by quasars. However, with the increase of redshift, radio spectrum in

average becomes steeper.

Keywords: blazar: quasar: optical spectral classification: radio spectral index
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PHOTOMETRIC STUDY AND ORBITAL SOLUTION
FOR SOME NEWLY DISCOVERED ECLIPSING

BINARY SYSTEMS
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We present an orbital solution and light curve analysis for the three newly discovered W UMa
systems: V0757 And, IK Lyn, and V0996 Per by means of first CCD observations. New times
of minima were estimated and the observed light curves were analyzed using the most recent version
of Wilson-Devinney modeling code (WD code) based on model atmospheres by Kurucz. The
accepted models revealed some parameters describing the orbit of each system which showed that
the primary components in all systems are massive and hotter than the secondary components. The
spectral types of the systems' components were adopted and the locations of the systems on the
theoretical mass-luminosity and mass-radius relations revealed a good fit for all the systems
components except the secondary components of the systems V0996 Per and V0757 And are
located above the TAMS track.

Keyword: eclipsing binaries: orbital solution: evolutionary state

1. Introduction. W UMa variables are known as low mass contact binaries

of late type spectral type (F, G or K). They are termed contact binaries because

the systems' components (primary and secondary) are in contact and transfer mass

and energy through the connecting neck and share a common envelope. The

systems are characterized by a short period range between 0.25 to around 1.0 days.

Physical parameters of the W UMa systems can be estimated through orbital

solution and light curve modelling of the systems' photometric and spectroscopic

observations. The parameters can be used to establish and follow their evolutionary

status.

The importance of light curve analysis in describing the orbits of newly discovered

eclipsing binary systems and hence revealing their evolutionary status has caught the

attention of many authors. In this paper we present the first orbital solutions and

photometric investigations for three new discovered W UMa systems, V0757 And, IK

Lyn, and V0996 Per to estimate their absolute parameters and follow their evolutionary

status. The paper consists of five sections: Section 2 is devoted to the systems'

observations and times of minima. In section 3, light curve analysis of the systems

is performed. Section 4 deals with the evolutionary state of the systems' components.

Summary of the results and conclusion are outlined in Section 5.
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2. Observations and times of minima. The variability of the systems

V0757 And, IK Lyn, and V0996 Per were detected for the first time during the

observations of other eclipsing binaries. The system V0757 And (P = 0d.4386), was

observed  in the field of view of the known variable star CP And in 2011 by

Liakos and Niachros [1], while the system IK Lyn (P = 0d.258275) was discovered

in the field of view of the known variable star CL Lyn in 2011 by Liakos and

Niachros [2]. The system V0996 Per (P = 0d.38801) was discovered in the field

of view of the variable star V881 Per in 2012 by Liakos and Niachros [3]. Table

1 listed basic information about the studied systems together with the used

comparison and check stars for each system. All observations were carried out at

the Gerostathopoulion observatory of Athens University during the period from

Jul 2010 to Nov 2011, using a 40-cm Cassegrain telescope equipped with ST-

8XMEi and ST-10XME CCD camera and the BVRI Bessell photometric filters.

The systems V0757 And, IK Lyn were observed in BI pass bands, while the

system V0996 Per was observed in BR pass bands. The corresponding phases to

each observed data were calculated for all systems observations according to the

ephemeris in Table 2 adopted by Liakos and Niachros [1-3]. Fig.1a, b, c displays

the observed light curves for the systems.

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

Variable (V0757 And) 02h12'13".79 +45o33'14".80 14.45 13.96 0.49
Comparison (GSC 03281-01868) 02h12'15".38 +45o32'40".42 13.96 - -
Check  (GSC 03281-01193) 02h12'30".46 +45o34'38".78 12.84 - -

Variable (IK Lyn) 07h58'44".09 +54o25'13".80 14.76 14.08 0.68
Comparison (GSC 3787-00524) 07h58'47".28 +54o24'15".77 13.31 - -
Check  (GSC 3783-00027) 07h58'45".65 +54o20'40".34 13.92 - -

Variable (V0996 Per) 03h00'31".00 +37o59'07".60 15.67 15.01 0.66
Comparison (USNO A2.0 1275-01924782) 03h00'27".84 +37o59'32".49 - - -
Check (USNO A2.0 1275-01922582) 03h0025".19 +37o59'20".48 - - -

Table 1

BASIC INFORMATION OF THE VARIABLE, COMPARISON,

AND CHECK STARS

Star Name Ephemeris

V0757 And Min I = HJD 2455493.2680 + 0.438600 E
IK Lyn Min I = HJD 2455576.5833 + 0.258275 E

V0996 Per Min I = HJD 2455819.5027 + 0.388010 E

Table 2

EPHEMERIS EQUATIONS FOR STUDIED SYSTEMS
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A total of 18 new times of primary and secondary minima were derived for

all studied systems using the method of Kwee and Van Worden [4] using the

software Minima V2.3 (Nelson [5]) and are listed in Table 3. Since the studied

systems are new discovered, the estimated minima can be use with additional

estimated ones revealed from future observations to study the period behavior of

the systems.

The light levels were measured at four characteristic phases (Max I, Min I,

Max II, and Min II) for all the observed light curves of the systems. The bright

Fig.1. Observed light curves for the systems: a) V0757 And, b) IK Lyn, and c) V0996 Per.
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difference between both maxima D
max 

(Max I - Max II) and minima D
min 

(Min I

- Min II) has been measured together with the amplitude (depth) of the primary

A
p
 (Min I - Max I) and the secondary A

s
 (Min II - Max I) minima for the observed

light curves of the systems V0757 And, IK Lyn and V0996 Per. The calculated

parameters are listed in Table 4.

3. Orbital solution. A photometric analysis for the systems V0757 And,

IK Lyn and V0996 Per was performed using the synthetic light curve and

Star name HJD Error Min Filter

2455493.2663 0.0009 I B
V0757 And 2455493.2668 0.0013 I I

2455493.4875 0.0008 II B
2455493.4899 0.0022 II I

2455598.2754 0.0001 I B
2455598.5373 0.0007 I B

IK Lyn 2455602.2830 0.0012 II B
2455598.2719 0.0005 I I
2455598.5329 0.0007 I I
2455602.2777 0.0007 II I

2455819.5099 0.0011 I B
2455833.4741 0.0005 I B
2455818.5314 0.0007 II B

V0996 Per 2455835.5996 0.0037 II B
2455819.4917 0028.0 I R
2455833.4828 0.0013 I R
2455818.5274 0.0005 II R
2455835.6030 0.0008 II R

Table 3

LIGHT MINIMA OF V0757 And, IK Lyn AND V0996 Per

Star name D
max

D
min

A
p

A
s

Filter

V0757 And
0.0050±0.0002 0.0450±0.0018 0.3100±0.0127 0.2650±0.0108 B
0.0080±0.0003 0.0100±0.0004 0.2480±0.0101 0.2380±0.0097 I

IK Lyn
-0.0800±0.0003 0.0500±0.0020 0.5800±0.0237 0.5300±0.0216 B
-0.0500±0.0020 0.0200±0.0008 0.5100±0.0208 0.4900±0.0200 I

V0996 Per
0.0300±0.0012 0.0800±0.0033 0.7050±0.0288 0.6250±0.0255 B
-0.0100±0.0004 0.0400±0.0016 0.6250±0.0255 0.5850±0.0239 R

Table 4

LIGHT CURVE LEVELS FOR THE SYSTEMS V0757 And,

IK Lyn AND V0996 Per
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differential corrections program of WD code (Wilson et al. [6]) based on model

atmospheres by Kurucz [7]. Temperature of the primary star T
1
 was estimated using

the (B-V) color index for each system listed in AAVSO (https://www.aavso.org/vsx/

index.php?view=search.top) by means of colour index temperature relation by Tokunaga

[8]. The adopted primary stars temperatures were used as initial values in the light

curve modelling. All individual observations of the observed light curves in each band

were analyzed instead of normal points. Gravity darkening and bolometric albedo

exponents were adopted for the convective envelopes (T
eff

 < 7500 K), therefore we

adopted A
1

 = A
2

 = 0.5 (Rucinski [9]) and g
1

 = g
2

 = 0.32 (Lucy [10]). Tables of Van

Hamme [11] were used to adopt the bolometric limb darkening using the

logarithmic law for the extinction coefficients.

Because of the lack of spectroscopic measurements (radial velocity) for the

studied systems, the initial value of mass ratio q was determined using a q-search

method. The test solutions in this technique were done at a series of assumed

mass-ratios q with the values ranging from 0.10 to 0.90 using mode 3 for over-

Fig.2. q-search of the binary sys-
tems: a) V0757 And, b) IK Lyn, and c)
V0996 Per.
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contact in WD code. A convergent solution was obtained for each assumed q, and

the resulting sum of the squared deviations  2C-O  for each value of q were

plotted in Fig.2a, b, c for all studied systems. Initial values of q corresponding

to the minima of  2C-O  that obtained for each system are adopted as an initial

value in the modeling. In computing the photometric solution, the employed

commonly adjustable parameters are; the mass ratio q, the orbital inclination i,

the temperature of the primary component T
1
 and the temperature of the

secondary component T
2
, the surface potential   (for Mode 3,  21 ) and

the monochromatic luminosity of primary star L
1
. Relative brightness of secondary

star was calculated by the stellar atmosphere model.

The observed light curves of the studied systems undergo photometric solution

analysis. Some trials were made to derive a set of parameters which marginally

represent the observed light curves. Condition of Mode 3 (overcontact) in the WD

code [6] was applied and the best photometric fitting was reached after several runs.

The accepted solution shows that the primary components in all systems are

hotter than the secondary ones. Parameters of the accepted models are listed in

Parameter V0757 And IK Lyn V0996 Per

i (o)   60.44±0.25  67.75±0.29 78.32±0.45
g

1
 = g

2
0.32 0.32 0.32

A
1
 = A

2
0.5 0.5 0.5

q (M
2
/M

1
) 0.4418±0.0016 0.7844±0.0035 0.4222±0.0030

21  2.7562±0.0057 3.2396±0.0091 2.5829±0.0078
T

1
 (oK) 6333±87 5275±43 5503±33

T
2
 (oK) 5718±7 4943±5 5373±10

in 2.7621 3.3902 2.7193

out 2.4951 2.9474 2.4641
r
1
 pole 0.4256±0.0034 0.3983±0.0075 0.4545±0.0030

r
1
 side 0.4534±0.0046 0.4243±0.0100 0.4917±0.0042

r
1
 back 0.4811±0.0062 0.4662±0.0162 0.5304±0.0063

r
2
 pole 0.2912±0.0049 0.3582±0.0083 0.3140±0.0044

r
2
 side 0.3039±0.0059 0.3793±0.0107 0.3321±0.0057

r
2
 back 0.3372±0.0100 0.4256±0.0194 0.3913±0.0135

Spot A of star 2
Latitude 120±4.90

Longitude 130±5.31
Spot radius 22±0.90
Tem. factor 1.30±0.05

2C)-(O 0.03693 0.31561 0.38067

Table 5

PHOTOMETRIC SOLUTION FOR THE SYSTEMS V0757 And,

IK Lyn, AND V0996 Per
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Table 5, while Fig.3 displays the observed light curves (dots) together with the

synthetic light curves (lines). As can be seen in Fig.3b, the observed light curves

of the system IK Lyn in BI pass bands show asymmetries, where the observed

magnitude between phases 0.1 and 0.3 is brighter than that between 0.7 and 0.9,

which could be attributed to O'Connell effect. We treated such change in the

curves, by adopting the model solution with suitable spot position in parallel with

a non-spot solution to achieve an acceptable matching to the reflected observed

Fig.3. Synthetic (lines) and observed (dots) light curves for the systems: a) V0757 And, b) IK
Lyn, and c) V0996 Per.
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points. As a result, a spotted model was adopted with a hot spot on the secondary

star that shows a good agreement between the observed and synthetic light curves. The

parameters of the accepted model for the system IK Lyn are listed in Table 5.

Absolute physical parameters for the components of the studied systems were

calculated using the empirical T
eff
-mass relation by Harmanec [12], All the

calculated physical parameters for the systems were listed in Table 6. It's clear

that the accepted photometric solution and the estimated physical parameters show

that the primary components are hotter and massive than the secondary ones in

all systems. The spectral types of the systems' components were adopted according

to the parameters of the accepted orbital solutions (Popper [13]). Three-dimen-

sional geometrical structure for the studied systems were constructed as shown in

Fig.4 using the software Package Binary Maker 3.03 (Bradstreet and Steelman

[14]) based on the calculated parameters  resulted from the adopted models.

4. Evolutionary state. Evolutionary state of the studied systems was

investigated using their estimated physical parameters as listed in Table 6 by means

of mass-luminosity (M-L) and mass-radius (M-R) relations and the evolutionary

tracks computed by Girard et al. [15] for both zero age main sequence stars

(ZAMS) and thermal age main sequence stars (TAMS) with metallicity z = 0.019.

Luminosity-effective temperature (L-T
eff
) relation of non-rotated models and the

empirical mass-effective temperature (M-T
eff
) relation of the intermediate and low

mass eclipsing binaries were also used in investigating the evolutionary states of

Note: The subscript/superscript 1 and 2 refers to the primary and secondary components,
respectively.

Parameter Star name

V0757 And IK Lyn V0996 Per

MM /1 1.2937±0.0528 0.9390±0.0383 1.0175±0.0415

MM /2 0.5716±0.0233 0.7366±0.0301 0.4296±0.0175

RR /1 1.3797±0.0563 1.0372±0.0423 1.1159±0.0456

RR /2 1.1878±0.0485 0.9183±0.0375 1.0714±0.0437

TT /1 1.0961±0.0448 0.9130±0.0373 0.9524±0.0389

TT /2 0.9896±0.0404 0.8555±0.0349 0.9299±0.0380

LL /1 2.7434±0.1120 0.7463±0.0305 1.0232±0.0418

LL /2 1.3513±0.0552 0.4511±0.0184 0.8572±0.0350
M

bol1
3.6543±0.1492 5.0677±0.2069 4.7252±0.1929

M
bol2

4.4231±0.1806 5.6145±0.2292 4.9174±0.2008
Sp. Type (F7)1, (G3)2 (G8)1, (K1)2 (G6)1, (G7)2

Table 6

ABSOLUTE PHYSICAL PARAMETERS FOR THE SYSTEMS:

V0757 And, IK Lyn AND V0996 Per
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the systems. Fig.5a, b displays the locations of the studied systems' components (S
1
,

S
2
) on the mass-luminosity (M-L) and mass-radius (M-R) relations. As shown in

Fig.5, the components of the systems are located near the ZAMS for (M-R) relation

and (M-L) relation except for the secondary components of the systems V0996 Per

and V0757 And where they lied above the TAMS track. Deviation of these secondary

components can be ascribed to the energy transfer from the primary components

to the secondary ones through the common convective envelope of these two

systems, as suggested by Lucy [18]. Using the non-rotating evolutionary models of

Fig.4. Three dimension structure of the binary systems: a) V0757 And, b) IK Lyn, and c)
V0996 Per.

Phase=0.95Phase=0.15
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Phase=0.65
Phase=0.75
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Ekstrom et al [16] at solar metallicity z = 0.014, we assigned the components of

the studied systems to the T
eff
-luminosity relation as shown in Fig.6 where all

components of the studied systems lie on their expected positions.

Fig.6. Positions of the components (S1, S2) of the systems V0757 And, IK Lyn and V0996
Per on the effective temperature-luminosity diagram of Ekstrom et al [16].

Fig.5. Positions of the components (S1, S2) of the systems V0757 And, IK Lyn and V0996
Per on the theoretical: a) mass-luminosity diagram and b) mass-radius diagram of Girardi et al. [15].
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Mass-effective temperature relation (M-T
eff
) for the intermediate and low mass

stars (Malkov [17]) is displayed in Fig.7 for all the studied systems. The locations

of the studied systems on the (M-T
eff
) diagram showed a good fit for the systems'

components excepts for the secondary component (S2) of systems V0996 Per and

V0757 And. The behaviour of the components on the M-T
eff
 diagram is similar to

their behaviour on the previously discussed M-L and M-R diagrams, shown in Fig.5a,

b, and we ascribed the reason for such behaviour to the same previous argument,

that is; energy transfer from the primary to the secondary component of these two

systems through the common convective envelope, as suggested by Lucy [18].

5. Discussion and conclusion. The new overcontact systems V0757 And,

IK Lyn were discovered in 2011, while the system V0996 Per is discovered in

2012, all by Liakos and Niachros [1-3]. A complete light curves were observed

for the systems from July 2010 to Nov 2011 and new times of minima (primary

and secondary) were calculated for all studied systems. Results of the first

photometric analysis for the systems showed that the primary components in all

systems are hotter and massive than the secondary components. The evolutionary

state of the systems under study has been investigated to explore their behavior

on M-R and M-L relations. Locations of the components of the systems on

Fig.7. Positions of the components (S1, S2) of the systems V0757 And, IK Lyn, and V0996

Per on the empirical M -T
eff
 relation for low-intermediate mass stars by Malkov [17].
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M-R and M-L relations reveled a good fit to the ZAMS track except for the

secondary components of the systems V0996 Per and V0757 And where they

located above the TAMS track. In similar fashion, locations of the systems'

components on the M-T
eff
 diagram showed a good fit for the components of

systems except for the secondary components of systems V0996 Per and V0757

And. We ascribed such behaviour, in both cases, to an energy transfer from the

primary to the secondary component of the two systems through the common

convective envelope, as suggested by Lucy [18].
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ÔÎÒÎÌÅÒÐÈ×ÅÑÊÎÅ ÈÑÑËÅÄÎÂÀÍÈÅ È
ÎÐÁÈÒÀËÜÍÎÅ ÐÅØÅÍÈÅ ÄËß ÍÅÄÀÂÍÎ

ÎÒÊÐÛÒÛÕ ÇÀÒÌÅÍÍÎ-ÄÂÎÉÍÛÕ ÑÈÑÒÅÌ

Ì.Ñ.ÀËÅÍÀÇÈ1, Ì.Ì.ÝËÜÕÀÒÈÁ2

Ïðåäñòàâëåíî îðáèòàëüíîå ðåøåíèå è àíàëèç êðèâûõ áëåñêà äëÿ òðåõ

íåäàâíî îòêðûòûõ ñèñòåì W UMa: V0757 And, IK Lyn è V0996 Per ñ ïîìîùüþ

ïåðâûõ ÏÇÑ-íàáëþäåíèé. Áûëè îöåíåíû íîâûå âðåìåíà ìèíèìóìîâ è

ïðîàíàëèçèðîâàíû íàáëþäàåìûå êðèâûå áëåñêà ñ èñïîëüçîâàíèåì ñàìîé

ïîñëåäíåé âåðñèè êîäà ìîäåëèðîâàíèÿ Óèëñîíà-Äåâèííè (êîä WD),

îñíîâàííîãî íà ìîäåëÿõ àòìîñôåð Êóðóöà. Ïðèíÿòûå ìîäåëè ïîçâîëèëè

âûÿâèòü íåêîòîðûå ïàðàìåòðû, îïèñûâàþùèå îðáèòó êàæäîé ñèñòåìû, êîòîðûå

ïîêàçàëè, ÷òî ïåðâè÷íûå êîìïîíåíòû âî âñåõ ñèñòåìàõ ìàññèâíåå è ãîðÿ÷åå,

÷åì âòîðè÷íûå êîìïîíåíòû. Ñïåêòðàëüíûå êëàññû êîìïîíåíòîâ ñèñòåì è

ðàñïîëîæåíèå ñèñòåì ïî òåîðåòè÷åñêèì ñîîòíîøåíèÿì ìàññà-ñâåòèìîñòü è

ìàññà-ðàäèóñ ïîêàçàëè õîðîøåå ñîîòâåòñòâèå äëÿ âñåõ êîìïîíåíòîâ ñèñòåì,

êðîìå âòîðè÷íûõ êîìïîíåíòîâ ñèñòåì V0996 Per è V0757 And, ðàñïîëîæåííûõ

âûøå ïîñëåäîâàòåëüíîñòè TAMS.

Êëþ÷åâûå ñëîâà: çàòìåííî-äâîéíûå ñèñòåìû: ìîäåëèðîâàíèå êðèâîé áëåñêà:

     ýâîëþöèîííîå ñîñòîÿíèå
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ÑÂÅÐÕÁÛÑÒÐÀß ÏÅÐÅÌÅÍÍÎÑÒÜ ÏÐÎÔÈËÅÉ ËÈÍÈÉ
Â ÑÏÅÊÒÐÀÕ Ori

À.Ô.ÕÎËÒÛÃÈÍ1, Â.Á.ÏÓÇÈÍ2, È.Â.ÑÎÊÎËÎÂ2, Ì.Ñ.ÊÓÐÄÎßÊÎÂÀ1

Ïîñòóïèëà 4 äåêàáðÿ 2022
Ïðèíÿòà ê ïå÷àòè 3 ôåâðàëÿ 2023

Ïðåäñòàâëåíû ðåçóëüòàòû íàáëþäåíèé âûñîêîãî âðåìåííîãî ðàçðåøåíèÿ ( 2~T  ìèí)
B2V çâåçäû  Ori íà 2-ì òåëåñêîïå îáñåðâàòîðèè Ïèê Òåðñêîë. Çàðåãèñòðèðîâàíû ðåãóëÿðíûå
êîìïîíåíòû âàðèàöèé ïðîôèëåé ëèíèé ñ ïåðèîäàìè îò ~57 ìèí äî ~130 ìèí. Îáñóæäàåòñÿ
ïðèðîäà òàêèõ âàðèàöèé.

Êëþ÷åâûå ñëîâà: çâåçäû: ñïåêòðû - ïðîôèëè ëèíèé - ïåðåìåííîñòü: èíäèâè-

     äóàëüíûå:  Ori

1. Ââåäåíèå. Ïðîôèëè ëèíèé â ñïåêòðàõ OB çâåçä ïåðåìåííû íà

âðåìåííûõ øêàëàõ îò äíåé äî ÷àñîâ [1-3]. Âàðèàöèè ïðîôèëåé ëèíèé

òðàäèöèîííî èíòåðïðåòèðóþòñÿ êàê ðåçóëüòàò âðàùàòåëüíîé ìîäóëÿöèè [4]

èëè íåðàäèàëüíûõ ïóëüñàöèé (ÍÐÏ) [5]. Äëÿ çâåçä ñïåêòðàëüíîãî êëàññà A

ïåðèîäû âàðèàöèé ïðîôèëåé ñóùåñòâåííî âîçðàñòàþò. Òàê, ñîãëàñíî Kaufer

et al. [6] ïåðèîä âàðèàöèé ïðîôèëåé ëèíèè â ñïåêòðå A0 ñâåðõãèãàíòà HD

92207 â ðåçóëüòàòå íåðàäèàëüíûõ ïóëüñàöèé ñîñòàâëÿåò 26 äíåé.

Âàðèàöèè ïðîôèëåé ëèíèé â ñïåêòðàõ OBA çâåçä íà áîëåå êîðîòêèõ

øêàëàõ âðåìåíè íå îæèäàëèñü. Òåì áîëåå óäèâèòåëüíûì áûëî îáíàðóæåíèå

áûñòðûõ èçìåíåíèé ïðîôèëåé â ñïåêòðå HD 92207. Hubrig et al. [7] îáíàðóæèëè

èçìåíåíèÿ ïðîôèëåé ëèíèé Si II è Fe II â ñïåêòðàõ çâåçäû íà ïðîìåæóòêàõ

âðåìåíè 1-2 ìèí ñ àìïëèòóäîé 3-5% îò ïîòîêà â ñîñåäíåì ñ ëèíèåé êîíòèíóóìå.

Ýòà ðàáîòà ñòèìóëèðîâàëà íàøó ïðîãðàììó èññëåäîâàíèÿ ñâåðõáûñòðîé

ïåðåìåííîñòè íà ìèíóòíûõ øêàëàõ â ñïåêòðàõ çâåçä ðàííèõ ñïåêòðàëüíûõ

êëàññîâ. ×òîáû ïðîâåðèòü, øèðîêî ëè ðàñïðîñòðàíåíû ïîäîáíûå êîðîòêî-

ïåðèîäè÷åñêèå ñïåêòðàëüíûå âàðèàöèè ñðåäè OBA çâåçä, ìû ïðîàíàëèçèðîâàëè

âàðèàöèè ïðîôèëåé ëèíèé â ñïåêòðàõ ÿðêèõ OBA çâåçä, ïîëó÷åííûõ ñ

âûñîêèì (ìèíóòà è ìåíüøå) âðåìåííûì ðàçðåøåíèåì ïðè èñïîëüçîâàíèè

ðåäóêòîðà ñâåòîñèëû 6-ì òåëåñêîïà ÁÒÀ SCORPIO [8].

Íàøà ïðîãðàììà ïîèñêà âàðèàöèé ïðîôèëåé ëèíèé íà êîðîòêèõ âðåìåííûõ

øêàëàõ áûëà ïðîäîëæåíà â 2019ã. òàêæå íà 6-ì òåëåñêîïå ÁÒÀ, íî óæå ñ

èñïîëüçîâàíèåì ñïåêòðîãðàôà ÎÇÑÏ (Panchuk et al. [9]), îñíàùåííîãî
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àíàëèçàòîðîì êðóãîâîé ïîëÿðèçàöèè è ðåçàòåëåì èçîáðàæåíèé [10].

Â 2019-2021ãã. ñïåêòðàëüíûå íàáëþäåíèÿ ïðîâîäèëèñü òàêæå íà 1.25-ì

òåëåñêîïå Êðûìñêîé àñòðîíîìè÷åñêîé ñòàíöèè ÃÀÈØ ÌÃÓ [11] è íà 1-ì

òåëåñêîïå ÑÀÎ ñî ñïåêòðîãðàôîì íèçêîãî ðàçðåøåíèÿ UAGS [12], íà êîòîðîì

áûëî ïîëó÷åíî ïî÷òè 1800 ñïåêòðîâ òðåõ OBA çâåçä. È, íàêîíåö, ñ 2019 ïî

2021ãã. áûëè âûïîëíåíû íàáëþäåíèÿ íà Ìíîãîìîäîâîì ñïåêòðîãðàôå MMCS

ôîêóñà Êàññåãðåíà òåëåñêîïà Zeiss-2000 îáñåðâàòîðèè Ïèê Òåðñêîë [13]. Áûëî

ïîëó÷åíî 424 ñïåêòðà 17-òè OBA çâåçä.

Ê íàñòîÿùåìó âðåìåíè ïî ïðîãðàììå èññëåäîâàíèÿ ñâåðõáûñòðîé ïåðå-

ìåííîñòè ïîëó÷åíî ñâûøå 20-òè òûñÿ÷ ñïåêòðîâ 39-òè çâåçä OBAFGM çâåçä.

Â [14,15] ïðåäñòàâëåíû îáçîðû ñäåëàííûõ íàáëþäåíèé.

Íàèáîëåå èíòåðåñíûå ðåçóëüòàòû áûëè ïîëó÷åíû Õîëòûãèíûì è äð. [16]

â ðåçóëüòàòå àíàëèçà áûñòðûõ âàðèàöèé â ñïåêòðàõ BIa ñâåðõãèãàíòà Leo.

Áûëè çàðåãèñòðèðîâàíû ðåãóëÿðíûå âàðèàöèè ïðîôèëåé ëèíèé H è He ñ

ïåðèîäàìè îò 2 äî 90 ìèí, à òàêæå íåðåãóëÿðíûå âàðèàöèè ïðîôèëåé ëèíèé

íà ïðîìåæóòêå âðåìåíè ìåíüøå 1 ìèí. Èñïîëüçîâàíèå ìåòîäîâ îêîííîãî

Ôóðüå-ïðåîáðàçîâàíèÿ [17] ïîçâîëèëî îáíàðóæèòü òðàíçèåíòíûå âàðèàöèè

ïðîôèëåé ñ âðåìåíåì æèçíè â íåñêîëüêî äåñÿòêîâ ìèíóò è ñî ñëàáîïåðå-

ìåííûìè ïåðèîäàìè â îáëàñòè ÷àñòîò 0.1 - 0.5 ìèí-1 (ïåðèîäû 2-10 ìèí).

Íàëè÷èå òàêèõ êîìïîíåíòîâ ðåãóëÿðíûõ âàðèàöèé ïðîôèëåé ëèíèé áûëî

îáúÿñíåíî ïðè ïðåäïîëîæåíèè, ÷òî âûñîêèå ìîäû íåðàäèàëüíûõ ïóëüñàöèé

íåñòàáèëüíû è ìîãóò êàê çàòóõàòü, òàê è ãåíåðèðîâàòüñÿ íà êîðîòêèõ øêàëàõ

âðåìåíè îò 10 äî 100 ìèí. Ïîäîáíûå òðàíçèåíòíûå âàðèàöèè ïðîôèëåé áûëè

òàêæå âûÿâëåíû ó áûñòðîâðàùàþùåéñÿ O9.5III çâåçäû [14], ÷òî ñâèäå-

òåëüñòâóåò î âîçìîæíîñòè íàëè÷èÿ òàêîãî òèïà ñïåêòðàëüíîé ïåðåìåííîñòè

è ó äðóãèõ OB çâåçä.

Â íàñòîÿùåé ðàáîòå èññëåäóåòñÿ ïåðåìåííîñòü ïðîôèëåé ëèíèé â ñïåêòðå

B2III çâåçäû  Ori (Áåëëàòðèêñ, 24 Ori, HR 1790, HD 35468, 2MASS

J05250786+0620589) èç àíàëèçà ïåðåìåííîñòè ïðîôèëåé ëèíèé, ïîëó÷åííûõ

íà 2-ì òåëåñêîïå îáñåðâàòîðèè Ïèê Òåðñêîë â íî÷è 18/19 è 20/21 ÿíâàðÿ

2019ã. Çâåçäà  Ori èçâåñòíà êàê íèçêî àìïëèòóäíàÿ íåðåãóëÿðíàÿ ïåðåìåííàÿ

[18]. Áûñòðàÿ ñïåêòðàëüíàÿ ïåðåìåííîñòü  Ori äî íàñòîÿùåãî âðåìåíè íå

èçó÷åíà, ÷òî äåëàåò åå èíòåðåñíûì îáúåêòîì èññëåäîâàíèÿ.

Íàñòîÿùàÿ ñòàòüÿ îðãàíèçîâàíà ñëåäóþùèì îáðàçîì. Â ðàçäåëå 2 ïðåä-

ñòàâëåíû îñíîâíûå ñâåäåíèÿ îá èçó÷àåìîì îáúåêòå. Âûïîëíåííûå íàáëþäåíèÿ

è ïðîöåäóðà èõ îáðàáîòêè îïèñàíû â ðàçäåëå 3. Âàðèàöèè ïðîôèëåé ëèíèé

â ñïåêòðå  Ori îáñóæäàþòñÿ â ðàçäåëå 4. Ðåçóëüòàòû Ôóðüå-àíàëèçà âàðèàöèé

ïðîôèëåé ëèíèé ïðåäñòàâëåíû â ðàçäåëå 5, âåéâëåò àíàëèçà - â 6, â 7 -

îáñóæäàþòñÿ ðåçóëüòàòû èññëåäîâàíèÿ è âûâîäû ê ñòàòüå.
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2. Îñíîâíûå ñâåäåíèÿ î çâåçäå. Çâåçäà  Ori ÿâëÿåòñÿ îòíîñèòåëüíî

ìåäëåííî âðàùàþùåéñÿ çâåçäîé ñïåêòðàëüíîãî êëàññà B2 II-III [19]. Íà

äèàãðàììå ÃÐ çâåçäà  Ori íàõîäèòñÿ â îáëàñòè ïåðåìåííûõ çâåçä òèïà Cep

ðàííèõ ïîäêëàññîâ ñïåêòðàëüíîãî êëàññà B [5,20].

Ïàðàìåòðû çâåçäû ïðåäñòàâëåíû â òàáë.1, ãäå T
eff
 - ýôôåêòèâíàÿ òåìïåðàòóðà

çâåçäû, g - óñêîðåíèå ñèëû òÿæåñòè, M - ìàññà çâåçäû, R - åå ðàäèóñ, M

- òåìï ïîòåðè ìàññû çâåçäîé, L - áîëîìåòðè÷åñêàÿ ñâåòèìîñòü, V sini -

ñêîðîñòü âðàùåíèÿ çâåçäû, P
rot

 - ïåðèîä âðàùåíèÿ, Age - âîçðàñò çâåçäû.

Ñîäåðæàíèå ýëåìåíòîâ â ëîãàðèôìè÷åñêîé øêàëå äàíî â ôèãóðíûõ ñêîáêàõ.

Ýôôåêòèâíàÿ òåìïåðàòóðà çâåçäû T
eff
 îïðåäåëÿåòñÿ íå âïîëíå íàäåæíî.

Ñîãëàñíî Simon-Diaz et al. [21] T
eff

 = 19500 K, òîãäà êàê Gies et al. [22] (1992)

ïðèâîäÿò çíà÷åíèå T
eff

 = 22570 K. Çâåçäà  Ori ÿâëÿåòñÿ ÿðêèì ðåíòãåíîâñêèì

èñòî÷íèêîì, ÷òî êîñâåííî ñâèäåòåëüñòâóåò î íàëè÷èè ó íåå ìàãíèòíîãî ïîëÿ.

Ðåíòãåíîâñêàÿ ñâåòèìîñòü 291055  .Lx  ýðã/ñ ñ îòíîøåíèåì ðåíòãåíîâñêîé

ñâåòèìîñòè ê áîëîìåòðè÷åñêîé 81022  .LL Bolx  [23].

Â òî æå âðåìÿ ìàãíèòíîå ïîëå çâåçäû äî íàñòîÿùåãî âðåìåíè íå îáíàðóæåíî.

Èçìåðåíèÿ Butkovskaya, Plachinda [24] äàëè 4 çíà÷åíèÿ ïðîäîëüíîé êîìïîíåíòû

ìàãíèòíîãî ïîëÿ B
l
 â èíòåðâàëå îò -28.3 äî 80.3 Ãñ. Ê ñîæàëåíèþ, íè îäíî

èç ýòèõ çíà÷åíèé íå îïðåäåëåíî íà óðîâíå òðåõ ñòàíäàðòíûõ îòêëîíåíèé,

ïîýòîìó âîïðîñ î ìàãíèòíîì ïîëå  Ori îñòàåòñÿ îòêðûòûì.

Âîçðàñò  Ori îïðåäåëåí íàìè ïî åå ñâåòèìîñòè è òåìïåðàòóðå, ïðèâåäåííûõ

â òàáë.1 è ïîëîæåíèþ (ñì. ðèñ.1) îòíîñèòåëüíî èçîõðîí âðàùàþùèõñÿ

ìàññèâíûõ çâåçä [25]. Ïîëó÷åííûé âîçðàñò áëèçîê ê âîçðàñòó çâåçä ãîëóáîãî

ïîòîêà çâåçä Îðèîíà (Orion blue stream), ñîãëàñíî Bouy, Alves [29] (ðèñ.5),

Ïàðàìåòð Çíà÷åíèå Ññûëêà

T
eff
, Ê 22000 [19]

logg 3.60 [19]

MM / 8.6 ± 0.3 [26]

RR / 5.75 [27]
)/log( MM -8.33 ± 0.09 [28]

)/log( LL 3.87 [28]
- 3.96 [27]

V sini (êì/ñ) 53 [21]
{He} 11.0 [19]
{C} 8.20 ± 0.16 [22]
{N} 7.81 ± 0.22 [22]
{O} 8.68 ± 0.14 [22]

Age (106 ëåò) 19.5 ± 2.5 Íàñòîÿùàÿ ðàáîòà

Òàáëèöà 1

ÏÀÐÀÌÅÒÐÛ  Ori
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÷òî ïîäòâåðæäàåò ýâîëþöèîííóþ áëèçîñòü çâåçä ãîëóáîãî ïîòîêà è  Ori.

Çíà÷åíèå âîçðàñòà  Ori, ñîãëàñíî Tetzlaff et al. [26], ðàâíî   61072225  ..

ëåò, ÷òî ïðåäñòàâëÿåòñÿ çàâûøåííûì.

3. Íàáëþäåíèÿ. Íàáëþäåíèÿ  Ori áûëè âûïîëíåíû íà 2-ì òåëåñêîïå

îáñåðâàòîðèè Ïèê Òåðñêîë ÒÔ ÈÍÀÑÀÍ â íî÷è 18/19 è 20/21 ÿíâàðÿ 2019ã.

ñ èñïîëüçîâàíèåì ýøåëëå ñïåêòðîìåòðà MMCS â ôîêóñå Êàññåãðåíà.

Â òàáë.2 ïðåäñòàâëåí æóðíàë íàáëþäåíèé  Ori. Ñïåêòðû ñ íîìåðàìè

44136-44156, ïîëó÷åíû â íî÷ü 18/19 ÿíâàðÿ 2019ã. ñ ýêñïîçèöèåé 60 ñ, à äëÿ

ñïåêòðîâ, ïîëó÷åííûõ â íî÷ü 20/21 ÿíâàðÿ 2019ã., èñïîëüçîâàëàñü ýêñïîçèöèÿ

50 ñ.

Ñïåêòðû áûëè ïîëó÷åíû â îáëàñòè Å7447-3598  ñî ñïåêòðàëüíûì

ðàçðåøåíèåì ~15000. Êàëèáðîâêà ñïåêòðîâ áûëà âûïîëíåíà îòäåëüíî äëÿ

êàæäîãî èç 27 ýøåëëå ïîðÿäêîâ. ×óâñòâèòåëüíîñòü ìàòðèöû ñóùåñòâåííî

ïàäàåò ê åå êðàÿì, ïîýòîìó äëÿ àíàëèçà ïåðåìåííîñòè ïðîôèëåé âûáèðàëèñü

ëèíèè áëèæå ê ñåðåäèíå ïîðÿäêà.

Ïîëó÷åííûå ñïåêòðû íîðìèðîâàëèñü íà êîíòèíóóì. Äëÿ èëëþñòðàöèè

êîððåêòíîñòè ïðîöåäóðû íîðìèðîâêè óñðåäíåííûå çà äâå íàáëþäàòåëüíûå

íî÷è, íîðìèðîâàííûå ñïåêòðû â îáëàñòè äëèí âîëí Å4665-5884  ïðåäñòàâ-

ëåíû íà ðèñ.2. Îòëè÷èå íîðìèðîâàííûõ ñïåêòðîâ, óñðåäíåííûõ çà ðàçíûå

íî÷è, íå ïðåâûøàåò 1%.

4. Âàðèàöèè ïðîôèëåé ëèíèé. Ïðîôèëè ëèíèé, ïðèãîäíûå äëÿ àíàëèçà

Ðèñ.1.  Ori íà äèàãðàììå Ãåðöøïðóíãà-Ðàññåëà. Ïðèâåäåíû èçîõðîíû äëÿ âîçðàñòîâ
  îò 18.2 äî 21.2 (â åäèíèöàõ 10

6
 ëåò) ñîãëàñíî Brott et al. [25] äëÿ ñêîðîñòè âðàùåíèÿ

çâåçäû 50 êì/ñ.

Teff, K

lo
g
(L

/
L

)

26

3.4

18.2 Myr

18.8 Myr

19.2 Myr

19.8 Myr

20.2 Myr
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21.2 Myr

24 22 20 18

3.6

3.8

4.0

4.2

4.4
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èõ ïåðåìåííîñòè, áûëè íîðìèðîâàíû íà ëîêàëüíûé êîíòèíóóì. Ñðåäíèå

íîðìèðîâàííûå ïðîôèëè ëèíèè H  è HeI 4922, ïîëó÷åííûå â ðàçíûå íî÷è

íàáëþäåíèé, ïîêàçàíû íà ðèñ.3. Âèäíî, ÷òî ïðîôèëè ëèíèé ìåíÿþòñÿ îò

íî÷è ê íî÷è íå áîëåå, ÷åì íà íà 1-2% â åäèíèöàõ èíòåíñèâíîñòè ñîñåäíåãî

ñ ëèíèåé êîíòèíóóìà. Â êðûëüÿõ ïðîôèëÿ ëèíèè HeI 4922 â ñïåêòðå  Ori

âèäíû ñëàáûå ëèíèè OII, SII è FeII.

Õàðàêòåð ïåðåìåííîñòè âèäåí íà ðèñ.4, íà êîòîðîì ïðèâåäåíû ðàçíîñòíûå

ïðîôèëè  itVd  ,  ëèíèé HeI 4922 è HeI 5876, ãäå:

     .  , , VFtVFtVd ii  (1)

Çäåñü  itVF  ,  - ïðîôèëü ëèíèè â ìîìåíò âðåìåíè t = t
i
,   cV 0  -

äîïëåðîâñêîå ñìåùåíèå îò öåíòðàëüíîé äëèíû âîëíû ëèíèè 0 , c - ñêîðîñòü

ñâåòà, à  VF  - ïðîôèëü ëèíèè, óñðåäíåííûé ïî âñåì àíàëèçèðóåìûì ñïåêòðàì.

No. ñïåêòðà MJD No. ñïåêòðà MJD No. ñïåêòðà MJD

44136 58501.93611 44150 58501.95972 44351 58503.85417
44137 58501.93750 44151 58501.96111 44352 58503.85556
44138 58501.93819 44152 58501.96319 44353 58503.85764
44139 58501.93958 44153 58501.96458 44354 58503.85972
44140 58501.94167 44154 58501.96667 44355 58503.86111
44141 58501.94375 44155 58501.96875 44356 58503.86319
44142 58501.94514 44156 58501.97014 44357 58503.86458
44143 58501.94722 44344 58503.83681 44358 58503.86667
44144 58501.94861 44345 58503.84167 44359 58503.86875
44145 58501.95069 44346 58503.84514 44360 58503.87153
44146 58501.95208 44347 58503.84653 44361 58503.87292
44147 58501.95417 44348 58503.84861 44362 58503.87500
44148 58501.95556 44349 58503.85069 44363 58503.87639
44149 58501.95764 44350 58503.85208 44364 58503.87847

Òàáëèöà 2

ÆÓÐÍÀË ÍÀÁËÞÄÅÍÈÉ  Ori

Ðèñ.2. Íîðìèðîâàíûå ñïåêòðû  Ori â îáëàñòè Å4665-5884 , óñðåäíåííûå ïî âñåì
èíäèâèäóàëüíûì ñïåêòðàì, ïîëó÷åííûì â íî÷è 18 è 20 ÿíâàðÿ 2019ã.
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Äèíàìè÷åñêèå ñïåêòðû âàðèàöèé ïðîôèëåé ëèíèé H  â íî÷è íàáëþäåíèé

18/19 è 20/21 ÿíâàðÿ 2019ã. ïîêàçàíû íà ðèñ.5. Äëÿ áîëüøåé íàãëÿäíîñòè

âñå ñïåêòðû ïðåäñòàâëåíû â åäèíîé øêàëå âðåìåíè. Íà÷àëî îòñ÷åòà (T = 0)

ñîîòâåòñòâóåò äàòå MJD = 58501.93611, êîíåö - äàòå MJD = 58503.87847 ïîëó-

÷åíèÿ ïîñëåäíåãî ñïåêòðà. Ïîëíàÿ äëèòåëüíîñòü íàáëþäåíèé 942361.Tmax 

äíÿ (ñì. òàáë.2). Êàê âèäíî èç àíàëèçà ðèñóíêîâ, õàðàêòåð ïåðåìåííîñòè

ïðîôèëåé ïîäîáåí äëÿ ðàçíûõ äàò íàáëþäåíèé.

5. Ôóðüå-àíàëèç ïðîôèëåé ëèíèé. Äëÿ ïîèñêà ïåðèîäè÷åñêèõ êîìïî-

íåíòîâ â âàðèàöèÿõ ïðîôèëåé ëèíèé áûë âûïîëíåí Ôóðüå-àíàëèç ðàçíîñòíûõ

ïðîôèëåé ëèíèé â ñïåêòðå  Ori. Äëÿ êàæäîé òî÷êè íà ïðîôèëå ëèíèè,

õàðàêòåðèçóåìîé êàêèì-ëèáî çíà÷åíèåì äîïëåðîâñêîãî ñìåùåíèÿ V = V
k
,

Ðèñ.4. Ðàçíîñòíûå ñïåêòðû âàðèàöèé ïðîôèëåé ëèíèè HeI 4922 (ñëåâà) è HeI 5876
(ñïðàâà) â íî÷è íàáëþäåíèé 18/19 ÿíâàðÿ 2019ã. (ñïëîøíûå ëèíèè) è 20/21 ÿíâàðÿ 2019ã.

(ïóíêòèð).

Ðèñ.3. Ñðåäíèå íîðìèðîâàííûå ïðîôèëè ëèíèé H  (ñëåâà) è HeI 4922 (ñïðàâà).
Ïóíêòèðíàÿ ëèíèÿ - ñðåäíèé ñïåêòð ïî âñåì 42 íàáëþäåíèÿì.
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ñîâîêóïíîñòü çíà÷åíèé   ik tVd  , , i = 1, ..., N, ãäå N - ÷èñëî àíàëèçèðóåìûõ

ïðîôèëåé, ïðåäñòàâëÿåò ñîáîé àíàëèçèðóåìûé âðåìåííîé ðÿä.

Äëÿ ïîèñêà ðåãóëÿðíûõ êîìïîíåíòîâ êàæäîãî èç òàêèõ ðÿäîâ äëÿ âñåõ

çíà÷åíèé V
k
 â ïðåäåëàõ ïðîôèëÿ ëèíèè áûë èñïîëüçîâàí ìåòîä CLEAN [30].

Â Ôóðüå-ñïåêòðå ïðèñóòñòâóþò ðåãóëÿðíûå êîìïîíåíòû ñ ÷àñòîòàìè, ñîîò-

âåòñòâóþùèìè ìàêñèìóìàì àìïëèòóäû Ôóðüå-ñïåêòðà, êîòîðûå ïðåâûøàþò

çíà÷åíèå, ñîîòâåòñòâóþùåå âûáðàííîìó óðîâíþ çíà÷èìîñòè. Â òàáë.3 ïðåäñòàâ-

ëåíû íàéäåííûå ÷àñòîòû (êîëîíêà 2) è ïåðèîäû âîçìîæíûõ ãàðìîíè÷åñêèõ

êîìïîíåíòîâ âàðèàöèé ïðîôèëåé àíàëèçèðóåìûõ ëèíèé â ÷àñàõ (êîëîíêà 3)

è ìèíóòàõ (êîëîíêà 4). Óðîâåíü çíà÷èìîñòè, ñîîòâåòñòâóþùèé íàéäåííûì

êîìïîíåíòàì, ïðèâåäåí â 5 êîëîíêå òàáëèöû.

Â êîëîíêàõ 6-8 òàáë.3 çíàê ïëþñ óêàçûâàåò, ÷òî ñîîòâåòñòâóþùèé êîìïîíåíò

ïðèñóòñòâóåò â Ôóðüå-ñïåêòðå, à çíàê ìèíóñ -, ÷òî íà äàííîì óðîâíå çíà÷èìîñòè

îí íå îáíàðóæåí, õîòÿ ïðè áîëüøåì óðîâíå çíà÷èìîñòè îí ìîæåò áûòü

çàðåãèñòðèðîâàí. Â ïîñëåäíåé êîëîíêå óêàçàíî ÷èñëî ëèíèé, â âàðèàöèÿõ

êîòîðûõ îáíàðóæåí äàííûé êîìïîíåíò.

Èç ÷èñëà íàéäåííûõ ãàðìîíè÷åñêèõ êîìïîíåíòîâ âàðèàöèé ïðîôèëåé

ëèíèé áûëè óäàëåíû êîìïîíåíòû ñ ÷àñòîòîé, áîëüøåé ÷àñòîòû Íàéêâèñòà
Nq . Â ñèëó íàëè÷èÿ áîëüøîãî ïðîïóñêà â ðàññìàòðèâàåìîì íàìè âðåìåííîì

ðÿäå âàðèàöèé ïðîôèëåé ëèíèé îïðåäåëèì âåëè÷èíó 
Nq  êàê íàèìåíüøåå

èç çíà÷åíèé Nq
18  è Nq

20 , ãäå ÷àñòîòà Íàéêâèñòà äëÿ ïåðâîé íî÷è íàáëþäåíèé
meanNq T.  5018 , à ñðåäíèé ïðîìåæóòîê âðåìåíè ìåæäó îòñ÷åòàìè ïåðâîé

Ðèñ.5. Äèíàìè÷åñêèå ñïåêòðû âàðèàöèé ïðîôèëåé ëèíèé H  â íî÷è íàáëþäåíèé 18/19

ÿíâàðÿ 2019ã. (ñëåâà) è 20/21 ÿíâàðÿ 2019ã. (ñïðàâà).
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íî÷è íàáëþäåíèé  1 NTT mean . Çäåñü T = 0.0356 äíÿ - ïðîäîëæèòåëüíîñòü

íàáëþäåíèé â íî÷ü 18/19 ÿíâàðÿ 2019ã., à N = 21 - ÷èñëî ñïåêòðîâ, ïîëó÷åííûõ

çà íî÷ü. Àíàëîãè÷íûì îáðàçîì îïðåäåëÿåòñÿ âåëè÷èíà Nq
20 . Ïîëó÷åííîå íàìè

çíà÷åíèå 247Nq
 äåíü-1.

Âåðõíèå ïðåäåëû îøèáîê ÷àñòîò êîìïîíåíòîâ Ôóðüå ñïåêòðà â òàáë.3

îöåíåíû èç ñîîòíîøåíèÿ T1  (ñì., íàïðèìåð, [31]). Çäåñü T = 1.9424 äíÿ

- ïîëíîå âðåìÿ íàáëþäåíèé  Ori.

Êðîìå óêàçàííûõ â òàáë.3 ðåãóëÿðíûõ êîìïîíåíòîâ â Ôóðüå-ñïåêòðå

âàðèàöèé ïðîôèëåé áûëè îáíàðóæåíû êîìïîíåíòû ñ ïåðèîäàìè 2.7, 6.7 è

13.0 ÷àñà, êîòîðûå áûëè èñêëþ÷åíû èç òàáëèöû, òàê êàê ýòè ïåðèîäû

ïðåâûøàþò ñóììàðíóþ äëèòåëüíîñòü äâóõ ðÿäîâ íàáëþäåíèé 149 ìèí (2.5

÷àñà). Íàéäåííûå ïåðèîäû P
1

 - P
7
 äëÿ  Ori ðàíåå íå áûëè îáíàðóæåíû. Â

òî æå âðåìÿ ïîäîáíûå ïåðèîäû áûëè íàéäåíû íàìè äëÿ Leo, 2 CVn, Ori

è äðóãèõ çâåçä (ñì., íàïðèìåð, [14,15]).

Íà ðèñ.6 íàéäåííûå ÷àñòîòû âàðèàöèé ïðîôèëåé â ñïåêòðå  Ori

ñðàâíèâàþòñÿ ñ ïåðèîäîãðàììîé êðèâîé áëåñêà  Ori, ïîëó÷åííîé ïî

íàáëþäåíèÿì çâåçäû íà ìèíè-ñïóòíèêàõ BRITE. Êîìïîíåíòû 2-6 òàáë.3

ñîîòâåòñòâóþò ïèêàì ïåðèîäîãðàììû. Êîìïîíåíò 1  íàõîäèòñÿ âíå îáëàñòè

÷àñòîò, ïðåäñòàâëåííûõ íà ðèñ.6. Êîìïîíåíò ñ íîìåðîì 7 íå ñîîòâåòñòâóåò

íèêàêèì ïèêàì ïåðèîäîãðàììû, ÷òî ïîçâîëÿåò óñîìíèòüñÿ â åãî ðåàëüíîñòè.

Â ñòàòüå [32] çâåçäà  Ori ñ ìàëîé àìïëèòóäîé âàðèàöèé áëåñêà â 0.025

mmag ðàññìàòðèâàåòñÿ êàê îïîðíàÿ çâåçäà äëÿ àíàëèçà ôîòîìåòðè÷åñêîé

ïåðåìåííîñòè Eri, îäíàêî ñîâïàäåíèå ïèêîâ ïåðèîäîãðàììû 6 ñ ïîëîæåíèÿìè

ãàðìîíè÷åñêèõ êîìïîíåíòîâ âàðèàöèé ïðîôèëåé ëèíèé ïðîòèâîðå÷èò ïðåäïî-

ëîæåíèþ î ïîñòîÿíñòâå áëåñêà  Ori. Ìîæíî ñäåëàòü ïðåäâàðèòåëüíûé âûâîä

î ïðèíàäëåæíîñòè  Ori ê ãðóïïå ïåðåìåííûõ òèï Cep ìàëîé àìïëèòóäû.

No.  , P, P,  H He CII+SiII N
lines

1/äåíü ÷àñ ìèí

1 25.347 0.947±0.019 56.8±1.1 10-2 + + + 5
2 17.556 1.367±0.040 82.0±2.4 10-4 - + + 4
3 16.547 1.450±0.045 87.0±2.7 10-4 - + - 7
4 15.480 1.550±0.052 93.0±3.1 10-3 - + + 3
5 14.313 1.677±0.060 100.6±3.6 10-5 - + - 4
6 13.515 1.776±0.068 106.6±4.2 10-5 - + + 2
7 10.863 2.209±0.105 132.5±6.3 10-3 - + + 3

Òàáëèöà 3

×ÀÑÒÎÒÛ È ÏÅÐÈÎÄÛ ÐÅÃÓËßÐÍÛÕ ÊÎÌÏÎÍÅÍÒÎÂ

ÂÀÐÈÀÖÈÉ ÏÐÎÔÈËÅÉ Â ÑÏÅÊÒÐÅ  Ori
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6. Âåéâëåò-àíàëèç ïðîôèëåé ëèíèé. Àíàëèç ðàçíîñòíûõ ïðîôèëåé

ëèíèé â ñïåêòðàõ  Ori (ðèñ.4) ïîêàçûâàåò ïðèñóòñòâèå â íèõ äèñêðåòíûõ

êîìïîíåíòîâ. Ìåëêîìàñøòàáíûå äåòàëè ïðîôèëåé âåðîÿòíî ñâÿçàíû ñ øóìîâûì

êîìïîíåíòîì ïðîôèëåé, à äåòàëè áîëüøèõ ìàñøòàáîâ ìîãóò îòíîñèòüñÿ êàê

ê ðåãóëÿðíîìó, òàê è íåðåãóëÿðíîìó êîìïîíåíòàì âàðèàöèé ïðîôèëåé.

Íàèáîëåå ïîäõîäÿùèì ìàòåìàòè÷åñêèì àïïàðàòîì äëÿ èññëåäîâàíèÿ îáðàçîâàíèÿ

è ýâîëþöèè äåòàëåé ïðîôèëåé ðàçíûõ ìàñøòàáîâ ÿâëÿåòñÿ âåéâëåò-àíàëèç ñ

àíàëèçèðóþùèì MHAT-âåéâëåòîì:

     , 2exp1 22 xxx  (2)

ñ óçêèì ýíåðãåòè÷åñêèì ñïåêòðîì è ðàâíûìè íóëþ ïåðâûì è íóëåâûì

ìîìåíòàìè.

Èñïîëüçóÿ ýòîò âåéâëåò, èíòåãðàëüíîå âåéâëåò-ïðåîáðàçîâàíèå ðàçíîñòíîãî

ïðîôèëÿ ëèíèè ìîæíî çàïèñàòü â ñëåäóþùåì âèäå [33,34]:

    ,  ,
1

 , , 












 
 Vd

S

VV
tVd

S
tVSW (3)

ãäå d(V, t) - èññëåäóåìàÿ ôóíêöèÿ (ðàçíîñòíûé ïðîôèëü ëèíèè), ïîëó÷åííàÿ

â ìîìåíò âðåìåíè t â ïðîñòðàíñòâå ñêîðîñòåé V. Â îðèãèíàëüíîì ïðåäñòàâëåíèè

âåéâëåò-ïðåîáðàçîâàíèÿ ïðèíèìàåòñÿ çíà÷åíèå 21 . Â òî æå âðåìÿ âàðèàöèÿ

ýòîãî ïàðàìåòðà ïîçâîëÿåò èçìåíÿòü àìïëèòóäû ôóíêöèè W(S, V, t) â

çàâèñèìîñòè îò ìàñøòàáà. Ïðè çíà÷åíèÿõ 21  óâåëè÷èâàåòñÿ àìïëèòóäà

âåéâëåò-ïðåîáðàçîâàíèÿ íà ìàëûõ ìàñøòàáàõ, à ïðè 21  - íà áîëüøèõ

ìàñøòàáàõ.

Ïëîòíîñòü ýíåðãèè ñèãíàëà    tVSWtVSE  , , , , 2  õàðàêòåðèçóåò ðàñïðå-

äåëåíèå ýíåðãèè èññëåäóåìîãî ñèãíàëà â ïðîñòðàíñòâå (S, V ) = (ìàñøòàá,

êîîðäèíàòà) â ìîìåíò âðåìåíè t. Â ýòîì ñëó÷àå ìàñøòàáíàÿ ïåðåìåííàÿ S

âûðàæàåòñÿ â êì/ñ.

Äëÿ èçó÷åíèÿ ýâîëþöèè äåòàëåé ðàçíîñòíûõ ïðîôèëåé íàìè áûëè

Ðèñ.6. Ñðàâíåíèå íàéäåííûõ ÷àñòîò âàðèàöèé ïðîôèëåé â ñïåêòðå  Ori ñ ïîëó÷åííûìè
èç àíàëèçà êðèâûõ áëåñêà çâåçäû ñîãëàñíî íàáëþäåíèÿì íà ñïóòíèêàõ BRITE [32], (ðèñ.3).

Öèôðû íà ðèñóíêå ñîîòâåòñòâóþò íîìåðàì êîìïîíåíòîâ â òàáë.3.

×àñòîòà (äåíü-1)
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70.25

0
2015105

6 5 4 3 2
 Ori
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ðàññ÷èòàíû âåëè÷èíû    tVSWtVSE  , , , , 2  äëÿ áàëüìåðîâñêèõ ëèíèé è ëèíèé

íåéòðàëüíîãî ãåëèÿ äëÿ âñåõ ìîìåíòîâ âðåìåíè t, â êîòîðûå ïîëó÷åíû

ñïåêòðû çâåçäû â íàáëþäàòåëüíûå íî÷è 18/19.01.2019 è 20/21.01.2019. Ñîâîêóï-

íîñòü ôóíêöèé E(S, V, t) äëÿ ôèêñèðîâàííûõ ìàñøòàáîâ S íàçîâåì äèíàìè-

÷åñêèì âåéâëåò-ñïåêòðîì âàðèàöèé ïðîôèëÿ ðàññìàòðèâàåìîé ëèíèè â ñïåêòðå

çâåçäû.

Íà ðèñ.7 ïðåäñòàâëåíû äèíàìè÷åñêèå âåéâëåò-ñïåêòðû ëèíèè H  â

ñïåêòðå  Ori, ïîëó÷åííûå 18/19.01.2019, è 20/21.01.2019. Èç àíàëèçà ðèñóíêà

âèäíî, ÷òî õàðàêòåð âàðèàöèé äëÿ ñïåêòðîâ, ïîëó÷åííûõ â ðàçíûå íî÷è,

ïîäîáåí. Íà îòíîñèòåëüíî ìàëûõ ìàñøòàáàõ 20S  êì/ñ, ìåíüøèõ ñïåêò-

ðàëüíîãî ðàçðåøåíèÿ, â âåéâëåò âàðèàöèÿõ ïðîôèëåé âèäåí ãëàâíûì îáðàçîì

âêëàä øóìîâîãî êîìïîíåíòà ïðîôèëÿ. Íà áîëüøèõ ìàñøòàáàõ S = 120 êì/ñ

äåòàëè ïðîôèëåé ðàçìûâàþòñÿ, à â òî æå âðåìÿ íà ìàñøòàáàõ S = 40 - 80 êì/ñ

äåòàëè âàðèàöèé ïðîôèëåé õîðîøî âèäíû.

Äëÿ îïðåäåëåíèÿ õàðàêòåðíûõ ìàñøòàáîâ äåòàëåé âàðèàöèé ïðîôèëåé

ëèíèé â ñïåêòðå  Ori áóäåì èñïîëüçîâàòü óñðåäíåííûé ïî ïðîôèëþ ëèíèè

Ðèñ.7. Äèíàìè÷åñêèé âåéâëåò-ñïåêòð âàðèàöèè ïðîôèëåé ëèíèè H  ñ MHAT ìàòåðèíñêèì

âåéâëåòîì ìàñøòàáîì S = 40 êì/ñ (ñëåâà), S = 80 êì/ñ (ïîñåðåäèíå) è S = 120 êì/ñ (ñïðàâà)
äëÿ ñïåêòðîâ, ïîëó÷åííûõ 18/19 ÿíâàðÿ 2019ã. (ââåðõó) è 20/21 ÿíâàðÿ 2019ã. (âíèçó).
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ñïåêòð ýíåðãèè âåéâëåò-ïðåîáðàçîâàíèÿ äëÿ ñïåêòðà, ïîëó÷åííîãî â ìîìåíò

âðåìåíè t:

    .  , , , 




 dVtVSEtSEW (4)

Èíäèâèäóàëüíûå ñïåêòðû ýíåðãèè âåéâëåò-ïðåîáðàçîâàíèÿ ñèëüíî ìåíÿþòñÿ

ñî âðåìåíåì, ïîýòîìó îïðåäåëèì ãëîáàëüíûé ñïåêòð ýíåðãèè:

    ,  , ,
1 1

0








 





N

i
W tVSE

N
SE (5)

ãäå N - ïîëíîå ÷èñëî àíàëèçèðóåìûõ ñïåêòðîâ.

Ãëîáàëüíûé ñïåêòð ýíåðãèè âåéâëåò-ïðåîáðàçîâàíèÿ äëÿ ëèíèé H , H

è HeI 4471 ïîêàçàí íà ðèñ.8. Äëÿ âûÿâëåíèÿ ðàçìåðîâ äåòàëåé ðàçíîñòíûõ

ñïåêòðîâ áûëî âûáðàíî çíà÷åíèå 11. . Íà ðèñ.8 âèäíû 3 õàðàêòåðíûõ

ìàñøòàáà: 11-12, 70-90 è 600-700 êì/ñ. Ïîñëåäíèé ìàñøòàá ñîîòâåòñòâóåò

õàðàêòåðíîé øèðèíå ïðîôèëåé ëèíèé â ñïåêòðå  Ori.

Ñîãëàñíî îöåíêàì â ñòàòüå [35], äèñïåðñèÿ ñêîðîñòåé ~12 êì/ñ ñîîòâåòñòâóåò

ðàçìåðó íåîäíîðîäíîñòåé R.~R 070 , ÷òî ñîñòàâëÿåò R.010 , ãäå R  -

ðàäèóñ  Ori. Äëÿ êîìïîíåíòà S = 70 - 90 êì/ñ ðàçìåð íåîäíîðîäíîñòåé

Ðèñ.8. Ðàñïðåäåëåíèå ãëîáàëüíîãî
ñïåêòðà ýíåðãèè âåéâëåò-ñïåêòðà ïî
ìàñøòàáàì äëÿ ëèíèé H  (ñëåâà), H
(ïîñåðåäèíå) è HeI 4471 (ñïðàâà).
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R.~R 40  ( R.070 ). Ôîðìèðîâàíèå íåîäíîðîäíîñòåé òàêîãî ðàçìåðà â

ôîòîñôåðå èëè â âåòðå  Ori âïîëíå ðåàëüíî.

7. Îáñóæäåíèå ðåçóëüòàòîâ è âûâîäû. Ê íàñòîÿùåìó âðåìåíè ïî

ïðîãðàììå ïîèñêà ñâåðõáûñòðîé ïåðåìåííîñòè ïðîôèëåé ëèíèé íàìè

ïðîàíàëèçèðîâàíû ñïåêòðû 10 çâåçä: Ori A (O9.2I), HD 93521 (O9Vp),

 Cas (B0.5IVpe), Leo (B1Iab),  Aqr (B1III-IVe),  Per (B1.5III),  Eri

(B2III),  And (B8IV-V), 2 CVn (A0Vp) è  UMi (A2III) [14-16,36]. Òàêæå

ìîãóò áûòü èñïîëüçîâàíû ðåçóëüòàòû àíàëèçà ïðîôèëåé ëèíèé â ñïåêòðàõ

HD 92207 (A0Ia), ïîëó÷åííûõ Hubrig et al. [7] ñî ñïåêòðîãðàôîì FORS 2.

Íàèáîëåå áûñòðûå ðåãóëÿðíûå âàðèàöèè ïðîôèëåé ñ ïåðèîäîì äî 2 ìèí

çàðåãèñòðèðîâàíû â ñïåêòðå Leo. Ó ýòèõ æå çâåçä íàéäåíû âàðèàöèè ïðîôèëåé

ëèíèé ñ ïåðèîäàìè 3-5 ÷àñîâ, ñîîòâåòñòâóþùèì òèïè÷íûì ïåðèîäàì íåðà-

äèàëüíûõ ïóëüñàöèé íèçêèõ ìîä.

Èñõîäÿ èç âûïîëíåííîãî àíàëèçà, ìîæíî ñäåëàòü âûâîäû î õàðàêòåðå

ïåðåìåííîñòè ïðîôèëåé ëèíèé â ñïåêòðàõ çâåçä ðàçíûõ ñïåêòðàëüíûõ êëàññîâ.

Â ïåðâóþ î÷åðåäü ñëåäóåò îòìåòèòü óìåíüøåíèå ïåðèîäîâ áûñòðûõ âàðèàöèé

ïðîôèëåé ëèíèé â ñïåêòðàõ çâåçä ïðè ïåðåõîäå îò O è ðàííèõ B çâåçä ê

çâåçäàì ñïåêòðàëüíîãî êëàññà A. Â òî âðåìÿ, êàê ñàìûå áûñòðûå èçìåíåíèÿ

ïðîôèëåé ëèíèé ñ ïåðèîäàìè 3-5 ìèí îáíàðóæåíû ó O ñâåðõãèãàíòà HD

93521 è ó B0.5IVpe çâåçäû  Cas, íàéäåííûå ïåðèîäû áûñòðûõ âàðèàöèé

ïðîôèëåé ó A çâåçä ñîñòàâëÿþò ~30 - 120 ìèí.

Ïåðèîäû âàðèàöèé ïðîôèëåé â ñïåêòðàõ B çâåçä ÿâëÿþòñÿ ïðîìåæóòî÷íûìè

ïî ñðàâíåíèþ ñ íàéäåííûìè äëÿ O è A çâåçä. Îáíàðóæåíèå Õîëòûãèíûì è

äð. [16] âàðèàöèè ïðîôèëåé ëèíèé â ñïåêòðå Leo ñ ïåðèîäîì ~18 - 19 ìèí

ïîäòâåðæäàåò ýòîò âûâîä. Â òî æå âðåìÿ âûïîëíåííûõ äî íàñòîÿùåãî

âðåìåíè èññëåäîâàíèé ïîêà íåäîñòàòî÷íî äëÿ àíàëèçà õàðàêòåðà ïåðåìåííîñòè

ïðîôèëåé â çàâèñèìîñòè îò êëàññà ñâåòèìîñòè çâåçäû.

Îáðàùàÿñü ê àíàëèçó âûïîëíåííîãî íàìè èññëåäîâàíèÿ âàðèàöèé ïðîôèëåé

ëèíèé â ñïåêòðå  Ori îòìåòèì, ÷òî ñîãëàñíî ðàáîòå [37],  Ori èñêëþ÷åíà

èç ñïèñêà ïåðåìåííûõ çâåçä òèïà Cep. Àâòîðû óêàçàííîé ñòàòüè îñíîâûâàþòñÿ

íà V-ôîòîìåòðèè  Ori, ïðåäñòàâëåííîé â ðàáîòå Krisciunas, Fisher [38],

Krisciunas [39] è Krisciunas & Luedeke [40], ãäå ãîâîðèòñÿ î íèçêîàìïëèòóäíîé

è, âîçìîæíî, íåðåãóëÿðíîé ïåðåìåííîñòè çâåçäû è î ìàëîì ÷èñëåà èçìåðåíèé

áëåñêà äëÿ ïîèñêà ðåãóëÿðíûõ êîìïîíåíòîâ èõ âàðèàöèé. Ñòðîãî ãîâîðÿ,

Stankov, Hundler [37] ãîâîðÿò ëèøü î íåäîñòàòî÷íîñòè èññëåäîâàíèÿ

ïåðåìåííîñòè  Ori. Íàñòîÿùàÿ ñòàòüÿ äîïîëíÿåò àíàëèç ïåðåìåííîñòè  Ori,

âûïîëíåííûé â ñòàòüÿõ [38-40], èññëåäîâàíèÿìè ñïåêòðàëüíîé ïåðåìåííîñòè.

Âàæíî îòìåòèòü, ÷òî îïðåäåëåííûé âêëàä â ïåðåìåííîñòü ïðîôèëåé

ëèíèé ìîãóò âíîñèòü èíñòðóìåíòàëüíûå ýôôåêòû, ñâÿçàííûå ñ ïåðåìåùåíèåì
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èçîáðàæåíèÿ çâåçäû âíóòðè ùåëè ñïåêòðîìåòðà â ñèëó íåòî÷íîñòåé ãèäèðîâàíèÿ,

ýôôåêòîâ ãíóòèÿ â ñèñòåìå òåëåñêîï-ñïåêòðîìåòð, ïîãîäíûõ óñëîâèé è ò.ä.

Íå îòðèöàÿ âàæíîñòü ýòèõ ýôôåêòîâ, ñëåäóåò îòìåòèòü, ÷òî âîçìîæíûå

ñëó÷àéíûå ñäâèãè çà ñ÷åò èíñòðóìåíòàëüíûõ ýôôåêòîâ â çíà÷èòåëüíîé ñòåïåíè

êîìïåíñèðóþòñÿ ïðè àíàëèçå âñåõ ðàññìîòðåííûõ 42-õ ñïåêòðîâ çâåçäû. Äëÿ

òåñòèðîâàíèÿ ãèïîòåçû îá èíñòðóìåíòàëüíîì ïðîèñõîæäåíèè îáíàðóæåííîé

ðåãóëÿðíîé ïåðåìåííîñòè ïðîôèëåé íàìè áûë âûïîëíåí ñòàòèñòè÷åñêèé

ýêñïåðèìåíò.

Áûëî ïðåäïîëîæåíî, ÷òî âñÿ èìåþùàÿñÿ ïåðåìåííîñòü ïðîôèëåé ëèíèé

ñâÿçàíà ñ èõ èíñòðóìåíòàëüíûìè ñäâèãàìè. Â ýòîì ñëó÷àå ïðîôèëè êîíêðåòíîé

ëèíèè, ïîëó÷åííûå çà âñå âðåìÿ íàáëþäåíèé, ÿâëÿþòñÿ îäíèì è òåì æå

ïðîôèëåì, ñëó÷àéíî ñäâèíóòûì íà âåëè÷èíó ïîðÿäêà 1 ïèêñåëÿ ñ äîáàâëåíèåì

øóìîâîãî êîìïîíåíòà ñ îòíîøåíèåì ñèãíàë/øóì òàêèì æå, êàê è ðåàëüíûõ

ñïåêòðîâ. Òî åñòü ïðåäïîëàãàåòñÿ, ÷òî ðåàëüíî ïðîôèëè ëèíèé íå ïåðåìåííû,

à âñå èõ âàðèàöèè - ýòî ñëåäñòâèå âêëàäà øóìîâîãî êîìïîíåíòà è èíñòðó-

ìåíòàëüíûõ ñäâèãîâ.

Ïðè ýòîì îêàçàëîñü, ÷òî äëÿ âñåõ ðàññìîòðåííûõ ëèíèé òàêàÿ ïðîöåäóðà

íå ïðèâåëà ê ïîÿâëåíèþ êàêèõ-ëèáî ðåãóëÿðíûõ êîìïîíåíòîâ âàðèàöèé

ïðîôèëåé. Òî åñòü ñóùåñòâóþò îñíîâàíèÿ óòâåðæäàòü, ÷òî â âàðèàöèÿõ

ïðîôèëåé â ñïåêòðå  Ori ïðèñóòñòâóþò ðåàëüíûå ðåãóëÿðíûå êîìïîíåíòû.

Äîïîëíèòåëüíî áûëà ñäåëàíà ïðîâåðêà ñäâèãà òåëëóðè÷åñêèõ ëèíèé â

ñïåêòðàõ îòíîñèòåëüíî óñðåäíåííîãî ñïåêòðà. Ñäâèã òåëëóðè÷åñêèõ ëèíèé

åäèíè÷íûõ ñïåêòðîâ ñîñòàâèë îò 0.02 Å  äî 0.05 Å , â ñðåäíåì ñäâèã îïðåäåëåí

íà óðîâíå 0.03 Å . Â îòäåëüíî âçÿòûõ ñïåêòðàõ ñäâèã èññëåäóåìûõ ëèíèé áûë

ðàçíîíàïðàâëåí ñî ñäâèãîì òåëëóðè÷åñêèõ ëèíèé, ÷òî äîïîëíèòåëüíî óêàçûâàåò

íà òî, ÷òî îáíàðóæåííàÿ ïåðåìåííîñòü íå ñâÿçàíà ñ èíñòðóìåíòàëüíûìè

ïîãðåøíîñòÿìè. Ðåçóëüòàòû ÷èñëåííîãî ýêñïåðèìåíòà ïîêàçàëè, ÷òî äîáàâëåíèå

èíñòðóìåíòàëüíîãî ñäâèãà ïðîôèëåé ëèíèé â óêàçàííîì èíòåðâàëå íå ìåíÿåò

÷àñòîò ãàðìîíè÷åñêèõ êîìïîíåíòîâ âàðèàöèé ïðîôèëåé ëèíèé.

Èñõîäÿ èç âûïîëíåííîãî íàìè àíàëèçà âàðèàöèé ïðîôèëåé ëèíèé â

ñïåêòðå  Ori, ïîëó÷åííûõ íà 2-ì òåëåñêîïå Öåéñ-2000 Òåðñêîëüñêîé îáñåð-

âàòîðèè â ÿíâàðå 2019ã., ìîæíî ñäåëàòü ñëåäóþùèå âûâîäû:

• Îáíàðóæåíû èçìåíåíèÿ ïðîôèëåé áàëüìåðîâñêèõ ëèíèé è ëèíèé HeI

â ñïåêòðå  Ori íà ìèíóòíûõ øêàëàõ âðåìåíè íà óðîâíå 1-2% îò ïîòîêà â

ñîñåäíåì ñ ëèíèåé êîíòèíóóìå.

• Â âàðèàöèÿõ ïðîôèëåé ëèíèé H , H , HeI 4471 è HeI 4922 â ñïåêòðå

 Ori âîçìîæíî ïðèñóòñòâóþò ðåãóëÿðíûå êîìïîíåíòû ñ ïåðèîäàìè oò ~57

äî ~130 ìèí.

• Íàéäåííûå â íàñòîÿùåé ðàáîòå ïåðèîäû ðåãóëÿðíûõ âàðèàöèé ïðîôèëåé

ëèíèé â ñïåêòðå  Ori íà ìèíóòíûõ øêàëàõ âðåìåíè íå áûëè ðàíåå îáíàðóæåíû.
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• Ìîæíî ïðåäïîëîæèòü, ÷òî  Ori îòíîñèòñÿ ê ãðóïïå ïåðåìåííûõ çâåçä

òèïà Cep ìàëîé àìïëèòóäû.

• Ïðîâåäåííûå ñïåêòðàëüíûå íàáëþäåíèÿ  Ori è èõ àíàëèç ïîêàçûâàþò

âîçìîæíîñòü èçó÷åíèÿ áûñòðûõ âàðèàöèé ïðîôèëåé øèðîêèõ ëèíèé â ñïåêòðàõ

OBA çâåçä ïðè èñïîëüçîâàíèè òåëåñêîïîâ êëàññà 1-2 ì è, â ÷àñòíîñòè,

ýøåëëå-ñïåêòðîãðàôà 2-ì òåëåñêîïà Öåéñ-2000.

Íàñòîÿùåå èññëåäîâàíèå ïîääåðæàíî ãðàíòîì ÐÔÔÈ ¹ 19-02-00311 À.

1 Ñàíêò-Ïåòåðáóðãñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò, Ñ.-Ïåòåðáóðã,

 Ðîññèÿ, e-mail: afkholtygin@gmail.com
2 Èíñòèòóò Àñòðîíîìèè ÐÀÍ, Ðîññèÿ

SUPERFAST LINE PROFILE VARIABILITY IN
SPECTRA OF  Ori

A.F.KHOLTYGIN1, V.B.PUZIN2, I.V.SOKOLOV2, M.S.KURDOYAKOVA1

Results of observations of high temporal resolution ( 2~T  min) of the B2V

star  Ori at the 2-m telescope of the at Terskol Peak observatory are presented.

Regular components of line profile variations with periods from ~57 to ~130

minutes were registered. The nature of such variations is discussed.

Keywords: stars: spectra - line profiles: variability - individual:  Ori
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ÏÎÒÎÊÈ ÕÅÐÁÈÃÀ-ÀÐÎ È ÌÎËÎÄÛÅ ÇÂÅÇÄÛ Â
ÒÅÌÍÎÌ ÎÁËÀÊÅ DOBASHI 5006

Ò.À.ÌÎÂÑÅÑßÍ1, Ò.Þ.ÌÀÃÀÊßÍ1, À.Ñ.ÐÀÑÒÎÐÃÓÅÂ2,
À.Ð.ÀÍÄÐÅÀÑßÍ1

Ïîñòóïèëà 15 ÿíâàðÿ 2023

Ïðè èçó÷åíèè èçîëèðîâàííîãî òåìíîãî îáëàêà Dobashi 5006 (l = 216
o
.7, b = -13

o
.9) áûëè

îáíàðóæåíû äâà íîâûõ ïîòîêà Õåðáèãà-Àðî: îäèí íåñîìíåííûé (HH 1179) è îäèí ïðåäïî-
ëîæèòåëüíûé, ñâÿçàííûå ñ èíôðàêðàñíûìè èñòî÷íèêàìè 2MASS 06082284-0936139 è 2MASS
06081525-0933490. Ñóäÿ ïî èõ ñïåêòðàëüíûì ðàñïðåäåëåíèÿì ýíåðãèè, îáà èñòî÷íèêà ìîãóò
áûòü îáúåêòàìè Class I ñî ñâåòèìîñòÿìè ïîðÿäêà 23 

L  è 3.6 
L , ñîîòâåòñòâåííî. Ýòè

èñòî÷íèêè âõîäÿò â íàõîäÿùååñÿ âíóòðè òåìíîãî îáëàêà íåáîãàòîå çâåçäíîå ñêîïëåíèå
MWSC 0739, èññëåäîâàíèå êîòîðîãî ïî äàííûì îáçîðà Gaia DR3 ïîçâîëèëî îáíàðóæèòü
17 çâåçä, ÿâëÿþùèõñÿ åãî âåðîÿòíûìè ÷ëåíàìè. Ïðèâåäåí èõ ñïèñîê è îñíîâíûå ïàðàìåòðû.
Ðàññòîÿíèå ñêîïëåíèÿ îöåíåíî â 820 ïê, èçáûòîê öâåòà íà ïóòè äî ñêîïëåíèÿ 1.05RP)-E(BP 
mag. Âñå ýòè çâåçäû ÿâëÿþòñÿ PMS-îáúåêòàìè, áîëüøàÿ èõ ÷àñòü - îïòè÷åñêè ïåðåìåííûå.
Ñäåëàí âûâîä, ÷òî îáíàðóæåííàÿ êîìïàêòíàÿ çîíà çâåçäîîáðàçîâàíèÿ â îáëàêå Dobashi 5006
èìååò âîçðàñò íå áîëåå íåñêîëüêèõ ìëí ëåò, è ýòîò ïðîöåññ ïðîäîëæàåòñÿ äî íàñòîÿùåãî
âðåìåíè.

Êëþ÷åâûå ñëîâà: îáúåêòû Õåðáèãà-Àðî: ìîëîäûå çâåçäû: Dobashi 5006

1. Ââåäåíèå. Îäíèì èç îñíîâíûõ ïðèçíàêîâ àêòèâíîãî ïðîöåññà çâåçäî-

îáðàçîâàíèÿ â òåìíûõ îáëàêàõ ÿâëÿåòñÿ ïðèñóòñòâèå îáúåêòîâ Õåðáèãà-Àðî.

Ñ äðóãîé ñòîðîíû, ïîäîáíûìè æå èíäèêàòîðàìè ìîæíî ñ÷èòàòü íàëè÷èå

ãëóáîêî ïîãðóæåííûõ â îáëàêî èíôðàêðàñíûõ (ÈÊ) èñòî÷íèêîâ ñ õàðàêòåðíûì

äëÿ ìîëîäûõ çâåçäíûõ îáúåêòîâ íåïðåðûâíûì ñïåêòðîì, à òàêæå çâåçä,

ñâÿçàííûõ ñ êîìïàêòíûìè îòðàæàòåëüíûìè òóìàííîñòÿìè.

Ïîèñêè è èññëåäîâàíèÿ îáúåêòîâ Õåðáèãà-Àðî ïðîâîäÿòñÿ â Áþðàêàíñêîé

îáñåðâàòîðèè óæå íåñêîëüêî äåñÿòèëåòèé. Â ïîñëåäíèå ãîäû áûë èíèöèèðîâàí

íîâûé óçêîïîëîñíûé îáçîð òåìíûõ îáëàêîâ ñ ïîìîùüþ 1-ì òåëåñêîïà Øìèäòà

è óçêîïîëîñíûõ ñâåòîôèëüòðîâ: Byurakan Narrow Band Imaging Survey (BNBIS).

Âíà÷àëå ïîèñêè âåëèñü â îñíîâíîì â òåõ òåìíûõ îáëàêàõ, ãäå ïðèñóòñòâîâàëè

çâåçäû, ñâÿçàííûå ñ òàê íàçûâàåìûìè êîìåòàðíûìè îòðàæàòåëüíûìè òóìàí-

íîñòÿìè. Âïîñëåäñòâèè ê ñïèñêó öåëåé äëÿ îáçîðà äîáàâèëèñü òåìíûå îáëàêà

ñ ïîãðóæåííûìè â íèõ ÿðêèìè èíôðàêðàñíûìè èñòî÷íèêàìè. Ïåðâûå ðåçóëü-

òàòû äàííîãî îáçîðà, îòíîñÿùèåñÿ ê îáëàñòÿì çâåçäîîáðàçîâàíèÿ Mon R1 è

LDN 1652, ðàíåå áûëè îïóáëèêîâàíû â [1,2].
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Â äàííîé ñòàòüå ïðåäñòàâëåíû ðåçóëüòàòû èçó÷åíèÿ îáúåêòîâ âíóòðè

òåìíîãî îáëàêà Dobashi 5006 [3]. Äàííîå òåìíîå îáëàêî âìåñòå ñ ñîñåäíèì

Dobashi 5007 ñîñòàâëÿåò íåáîëüøóþ èçîëèðîâàííóþ ãðóïïó ñ ãàëàêòè÷åñêèìè

êîîðäèíàòàìè l = 216o.7, b = -13o.9.

Âíóòðè îáëàêà Dobashi 5006 íàõîäèòñÿ ãðóïïà òóìàííûõ çâåçä, êîòîðàÿ

áûëà âêëþ÷åíà â êàòàëîã çâåçäíûõ ñêîïëåíèé Ìëå÷íîãî Ïóòè êàê MWSC

0739 [4] (ñì. ðèñ.1). Âåðîÿòíî, âïåðâûå âíèìàíèå íà ýòî ïîëå áûëî îáðàùåíî

â ðàáîòå Ãþëüáóäàãÿíà è äð. [5], ãäå áûë îòìå÷åí òóìàííûé îáúåêò HHL

35a. Èç-çà îòñóòñòâèÿ â ýòîé ñòàòüå îïèñàíèÿ è èäåíòèôèêàöèîííîé êàðòû,

íåâîçìîæíî òî÷íî óêàçàòü, êàêîé èìåííî èç òóìàííûõ îáúåêòîâ, êîòîðûìè

áîãàòà äàííàÿ îáëàñòü, ñîîòâåòñòâóåò ïðåäïîëîæèòåëüíîìó îáúåêòó Õåðáèãà-

Àðî, îáîçíà÷åííîìó àâòîðàìè [5] êàê HHL 35a. Íà êàðòàõ îáçîðà WISE â

äàííîé îáëàñòè íàáëþäàþòñÿ ÿðêèå ÈÊ-èñòî÷íèêè, è ýòî òîæå ìîæåò áûòü

óêàçàíèåì íà ïðîöåññ àêòèâíîãî çâåçäîîáðàçîâàíèÿ. Âñÿ ýòà ãðóïïà ïðåä-

ñòàâëÿëà äîñòàòî÷íûé èíòåðåñ, ÷òîáû áûòü âêëþ÷åííîé â íàøó ïðîãðàììó

íàáëþäåíèé.

2. Íàáëþäåíèÿ. Íàáëþäåíèÿ ïðîâîäèëèñü íà 1-ì òåëåñêîïå Øìèäòà

Áþðàêàíñêîé îáñåðâàòîðèè â äåêàáðå 2020ã. è ôåâðàëå 2021ã. Â ðåçóëüòàòå

ïîëíîé ìîäåðíèçàöèè òåëåñêîï áûë, â ÷àñòíîñòè, îñíàùåí ÏÇÑ-ïðèåìíèêîì

Apogee Alta 16M, êîòîðûé îáåñïå÷èâàåò ïîëå çðåíèÿ îêîëî îäíîãî ãðàäóñà ñ

ðàçìåðîì ïèêñåëà 0".8683 [6].

Ðèñ.1. Èçîáðàæåíèå îáëàñòè Dobashi 5006, ïîëó÷åííîå ñ ïîìîùüþ òåëåñêîïà Øìèäòà

â ëèíèè H . Ïðÿìîóãîëüíèêîì îòìå÷åíî ñêîïëåíèå MWSC 0739.
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Ïðè íàáëþäåíèÿõ ïðèìåíÿëèñü óçêîïîëîñíûå ñâåòîôèëüòðû ñ ïîëîñîé

ïðîïóñêàíèÿ 100Å  è ñ öåíòðàëüíîé äëèíîé âîëíû 6560Å  è 6760 ,Å  êîòîðûå

áûëè èñïîëüçîâàíû äëÿ ïîëó÷åíèÿ èçîáðàæåíèé â ýìèññèîííûõ ëèíèÿõ H

è [SII], ñîîòâåòñòâåííî. Ñðåäíåïîëîñíûé ñâåòîôèëüòð íà 7500Å  ñ ïîëîñîé

ïðîïóñêàíèÿ 250Å  áûë èñïîëüçîâàí äëÿ ïîëó÷åíèÿ èçîáðàæåíèé â íåïðå-

ðûâíîì ñïåêòðå.

Â õîäå íàáëþäåíèé â êàæäîì ñâåòîôèëüòðå äåëàëèñü ïÿòèìèíóòíûå

ýêñïîçèöèè ñî ñìåùåíèåì èçîáðàæåíèé äëÿ ñãëàæèâàíèÿ âàðèàöèé â ÷óâñò-

âèòåëüíîñòè îòäåëüíûõ ïèêñåëîâ. Ñóììàðíûå ýôôåêòèâíûå ýêñïîçèöèè â

ñâåòîôèëüòðå H  ñîñòàâëÿëè 5400 ñ, â [SII] - 8400 ñ è â íåïðåðûâíîì ñïåêòðå

- 1800 ñ. Èçîáðàæåíèÿ îáðàáàòûâàëèñü ïî ñòàíäàðòíîé ìåòîäèêå ñ ïîìîùüþ

ñïåöèàëüíî ðàçðàáîòàííîãî ïðîãðàììíîãî ïàêåòà íà ÿçûêå IDL, âêëþ÷àþùåé

âû÷èòàíèå áàéåñà (bias) è òåìíîâîãî èçîáðàæåíèÿ, óäàëåíèå ñëåäîâ êîñìè÷åñêèõ

÷àñòèö è èñïðàâëåíèå âèíüåòèðîâàíèÿ.

Ñîáñòâåííî ïîèñêè îáúåêòîâ Õåðáèãà-Àðî ïðîâîäèëèñü ïî êëàññè÷åñêîìó

ìåòîäó, ðàçðàáîòàííîìó Âàí äåí Áåðãîì [7], ïóòåì ñðàâíåíèÿ èçîáðàæåíèé â

ýìèññèÿõ H  è [SII] ñ èçîáðàæåíèÿìè, ïîëó÷åííûìè â íåïðåðûâíîì ñïåêòðå.

Êàê ïîêàçûâàåò îïûò, â ïîäàâëÿþùåì áîëüøèíñòâå ñëó÷àåâ ýòîò ìåòîä

äîñòàòî÷íî ýôôåêòèâåí äëÿ îòîæäåñòâëåíèÿ îáúåêòîâ Õåðáèãà-Àðî.

3. Ðåçóëüòàòû.

3.1. Ïîòîêè Õåðáèãà-Àðî. Èçó÷åíèå ïîëó÷åííûõ íàìè èçîáðàæåíèé

âûÿâèëî â ðàéîíå ãðóïïû MWSC 0739 íåñêîëüêî ýìèññèîííûõ îáúåêòîâ.

Òàê, ê þãó îò öåíòðà áûëà îáíàðóæåíà ãðóïïà èç òðåõ ñãóñòêîâ, êîòîðûå

õîðîøî âèäíû â ëèíèÿõ H  è äóáëåòà ñåðû, íî îòñóòñòâóþò íà èçîáðàæåíèè,

ïîëó÷åííîì â íåïðåðûâíîì ñïåêòðå (ðèñ.2). Ýòè ñãóñòêè, áåçóñëîâíî, ÿâëÿþòñÿ

îáúåêòàìè Õåðáèãà-Àðî. Îòíîøåíèå èíòåíñèâíîñòåé ýìèññèîííûõ ëèíèé â

ñãóñòêàõ ðàçëè÷íîå, ÷òî óêàçûâàåò íà ðàçíûå óðîâíè âîçáóæäåíèÿ. Ñàìûé

ñëàáûé â öåëîì ñãóñòîê À áîëåå ÿðêèé â ëèíèè H , â òî âðåìÿ êàê Â ÿð÷å

â [SII], à â ñãóñòêå Ñ èõ îòíîøåíèå ðàâíî åäèíèöå. Ýòà ãðóïïà ñëàáî çàìåòíà

íà èçîáðàæåíèÿõ àòëàñà DSS2; âåðîÿòíî, èìåííî îíà è áûëà îáîçíà÷åíà â

[5] êàê HHL 35a.

Àíàëèç èçîáðàæåíèé îáëàñòè â èíôðàêðàñíûõ îáçîðàõ 2MASS è WISE

ïîêàçûâàåò, ÷òî ýòè ñãóñòêè ðàñïîëîæåíû íà îäíîé ëèíèè ñ áëèçëåæàùèì

èñòî÷íèêîì 2MASS 06082284-0936139, êîòîðûé ïîëíîñòüþ íåâèäèì â îïòè-

÷åñêîì äèàïàçîíå. Âåñüìà âåðîÿòíî, ÷òî îí è ÿâëÿåòñÿ èñòî÷íèêîì äàííîãî

ïîòîêà Õåðáèãà-Àðî.

Ê ñåâåðó îò ñêîïëåíèÿ MWSC 0739, íà ðàññòîÿíèè 1.5 óãë. ìèí îò öåíòðà

íàõîäèòñÿ îòðàæàòåëüíàÿ òóìàííîñòü êîìåòîîáðàçíîé ôîðìû, êîòîðàÿ î÷åíü

õîðîøî âèäíà â ïîëîñå z îáçîðà PanSTARRS. Íåïîñðåäñòâåííî âíóòðè ýòîé
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òóìàííîñòè, íà åå îñè, áûë îáíàðóæåí ýìèññèîííûé ñãóñòîê, âèäèìûé

òîëüêî â ëèíèè H  (ðèñ.3). Âåðîÿòíî, îí òàêæå ÿâëÿåòñÿ îáúåêòîì Õåðáèãà-

Àðî, íî äëÿ îêîí÷àòåëüíîãî âûâîäà íåîáõîäèìî áóäåò ïîëó÷èòü èçîáðàæåíèå

ýòîé îáëàñòè â ëèíèè [SII] ñ áîëüøèì ïðåäåëîì. Ïðèíèìàÿ âî âíèìàíèå

õàðàêòåðíóþ ñâÿçü êîìåòàðíûõ òóìàííîñòåé è îáúåêòîâ  Õåðáèãà-Àðî, ìîæíî

ïðåäïîëîæèòü, ÷òî îí äîëæåí âîçáóæäàòüñÿ öåíòðàëüíûì èñòî÷íèêîì, êîòîðûé

òàêæå îñâåùàåò îòðàæàòåëüíóþ òóìàííîñòü. Ñðàâíåíèå íàøèõ èçîáðàæåíèé

ñ äàííûìè îáçîðîâ PanSTARRS, 2MASS è WISE ïîêàçûâàåò, ÷òî âîçáóæ-

äàþùàÿ çâåçäà (2MASS 06081525-0933490) íå âèäíà â îïòè÷åñêîì äèàïàçîíå

Ðèñ.3. Êîìåòàðíàÿ òóìàííîñòü è ïðåäïîëàãàåìûé îáúåêò Õåðáèãà-Àðî. Ïîëóòîíàìè

ïîêàçàíî èçîáðàæåíèå â êîíòèíóóìå, âçÿòîå èç îáçîðà PanSTARRS (ïîëîñà z), ñ íàëîæåíèåì
ïîëó÷åííîãî íàìè H -èçîáðàæåíèÿ ïîñëå âû÷èòàíèÿ íåïðåðûâíîãî ñïåêòðà (èçîëèíèè).
Êðåñòèêîì óêàçàíî ïîëîæåíèå èñòî÷íèêà 2MASS 06081525-0933490.

Ðèñ.2. Èçîáðàæåíèå ïîòîêà HH 1179, ïîëó÷åííîå ñ ïîìîùüþ òåëåñêîïà Øìèäòà â ëèíèè
H . Îòäåëüíûå ñãóñòêè îòìå÷åíû áóêâàìè. Êðåñòèêîì ïîêàçàíî ïîëîæåíèå ÈÊ-èñòî÷íèêà

2MASS 06082284-0936139.
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è ñìåùåíà íà 1-2" ê çàïàäó îò ÿðêîé âåðøèíû îòðàæàòåëüíîé òóìàííîñòè.

Òàêîé ýôôåêò, âûçâàííûé ïîãëîùåíèåì â îêîëîçâåçäíîì ïûëåâîì äèñêå,

÷àñòî íàáëþäàåòñÿ â ïîäîáíûõ ñëó÷àÿõ (íàïðèìåð, HH 83).

Êîîðäèíàòû ñãóñòêîâ, èõ âèäèìûå ðàññòîÿíèÿ è ïîçèöèîííûå óãëû ïî

íàïðàâëåíèþ íà ïðåäïîëàãàåìûå èñòî÷íèêè ïðèâåäåíû â òàáë.1. Òàêæå

ïðèâåäåíû óäàëåíèÿ îò èñòî÷íèêîâ, ðàññ÷èòàííûå ïðè ðàññòîÿíèè äî îáëàêà

820 ïê (îáîñíîâàíèå ýòîé îöåíêè äàíî íèæå).

3.2. Èñòî÷íèêè. Ñ öåëüþ äàëüíåéøåãî èçó÷åíèÿ õàðàêòåðèñòèê ÈÊ-

èñòî÷íèêîâ, ïðåäïîëîæèòåëüíî âîçáóæäàþùèõ âûøåîïèñàííûå ïîòîêè

Õåðáèãà-Àðî, ìû ïðîàíàëèçèðîâàëè èõ ñïåêòðàëüíûå ðàñïðåäåëåíèÿ ýíåðãèè

(SED).

Èñòî÷íèê 2MASS 06082284-0936139 ñîâïàäàåò ñ WISE J060822.89-093614.2.

Êðîìå òîãî, íà 8" ê ñåâåðó îò íåãî íàõîäèòñÿ âåñüìà çàìåòíûé â äàëüíåì

ÈÊ äèàïàçîíå èñòî÷íèê AKARI/FIS 0608229-093607. Ñ ó÷åòîì óãëîâîãî

ðàçðåøåíèÿ è òî÷íîñòè êîîðäèíàò â ñðåäíåì è äàëüíåì ÈÊ äèàïàçîíå

ñîâåðøåííî î÷åâèäíî, ÷òî ýòî îäèí è òîò æå îáúåêò. Òàêèì îáðàçîì, äëÿ

ïîñòðîåíèÿ SED áûëè èñïîëüçîâàíû îáçîðû 2MASS, WISE è AKARI. Îòìåòèì,

÷òî ýòîò îáúåêò êàæåòñÿ íåçàðåãèñòðèðîâàííûì â êàòàëîãàõ IRAS: áëèæàéøèé

ê íåìó ïî êîîðäèíàòàì èñòî÷íèê IRAS 06059-0935 íàõîäèòñÿ íà ðàññòîÿíèè

34". Âïðî÷åì, àíàëèç ñ ïîâûøåíèåì óãëîâîãî ðàçðåøåíèÿ, ïðîâåäåííûé â

ðàáîòå [8], ïîêàçûâàåò, ÷òî íà äåëå IRAS 06059-0935 âñå æå ñîâïàäàåò ñ

2MASS 06082284-0936139, íî ðàñïàäàåòñÿ íà ãðóïïó èç òðåõ èëè áîëåå

îáúåêòîâ. Ïîýòîìó ìû ïðèíÿëè ðåøåíèå íå èñïîëüçîâàòü äëÿ SED äàííûå

îáçîðà IRAS.

Èñòî÷íèê 2MASS 06081525-0933490, êàê óæå óïîìèíàëîñü âûøå, òàêæå

íå âèäåí â îïòè÷åñêîì äèàïàçîíå è ñòàíîâèòñÿ õîðîøî çàìåòíûì òîëüêî â

ïîëîñå K îáçîðà 2MASS. Ïðè ýòîì â ñðåäíåì ÈÊ äèàïàçîíå îáçîðà WISE

ê çàïàäó è âîñòîêó îò íåãî íàáëþäàþòñÿ åùå äâå çâåçäû, ñðàâíèìûå ñ íèì

Îáúåêò RA (2000) Dec (2000) Èñòî÷íèê r " P.A.° Ðàññò. (ïê)

Ñãóñòîê â 2MASS
òóìàííîñòè 06h06m16s.15 -09o33'47".8 06081525- 14 87 0.06

0933490

HH 1179 A  06h08m18s.43 -09o36'21".8 2MASS 66 0.27

HH 1179 B 06h08m17s.65 -09o36'22".23 06082284- 78 263 0.32

HH 1179 C 06h08m17s.44 -09o36'24".63 0936139 82 0.34

Òàáëèöà 1

ÊÎÎÐÄÈÍÀÒÛ ÑÃÓÑÒÊÎÂ È ÈÕ ÏÀÐÀÌÅÒÐÛ
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ïî ÿðêîñòè. Àíàëèç êîîðäèíàò ïîêàçûâàåò, ÷òî 2MASS 06081525-0933490 áûë

çàðåãèñòðèðîâàí â îáçîðå AKARI/FIS êàê èñòî÷íèê 0608149-093356. Ñ ó÷åòîì

íåòî÷íîñòè êîîðäèíàò ýòà çâåçäà, âåðîÿòíî, ìîæåò áûòü èäåíòèôèöèðîâàíà

òàêæå ñ èñòî÷íèêîì IRAS F06058-0933. Îäíàêî ïðè ïîñòðîåíèè SED âûÿñ-

íèëîñü, ÷òî äàííûå îáçîðà IRAS ïëîõî ñîãëàñóþòñÿ ñ ïðî÷èìè, ïî-âèäèìîìó,

èç-çà âëèÿíèÿ äðóãèõ çâåçä â ïîëå íà èçìåðåíèÿ. Ïîýòîìó è â ýòîì ñëó÷àå

ìû îòêàçàëèñü îò äàííûõ IRAS, ïîñòðîèâ SED ïî ðåçóëüòàòàì îáçîðîâ

2MASS, WISE è AKARI. Èòîãîâûå ðàñïðåäåëåíèÿ ýíåðãèè ïîêàçàíû íà

ðèñ.4.

Êàê ìîæíî âèäåòü èç ðèñ.4, SED ó îáîèõ èñòî÷íèêîâ ìîíîòîííî âîçðàñòàåò

îò áëèæíåé äî äàëüíåé èíôðàêðàñíîé îáëàñòè ñïåêòðà, à â îïòè÷åñêîì

äèàïàçîíå èñòî÷íèêè ñîâåðøåííî íå íàáëþäàþòñÿ. Âñå ýòî ïîçâîëÿåò

ïðåäïîëîæèòü èõ ïðèíàäëåæíîñòü ê ÈÊ-èñòî÷íèêàì Class I è òåì ñàìûì íà

çíà÷èòåëüíóþ ìîëîäîñòü. Îá ýòîì ãîâîðèò è èõ çàìåòíàÿ áîëîìåòðè÷åñêàÿ

ñâåòèìîñòü, ðàññ÷èòàííàÿ íàìè äëÿ ðàññòîÿíèÿ 820 ïê (îá ýòîé îöåíêå ñì

äàëåå). Äëÿ 2MASS 06081525-0933490 åå íèæíèé ïðåäåë (áåç ó÷åòà ìåæçâåçäíîãî

ïîãëîùåíèÿ) ñîñòàâëÿåò L.63 , à äëÿ 2MASS 06082284-0936139 - L23 .

3.3. Ñêîïëåíèå MWSC 0739. Äàííàÿ ãðóïïà çâåçä âïåðâûå áûëà

îòìå÷åíà êàê âîçìîæíîå íåáîãàòîå ðàññåÿííîå çâåçäíîå ñêîïëåíèå â ðàáîòå

[9] ïîä íîìåðîì FSR 1115. Çàòåì îíà áûëà âêëþ÷åíà â îáùèé êàòàëîã

çâåçäíûõ ñêîïëåíèé â Ìëå÷íîì Ïóòè (MWSC) ([4], ñì òàêæå [10]) êàê

îáúåêò MWSC 0739. Ïî îöåíêàì, ïðèâåäåííûì â ýòèõ êàòàëîãàõ (êîòîðûå

â îñíîâíîì ïîëó÷åíû ïóòåì êîíâåéåðíîé îáðàáîòêè äàííûõ êàòàëîãîâ PPMXL

è 2MASS), îíî íàõîäèòñÿ íà ðàññòîÿíèè 1068 ïê, èìååò ðàäèóñ öåíòðàëüíîé

÷àñòè 5'.4, à îáùèé - 9' è äîëæíî ñîäåðæàòü 60-70 çâåçä. Áûëî òàêæå îöåíåíî

Ðèñ.4. Ñïåêòðàëüíûå ðàñïðåäåëåíèÿ ýíåðãèè ÈÊ-èñòî÷íèêîâ, ïðåäïîëîæèòåëüíî ñâÿçàííûõ

ñ îáúåêòàìè Õåðáèãà-Àðî.
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åãî ñîáñòâåííîå äâèæåíèå (pmRA = 0.55 ìñ/ãîä, pmDE = 3.41 ìñ/ãîä) è èçáûòîê

öâåòà E
B-V

 = 2.353. Ñ òåõ ïîð ýòî ñêîïëåíèå äåòàëüíûì èññëåäîâàíèÿì íå

ïîäâåðãàëîñü.

Íàøå âíèìàíèå ïðèâëåêëà íåîáû÷íàÿ ìîðôîëîãèÿ MWSC 0739, îñíîâíóþ

÷àñòü êîòîðîé ñîñòàâëÿåò öåïî÷êà èç äåñÿòè èëè áîëåå çâåçä, â îñíîâíîì

èìåþùèõ ïðèìåðíî îäèíàêîâóþ ÿðêîñòü, õîðîøî âèäèìàÿ òàêæå è â áëèæíåì

è ñðåäíåì ÈÊ äèàïàçîíàõ (íà êàðòàõ 2MASS è WISE). Áîëåå 5-òè çâåçä â

ýòîé öåïî÷êå ñâÿçàíû ñ ìàëåíüêèìè îòðàæàòåëüíûìè òóìàííîñòÿìè, ïîäñâå÷èâàÿ

ó÷àñòêè òåìíîãî îáëàêà Dobashi 5006, â êîòîðîå ïîãðóæåíî ñêîïëåíèå. Ýòè

òóìàííîñòè çàìåòíû è â áëèæíåì ÈÊ-äèàïàçîíå íà èçîáðàæåíèÿõ îáçîðà

2MASS. Ìû ïðèíÿëè ðåøåíèå ïðîâåñòè áîëåå äåòàëüíîå èçó÷åíèå ñêîïëåíèÿ

MWSC 0739 ñ ïîìîùüþ äàííûõ íîâåéøåãî îáçîðà Gaia DR3.

Èç àðõèâà íàáëþäàòåëüíûõ äàííûõ áûëè èçâëå÷åíû èçìåðåíèÿ âñåõ çâåçä

â îáëàñòè ðàäèóñîì 6' âîêðóã öåíòðà MWSC 0739; èõ îáùåå ÷èñëî ñîñòàâèëî

336. Îòáîð âîçìîæíûõ ÷ëåíîâ ñêîïëåíèÿ âåëñÿ, âî-ïåðâûõ, ïî êðèòåðèþ RUWE

(Renormalized Unit Weight Error) < 1.4, à òàêæå íà îñíîâå òðåáîâàíèÿ áëèçîñòè

ãåëèîöåíòðè÷åñêèõ ðàññòîÿíèé è êîìïîíåíòîâ ñîáñòâåííûõ äâèæåíèé çâåçä.

Ïîäîáíûé ïîäõîä áûë, íàïðèìåð, èñïîëüçîâàí â ðàáîòå [11] è ïîêàçàë ñâîþ

ýôôåêòèâíîñòü, â êîòîðîé ïî äàííûì GAIA DR2 áûëî ïðîâåäåíî èññëåäîâàíèå

Ðèñ.5. Äèàãðàììà "ïàðàëëàêñ (ìñä) - âèäèìàÿ çâåçäíàÿ âåëè÷èíà RP" äëÿ çâåçä, îòîáðàííûõ
êàê âîçìîæíûå ÷ëåíû ñêîïëåíèÿ MWSC 0739.
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ìîëîäîãî ïîãðóæåííîãî ðàññåÿííîãî ñêîïëåíèÿ vdB 130, âõîäÿùåãî â çâåçäíóþ

àññîöèàöèþ Cyg OB1.

Êðèòåðèÿì áëèçîñòè ðàññòîÿíèé è ñîáñòâåííûõ äâèæåíèé óäîâëåòâîðÿþò

17 çâåçä âûáîðêè. Îíè ïîêàçàíû íà äèàãðàììå "ïàðàëëàêñ-çâåçäíàÿ âåëè÷èíà

RP" (ðèñ.5), ãäå äîâîëüíî ÷åòêî âûðàæåíà êîíöåíòðàöèÿ çâåçä â èíòåðâàëå

ðàññòîÿíèé îò 800 äî 850 ïê, à òàêæå íà äèàãðàììå ñîáñòâåííûõ äâèæåíèé

(pmRA - pmDE) (ðèñ.6). Çàìåòíàÿ êîíöåíòðàöèÿ çâåçä ñ áëèçêèìè ñîáñòâåííûìè

äâèæåíèÿìè (ò.å. òàíãåíöèàëüíûìè ñêîðîñòÿìè) â îãðàíè÷åííîé îáëàñòè

ïðîñòðàíñòâà ÿâëÿåòñÿ ñåðüåçíûì àðãóìåíòîì â ïîëüçó ðåàëüíîñòè ãðàâèòà-

öèîííî-ñâÿçàííîé ãðóïïû çâåçä (ñêîïëåíèÿ). Äàííûå î ëó÷åâûõ ñêîðîñòÿõ

ýòèõ çâåçä îòñóòñòâóþò. Ñðåäíèå çíà÷åíèÿ êîìïîíåíòîâ ñîáñòâåííîãî äâèæåíèÿ

ñêîïëåíèÿ MWSC 0739 ñîñòàâëÿþò pmRA = -2.50 ± 0.06 ìñä/ãîä, pmDE =

+0.79 ± 0.07 ìñä/ãîä, à äèñïåðñèè ñîáñòâåííûõ äâèæåíèé ñîñòàâëÿþò, ñîîò-

âåòñòâåííî 0.25 è 0.29 ìñä/ãîä ïî äâóì êîîðäèíàòàì, ÷òî íà ðàññòîÿíèè

ïîðÿäêà 800 ïê ñîîòâåòñòâóåò äèñïåðñèè òàíãåíöèàëüíîé ñêîðîñòè îêîëî

1.5 êì/ñ. Ñ ó÷åòîì âñåõ íåîïðåäåëåííîñòåé, íåèçáåæíî óâåëè÷èâàþùèõ îöåíêó

äèñïåðñèè ñêîðîñòåé, ýòà âåëè÷èíà ñîîòâåòñòâóåò òîìó, ÷òî ìîæíî îæèäàòü

â ìîëîäûõ çâåçäíûõ ñêîïëåíèÿõ.

Â òàáë.2 ïðèâåäåí ñïèñîê èç 17 çâåçä, êîòîðûå ìû ñ÷èòàåì âåðîÿòíûìè

÷ëåíàìè ñêîïëåíèÿ MWSC 0739, ñ èõ àñòðîìåòðè÷åñêèìè è ôîòîìåòðè÷åñêèìè

Òàáëèöà 2

ÑÏÈÑÎÊ ÇÂÅÇÄ ÂÅÐÎßÒÍÛÕ ×ËÅÍÎÂ ÑÊÎÏËÅÍÈß

MWSC 0379 È ÈÕ ÏÀÐÀÌÅÒÐÛ

N Gaia DR3 30052… Plx pmRA pmDE RUWE G, BP-RP, Var Bin Neb [Fe/H]

(ìñä) (ìñä/ã) (ìñä/ã) mag mag

1 49605548347776 1.2289±0.1174 -2.372±0.114 0.879±0.129 0.999 17.85 3.15 +  0.13

2 49644203766272 1.2554±0.1839 -2.254±0.223 0.991±0.217 0.963 18.61 3.31 + +

3 49708626938112 1.0562±0.1696 -2.385±0.178 0.904±0.186 1.092 18.44 3.17 + -0.32

4 49712921384320 1.1882±0.0662 -2.394±0.072 0.645±0.074 0.976 16.21 2.86 + +

5 49712922990336 1.1424±0.0444 -2.661±0.048 1.153±0.050 1.088 16.05 2.48 + + -2.07

6 49747282725376 1.1704±0.1370 -1.935±0.144 0.876±0.141 0.981 18.25 3.19 +  0.48

7 49781642475264 1.2099±0.0641 -2.517±0.067 0.554±0.071 1.077 16.84 2.36 + +

8 49811707389952 0.8363±0.4418 -2.972±0.372 0.397±0.394 1.034 19.65 3.36

9 49914785387392 1.3869±0.1708 -2.416±0.172 0.562±0.173 1.041 18.23 4.13 +

10 49914785398784 1.1068±0.1421 -2.794±0.153 0.679±0.153 0.950 18.18 4.02 +

11 49919081421312 1.2996±0.0591 -2.368±0.062 0.789±0.066 1.135 16.49 3.05 + +

12 49919081421696 1.1748±0.0937 -2.819±0.095 0.958±0.105 1.081 17.25 3.46 + +

13 50606276197376 1.2175±0.0519 -2.756±0.052 1.021±0.058 1.074 16.47 2.49 + -0.78

14 50640635930880 1.1923± 0.0594 -2.215±0.061 0.552±0.066 1.830 15.58 2.28 -1.23

15 50842498376064 1.1549±0.2409 -2.451±0.221 1.109±0.245 1.021 18.83 2.97  0.46

16 74314495656832 1.2253±0.0962 -2.628±0.096 1.245±0.103 0.932 17.64 3.00 + -0.26

17 74623733931520 0.9177±0.3838 -2.625±0.381 0.072±0.407 0.991 19.50 3.17
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ïàðàìåòðàìè, âçÿòûìè èç êàòàëîãà GAIA (DR3). Îòìå÷åíû ïåðåìåííûå,

äâîéíûå è òóìàííûå çâåçäû. Íà ðèñ.7 ïîêàçàíà êàðòà îáëàñòè ñêîïëåíèÿ ñ

âûäåëåííûìè çâåçäàìè. Ñðåäè ýòèõ çâåçä ïðèñóòñòâóþò òðè îïòè÷åñêè äâîéíûå

çâåçäû (ñì. òàáë.2 â êîëîíêå Bin) ñ ðàññòîÿíèÿìè êîìïîíåíòîâ "2 . Çâåçäà

3005250640635930880 èìååò RUWE = 1.83, íî ïî ïðî÷èì ïàðàìåòðàì, âêëþ÷àÿ

ñëåäû îòðàæàòåëüíîé òóìàííîñòè â îêðåñòíîñòÿõ (÷òî è ìîæåò îáúÿñíèòü

ïîâûøåííîå çíà÷åíèå RUWE), ÿâíî òîæå ïðèíàäëåæèò ñêîïëåíèþ.

Ïîñëå èñêëþ÷åíèÿ äâóõ ñëàáûõ çâåçä (>18 mag) ñ áîëüøèìè îøèáêàìè

ïàðàëëàêñîâ, ñðåäíèé ïàðàëëàêñ îñòàâøèõñÿ 15 çâåçä ðàâåí 1.222 ± 0.020 ìñä.

Ïðàêòè÷åñêè òàêîå æå çíà÷åíèå (1.222 ± 0.09 ìñä) ìîæíî ïîëó÷èòü, åñëè

èñïîëüçîâàòü äëÿ óñðåäíåíèÿ ïàðàëëàêñà òîëüêî 7 çâåçä, ïîäñâå÷èâàþùèõ

ìàëûå îòðàæàòåëüíûå òóìàííîñòè, ò.å. îáúåêòû, àïðèîðíî ñâÿçàííûå ñ òåìíûì

îáëàêîì Dobashi 5006. Ñðåäíåå ðàññòîÿíèå, ñîîòâåòñòâóþùåå ýòîìó ïàðàëëàêñó,

ìîæíî îöåíèòü êàê <D> 14818   ïê. Ñðåäíåå ôîòîãåîìåòðè÷åñêîå ðàññòîÿíèå,

ïîäñ÷èòàííîå äëÿ òåõ æå îáúåêòîâ ïî êàòàëîãó [12] <Rpgeo> 21807   ïê.

Îäíàêî ïî íàøåìó ìíåíèþ, êîãäà ðå÷ü èäåò î ðàññòîÿíèÿõ äî çâåçäíûõ

ñêîïëåíèé, ìåòîäè÷åñêè ïðàâèëüíåå íàïðÿìóþ èñïîëüçîâàòü êàòàëîæíûå

òðèãîíîìåòðè÷åñêèå ïàðàëëàêñû çâåçä, ïîñêîëüêó â Áàéåñîâñêèå îöåíêè

Ðèñ.6. Äâóìåðíàÿ äèàãðàììà (pmRA-pmDE) ñîáñòâåííûõ äâèæåíèé äëÿ âñåõ çâåçä â

îáëàñòè MWSC 0739. Õîðîøî çàìåòíà êîìïàêòíàÿ ãðóïïèðîâêà çâåçä ñ ðàññòîÿíèÿìè
îêîëî 800-850 ïê, âõîäÿùèõ â ñêîïëåíèå (áîëüøèå êðóæêè).
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ãåîìåòðè÷åñêîãî è ôîòî-ãåîìåòðè÷åñêîãî (Rgeo è Rpgeo [12]) ðàññòîÿíèé

çàëîæåíà àïðèîðíàÿ èíôîðìàöèÿ îá ýêñïîíåíöèàëüíîì ïàäåíèè çâåçäíîé

êîíöåíòðàöèè ïî ëó÷ó çðåíèÿ, ÷òî ïðèãîäíî äëÿ çâåçä ïîëÿ, íî ñîâåðøåííî

íå ñîîòâåòñòâóåò ðàñïðåäåëåíèþ ëó÷åâîé êîíöåíòðàöèè â ñêîïëåíèè, êîòîðîå

ëó÷øå îïèñûâàåòñÿ íîðìàëüíûì çàêîíîì. Ïîýòîìó ìû ïðèíÿëè çà ðàññòîÿíèå

äî MWSC 0739 çíà÷åíèå 820 ïê, îöåíåííîå ïî òðèãîíîìåòðè÷åñêèì ïàðàëëàê-

ñàì. Òåì íå ìåíåå, ìû äëÿ íåêîòîðûõ îöåíîê â ðàáîòå èñïîëüçîâàëè è

ðàññòîÿíèÿ Rpgeo.

Äëÿ àíàëèçà ìåæçâåçäíîãî ïîãëîùåíèÿ â îáëàñòè MWSC 0739 áûëè

èñïîëüçîâàíû äàííûå èç íîâåéøåãî êàòàëîãà StarHorse-2 [13], îñíîâàííîãî

íà ñîâîêóïíîñòè ìíîãîöâåòíûõ ôîòîìåòðè÷åñêèõ íàáëþäåíèé Pan-STARRS1,

SkyMapper, 2MASS, and AllWISE è äàííûõ êàòàëîãà GAIA eDR3. Ïðèâåäåííûå

â íåì îöåíêè ïîãëîùåíèÿ A
V
 áûëè ïåðåñ÷èòàíû â A

RP
, ñîîòâåòñòâóþùèå

Ðèñ.7. Êàðòà îòîæäåñòâëåíèÿ çâåçä, âõîäÿùèõ â ãðóïïó MWSC 0739 (îáîçíà÷åíû
êâàäðàòèêàìè) íà èçîáðàæåíèè èç îáçîðà PanSTARRS. Íîìåðà ñîîòâåòñòâóþò ïîçèöèÿì â

òàáë.2. Òàêæå çíàêàìè "+" ïîêàçàíû ïîëîæåíèÿ ÈÊ-èñòî÷íèêîâ 2MASS 06082284-0936139
è 2MASS 06081525-0933490.
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ôîòîìåòðè÷åñêîé ñèñòåìå GAIA, ïî ñîîòíîøåíèÿì èçáûòêîâ öâåòà, âçÿòûì

èç ðàáîòû [14]. Ñóäÿ ïî äèàãðàììå Rpgeo - A
RP

, ïîãëîùåíèå íà ïóòè äî

ñêîïëåíèÿ ( 800D   ïê) ñîñòàâëÿåò ïðèìåðíî 51ARP .  mag, à ñîîòâåòñòâóþùèé

åìó èçáûòîê öâåòà 051RP)-E(BP .  mag. Êàê ìû âèäèì, âñå ýòè çíà÷åíèÿ

(ðàññòîÿíèå, ñîáñòâåííîå äâèæåíèå è îáùèé èçáûòîê öâåòà äëÿ ñêîïëåíèÿ)

âåñüìà ñèëüíî îòëè÷àþòñÿ îò îöåíîê â êàòàëîãå MWSC. Îäíàêî â ëþáîì

ñëó÷àå ñëåäóåò ó÷åñòü, ÷òî âíóòðè ñàìîãî ñêîïëåíèÿ ìîæåò íàáëþäàòüñÿ

çàìåòíîå äèôôåðåíöèàëüíîå ïîãëîùåíèå, â îñíîâíîì ñîçäàâàåìîå ïûëåâûìè

îáîëî÷êàìè âîêðóã ìîëîäûõ çâåçä.

Äèàãðàììà "íîðìàëüíûé öâåò (BP-RP)
0
 - àáñîëþòíàÿ âåëè÷èíà M

RP
" äëÿ

ðàññòîÿíèÿ 820 ïê è îáùåãî èçáûòêà öâåòà 051RP)-E(BP .  mag (ñì. âûøå)

ïîêàçàíà íà ðèñ.8a. Êàê õîðîøî âèäíî, â îòëè÷èå îò õàîòè÷íîãî ðàñïðåäåëåíèÿ

çâåçä ïîëÿ (òî÷êè), êîòîðûå ÿâíî îòíîñÿòñÿ ê äàëüíåìó ôîíó, 17 âûäåëåííûõ

çâåçä ñêîïëåíèÿ (êðóæêè) ðàñïîëîæåíû íàä ãëàâíîé ïîñëåäîâàòåëüíîñòüþ

(èçîõðîíû ñîîòâåòñòâóþò ñîëíå÷íîìó õèìñîñòàâó è âîçðàñòó logt = 6.8 è 7.4),

÷òî åùå ðàç ïîä÷åðêèâàåò èõ PMS ïðèðîäó. Åñëè æå ó÷åñòü âîçìîæíîå

äîïîëíèòåëüíîå ïîêðàñíåíèå â îêîëîçâåçäíûõ îáîëî÷êàõ, èñïîëüçîâàâ

èíäèâèäóàëüíûå îöåíêè A
RP

 èç áàçû äàííûõ GAIA DR3, òî 8 ÷ëåíîâ

ñêîïëåíèÿ, äëÿ êîòîðûõ òàêèå äàííûå èìåþòñÿ, ïîêàçûâàþò ñóùåñòâåííî

ìåíüøåå ðàññåÿíèå ïîêàçàòåëåé öâåòà è ñèëüíåå êîíöåíòðèðóþòñÿ ê èçîõðîíå

logt = 6.8 (ñì. ðèñ.8b).

Ðèñ.8. Äèàãðàììà Ã-Ð äëÿ çâåçä â îáëàñòè MWSC 0739 ñ ó÷åòîì åäèíîãî çíà÷åíèÿ èçáûòêà
öâåòà (a), è ïî èíäèâèäóàëüíûì îöåíêàì ïîêðàñíåíèÿ äëÿ 8 çâåçä (b) èç êàòàëîãà [14].
Ïîêàçàíû èçîõðîíû, ñîîòâåòñòâóþùèå âîçðàñòó logt = 6.8 (÷åðíàÿ ëèíèÿ) è 7.4 (ñåðàÿ ëèíèÿ).
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Âåñüìà âàæíûì îáñòîÿòåëüñòâîì ÿâëÿåòñÿ òàêæå îáíàðóæåííàÿ íàáëþ-

äåíèÿìè GAIA ôîòîìåòðè÷åñêàÿ ïåðåìåííîñòü 9 èç 17 çâåçä (ñì. òàáë.2

êîëîíêà Var), âõîäÿùèõ â äàííóþ ãðóïïó, êîòîðàÿ ÿâëÿåòñÿ åùå îäíèì

ïðèçíàêîì èõ íåáîëüøîãî âîçðàñòà.

4. Îáñóæäåíèå è âûâîäû. Ïîëó÷åííûå íàìè ðåçóëüòàòû îäíîçíà÷íî

óêàçûâàþò, ÷òî íåáîãàòîå ðàññåÿííîå ñêîïëåíèå MWSC 0739 íà äåëå ïðåä-

ñòàâëÿåò ñîáîé íåáîëüøóþ ãðóïïó âåñüìà ìîëîäûõ çâåçä ìàëîé è ñðåäíåé

ìàññû, áîëüøàÿ ÷àñòü êîòîðûõ äåéñòâèòåëüíî ðàñïîëîæåíà â âèäå öåïî÷êè.

Ïîìèìî îïòè÷åñêè íàáëþäàåìûõ çâåçä, ýòà ãðóïïà ñîäåðæèò íåñêîëüêî ÈÊ-

èñòî÷íèêîâ, âêëþ÷àÿ îïèñàííûå âûøå ïðåäïîëàãàåìûå èñòî÷íèêè ïîòîêîâ

Õåðáèãà-Àðî. Âîçðàñò ïîäîáíûõ îáúåêòîâ, âñå åùå èìåþùèõ ïëîòíûå ïûëåâûå

îáîëî÷êè, äîëæåí áûòü åùå ìåíüøå. Ýòî îäíîçíà÷íî óêàçûâàåò, ÷òî ïîñëå

"âñïûøêè" çâåçäîîáðàçîâàíèÿ â èçîëèðîâàííîì òåìíîì îáëàêå Dobashi 5006,

ïðîèçîøåäøåé íåñêîëüêî ìèëëèîíîâ ëåò íàçàä, ïðîöåññ ôîðìèðîâàíèÿ íîâûõ

çâåçä âñå åùå ïðîäîëæàåòñÿ.

Ïðè÷èíà íà÷àëà àêòèâíîãî çâåçäîîáðàçîâàíèÿ â äàííîì, ïðàêòè÷åñêè

èçîëèðîâàííîì îáëàêå íåÿñíà. Âîçìîæíî, â ñâÿçè ñ ýòèì âîïðîñîì èìååò

ñìûñë îáðàòèòü âíèìàíèå íà òî, ÷òî èç 8 çâåçä ãðóïïû MWSC 0739, äëÿ

êîòîðûõ êàòàëîã Gaia DR3 ñîäåðæèò îöåíêè àñòðîôèçè÷åñêèõ ïàðàìåòðîâ, ó

äâóõ óðîâåíü ìåòàëëè÷íîñòè íèæå ñîëíå÷íîãî, à ó òðåõ - íàìíîãî íèæå

([Fe/H]  < -0.7, < -1 è äàæå < -2). Ïîäîáíîå ðàçëè÷èå âûãëÿäèò ñòðàííûì äëÿ

çâåçä, êîòîðûå ïî ïðîñòðàíñòâåííîìó ïîëîæåíèþ è êèíåìàòèêå ìîãóò ñ÷èòàòüñÿ

÷ëåíàìè ðàññåÿííîãî ñêîïëåíèÿ. Âîçìîæíî, îíî îáúÿñíÿåòñÿ íåïðèìåíèìîñòüþ

èñïîëüçîâàííîé â GAIA ìåòîäèêè îïðåäåëåíèÿ ìåòàëëè÷íîñòè ê ìîëîäûì

îáúåêòàì ñ ïûëåâûìè îáîëî÷êàìè. Äëÿ ðåøåíèÿ ýòîãî âîïðîñà êðàéíå

æåëàòåëüíû ñïåêòðàëüíûå íàáëþäåíèÿ çâåçä, êîòîðûå äîïîëíèòåëüíî ïîçâîëÿò

îïðåäåëèòü è èõ ëó÷åâûå ñêîðîñòè.

Òàêèì îáðàçîì, îñíîâíûå èòîãè íàñòîÿùåãî èññëåäîâàíèÿ ìîæíî

ñóììèðîâàòü ñëåäóþùèì îáðàçîì:

1. Â îáëàñòè òåìíîãî îáëàêà Dobashi 5006 îáíàðóæåíû äâà íîâûõ ïîòîêà

Õåðáèãà-Àðî, ñâÿçàííûõ ñ ÈÊ-èñòî÷íèêàìè, îòíîñÿùèìèñÿ ïðåäïîëîæèòåëüíî

ê îáúåêòàì Class I.

2. Çàíîâî îöåíåíû îñíîâíûå çâåçäíî-àñòðîíîìè÷åñêèå ïàðàìåòðû (ðàññòîÿíèå,

ñîáñòâåííîå äâèæåíèå, ìåæçâåçäíîå ïîãëîùåíèå) íàõîäÿùåãîñÿ âíóòðè îáëàêà

ñêîïëåíèÿ MWSC 0739.

3. Äàííîå ñêîïëåíèå ïðåäñòàâëÿåò ñîáîé ôàêòè÷åñêè íåáîëüøóþ îáëàñòü

àêòèâíîãî çâåçäîîáðàçîâàíèÿ, âêëþ÷àþùóþ â ñåáÿ ãðóïïó, ñîñòîÿùóþ èç, ïî

êðàéíåé ìåðå, 17 îïòè÷åñêè íàáëþäàåìûõ PMS-çâåçä è íåñêîëüêèõ ÈÊ-

èñòî÷íèêîâ.
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Íàñòîÿùàÿ ðàáîòà âûïîëíåíà â ðàìêàõ òåìàòè÷åñêîãî ãðàíòà 21T-1C031

Ãîñ. êîìèòåòà ïî íàóêå ÐÀ. Â äàííîì èññëåäîâàíèè èñïîëüçîâàëèñü äàííûå,

ïîëó÷åííûå â õîäå îáçîðà Gaia Åâðîïåéñêîãî Êîñìè÷åñêîãî Àãåíòñòâà,

îáðàáîòàííûå êîíñîðöèóìîì DPAC, ôèíàíñèðóåìîãî èíñòèòóòàìè, ó÷àñòâóþ-

ùèìè â ìíîãîñòîðîííåì ñîòðóäíè÷åñòâå Gaia.

Â äàííîé ðàáîòå àêòèâíî èñïîëüçîâàëèñü áàçû äàííûõ SIMBAD, VIZIER

è âèðòóàëüíàÿ îáñåðâàòîðèÿ Aladin, ðàçðàáîòàííûå Ñòðàñáóðãñêèì öåíòðîì

çâåçäíûõ äàííûõ. Àòëàñ AKARI ÿâëÿåòñÿ ïðîåêòîì ßïîíñêîãî àãåíòñòâà

àýðîêîñìè÷åñêèõ èññëåäîâàíèé, ïðè ó÷àñòèè Åâðîïåéñêîãî êîñìè÷åñêîãî

àãåíòñòâà. Ïðîåêò PanSTARRS ÿâëÿåòñÿ ðåçóëüòàòîì ñîòðóäíè÷åñòâà Èíñòèòóòà

àñòðîíîìèè (Ãàâàéè), Ëàáîðàòîðèè Ëèíêîëüíà Ìàññà÷óñåòñêîãî òåõíîëîãè÷åñêîãî

èíñòèòóòà, Öåíòðà âûñîêîïðîèçâîäèòåëüíûõ âû÷èñëåíèé Ìàóè è Ìåæäóíà-

ðîäíîé êîðïîðàöèè ïðèêëàäíîé íàóêè.

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

 ÍÀÍ ÐÀ, e-mail tigmag@sci.am
2 Ôèçè÷åñêèé ôàêóëüòåò ÌÃÓ èì. Ëîìîíîñîâà, Ìîñêâà, Ðîññèÿ

HERBIG-HARO FLOWS AND YOUNG STARS IN THE
DOBASHI 5006 DARK CLOUD

T.A.MOVSESSIAN1, T.Yu.MAGAKIAN1, A.S.RASTORGUEV2,
H.R.ANDREASYAN1

Two new Herbig-Haro flows in the Dobashi 5006 isolated dark cloud

(l = 216o.7, b = -13o.9) were found. One of them is numbered HH 1179, another

needs further confirmation. Both are related to IR sources: 2MASS 06082284-

0936139 and 2MASS 06081525-0933490 respectively. Judging by their spectral

energy distributions, both sources can be Class I objects with luminosities of the

order of 23 L  and 3.6 L  These sources are the part of the poor star cluster MWSC

0739 located inside this dark cloud, the study of which with the aid of Gaia DR3

survey made it possible to detect 17 stars that are its probable members. Their list

and main parameters are given. The cluster distance is estimated at 820 pc, and the

color excess on the way to the cluster is 051RP)-E(BP .  mag. All these stars are

PMS objects; most of them are optically variable. It is concluded that the newly

discovered compact star formation zone in the Dobashi 5006 cloud has an age of

no more than a few million years, and this process continues to the present.

Keywords: Herbig-Haro objects: young stars: Dobashi 5006
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THE STUDY OF KANTOWSKI-SACHS PERFECT FLUID
COSMOLOGICAL MODEL IN MODIFIED GRAVITY

T.VINUTHA1, K.NIHARIKA1, K.S.KAVYA2
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Kantowski-Sachs perfect fluid cosmological model is explored in modified gravity with
functional form )()() ,(

21
TfRfTRf   where R is Ricci scalar and T is the trace of energy-

momentum tensor. With this functional form, three different cases have been formulated, namely
negative and positive powers of curvature, logarithmic curvature and exponential curvature given by

RRRRf /)(
42

1
 , )(ln)(

1
RRRf   and 

R
eRRf


)(

1
 respectively, and for all these

three cases, TTf )(
2

, here   , , , , ,  and   are constants. While solving the field equations,

two constraints i) Expansion scalar is proportional to shear scalar ii) Hyperbolic scale factor are used.
By using these conditions the required optimum solutions are obtained. The physical parameters are
calculated and geometrical parameters of three cases are analysed against redshift z with the help
of pictorial representation. In the context of ) ,( TRf  gravity energy conditions are discussed with
the help of pressure and energy density. If strong energy condition is positive the gravity should
be attractive but in our model it is negative. It means that cosmic acceleration is due to antigravity,
whereas NEC and DEC are fulfilled. The perturbation technique is used to test the stability of
the background solutions of the obtained models. The inferences obtained from this paper are in
persistent with the present cosmological observations and the model represents an accelerating
universe.

Keywords: Kantowski-Sachs spacetime:  TRf  ,  theory: perfect fluid

1. Introduction. Einstein's theory of general relativity is the foundation of

modern physics and it describes black holes and gravitational phenomena but it

break down to give an explanation of cosmic acceleration. In recent scenario it

is well known that our universe is accelerating [1,2] and it is one of the trending

topics in cosmology. To understand this mysterious concept, we focused on dark

energy and modified theories of gravity. The universe is going through an

accelerated period of expansion and it is revealed by the experiments such as

CMBR and SNIa. Dark energy can be inspected in many ways and reforming

the geometric part of the Einstein-Hilbert action is regarded as the most efficient

possible way and these changes lead to so many alternative theories of gravity.

There are different classes of modified gravity such as  Rf  gravity,  Tf  gravity,

 Gf  gravity,  GRf  ,  gravity. Among them  Rf  gravity has attracted many

researchers because it provides a natural gravitation alternative to dark energy.

During the universe expansion  Rf  theory elucidate the change from deceleration

phase to acceleration phase.  Rf  theory is presumed to be beneficial for
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resolution of the hierarchy problem or unification of grand unified theories with

gravity in high energy physics. Nojiri and Odintsov [3], Nojiri et al. [4], Chatterjee

and Jaryal [5], Sotiriou and Faraoni [6], De Felice and Tsujikawa [7] are some

of the authors who worked on various cosmological models in  Rf  theories of

gravity. A new class of  TRf  ,  gravity presented by Harko et al. [8], by including

trace T in  Rf  theory. The T-dependence in  TRf  ,  gravity may appear from

the presence of imperfect fluids or quantum effects. Among all the modified

theories of gravitation, the  TRf  ,  theory is a generalized theory because there

is an energy transfer relation between matter and geometry. The existence of this

relationship is the cause of the rapid expansion of the universe. The authors who

worked on  TRf  ,  gravity are included in references [9-16].

In this paper, we examine three specific cases one of them is combination

of xR1  and yR  i.e.   xy RRRRf 4  where   and   are constants. In

this functional form, it has both positive and negative curvature powers. At low

curvature it leads to gravitational alternative for dark energy which helps in speed

up of cosmic expansion where as high curvature describes the inflationary stage

of early universe [17]. By considering yR  term for 1 < y < 2 power law inflation

happen at early stage. If y = 2, Starobinsky inflation takes place [18], the term
2R  indicates natural correction to general relativity. According to Nojiri and

Odinstov [19] 2R  term is necessary to get rid of instabilities, linear growth of

the gravitational force, produce early time inflation and appear to pass the solar

system tests. The state of no linear growth for gravitational force makes it very

much fascinating. Higher derivative terms like 2R , 3R  can be used to put down

the instabilities significantly. For equivalent scalar tensor theory the solar system

test may be passed as scalar has large mass originated again by higher derivative

terms. The standard Einstein's gravity may be modified by considering a 1/R term

in the Einstein-Hilbert action [20] which represents the present acceleration of

the universe. But the insertion of 1/R term generates instabilities which can be

overcome by addition of 2R  term to the Einstein's gravitational action. Besides

the advantages of this functional form, have well acceptable Newtonian limit, no

instabilities and no Brans-Dicke problem in scalar tensor version. When we put

y = 2 and x = 1 in the above functional form   xy RRRRf 4  it reduces

to   RRRRf 42   and the obtained results are very efficient. In addition

to this functional form by using the linear function of TTf )( , we get the

final form of   TRRRTRf  42 ,  where  ,   and   are constants.

Vinutha et al. [21] have worked on Kantowski-Sachs perfect fluid cosmological

model in 2R -gravity. Vinutha and Sri Kavya [22] have studied Bianchi type

cosmological models in  TRf  ,  theory with quadratic functional form. Brookfield

[23] have worked on viability of  Rf  theories with additional powers of curvature.

Godani and Samanta [24] have studied traversable warmholes on  Rf  gravity
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where   nRRRf  . Banik et al. [25] have discussed Bianchi-I cosmological

model in   nRRR   gravity.

Next, we consider logarithmic curvature i.e.     TRRTRf  ln ,  where

 ,   and   are constants. As this modified gravity has put forward a gravitational

alternative for dark energy, it is quite interesting to work on this particular

functional form. In this model logarithmic terms are produced by quantum effects

in curved space time. The need for dark energy may be eradicated by this modified

gravity and may aid for the fusion of the early time inflation and cosmic

acceleration. Nojiri and Odinstov have studied about modified gravity and proposed

some functional forms such as  Rln  or  mn RR ln  and  mn RRR 2ln  

[26,27]. Fayyaz and Shamir [28] have analysed wormhole structures in logarith-

mic-corrected 2R  gravity. Kourosh and Tahereh [29] have discussed phantom-

like behavior in     mm
RRRRf  2log  gravity.

By appending the torsion scalar component to the exponential  Rf  theory

[30-34], the functional form is   TeRTRf R   ,  where  ,   and   are

constants. The reason behind choosing this functional form it comes up with the

best way of exploring cosmic acceleration. In contrast to the CDM  model the

exponential gravity model has one more parameter included in it and it also

permits the relaxation of fine tuning. Vinutha et al. [35] have studied on Bianchi

type cosmological models in modified theory with exponential functional form.

Paul et al. [36] have worked on accelerating universe in modified theories of

gravity. Sahoo et al. [37] have studied on     TRfTRf  ,  gravity models as

alternatives to cosmic acceleration. Moreas and Sahoo [38] have discussed travers-

able wormholes by using functional form   TeRTRf  ,  and also with this

functional form Moreas et al. [39] studied FRW cosmological model.

When compared to other anisotropic metrics, Kantowski-Sachs model is very

simple and easy to analyze. The cosmologies of Kantowski-Sachs metric possess two

properties of symmetry such as spherical symmetry and invariance under spatial

translation. It describes spatially homogeneous, anisotropic universe and interior of

black holes that does not allow a simply transitive group of motions. It is also used

to analyze the behavior of the added degrees of freedom in quantum cosmological

model. This metric represents three different anisotropic 3 + 1 dimensional space

time and positive curvature models. The study of anisotropic models were nourished

by the theoretical studies and observations of CMB which also been extended to

modified theories of gravity. Thus this model with an anisotropic nature appeared

most appropriate in describing the early stage of the cosmos. Some of the authors

who worked on Kantowski Sachs model are [40-46].

This article is organized as follows: In section 2,  TRf  ,  gravity field equations

are obtained and in section 3 the field equations of power-law, logarithmic and

exponential functional forms are solved. Section 4 discusses the physical and
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geometrical properties of three cases using graphs and section 5 concludes our results.

2. A brief review of f(R, T) = f
1
(R) + f

2
(T) model. The final action principle

of  TRf  ,  gravity which is a function of matter Lagrangian L
m
 is read as

  ,  ,
16

1 4
 











 xdgLTRfS m (1)

where g is the metric determinant of the fundamental tensor g
ij
,  TRf  ,  is an

arbitrary function of R and T which is mentioned in the abstract, L
m
 is the usual

matter Lagrangian density and we consider G = c = 1.

By varying the above equation (1) with respect to g
ij
, we obtain the field

equations of  TRf  ,  gravity in covariant tensor form as

       

    ,  , ,8

 , ,
2

1
 ,

ijTijTij

RjiijijijR

TTRfTRfT

TRfggTRfRTRf



 
(2)

here, i  is the covariant derivative and ji  is the D'Alemberts operator.

  RTRffR   , ,   TTRffT   ,  and R
ij
 is the Ricci tensor, where

. 22
2

lkij
mlk

mijijij
gg

L
gLgT




 (3)

Here the energy-momentum tensor is considered to be a perfect fluid which is

defined as

  , ijjiij pguupT  (4)

where u
i
 denotes four velocity vector in co-moving coordinates i.e. u

i
 = (1, 0, 0, 0)

and 1jiuu . Hence, the components of energy-momentum tensor become

 pppTij   , , ,diag , where p is the pressure and   is the energy density

of perfect fluid. Several authors have studied by choosing energy-momentum tensor

as perfect fluid which are included in the references [47-54]. It takes the form

by replacing matter Lagrangian as pLm   [55-57] in equation (3).

. 2 ijijij pgT  (5)

Consequently the field equations for  TRf  ,  gravity are procured with the aid

of pT 3  in equation (2) as

 
         

   ,  ,

 , ,
2

1
 , ,8

 ,

1

TRfg

gTRRfTRfgTRpfTTRf
TRf

G

Rjiij

ijRijTijT
R

ij






(6)

where G
ij
 is the Einstein tensor which is expressed as 2ijij RgR  .

Here, we consider the functional form      TfRfTRf 21 , ,   i.e.

  T
R

RRTRf 



4

2 , (7)



79KANTOWSKI-SACHS  PERFECT  FLUID  COSMOLOGICAL  MODEL

    TRRTRf  ln , (8)

  TeRTRf R   , (9)

as case I, II and III respectively.

3. Metric and solutions of the field equations. Now the metric takes

the form,

    , sin 22222222  ddtNdrtMdtds (10)

where M and N are metric potentials and functions of cosmic time t only and

co-moving coordinates are (   , ,r ).

3.1. Case I - (negative and positive powers of curvature). The

functional form   TRRRTRf  42 ,  field equations are as follows
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(13)

here dot denotes derivate with respect to t.

3.2. Case - II (logarithmic curvature). Field equations corresponding

to the     TRRTRf  ln ,  are
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3.3. Case - III (exponential curvature). Field equations corresponding

to the   TeRTRf R   ,  are given as follows:
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(19)

To obtain solutions for highly non-linear equations is very strenuous and in order

to remove such complications we require some constraints.

(i) We consider   is proportional to   (where   is the shear scalar and

  is the expansion scalar) and it generate linear relationship between two metric

potentials in terms of M and N as

nNM  (20)

1  ,0n  is constant. The physical motivation for assuming this condition is that

Hubble expansion of the universe may attain isotropy by the observations of the

velocity redshift relation for extra galatic sources if the value of   is constant

[58].
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(ii) The average scale factor is assumed as a hyperbolic expansion

     1sinh tta (21)

where 0 , 0  are constants. The consequence of using this scale factor is

time dependent deceleration parameter q [59]. This average scale factor tends to

zero if 0t  and if t  then a(t) becomes infinity.

The directional Hubble parameters are

. 321
N

N
HH

M

M
H


 (22)

The average Hubble parameter is,

 . 2
3

1
21 HHH  (23)

By substituting equation (23) in equation (22), we get

. 
3

1









N

N

M

M

a

a
H


(24)

From equations (20)-(24), we obtain metric potentials of M and N as

    
, sinh 23  nntM (25)

    
. sinh 23  ntN (26)

If t  then M and N are nonzero, hence, our model is free from singularity.

Using equations (25) and (26), the Kantowski-Sachs metric obtained as

            .sinsinhsinh 2222622622   ddtdrtdtds nnn (27)

The above metric represents a perfect fluid Kantowski-Sachs universe in

 TRf  ,  theory of gravity.

3.4. Pressure and density for case I. By solving the equations of (11),

(12) and (13) we get the pressure of the model as

, 
322742222

4

1

21

76543

12
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p (28)

and the density of the model is obtained as

, 
222322742

4

1

12
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21

76543

















 (29)

The values of  ,  ,   (same for all three cases) and i  (i =1, ..., 7) for all

cases are given in the Apendix of the archived version (http://arxiv.org/abs/2301.01163).

3.5. Pressure and density for case II. By solving the equations (14),

(15) and (16) we get the expression for pressure is
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, 
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p (30)

and the density of the model is obtained as
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 (31)

3.6. Pressure and density for case III. By solving the equations (17),

(18) and (19) we get the pressure of the model as

, 
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p (32)

and the density of the model is obtained as

, 
222322742
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12
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21
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 (33)

4. Physical and geometrical properties. The average Hubble parameter is

 . coth tH 



 (34)

From Fig.1 the Hubble parameter decreases with the decrease of redshift i.e.

decreases as time increases. By choosing the values of 0.21  and 3.10  in

the scale factor the Hubble parameter is obtained as 0.07 Gyr s-1 which is nearly

equal to the present observational value [60]. For this quantity the dimension is

1/time. By using this formula, we can also measure the age of the cosmos.

(ii) The volume of the model is given by

   . sinh 33  taV (35)

Fig.1. Plot of Hubble parameter H versus redshift z.

Redshift (z)

H
ub

b
le

 p
ar

am
et

er
 (
H
)

0

0.1

1 2

0.2



83KANTOWSKI-SACHS  PERFECT  FLUID  COSMOLOGICAL  MODEL

In Fig.2, it is clear that the spatial volume increases with the decrease of

redshift i.e. it increases as the time increases and is finite at final epoch.

(iii) The expansion scalar   is

 
. 

coth3
3 ;






t
Huii (36)

From Fig.3, it is observed that expansion scalar decreases with the decrease of

redshift i.e. it decreases as time increases. Here we noticed that for t = 0 the

expansion scalar is infinite.

(iv) We get the shear scalar as

   
 

, 
2

coth13
22

222
2






n

tn
(37)

when t = 0, 2  (shear scalar) tends to infinity.

(v) The mean anisotropy parameter A
h
 is obtained as

Fig.2. Plot of volume V versus redshift z
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where i = 1, 2, 3 indicate the directional Hubble parameters for the coordinates

of r,   and  .

The mean anisotropy parameter is defined on the basis of directional Hubble

parameter and mean Hubble parameter.
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 n

n

n
Ah (39)

The mean anisotropy parameter A
h
 is useful for checking if the model is

anisotropic or not. In the present model A
h

 = 0 for n = 1 and 0hA  for 1n
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that is the model is anisotropic for 1n  and isotropic for n = 1.

In all the discussions and graphical representation of physical parameters we

constraint the constants for case I as 210. , 103. , n = 7.38, 0210. ,

20. , 030. , case II as 0010. , 0020.  and case III as 20. ,

0090. . The values of parameters  ,  , n,   in cases II and III are same

as that of Case I.

(iv) The deceleration parameter is

. 
1

1
Hdt

d
q  (40)

In this model by using hyperbolic function we obtained deceleration parameter

as

  . tanh11 2 tq  (41)

When   211 11tanh
1




 t , q has negative value which represents that the

universe is accelerating whereas if   211 11tanh
1




 t , q has positive value which

represents that the universe is decelerating. The quantities such as q and H specifies

the geometric properties of the cosmos.

v) Fig.4, 5 and 6 illustrate the variation of pressure against redshift in cases

I, II and III respectively. The figures shows that in three cases pressure is negative

and it is known that a negative pressure fluid is the correct mechanism which

is capable of explaining cosmic acceleration within the standard cosmologies,

despite the fact that in the latter it is necessary to bring the cosmological constant

to get this exotic characteristic. In Fig.4, 5 and 6 the pressure increases with the

decrease of redshift, i.e. it increases as time increases which represents cosmic

acceleration.

vi) Fig.7, 8 and 9 shows the evolution of energy density for cases I, II and

III respectively. In all the cases the density decreases with the decrease of redshift,

i.e. it decreases as time increases.

vii) With great efforts the equation of state(EoS) parameter in cosmology of

different dark energy models are examined. The parameter relating to the equation

of state is a dimensionless term that represents the matter state under some

particular physical grounds. In the terminology of p and   the EoS can be

interpret in the from of  p . The EoS parameter is distinguished in three

regions namely quintessence, phantom, and quintom according to its range. In

quintessence region the EoS paramter lies in the range of 311  , in

phantom phase the EoS parameter is in the range of less than -1 (i.e. 1 )

and in quintom 1 . Fig.10, 11 and 12 of the EoS parameter are drawn against

redshift and observed that it decreases with the decrease of redshift that is decreases
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as time increases. From the graphs we noticed that our model lies in quintessence

region in three cases. According to Planck+nine years WMAP the current value

of EoS parameter is approximately as 240
250131 .
.. 

  [61], and from SNe Ia data

with galaxy clustering, CMBR anisotropy statistics the EoS parameter lies in the

range 790331 ..  , 620671 ..   [62] respectively. From the figures of

EoS parameters, it is seen that three cases are approximately coincide with

observational data which is a good result.

viii) In modified theories of gravity, energy conditions [63-65] plays a crucial

role in studying the behaviour of spacelike and timelike geodesics and these

conditions are came from Raychaudhuri equations [66]. Energy conditions can be

defined in many ways, such as geometric way and physical way. Moreover energy

conditions are significant in the black hole physics, as they lay foundations of

the singularity theorems. Another advantage of energy condition is that it allows

basic tools to consider certain ideas about black holes and wormholes. There are

four most commonly used fundamental energy conditions. The general expressions

for energy conditions in regard of pressure and energy density are given below:

(i) SEC (Strong Energy condition): Gravity always has to be attractive, and

in cosmology 03  p , 0 p  should be observed.

(ii) DEC (Dominant Energy Condition): The energy density should always be

positive when measured by any observer that is 0 , 0 p , must be obeyed.
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(iii) WEC (Weak Energy Condition): The energy density must always be

positive when measured by any observer that is 0 , 0 p .

(iv) NEC (Null Energy Condition): NEC is expressed in the form of 0 p

and it ensures the validity of second law of black hole thermodynamics.

Where NEC, WEC, DEC and SEC represents null, weak, dominant and

strong energy conditions. According to present cosmological data to represent the

universe with cosmic expansion the SEC of that model should be violated

03  p . For the obtained models the same scenario can be clearly observed

from Fig.13 to 15. When compared to strong energy condition null energy

condition is more beneficial, as it can be used algebraically due to its weakest

pointwise energy condition which results in the strongest theorems and all these

Fig.18. NEC in case III.
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energy conditions, are met by electromagnetic field. From Fig.16 to 18 it is clear

that NEC ( 0 p ) is satisfied in all the three cases for the obtained model.

If NEC satisfies then the parameter EoS occurs in quintessence region. Also from

Fig.19 to 21 it is clear that DEC ( 0 p ) is fulfilled in all the three cases

for the obtained model.

4.1. Stability analysis. Perturbations are essential for simplify a complex

mathematical problems. There are several types of perturbations such as isotropic,

anisotropic, homogeneous/inhomogeneous scalar, vector and tensor perturbations.

The technique of perturbation is studied as a tool for finding approximate solution

and comparing it to the obtained exact solution. Some of the researchers who

studied on stability analysis are [67-69]. Here the stability of solutions in terms

of metric perturbation as following

 . 1 iBiiBii baaaa  (42)

The perturbation of volume scale factor, directional Hubble factors and mean

Hubble factors are

. 
3

1
, ,  

i
iB

i
iBii

i
iBB bbbVVV (43)

The following equations are satisfied by the metric perturbation ib

Fig.21. DEC in case III.
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, 02  
i

iBi
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i bb 
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From equations (44)-(46), we attain

, 0 i
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B
i b
V

V
b 




(47)

where V
B
 is the background spatial volume and for our case V

B
 is

   . sinh 3  tVB (48)

From above two equations, ib  is procured as
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where c
1
 and c are integrating constants.

Consequently, the actual fluctuations iBii baa   is
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Fig.22 shows the behaviour of actual fluctuations versus redshift and it is

noticed that it is a decreasing function with the decrease of redshift that is actual

Fig.22. Plot of actual fluctuations 
i
a  versus redshift z.
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fluctuations decrease as time increases. It is clear that 0 ia  as z  and

hence the background solution is shown to be stable against perturbation of

gravitational field.

5. Conclusions. A cosmological model in  TRf  ,  theory with three cases

namely power law, logarithmic and exponential curvature is obtained. Hyperbolic

scale factor is used to solve the field equations to get the solution in each case.

The solutions of these field equations represent accelerating model of the universe.

The graph of all parameters are drawn against redshift. In graphs the negative region

of z represents future epoch, positive region of z represents past and z = 0 indicates

present. Obtained models are anisotropic and free from singularity all the way

through the universe's evolution. By analyzing all the parameters the conclusions

are as follows:

- From Fig.1 and 3 and from the equations (34) and (36) it can be seen

that Hubble parameter and expansion scalar decreases with the decrease of redshift,

and also it is clear that the Hubble parameter and expansion scalar are close to

zero when t .

- From Fig.2 it is clear that the volume increases with the decrease of redshift

which indicates volume of the expanding universe. From equation (37), it is

noticed that the shear scalar is a function of time and tends to zero when t .

- From equation (39), the anisotropic parameter is independent of time and

0hA  for 1n , A
h

 = 0 for n = 1. But in this paper due to power law n is different

from one. Hence the models are anisotropic throughout.

- From the graphs of pressure and energy density of all the three cases, it

is clear that the pressure and energy density are negative and positive respectively.

Due to the negative pressure and positive energy density the universe is going

through accelerating expansion.

- The behavior of EoS parameter against redshift is represented in plots 11

to 13. From these graphs it is obvious that the model is in the quintessence region

in three cases that is 311   which matches with present observational data.

- In three cases, SEC is violated whereas NEC and DEC are fufilled. The

violation of SEC leads to cosmic acceleration which is in good agreement with

the expansion of the cosmos.

- As seen in the graph of stability analysis, the actual fluctuations begin with

a small positive value and decreases to zero. As a result, the background solution

is stable when the gravitational field is perturbed.

A detailed discussion is provided through the obtained models for describing

cosmic acceleration. Finally, through the detailed study of the models in three cases

namely power law curvature   TRRRTRf  42 , , logarithmic curvature

    TRRTRf  ln ,  and exponential curvature   TeRTRf R   ,  very
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good results which represents the universe accelerating expansion are observed.

Moreover all the parameters discussed here matches with the recent observational

data. At last, without existence of any exotic fluid, the current universe is

accelerating is perceived in this paper which is a great outcome. As a future work,

this work can be extended to other anisotropic models and can study the

similarities and differences between them.
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ÈÑÑËÅÄÎÂÀÍÈÅ ÊÎÑÌÎËÎÃÈ×ÅÑÊÎÉ ÌÎÄÅËÈ
ÈÄÅÀËÜÍÎÉ ÆÈÄÊÎÑÒÈ ÊÀÍÒÎÂÑÊÎÃÎ-ÑÀÊÑÀ Â

ÌÎÄÈÔÈÖÈÐÎÂÀÍÍÎÉ ÃÐÀÂÈÒÀÖÈÈ

Ò.ÂÈÍÓÒÀ1, Ê.ÍÈÕÀÐÈÊÀ1, Ê.Ø.ÊÀÂÜß2

Êîñìîëîãè÷åñêàÿ ìîäåëü èäåàëüíîé æèäêîñòè Êàíòîâñêîãî-Ñàêñà

èññëåäóåòñÿ â ìîäèôèöèðîâàííîé ãðàâèòàöèè ñ ôóíêöèîíàëüíîé ôîðìîé

     TfRfTRf
21

 ,  , ãäå R - ñêàëÿð Ðè÷÷è, à T - ñëåä òåíçîðà ýíåðãèè-

èìïóëüñà. Ñ ïîìîùüþ ýòîé ôóíêöèîíàëüíîé ôîðìû áûëè ñôîðìóëèðîâàíû

òðè ðàçëè÷íûõ ñëó÷àÿ, à èìåííî, îòðèöàòåëüíàÿ è ïîëîæèòåëüíàÿ ñòåïåíè

êðèâèçíû, ëîãàðèôìè÷åñêàÿ êðèâèçíà è ýêñïîíåíöèàëüíàÿ êðèâèçíà, îïðåäå-

ëÿåìûå ôîðìóëàìè   RRRRf 42
1  ,    RRRf  ln1  è   ReRRf 1 ,

ñîîòâåòñòâåííî, è äëÿ âñåõ ýòèõ òðåõ ñëó÷àåâ   TTf 2 , ãäå   , , , , ,

è   - êîíñòàíòû. Ïðè ðåøåíèè óðàâíåíèé ïîëÿ èñïîëüçóþòñÿ äâà îãðàíè÷åíèÿ:

i) ñêàëÿð ðàñøèðåíèÿ ïðîïîðöèîíàëåí ñêàëÿðó ñäâèãà, ii) èñïîëüçóåòñÿ ãèïåð-

áîëè÷åñêèé ìàñøòàáíûé êîýôôèöèåíò. Èñïîëüçóÿ ýòè óñëîâèÿ, ïîëó÷åíû

òðåáóåìûå îïòèìàëüíûå ðåøåíèÿ. Ðàññ÷èòàíû ôèçè÷åñêèå ïàðàìåòðû è
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ïðîàíàëèçèðîâàíû ãåîìåòðè÷åñêèå ïàðàìåòðû òðåõ ñëó÷àåâ â çàâèñèìîñòè îò

êðàñíîãî ñìåùåíèÿ z ñ ïîìîùüþ ãðàôè÷åñêîãî ïðåäñòàâëåíèÿ. Â êîíòåêñòå

 TRf  ,  ýíåðãåòè÷åñêèå óñëîâèÿ ãðàâèòàöèè îáñóæäàþòñÿ ñ ïîìîùüþ äàâëåíèÿ

è ïëîòíîñòè ýíåðãèè. Åñëè ñèëüíîå ýíåðãåòè÷åñêîå ñîñòîÿíèå ïîëîæèòåëüíîå,

ãðàâèòàöèÿ äîëæíà áûòü ïðèòÿãàòåëüíîé, íî â íàøåé ìîäåëè îío îòðèöàòåëüíîå.

Ýòî îçíà÷àåò, ÷òî êîñìè÷åñêîå óñêîðåíèå ïðîèñõîäèò çà ñ÷åò àíòèãðàâèòàöèè,

â òî âðåìÿ êàê âûïîëíÿþòñÿ NEC è DEC. Ìåòîä âîçìóùåíèé èñïîëüçóåòñÿ

äëÿ ïðîâåðêè óñòîé÷èâîñòè ôîíîâûõ ðåøåíèé ïîëó÷åííûõ ìîäåëåé. Âûâîäû,

ïîëó÷åííûå â ýòîé ñòàòüè, ñîãëàñóþòñÿ ñ íûíåøíèìè êîñìîëîãè÷åñêèìè

íàáëþäåíèÿìè, è ìîäåëü ïðåäñòàâëÿåò ñîáîé óñêîðÿþùóþñÿ Âñåëåííóþ.

Êëþ÷åâûå ñëîâà: ïðîñòðàíñòâî-âðåìÿ Êàíòîâñêîãî-Ñàêñà:  TRf  , -òåîðèÿ:

     èäåàëüíàÿ æèäêîñòü
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EFFECT OF THE INTERACTION BETWEEN
HYPERONS ON THE MOMENT OF INERTIA OF

THE PROTO NEUTRON STARS
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Effect of the interaction between hyperons on the moment of inertia of proto neutron stars
(PNSs) PSR J0740+6620, PSR J0348+0432, PSR J1614-2230 and PSR J0737-3039A is exam-
ined by means of relativistic mean field theory. Taking into account the interaction between
hyperons, the mass M of the PNS decreases with respect to the same radius R, the energy density
  increases with respect to the same pressure p, and the moment of inertia I of the PNS decreases

with respect to the same central energy density 
c
 . Under the constraint of the mass of the PNS,

considering the interaction between hyperons, the larger the mass of the PNS, the more the radius
and moment of inertia of the PNS decrease, while the more energy density and pressure increase.
For smaller PNSs, the effect can be negligible.

Keywords: hyperon: relativistic mean field theory: neutron star

1. Introduction. Neutron stars (NSs) are dense objects that have a 2  solar

mass and a very small radius [1-4]. When calculating its moment of inertia,

general relativistic effects must be taken into account [5,6].

A binary NS system PSR J0737-3039 was observed in 2004 [7]. One of the

NSs in the system, NS PSR J0737-3039A, has a typical mass M.M 341

[7-9]. After that, its mass was determined to be M.M 3371  [10], or

M..M 0007033811   [11].

In the last decade, great progress has also been made in the observation of

massive NSs. NS PSR J1614-2230 was discovered in 2010 and its mass is

M..M 040971   [12]. In 2016, its mass was precisely determined to be

M..M 070931   [13]. NS PSR J0348+0432, whose mass is M..M 040012  ,

was observed in 2013 [14]. In 2020, NS PSR J0740+6620 with the mass of

M.M .
.
100
090142 

   was discovered [15] and it may be the most massive NS ever

discovered.

NSs come from supernova explosions. A proto neutron star (PNS), formed

by a supernova explosion, can reach temperatures as high as 30 MeV. Later, the

PNS emits energy through neutrino radiation to form a NS [16]. PNS is a very

important stage in the evolution of NS and the research of PNS is meaningful
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À Ñ Ò Ð Î Ô È Ç È Ê À

DOI: 10.54503/0571-7132-2023.66.1-95

https://doi.org/10.54503/0571-7132-2023.66.1-95


96 XIAN-FENG  ZHAO

for astrophysics.

The interactions between nucleons in NS matter are described by  ,   and

  mesons. But this is not complete, and the interactions between hyperons, which

can be described in terms of f
0
 (1020 MeV) (short for  ) and   (975 MeV) (short

for  ) mesons [17], need to be taken into account. It is of great interest to know

how the interaction between hyperons affects the properties of the PNS, such as

the moment of inertia.

In this paper, the effect of the interaction between hyperons on the moment

of inertia of PNSs PSR J0740+6620, PSR J0348+0432, PSR J1614-2230 and

PSR J0737-3039A is examined by using the relativistic mean field (RMF) theory

[18] considering baryon octet.

2. The RMF theory for the PNS matter. The Lagrangian density of

the PNS matter is as follows [19]
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where B  is the Dirac spinor of baryon B and the corresponding mass is m
B
.

  and   are field operators for mesons   and  , respectively. 0 , 03  and

0  are expected values for mesons  ,   and  , respectively. Bg , Bg , Bg ,

B
g 

 and Bg  represent the coupling constants between  ,  ,  ,   and 

mesons and baryon B, respectively. g
2
 and g

3
 are the self-interaction parameters

of   mesons. m , m , m , 
m  and m  are masses of mesons  ,  ,  ,

  and  , respectively.   and m  are the Dirac spinor and mass of the free

electron and  , respectively.

Considering the neutrino binding, the baryonic partition function of the PNS

matter is

    . 1ln
2

12
ln
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V
T

V
Z L (2)

Here, V stands for volume, T for temperature, J
B
 for spin of baryon B, k for

Fermi momentum,  kB  for energy of baryon B, and B  for chemical potential

of baryon B.

The total baryon number density [20,21] is
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Here, b
B
 is the baryon number of baryon B. n

B
(k) is the Fermi-Dirac distribution

function of baryon

 
   

, 
exp1

1

Tk
kn

BB
B


 (4)

and  kB  is defined as

    , 30300
22

BBBBBBBB Igggkggmk  


  (5)

where the interaction terms between baryon and meson fields are properly taken

into account [22]. I
3B
 is the isospin 3 component of baryon B.

The energy density and the pressure respectively are

  , 
2

12

2

1

2

1

2

1

4

1

3

1

2

1

2

1

0

222

2

2
03

22
0

22
0

2

4
3

3
2

2222

















 

BB
B

B

B

mdkn
J

mmm

ggmm

(6)

  . 
2

12

3

1

2

1

2

1

2

1

4

1

3

1

2

1

2

1

0
22

4

2

2
03

22
0

22
0

2

4
3

3
2

2222





















 

dkn
m

J
mmm

ggmmp

B

BB

B

B

(7)

Here, 
Bm  is the effective mass of baryon B

. 


   BBBB ggmm (8)

Regardless of the interaction between leptons at finite temperature, their

partition function is

    , 1ln
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the first line represents the contribution of massless neutrinos and the second line

the contribution of electrons and s . i  is the chemical potential of neutrinos.

 k  and   are the energy and chemical potential of electrons and s ,

respectively.

The lepton number density is

  , 
1

0

2

2 



 dkknk ll (10)
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where, l  and n
l
(k) represent the number density and distribution function of
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electron and  , respectively.   and   represent the number density and

chemical potential of electron neutrinos and   neutrinos, respectively.

The energy density and the pressure of leptons are

  , 
84120
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The chemical potentials of baryon i are

 . eeini q  (14)

where n , e  and e  denote the chemical potential of neutrons, the chemical

potential of electrons and the chemical potential of electron neutrinos, respectively.

q
i
 is the charge of baryon i.

The mass and the radius of a PNS can be calculated by the Tolman-

Oppenheimer-Volkoff (TOV) equation [23,24]

  
 

, 
2

4 3

Mrr

prMp

dr

dp




 (15)

. 4
0

2
 
R

drrM (16)

For a slowly rotating PNS, its moment of inertia is [5,6]
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Here,   and  r  represent the angular velocity measured at infinity and the

angular velocity of the frame rotation, respectively.   is given by
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1

dr

dp
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 (18)

and the angular velocity is given by

. 0
41 4

4
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(19)

The j(r) is

      . , 21 RrrrMeerj   (20)

The boundary condition are given by

, 0
0




rdr

d
(21)
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  , 0 (22)

  . 
3 Rrdr

dR
R




 (23)

3. The parameters. Eight sets of nucleon coupling constants (DD-MEI

[25], FSU2H [26], FSU2R [26], FSUGold [27], GL85 [28], GL97 [19], GM1

[29], and TW99 [25]) are used to calculate the PNSs in this work.

The ratios of hyperon coupling constant to nucleon coupling constant can be

defined as   ggx hh ,   ggx hh ,   ggx hh , with h denoting hyperons

 ,   and  .

Through quark SU(6) symmetry we select the sx h  [30,31]. For the mass

of the PNS increases as sx h  and sx h  increase [32] and in order to obtain

the large mass of the PNS PSR J0740+6620, we should select as large sx h  as

possible, 90.x h  , and sx h  are obtained by [19]

  . 1 0

2

hh
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n
n

N
h x
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g
x

m

m
mU 
































 (24)

Here, the hyperon-potentials are chosen as   30
NU  MeV [31,33,34],   30

NU

MeV [31,33-35] and   14
NU  MeV [36], respectively.

Fig.1. The radius of the PNS as a function of the mass. The four thick vertical lines represent
the masses of the PNSs PSR J0740+6620, PSR J0348+0432, PSR J1614-2230 and PSR J0737-
3039A, respectively.
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The coupling parameters between the mesons   and   and the hyperons

can be taken as [17]

, 32222   gggg (25)

, 690.gggg    (26)

. 251.gg  (27)

We choose the temperature of the PNSs as T = 15 MeV [16].

As can be seen from Fig.1, TW99, DD-MEI and GM1 can give the masses

of the PNSs PSR J0740+6620, PSR J0348+0432, PSR J1614-2230 and PSR

J0737-3039A. Riley et al. [37] and Miller et al. [38] made accurate measurements

of the mass and radius of NS PSR J0030+0451. Results of Riley et al. [37] are

M.M .
.
150
160341 

  and 141
1917112 .
..R 

  km, and results of Miller et al. [38] are

M.M .
.
150
140441 

  and 241
0610213 .
..R 

  km. We see that GM1 gives masses and radii

that are closest to the results of [37,38]. Therefore, we next use GM1 to study

the effect of the interaction between hyperons on the moment of inertia of the

PNSs.

4. Effect of the interaction between hyperons on the radius of the

PNSs. The radius of the PNS as a function of the mass calculated by nucleon

Fig.2. The radius of the PNS as a function of the mass calculated by nucleon coupling constant

GM1. The four thick vertical lines represent the masses of the PNSs PSR J0740+6620, PSR
J0348+0432, PSR J1614-2230 and PSR J0737-3039A, respectively.
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coupling constant GM1 is shown in Fig.2. The nucleon coupling constant is chosen

as GM1.

It can be seen that the radius R of the PNS decreases as the mass M increases.

Given the interaction between hyperons, the mass M of the PNS decreases with

respect to the same radius R.

Under the constraints of the mass M of the corresponding PNS mentioned

above, the radius of the PNS PSR J0740+6620 is reduced by about 0.1% from

R = 13.663 km to R = 13.648 km considering the interaction between hyperons (see

Table 1). The radius of the PNS PSR J0348+0432 decreases from R = 14.035 km

to R = 14.027 km, which is about 0.06%. The radius of PNS PSR J1614-2230 is

R = 14.199 km, while the radius of PNS PSR J1614-2230 is R = 15.05 km, both

unchanged. We see that the larger the mass M of the PNS, the larger the reduction

in the radius R of the PNS, taking into account the interaction between hyperons.

For the less massive PNS, the hyperon interaction has little effect on the radius

R. The influence of the interaction between hyperons on the radius of the PNS

must lead to the influence on the moment of inertia.

5. Effects of hyperon interactions on the energy density and

pressure of the PNSs. The energy density   of the PNS as a function of

the pressure p is shown in Fig.3.

We see that the energy density   of the PNS increases as the pressure

Parameter R, km c , 1015
 g cm-3 p

c
, 1035

 dyne cm-2 I, 1045
 g cm2

   PNS6620     M.M 142

no 
  and  13.663 1.124 2.577  2.347

with 
  and  13.648 1.141 2.608  2.320

   PNS0432     M.M 012

no 
  and  14.035 0.931 1.820  2.443

with 
  and  14.027 0.937 1.834  2.437

   PNS2230     M.M 931

no 
  and  14.199 0.856 1.533  2.425

with 
  and  14.199  0.857 1.533  2.422

   PNS3039A     M.M 3381

no 
  and  15.05 0.563 0.553  1.671

with 
  and  15.05 0.563  0.553  1.671

Table 1

THE RESULTS OF THE CALCULATION OF THE RADIUS,

CENTRAL ENERGY DENSITY, CENTRAL PRESSURE,

AND MOMENT OF INERTIA
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increases. Given the interactions between the hyperons, the energy density 

increases with respect to the same pressure p. Of course, the energy density 

doesn't go up very much.

Under the constraint of the mass of the PNSs mentioned above, the central energy

density of the PNS PSR J0740+6620 increases from 15101241  .c g cm-3

to 15101411  .c g cm-3 by about 1.5%, considering the interaction between

hyperons. The central energy density of the PNS PSR J0348+0432 increases from
15109310  .c g.cm  to 15109370  .c  g cm-3, which is about 0.6%. The central

energy density of the PNS PSR J1614-2230 increases from 15108560  .c g cm-3

to 15108570  .c  g cm-3, increasing by about 0.1%. The central energy density

of the PNS PSR J0777-3039A is 15105630  .c  g cm-3, which does not change.

Similar results are found for the central pressure p
c
 of the PNSs. It can be seen

that the larger the mass M of the PNS, the greater the influence of the interaction

between hyperons on the central energy density c  and the central pressure p
c
.

When the mass M of the PNS is small, this effect can be ignored.

6. The influence of the interaction between hyperons on the

moment of inertia of the PNSs. Fig.4 gives the moment of inertia I of the

p, dyne cm-2

,
 g

 c
m

-3

0.0
0.0

1.0x1035 2.0x1035

4.0x1014

8.0x1014

1.2x1014

Fig.3. The energy density   of the PNS as a function of the pressure p. The triangles,

pentagons and dots in the figure represent the central energy density c  and central pressure p
c
 of

the PNSs PSR J0740+6620, PSR J0348+0432, PSR J1614-2230 and PSR J0737-3039A, respec-
tively. The solid symbols mean that the interaction between hyperons is not considered, and the

hollow symbols mean that the interaction between hyperons is considered.
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PNS as a function of the central energy density c .

As can be seen from Fig.4, the moment of inertia I of the PNS increases

with the increase of the center energy density c , and decreases with the increase

of the center energy density c  after reaching a certain peak value. Taking into

account the interaction between hyperons, the moment of inertia I of the PNS

decreases with respect to the same central energy density c .

We see from Table 1 and Fig.4, the moment of inertia I of the PNS PSR

J0740+6620 is reduced from 45103472  .I  g cm2 to 45103202  .I  g cm2 by about

1.2% under the mass limit of the PNS mentioned above and considering the

interaction between hyperons. The moment of inertia of the PNS PSR J0348+0432

decreases from 45104432  .I  g cm2 to 45104372  .I  g cm2, which is about 0.2%.

The moment of inertia of the PNS PSR J1614-2230 decreases from 45104252  .I

g cm2 to 45104222  .I  g cm2, which is about 0.1%. The moment of inertia of

the PNS PSR J0777-3039A is 45106711  .I  g cm2 and does not change. So the

larger the mass of the PNS, the larger the decrease in the moment of inertia

considering the interaction between hyperons. When the mass of the PNS is small,

the interaction between hyperons has little effect on the moment of inertia of the

PNS.

The moment of inertia I of the PNS as a function of the radius R is shown

Fig.4. The moment of inertia I of the PNS as a function of the central energy density c .
The solid thick vertical lines represent the central energy density c  of the PNS when the

interaction between hyperons is not considered, while the dashed thick vertical lines represent the
central energy density c  of the PNS when the interaction between hyperons is considered.

c , g cm-3

I,
 g

 c
m

2

5x1014

1.6x1045

7x1014 9x1014 1x1015

2.0x1045

2.4x1045
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in Fig.5. We see that the moment of inertia of the PNS increases as the radius

increases, and after reaching a certain peak, decreases as the radius increases.

Considering the interaction between hyperons, the moment of inertia of the PNS

with respect to the same radius decreases, and the smaller the radius, the greater

the decrease in moment of inertia.

The moment of inertia I of the PNS as a function of the mass M is given

in Fig.6. We see that the moment of inertia of the PNS increases with the increase

of the mass, and after reaching a certain peak, decreases with increase of the mass.

Taking into account the interaction between hyperons, the moment of inertia of

the PNS with respect to the same mass decreases, and the greater the mass, the

greater the decrease in the moment of inertia.

7. Summary. In this paper, the effects of the interaction between hyperons

on the moment of inertia of the PNSs PSR J0740+6620, PSR J0348+0432, PSR

J1614-2230 and PSR J0737-3039A are studied by means of RMF theory. The

nucleon coupling parameter is chosen as GM1, and the temperature of the PNS

is set as T = 15 MeV.

We see that the mass M of the PNS decreases with respect to the same radius

Fig.5. The moment of inertia I of the PNS as a function of the radius R. The triangles,

pentagons and dots in the figure represent the moment of inertia I and radius R of the PNSs PSR
J0740+6620, PSR J0348+0432, PSR J1614-2230 and PSR J0737-3039A, respectively. The solid
symbols mean that the interaction between hyperons is not considered, and the hollow symbols

mean that the interaction between hyperons is considered.

R, km

I,
 g

 c
m

2

13.6
1.6x1045

14.0 14.4 14.8

2.0x1045

2.4x1045
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R as the interaction between hyperons is considered. Under the constraints of the

mass M of the corresponding PNS, the larger the mass M of the PNS, the larger

the reduction in the radius R of the PNS, taking into account the interaction

between hyperons. For the less massive PNS, the hyperon interaction has little

effect on the radius R.

Under the constraint of the mass of the PNSs, the larger the mass M of the

PNS, the greater the influence of the interaction between hyperons on the central

energy density c  and the central pressure p
c
. When the mass M of the PNS

is small, this effect can be ignored.

Taking into account the interaction between hyperons, the moment of inertia

I of the PNS decreases with respect to the same central energy density c . We

also see that the larger the mass of the PNS, the larger the decrease in the

moment of inertia considering the interaction between hyperons. When the mass

of the PNS is small, the interaction between hyperons has little effect on the

moment of inertia of the PNS.

Our results show that the interaction between hyperons has a strong influence

on the properties of the larger mass PNS, but a small influence on the properties

of the smaller mass PNS.

In our calculation, in addition to the mean-field approximation, we also use

Fig.6. The moment of inertia I of the PNS as a function of the mass M. The four thick vertical

lines represent the masses of the PNSs PSR J0740+6620, PSR J0348+0432, PSR J1614-2230 and
PSR J0737-3039A, respectively.

MM

I,
 g

 c
m

2

1.4
1.6x1045

1.6 1.8 2.0 2.2

2.0x1045

2.4x1045
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the sea-free approximation, that is, we do not consider the effect of antiparticles.

In fact, especially in finite temperature NS matter, antiparticles excited from the

sea should be considered. This will be an area that we will continue to investigate

in the future.

In addition, the simplest RMF model with constant baryon-meson couplings

is used in our calculations and the so-called rearrangement self-energy is not taken

into account. But it is necessary to include properly the "rearrangement" contri-

butions to show that energy-momentum conservation [25]. Therefore, the influ-

ence of the rearrangement self-energy on the NS/PNS matter should be considered

in the next calculations.
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ÂËÈßÍÈÅ ÂÇÀÈÌÎÄÅÉÑÒÂÈß ÃÈÏÅÐÎÍÎÂ ÍÀ
ÌÎÌÅÍÒ ÈÍÅÐÖÈÈ ÏÐÎÒÎÍÅÉÒÐÎÍÍÛÕ ÇÂÅÇÄ

ÑÈÀÍÜ-ÔÝÍ ×ÆÀÎ

Â ðàìêàõ ðåëÿòèâèñòñêîé òåîðèè ñðåäíåãî ïîëÿ èññëåäîâàíî âëèÿíèå

âçàèìîäåéñòâèÿ ãèïåðîíîâ íà ìîìåíò èíåðöèè ïðîòîíåéòðîííûõ çâåçä (ÏÍÇ)

PSR J0740+6620, PSR J0348+0432, PSR J1614-2230 è PSR J0737-3039A.

Ïðè ó÷åòå âçàèìîäåéñòâèÿ ìåæäó ãèïåðîíàìè: à) ïðè îäèíàêîâîì ðàäèóñå  R

ìàññà ÏÍÇ  óìåíüøàåòñÿ, á) ïðè îäèíàêîâîì äàâëåíèè  ð  ïëîòíîñòü ýíåðãèè

óâåëè÷èâàåòñÿ, â) ïðè îäèíàêîâîé öåíòðàëüíîé ïëîòíîñòè c  ìîìåíò èíåðöèè

I ÏÍÇ óìåíüøàåòñÿ. Ïðè îãðàíè÷åíèè ìàññû ÏÍÇ, â ðåçóëüòàòå âçàèìîäåéñòâèÿ

ìåæäó ãèïåðîíàìè, ÷åì áîëüøå ìàññà ÏÍÇ, òåì áîëüøå óìåíüøàþòñÿ ðàäèóñ

è ìîìåíò èíåðöèè ÏÍÇ, à ïëîòíîñòü ýíåðãèè è äàâëåíèå óâåëè÷èâàþòñÿ.

Äëÿ ìåíåå ìàññèâíûõ ÏÍÇ ýôôåêò ìîæåò áûòü íåçíà÷èòåëüíûì.

Êëþ÷åâûå ñëîâà: ãèïåðîí: ðåëÿòèâèñòñêàÿ òåîðèÿ ñðåäíåãî ïîëÿ: íåéòðîííàÿ

     çâåçäà
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ACCELERATING KALUZA-KLEIN UNIVERSE IN
MODIFIED THEORY OF GRAVITATION
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The purpose of this paper is to study the Kaluza-Klein universe in the context of the f (R, T)
gravity theory using magnetized strange quark matter (MSQM). To obtain exact solutions of field
equations, we assume two types of volumetric expansion: power law and exponential law volumetric
expansions. The violation of energy conditions has been studied. The physical and geometrical
properties of the examined model have also been investigated thoroughly.

Keywords: Kaluza-Klein metric: magnetized strange quark matter: power and

exponential law:  TRf  ,  gravity

1. Introduction. The study of cosmic accelerated expansion, which has been

validated by various observations over the last two decades, is one of the most

important cosmological enigma among cosmologists. The concept of accelerated

expansion of the universe was first proposed by cosmological studies such as type

Ia supernovae [1-4], and subsequently, measurements of the cosmic microwave

background (CMB) from the Wilkinson microwave anisotropy probe (WMAP)

[5,6] and large-scale structure [7] have confirmed this idea. There are several

modified theories proposed that can be found in the literature to explain the

accelerating and expanding nature of the universe. Some of theme are  Rf  theory

[8-10],  Tf  theory [11-13],  TRf  ,  theory [14,15],  Gf  theory [16-18] and

each theory has its own importance.

Among the several modified theories of gravitation, the  TRf  ,  theory of

gravity proposed by Harko et al. [14] is an intriguing extension of general relativity

(GR) that has received a lot of attention in recent years. The late time cosmic

accelerated expansion of the universe can be explained by the  TRf  ,  gravity

theory. Houndjo et al. [15] used an auxiliary scalar field with two known forms

of scale factor to reconstruct      TfRfTRf  ,  and obtained a transition from

a matter-dominated phase to an accelerated phase. Sharif and Zubair [19] have

studied the law of thermodynamics in  TRf  ,  gravity theory. Using bulk viscous

fluid, Chandel et al. [20] studied hypersurface homogeneous cosmological models

with time-dependent cosmological terms. In the presence of the perfect fluid
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source, Reddy and Santhi [21] investigated LRS Bianchi-II space-time. The LRS

Bianchi-I bulk viscous cosmological models in  TRf  ,  gravity have been inves-

tigated by Mahanta et al. [22]. Moreover, Harko and Lake [23] have investigated

Kasner-type static, cylindrically symmetric interior string solutions using the

 mLRf  ,  theory of gravity. Pawar and Solanke [24] have explored perfect fluid

LRS Bianchi-I cosmological models in  TRf  ,  theory of gravity. In the context

of  TRf  ,  gravity theory, Singh and Singh [25] discussed the behaviour of a flat

FRW cosmological model with a scalar field. Mishra et al. [26] have studied

perfect fluid Bianchi-VIh space-time in  TRf  ,  theory of gravity.

The Kaluza-Klein theory is a unification of Einstein's theory of gravitation

and Maxwell's theory of electromagnetism by introducing compactified extra

dimensions. It is regarded as a crucial forerunner to string theory and has received

a lot of interest in recent years. Kaluza and Klein explained the role of

electromagnetic field in the fremework of a five-dimensional space-time. Recently,

Mishra et al. [27] compared the Kaluza-Klein dark energy in the Lyra manifold

with general relativity using magnetic field. Aktas [28] explored the behaviour of

Kaluza-Klein massive and massless scalar field cosmological models with   in

 TRf  ,  gravity theory. Hatkar and Katore [29] have used polytropic equation of

state in Lyra geometry to examine the Kaluza-Klein space-time.

Strange quark matter (SQM) is a new kind of matter made up of many

deconfined up (u), down (d), and strange (s) quarks [30,31] and its properties are

studied in equilibrium with the weak interactions [32] using the MIT bag model

[33]. Furthermore, in the context of the MIT bag model, the thermodynamical

properties of SQM were examined in a strong magnetic field with quark confine-

ment by density dependence quark masses, taking total baryon density, charge

neutrality, and  -equilibrium at zero temperature into account [34-36]. Chakrabarty

[37] used the conventional MIT bag model to investigate the effect of a strong

magnetic field on the stability and properties of SQM. Singh and Beesham [38]

have examined the LRS Bianchi-I cosmological model in  TRf  ,  gravity using

SQM. Also, Magnetism influences the anisotropies in CMB radiation, which also

plays an important role in the formation of structures. Magnetic fields have been

observed in the high redshift Lyman system, galaxies, clusters and stars. One of

the most interesting areas of research is the relation between magnetic fields and

SQM. The behaviour of magnetized strange quark matter (MSQM) for LRS

Bianchi-I model has studied in  TRf  ,  gravity by Sahoo et al. [39]. Aktas [40]

have studied Bianchi I and V models with MSQM distributions in reconstructed

 TRf  ,  theory of gravity. Aktas and Aygun [41] have investigated FRW space-

time with MSQM solutions in  TRf  ,  theory of gravity. Also, some authors like

[42-45] have studied various aspects of MSQM cosmological models in  TRf  ,

theory of gravitation. Recently, Khalafi and Malekolkalami [46] has studied the
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MSQM Bianchi-I space-time for two different models of  TRf  ,  thoery.

In the present research work, we investigate MSQM distributions for the

Kaluza-Klein metric in the context of  TRf  ,  gravity theory, which is motivated

by the discussion above and a few MSQM studies in the literature. Section 2 is

devoted to the metric and  TRf  ,  gravity field equations for    TfRTRf 12 ,  .

The solutions to the field equation for the power law and exponential volumetric

expansion models are derived in sections 3 and 4, respectively. The energy

condition and its interpretation of the investigated model are covered in Section

5. Finally, the last section is devoted to the conclusion.

2. Metric and f(R, T) gravity field equations. In the Kaluza-Klein

model, the additional dimension's contribution to the energy momentum tensor

is often due to electromagnetic field stresses. We consider the five-dimensional

Kaluza-Klein space-time of the form as [47]

  , 22222222  dBdzdydxAdtds (1)

where A and B are functions of t only. In the present study, we assume the matter

contents described by energy momentum tensor for the MSQM is given in the

following form as [39,41]:

  , 
2

2

jiijjiij hhgp
h

uuhpT 









 (2)

where   is energy density, P is pressure, 2h  is magnetic flux and u
i
 = (0, 0, 0,

0, 1) is the velocity vector in comoving coordinate system satisfying the condition

1iiuu . The magnetic flux i
ihhh 2  is chosen in the direction of x-axis

satisfying 0iiuh  [48,49]. As the flux quantizes along x-axis, which gives the

magnetic field in the yz-plane. The action for  TRf  ,  gravity is expressed in the

following form [14]:

   .  , 4
  xdLTRfgS m (3)

where  TRf  ,  is an arbitrary function of the Ricci scalar R and the trace T of

the stress-energy tensor of the matter T
ij
 and L

m
 denotes the matter Lagrangian

density.

The stress-energy tensor of the matter is defined as

. 
2

ij

m
ij

g

Lg

g
T






 (4)

Assuming that the Lagrangian density L
m
 of the matter depends only on the metric

tensor components g
ij
 and not on its derivatives, we obtain
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m

mijij
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L
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The  TRf  ,  gravity field equations are obtained by varying the action (3) with

respect to the metric tensor components g
ij
,

       

    ,  , ,8

 , ,
2

1
 ,

ijTijTij

Rjii
i

ijijijR

TRfTTRfT

TRfggTRfRTRf




(6)

where i  is the covariant derivative, 
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 ,  and  
T
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There are several theoretical models that can be used to represent various

matter contributions to  TRf  ,  gravity. However, Harko et al. [14] categorised

these models into three distinct classes, which are as follows:

 
 

   
     
















. 

2

 ,

321

21

1

TfRfRf

TfRf

TfR

TRf
(7)

In order to analyse the exact solutions of the Kaluza-Klein universe, we consider

the first model    TfRTRf 12 ,  , where  Tf1  is an arbitrary function of the

trace of the stress-energy tensor of matter. We choose the arbitrary function  Tf1
of trace of the stress-energy tensor of matter source given by

    , 11  TfTTf (8)

where   is a constant and dash (') denotes differentiation with respect to the

argument.

For this choice, the  TRf  ,  gravity field equation (6) becomes

    .TTPTRgR ijijijij  228
2

1
(9)

Using co-moving coordinates, we get four independent field equations of  TRf  ,

gravity for the given metric (1) are as follows:
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where the subscript "5" denotes differentiation with respect to t.
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The average scale factor a and volume V of universe are defined as

. 34 BAaV  (14)

Equating equations (11) and (12), we get

055555 
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(15)

on integrating above equation using the (14), the values of metric potentials A

and B are as follows
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dtc
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4
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V

dtc
VcB (17)

Recently, Katore and Hatkar [47] and Sahoo et al. [50] have investigated some

interesting results of Kaluza-Klein metric using MSQM distribution. Here, we

follow Sahoo et al. [50] and Moraes [51]. Further, we have system of four

independent equations (10) to (13) in five unknowns viz. A, B, 2h , p and  .

We need one more condition to get the exact solutions of field equations. We

consider the two different volumetric expansions such as power law expansion and

exponential law expansion.

3. Power law expansion model. Firstly, we consider the power law

volumetric expansion as

mtBAV 43  (18)

where m is a positive constant.

Using the equation (18), values of A and B are obtained as
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The metric potentials A and B both vanish at time t = 0, they start to increase

with time and finally diverge to infinity as t . This is consistent with the

Big Bang model. Now, the various cosmological parameters such as mean Hubble

parameter H, expansion scalar  , shear scalar   obtained as follows:

t
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 (23)

From the expression (21), (22) and (23), it is observed that the Hubble

parameter H, expansion scalar   and shear scalar   are decreasing function of

time. They diverges to infinity as 0t  and becomes zero at infinity. Moreover,

as t , the ratio 0 . Hence, the investigated model approaches isotropy.

Also, the deceleration parameter q is found to be

. 
1

11
1

mHdt

d
q 








 (24)

The sign of q indicates whether the universe is accelerating or decelerating.

A positive sign of q implies a decelerating model, whereas a negative sign of q

indicates a accelerating model. According to recent cosmic studies, the expansion

of the universe is rapidly accelerating. From equation (24), it is clear that, the

deceleration parameter q is negative for m > 1, thus the universe is accelerating.

Now, the expression of pressure P, energy density   and magnetic flux 2h

for power law volumetric expansion model are obtained as follows:
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Fig.1. Plot of pressure P vs time t for c
1
 = 1, 0.1 .
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The behaviour of pressure P and energy density   for the power law model

is graphically depicted in Fig.1 and 2 respectively. It is observe that the pressure

is an increasing function of time t; it is very small near t = 0 and vanishes at

infinite time t. It is worth noting that the pressure is negative for different values

of parameter m, indicating that the SQM behaves like dark energy. Also, the

energy density decreases as time t increases and it is infinte at t = 0 and vanishes

as t . For small values of m, the density curve slowly approaches zero with

increasing time. As parameter m becomes larger, the curve tends to a constant

value. In the power law model, the graph of p  shows the dynamical behaviour

with increasing time t as depicted in Fig.3. It is observed that, initially, it evolves

Fig.2. Plot of density   vs time t for c
1
 = 1, 0.1 .

t
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Fig.3. The plot of ratio /p  vs time t for c
1
 = 1, 0.1 .
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in the phantom region 1p , crosses the phantom divide line 1p ,

suddenly enters into the quintessence region 311-  p  and remains constants

with increasing time. Suzuki et al. [55] combined all four probes, such as SNe

Ia with BAO, CMB, and H
0
 measurements, to determine the equation of state

(EoS) parameter of dark energy (DE), which is 0680
07300131 .
.. 

  for a flat w CDM

model. In the present case, for m > 1, the value of p  is in the range

890381 ..  , which is consistent with the observational value of EoS ( )

of DE obtained by [55,56].

4. Exponential volumetric expansion model. For exponential volumet-

ric expansion law, we assume the volume factor as

nteV 4 (28)

where n is constant.

For this model, the values of A and B using the equation (28) are obtained as
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A and B are constant at t = 0, therefore the model has no singularity at

t = 0. Also, as t , both A and B tends to infinity. Now, the various

cosmological parameters such as mean Hubble parameter H, expansion scalar 

and shear scalar   are found to be

nH  (31)

n4 (32)

. 
2

3
8

2
12

nte

c
 (33)

From the equations (31), (32) and (33), it is observed that the Hubble

parameter H, expansion scalar   are constant i.e. the rate of expansion of the

universe is constant. Shear scalar   is decreasing function of time. Therefore,

0  as t  i.e. the model approach to isotropy. Also, the deceleration

parameter q is obtain as

. 1q (34)

The sign of deceleration parameter is negative, therefore the universe is

accelerating. The quantities such as the pressure P, energy density   and magnetic

flux 2h  for exponential volumetric expansion are obtained as
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The graphical behaviour of pressure P and energy density   vs time t is

depicted in Fig.4 and 5. It is observe that, the energy density   is decreasing
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Fig.4. Plot of pressure P vs time t for c
1
 = 1, 0.1 .

Fig.5. Plot of density   vs time t for c
1
 = 1, 0.1 .
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function time t. Initially energy density was constant near t = 0 and slightly

increased to its maximum value and remain constant with increasing time. The

pressure is negative which reveals that the matter behave like dark energy.

In this case, the Fig.6 represents the behaviour of p  with time t. We

observed that, for different value of n, it begins to evolve in the phantom region

and suddenly enters into the quintessence region with increasing time t. Recently,

Scolnic et al. [57] combine the Planck 2015 CMB and SNe Ia measurements

to calculate the best fit value for the EoS parameter 0.041-1.026  . We observe

that the value of p  is in the range 98301.162 . , which is consistent

with the observed value of EoS of DE obtained by [58,57].

5. Energy conditions. The energy conditions are essential for understanding

the geometry of universe. The Raychaudhuri's equation is used to obtain the energy

conditions, which are a set of linear pressure-density combinations that decribe

the energy density can never be negative and gravity attracts always. These energy

conditions are defined and stated as follows:

• SEC (strong energy condition) , 03  P

• NEC (null energy condition) , 0 P

• WEC (weak energy condition) 0  , 0  P

• DEC (dominant energy condition) . 0 P

Therefore, for first power law volumetric expansion model, the expression for

NEC, SEC and DEC are obtained by using the equations (25) and (26) as
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Fig.6. The plot of ratio /p  vs time t for c
1
 = 1, 0.1 .
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Also, for exponential volumetric expansion model, using equations (35) and (36),

NEC, SEC and DEC are obtained as
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Fig.7 and 8 show the graphical representation of NEC, SEC and DEC vs time

t for power law and exponential law, respectively. From this, it is clear that NEC

and DEC are satisfied by both models, but SEC is violated. Sahoo et al. [50]

has studied the energy condition and shows that only WEC and DEC satisfies

for volumetric expansion model in  TRf  ,  gravity. Also, Alvarenga et al. [52]

shown that energy conditions are satisfied for suitable choice of inpute parameter

in  TRf  ,  gravity theory. Recently, Sahoo et al. [53] has observed that, NEC

and DEC are satisfy but SEC is violated. It is important to note that, our

investigation are more relevant than [50,52] and resemble with the investigation

Fig.7. Plot of NEC, SEC and DEC vs time t for m = 2, c
1
 = 1, 0.1 .
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of [53], because both models satisfies all energy condtions except SEC.

6. Conclusions. In this paper, we have studied Kaluza-Klein cosmological

models with MSQM in  TRf  ,  theory of gravity using power law and exponential

volumetric expansions.

• In power law expansion model, the shear and expansion scalars, as well

as the Hubble parameter H, decrease over time. The rate of expansion of the

universe is very high near t = 0. They diverge to infinity at t = 0 and vanish at

infinite time. The energy density begins to decrease from a positive value, the

pressure starts to increase from a negative value, and both approach zero at infinite

time. It has been observed that the universe accelerates when m > 1.

• In the exponential volumetric expansion model, it is observed that the

pressure and the energy density of the universe gradually increase to their

maximums and then remain constant with increasing time. For n > 0, the

universe's expansion rate remains constant. Also, the negative value of the

deceleration parameter q indicates that the universe is accelerating, which is

consistent with recent findings.

• It is important to note that, for both models, the negative pressure indicates

that the matter behaves like dark energy, which causes the accelerated expansion

of the universe. Moreover, the trajectory of p  is lie in the range 890381 .. 

in the case first and 98301621 ..   in the second. The bounds of EoS

parameter obtained by [55] is 0680
07300131 .
.. 

  and [57] is 0.041-1.026  . It

seems that the obtained values of p  in both cases are close to the observational

bounds. Further, Aditya et al. [59] obtained the bounds of the EoS parameter

Fig.8. Plot of NEC, SEC and DEC vs time t for n = 1, c
1
 = 1, 0.6 .
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in Lyra geometry as 8031 ..  . In Saez-Ballester theory, the bounds of the

EoS parameter for the Kaluza-Klein model is 2061 ..   [60]. When the

values of the EoS parameter in scalar-tensor theories for the Kaluza-Klein model

are compared to the range of p  in the present model, the resultant value of

p  in  TRf  ,  gravity is found to be more appropriate than that obtained for

the EoS parameter in scalar-tensor theories [59,60]. Also, the magnetic flux

vanishes for both models and it's worth noting that our findings are consistent

with those of [40,41,46,54]. Moreover, both the power law and exponential law

models satisfy the NEC and DEC, but the SEC is violated throughout the

evolution.
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ÓÑÊÎÐÅÍÈÅ ÂÑÅËÅÍÍÎÉ ÊÀËÓÖÛ-ÊËÅÉÍÀ Â
ÌÎÄÈÔÈÖÈÐÎÂÀÍÍÎÉ ÒÅÎÐÈÈ ÃÐÀÂÈÒÀÖÈÈ

Ñ.Ä.ÊÀÒÎÐÅ1, Ñ.Ï.ÕÀÒÊÀÐ2, Ä.Ï.ÒÀÄÀÑ3

Öåëüþ äàííîé ñòàòüè ÿâëÿåòñÿ èçó÷åíèå Âñåëåííîé Êàëóöû-Êëåéíà â

êîíòåêñòå  TRf  ,  òåîðèè ãðàâèòàöèè ñ èñïîëüçîâàíèåì íàìàãíè÷åííîãî

ñòðàííîãî êâàðêîâîãî âåùåñòâà (MSQM). Òî÷íûå ðåøåíèÿ óðàâíåíèé ïîëÿ

ïîëó÷åíû äëÿ äâóõ òèïîâ îáúåìíîãî ðàñøèðåíèÿ: ñòåïåííîãî è ýêñïîíåí-

öèàëüíîãî. Èçó÷åíî íàðóøåíèå ýíåðãåòè÷åñêèõ óñëîâèé. Ïîäðîáíî èññëåäîâàíû

òàêæå ôèçè÷åñêèå è ãåîìåòðè÷åñêèå ñâîéñòâà ðàññìàòðèâàåìîé ìîäåëè.

Êëþ÷åâûå ñëîâà: ìåòðèêà Êàëóöû-Êëåéíà: íàìàãíè÷åííîå ñòðàííîå êâàðêîâîå

     âåùåñòâî: ñòåïåííîé è ýêñïîíåíöèàëüíûé çàêîí: ãðàâèòàöèÿ
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In this paper, we have investigated the Bianchi-type V cosmological model which is spatially
homogeneous and anisotropic in presence of bulk viscous fluid containing one-dimensional cosmic
string. We have obtained the exact solutions of highly non-linear differential field equations con-
sidering the power-law volumetric expansion of the universe and f (T ) = T  formalism. Some physical
and kinematical properties of the constructed model have been discussed and presented graphically
and it is interesting to note that the resultant model resembles the recent observational data.

Keywords: bulk viscous fluid: cosmic string: teleparallel gravity

1. Introduction. Recent observations and measurements from high redshift

supernovae [1-3] indicate that the universe is accelerating. The cause of the

universe's acceleration is unknown; it is commonly referred to as the dark energy

problem, which is caused by the universe's negative pressure. Two approaches have

been proposed to address this issue: one is to develop viable dark energy models,

while the other modify Einstein's gravitation theory. Nojiri & Odintsov [4] has

reviewed various modified gravities and considered a gravitational alternative for

dark energy. Again Nojiri et al. [5,6] reviewed some standard issues and discussed

some latest developments in modified gravity as well as unified cosmic history in

modified gravity.

Numerous modified gravity theories exist to investigate the unknown and

hidden aspects of the universe. Amongst them, the  Tf  theory of gravitation,

which is based on a modification of the teleparallel equivalent of general relativity,

is a viable candidate. Many researchers have discussed various aspects of  Tf
gravity. Cai et. al. [7] provided a brief review of  Tf  gravity and cosmology.

Myrzakulov [8] has studied the accelerating universe from  Tf  gravity. Numerous

cosmologists have developed theoretical cosmological models that behave similarly

to the present physical universe, which is anisotropic, expanding, and accelerating.

Pawar & Dabre [9] have studied an anisotropic string cosmological model for

perfect fluid distribution in  Tf  gravity. Chirde & Shekh [10] examined the

thermodynamical aspect of barotropic bulk viscous fluid in teleparallel gravity.
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Sharif & Rani [11] studied bulk viscosity taking dust matter in generalized

teleparallel gravity. Sadatian [12] analyzed the effect of viscous content on the

modified cosmological  Tf  model.

Various cosmologists and physicists have studied the theoretical development

of the universe and the effects of bulk viscosity and string on cosmic evolution

using the source as a bulk viscous fluid containing a string of clouds. Mishra &

Dua [13], investigated the dynamics of the universe for bulk viscous string

cosmological model using the LRS Bianchi type II metric in the Saez-Ballester

theory of gravitation. Tripathy et al., [14] studied LRS Bianchi I model in

reference to Einstein's relativity using the source as stiff viscous fluid coupled with

an electromagnetic field. Kiran & Reddy [15] presented the non-existence of

Bianchi type III bulk viscous string cosmological model in  TRf  ,  gravity. Santhi

et al, [16,17] investigated bulk viscous string cosmological models using Bianchi

type II, VIII, IX, and VI
h
 space-times in  Rf  gravity. Pawar & Dabre [18]

studied the bulk viscous string cosmological model using the special law of variation

for Hubble's parameter in teleparallel gravity. Using the Kantowski-Sachs metric,

Reddy et al., [19] built an isotropic bulk viscous string cosmological model that

illustrates the special case for non-validating cosmic strings. Hegazy, [20] devised

a formula for calculating cosmic entropy in terms of viscosity and applied it to

investigate the entropy, enthalpy, Gibbs energy, and Helmholtz energy of a

constructed model in the presence of viscosity. Naidu et al., [21-26] vigorously

investigated bulk viscous string cosmological models in relation to different

gravitational theories. Several cosmologists [27-33] have obtained some recent and

significant investigations of bulk viscous fluid in the presence of cloud strings in

various contexts.

Motivated by the situations discussed above in this paper, we have considered

spatially homogeneous and anisotropic Bianchi type V space-time to construct the

bulk viscous string cosmological model within the context of teleparallel gravity.

This paper is divided into several sections: Sec. 2 deals with elementary definitions

and equations of motion in the framework of teleparallel gravity. In Sec. 3

considering spatially homogeneous and anisotropic Bianchi type V metric, we have

obtained the corresponding field equations. In Sec. 4, we have obtained the exact

solution of highly non-linear field equations along with different physical and

kinematical quantities and presented them with 3D graphs. Lastly, in Sec. 5, we

have concluded the investigations.

2. Elementary definitions and equation of motion. In this section,

we provide a concise explanation of  Tf  gravity and a thorough derivation of

its field equations. The line element for a general space-time is defined as

, 2 
 dxdxgds (1)
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where g  are the components of the metric tensor which are symmetric. The

above line element can be transformed into the Minkowskian space-time (which

represents the dynamic fields of the theory) as

, 2 ji
ijdxdxgds  

 (2)

, , 


  dxeedx iii
i (3)

where ij  is a metric tensors in Minkowskian space-time such that  1- 1,- 1,- 1,diagij
and 




 ii ee  or 
j
i

j
i ee 


. eeg i   ][det  and the dynamic fields of the

theory are represented by the tetrads matrix 

e . The Weitzenbocks connection

components which have a zero curvature but nonzero torsion for a manifold are

defined as

. 


  i
ii

i eeee (4)

The components of the torsion tensor for a manifold are defined by the anti-

symmetric part of the Weitzenbocks connection

 . ii
i eeeT 







  (5)

Con-torsion tensor components are defined by

 . 
2

1 









  TTTK (6)

A new tensor, 
S  constructed from the components of the torsion and con-

torsion tensors for a better understanding of the definition of the scalar equivalent

to the curvature scalar of Riemannian geometry as follows,

 . 
2

1 















  TTKS (7)

The torsion scalar is defined using the contraction which is similar to the scalar

curvature in general relativity as

. 



 STT (8)

The action is defined by generalizing the teleparallel gravity, i.e,  Tf  theory as

   , 4
  xedLTfS Matter (9)

where  Tf  denotes an algebraic function of the torsion scalar T.

Equations of motion are obtained by functional variation of the action (9) with

respect to the tetrads as

   , 4
4

11 





















  TffSTSeeeeTfS Ti

i
TT (10)

where the energy-momentum tensor 
T  is considered as bulk viscous fluid with

one-dimensional cosmic string, f
T
 and f

TT
 denotes respectively the first and second-
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order derivatives of  Tf  with respect to T. For   constTf , the equations of

motion in (10) reduce to the equations of motion of the teleparallel gravity with

a cosmological constant, which is dynamically equivalent to general relativity.

These equations depend on the choice made for the set of tetrads.

3. Metric and field equations. We consider a line element

 , 222222222 dzCdyBedxAdtds mx  (11)

which is a spatially homogeneous and anisotropic Bianchi type-V metric in which

m is constant and A, B, and C are a function of cosmic time t only.

Consider the set of diagonal tetrads related to the metric (11) as

   .  , , 1,diag mxmx CeBeAe 
 (12)

Then the determinant of the matrix (11) is

. 2mxABCee  (13)

The torsion scalar (8) is obtained as

. 2 2











 m

AC

CA

BC

CB

AB

BA
T


(14)

We consider the source as bulk viscous fluid containing one-dimensional cosmic

string given by

  , 







  xxgpuupT  (15)

, 3 Hpp  (16)

where  p  is the proper string energy density with particles attached to

them and p  is the particle energy density,   is the strings tension density, H3

is bulk viscous pressure,  t  is the coefficient of bulk viscosity, H is Hubble's

parameter, x  denotes a unit space-like vector for the cloud string and u  denotes

four-velocity vector satisfying the conditions, 



  xxuu 1  and 0

xu .

In a co-moving coordinate system, we have

   . 0 0, 0, ,, 1 0, 0, ,0 1  Axu (17)

We obtained the field equations for Bianchi type-V space-time (11), from (10)

and (15)-(16) in the framework of teleparallel gravity as

  , 3162222 2 




















 HpfT

C

C

B

B
m

AC

CA

BC

CB

AB

BA

C

C

B

B
ff TTT




(18)

  , 3162222 2 HpfT
C

C

A

A
m

AC

CA

BC

CB

AB

BA

C

C

A

A
ff TTT 





















 


(19)

  , 3162222 2 HpfT
B

B

A

A
m

AC

CA

BC

CB

AB

BA

B

B

A

A
ff TTT 





















 


(20)
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, 164 










AC

CA

BC

CB

AB

BA
ff T


(21)

, 02 









 Tf
C

C

B

B

A

A 
(22)

, 0









 Tf
C

C

B

B 
(23)

where the overhead dot (.) denotes the derivative with respect to cosmic time t.

By solving (22) and (23) above field equations reduces to

  , 3162222 2 




















 HpfT

C

C

B

B
m

BC

CB

C

C

B

B
ff TTT




(24)

  , 316222 2 HpfT
C

C
m

BC

CB

C

C
ff TTT 





















 


(25)

  , 316222 2 HpfT
B

B
m

BC

CB

B

B
ff TTT 



















 


(26)

. 164 











BC

CB
ff T


(27)

Thus, we have four non-linear differential equations with seven unknowns, namely

f, B, C, p,  ,  , and  ; solutions which are discussed in the next section.

4. Solutions of field equations. As there are four highly non-linear

differential equations (24)-(27) and seven unknowns, in order to obtain the exact

solutions we consider the linear   TTf   gravity along with the special power-

law volumetric expansion of the universe as

. 3ntV  (28)

where n is a non-zero constant.

We find some kinematical space-time quantities of physical interest in cos-

mology.

The spatial volume V is defined as

. 0BCDV  (29)

where D
0
 is an integrating constant.

Also, the volumetric expansion rate of the universe is described by the

generalized mean Hubble's parameter H given by

  , 
3

1

3

1
321

3

1

HHHHH
i

i  


(30)
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in which H
1
, H

2
, H

3
 denotes the directional Hubble parameters.

From Eqs. (29) and (30), we get

. 
3

1

3

1 3

1




i

iH
V

V
H


(31)

To analyze, whether the model approaches isotropy or not, we discuss the mean

anisotropy parameter A
m
, as

. 1
3

1 3

1

2














i

i
m

H

H
A (32)

The expansion scalar   and the shear scalar 2  are respectively defined as

, 3 ; Hu  
 (33)

, 
2

3 22 HAm (34)

The deceleration parameter is defined as

. 
1

1 









Hdt

d
q (35)

We obtained the metric coefficients A, B, and C as

 
  . , , 

3
1

3
1

1323
2132

3

3

0

n

n

tntDn

tntD

n

etDC
eD

t
BDA 


 (36)

where D
1
, D

2
 and D

3
 are constants.

Substituting A, B, and C from (36) in (11), we get

 
  . 21332

2
2

132
3

3
222

0
22 3

1
3

1 












 


dzetDdy

eD

t
edxDdtds

n

n

tntDn

tntD

n
mx

(37)

From (14) we have obtained the torsion scalar as

. 
2

94
2

2622
1

22

t

ntDtm
T

n




(38)

Also, we have determined the mean Hubble's parameter H, the expansion scalar

 , the mean anisotropy parameter A
m
, the shear scalar 2 , and the deceleration

parameters q respectively as

, 
t

n
H  (39)

, 
3

t

n
 (40)

, 
6

3
2

2622
1

n

ntD
A

n

m






(41)
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, 
4

3
2

2622
12

t

ntD n




(42)

.const 
1





n

n
q (43)

The graphical representation of Hubble's parameter H versus cosmic time t

is depicted in Fig.1, where at an initial epoch when t = 0 with an increasing value

of n the value of H increases and get vanishes as t . This shows that the

expansion of the universe is getting faster with an increasing value of n but

becomes slower with increasing cosmic time t. The ratio 022   shows the

constructed model doesn't approach isotropy. Also, the sign of q in (43) dem-

onstrates whether the model is accelerating or not. The positive sign of q i.e. for

10  n  corresponds to a plain decelerating cosmological model although the

deceleration parameter in range 01  q  corresponds to an accelerating universe

and for q = 0 i.e. for n = 1 corresponds to the evolution with a constant rate. The

observational evidences [1,2] supports the accelerating phase of the universe i.e

01  q .

From (27) we obtained the value of energy density as

. 
32

94
2

2622
1

22

t

ntDtm n








(44)

Solving (24) and (25), we have obtained the value of tension density as

Fig.1. Variation of H vs. t.
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nn




 (45)

Also, we have obtained the particle density as
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32

2334
2

622
1

22

t

nntDtm n

p







(46)

Fig.2 depicts the variation of energy density   versus cosmic time t, in which

Fig.2. Variation of   vs. t.

Fig.3. Variation of   vs. t.
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the energy density is very small in the starting phase of evolution for both varying

constant n and cosmic time t but as both increases, the energy density becomes

a decreasing function of cosmic time t. Whereas the representation of tension

density   as shown in Fig.3 shows that initially, tension density diminishes from

positive but with an increasing n it shows the transition from positive to negative

for tension density to grow in negative and get vanish when t . For a small

period of n, the tension density is positive i.e. 0  showing the presence of

strings in the universe while after the transition the tension density 0  showing

the string phase disappears which is supported by [34].

We assume that the coefficient of viscosity should vary with the expansion

scalar in such a way that

.const 0  (47)

From (47) we have obtained the coefficient of bulk viscosity as

. 
3

0

n

t
 (48)

From (26) the pressure can be obtained as

   
. 

32

23384
2

2
1

622
0

2

t

nnDttm
p

n








(49)

It is seen from Fig.4 that the coefficient of bulk viscosity is an increasing function

of cosmic time t for small n but with an increasing n the value of   becomes

Fig.4. Variation of   vs. t.
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steady. While the pressure is incredibly small for a small value of n but as n

increases the pressure diminishes from positive to approach constant with an

increasing cosmic time t (Fig.5).

5. Concluding remarks. In this paper, we have studied the spatially

homogeneous and anisotropic Bianchi type V bulk viscous string cosmological

model within the context of teleparallel gravity. The deceleration parameter is

obtained to be a constant value that shows the decelerating or accelerating phase

of the universe depending on the value of n. The Hubble's parameter shows the

expansion of the universe is getting faster in the beginning with varying n and

become slower through time. Also, the constructed model is purely anisotropic.

Energy density is positive throughout the expansion whereas we have found the

presence of string in an initial phase but later on string phase disappears which

is supported by [34]. The coefficient of bulk viscosity shows transference with

varying n and pressure becomes a diminishing function of cosmic time t with

increasing n.
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ÊÎÑÌÎËÎÃÈ×ÅÑÊÀß ÌÎÄÅËÜ ÎÁÚÅÌÍÎÉ ÂßÇÊÎÉ
ÑÒÐÓÍÛ ÑÎ ÑÒÅÏÅÍÍÛÌ ÇÀÊÎÍÎÌ ÎÁÚÅÌÍÎÃÎ

ÐÀÑØÈÐÅÍÈß Â ÒÅËÅÏÀÐÀËËÅËÜÍÎÉ ÃÐÀÂÈÒÀÖÈÈ

Ê.ÏÀÂÀÐ1, À.Ê.ÄÀÁÐÅ1

Â ýòîé ñòàòüå èññëåäîâàíà êîñìîëîãè÷åñêàÿ ìîäåëü òèïà V Áèàíêè,

êîòîðàÿ ÿâëÿåòñÿ ïðîñòðàíñòâåííî îäíîðîäíîé è àíèçîòðîïíîé â ïðèñóòñòâèè

îáúåìíîé âÿçêîé æèäêîñòè, ñîäåðæàùåé îäíîìåðíóþ êîñìè÷åñêóþ ñòðóíó.

Ïîëó÷åíû òî÷íûå ðåøåíèÿ ñèëüíî íåëèíåéíûõ äèôôåðåíöèàëüíûõ óðàâíåíèé

ïîëÿ ñ ó÷åòîì ñòåïåííîãî çàêîíà îáúåìíîãî ðàñøèðåíèÿ Âñåëåííîé è   TTf 

ôîðìàëèçìà. Íåêîòîðûå ôèçè÷åñêèå è êèíåìàòè÷åñêèå ñâîéñòâà ïîñòðîåííîé

ìîäåëè áûëè îáñóæäåíû è ïðåäñòàâëåíû ãðàôè÷åñêè, è èíòåðåñíî îòìåòèòü,

÷òî ïîëó÷åííàÿ ìîäåëü ñîîòâåòñòâóåò ïîñëåäíèì äàííûì íàáëþäåíèé.

Êëþ÷åâûå ñëîâà: îáúåìíàÿ âÿçêàÿ æèäêîñòü: êîñìè÷åñêàÿ ñòðóíà: òåëåïà-

      ðàëëåëüíàÿ ãðàâèòàöèÿ
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ÂËÈßÍÈÅ ÍÅÉÒÐÈÍÍÛÕ ÎÑÖÈËËßÖÈÉ ÍÀ
ÒÅÐÌÎÄÈÍÀÌÈ×ÅÑÊÈÅ ÑÂÎÉÑÒÂÀ ÃÎÐß×ÅÉ

ÊÂÀÐÊÎÂÎÉ ÌÀÒÅÐÈÈ

Ã.Á.ÀËÀÂÅÐÄßÍ, Ã.Ñ.ÀÄÆßÍ, À.Ã.ÀËÀÂÅÐÄßÍ
Ïîñòóïèëà 26 äåêàáðÿ 2022

Ïðèíÿòà ê ïå÷àòè 3 ôåâðàëÿ 2023

Â ðàìêàõ ëîêàëüíîé SU(3) ìîäåëè Íàìáó - Èîíà-Ëàçèíèî (NJL), â êîòîðîé ó÷òåíî
òàêæå ïðèâîäÿùåå ê ñìåøèâàíèþ êâàðêîâûõ àðîìàòîâ âçàèìîäåéñòâèå 'ò Õîîôòà, èññëåäóåòñÿ
âëèÿíèå íåéòðèííûõ îñöèëëÿöèé íà òåðìîäèíàìè÷åñêèå õàðàêòåðèñòèêè ãîðÿ÷åé  -ðàâíî-
âåñíîé òðåõàðîìàòíîé è íåïðîçðà÷íîé äëÿ íåéòðèíî êâàðêîâîé ìàòåðèè. Äëÿ äâóõ çíà÷åíèé
òåìïåðàòóðû T = [60 è 100] ÌýÂ, ñ ó÷åòîì íåéòðèííûõ îñöèëëÿöèé, îïðåäåëåíû òåðìîäèíà-
ìè÷åñêèå õàðàêòåðèñòèêè êâàðêîâîé ìàòåðèè. Ýòè ðåçóëüòàòû ñðàâíèâàþòñÿ ñ ðåçóëüòàòàìè,
ïîëó÷åííûìè áåç ó÷åòà íåéòðèííûõ îñöèëëÿöèé. Ðàñ÷åòû ïîêàçûâàþò, ÷òî ïðè îñòûâàíèè
íåïðîçðà÷íîé äëÿ íåéòðèíî êâàðêîâîé ìàòåðèè âûñâîáîæäàåìàÿ ýíåðãèÿ íà åäèíèöó
áàðèîííîãî çàðÿäà ñîñòàâèò îêîëî 350150   ÌýÂ.

Êëþ÷åâûå ñëîâà: ãîðÿ÷àÿ êâàðêîâàÿ ìàòåðèÿ: ìîäåëü NJL: çàõâà÷åííûå

       íåéòðèíî: íåéòðèííûå îñöèëëÿöèè

1. Ââåäåíèå. Êîíå÷íûì ïðîäóêòîì âçðûâà ïðåäñâåðõíîâîé çâåçäû ÿâëÿåòñÿ

çâåçäà ñ öåíòðàëüíîé ïëîòíîñòüþ, â íåñêîëüêî ðàç ïðåâûøàþùóþ ïëîòíîñòü

â àòîìíûõ ÿäðàõ (íåéòðîííàÿ çâåçäà, ãèáðèäíàÿ çâåçäà, êâàðêîâàÿ çâåçäà),

èëè ÷åðíàÿ äûðà. Ïîñëå ïèîíåðñêèõ ðàáîò [1,2] îãðîìíîå êîëè÷åñòâî èññëå-

äîâàíèé â îñíîâíîì ïîñâÿùåíû îïðåäåëåíèþ îñíîâíûõ ïàðàìåòðîâ,

óñòîé÷èâîñòè, âíóòðåííåé ñòðóêòóðû êàê ñòàòè÷åñêèõ, òàê è âðàùàþùèõñÿ

íåéòðîííûõ çâåçä. Ïðè îïðåäåëåíèè ïðîöåññà îñòûâàíèÿ è àíàëèçà íàáëþ-

äàòåëüíûõ ïðîÿâëåíèé  íåéòðîííîé çâåçäû ïðèíèìàëîñü, ÷òî êàê îñíîâíûå

ïàðàìåòðû, òàê è âíóòðåííÿÿ ñòðóêòóðà ãîðÿ÷åé çâåçäû, çà èñêëþ÷åíèåì

òîíêîãî íåâûðîæäåííîãî íàðóæíîãî ñëîÿ, òàêèå æå êàê ó õîëîäíîé çâåçäû

ñ òîé æå ìàññîé [3-5].

Ìåòîä ðàñ÷åòà ïðîöåññà îñòûâàíèÿ íåéòðîííûõ çâåçä áûë òàêèì  æå, êàê

ó àíàëîãè÷íûõ ðàñ÷åòîâ äëÿ áåëûõ êàðëèêîâ [6]. Â ýòèõ è âî ìíîãèõ  ïîñëå-

äóþùèõ ðàáîòàõ, ïîñâÿùåííûõ èçó÷åíèþ ïðîöåññà îñòûâàíèÿ çâåçä, íåéòðèíî

ïðåäîñòàâëåíà òîëüêî ðîëü áåñïðåïÿòñòâåííîãî ïåðåíîñ÷èêà òåïëîâîé ýíåðãèè

èç íåäð çâåçäû íàðóæó. Òàêîå æå  îòíîøåíèå ê íåéòðèíî áûëî è â ïåðâûõ

ðàáîòàõ ïî ÷èñëåííîìó ìîäåëèðîâàíèþ âçðûâà ñâåðõíîâîé çâåçäû [7-9].
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Â ðàáîòàõ [10-12] íåéòðèíî óæå àêòèâíûé "ó÷àñòíèê" â ïðîöåññå âçðûâà

ñâåðõíîâîé çâåçäû. Êàê òîëüêî òåìïåðàòóðà è ïëîòíîñòü âåùåñòâà ïðè èìïëîçèè

öåíòðàëüíûõ îáëàñòåé ïðåäñâåðõíîâîé çâåçäû ñòàíîâÿòñÿ áîëüøå   101086 

ÌýÂ è  1312 1010   ã/ñì3, ñîîòâåòñòâåííî, âåùåñòâî ñòàíîâèòñÿ íåïðîçðà÷íûì

äëÿ íåéòðèíî. Ïîýòîìó â ýòèõ ðàáîòàõ ó÷òåíû íå òîëüêî ïåðåíîñ ýíåðãèè

ðàçíûìè àðîìàòàìè íåéòðèíî, íî è ïåðåíîñ èìïóëüñà ýòèìè ÷àñòèöàìè, à òàêæå

íåéòðèííàÿ òåïëîïðîâîäíîñòü. Íàëè÷èå  íåéòðèíî â ñâåðõïëîòíîì ãîðÿ÷åì

çâåçäíîì âåùåñòâå âëèÿåò äàæå íà âåëè÷èíó âÿçêîñòè ýòîãî âåùåñòâà [13].

Íàáëþäàòåëüíûå äàííûå, ïîëó÷åííûå îò  SN 1987A  (îò ðàäèî äî ãàììà

èçëó÷åíèé ýëåêòðîìàãíèòíîãî äèàïàçîíà, à òàêæå íåéòðèííîå èçëó÷åíèå),

ïîäðîáíûì îáðàçîì ñîïîñòàâëåíû ñ ðåçóëüòàòàìè òåîðåòè÷åñêèõ èññëåäîâàíèé

ïðÿìî èëè êîñâåííî ñâÿçàííûõ ñ ýòèì ÿâëåíèåì â îáçîðå [14]. Â ÷àñòíîñòè,

â ýòîì îáçîðå  ïîäðîáíî îáñóæäàåòñÿ ðîëü íåéòðèíî â ïðîöåññå èìïëîçèè

ÿäðà ïðåäñâåõíîâîé çâåçäû.

Âîïðîñû è ïðîáëåìû, êîòîðûå ñâÿçàíû ñ íåéòðèíî äëÿ ïîëíîöåííîãî è

ïîäðîáíîãî ìîäåëèðîâàíèÿ âçðûâà ïðåäñâåðõíîâîé çâåçäû è îáðàçîâàíèÿ

ãèáðèäíîé èëè êâàðêîâîé çâåçäû, ìíîãî÷èñëåííû.

Öåëüþ íàøåé ðàáîòû àâëÿåòñÿ èçó÷åíèå âëèÿíèÿ ÿâëåíèÿ íåéòðèííûõ

îñöèëëÿöèé íà òåðìîäèíàìè÷åñêèå õàðàêòåðèñòèêè íåïðîçðà÷íîãî äëÿ íåéòðèíî

ãîðÿ÷åãî êâàðêîâîãî âåùåñòâà. Îñîáîå âíèìàíèå óäåëåíî âûÿñíåíèþ âëèÿíèÿ

ýòîãî ÿâëåíèÿ íà êîëè÷åñòâî çàïàñåííîé ýíåðãèè â âåùåñòâå. Ýòà ðàáîòà

ÿâëÿåòñÿ îðãàíè÷åñêèì ïðîäîëæåíèåì ðàáîò [15,16], ãäå â ðàìêàõ ëîêàëüíîé

SU(3) ìîäåëè Íàìáó - Èîíà-Ëàçèíèî (NJL) áåç ó÷åòà íåéòðèííûõ îñöèëëÿöèé

íàéäåíû òåðìîäèíàìè÷åñêèå õàðàêòåðèñòèêè (êîìïîçèòíûé ñîñòàâ, äàâëåíèå,

ïëîòíîñòü ýíåðãèè è ò.ï.) ãîðÿ÷åé,  - ðàâíîâåñíîé, ýëåêòðè÷åñêè íåéòðàëüíîé

òðåõàðîìàòíîé êâàðêîâîé ìàòåðèè ñ çàõâà÷åííûìè íåéòðèíî, ñîñòîÿùåé èç

êîíñòèòóåíòíûõ ÷àñòèö    , , , , , , , eesdu . Êàê ïîêàçûâàþò íàøè ÷èñëåííûå

ðàñ÷åòû, ó÷åò íåéòðèííûõ îñöèëëÿöèé ïðèâîäèò ê äîñòàòî÷íî ñèëüíîìó

èçìåíåíèþ õàðàêòåðèñòèê ëåïòîííîé êîìïîíåíòû íåïðîçðà÷íîãî äëÿ íåéòðèíî

ãîðÿ÷åãî êâàðêîâîãî âåùåñòâà. Õàðàêòåðèñòèêè æå êâàðêîâîé êîìïîíåíòû,

òàêèå êàê äèíàìè÷åñêèå ìàññû êâàðêîâ (M
u
, M

d
, M

s
), êîíöåíòðàöèè êâàðêîâ

(n
u
, n

d
, n

s
) è êâàðêîâûå êîíäåíñàòû ( sdu   , , ) ïðè ó÷åòå íåéòðèííûõ

îñöèëëÿöèé ìåíÿþòñÿ íåçíà÷èòåëüíî.

2. Íåéòðèííûå îñöèëëÿöèè. Ðîëü íåéòðèíî â ýâîëþöèè çâåçä è âî

Âñåëåííîé îãðîìíà. Íåéòðèííàÿ àñòðîôèçèêà äîïîëíÿåò íàøè çíàíèÿ,

ïîëó÷åííûå ïóòåì àíàëèçà  ðåçóëüòàòîâ íàçåìíûõ íåéòðèííûõ ýêñïåðèìåíòîâ.

Ýêñïåðèìåíòàëüíîå íàáëþäåíèå íåéòðèííûõ îñöèëëÿöèé (Íîáåëåâñêàÿ ïðåìèÿ

ïî ôèçèêå 2015ã.) èíèöèèðîâàëî ìíîãî òåîðåòè÷åñêèõ è ýêñïåðèìåíòàëüíûõ

èññëåäîâàíèé ïî íåéòðèííîé ôèçèêå. Åùå â äàëåêîì 1957ã. Ïîíòåêîðâî
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[17,18] ïðåäñêàçàë ÿâëåíèå íåéòðèííûõ îñöèëëÿöèé, îáóñëîâëåííîå âîçìîæíûì

íàëè÷èåì ìàññû ó íåéòðèíî.

Îòêðûòèå íåéòðèííûõ îñöèëëÿöèé îáúÿñíÿåò íåñîîòâåòñòâèå ìåæäó

ðåçóëüòàòîì òåîðåòè÷åñêîãî ðàñ÷åòà èíòåíñèâíîñòè ýëåêòðîííûõ íåéòðèíî,

îáðàçóþùèõñÿ ïðè ãîðåíèè âîäîðîäà â íåäðàõ Ñîëíöà è ðåçóëüòàòàìè èçìåðåíèé

íàçåìíûõ íåéòðèííûõ äåòåêòîðîâ. Ïî ïóòè îò íåäð Ñîëíöà äî Çåìëè ýëåêòðîííûå

íåéòðèíî èç-çà íåéòðèííûõ îñöèëëÿöèé ÷àñòè÷íî ìåíÿþò ñâîé òèï (ïåðåõîäÿò

â ìþîííûå è òàó íåéòðèíî), ÷òî è ïðèâîäèò ê óìåíüøåíèþ ïîòîêà ýòîãî

àðîìàòà  íåéòðèíî.

Ñîãëàñíî Ñòàíäàðòíîé ìîäåëè ýëåìåíòàðíûõ ÷àñòèö (ÑÌ), ñóùåñòâóþò

òðè òèïà (àðîìàòîâ) ëåâîñïèðàëüíûõ è áåçìàññîâûõ íåéòðèíî - ýëåêòðîííûå

e , ìþîííûå   è òàîííûå íåéòðèíî  . Ïðåäïîëîæåíèå îá îòñóòñòâèè

ìàññû ó íåéòðèíî â ÑÌ èñêëþ÷àåò èõ îñöèëëÿöèè. Äåëàþòñÿ ïîïûòêè

ìîäèôèöèðîâàòü ÑÌ òàê, ÷òîáû ïðåîäîëåòü ýòî ïðîòèâîðå÷èå. Ñëåäóåò îòìå-

òèòü, ÷òî èç-çà êîãåðåíòíîãî ðàññåÿíèÿ â ñðåäå áåçìàññîâûå íåéòðèíî ïðèîáðå-

òàþò ìàññó è îñöèëëèðóþò - ýôôåêò Ìèõååâà-Ñìèðíîâà-Âîëôåíøòåéíà [19,20].

Ýêñïåðèìåíòàëüíîå îïðåäåëåíèå çíà÷åíèÿ ìàññû íåéòðèíî ÿâëÿåòñÿ îäíîé

èç àêòóàëüíûõ çàäà÷ íåéòðèííîé ôèçèêè. Êîëëàáîðàöèåé KATRIN ïðåöè-

çèîííûì èçìåðåíèåì ýíåðãèè ýëåêòðîíîâ áåòà-ðàñïàäà òðèòèÿ äëÿ âåðõíåãî

ïðåäåëà ìàññû ýëåêòðîííîãî àíòèíåéòðèíî áûëî ïîëó÷åíî çíà÷åíèå 0.8 ýÂ [21].

Îãðàíè÷åíèå íà çíà÷åíèÿ ìàññ íåéòðèíî ïîëó÷åíî è èç êîñìîëîãè÷åñêèõ

äàííûõ. Â ðàáîòå [22] äëÿ ñóììû ìàññ âñåõ òðåõ òèïîâ íåéòðèíî ïîëó÷åíî

îãðàíè÷åíèå ñâåðõó 0.09 ýÂ (óðîâåíü äîñòîâåðíîñòè 95%). Îäíàêî äîñòîâåðíîñòü

ïîëó÷åííîãî îãðàíè÷åíèÿ òðåáóåò äîïîëíèòåëüíîé ïðîâåðêè, ïîñêîëüêó îíî

çàâèñèò îò âûáîðà êîñìîëîãè÷åñêîé ìîäåëè.

Äëÿ òåðìîäèíàìè÷åñêîãî îïèñàíèÿ ãîðÿ÷åé êâàðêîâîé ìàòåðèè ñ çàõâà-

÷åííûìè íåéòðèíî íàìè áûëà èñïîëüçîâàíà ëîêàëüíàÿ SU(3) ìîäåëü Íàìáó

- Èîíà-Ëàçèíèî (NJL) [23,24].

3. Ëåïòîííûé çàðÿä âåùåñòâà ïðîòîêâàðêîâîé çâåçäû. Âåùåñòâî

êàê îáû÷íûõ (íå ñâåðõïëîòíûõ), òàê è õîëîäíûõ ñâåðõïëîòíûõ çâåçä ïðîçðà÷íî

äëÿ íåéòðèíî. Ïîòîê íåéòðèíî, ðîæäåííûõ â íåäðàõ çâåçäû, áóäåò ïðèâîäèòü

ê óìåíüøåíèþ ýíåðãèè çâåçäû. Ïðè ýòîì ëåïòîííûé çàðÿä çâåçäû ìîæåò

îñòàâàòüñÿ èëè íåèçìåííûì, èëè ìåíÿòüñÿ. Åñëè ýòè íåéòðèíî îáðàçîâàëèñü

áåç èçìåíåíèÿ õèìè÷åñêîãî èëè èçîòîïè÷åñêîãî ñîñòàâà âåùåñòâà çâåçäû

(ðàâíîâåñíûå URCA ïðîöåññû, òîðìîçíîå èçëó÷åíèå íåéòðèíî, ôîòîíåéòðèíî,

è ò.ï. [25]), òî ñóììàðíûé ëåïòîííûé çàðÿä, óíîñèìûé òàêèìè íåéòðèíî,

ðàâåí íóëþ. Íåéòðèíî îò ÿäåðíûõ ïðåâðàùåíèé, â ÷àñòíîñòè îò ðåàêöèè

òåðìîÿäåðíîãî ñèíòåçà, ïîêèäàÿ çâåçäó, èçìåíÿþò åå ëåïòîííûé çàðÿä. Ñî

âðåìåí ïåðâûõ ðàáîò ïî ðîæäåíèþ íåéòðèíî â çâåçäíûõ íåäðàõ (ñì. [25])
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ïðîøëî óæå áîëüøå ïîëâåêà. Îãðîìíîå ÷èñëî ðàáîò ïîñâÿùåíû ýòîìó âîïðîñó.

Îáñóæäåíèå è ïðåäñòàâëåíèå ðåçóëüòàòîâ ýòèõ ðàáîò âûõîäÿò çà ðàìêè íàøåé

ñòàòüè. Âåùåñòâî ïðîòîíåéòðîííûõ è ïðîòîêâàðêîâûõ çâåçä, êîòîðûå îáðàçî-

âàëèñü ïðè âçðûâå ïðåäñâåðõíîâûõ çâåçä, èìååò î÷åíü âûñîêóþ òåìïåðàòóðó

~100 ÌýÂ (~1012
 K) è ïëîòíîñòü (~1015

 ã/ñì3).

Âðåìÿ, ïðè êîòîðîì öåíòðàëüíàÿ ÷àñòü ïðåäñâåðõíîâîé çâåçäû ñæèìàÿñü

ïðåâðàùàåòñÿ â ïðîòîíåéòðîííóþ èëè ïðîòîêâàðêîâóþ çâåçäó, ïoðÿäêà îäíîé

ñåêóíäû. Äî äîñòèæåíèÿ òàêèõ ïëîòíîñòåé è òåìïåðàòóð âåùåñòâî ñæèìàþ-

ùåãîñÿ ÿäðà ñòàíîâèòñÿ íåïðîçðà÷íûì äëÿ íåéòðèíî. Ïîýòîìó ëåïòîííûé

çàðÿä âåùåñòâà ïðè èìïëîçèè öåíòðàëüíûõ ÷àñòåé ïðåäñâåðõíîâîé çâåçäû

îñòàåòñÿ íåèçìåííûì. Ïðàâäà, äî îáðàçîâàíèÿ ïðîòîêâàðêîâîé èëè ïðîòîíåéò-

ðîííîé çâåçäû íåéòðèíî âñå-òàêè óñïåâàþò óíîñèòü íåêîòîðîå êîëè÷åñòâî

ëåïòîííîãî çàðÿäà. Îñòàòî÷íûé ëåïòîííûé çàðÿä, ïðèõîäÿùèéñÿ íà åäèíèöó

áàðèîííîãî çàðÿäà Y
L
 ïðîòîíåéòðîííîé èëè ïðîòîêâàðêîâîé çâåçäû, â êàæäîì

îòäåëüíîì ñëó÷àå ìîæíî îïðåäåëèòü ÷èñëåííûì ìîäåëèðîâàíèåì âçðûâà

ñâåðõíîâîé çâåçäû ñ ó÷åòîì êèíåòèêè îáðàçîâàíèÿ è ïåðåíîñà íåéòðèíî. Åñòü

âñå ïðåäïîñûëêè ñ÷èòàòü, ÷òî îñòàòî÷íûé ëåïòîííûé çàðÿä 45010 ..YL 

[26-30].

4. Ìîäåëü êâàðêîâîãî âåùåñòâà, ëåïòîííûé ñîñòàâ è óðàâíåíèÿ

õèìè÷åñêîãî ðàâíîâåñèÿ. Êàê â ðàáîòàõ [15,16], òàê è â íàñòîÿùåé ñòàòüå

ôèçè÷åñêèå ñâîéñòâà êâàðêîâîé êîìïîíåíòû îïèñàíû â ðàìêàõ ëîêàëüíîé

SU(3) ìîäåëè Íàìáó - Èîíà-Ëàçèíèî [23,24,31,32].

×èñëåííûå ðàñ÷åòû ïðîâåäåíû äëÿ ñëåäóþùèõ çíà÷åíèé ïàðàìåòðîâ ýòîé

ìîäåëè. Äëÿ òîêîâûõ ìàññ u, d è s êâàðêîâ - m
u

 = m
d

 = 5 ÌýÂ, m
s
 = 140.7 ÌýÂ,

ïàðàìåòðà óëüòðàôèîëåòîâîãî îáðåçàíèÿ - 602 ÌýÂ, êîíñòàíòû ñâÿçè

÷åòûðåõêâàðêîâîãî ñêàëÿðíîãî âçàèìîäåéñòâèÿ - 28351  .G  è êîíñòàíòû

ñâÿçè øåñòèêâàðêîâîãî âçàèìîäåéñòâèÿ Êîáàÿøè-Ìàñêàâà-'ò Õîîôòà -
53612  .K  [33].

Ïðè ðàññìîòðåííûõ çíà÷åíèÿõ ïëîòíîñòè è òåìïåðàòóðû â HSQM (ãîðÿ÷àÿ

ñòðàííàÿ êâàðêîâàÿ ìàòåðèÿ) ñ çàõâà÷åííûìè íåéòðèíî ïðèñóòñòâóþò âñå

ëåïòîíû è àíòèëåïòîíû (ýëåêòðîíû è ìþîíû, ýëåêòðîííûå, ìþîííûå è

òàîííûå íåéòðèíî, à òàêæå ñîîòâåòñòâóþùèå àíòè÷àñòèöû), êðîìå òàîíîâ.

Ïîñëåäíèå íå ðîæäàþòñÿ, òàê êàê ìàññà òàîíà 71.m   ÃýÂ ïî÷òè â 3 ðàçà

áîëüøå ýíåðãèè ñàìîé ýíåðãè÷íîé ÷àñòèöû HSQM. Â HSQM, äàæå åñëè îíè

áóäóò ðîæäàòüñÿ çà ñ÷åò âûñîêîýíåðãåòè÷åñêîãî òåïëîâîãî õâîñòà, òî èõ

êîëè÷åñòâî ïî ñðàâíåíèþ ñ îñòàëüíûìè ëåïòîíàìè áóäåò íè÷òîæíî ìàëî.

Ðàâíîâåñíûé õèìè÷åñêèé (êîìïîçèòíûé) ñîñòàâ ÷àñòèö â HSQM  óñòà-

íàâëèâàåòñÿ  -ïðîöåññàìè. Õîòÿ â êàæäîì îòäåëüíîì àêòå ïðåâðàùåíèÿ

÷àñòèö ÷åðåç ñëàáîå âçàèìîäåéñòâèå ñîõðàíÿåòñÿ òîëüêî ëåïòîííûé çàðÿä
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îïðåäåëåííîãî òèïà, òåì íå ìåíåå â ñëó÷àå ïðèñóòñòâèÿ çàõâà÷åííûõ íåéòðèíî

èç-çà íåéòðèííûõ îñöèëëÿöèé â êîíå÷íîì èòîãå áóäåò ñîõðàíÿòüñÿ òîëüêî

ñóììàðíûé ëåïòîííûé çàðÿä. Èç-çà âçàèìîïðåâðàùåíèÿ âñå àðîìàòû íåéòðèíî

ïðè òåðìîäèíàìè÷åñêîì ðàâíîâåñèè èìåþò îäèíàêîâûå õèìè÷åñêèå ïîòåíöèàëû

.  
e

(1)

Ñëåäîâàòåëüíî, êîíöåíòðàöèè âñåõ òèïîâ íåéòðèíî îäèíàêîâûå. Ðàçíîñòü

êîíöåíòðàöèé ëåïòîíîâ è àíòèëåïòîíîâ òèïà  l , (    , , , , eel ) îáîçíà÷èì

÷åðåç n
l

     


 














0

2
2

, 
1

1

1

1

2
 ,

TT
l

ll
llll ee

dkk
g

Tn (2)

ãäå g
l
 - êðàòíîñòü âûðîæäåíèÿ, à 

22
ll mk  ) - ýíåðãèÿ ëåïòîíà òèïà l.

Äëÿ ýëåêòðîíîâ è ìþîíîâ g
l
 = 2, à äëÿ âñåõ òðåõ àðîìàòîâ íåéòðèíî, êàê

÷àñòèö ñ îïðåäåëåííîé ñïèðàëüíîñòüþ - g
l
 = 1. Ôàêòè÷åñêè n

l
 - ýòî ïëîòíîñòü

ëåïòîííîãî çàðÿäà ëåïòîíîâ òèïà l.

Äëÿ çàäàííûõ çíà÷åíèé êîíöåíòðàöèé áàðèîííîãî çàðÿäà n
B
 è òåìïåðàòóðû

T êîíñòèòóåíòíûå ìàññû êâàðêîâ M
u
, M

d
, M

s
 è êâàðêîâûå êîíäåíñàòû sdu   , , ,

à òàêæå õèìè÷åñêèå ïîòåíöèàëû âñåõ ÷àñòèö 
  �  , , , , , , ,

eesdu

ñâÿçàíû îïðåäåëåííûìè ñîîòíîøåíèÿìè èç òåîðèè  NJL, óñëîâèÿìè ñîõðàíåíèÿ

áàðèîííîãî è ëåïòîííûõ çàðÿäîâ, à òàêæå óñëîâèåì ëîêàëüíîé ýëåêòðîíåéò-

ðàëüíîñòè.

Óðàâíåíèÿ òåðìîäèíàìè÷åñêîãî ðàâíîâåñèÿ ïðè íåó÷åòå ÿâëåíèÿ íåéòðèí-

íûõ îñöèëëÿöèé [15,16] è ïðè èõ ó÷åòå îòëè÷àþòñÿ òîëüêî ïî ÷àñòè óñëîâèé

 -ðàâíîâåñèÿ.

Ïðè îòñóòñòâèè íåéòðèííûõ îñöèëëÿöèé õèìè÷åñêèå ïîòåíöèàëû ÷àñòèö

êâàðêîâîãî âåùåñòâà âçàèìîñâÿçàíû ñîîòíîøåíèÿìè:

. , 
  

eee eeuseud (3)

Ó÷åò ÿâëåíèÿ íåéòðèííûõ îñöèëëÿöèé ïðèâîäèò ê ðàâåíñòâó õèìè÷åñêèõ

ïîòåíöèàëîâ íåéòðèíî âñåõ àðîìàòîâ è âçàèìîñâÿçü ìåæäó õèìè÷åñêèìè

ïîòåíöàëàìè ÷àñòèö ïðèíèìàåò âèä:

. ,   eeuseud (4)

Ýòèì óðàâíåíèÿì ñëåäóåò äîáàâèòü óñëîâèå ëîêàëüíîé ýëåêòðîíåéò-

ðàëüíîñòè:

   , 0
3

2

3

1
 nnnnn esdu (5)

âûðàæåíèå äëÿ ïëîòíîñòè áàðèîííîãî çàðÿäà:
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  , 
3

1
sduB nnnn  (6)

à òàêæå âûðàæåíèå äëÿ îòíîøåíèÿ ïëîòíîñòè ñóììàðíîãî ëåïòîííîãî è

áàðèîííîãî çàðÿäîâ:

. 
B

e
L

n

nnn
Y

 
 (7)

Çäåñü 
   nnnn

e
 - ïëîòíîñòü ñóììàðíîãî ëåïòîííîãî çàðÿäà âñåõ

àðîìàòîâ íåéòðèíî

. 
6

3 2

2

3
















 








 


 


TT

T
n (8)

Ôàêòè÷åñêè, ñ òî÷êè çðåíèÿ òåðìîäèíàìèêè, îñöèëëÿöèè íåéòðèíî ñòèðàþò

âñå ðàçëè÷èÿ ìåæäó ðàçíûìè àðîìàòàìè íåéòðèíî, ôîðìàëüíî âñå îíè âìåñòå

âûñòóïàþò êàê íåéòðèíî ñ êðàòíîñòüþ âûðîæäåíèÿ 3g .

Óðàâíåíèÿ, ñâÿçûâàþùèå êîíñòèòóåíòíûå ìàññû êâàðêîâ M
u
, M

d
, M

s
,

õèìè÷åñêèå ïîòåíöèàëû sdu   , , , êîíöåíòðàöèè êâàðêîâ sdu nnn  , ,  è êâàðêîâûõ

êîíäåíñàòîâ sdu   , ,  ïðèâåäåíû â íàøåé ðàáîòå [15].

5. Ðåçóëüòàòû ÷èñëåííûõ ðàñ÷åòîâ. Äëÿ ôèêñèðîâàííûõ çíà÷åíèé

ïëîòíîñòè áàðèîííîãî ÷èñëà n
B
, òåìïåðàòóðû T è îòíîñèòåëüíîãî ëåïòîííîãî

çàðÿäà Y
L
, ÷èñëåííûì ðåøåíèåì ïîëíîé ñèñòåìû óðàâíåíèé ðàâíîâåñèÿ

îïðåäåëåíû óðàâíåíèå ñîñòîÿíèÿ è òåðìîäèíàìè÷åñêèå õàðàêòåðèñòèêè HSQM

ñ çàõâà÷åííûìè íåéòðèíî è ñ ó÷åòîì ýôôåêòà íåéòðèííûõ îñöèëëÿöèé.

Ñ÷èòàåì öåëåñîîáðàçíûì çäåñü ïðèâîäèòü ýòè ðåçóëüòàòû òîëüêî äëÿ T = {60;

100} ÌýÂ è Y
L

 = {0.1; 0.4}. Êðîìå ìþîíîâ âñå ëåïòîíû óëüòðàðåëÿòèâèñòñêèå,

÷òî äàåò íàì âîçìîæíîñòü èõ ñ÷èòàòü áåçìàññîâûìè. Ýòî, êîíå÷íî, íå ìåøàåò

íàì ó÷åñòü ÿâëåíèå íåéòðèííûõ îñöèëëÿöèé. Ðàñ÷åòû ïîêàçûâàþò, ÷òî

õàðàêòåðèñòèêè êâàðêîâîé êîìïîíåíòû (êîíöåíòðàöèè, õèìè÷åñêèå ïîòåíöèàëû

è êîíñòèòóåíòíûå ìàññû êâàðêîâ, à òàêæå êâàðêîâûå êîíäåíñàòû) ñëàáî

çàâèñÿò îò òîãî, ó÷òåíû èëè íå ó÷òåíû íåéòðèííûå îñöèëëÿöèè. Îòìåòèì

ëèøü, ÷òî èç-çà íåéòðèííûõ îñöèëëÿöèé êîíöåíòðàöèè u êâàðêîâ óâåëè÷è-

âàþòñÿ äî ïîðÿäêà 4%, à êîíöåíòðàöèè d è s êâàðêîâ óìåíüøàþòñÿ â ñóììå

íà ñòîëüêî æå. Êàê áûëî ïîêàçàíî â ðàáîòå [16] áåç ó÷åòà íåéòðèííûõ

îñöèëëÿöèé ïî êîëè÷åñòâó è ïî âêëàäó â îáùóþ ýíåðãèþ HSQM ýëåêòðîíû

è ýëåêòðîííûå íåéòðèíî  ïðåâîñõîäÿò îñòàëüíûå ëåïòîíû. Â HSQM ñ ó÷åòîì

íåéòðèííûõ îñöèëëÿöèé, èç-çà ðàâåíñòâà õèìè÷åñêèõ ïîòåíöèàëîâ âñåõ àðîìàòîâ

íåéòðèíî, âêëàäû âñåõ ëåïòîíîâ ñðàâíèìû.  Íà ðèñ.1a è ðèñ.1b äëÿ çíà÷åíèé

òåìïåðàòóðû T = {60; 100} ÌýÂ è Y
L

 = 0.4 ïîêàçàíû çàâèñèìîñòè õèìè÷åñêèõ

ïîòåíöèàëîâ ýëåêòðîííûõ è ìþîííûõ ëåïòîíîâ îò n
B
 áåç ó÷åòà (ïóíêòèðíûå

êðèâûå) è ñ ó÷åòîì íåéòðèííûõ îñöèëëÿöèé (ñïëîøíûå êðèâûå). Â HSQM
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ïðè îòñóòñòâèè íåéòðèííûõ îñöèëëÿöèé è 50.nB  ôì-3 õèìè÷åñêèå

ïîòåíöèàëû ýëåêòðîíîâ 450250 ~  ÌýÂ, ÷òî â 32   ðàçà áîëüøå ìàññû

ìþîíà. Íàëè÷èå ýëåêòðîííûõ íåéòðèíî ñ òàêèì æå áîëüøèì õèìè÷åñêèì

ïîòåíöèàëîì ( 500200   ÌýÂ) íå ïîçâîëÿåò ÷àñòè÷íûé ïåðåõîä ýëåêòðîíîâ â

ìþîíû. Ñ äðóãîé ñòîðîíû, ìþîííûé ëåïòîííûé çàðÿä ïðè ñæàòèè âåùåñòâà

ïðåäñâåðõíîâîé çâåçäû áåç íåéòðèííûõ îñöèëëÿöèé ñîõðàíÿåòñÿ îòäåëüíî è

ðàâåí ñâîåìó ïåðâîíà÷àëüíîìó íóëåâîìó çíà÷åíèþ [15,16]. Ïîýòîìó êîëè÷åñòâî

ýëåêòðîíîâ â HSQM ñ çàõâà÷åííûìè íåéòðèíî ïðè îòñóòñòâèè íåéòðèííûõ

îñöèëëÿöèé íàìíîãî ïðåâîñõîäèò êîëè÷åñòâî ìþîíîâ.

Èç-çà íåéòðèííûõ îñöèëëÿöèé ýëåêòðîííûå íåéòðèíî ÷àñòè÷íî ïðåâðà-

ùàþòñÿ â ìþîííûå è òàó íåéòðèíî, ÷òî ïðèâîäèò ê óìåíüøåíèþ õèìè÷åñêîãî

ïîòåíöèàëà ýëåêòðîííîãî íåéòðèíî. Òàêèì îáðàçîì ñòàíîâèòñÿ âîçìîæíûì

ïðåâðàùåíèå ÷àñòè ýëåêòðîíîâ â ìþîíû.

Íà ðèñ.2a è ðèñ.2b äëÿ T = 100 ÌýÂ è Y
L

 = 0.4 ïðèâåäåíû çàâèñèìîñòè

êîíöåíòðàöèé ýëåêòðîíîâ, ìþîíîâ è ñîîòâåòñòâóþùèõ àíòè÷àñòèö îò n
B
 êàê

áåç ó÷åòà (ïóíêòèðíûå êðèâûå), òàê è ñ ó÷åòîì íåéòðèííûõ îñöèëëÿöèé

(ñïëîøíûå êðèâûå). Âèäíî, ÷òî êîëè÷åñòâî îòäåëüíûõ ëåïòîíîâ â HSQM ñ

çàõâà÷åííûìè íåéòðèíî èç-çà íåéòðèííûõ îñöèëëÿöèé íàìíîãî ïðåâîñõîäèò

êîëè÷åñòâî ñîîòâåòñòâóþùåãî  àíòèëåïòîíà, ÷òî ñâÿçàíî ñ âûñîêèì çíà÷åíèåì

õèìè÷åñêîãî ïîòåíöèàëà ýòèõ ÷àñòèö. Åñëè â HSQM ñ çàõâà÷åííûìè íåéòðèíî

ïðè îòñóòñòâèè íåéòðèííûõ îñöèëëÿöèé êîíöåíòðàöèè ýëåêòðîíîâ è ìþîíîâ

ñèëüíî îòëè÷àþòñÿ, òî ïðè íàëè÷èè íåéòðèííûõ îñöèëëÿöèè çíà÷åíèÿ ýòèõ

ïàðàìåòðîâ ïðèìåðíî ðàâíû. Îáëàñòü íèçêèõ ïëîòíîñòåé  5030 ..nB  ôì-3 â

Ðèñ.1. Õèìè÷åñêèå ïîòåíöèàëû ëåïòîíîâ 


  , , , ,
ee

 â çàâèñèìîñòè îò ïëîòíîñòè
áàðèîííîãî ÷èñëà n

B
 ïðè äâóõ çíà÷åíèÿõ òåìïåðàòóðû: a) T = 60 ÌýÂ, b) T = 100 ÌýÂ.

Ñïëîøíûå ëèíèè ñîîòâåòñòâóþò ñëó÷àþ, êîãäà èìååò ìåñòî ñìåøèâàíèå (îñöèëëÿöèè)
íåéòðèíî, ïóíêòèðíûå ëèíèè - ñëó÷àþ îòñóòñâèÿ íåéòðèííûõ îñöèëëÿöèé.
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êâàðêîâûõ çâåçäàõ íå ðåàëèçóåòñÿ. Â íåêîòîðûõ ðèñóíêàõ ýòà îáëàñòü n
B

ïðèñóòñòâóåò ïðîñòî äëÿ ïîëíîòû ôèçè÷åñêîé êàðòèíû.

Íà ðèñ.3a è ðèñ.3b äëÿ T = {60; 100} ÌýÂ è Y
L

 = 0.4 ïîêàçàíû çàâèñèìîñòè

îòíîøåíèé осцбезосц   è осцбезосц PP  îò êîíöåíòðàöèè áàðèîííîãî çàðÿäà n
B
,

ãäå осц  è осцP  - ïëîòíîñòü ýíåðãèè è äàâëåíèå ïðè íàëè÷èè íåéòðèííûõ

îñöèëëÿöèé, à осцбез  è осцбезP  - òå æå ïàðàìåòðû áåç îñöèëëÿöèè.

Ýíåðãèÿ è äàâëåíèå HSQM ñ çàõâà÷åííûìè íåéòðèíî ïðè 0Bn  îïðå-

äåëÿþòñÿ â îñíîâíîì ëåïòîíàìè. Èç óðàâíåíèé õèìè÷åñêîãî ðàâíîâåñèÿ

Ðèñ.2. Êîíöåíòðàöèè çàðÿæåííûõ ëåïòîíîâ: à) ýëåêòðîíîâ è ïîçèòðîíîâ, b) ìþîíîâ
è àíòèìþîíîâ â çàâèñèìîñòè îò ïëîòíîñòè áàðèîííîãî ÷èñëà n

B
 ïðè òåìïåðàòóðå T = 100

ÌýÂ. Ñïëîøíûå ëèíèè ñîîòâåòñòâóþò ñëó÷àþ, êîãäà èìååò ìåñòî ñìåøèâàíèå (îñöèëëÿöèè)

íåéòðèíî, ïóíêòèðíûå ëèíèè - ñëó÷àþ îòñóòñòâèÿ íåéòðèííûõ îñöèëëÿöèé.

n
B
, ôì-3

n e
- 
, 
n e

+
, 
ô

ì
-3

0.0

0.4
aT=100ÌýÂ

Ñ íåéòðèííûìè îñöèëëÿöèÿìè
Áåç íåéòðèííûõ îñöèëëÿöèé

0.5 1.0

b

0.2

0.0




1.5

n
B
, ôì-3

0.0 0.5 1.0 1.5

e+

e
_

T=100ÌýÂ
Ñ íåéòðèííûìè îñöèëëÿöèÿìè
Áåç íåéòðèííûõ îñöèëëÿöèé

n 
- 
, 
n 

+
, 
ô

ì
-3

0.2

0.1

0.0










Ðèñ.3. Îòíîøåíèÿ çíà÷åíèé äàâëåíèÿ P
îñö 

/P
áåç îñö

 è ïëîòíîñòè ýíåðãèè осцбезосц
 /  â

çàâèñèìîñòè îò ïëîòíîñòè áàðèîííîãî ÷èñëà n
B
 ïðè äâóõ çíà÷åíèÿõ òåìïåðàòóðû: a) T = 60

ÌýÂ, b) T = 100 ÌýÂ.

n
B
, ôì-3
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aT=60ÌýÂ b
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ñëåäóåò, ÷òî íåçàâèñèìî îò çíà÷åíèÿ Y
L
 êàê ïðè íàëè÷èè, òàê è ïðè

îòñóòñòâèè íåéòðèííûõ îñöèëëÿöèé, êîãäà 0Bn , òî õèìè÷åñêèå ïîòåíöèàëû

âñåõ ëåïòîíîâ è àíòèëåïòîíîâ ñòðåìÿòñÿ ê íóëþ. Ýòî âèäíî è íà ðèñ.1a è

ðèñ.1b. Äàâëåíèå è ïëîòíîñòü òàêîé ñèñòåìû çàâèñÿò òîëüêî îò òåìïåðàòóðû

T. Òàêîå ñîñòîÿíèå áëèçêî ê ñîñòîÿíèþ îáû÷íîãî ðàçðåæåííîãî âåùåñòâà ïðè

î÷åíü âûñîêèõ òåìïåðàòóðàõ ( 2cmKT e ), êîãäà ÷èñëî ýëåêòðîí - ïîçèòðîííûõ

ïàð íàìíîãî ïðåâîñõîäèò ÷èñëî ýëåêòðîíîâ ýòîãî âåùåñòâà â "õîëîäíîì"

( 2cmKT e ) ñîñòîÿíèè. Èç ðèñ.3a è ðèñ.3b âèäíî, ÷òî íåéòðèííûå îñöèëëÿöèè

óìåíüøàþò äàâëåíèå è ïëîòíîñòü ýíåðãèè HSQM ñ çàõâà÷åííûìè íåéòðèíî

äî 4-õ è 2%, ñîîòâåòñòâåííî. Êàê äëÿ T = 60 ÌýÂ, òàê è äëÿ T = 100 ÌýÂ

îòíîøåíèÿ осцбезосц PP  è осцбезосц   ñòðåìÿòñÿ ê åäèíèöå, êîãäà 0Bn , ÷òî

áûëî îáúÿñíåíî âûøå.

Äëÿ ôèçèêè ïðîòî-íåéòðîííûõ è ïðîòî-êâàðêîâûõ çâåçä îäíèì èç âàæíûõ

ïàðàìåòðîâ ÿâëÿåòñÿ êîëè÷åñòâî ýíåðãèè, êîòîðîå îñâîáîæäàåòñÿ ïðè èõ

îõëàæäåíèè. Ýòî ðàçíèöà ìàññû çâåçäû äî è ïîñëå îõëàæäåíèÿ. ×àñòü ýòîé

ýíåðãèè îáóñëîâëåíà èçìåíåíèåì ãðàâèòàöèîííîé ýíåðãèè çâåçäû, à äðóãàÿ

÷àñòü îïðåäåëÿåòñÿ òåðìîäèíàìèêîé åå âåùåñòâà. Ýíåðãèþ, ïðèõîäÿùóþñÿ íà

åäèíèöó îáúåìà HSQM ñ çàõâà÷åííûìè íåéòðèíî ïðè òåìïåðàòóðå T, îáîçíà÷èì

÷åðåç T , à â õîëîäíîì ñîñòîÿíèè - ÷åðåç o . Íàçîâåì âåëè÷èíó oT 

ïëîòíîñòüþ òåïëîâîé ýíåðãèè HSQM ñ çàõâà÷åííûìè íåéòðèíî, õîòÿ ýòî íå

òîëüêî ýíåðãèÿ òåïëîâîãî äâèæåíèÿ ÷àñòèö âåùåñòâà. Ëüâèíóþ äîëþ ýòîé

ýíåðãèè óíîñÿò íåéòðèíî, óíîñÿ ñ ñîáîé è ëåïòîííûé çàðÿä.

Ðèñ.4. Íîðìèðîâàííàÿ ðàçíîñòü ýíåðãèé íåïðîçðà÷íîé äëÿ íåéòðèíî HSQM ñî ñìåøè-

âàíèåì (îñöèëëÿöèÿìè) íåéòðèíî è ïðîçðà÷íîé äëÿ íåéòðèíî õîëîäíîé êâàðêîâîé ìàòåðèè,
ïîñëå óõîäà âñåõ íåéòðèíî â çàâèñèìîñòè îò ïëîòíîñòè áàðèîííîãî ÷èñëà n

B
 ïðè äâóõ

çíà÷åíèÿõ òåìïåðàòóðû T = 60 ÌýÂ è T = 100 ÌýÂ.

n
B
, ôì-3

(
T

 -   
 0

) /
 0

T=60ÌýÂ

0.6
0.0

T=100ÌýÂ


T
 - SQM ñ îñöèë. íåéòðèíî ïðè T>0


0
 - SQM áåç íåéòðèíî ïðè T=0

1.0 1.4 1.8

0.1

0.2

0.3

0.4

0.5
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Íà ðèñ.4 äëÿ T = {60; 100} ÌýÂ è Y
L

 = 0.4 ïîêàçàíà çàâèñèìîñòü îòíîøåíèÿ

o  îò n
B
 â îáëàñòè [0.6; 1.8] ôì-3. Â çàâèñèìîñòè îò n

B
 ýòî îòíîøåíèå

èçìåíÿåòñÿ â ïðèäåëàõ îò 0.18 äî 0.33 äëÿ T = 100 ÌýÂ è îò 0.13 äî 0.18

äëÿ T = 60 ÌýÂ. Ïðè îñòûâàíèè îò T = 100 ÌýÂ äî T = 60 ÌýÂ èçìåíåíèå

ýíåðãèè åäèíè÷íîãî îáúåìà HSQM ñ çàõâà÷åííûìè íåéòðèíî áóäåò

( oo ..  150050 ).

Òàêèì îáðàçîì, ìàññà ïðîòîêâàðêîâîé çâåçäû ñ T = 100 ÌýÂ ïðè åå

îñòûâàíèè ìîæåò óìåíüøàòüñÿ äî 3020   ïðîöåíòîâ. Òàêîé æå ðåçóëüòàò áûë

ïîëó÷åí è â ðàìêàõ ìîäåëè êâàðêîãî ìåøêà MIT [34-35].

Êîíå÷íîå çíà÷åíèå îòíîñèòåëüíîãî ëåïòîííîãî çàðÿäà ïî çàâåðøåíèþ

ïðîöåññà ôîðìèðîâàíèÿ ïðîòîêâàðêîâîé çâåçäû íàõîäèòñÿ â îáëàñòè

45010 .Y. L . Äëÿ ñðàâíåíèÿ íà ðèñ.5 è 6 ïðèâåäåíû íåêîòîðûå õàðàêòå-

ðèñòèêè HSQM ñ çàõâà÷åííûìè íåéòðèíî ïðè òåìïåðàòóðå T = 100 ÌýÂ â

çàâèñèìîñòè îò n
B
 äëÿ Y

L
 = 0.1 è Y

L
 = 0.4.

Çàâèñèìîñòü ýíåðãèè HSQM ñ çàõâà÷åííûìè íåéòðèíî, ïðèõîäÿùàÿ íà

åäèíèöó áàðèîííîãî çàðÿäà Bn  îò n
B
 ñ ó÷åòîì íåéòðèííûõ îñöèëëÿöèé ïðè

òåìïåðàòóðå T = 100 ÌýÂ äëÿ äâóõ çíà÷åíèé Y
L

 = {0.1 è 0.4}, ïîêàçàíà íà

ðèñ.5. Äëÿ ñðàâíåíèÿ íà ýòîì æå ðèñóíêå ïîêàçàíà ýòà çàâèñèìîñòü äëÿ

õîëîäíîé (T = 0) HSQM, ãäå íåéòðèíî âîîáùå îòñóòñòâóþò.

Ñîãëàñíî ìîäåëè NJL, ïîðîãîâàÿ ïëîòíîñòü ðîæäåíèÿ s êâàðêîâ â õîëîäíîì

Ðèñ.5. Ïðèõîäÿùàÿñÿ íà åäèíèöó áàðèîííîãî çàðÿäà ýíåðãèÿ 
B
nE /

1
  â íåïðîçðà÷íîé

äëÿ íåéòðèíî HSQM ñ îñöèëëÿöèÿìè íåéòðèíî ïðè òåìïåðàòóðå T = 100 ÌýÂ â çàâèñèìîñòè
îò ïëîòíîñòè áàðèîííîãî ÷èñëà n

B
 äëÿ äâóõ çíà÷åíèé ïàðàìåòðà óäåëüíîãî ëåïòîííîãî

çàðÿäà Y
L

 = 0.1 è Y
L

 = 0.4. Äëÿ ñðàâíåíèÿ ïðèâîäèòñÿ òàêæå àíàëîãè÷íàÿ çàâèñèìîñòü äëÿ

êâàðêîâîé ìàòåðèè ïðè íóëåâîé òåìïåðàòóðå, ïîñëå òîãî, êàê âñå íåéòðèíî óæå ïîêèíóëè
ñèñòåìó. Êðóæî÷åê îáîçíà÷àåò ïîðîã ðîæäåíèÿ ñòðàííîãî êâàðêà â   ðàâíîâåñíîé õîëîäíîé
êâàðêîâîé ìàòåðèè.

n
B
, ôì-3
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(T = 0) êâàðêîâîì âåùåñòâå èìååò çíà÷åíèå 6550.n thrs
B 

 ôì-3 [36,37]. Â

îáëàñòè thrs
BB nn   â õîëîäíîì (T = 0) êâàðêîâîì âåùåñòâå ñóùåñòâóþò òîëüêî

u è d êâàðêè. Ïðè÷åì, êîãäà 0Bn , òî íà îäèí áàðèîí ïðèõîäèòñÿ

110032  ouodou MMM  ÌýÂ ýíåðãèè [37], ÷òî âèäíî è íà ðèñ.5. Ïðè

0T  áåñêîíå÷íîå âîçðàñòàíèå îòíîøåíèÿ BT n , êîãäà 0Bn , îáóñëîâëåíî

íàëè÷èåì ëåïòîííîé êîìïîíåíòû ïðè 0Bn . Íà êðèâîé, ñîîòâåòñòâóþùåé

íóëåâîé òåìïåðàòóðå, êðóæî÷êîì îáîçíà÷åí ïîðîã ðîæäåíèÿ ñòðàííîãî êâàðêà.

Êàê îòìå÷åíî âûøå, äëÿ òåîðèè íåéòðîííûõ çâåçä ñ êâàðêîâûì ÿäðîì

âàæíà îáëàñòü 50.nB  ôì-3. Èç ðèñ.5 ñëåäóåò, ÷òî â ýòîé îáëàñòè êîíöåíòðàöèè

n
B
 äëÿ HSQM ñ çàõâà÷åííûìè íåéòðèíî ïðè òåìïåðàòóðå T = 100 ÌýÂ,

ïðèõîäÿùåéñÿ íà åäèíèöó áàðèîííîãî çàðÿäà, ýíåðãèÿ BT n  áîëüøå îò

Bn0  â ñîñòîÿíèè ñ òåìïåðàòóðîé T = 0, íà 400250   ÌýÂ äëÿ Y
L

 = 0.4 è

íà 300150   ÌýÂ äëÿ Y
L

 = 0.1. Åñëè êàê ïðèåìëåìîå çíà÷åíèå äëÿ Y
L
 â

ïðîòîêâàðêîâîé çâåçäå ñ÷èòàòü çíà÷åíèå Y
L

 = 0.1, òî ìàññà ïðîòîêâàðêîâîãî

ÿäðà ïðîòîíåéòðîííîé çâåçäû îñòûâàÿñü óìåíüøèòñÿ â ñðåäíåì  ïîðÿäêà

%2010  .

Â õîëîäíîé (T = 0) êîìïàêòíîé çâåçäå ñ êâàðêîâîé ñåðäöåâèíîé ud ôàçà

áóäåò ñóùåñòâîâàòü ïðè âûïîëíåíèè óñëîâèÿ Q
B

thrs
B nn  , ãäå Q

Bn  - ïëîòíîñòü

áàðèîííîãî ÷èñëà êâàðêîâîãî âåùåñòâà â òî÷êå ôàçîâîãî ðàâíîâåñèÿ ìåæäó

êâàðêîâûì è àäðîííûì âåùåñòâàìè. Âîïðîñ î òîì, ñóùåñòâóåò ëè ud ôàçà

â êîìïàêòíîé çâåçäå - çàâèñèò íå òîëüêî îò óðàâíåíèÿ ñîñòîÿíèÿ êâàðêîâîé

ìàòåðèè, íî è îò óðàâíåíèÿ ñîñòîÿíèÿ àäðîííîé ìàòåðèè. Â ðàáîòå [36]

Ðèñ.6. Îòíîñèòåëüíûé âêëàä ëåïòîíîâ â äàâëåíè P
Lept 

/P â íåïðîçðà÷íîé äëÿ íåéòðèíî

HSQM ñ îñöèëëÿöèÿìè íåéòðèíî ïðè òåìïåðàòóðå T = 100ÌýÂ â çàâèñèìîñòè îò ïëîòíîñòè
áàðèîííîãî ÷èñëà n

B
 äëÿ äâóõ çíà÷åíèé ïàðàìåòðà óäåëüíîãî ëåïòîííîãî çàðÿäà Y

L
 = 0.1 è

Y
L

 = 0.4,

n
B
, ôì-3
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ïîêàçàíî, ÷òî â ðàìêàõ ìîäåëè, â êîòîðîé äëÿ êâàðêîâîé ìàòåðèè èñïîëüçîâàíà

ëîêàëüíàÿ ìîäåëü NJL, à äëÿ àäðîííîé ìàòåðèè - ìîäåëü ðåëÿòèâèñòñêîãî

ñðåäíåãî ïîëÿ, âûïîëíÿåòñÿ óñëîâèå Q
B

thrs
B nn   è, ñëåäîâàòåëüíî, â  õîëîäíîé

ãèáðèäíîé çâåçäå ud ôàçû íå ñóùåñòâóåò. Èññëåäîâàíèÿ â ðàìêàõ óñîâåðøåíñò-

âîâàííîé ìîäåëè NJL, â êîòîðîé ó÷òåíû òàêæå âêëàäû âåêòîðíîãî è àêñèàëüíî-

âåêòîðíîãî âçàèìîäåéñòâèÿ ìåæäó êâàðêàìè [37] ïîêàçàëè, ÷òî ýòîò âûâîä

îñòàåòñÿ â ñèëå.

Ïîíÿòíî, ÷òî ÷åì ìåíüøå Y
L
, òåì ìåíüøå äîëÿ äàâëåíèÿ ëåïòîíîâ P

Lept

â îáùåì äàâëåíèè P HSQM ñ çàõâà÷åííûìè íåéòðèíî. Íà ðèñ.6 ñ ó÷åòîì

íåéòðèííûõ îñöèëëÿöèé äëÿ T = 100 ÌýÂ è Y
L

 = {0.1 è 0.4} ïîêàçàíà çàâè-

ñèìîñòü îòíîøåíèÿ P
Lept

 /P îò êîíöåíòðàöèè áàðèîííîãî çàðÿäà n
B
. Â  èíòå-

ðåñíîì äëÿ êâàðêîâûõ çâåçä èíòåðâàëå 3-3- фм 2фм 50  Bn. , ñ âîçðàñòàíèåì

n
B
 îòíîøåíèå P

Lept
 /P óìåíüøàåòñÿ ïðè Y

L
 = 0.4 îò 0.2 äî 0.1 è îò 0.15 äî

0.02 ïðè Y
L

 = 0.1. Ñòðåìëåíèå ýòîãî îòíîøåíèÿ ê åäèíèöå ïðè 0Bn

îáóñëîâëåíî òåì, ÷òî äàâëåíèå P â ýòîì ïðåäåëå ñîçäàåòñÿ èñêëþ÷èòåëüíî

ëåïòîíàìè. Îòìåòèì òàêæå, ÷òî ýòî èìååò ìåñòî íåçàâèñèìî îò çíà÷åíèÿ Y
L

è îò òîãî, ó÷òåíû èëè íå ó÷òåíû íåéòðèííûå îñöèëëÿöèè.

6. Çàêëþ÷åíèå. Íà îñíîâå ìîäåëè NJL îïðåäåëåíû òåðìîäèíàìè÷åñêèå

õàðàêòåðèñòè íåïðîçðà÷íîãî äëÿ íåéòðèíî ãîðÿ÷åãî êâàðêîâîãî âåùåñòâà ñ

ó÷åòîì íåéòðèííûõ îñöèëëÿöèé. Â ñîîòâåòñòâèè ñî ñòàíäàðòíîé ìîäåëüþ

ýëåìåíòàðíûõ ÷àñòèö â íàøèõ ðàñ÷åòàõ ó÷òåíû òðè àðîìàòà íåéòðèíî. Ðàñ÷åòû

âûïîëíåíû äëÿ äâóõ çíà÷åíèé îòíîøåíèÿ ñóììàðíîãî ëåïòîííîãî è áàðèîííîãî

çàðÿäîâ HSQM: Y
L

 = 0.1 è Y
L

 = 0.4. Åñëè ïðè îòñóòñòâèè íåéòðèííûõ

îñöèëëÿöèé â õèìè÷åñêè ðàâíîâåñíîì íåïðîçðà÷íîì äëÿ íåéòðèíî HSQM

ïðîòîêâàðêîâîé çâåçäû èç ëåïòîíîâ âàæíû òîëüêî âêëàäû ýëåêòðîíîâ è

ýëåêòðîííûõ íåéòðèíî, òî íàëè÷èå íåéòðèííûõ îñöèëëÿöèé äåëàåò âñå ëåïòîíû

"ðàâíîïðàâíûìè". Ïîêàçàííî, ÷òî èç-çà íåéòðèííûõ îñöèëëÿöèé êîíöåíòðàöèè

ëåïòîíîâ â õèìè÷åñêè ðàâíîâåñíîì íåïðîçðà÷íîì äëÿ íåéòðèíî HSQM

ñèëüíî ïðåâîñõîäÿò êîíöåíòðàöèè àíòèëåïòîíîâ. Ïðè÷åì êîëè÷åñòâî ýëåêòðîíîâ

è ìþîíîâ ìàëî îòëè÷àåòñÿ.

Íåñìîòðÿ íà çíà÷èòåëüíûå èçìåíåíèÿ èç-çà íåéòðèííûõ îñöèëëÿöèé

õàðàêòåðèñòèê ëåïòîííîé êîìïîíåíòû íåïðîçðà÷íîé äëÿ íåéòðèíî HSQM,

ïðè ôèêñèðîâàííîì çíà÷åíèè ïëîòíîñòè áàðèîííîãî ÷èñëà äàâëåíèå è

ïëîòíîñòü ýíåðãèè âåùåñòâà â çàâèñèìîñòè îò çíà÷åíèÿ òåìïåðàòóðû ïðè

ýòîì óìåíüøàþòñÿ âñåãî äî 2 è 4%, ñîîòâåòñòâåííî.

Èç-çà íåéòðèííûõ îñöèëëÿöèé çàïàñåííàÿ òåïëîâàÿ ýíåðãèÿ â íåïðîçðà÷íîé

äëÿ íåéòðèíî HSQM óìåíüøàåòñÿ, îäíàêî åå êîëè÷åñòâî îñòàåòñÿ çíà÷èòåëüíûì.

×èñëåííûå ðàñ÷åòû ïîêàçûâàþò, ÷òî â îáëàñòè çíà÷åíèé ïëîòíîñòè áàðèîííîãî

÷èñëà, âàæíîé äëÿ ãèáðèäíûõ è êâàðêîâûõ çâåçä: 3-3- фм 2фм 50  Bn. , ïðèõî-
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äÿùàÿñÿ íà åäèíèöó áàðèîííîãî çàðÿäà ýíåðãèÿ BT n  áîëüøå îò Bn0  â

ñîñòîÿíèè ñ òåìïåðàòóðîé T = 0, íà 400250   ÌýÂ äëÿ Y
L

 = 0.4 è íà 300150 

ÌýÂ äëÿ Y
L

 = 0.1. Çàïàñåííàÿ òåïëîâàÿ ýíåðãèÿ â íåïðîçðà÷íîé äëÿ íåéòðèíî

HSQM èç-çà íåéòðèííûõ îñöèëëÿöèé óìåíüøàåòñÿ, îäíàêî åå êîëè÷åñòâî

íàñòîëüêî çíà÷èòåëüíî, ÷òî äàæå äëÿ çíà÷åíèÿ îòíîøåíèÿ ñóììàðíîãî

ëåïòîííîãî è áàðèîííîãî çàðÿäîâ HSQM Y
L

 = 0.1 ìàññà ïðîòîêâàðêîâîãî ÿäðà

ïðîòîíåéòðîííîé çâåçäû îñòûâàÿ, óìåíüøèòñÿ â ñðåäíåì  ïîðÿäêà %2010  .

×åì áîëüøå çíà÷åíèå Y
L
, òåì áîëüøå ýòî èçìåíåíèå.

Õàðàêòåðèñòèêè æå êâàðêîâîé êîìïîíåíòû, òàêèå êàê - äèíàìè÷åñêèå

ìàññû êâàðêîâ (M
u
, M

d
, M

s
), êîíöåíòðàöèè êâàðêîâ ( sdu nnn  , , ) è êâàðêîâûå

êîíäåíñàòû ( sdu   , , ) ïðè ó÷åòå íåéòðèííûõ îñöèëëÿöèé ìåíÿþòñÿ

íåçíà÷èòåëüíî.

 Ðàáîòà âûïîëíåíà â íàó÷íî-èññëåäîâàòåëüñêîé ëàáîðàòîðèè ôèçèêè

ñâåðõïëîòíûõ çâåçä ïðè êàôåäðå ïðèêëàäíîé ýëåêòðîäèíàìèêè è ìîäåëèðîâàíèÿ

ÅÃÓ, ôèíàíñèðóåìîé êîìèòåòîì ïî íàóêå Ìèíèñòåðñòâà îáðàçîâàíèÿ, íàóêè,

êóëüòóðû è ñïîðòà Ðåñïóáëèêè Àðìåíèÿ.

Åðåâàíñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò, Àðìåíèÿ,

e-mail: galaverdyan@ysu.am      ghajyan@ysu.am     anialaverdyan@ysu.am

EFFECT OF NEUTRINO OSCILLATIONS ON
THERMODYNAMIC PROPERTIES OF HOT QUARK

MATTER

G.B.ALAVERDYAN, G.S.HAJYAN, A.G.ALAVERDYAN

Within the framework of the local SU(3) Nambu-Jona-Lasinio (NJL) model,

which also takes into account the 't Hooft interaction leading to quark flavor

mixing, the influence of neutrino oscillations on the thermodynamic properties

of three-flavor hot quark matter in  -equilibrium with trapped neutrinos is

studied. For two temperatures T = [60  and 100] MeV, taking into account neutrino

oscillations, the thermodynamic characteristics of quark matter are determined.

These results are compared with the results obtained without taking into account

neutrino oscillations. Calculations show that when cooling quark matter, which

is opaque to neutrinos, the released energy per unit of baryon charge will be about

350150   MeV.

Keywords: hot quark matter: NJL model: trapped neutrinos: neutrino oscillations
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ÍÅÊÎÒÎÐÛÅ ÎÁÙÈÅ ÐÅÇÓËÜÒÀÒÛ

Ã.À.ÑÀÈßÍ
Ïîñòóïèëà 19 äåêàáðÿ 2022

Ïðèíÿòà ê ïå÷àòè 3 ôåâðàëÿ 2023

Ïðåäñòàâëåíû èçâåñòíûå ðåçóëüòàòû òåîðèè êëàññè÷åñêèõ ãàçîâûõ ïîëèòðîï â ðàìêàõ
èíòåãðàëüíîãî ïîäõîäà, ãäå âìåñòî ñòàíäàðòíîãî äèôôåðåíöèàëüíîãî óðàâíåíèÿ Ëýéíà-Ýìäåíà
äëÿ ñôåðè÷åñêè-ñèììåòðè÷íîé ãðàâèòèðóþùåé ìàññû ðàññìàòðèâàåòñÿ åãî ýêâèâàëåíò â âèäå
íåëèíåéíîãî èíòåãðàëüíîãî óðàâíåíèÿ Âîëüòåððû 2-ãî ðîäà. Ïîêàçàíî, ÷òî îáðàòíîå ïðåîáðà-
çîâàíèå Ëàïëàñà óðàâíåíèÿ Ëýéíà-Ýìäåíà äëÿ ïîëèòðîïû ñ ïîêàçàòåëåì n = 5 (ìîäåëü Øóñòåðà)
ïðåäñòàâëÿåò ñîáîé ðåêóððåíòíîå ñîîòíîøåíèå äëÿ ôóíêöèé Áåññåëÿ ïåðâîãî ðîäà. Äîêàçàíà
èíâàðèàíòíîñòü íåëèíåéíîãî èíòåãðàëüíîãî óðàâíåíèÿ Âîëüòåððû îòíîñèòåëüíî ãîìîëîãè÷åñêèõ
ïðåîáðàçîâàíèé, à òàêæå âîçìîæíîñòü ïîëó÷åíèÿ ñèíãóëÿðíûõ ðåøåíèé ïðè îïðåäåëåííûõ
óñëîâèÿõ. Òàêæå ïîêàçàíî, ÷òî äëÿ öåëî÷èñëåííûõ è ïîëóöåëûõ ïîêàçàòåëåé ïîëèòðîïû ýòî
óðàâíåíèå ýêâèâàëåíòíî ìíîãîìåðíîìó èíòåãðàëüíîìó óðàâíåíèþ, à íàõîæäåíèå ñ åãî
ïîìîùüþ ðàçëîæåíèÿ ôóíêöèè Ýìäåíà â ðÿä ïî ñòåïåíÿì áåçðàçìåðíîãî ðàññòîÿíèÿ   îò
öåíòðà ïîëèòðîïû ýêâèâàëåíòíî íàõîæäåíèþ ðÿäà Íåéìàíà è èòåðèðîâàííûõ ÿäåð â òåîðèè
Ôðåäãîëüìà. Ïðèáëèæåíèÿ ôóíêöèé Ýìäåíà â çàìêíóòîì âèäå è èõ ïðèìåíèìîñòü ê ðàçíûì
àñòðîôèçè÷åñêèì îáúåêòàì áóäóò ïðåäñòàâëåíû è îáñóæäàòüñÿ âî âòîðîé ÷àñòè íàñòîÿùåé
ðàáîòû. Ïîëèòðîïû äðóãèõ ãåîìåòðèé è ðàçìåðíîñòåé çäåñü íå ðàññìàòðèâàþòñÿ.

Êëþ÷åâûå ñëîâà: ïîëèòðîïû: óðàâíåíèå Ëýéíà-Ýìäåíà: íåëèíåéíîå èíòåã-

ðàëüíîå óðàâíåíèå òèïà Âîëüòåððû âòîðîãî ðîäà:

ôóíêöèÿ Ýìäåíà

1. Ââåäåíèå. Òåîðèÿ êëàññè÷åñêèõ ãàçîâûõ ïîëèòðîï ÿâëÿåòñÿ îäíîé èç

íàèáîëåå äåòàëüíî ðàçðàáîòàííûõ ðàçäåëîâ òåîðåòè÷åñêîé ôèçèêè è àñòðîôèçèêè

è äàâíî íàøëà ñåáå ìíîãî÷èñëåííûå ïðèìåíåíèÿ â òàêèõ îáëàñòÿõ, êàê òåîðèÿ

âíóòðåííåãî ñòðîåíèÿ çâåçä, òåîðèÿ çâåçäíîé ýâîëþöèè, ñòðîåíèå è äèíàìèêà

çâåçäíûõ ñêîïëåíèé è êîñìîëîãèÿ. Áóäó÷è ïîñòðîåííîé íà ïðîñòûõ ôèçè÷åñêèõ

èäåÿõ, îíà â íàñòîÿùåå âðåìÿ, â îñíîâíîì, ïðåäñòàâëÿåò ìàòåìàòè÷åñêèé

èíòåðåñ. Íàïîìíèì, ÷òî äèôôåðåíöèàëüíîå óðàâíåíèå Ëýéíà-Ýìäåíà, ëåæàùåå

â îñíîâå òåîðèè, óäàëîñü ðåøèòü â ÿâíîì âèäå ëèøü â îòäåëüíûõ ñëó÷àÿõ,

à èìåííî, äëÿ çíà÷åíèé ïîêàçàòåëÿ ïîëèòðîïû n = 0, 1, 5, î ÷åì ïîäðîáíî

èçëîæåíî â ôóíäàìåíòàëüíûõ ìîíîãðàôèÿõ [1-4]. Äîáàâèì, ÷òî â íàñòîÿùåå

âðåìÿ, äëÿ îïèñàíèÿ îñîáåííîñòåé ðàñïðåäåëåíèÿ òåìíîé ìàòåðèè âî Âñåëåííîé,

ïðèìåíÿþòñÿ êîìïîçèòíûå ìîäåëè ñ ðàçíûìè èíäåêñàìè ïîëèòðîïû [5].
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Íåñìîòðÿ íà áîëüøèå âîçìîæíîñòè ÷èñëåííîãî èíòåãðèðîâàíèÿ è äåòàëüíóþ

ðàçðàáîòàííîñòü ïîëèòðîïíûõ ìîäåëåé, áûëî ÿñíî, ÷òî àíàëèòè÷åñêèå ìåòîäû

äàþò âîçìîæíîñòü ïîíÿòü ôèçè÷åñêóþ ïðèðîäó ïðîáëåìû [6,7] ïî ñðàâíåíèþ

ñ ÷èñëåííûì èíòåãðèðîâàíèåì. Êðîìå òîãî, îíè ïîçâîëÿþò èññëåäîâàòü

ïîëèòðîïíûå ìîäåëè ñ òî÷êè çðåíèÿ èíûõ ôèçè÷åñêèõ ïðåäñòàâëåíèé [8] è

òåì ñàìûì àêöåíòèðóþò íåîáõîäèìîñòü äàëüíåéøåé ðàçðàáîòêè àíàëèòè÷åñêèõ

ìåòîäîâ.

Â íàñòîÿùåé ñòàòüå íåêîòîðûå îñíîâíûå ðåçóëüòàòû òåîðèè êëàññè÷åñêèõ

ãàçîâûõ ïîëèòðîï îïèñàíû ñ òî÷êè çðåíèÿ òåîðèè èíòåãðàëüíûõ óðàâíåíèé

è èíòåãðàëüíûõ ïðåîáðàçîâàíèé. Ýòîò ïîäõîä ìîæåò ðàñøèðèòü ðàìêè òåîðèè

è ïîçâîëèò íàéòè èíûå àíàëèòè÷åñêèå âîçìîæíîñòè íàõîæäåíèÿ ïðèáëèæåíèé

ê òî÷íûì ðåøåíèÿì ïîëèòðîïíûõ ìîäåëåé â çàìêíóòîì âèäå. Ïðèìåðû òàêèõ

ïðèáëèæåíèé ôóíêöèé Ýìäåíà äëÿ ðàçíûõ ïîêàçàòåëåé ïîëèòðîïû âêëþ÷åíû

âî âòîðóþ ÷àñòü ðàáîòû. Â ðàáîòå [9] îòäåëüíûå àñïåêòû èçëàãàåìîãî çäåñü

ïîäõîäà áûëè ïðåäñòàâëåíû â âåñüìà ñæàòîé ôîðìå.

2. Èñõîäíîå èíòåãðàëüíîå óðàâíåíèå òåîðèè ãàçîâûõ ïîëèòðîï.

Äèôôåðåíöèàëüíîå óðàâíåíèå Ëýéíà-Ýìäåíà äëÿ êëàññè÷åñêèõ ãàçîâûõ

ïîëèòðîï âûòåêàåò èç îáû÷íîãî óðàâíåíèÿ Ïóàññîíà äëÿ ñôåðè÷åñêè-ñèììåò-

ðè÷íîãî ðàñïðåäåëåíèÿ ãðàâèòèðóþùåé ìàññû ñ ïëîòíîñòüþ  r , ñîçäàþùåé

ãðàâèòàöèîííûé ïîòåíöèàë  r  íà ðàññòîÿíèè r îò öåíòðà, äîïîëíåííîãî

óñëîâèåì ãèäðîñòàòè÷åñêîãî ðàâíîâåñèÿ è óðàâíåíèåì ñîñòîÿíèÿ  nKP 11 ,

ãäå P - äàâëåíèå, K - ïîñòîÿííàÿ è n - ïîêàçàòåëü ïîëèòðîïû. Îíî îáû÷íî

çàïèñûâàåòñÿ â ñëåäóþùåì ñòàíäàðòíîì âèäå:

, 
1 2

2

n


















(1)

ãäå   c  - ôóíêöèÿ Ýìäåíà èëè áåçðàçìåðíûé ïîòåíöèàë (ãðàâèòà-

öèîííûé ïîòåíöèàë íîðìèðîâàííûé íà ñâîå öåíòðàëüíîå çíà÷åíèå), c
n 

- áåçðàçìåðíàÿ ïëîòíîñòü ðàñïðåäåëåíèÿ ìàññû, 0rr  - áåçðàçìåðíîå

ðàäèàëüíîå ðàññòîÿíèå,   21
0 4 cc Gr   - õàðàêòåðíûé ðàäèóñ. Çäåñü G, êàê

îáû÷íî, îáîçíà÷àåò ãðàâèòàöèîííóþ ïîñòîÿííóþ. Öåíòðàëüíîå çíà÷åíèå

ïëîòíîñòè c  ÿâëÿåòñÿ ïàðàìåòðîì çàäà÷è íàðÿäó ñ ïîêàçàòåëåì ïîëèòðîïû.

Ôóíêöèÿ Ýìäåíà äîëæíà óäîâëåòâîðÿòü ãðàíè÷íûì óñëîâèÿì:

    . 00, 10  (2)

Ôèçè÷åñêè ïðèåìëåìûìè ÿâëÿþòñÿ óñëîâèÿ 0 , 10  .

Óðàâíåíèå (1) ñ óñëîâèÿìè (2) îïðåäåëÿåò çàäà÷ó Êîøè äëÿ óðàâíåíèÿ

Ëýéíà-Ýìäåíà è ïîçâîëÿåò ñâåñòè åãî ðåøåíèå ê íåëèíåéíîìó èíòåãðàëüíîìó

óðàâíåíèþ òèïà Âîëüòåððû 2-ãî ðîäà. Åãî îñîáåííî ëåãêî ïîëó÷èòü, åñëè

ïåðåïèñàòü óðàâíåíèå (1) â áîëåå êîìïàêòíîì âèäå
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, 

2

2
n

d

d





(3)

êîòîðîå âûòåêàåò èç î÷åâèäíîãî ðàâåíñòâà [10]:

 
. 

1
,

21
2

2
2

2 







 














 d

d

d

d
(4)

Èíòåãðèðîâàíèå äàåò ïåðâóþ ïðîèçâîäíóþ îò ôóíêöèè  :

    . 1

0

Cdxxx
d

d n 






(5)

Ïðè 0  ïîëó÷àåì Ñ
1

 = 1. Îáùåå ðåøåíèå äèôôåðåíöèàëüíîãî óðàâíåíèÿ

âòîðîãî ïîðÿäêà (3) èìååò âèä [11]:

     . 0

0

Cdxxxx n  


(6)

Ïðè 0  èìååì Ñ
0

 = 0. Ïîäåëèâ îáå ÷àñòè óðàâíåíèÿ (6) íà  , îêîí÷àòåëüíî

ïîëó÷èì

      . 11
0



 dxxxxn (7)

Óðàâíåíèå Ëýéíà-Ýìäåíà äëÿ èçîòåðìè÷åñêîé ñôåðû (êîãäà n ), ïî àíàëîãèè

ñ îáû÷íûìè ïîëèòðîïàìè, ìîæåò áûòü çàïèñàíî â âèäå:

 
, 

2

2





e

d

d
(8)

ãäå     cln  - áåçðàçìåðíûé ïîòåíöèàë, ãðàíè÷íûå óñëîâèÿ äëÿ êîòîðîãî

îïðåäåëåíû ñëåäóþùèì îáðàçîì

    . 00, 00  (9)

Ñ ó÷åòîì ýòèõ óñëîâèé ðåøåíèå çàäà÷è î íàõîæäåíèè ðåøåíèÿ äëÿ

èçîòåðìè÷åñêîé ïîëèòðîïû ìîæíî, êàê ñêàçàíî âûøå, ñâåñòè ê ðåøåíèþ

ñëåäóþùåãî îäíîðîäíîãî íåëèíåéíîãî èíòåãðàëüíîãî óðàâíåíèÿ òèïà Âîëüòåððû

âòîðîãî ðîäà:

      . 1
0



  dxxxe x
(10)

Óðàâíåíèÿ (7) è (10) áûëè ïîëó÷åíû â [12], à òàêæå â ñòàòüå [13],

ïîñâÿùåííîé èññëåäîâàíèþ ñóùåñòâîâàíèÿ, åäèíñòâåííîñòè è ðåãóëÿðíîñòè

ðåøåíèé óðàâíåíèé òèïà Ëýéíà-Ýìäåíà. Â [3] ïîêàçàíî, êàê óðàâíåíèÿ (7)

è (10) ìîãóò áûòü ïîëó÷åíû ñ ïîìîùüþ ïåðâîé ôîðìóëû Ãðèíà. Óðàâíåíèå

òèïà (7) áûëî èñïîëüçîâàíî â ðàáîòå [14] î ïîëèòðîïíîé òåîðèè âðàùàþùèõñÿ

çâåçä ïðè n = 1. Îíî ìîæåò áûòü ïîëîæåíî â îñíîâó òåîðèè ñôåðè÷åñêèõ
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ãàçîâûõ ïîëèòðîï (êàê ýòî âîçìîæíî ñ åãî äèôôåðåíöèàëüíûì àíàëîãîì),

îòêóäà íåêîòîðûå ðåøåíèÿ âûòåêàþò ñðàçó, ëèáî ìîãóò áûòü ïîëó÷åíû

ìåòîäîì ïîñëåäîâàòåëüíûõ ïðèáëèæåíèé Ïèêàðà èëè ñ ïîìîùüþ èíòåãðàëüíûõ

ïðåîáðàçîâàíèé.

3. Òî÷íûå ðåøåíèÿ ïðè n = 0, 1, 5. Ýòî òå ñëó÷àè, äëÿ êîòîðûõ

èçâåñòíû ðåøåíèÿ äèôôåðåíöèàëüíîãî óðàâíåíèÿ Ëýéíà-Ýìäåíà (8) â âèäå

ýëåìåíòàðíûõ ôóíêöèé. Âî âñåõ îñòàëüíûõ ñëó÷àÿõ, êàê óæå áûëî ñêàçàíî

âûøå, ðåøåíèÿ ìîæíî ïîëó÷èòü òîëüêî ÷èñëåííûìè ìåòîäàìè. Â ðàáîòå [7]

îòìå÷àåòñÿ, ÷òî äëÿ ïðîèçâîëüíîãî çíà÷åíèÿ èíäåêñà ïîëèòðîïû ðåøåíèé

óðàâíåíèÿ Ëýéíà-Ýìäåíà â çàìêíóòîì âèäå íå ñóùåñòâóåò â ïðèíöèïå è ÷òî

äàííûé âûâîä èìååò ñâîå îáîñíîâàíèå â òåîðèè ãðóïï Ëè. Íèæå ìû

ðàññìîòðèì êàê ïîëó÷àþòñÿ èçâåñòíûå ðåøåíèÿ äëÿ ïðèâåäåííûõ ïîêàçàòåëåé

ïîëèòðîïû ñ ïîìîùüþ èíòåãðàëüíûõ óðàâíåíèé. Ïîñëåäîâàòåëüíûå ïðèáëè-

æåííèÿ ðåøåíèÿ óðàâíåíèÿ (7) ïðè n = 2 ïîëó÷åíû âî âòîðîé ÷àñòè ðàáîòû

íà îñíîâå ïðèåìà, èçëîæåíîãî â Ïðèëîæåíèè 1 â êîíöå ñòàòüè.

3.1. Ñëó÷àé n=0. Îí ñîîòâåòñòâóåò ìîäåëè íåñæèìàåìîé æèäêîñòè

( const ), êîòîðàÿ ïðèìåíÿåòñÿ ïðè îïèñàíèè êàê òâåðäûõ ïëàíåò, òàê è

ñîñòîÿíèÿ âåùåñòâà â ñâåðõïëîòíûõ çâåçäíûõ êîíôèãóðàöèÿõ ïðè ïëîòíîñòÿõ

ïîðÿäêà ÿäåðíîé è âûøå [15], êîãäà ïðè îïðåäåëåííûõ çíà÷åíèÿõ ãèäðî-

ñòàòè÷åñêîãî äàâëåíèÿ ïðîèñõîäèò ñòàáèëèçàöèÿ ïëîòíîñòè, à âëèÿíèåì

ïåðåíîñà òåïëîâîé ýíåðãèè íà ñîñòîÿíèå âåùåñòâà ìîæíî ïðåíåáðå÷ü. Â ýòîì

ñëó÷àå ôóíêöèÿ Ýìäåíà íàõîäèòñÿ ñðàçó æå ýëåìåíòàðíûì èíòåãðèðîâàíèåì:

  . 
6

1
2

 (11)

Ôóíêöèè òàêîãî òèïà áóäóò èñïîëüçîâàíû íàìè âî âòîðîé ÷àñòè ïðè ïîñòðîåíèè

ïðèáëèæåíèé ê ôóíêöèÿì Ýìäåíà â çàìêíóòîé ôîðìå äëÿ äðóãèõ ìîäåëåé.

3.2. Ñëó÷àé n=1. Â ýòîì ñëó÷àå èíòåãðàëüíîå óðàâíåíèå Ëåéíà-Ýìäåíà

ñâîäèòñÿ ê ñòàíäàðòíîìó ëèíåéíîìó èíòåãðàëüíîìó óðàâíåíèþ òèïà ñâåðòêè

äëÿ ôóíêöèè   ïîñëå óìíîæåíèÿ îáåèõ ÷àñòåé íà  :

     . 
0



 dxxxx (12)

Ýòî èçâåñòíîå óðàâíåíèå, êîòîðîå ëåãêî ðåøàåòñÿ ìåòîäîì ïðåîáðàçîâàíèÿ

Ëàïëàñà èëè ïîñëåäîâàòåëüíûõ ïðèáëèæåíèé [11,16]. Åñëè T(s) - îáðàç

Ëàïëàñà ôóíêöèè  

     , 
0



  desTs sL (13)

ãäå s - ïàðàìåòð ïðåîáðàçîâàíèÿ, òî, ïðèìåíÿÿ ïðåîáðàçîâàíèå Ëàïëàñà ê
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îáåèì ÷àñòÿì óðàâíåíèÿ (14) è èñïîëüçóÿ èõ ñâîéñòâà äëÿ îïåðàöèè ñâåðòêè,

ïîëó÷èì âûðàæåíèå äëÿ T(s):

 
 

. 
1

1

2s
sT


 (14)

Ýòà ôóíêöèÿ ïðåäñòàâëÿåò ñîáîé ïðåîáðàçîâàíèå Ëàïëàñà îò sin :

  . sin
1

1
2

1 












s
L (15)

Îòñþäà ïîëó÷àåòñÿ õîðîøî èçâåñòíîå ðåøåíèå Ðèòòåðà:    sin , êîòîðîå

ÿâëÿåòñÿ ñôåðè÷åñêîé ôóíêöèåé Áåññåëÿ íóëåâîãî ïîðÿäêà  0j  èëè ìîäèôè-

öèðîâàííîé ôóíêöèåé Áåññåëÿ   21 , êîòîðàÿ â ñëó÷àå ïðîèçâîëüíîãî

ïîðÿäêà îïðåäåëÿåòñÿ ñîîòíîøåíèåì [17]

      , 
2

1 






 
 



 J

ãäå  J  - ôóíêöèÿ Áåññåëÿ ïîðÿäêà  .

3.3. Ñëó÷àé n=5. Êàê èçâåñòíî, ïîëèòðîïà ñ òàêèì ïîêàçàòåëåì ñîîò-

âåòñòâóåò ìîäåëè Ïëàììåðà-Øóñòåðà, ïðèìåíÿåìîé äëÿ îïèñàíèÿ ðàñïðå-

äåëåíèÿ çâåçä â øàðîâûõ ñêîïëåíèÿõ, õîòÿ â òåîðèè âíóòðåííåãî ñòðîåíèÿ

çâåçä îíà íå ñ÷èòàåòñÿ ôèçè÷åñêè äîïóñòèìîé ìîäåëüþ [3]. Íàõîæäåíèå

ôóíêöèè Ýìäåíà (òàêæå Ýìäåíà-Øóñòåðà) äëÿ ýòîãî ñëó÷àÿ îêàçàëîñü äàëåêî

íå ïðîñòîé çàäà÷åé äàæå ñ òî÷êè çðåíèÿ òåîðèè äèôôåðåíöèàëüíûõ óðàâíåíèé

[2] è äîñòàòî÷íî ñëîæíîé ñ òî÷êè çðåíèÿ èíòåãðàëüíûõ óðàâíåíèé ââèäó èõ

ñèëüíîé íåëèíåéíîñòè. Çäåñü ìû ïðåäïîëîæèì, ÷òî ñàìà ôóíêöèÿ  
ÿâëÿåòñÿ ïðåîáðàçîâàíèåì Ëàïëàñà îò äðóãîé ôóíêöèè   ttF , îïðåäåëåííîé

íà âñåé ÷èñëîâîé îñè. Òîãäà óðàâíåíèå (7) ïðèìåò âèä:

    , 11
0

5













 dx
x

xx (16)

ãäå    ìîæåò áûòü ïðåäñòàâëåíà â âèäå èíòåãðàëà

    . 
0

1 


 dtettFC t
(17)

Êðîìå òîãî, ââîäÿ äðóãóþ ôóíêöèþ  t , çàâèñÿùóþ îò òîé æå ïåðåìåííîé

t, èìååì äëÿ ðàñïðåäåëåíèÿ ïëîòíîñòè ñâîå èíòåãðàëüíîå ïðåäñòàâëåíèå

    , 
0

2
5




 dtettC t
(18)

ãäå C
1
, C

2
,  ,   è   - íåêîòîðûå ïîëîæèòåëüíûå ÷èñëà (íå ïóòàòü íåêîòîðûå

ñèìâîëû ñ ðàíåå èñïîëüçîâàííûìè), çíà÷åíèÿ êîòîðûõ îáåñïå÷èâàþò íóæíóþ
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íîðìèðîâêó ðåøåíèÿ óðàâíåíèÿ Ëýéíà-Ýìäåíà è ñõîäèìîñòü èíòåãðàëîâ. Ýòè

çíà÷åíèÿ áóäóò îïðåäåëåíû íèæå â òåêñòå. Ïðåäïîëàãàåòñÿ, ÷òî ôóíêöèè

  ttF  è    tt  èìåþò íåîáõîäèìóþ ñêîðîñòü ýêñïîíåíöèàëüíîãî ðîñòà, ïðè

êîòîðûõ ñóùåñòâóþò íèæå óêàçàííûå èíòåãðàëû (19) è (20).

Íàøåé çàäà÷åé áóäåò ïîëó÷åíèå èç (18) ôóíêöèîíàëüíîãî ñîîòíîøåíèÿ

äëÿ ôóíêöèé  tF  è  t  ñ öåëüþ îïðåäåëåíèÿ èñêîìîé ôóíêöèè   . Äëÿ

ýòîãî èñïîëüçóåì îáðàòíîå ïðåîáðàçîâàíèå Ëàïëàñà îò ôóíêöèé (19) è (20),

ðàññìàòðèâàÿ   êàê êîìïëåêñíóþ ïåðåìåííóþ:

    , 
2

1





 



i

i

t de
i

ttF (19)

    . 
2

1 5





 



i

i

t de
i

tt (20)

Çäåñü ïðèíèìàåòñÿ âî âíèìàíèå òîò ôàêò, ÷òî ôóíêöèè    è  5  â

êîìïëåêñíîé ïëîñêîñòè èìåþò îäèíàêîâûå ïîëþñû. Çíà÷åíèå ïàðàìåòðà

0  çäåñü íå ñóùåñòâåííî. Ãðàíèöà îáëàñòè èíòåãðèðîâàíèÿ ïðîõîäèò

ñïðàâà îò ïîëþñîâ, êîòîðûå (êàê áóäåò âèäíî èç äàëüíåéøåãî) ðàñïîëàãàþòñÿ

íà ìíèìîé îñè.

Ïðîäèôôåðåíöèðóåì ïî   ïîäûíòåãðàëüíîå âûðàæåíèå â (17), çàòåì

ïðèìåíèì ê îáåèì ÷àñòÿì ïîëó÷åííîãî èíòåãðàëà îáðàòíîå ïðåîáðàçîâàíèå

Ëàïëàñà:

      , 1
0

1



 dtettF t
(21)

     




 



i

i

t dte
i

ttF
2

1
1 1

(22)

è, àíàëîãè÷íî, äëÿ âòîðîé ïðîèçâîäíîé ôóíêöèè Ýìäåíà,

      . 
2

1
1 22






  



i

i

t de
i

ttF (23)

Äèôôåðåíöèðóÿ (23) ïî t, ïîëó÷èì

       . 
2

1
1 22






  



i

i

t de
i

ttF
dt

d
(24)

Äàëåå èç (20) ñëåäóåò

       . 
2

1
1 5






 



i

i

t de
i

tt
dt

d
(25)

Çàïèñûâàÿ óðàâíåíèå Ëýéíà-Ýìäåíà (1) â ðàñêðûòîì âèäå è óìíîæàÿ îáå åãî

÷àñòè íà  , ïîëó÷èì
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. 2 5  (26)

Âçÿâ îáðàòíîå ïðåîáðàçîâàíèå Ëàïëàñà èç îáåèõ ÷àñòåé ïîñëåäíåãî óðàâíåíèÿ,

ìû ïðèäåì ê ñëåäóþùåìó óðàâíåíèþ äëÿ ôóíêöèé  tF  è  t  ñ ó÷åòîì

âûðàæåíèé (21)-(25):

           , 12
2

12
1 ttttCtFtttFC   (27)

â êîòîðîì ìîæíî óñìîòðåòü ðåêóððåíòíîå ñîîòíîøåíèå äëÿ ôóíêöèé Áåññåëÿ,

åñëè ïîäåëèòü îáå ÷àñòè íà 1t  è ïîëîæèòü C
1

 = 1, 12
2 C , 0 , 2 ,

   tJtF 0 ,    tJt 2 :

     . 2 221 tJttJttJ  (28)

Ïîðÿäîê   äëÿ ôóíêöèè Áåññåëÿ ñâÿçàí ñ ïîêàçàòåëåì ïîëèòðîïû n = 5

ñîîòíîøåíèåì

. 
2

1

n

Òàêèì îáðàçîì, ìû ïîëó÷àåì ñëåäóþùåå ïðåäñòàâëåíèå ðåøåíèÿ óðàâíåíèÿ

Ëýéíà-Ýìäåíà (ñì. òàêæå èíòåãðàëû áîëåå îáùåãî âèäà (17) è (18) â [17]

íà ñ.59):

    . 
1

1

22
0

0


 


 dtttJe t

(29)

Àíàëîãè÷íî

   
 

. 
1

31
25222

0

2
22

5





 


 dtttJe t

(30)

Èç ñîïîñòàâëåíèÿ (31) è (32) âèäíî, ÷òî ñëåäóåò ïîëîæèòü 32   èëè

3 . Èòàê, ìû îêîí÷àòåëüíî ïîëó÷àåì òî÷íûå ðåøåíèÿ äëÿ ïîëèòðîïû

ñ ïîêàçàòåëåì n = 5:

   
 

. 
31

1
и

31

1
252

5

2 





(31)

Âèäíî, ÷òî îáå ôóíêöèè èìåþò îäèíàêîâûå ïîëþñû i3 , òàê ÷òî â

ïðèâåäåííûõ âûøå âûðàæåíèÿõ ìîæíî ñ÷èòàòü, ÷òî  -ìàëîå ïîëîæèòåëüíîå

÷èñëî, áëèçêîå ê íóëþ.

Ïðåäñòàâëåííûé ñïîñîá ðåøåíèÿ óðàâíåíèÿ Ëýéíà-Ýìäåíà äëÿ ïîëèòðîïíîé

ìîäåëè n = 5 íå ÿâëÿåòñÿ ïîñëåäîâàòåëüíûì ñ ìàòåìàòè÷åñêîé òî÷êè çðåíèÿ,

ïîñêîëüêó äëÿ ýòîãî íåîáõîäèìî èìåòü åùå îäíî ñîîòíîøåíèå ìåæäó ôóíê-

öèÿìè-îáðàçàìè  tF  è  t . Ìîæíî ïîëó÷èòü ñâÿçûâàþùåå èõ èíòåãðàëüíîå

óðàâíåíèå â êîìïëåêñíîé ïëîñêîñòè. Îäíàêî îíî ÿâëÿåòñÿ ñëîæíûì ââèäó

ñèëüíîé íåëèíåéíîñòè è ïîêà íåèçâåñòíî åãî ðåøåíèå. Ðàáîòà â ýòîì
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íàïðàâëåíèè áóäåò ïðîäîëæåíà â äàëüíåéøåì.

Çíàíèå èíòåãðàëîâ îáùåãî âèäà â [17] áûëî îòïðàâíîé òî÷êîé íàøåãî

ïðåäïîëîæåíèÿ î òîì, ÷òî ôóíêöèÿ Ýìäåíà â äàííîì ñëó÷àå ñàìà ÿâëÿåòñÿ

ïðåîáðàçîâàíèåì Ëàïëàñà îò íåêîòîðîé äðóãîé ôóíêöèè, êîòîðóþ íåîáõîäèìî

îïðåäåëèòü, à îáðàòíîå Ëàïëàñ-ïðåîáðàçîâàíèå óðàâíåíèÿ Ëýéíà-Ýìäåíà

ïðèâîäèò ê ðåêóððåíòíîìó ñîîòíîøåíèþ äëÿ ôóíêöèé Áåññåëÿ.

Äëÿ íàõîæäåíèÿ ðåøåíèé óðàâíåíèÿ îáñóæäàåìîé ïîëèòðîïíîé ìîäåëè,

ìîæíî áûëî áû ïîñòóïèòü ñëåäóþùèì îáðàçîì. Åñòåñòâåííî ïðåäïîëàãàòü,

÷òî ïîëèòðîïíûå ðåøåíèÿ ïðè 1n  èìåþò òî÷êó ïåðåãèáà   0   è

ÿâëÿþòñÿ ñèììåòðè÷íûìè ôóíêöèÿìè àðãóìåíòà   (     ), òî åñòü,

ëèáî çàâèñÿò òîëüêî îò ÷åòíûõ ñòåïåíåé àðãóìåíòà  , ëèáî, ïðè ðàçëîæåíèè

â ðÿä Òåéëîðà, îíè ñîäåðæàò òîëüêî åãî ÷åòíûå ñòåïåíè (óñëîâèå, êîòîðîå

óäîâëåòâîðÿåòñÿ íà ïðàêòèêå). Â îêðåñòíîñòè òî÷êè ïåðåãèáà ýòî óðàâíåíèå

ïðèáëèæåííî ïðèíèìàåò âèä

    , 2  n (32)

èìåþùåå ðåøåíèå â âèäå èððàöèîíàëüíîé ôóíêöèè, çàâèñÿùåé îò 
2 . Êîíå÷íî,

ïîâåäåíèå ôóíêöèè    â îêðåñòíîñòè îòäåëüíî âçÿòîé òî÷êè íå õàðàêòåðèçóåò

åå ïîâåäåíèå âî âñåé îáëàñòè îïðåäåëåíèÿ. Íî ýòî ïîâåäåíèå ìîæåò ïðèâåñòè

ê ãèïîòåçå î âîçìîæíîì âèäå èñêîìîé ôóíêöèè, êîòîðàÿ ìîæåò áûòü ïðîâåðåíà

íà îñíîâå áîëåå ñòðîãèõ ñîîáðàæåíèé. Ïðåäïîëîæèì, ÷òî â ñàìîì îáùåì âèäå,

ïðè 5n , ïîëèòðîïíûå ìîäåëè ñ áåñêîíå÷íûì ðàäèóñîì ìîãóò îïèñûâàòüñÿ

ôóíêöèÿìè âèäà

      , 0  ,11 2 


qq (33)

êîòîðûå óäîâëåòâîðÿþò óñëîâèÿì çàäà÷è Êîøè. Çíà÷åíèÿ ïîñòîÿííûõ q è

 , äîëæíû îïðåäåëÿòüñÿ èç äîïîëíèòåëüíûõ ôèçè÷åñêèõ òðåáîâàíèé,

íàëîæåííûõ íà ìîäåëü. Íàïðèìåð, ìàññà ïîëèòðîïû ïðè n = 5 äîëæíà áûòü

êîíå÷íîé ïðè áåñêîíå÷íîì ðàäèóñå. Ýòî òðåáîâàíèå ñâîäèòñÿ ê óñëîâèþ

. 2 














d

d
(34)

Ïîäñòàâëÿÿ (33) â (34) è ïðîèçâîäÿ äèôôåðåíöèðîâàíèå, ëåãêî çàìåòèòü, ÷òî

ïîñëåäíåå óñëîâèå âûïîëíÿåòñÿ ïðè 21 . Äàëåå ïðè óñëîâèè îáðàùåíèÿ

ãðàâèòàöèîííãî ïîòåíöèàëà â íóëü íà áåñêîíå÷íîñòè, èç èíòåãðàëüíîãî óðàâ-

íåíèÿ (18) ñëåäóåò âûïîëíåíèå óñëîâèÿ

  , 1
0

5 


d (35)

÷òî ïðèâîäèò ê ñîîòíîøåíèþ ìåæäó ïàðàìåòðàìè q è  :
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. 
1-5

1
2


q

Îòñþäà ïðè 21  ïîëó÷àåì 31q , ÷òî ïðèâîäèò ê ðåøåíèþ Øóñòåðà-

Ýìäåíà. Âñå äðóãèå ðåøåíèÿ óðàâíåíèÿ Ëýéíà-Ýìäåíà ïðè n = 5 (ñì., â

÷àñòíîñòè, [18,19]), ïðèâîäÿòñÿ â ðàáîòå [20]. Ýòè ðåøåíèÿ îêàçàëèñü ñèíãó-

ëÿðíûìè - ðåçóëüòàò, ïî íàøåìó ìíåíèþ, äîêàçóåìûé â îáùåì âèäå.

Íåêîòîðûå èç ýòèõ ðåøåíèé âûðàæàþòñÿ ÷åðåç ýëëèïòè÷åñêèå èíòåãðàëû, î

÷åì ãîâîðèëîñü â ìîíîãðàôèè ×àíäðàñåêàðà [2].

4. Èíâàðèàíòíîñòü óðàâíåíèÿ (7) îòíîñèòåëüíî ãîìîëîãè÷åñêèõ

ïðåîáðàçîâàíèé. Ïðèíöèï ãîìîëîãèè [2,3] ïðèìåíèòåëüíî ê ïîëèòðîïíûì

ìîäåëÿì óòâåðæäàåò, ÷òî åñëè ôóíêöèÿ  xf  ÿâëÿåòñÿ ðåøåíèåì óðàâíåíèÿ

Ëýéíà-Ýìäåíà, òî ïðåîáðàçîâàíèå ýòîãî ðåøåíèÿ    AxfA n 12  , ãäå A - íåêîòîðàÿ

êîíñòàíòà, à n-ïîêàçàòåëü ïîëèòðîïû, òàêæå ÿâëÿåòñÿ ðåøåíèåì ýòîãî óðàâíåíèÿ.

Î÷åâèäíî, ÷òî ýòî óòâåðæäåíèå äîëæíî îñòàâàòüñÿ ñïðàâåäëèâûì è â îòíîøåíèè

âûøåóïîìÿíóòîãî íåëèíåéíîãî èíòåãðàëüíîãî óðàâíåíèÿ òèïà Âîëüòåððû. Äåéñò-

âèòåëüíî, ïóñòü èìååò ìåñòî óðàâíåíèå

      , 10
0













 dx
x

xxfff n
(36)

ãäå íà÷àëüíîå çíà÷åíèå   10 f . Ïåðåïèøåì ýòî óðàâíåíèå, ïðèìåíèâ âûøå-

ïðèâåäåííîå ïðåîáðàçîâàíèå ãîìîëîãèè è ââåäÿ íîâûå ïåðåìåííûå tAx  ,

A , çàìåíèâ  0f  íà    012 fA n :

           

     
 

 



 





























0
2

12
1212

0

121212

. 1

10

dt
t

ttf
A

A
AfA

A

t
d

A

Ax

A

t
AxfAfAAfA

n
nn

nn

nnnnn

(37)

Ïîñêîëüêó    12212   nnn AAA , òî, ïîäåëèâ îáå ÷àñòè óðàâíåíèÿ (39) íà ýòó

âåëè÷èíó, ïîëó÷èì óðàâíåíèå, àíàëîãè÷íîå (38), íî ñ íîâûìè ïåðåìåííûìè:

   














0

. 11 dt
t

ttff n
(38)

5. Ñèíãóëÿðíûå ðåøåíèÿ óðàâíåíèÿ Ëýéíà-Ýìäåíà. Ïîëó÷åíèå

ñèíãóëÿðíûõ ðåøåíèé èç óðàâíåíèÿ (7) íåâîçìîæíî, ïîñêîëüêó (â ñèëó

çàäà÷è Êîøè) îíî îïðåäåëÿåò ôóíêöèþ Ýìäåíà ëþáîé ïîëèòðîïû êàê

îãðàíè÷åííóþ â ñâîåé îáëàñòè îïðåäåëåíèÿ. Îäíàêî, åñëè íå íàêëàäûâàòü

ïåðâîå èç ãðàíè÷íûõ óñëîâèé (2) è îòáðîñèòü â (7) ÷ëåí   10  , òî ïîëó÷èì

îäíîðîäíîå óðàâíåíèå Âîëüòåððû âòîðîãî ðîäà, êîòîðîå óæå äîïóñêàåò

ñèíãóëÿðíûå ðåøåíèÿ, ïîëó÷åííûå ×àíäðàñåêàðîì [2]
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0

dxxxx n
(39)

(çàìåòèì, ÷òî äâóêðàòíîå äèôôåðåíöèðîâàíèå ïîñëåäíåãî óðàâíåíèÿ ïðèâîäèò

ê óðàâíåíèþ Ëýéíà-Ýìäåíà òàêæå, êàê è (7)). Ïðè 0  èíòåãðàë â ïðàâîé

÷àñòè (39) äîëæåí ñòðåìèòüñÿ ê  , òåì ñàìûì îáåñïå÷èâàÿ ïîëîæè-

òåëüíîñòü ëåâîé ÷àñòè. Ñäåëàâ î÷åâèäíóþ â òàêèõ ñëó÷àÿõ ïîäñòàíîâêó

   , ãäå  ,   - äåéñòâèòåëüíûå ÷èñëà, è ïðèðàâíèâàÿ ïîñëå èíòåãðè-

ðîâàíèÿ êîýôôèöèåíòû ïðè îäèíàêîâûõ ñòåïåíÿõ  , ïîëó÷èì

, 
1

2
откуда31



n

n (40)

ïðè óñëîâèè

  
1

32

1









nn

n

(41)

íàéäåì

 
 

 

. 
1

32
11

2




















n

n

n
(42)

Èç ýòîãî ñëåäóåò

   
 

 
  , 

1

32 12

11

2





















 n

n

n

n
(43)

÷òî ïîâòîðÿåò ñèíãóëÿðíûå ðåøåíèÿ äëÿ n > 3, ïîëó÷åííûå ×àíäðàñåêàðîì

[2]. Ïðè 1 < n < 3 ðåøåíèé íå ñóùåñòâóåò. Ïðè n = 2 ôîðìàëüíîå ðåøåíèå

  22   ôèçè÷åñêè íåïðèåìëåìî, èáî ïðèâîäèò ê îòòàëêèâàþùåìó

ïîòåíöèàëó. Ïðè n = 5 ïîëó÷àåòñÿ åùå îäíî èçâåñòíîå ðåøåíèå    21 ,

ïîìèìî ïðèâåäåííîãî â (31).

Ìîæíî ïðåäïîëîæèòü, ÷òî ðåøåíèÿ (43) ìîãóò èìåòü ôèçè÷åñêèé ñìûñë

äî îïðåäåëåííûõ (ìàëûõ) çíà÷åíèé ðàññòîÿíèÿ îò öåíòðà è íàïîìèíàòü

ïîâåäåíèå ôóíêöèè Ýìäåíà â ìîäåëè óòÿæåëåííûõ ïîëèòðîï, îïðåäåëåííûõ

â ðàáîòå [21] è ââåäåííûõ â ðàññìîòðåíèå äëÿ îïèñàíèÿ ðàñïðåäåëåíèÿ çâåçä

â îêðåñòíîñòè ãàëàêòè÷åñêèõ ÿäåð, ñîñòîÿùèõ èç ñâåðõìàññèâíûõ îáúåêòîâ,

èëè ðàñïðåäåëåíèå ãàëàêòèê â ñêîïëåíèÿõ ãàëàêòèê, ñîäåðæàùèõ â öåíòðå

ñâåðõìàññèâíóþ ãàëàêòèêó. Â ñèëó òîãî, ÷òî óòÿæåëåííûå ïîëèòðîïû äàþò

ïèêîîáðàçíîå ðàñïðåäåëåíèå ïëîòíîñòè, ìîæíî ïðåäïîëîæèòü, ÷òî ñèíãóëÿðíûé

õàðàêòåð ðåøåíèÿ ìîäèôèöèðîâàííîãî äëÿ òàêîãî ñëó÷àÿ óðàâíåíèÿ Âîëüòåððû

(êîòîðûé ìû çäåñü íå ðàññìàòðèâàåì) îñòàåòñÿ òàêîâûì âïëîòü äî äîñòèæåíèÿ

âåðõíåé ãðàíèöû ýòîé îêðåñòíîñòè. Âíóòðè æå ýòîé öåíòðàëüíîé îáëàñòè

(êîòîðàÿ ïðåäïîëàãàåòñÿ äîñòàòî÷íî ìàëîé) ãðàâèòàöèîííûé ïîòåíöèàë è
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ïëîòíîñòü ìîæíî ñ÷èòàòü ïîñòîÿííûìè èëè ñëàáî ìåíÿþùèìèñÿ (ïðèáëèæåíèå

íåñæèìàåìîé æèäêîñòè). Îáîñíîâàíèå ïðåäïîëîæåíèÿ âîçìîæíî â ðàìêàõ

äåòàëüíîãî ìàòåìàòè÷åñêîãî àíàëèçà, êîòîðîå ïëàíèðóåòñÿ ïðîâåñòè â äàëü-

íåéøåì.

   8. Âûâîäû è îáñóæäåíèå. Â íàñòîÿùåé ðàáîòå ïðåäñòàâëåí ïîäõîä ê

òåîðèè êëàññè÷åñêèõ ãàçîâûõ ïîëèòðîï, îñíîâàííûé íà çàìåíå èçâåñòíîãî

äèôôåðåíöèàëüíîãî óðàâíåíèÿ Ëýéíà-Ýìäåíà â ðàìêàõ çàäà÷è Êîøè åãî

èíòåãðàëüíûì àíàëîãîì â ôîðìå íåëèíåéíîãî èíòåãðàëüíîãî óðàâíåíèÿ òèïà

Âîëüòåððû 2-ãî ðîäà. Ïîêàçàí âûâîä íåêîòîðûõ îáùèõ ðåçóëüòàòîâ êëàññè÷åñêîé

òåîðèè (òî÷íûå ðåøåíèÿ, èíâàðèàíòíîñòü óðàâíåíèÿ Âîëüòåððû îòíîñèòåëüíî

ãîìîëîãè÷åñêèõ ïðåîáðàçîâàíèé, ñèíãóëÿðíûå ðåøåíèÿ). Ïîêàçàíî, ÷òî ïðè n

= 5 îáðàòíîå ïðåîáðàçîâàíèå Ëàïëàñà óðàâíåíèÿ Ëýéíà-Ýìäåíà ñâîäèòñÿ ê

ðåêóððåíòíîìó ñîîòíîøåíèþ äëÿ ôóíêöèé Áåññåëÿ ïåðâîãî ðîäà, à ýêâèâà-

ëåíòíîñòü óðàâíåíèÿ (7) - ìíîãîìåðíîìó èíòåãðàëüíîìó óðàâíåíèþ (ñì.

Ïðèëîæåíèå 2). Âî âòîðîé ÷àñòè ðàáîòû áóäóò ïðèâåäåíû àíàëèòè÷åñêèå

ïðèáëèæåíèÿ ôóíêöèé Ýìäåíà â çàìêíóòîì âèäå äëÿ íåêîòîðûõ ìîäåëåé.

Èíòåãðàëüíûé ïîäõîä ê òåîðèè êëàññè÷åñêèõ ãàçîâûõ ïîëèòðîï â

èçëîæåííîé âåðñèè ïðåäñòàâëåí âïåðâûå è â åãî ðàìêàõ ïîêà íå óäàëîñü

ïîëó÷èòü íîâûå ðåçóëüòàòû. Îäíàêî îí ìîæåò ïðåäñòàâëÿòü ìåòîäè÷åñêèé

èíòåðåñ, êîãäà êëàññè÷åñêèå çàäà÷è ðàññìàòðèâàþòñÿ ñ àëüòåðíàòèâíûõ òî÷åê

çðåíèÿ. Êðîìå òîãî, èíòåãðàëüíûé ïîäõîä ìîæåò áûòü èíòåðåñåí ñ òî÷êè

çðåíèÿ ðàçðàáîòêè íîâûõ àëãîðèòìîâ ÷èñëåííîãî èíòåãðèðîâàíèÿ çàäà÷,

ñâÿçàííûõ ñ èññëåäîâàíèåì ïîëèòðîïíûõ ìîäåëåé, è îáðàòíûõ çàäà÷

àñòðîôèçèêè, êîòîðûå ìîãóò áûòü èìè ñòèìóëèðîâàíû. Èíòåãðàëüíûå ìåòîäû

â ýòîì ñëó÷àå ïðåäïî÷òèòåëüíåå, ââèäó ïëîõîé îáóñëîâëåííîñòè äèôôåðåí-

öèàëüíûõ óðàâíåíèé, ñâÿçàííîé ñ íåóñòîé÷èâîñòüþ îáðàòíîé çàäà÷è îòíî-

ñèòåëüíî îøèáîê âî âõîäíûõ äàííûõ ïðè ïåðåõîäå îò ýòèõ óðàâíåíèé ê

êîíå÷íûì ðàçíîñòÿì.

Êàäðîâîå àãåíñòâî, Êåëëè Ñåðâèñèñ, Êàíçàñ Ñèòè, ÑØÀ

e-mail: grigori_saiyan@hotmail.com

ÏÐÈËÎÆÅÍÈÅ 1

Ìåòîä ïîñëåäîâàòåëüíûõ ïðèáëèæåíèé è èòåðèðîâàííûå ÿäðà.

Ïîñëåäîâàòåëüíûå ïðèáëèæåíèÿ ê ðåøåíèþ óðàâíåíèÿ (7) ìîãóò áûòü íàéäåíû

ñ ïîìîùüþ ïðîöåäóðû (íàçîâåì åå "ìàòðåøêîé"), âåñüìà áëèçêîé ê ìåòîäó

ðÿäà Íåéìàíà äëÿ èíòåãðàëüíîãî óðàâíåíèÿ Ôðåäãîëüìà 2-ãî ðîäà [11]. Ìû

èñïîëüçóåì åå âî âòîðîé ÷àñòè ðàáîòû äëÿ ÷àñòíîãî ñëó÷àÿ n = 2. Çäåñü æå
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óðàâíåíèå Ôðåäãîëüìà óäîáíî äëÿ äåìîíñòðàöèè èäåè, èáî íå òðåáóåò

ãðîìîçäêèõ âûðàæåíèé, âîçíèêàþùèõ èç-çà íåëèíåéíîñòè çàäà÷è, êàê â

ñëó÷àå óðàâíåíèÿ Âîëüòåððû ïðè ïðîèçâîëüíîì çíà÷åíèè n.

Ëèíåéíîå èíòåãðàëüíîå óðàâíåíèå Ôðåäãîëüìà 2-ãî ðîäà ñ íåïðåðûâíûì

ñâîáîäíûì ÷ëåíîì  tf  èìååò âèä:

        ,  , tfdssstKt
b

a

  (Ï1.1)

ãäå  t  - èñêîìàÿ ôóíêöèÿ,   - íåêîòîðûé ïàðàìåòð, K(t, s) - ÿäðî

óðàâíåíèÿ, íåïðåðûâíîå â ïðÿìîóãîëüíèêå ta  , bs   è    baCtf  , .

Ïîäñòàâëÿÿ âìåñòî  s  â ïîäûíòåãðàëüíîì âûðàæåíèè (Ï1.1) âñþ ïðàâóþ

÷àñòü ýòîãî óðàâíåíèÿ, ïîëó÷èì â êà÷åñòâå ïåðâîãî øàãà

            ,  , , 2
2 tfdxxxtKdssfstKt
b

a

b

a

  (Ï1.2)

ãäå  xtK  ,2  - èòåðèðîâàííîå ÿäðî, îïðåäåëÿåìîå èíòåãðàëîì

      .  , , ,2 
b

a

dssxKstKxtK (Ï1.3)

Ôóíêöèÿ  tf  ìîæåò ñ÷èòàòüñÿ íóëåâûì ïðèáëèæåíèåì èñêîìîé ôóíêöèè

 t , â òî âðåìÿ, êàê ïåðâîå ïðèáëèæåíèå (èòåðàöèÿ) îïðåäåëÿåòñÿ ïåðâûì

èíòåãðàëîì â (Ï1.2). Âòîðîé èíòåãðàë âûðàæàåò îñòàòî÷íûé ÷ëåí ïðèáëèæåíèÿ.

Âñå ïîñëåäóþùèå ïðèáëèæåíèÿ (èòåðàöèè) ñòðîÿòñÿ îáû÷íûì îáðàçîì, êàê

ýòî îïèñàíî â [11]:

      .  , , ,1 

b

a

kk dssxKstKxtK (Ï1.4)

Ïðè ýòîì îñòàòî÷íûé ÷ëåí âîçíèêàþùåãî ðÿäà ïî ñòåïåíÿì   äëÿ ôóíêöèè

 t  ÿâëÿåòñÿ åãî k+1-êðàòíûì ÷ëåíîì è èìååò âèä:

    .  ,1
1
  


b

a

k
k dxxxtK (Ï1.5)

Ñêàçàííîå ìîæåò áûòü ïðåäñòàâëåíî òàêæå è â îïåðàòîðíîì âèäå. Åñëè

ââåñòè îïåðàòîð

    ,  , 
b

a

dssstKA (Ï1.6)

òî óðàâíåíèå Ôðåäãîëüìà çàïèøåòñÿ â âèäå fA  , ÷òî ïîñëå ïîäñòà-

íîâêè â ïðàâóþ ÷àñòü (Ï1.6) è k-êðàòíîãî ïîâòîðåíèÿ ýòîé ïðîöåäóðû

ïðèâîäèò ê îïåðàòîðíîìó ðÿäó:
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, ... 1122   kkkk AfAfAAff (Ï1.7)

êîòîðûé îòëè÷àåòñÿ îò îáû÷íîãî ðÿäà Íåéìàíà ëèøü ôîðìîé ïîñëåäíåãî,

îñòàòî÷íîãî, ÷ëåíà. Êàê èçâåñòíî, äëÿ ñõîäèìîñòè ýòîãî ðÿäà íåîáõîäèìî

âûïîëíåíèå óñëîâèÿ 1 A . Óðàâíåíèå (Ï1.7) åñòü ïðèáëèæåíèå ýòîé ôóíêöèè

(òî åñòü, êàê ñîáñòâåííî ðÿä Íåéìàíà), åñëè îòáðîñèòü ïîñëåäíèé ÷ëåí,

êîòîðûé ñ î÷åâèäíîñòüþ ñ ðîñòîì k ñòðåìèòñÿ ê íóëþ.

ÏÐÈËÎÆÅÍÈÅ 2

Óðàâíåíèå (7) êàê ìíîãîìåðíîå èíòåãðàëüíîå óðàâíåíèå. Ïîêàæåì,

÷òî óðàâíåíèå (7) ýêâèâàëåíòíî ìíîãîìåðíîìó èíòåãðàëüíîìó óðàâíåíèþ.

Äâóìåðíûå ñëó÷àè òàêèõ óðàâíåíèé óæå ïðèâëåêàëèñü, íàïðèìåð, äëÿ ðåøåíèÿ

çàäà÷ äèôôóçèè â òîíêîñëîéíûõ ýëåêòðîõèìè÷åñêèõ ýëåìåíòàõ [22,23]. Îíè

ïðåäîñòàâëÿþò íîâûå âîçìîæíîñòè äëÿ ïîñòðîåíèÿ ÷èñëåííûõ àëãîðèòìîâ

ðåøåíèÿ èçâåñòíûõ çàäà÷ ñ çàäàííîé ãåîìåòðèåé. Âîçìîæíî, ìíîãîìåðíûå

èíòåãðàëüíûå óðàâíåíèÿ ìîãóò îêàçàòüñÿ ïîëåçíûìè è âî ìíîãèõ äðóãèõ

çàäà÷àõ, ñâÿçàííûõ ñ îïèñàíèåì ñëîæíûõ äèôôóçíûõ (èëè äðóãèõ) ïðîöåññîâ

ðàçëè÷íîé ôèçè÷åñêîé ïðèðîäû. Çäåñü ìíîãîìåðíîñòü âîçíèêàåò â ðåçóëüòàòå

óñòðàíåíèÿ íåëèíåéíîñòè èñêîìîé ôóíêöèè â ïîäûíòåãðàëüíîì âûðàæåíèè

íà÷àëüíîãî óðàâíåíèÿ (7). Ðàññìîòðèì ëèøü ñàì ïðîöåññ ïðåîáðàçîâàíèÿ, íå

îáðàùàÿñü ê êàêîé-ëèáî êîíêðåòíîé çàäà÷å.

Ââîäÿ íîâîå îáîçíà÷åíèå    xx n , ïåðåïèøåì óðàâíåíèå (7) â âèäå

   














0

. 11 dx
x

xxn
(Ï2.1)

Äàëåå, âîçâîäÿ îáå ÷àñòè óðàâíåíèÿ â n-óþ ñòåïåíü, ïîëó÷èì

       
k

n
k
n

k

n

dx
x

xxCdx
x

xx
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1111 (Ï2.2)

k-àÿ ñòåïåíü èíòåãðàëà â êâàäðàòíûõ ñêîáêàõ, ìîæåò áûòü ïðåäñòàâëåíà â

âèäå k-êðàòíîãî èíòåãðàëà:
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÷òî è äîêàçûâàåò óòâåðæäåíèå.

Ñëó÷àé n = 3/2 âûçûâàåò îñîáûé èíòåðåñ, òàê êàê âîçíèêàåò ïðè îïèñàíèè

ñîñòîÿíèÿ âûðîæäåííîãî íåðåëÿòèâèñòñêîãî ãàçà â áåëûõ êàðëèêàõ, êâàíòîâî-

ìåõàíè÷åñêîé ìîäåëè Òîìàñà-Ôåðìè, ñòðóêòóðû àäèàáàòè÷åñêîé çâåçäû,

ðàâíîâåñèå êîòîðîé ïîääåðæèâàåòñÿ äàâëåíèåì íåðåëÿòèâèñòñêîãî ãàçà [2],

èëè êâàçèñòàöèîíàðíûõ çâåçäíûõ ñèñòåì, óäîâëåòâîðÿþùèõ óñëîâèþ ëîêàëüíîãî

òåðìîäèíàìè÷åñêîãî ðàâíîâåñèÿ [24]. Ïîëàãàÿ     23
, ìîæíî çàïèñàòü

óðàâíåíèå, àíàëîãè÷íîå (Ï2.3), â âèäå

   
23
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dx
x

xx (Ï2.4)

è ðàçëîæèòü ïðàâóþ ÷àñòü â ðÿä Òåéëîðà:
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x

xxdx
x

xx (Ï2.5)

Ââèäó òîãî, ÷òî èíòåãðàëüíîå âûðàæåíèå â (Ï2.4) çàâåäîìî ìåíüøå

åäèíèöû, ðÿä (Ï2.5) ÿâëÿåòñÿ ñõîäÿùèìñÿ, à åãî ïåðâûå äâà ÷ëåíà äàþò

ëèíåéíîå ïðèáëèæåíèå ê ýòîìó ìíîãîìåðíîìó èíòåãðàëüíîìó óðàâíåíèþ.

Ýòî ëèíåéíîå ïðèáëèæåíèå ñâîèì ðåøåíèåì èìååò ñôåðè÷åñêóþ ôóíêöèþ

Áåññåëÿ íóëåâîãî ïîðÿäêà. Âî âòîðîé ÷àñòè íàñòîÿùåé ðàáîòû îíà áóäåò

èñïîëüçîâàòüñÿ â êà÷åñòâå èñõîäíîé äëÿ íàõîæäåíèÿ àïïðîêñèìèðóþùèõ

ôóíêöèé â òåõ ñëó÷àÿõ, äëÿ êîòîðûõ òî÷íûå ðåøåíèÿ óðàâíåíèÿ Ëýéíà-

Ýìäåíà íåèçâåñòíû.

THE THEORY OF CLASSICAL GAS POLYTROPES
IN AN INTEGRAL REPRESENTATION. I.

SOME GENERAL RESULTS

G.A.SAIYAN

The well-known results of the theory of classical gas polytropes within the

framework of the integral approach are presented, where instead of the standard

Lane-Emden differential equation for a spherically symmetric gravitating mass, its

equivalent is considered in the form of a nonlinear integral Volterra equation of

the 2-nd kind. It is shown that the inverse Laplace transform of the Lane-Emden

equation for a polytrope with a value of n = 5 (Schuster model) represents the

recursive relation for Bessel functions of the first kind. The invariance of the



165ÒÅÎÐÈß  ÊËÀÑÑÈ×ÅÑÊÈÕ  ÃÀÇÎÂÛÕ  ÏÎËÈÒÐÎÏ. I

nonlinear integral Volterra equation with respect to homological transformations

is proved, as well as the possibility of obtaining singular solutions under certain

conditions. It is also shown that for integer and half-integer polytropes, this

equation is equivalent to a multidimensional integral equation, and finding with

its help the decomposition of the Emden function into a series by degrees of the

dimensionless distance   from the center of the polytrope is equivalent to finding

the Neumann series and iterated nuclei in Fredholm's theory. Approximations of

Emden functions in a closed form and their applicability to different astrophysical

objects will be presented and discussed in the second part of this work. Polytropes

of other geometries and dimensions are not considered here.

Keywords: polytropes: Lane-Emden equation: Volterra type nonlinear integral

      equation of the second kind: Emden function
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