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Ïðåäñòàâëåíû ðåçóëüòàòû ïîâåðõíîñòíîé ôîòîìåòðèè 50-òè ãàëàêòèê â Ìåñòíîì îáúåìå
íà îñíîâå àðõèâíûõ èçîáðàæåíèé, ïîëó÷åííûõ íà êîñìè÷åñêîì òåëåñêîïå Õàááëà. Äëÿ
âûáîðêè ãàëàêòèê ïðèâîäÿòñÿ èíòåãðàëüíûå âåëè÷èíû â ïîëîñàõ V è I, à òàêæå ïðîôèëè
ÿðêîñòè è öâåòà. Ïðîâåäåíî ñðàâíåíèå ïîëó÷åííûõ ôîòîìåòðè÷åñêèõ ïàðàìåòðîâ ñ èçìåðå-
íèÿìè äðóãèõ àâòîðîâ.

Êëþ÷åâûå ñëîâà: ãàëàêòèêè: êàðëèêîâûå ãàëàêòèêè: ôîòîìåòðè÷åñêèå ïàðà-

           ìåòðû - ãàëàêòèêè

1. Ââåäåíèå. Ñòàíäàðòíàÿ êîñìîëîãè÷åñêàÿ ìîäåëü CDM  óñïåøíî

îáúÿñíÿåò îñíîâíûå ñâîéñòâà êðóïíîìàñøòàáíîé ñòðóêòóðû Âñåëåííîé. Îäíàêî

ïðè ïåðåõîäå íà ìåëêèå øêàëû ïîðÿäêà 1 Ìïê âîçíèêàþò èçâåñòíûå ðàñõîæ-

äåíèÿ ìåæäó ïðåäñêàçàíèÿìè òåîðèè è íàáëþäàòåëüíûìè äàííûìè. Íàèáîëåå

ïîäõîäÿùèì ïîëèãîíîì äëÿ ñðàâíåíèÿ âûâîäîâ òåîðèè è íàáëþäåíèé ÿâëÿåòñÿ

Ìåñòíûé îáúåì (ÌÎ) ðàäèóñîì 10-12 Ìïê âîêðóã Ìëå÷íîãî Ïóòè, äëÿ êîòîðîãî

ïëîòíîñòü íàáëþäàòåëüíûõ äàííûõ áîëüøå, ÷åì äëÿ äàëåêèõ îáëàñòåé. Âûáîð

óêàçàííîãî ðàäèóñà îáóñëîâëåí òåì, ÷òî ðàññòîÿíèå êàæäîé ãàëàêòèêè âíóòðè

íåãî ìîæåò áûòü èçìåðåíî ñ òî÷íîñòüþ îêîëî 5% íà êîñìè÷åñêîì òåëåñêîïå

Õàááëà âñåãî çà îäèí îðáèòàëüíûé ïåðèîä. Ïåðâûé ñïèñîê ãàëàêòèê Ìåñòíîãî

îáúåìà ñîäåðæàë òîëüêî 179 îáúåêòîâ [1]. Öåëåíàïðàâëåííûå ïîèñêè áëèçêèõ

ãàëàêòèê ïðèâåëè ê ñîçäàíèþ êàòàëîãîâ "A Catalog of Neighboring Galaxies" [2]

ñ ÷èñëîì ÷ëåíîâ N = 450 è "Updated Nearby Galaxy Catalog" [3] ñ N = 869. Çà

ïîñëåäíèå ãîäû öèôðîâûå îáçîðû áîëüøèõ ó÷àñòêîâ íåáà â îïòè÷åñêîì äèàïàçîíå

è â ëèíèè âîäîðîäà 21 ñì (SDSS, DECaLS, HIPASS, ALFALFA etc.) çíà÷èòåëüíî

óâåëè÷èëè ïîïóëÿöèþ ãàëàêòèê ÌÎ. Ïîñëåäíÿÿ âåðñèÿ Local Volume Galaxy

Database ([4]; www.sao.ru/lv/lvgdb) ñîäåðæèò áîëåå 1300 îáúåêòîâ. Çíà÷èòåëüíàÿ

÷àñòü èç íèõ èìååò àêêóðàòíûå îöåíêè ðàññòîÿíèé è ëó÷åâûõ ñêîðîñòåé, ÷òî

îñîáåííî âàæíî äëÿ àíàëèçà ðàñïðåäåëåíèÿ òåìíîé ìàòåðèè â ÌÎ. Èíòåãðàëüíàÿ

ñâåòèìîñòü ãàëàêòèêè, íàðÿäó ñ åå ëó÷åâîé ñêîðîñòüþ è ðàññòîÿíèåì, ÿâëÿåòñÿ

îäíîé èç ñàìûõ âàæíûõ ïàðàìåòðîâ ãàëàêòèêè. Èç-çà áûñòðîãî ðîñòà ïîïóëÿöèè
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ÌÎ ìíîãèå áëèçêèå êàðëèêîâûå ãàëàêòèêè íèçêîé ïîâåðõíîñòíîé ÿðêîñòè

îêàçàëèñü áåç íàäåæíîé ôîòîìåòðèè, èìåÿ òîëüêî ãðóáûå âèçóàëüíûå îöåíêè

âèäèìûõ âåëè÷èí. Ñòàëà î÷åâèäíîé íåîáõîäèìîñòü ñóùåñòâåííîãî óêðåïëåíèÿ

ôîòîìåòðè÷åñêîé áàçû äëÿ ãàëàêòèê ÌÎ.

Îñíîâíîé öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ ïîëó÷åíèå ôîòîìåòðè÷åñêèõ

ïàðàìåòðîâ ãàëàêòèê ñ ïîñëåäóþùèì àíàëèçîì ðåçóëüòàòîâ â âèäå ñðàâíåíèÿ èõ

ñî çíà÷åíèÿìè, êîòîðûå áûëè âçÿòû èç äðóãèõ ïóáëèêàöèé, à òàêæå èç îáçîðîâ

è êàòàëîãîâ. Â äàííîé ðàáîòå íå ñòàâèòñÿ çàäà÷à èññëåäîâàíèÿ ñâîéñòâ ãàëàêòèê,

ïîäðîáíîé èíòåðïðåòàöèè ðåçóëüòàòîâ è ïîñòðîåíèÿ ðàçëè÷íûõ çàâèñèìîñòåé, à

ëèøü äàåòñÿ âîçìîæíîñòü èñïîëüçîâàòü ýòè ðåçóëüòàòû â ïîñëåäóþùèõ ðàáîòàõ.

Íàáëþäåíèÿ çà ãàëàêòèêàìè ïðîâîäèëèñü â 2019-2020ãã. ñ ïîìîùüþ Advanced

Camera for Surveys (ACS), óñòàíîâëåííîé íà áîðòó êîñìè÷åñêîãî òåëåñêîïà

Õàááëà (HST), â ôèëüòðàõ F606W è F814W, â ðàìêàõ ïðîåêòà SNAP 15922

("Every Known Nearby Galaxy", PI R.B Tully). Â ðåçóëüòàòå íàáëþäåíèé áûëè

ïîëó÷åíû äèàãðàììû öâåò-âåëè÷èíà äëÿ çâåçäíîãî íàñåëåíèÿ 80-òè ãàëàêòèê.

Èç íèõ äëÿ 63-õ ãàëàêòèê áûëè îïðåäåëåíû ðàññòîÿíèÿ ïî ñâåòèìîñòè

âåðøèíû âåòâè êðàñíûõ ãèãàíòîâ. Èçîáðàæåíèÿ íàáëþäàâøèõñÿ ãàëàêòèê,

äèàãðàììû öâåò-âåëè÷èíà è èçìåðåííûå ðàññòîÿíèÿ ïðèâåäåíû â "Extraga-

lactic Distance Database" (EDD, [5]) c äîïîëíåíèÿìè â [6].

2. Ôîòîìåòðèÿ. Ïðîöåññ ïîâåðõíîñòíîé ôîòîìåòðèè áûë àíàëîãè÷åí

òàêîâîìó â ñòàòüÿõ [7,8]. Äëÿ âûïîëíåíèÿ ôîòîìåòðèè èñïîëüçîâàëñÿ ïàêåò

ïðîãðàìì SURFPHOT. Ýòî ÷àñòü áîëüøîãî ïàêåòà ïðîãðàìì ïî àíàëèçó

àñòðîíîìè÷åñêèõ äàííûõ MIDAS (Munich Image Data Analysis System) [9],

ðàçðàáàòûâàåìîãî â ESO. Áûë íàïèñàí ñîîòâåòñòâóþùèé ñêðèïò, âûïîëíÿþùèé

ðàçëè÷íûå êîìàíäû è ïðîãðàììû óêàçàííîãî ïàêåòà. Äëÿ ïîëó÷åíèÿ

èíòåãðàëüíûõ âåëè÷èí èñïîëüçîâàëèñü êðóãîâûå è ýëëèïòè÷åñêèå àïåðòóðû.

Ïðîöåäóðà ïîèñêà öåíòðîâ ãàëàêòèê è ìîäåëèðîâàíèå ðàñïðåäåëåíèÿ èíòåí-

ñèâíîñòè ïî ïëîùàäè îáúåêòà áûëè âûïîëíåíû ñ ïîìîùüþ ïðîöåäóðû

âïèñûâàíèÿ ýëëèïñîâ FIT/ELL3. Ôîí íåáà îöåíèâàëñÿ è âû÷èòàëñÿ èç

èçîáðàæåíèÿ ñ ïîìîùüþ ïðîöåäóðû FIT/FLAT SKY, ñîçäàþùåé äâóìåðíûé

ïîëèíîì ñ èñïîëüçîâàíèåì ìåòîäà íàèìåíüøèõ êâàäðàòîâ. Ñ ïîìîùüþ

SExtractor 2.5.0 ([10,11]) âûäåëÿëèñü ôîíîâûå îáúåêòû. Â ïîëó÷åííûõ àïåðòóðàõ

èíòåãðèðîâàëñÿ ïîòîê (ïðîöåäóðû INTEGRATE/APERTURE è INTEGRATE/

ELLIPS) è ðàññ÷èòûâàëèñü àçèìóòàëüíî-óñðåäíåííûå ïîâåðõíîñòíûå ÿðêîñòè.

Ðåçóëüòàòû ôîòîìåòðèè ïåðåâîäèëèñü â ñòàíäàðòíóþ ôîòîìåòðè÷åñêóþ

ñèñòåìó Äæîíñîíà-Êàçèíñà BVRI ñ ïîìîùüþ ýìïèðè÷åñêèõ ôîðìóë:

      , 49525; 8303091; 325262360 .II.IV.IV.IV.VV iiiiii  (1)

ãäå âåëè÷èíû ñ ïîäñòðî÷íûì èíäåêñîì i èçìåðåíû â èíñòðóìåíòàëüíîé

ôîòîìåòðè÷åñêîé ñèñòåìå (ñì. [12]). Ñ ïîìîùüþ ïîëó÷åííûõ èíòåãðàëüíûõ
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çâåçäíûõ âåëè÷èí áûëè âû÷èñëåíû âåëè÷èíû â ôèëüòðå B ïî ñîîòíîøåíèþ

èç [13]:

  ..IV.VB 200850  (2)

Ïàðàìåòðû ïðîôèëåé äëÿ ãàëàêòèê áûëè ïîëó÷åíû ñ èñïîëüçîâàíèåì ìîäåëè

íà îñíîâå ýêñïîíåíöèàëüíîé ôóíêöèè [14]:    hr.r 08610  , ãäå 0  -

öåíòðàëüíàÿ ïîâåðõíîñòíàÿ ÿðêîñòü è h - ýêñïîíåíöèàëüíàÿ ìàñøòàáíàÿ

äëèíà.

3. Ðåçóëüòàòû. Îñíîâíûå ðåçóëüòàòû ïðåäñòàâëåíû â òàáë.11.

Òàáë.1 ñîäåðæèò ñïèñîê ôîòîìåòðèðóåìûõ ãàëàêòèê ñ èìåíàìè â êîëîíêàõ

1 è 2 è ñ êîîðäèíàòàìè íà ýïîõó J2000.0 â êîëîíêå 3. Ìîðôîëîãè÷åñêèå

òèïû ãàëàêòèê è ðàññòîÿíèÿ äî íèõ â Ìïê èç ëèòåðàòóðû [3] äàíû â

êîëîíêàõ 4 è 5. Â êîëîíêàõ 6, 7 è 8 ñîäåðæàòñÿ ðåçóëüòàòû ôîòîìåòðèè è

1 Äðóãèå äåòàëüíûå äàííûå íàøåé ôîòîìåòðèè äîñòóïíû ïî èíäèâèäóàëüíîìó çàïðîñó ê

êîíòàêòíîìó àâòîðó ñòàòüè.

Íàçâàíèå PGC RA (2000.0) DEC Òèï D SBv0 V I B' B
lit

A
B

Ëèò.

1 2 3 4 5 6 7 8 9 10 11 12

UGC 064 000591 000744.0+405232 dIrr 8.16 21.49 15.44 14.97 15.65 15.5 0.34 LV

WOC2017-07 - 005501.0-231009 dIrr 3.62 24.78 17.90 17.37 18.15 18.1 0.07 [16]

AGC 122226 086806 024638.9+274335 BCD 7.71 21.24 15.75 15.03 16.17 17.1 0.53 LV

ESO 300-016 011842 031010.5-400011 dIrr 9.33 22.04 15.92 15.52 16.06 15.6 0.08 LV

UGC 2716 012719 032407.2+174515 Sm 6.66 21.47 14.07 13.36 14.47 14.6 0.59 LV

KKH 22 2807114 034456.6+720352 dTr 3.12 25.00 16.22 15.04 17.02 18.0 1.66 LV

HIPASSJ0517 4078612 051721.6-324535 dIm 9.32 21.13 15.57 15.11 15.76 15.7 0.07 [17]

KKH 34 095594 055941.2+732539 Irr 7.28 24.04 17.02 16.20 17.52 17.1 1.08 LV

ESO 006-001 023344 81923.3-850844 dTr 2.70 22.32 14.68 13.65 15.36 - 0.83 -

KKH 46 2807128 090836.6+051732 dIrr 6.70 23.65 16.45 15.99 16.65 17.0 0.20 [18]

ESO 373-007 027104 093245.4-331444 dIrr 9.77 23.48 15.15 14.32 15.66 16.4 0.58 LV

UGC 5086 027115 093248.9+212754 dSph 8.49 22.67 15.97 15.16 16.44 15.9 0.14 [19]

6dFJ0944201 807172 094420.1-225458 BCD 10.47 21.42 17.12 16.73 17.23 16.8 0.33 [20]

2MASXJ0957 154449 095708.9-091548 BCD 10.13 20.17 15.27 14.45 15.77 15.8 0.29 [20]

MCG -01-26 029033 100138.4-081456 dIrr 9.94 22.24 14.97 14.22 15.40 15.4 0.15 LV

2dFGRS-N21 1099440 100932.5-021058 BCD 10.42 20.92 15.58 15.16 15.75 15.8 0.19 [21]

UGC 5918 032405 104936.5+653150 dIrr 8.50 23.68 14.81 14.06 15.25 15.0 0.05 [13]

Mrk 1265 032413 104940.4+225019 BCD 9.55 20.63 15.13 14.68 15.31 17.0 0.09 LV

KKH 68 2807141 113053.3+140846 dIrr 12.47 23.29 16.12 15.37 16.56 16.6 0.17 [22]

HIPASSJ1131 5060432 113135.2-314020 dIrr 6.90 22.43 18.06 17.59 18.14 18.2 0.30 [23]

KKH 69 2807142 113453.3+110112 dIrr 7.40 23.53 16.80 16.13 17.17 16.6 0.10 [22]

Òàáëèöà 1

ÏÎÂÅÐÕÍÎÑÒÍÀß ÔÎÒÎÌÅÒÐÈß 50-òè ÃÀËÀÊÒÈÊ ÌÅÑÒÍÎÃÎ

ÎÁÚÅÌÀ, ÊÎÒÎÐÛÅ ÍÀÁËÞÄÀËÈÑÜ Ñ HST Â ÎÁÇÎÐÅ SNAP 15922
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àíàëèçà ïðîôèëåé ÿðêîñòè â äàííîé ðàáîòå: öåíòðàëüíûå ïîâåðõíîñòíûå

ÿðêîñòè â ôèëüòðå V è èíòåãðàëüíûå âèäèìûå çâåçäíûå âåëè÷èíû â ôèëüòðàõ

V è I ôîòîìåòðè÷åñêîé ñèñòåìû Äæîíñîíà-Êàçèíñà. Â êîëîíêå 9 äàíû

çâåçäíûå âåëè÷èíû â ôèëüòðå B ñèñòåìû Äæîíñîíà-Êàçèíñà, âû÷èñëåííûå

ïî èçìåðåííûì V è I çâåçäíûì âåëè÷èíàì ïî ñîîòíîøåíèþ (2). Âñå

ïðèâåäåííûå â òàáë.1 çâåçäíûå âåëè÷èíû ÿâëÿþòñÿ íåèñïðàâëåííûìè çà

ïîãëîùåíèå. Êîëîíêà 10 ñîäåðæèò çâåçäíûå âåëè÷èíû ãàëàêòèê â ôèëüòðå

B ñèñòåìû Äæîíñîíà-Êàçèíñà èç ëèòåðàòóðû. Â êîëîíêå 11 ïðèâåäåíû

çíà÷åíèÿ ïîãëîùåíèÿ ñâåòà â Ãàëàêòèêå â ôèëüòðå B â çâåçäíûõ âåëè÷èíàõ.

Ëèòåðàòóðíûå ññûëêè íà äàííûå, ïðèâåäåííûå â êîëîíêå 10, äàíû â êîëîíêå

12. "LV" îçíà÷àåò ññûëêó íà ïîñëåäíþþ âåðñèþ áàçû äàííûõ [4] (è ññûëêè

â íåé), ëèáî íà èíäèâèäóàëüíûå ãëàçîìåðíûå îöåíêè çâåçäíîé âåëè÷èíû

1 2 3 4 5 6 7 8 9 10 11 12

LBTJ115205 [Grapes] 115205.6+544732 dIrr 5.96 23.75 18.10 17.64 18.27 18.5 0.04 LV

EVCC 67 4304796 115840.4+153534 dIrr 16.5 21.12 17.71 17.02 18.10 18.2 0.08 [24]

ESO 379-024 038252 120456.7-354435 dIrr 5.46 22.34 16.44 16.22 16.43 16.6 0.33 LV

SDSSJ1205 4310323 120531.0+310434 Sdm 16.0 21.49 17.20 16.34 17.73 17.6 0.08 [25]

KK 135 166130 121934.7+580234 dIrr 5.46 24.03 17.50 17.33 17.45 18.1 0.05 LV

MCG+09-20 040750 122652.6+530619 BCD 6.12 21.67 15.74 15.25 15.95 15.9 0.10 LV

MCG+00-32 041395 123103.8+014033 dIm 9.42 21.81 15.40 14.31 16.13 15.9 0.08 [26]

WSRT-CVN43 - 123109.0+420539 dIrr 8.13 23.15 17.55 17.48 17.41 17.8 0.08 LV

MCG+07-26 041749 123352.7+393733 dIm 9.94 22.34 15.42 15.04 15.54 16.5 0.06 [27]

KUG1234+29 042115 123714.0+293751 BCD 8.44 20.16 15.35 14.67 15.73 16.3 0.07 [24]

KKSG 30 3097708 123735.9-085202 dIrr 9.73 23.55 16.17 15.56 16.47 16.3 0.14 LV

UGC 7827 042380 123938.9+444915 dIrr 9.09 22.73 15.11 14.78 15.19 16.0 0.08 LV

KDG 178 042413 124010.0+323931 dIrr 13.0 22.80 16.06 15.61 16.22 17.1 0.06 LV

SDSSJ1240 4074723 124029.9+472204 dIrr 7.63 23.93 17.97 17.72 17.97 18.2 0.07 LV

NGC 4627 042620 124159.7+323425 E 6.93 20.32 12.74 11.88 13.27 13.1 0.07 [28]

BTS 151 2832120 124324.6+322856 dSph 7.60 23.01 16.85 16.10 17.29 17.6 0.07 [25]

UGC 7903 042832 124345.0+535732 dIrr 9.66 23.52 16.32 15.87 16.50 16.6 0.06 LV

ESO 219-010 044110 125609.6-500838 dSph 4.29 22.51 15.32 14.19 16.08 16.4 0.96 LV

MCG+07-27 045889 131251.8+403235 BCD 8.99 20.42 14.24 13.58 14.60 14.9 0.06 LV

KK 195 166163 132108.2-313147 dIrr 5.62 23.63 17.03 16.60 17.20 17.1 0.27 LV

NGC 5229 047788 133402.9+475455 Sdm 8.95 21.09 13.51 12.71 13.99 14.3 0.08 [13]

KKs 58 2815824 134600.8-361944 dSph 3.75 23.06 16.39 15.55 16.90 17.4 0.27 LV

ESO 222-010 052125 143503.0-492518 dIrr 3.15 22.34 14.87 14.13 15.31 16.3 1.11 LV

Mrk 475 052358 143905.4+364822 BCD 11.53 20.06 15.56 15.35 15.54 16.3 0.05 [29]

ESO 272-025 052591 144325.5-444219 dIrr 3.91 21.28 13.88 13.05 14.39 14.8 0.69 LV

KK 242 4689184 175248.4+700814 dTr 6.46 24.99 18.38 17.40 19.02 18.6 0.14 [30]

AGC 322463 5067080 225935.3+164611 dIrr 7.97 22.05 17.41 16.95 17.60 17.2 0.58 LV

ESO 347-017 071464 232656.1-372049 dIm 8.42 21.52 14.00 13.48 14.25 14.7 0.07 LV

2DFGRS-S43 704814 235840.7-312803 dIrr 3.66 22.22 15.85 14.90 16.47 16.2 0.07 [16]

Òàáëèöà 1 (Îêîí÷àíèå)
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È.Ä.Êàðà÷åíöåâûì.

Íà ðèñ.12 ïðåäñòàâëåíû ïîëó÷åííûå ïðè ôîòîìåòðèè ïðîôèëè ïîâåðõíîñòíîé

ÿðêîñòè. Äëÿ êàæäîé ãàëàêòèêè ïðèâåäåíû ñëåäóþùèå ïàíåëè: ââåðõó ñëåâà

- êðèâûå ðîñòà èíòåãðàëüíîé çâåçäíîé âåëè÷èíû â ôèëüòðàõ V (òåìíàÿ ëèíèÿ)

è I (ñâåòëàÿ ëèíèÿ); âíèçó ñëåâà - ñîîòâåòñòâóþùàÿ ðàçíèöà ìåæäó V è I

êðèâûìè ðîñòà; ââåðõó ñïðàâà - V è I ïðîôèëè ÿðêîñòè â çâ. âåë./êâ. ñ; âíèçó

ñïðàâà - ñîîòâåòñòâóþùàÿ ðàçíèöà ìåæäó V è I ïðîôèëÿìè ÿðêîñòè. Äèàïàçîí

îøèáîê ôîòîìåòðèè ïîêàçàí ñâåòëûìè áàðàìè. Ïîäðîáíåå îá îïðåäåëåíèè

îøèáîê ôîòîìåòðèè ñì. â ñòàòüå [15].

Ñðàâíåíèå ðåçóëüòàòîâ ôîòîìåòðèè, ïåðåâåäåííûõ â âåëè÷èíó B'  (ñîîòíî-

øåíèå 2) ñ ëèòåðàòóðíûìè ôîòîìåòðè÷åñêèìè îöåíêàìè (òàáë.1, êîëîíêà 10),

äàåò ñðåäíåå çíà÷åíèå ðàçëè÷èÿ 070060 mm ..BBB lit   è ñòàíäàðòíóþ

ïîãðåøíîñòü   300m.B  . Ïîñëå ó÷åòà îøèáîê ôîòîìåòðèè â íàøèõ è

ëèòåðàòóðíûõ äàííûõ, ïîãðåøíîñòü íàøèõ èçìåðåíèé ñîñòàâëÿåò 0m.2.

4. Çàêëþ÷èòåëüíûå çàìå÷àíèÿ. Â äàííîé ðàáîòå ïðåäñòàâëåíû ðåçóëü-

òàòû ïîâåðõíîñòíîé ôîòîìåòðèè 50-òè ãàëàêòèê Ìåñòíîãî îáúåìà ñ ðàññòîÿ-

íèÿìè D < 12  Ìïê. Ôîòîìåòðèÿ îñíîâàíà íà ñíèìêàõ ãàëàêòèê, ïîëó÷åííûõ

íà êîñìè÷åñêîì òåëåñêîïå Õàááëà â ïîëîñàõ V è I â ðàìêàõ ïðîãðàììû SNAP

15922. Äëÿ èçìåðåíèé îòáèðàëèñü îáúåêòû, ÷åé äèàìåòð íå ïðåâûøàë óãëîâûå

ðàçìåðû êàìåðû ACS HST. Îïðåäåëåíû èíòåãðàëüíûå V è I âåëè÷èíû

ãàëàêòèê è ïîñòðîåíû ïðîôèëè ïîâåðõíîñòíîé ÿðêîñòè â îáåèõ ïîëîñàõ.

Ñðàâíåíèå ïîëó÷åííûõ èíòåãðàëüíûõ âåëè÷èí ãàëàêòèê ñ èìåþùèìèñÿ

äàííûìè èç äðóãèõ èñòî÷íèêîâ ïîêàçûâàåò, ÷òî ïîãðåøíîñòü ïðåäñòàâëåííûõ

íàìè îöåíîê èíòåãðàëüíûõ âåëè÷èí ñîñòàâëÿåò îêîëî 0m.2. Áîëüøèíñòâî

èññëåäîâàííûõ ãàëàêòèê ÿâëÿþòñÿ îáúåêòàìè íèçêîé ïîâåðõíîñòíîé ÿðêîñòè

2 Ïðîäîëæåíèå ðèñ.1 ñì. â êîíöå ñòàòüè. Èç-çà ìàëåíüêèõ ðàçìåðîâ ïàíåëåé ðèñ.1 áàðû

äèàïàçîíîâ îøèáîê ÷åòêî íå âèäíû.

Ðèñ.1. Ïðîôèëè ïîâåðõíîñòíîé ÿðêîñòè è êðèâûå ðîñòà èíòåãðàëüíîé çâåçäíîé âåëè÷èíû
50-òè ãàëàêòèê.
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SURFACE PHOTOMETRY OF 50 DWARF GALAXIES
IN THE LOCAL VOLUME

K.A.KRYZHANOVSKY1, M.E.SHARINA2, I.D.KARACHENTSEV2,
G.M.KARATAEVA1

The results of surface photometry of 50 galaxies in the Local Volume based

on archival images obtained with the Hubble Space Telescope are presented. For

the sample of galaxies, the integrated magnitudes in the V and I bands are given,

as well as the brightness and color profiles. The obtained photometric parameters

are compared with the measurements of other authors.

Keywords: galaxies: dwarf galaxies: photometric parameters - galaxies
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We study the close proximity of the well-known and well-studied 3C31 class FRI radio
galaxy in order to reveal the influence of the environment on an extragalactic radio source. It was
shown that about 110 million years ago the galaxies NGC 380 and NGC 386 were located near
the galaxy NGC 383 (the parent galaxy of 3C31). On the other hand, the modeling of the spectral
characteristics of the radio emission of the central part of the radio galaxy 3C31 gives an estimate
of the age of the central jet of about 100 million years. Therefore, it can be assumed that one
of the possible reasons for the appearance or resumption of the radioactivity of the galaxy NGC
383 may be a triple close passage of galaxies.

Keywords: galaxies - radio galaxies - clusters of galaxies - environment of galaxies

1. Introduction. The environment surrounding the galaxy can play an

important role in the formation and evolution of various types of activity in

galaxies. In particular, this applies to extragalactic radio sources and activity in

radio emission [1]. It is known that radio galaxies are often members of clusters

of galaxies, and AGN activity is much higher in the central parts of clusters than

in the rest of the metagalactic space [2,3]. This can be partly explained by the

fact that the host galaxy of radio galaxies is usually massive galaxy (M > 1012 solar

masses), and they are often the central objects of clusters.

However, the relationship between AGN activity and galaxy clusters is still not

fully explained. In this regard, it is very important to study the relationship

between the physical and morphological features of radio galaxies and the char-

acteristics of galaxy clusters in which these radio galaxies are located. Such

characteristics can be the number, concentration and morphological composition

of galaxies in clusters, the presence of hot and cold gas and dust in clusters, the

presence of background radiation in different frequency ranges, and others.

Radio galaxies are divided into different types according to their physical and

morphological features. One of the well-known classifications of extended radio

galaxies is the (FR) classification of Fanaroff and Riley [4], which is based on

the radio brightness distribution over the radio image. Radio galaxies with relatively
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lower radio luminosity, in which the radio brightness decreases from the center

to the edges, are classified as I class radio galaxies (FRI), and radio galaxies with

higher radio luminosity, in which the radio brightness increases from the center

to the edges of the II class (FRII). At present, the Fanaroff-Riley dichotomy has

been studied quite well and many other differences in physical and morphological

features have been found for different classes of radio galaxies. In particular, in

our works, we studied the correlations between the physical and morphological

features of extragalactic radio sources for different Fanaroff-Riley classes. A

correlation was found between the optical and radio axes of nearby radio galaxies

[5], a correlation of the ellipticity of parent optical galaxies associated with radio

galaxies of different classes [6], a correlation of the average radio polarization angles

with the radio axes [7], etc.

In [8] it was shown that the radio activity of FRIs are mostly triggered by

different mechanisms than in FRIIs. One can probably expect some connection

also between the FR class and the physical and morphological features of the

cluster in which these radio galaxies are located. It can be due to the interaction

between galaxies when they randomly pass close to each other. There are lot of

papers where the activity of galaxies in the radio range is trying to be explained

by merging processes [9,10]. In particular it was shown that in galaxy systems

where traces of close interaction (merging) are observed, the percentage of active

galactic nuclei is higher [11]. All of this may suggest that close transits of galaxies

may be the cause (be a trigger) for the start of radio activity.

In this work, in order to reveal the influence of the environment on an

extragalactic radio source, we study the close proximity of the well-known and

well-studied 3C31 class FRI radio galaxy.

2. Observational data. The 3C31 class FRI radio source has been

identified with the NGC 383 galaxy, which is the central object of the group of

galaxies, which in turn is a member of the Perseus-Pisces supercluster [12] and

has been studied quite well. Numerous results and useful data have now been

obtained for these objects [13-18]. Of these, here we highlight some of the data

of interest to us, which can be used in the present work.

Fig.1 and 2 show optical images of the region with the central galaxy NGC

383 over lied on the radio maps. On figures there are maps of the radio image

of the FRI class 3C31 radio galaxy at different frequencies, 145, 360, 615, and

1400 MHz corresponding to LOFAR, VLA, GMRT and FIRST observations,

respectively. It must be noted that the Fig.2 is taken from the paper [19].

It can be seen from the Fig.1 that the group of galaxies with the central object

NGC 383 has the form of a chain whose direction coincides well with the

direction of the radio image of the 3C31 radio galaxy. High-resolution radio
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observations have detected two oppositely directed jets within 10 kpc from the

galaxy's core (Fig.2). Radio jet simulations [16] have shown that the direction of

Fig.1. The region of a group of galaxies with the central object NGC 383 and overlaid radio
Source 3C31 of the FRI class at the frequency of 1400 MHz.

Fig.2. Radio image maps of the FRI class radio galaxy 3Ñ31 at three different frequencies

(from[19]).
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the jet is approximately 52o with the line of sight. Moreover, the northern part

of the jet approaches the observer, while the southern part moves away.

3. Data analysis. In Table 1 we bring the coordinates, redshifts and types

of galaxies included in the galaxy group with central galaxy NGC383 from database

NED.

From the analysis of the coordinates and redshift data of galaxies, as well as

from Fig.1 and also Fig.2 from [19], it can be seen that the elliptical galaxies

NGC380 and NGC386 are located respectively in the northern and southern parts

of the 3C31 radio image. These galaxies, together with the central SA0 type galaxy

of the group NGC383 (which is the parent galaxy of the radio galaxy 3C31),

are on the same line, the direction of which coincides with the direction of inner

part of the radio jet with great accuracy. Moreover, the relative radial velocity of

the NGC380 galaxy with respect to the central galaxy NGC383 is directed towards

the observer as the velocity of northern part of the jet, when the relative radial

velocity of NGC386 is directed away from the observer as the velocity of southern

part of the jet. If we assume that the galaxies NGC380 and NGC386 are not

only projected onto radio images, but are located inside the radio-emitting region,

then we can make the following plausible assumption that not only the directions

of the relative radial velocities of these galaxies, but also the directions of spatial

velocities coincide with the directions of motion of the northern and southern

radio jets. Hence, the galaxies NGC380 and NGC386 are moving away from the

central galaxy NGC383 along the directions of the radio jets of the 3C31 radio

galaxy. It is interesting to determine the approximate time for which these galaxies

covered the distance from NGC383.

In this study will be used standard cosmology, applying the values

Name RA DEC Redshift Morphology
deg deg z

NGC 379 16.815375 32.520361 0.01861 S0
NGC 380 16.823296 32.482922 0.01476 E2
NGC 382 16.849463 32.403864 0.01744 E
NGC 383 16.853995 32.412559 0.01700 SA0
NGC 384 16.854596 32.29245 0.01412 E3
NGC 385 16.863524 32.319533 0.01659 SA0
NGC 386 16.880387 32.361994 0.01853 E3
NGC 388 16.946442 32.309963 0.01816 E3

Table 1

OBSERVATIONAL DATA OF GALAXIES INCLUDED IN THE GROUP

WITH THE CENTRAL OBJECT NGC 383 FROM DATABASE NED
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H
0

 = 70 km s-1
 Mpc-1, 30m .  and 70. . At the redshift of the radio galaxy

3C31 ( 01690.z  ; [16]), its distance will be D = 73.3 Mpc, which corresponds to

an angular scale of 0.344 kpc per arcsecond [19].

The data given in Table 1 were used to calculate the distance projections of

the galaxies NGC380 and NGC386 from NGC383 on the image plane. To do

this, using the coordinates of the galaxies, the corresponding angular distances were

calculated, and then the projections of the distances of the galaxies were calculated

using the above-mentioned angular scale of 0.344 kpc per arc second. Given the

values of these projections and the fact that, as was assumed above, the real

distances, as well as the direction of the radio jets, are 52o with the line of sight

[16], it is possible to determine the real distances of the galaxies NGC380 and

NGC386 from NGC383.

The relative radial velocities of the galaxies NGC380 and NGC386 compared

to NGC383 can be calculated from the relative redshifts. The relative real velocities

are also based on the assumption that they are 52o with the line of sight. The

results of these calculations are shown in Table 2. We give the following data in

Table 2: respectively in column 1 the name of the galaxy, 2 - redshift difference

between the given galaxy and NGC383, 3 - corresponding relative radial velocities,

4 - real relative velocities, 5 - distances of the galaxies from the central NGC383

galaxy on the picture plane, 6 - the real distances of the galaxies, 7 - the time

of the removal of the galaxies from the central object.

4. Discussion of the results. Table 2 shows that the galaxies NGC380

and NGC386 were near the galaxy NGC383 about 110 million years ago. A very

close passage of these three galaxies then probably occurred, after which the

recession of the galaxies NGC380 and NGC386 from the more massive central

galaxy NGC383 began. A natural question arises whether such a close passage can

be the cause (trigger) of the beginning of radioactivity of the central galaxy. Note

that the question of the cause of the start or recurrence of radioactivity is studied

in many works (see, for example, [20]), but there is still no clarity in this issue.

Based on the results of our calculations, the reason for the resumption of radio

activity of 3C31 radio galaxy can be considered the close passage of the three

Galaxies z V 0V d d
0

T

km/s km/s kpc kpc My

NGC380 -0.00224 -672 -1092 97.07 123.2 110
NGC386 +0.00153 +459 745.5 70.64 89.64 118

Table 2

RESULTS OF CALCULATIONS
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above-mentioned galaxies about 110 million years ago. A reliable argument for

this assumption can be considered that the modeling of the spectral characteristics

of the radio emission of the central part of the radio galaxy 3C31 gives an estimate

of the age of the central jet of about 100 million years [19]. Mentioned estimation

agrees very well with the age of the triple transit of galaxies. This result with the

good coincidence of the direction of the central jet with the direction of the

removal of the galaxies NGC380 and NGC386 from the central galaxy NGC383

can be taken as an indirect argument for above-mentioned consideration.

As another indirect argument can be the assumption that elliptical galaxies

NGC380 and NGC386 in the result of triple close passage of galaxies probably

loss their gas component by the accretion to the central SA0 type galaxy NGC383

which is rich in gas and dust component [15].

Thus, from all of above-mentioned arguments it can be assumed that one of

the possible reasons for the appearance or resumption of the radio activity of

galaxies may be the triple close passage of galaxies.

Of course, for such an important assumption, the given single example is not

enough, but we believe that it makes sense to continue investigating in this

direction.
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Î ÂÎÇÌÎÆÍÎÌ ÌÅÕÀÍÈÇÌÅ ÍÀ×ÀËÀ
ÈËÈ ÂÎÇÎÁÍÎÂËÅÍÈß ÀÊÒÈÂÍÎÑÒÈ

ÐÀÄÈÎÃÀËÀÊÒÈÊ Â ÑÊÎÏËÅÍÈßÕ ÃÀËÀÊÒÈÊ

Ð.Ð.ÀÍÄÐÅÀÑßÍ, À.Â.ÀÁÐÀÌßÍ, Ã.Ì.ÏÀÐÎÍßÍ,
Ã.À.ÌÈÊÀÅËßÍ, À.Ì.ÌÈÊÀÅËßÍ

Ñ öåëüþ âûÿâëåíèÿ âëèÿíèÿ îêðóæàþùåé ñðåäû íà âíåãàëàêòè÷åñêèå

ðàäèîèñòî÷íèêè, ìû èññëåäîâàëè áëèçêîå îêðóæåíèå èçâåñòíîé è õîðîøî

èçó÷åííîé ðàäèîãàëàêòèêè êëàññà FRI 3C31. Ïîêàçàíî, ÷òî îêîëî 110 ìëí ëåò
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íàçàä ãàëàêòèêè NGC 380 è NGC 386 ðàñïîëàãàëèñü âáëèçè ãàëàêòèêè NGC

383 (ðîäèòåëüñêîé ãàëàêòèêè 3C31). Ñ äðóãîé ñòîðîíû, ìîäåëèðîâàíèå

ñïåêòðàëüíûõ õàðàêòåðèñòèê ðàäèîèçëó÷åíèÿ öåíòðàëüíîé ÷àñòè ðàäèîãàëàêòèêè

3Ñ31 äàåò îöåíêó âîçðàñòà öåíòðàëüíîãî äæåòà ïðèìåðíî â 100 ìëí ëåò.

Ïîýòîìó ìîæíî ïðåäïîëîæèòü, ÷òî îäíîé èç âîçìîæíûõ ïðè÷èí ïîÿâëåíèÿ

èëè âîçîáíîâëåíèÿ ðàäèîàêòèâíîñòè ãàëàêòèêè NGC 383 ìîæåò áûòü òðîéíîå

áëèçêîå ïðîõîæäåíèå ãàëàêòèê.

Êëþ÷åâûå ñëîâà: ãàëàêòèêè - ðàäèîãàëàêòèêè - ñêîïëåíèÿ ãàëàêòèê - îêðóæåíèå

    ãàëàêòèê

REFERENCES

1. N.Miller, F.Owen, J.Burns et al., Astrophys. J., 118, 1998, 1999.

2. E.Bufanda, D.Hollowood, T.Jeltema et al., Mon. Not. Roy. Astron. Soc., 465,

2531, 2017.

3. W.Mo, A.Gonzalez, D.Stern et al., Astrophys. J., 869, 131, 2018.

4. B.Fanaroff, J.Riley, Mon. Not. Roy. Astron. Soc., 167, 31P, 1974.

5. R.R.Andreasyan, H.Sol, Astrophysics, 42, 275, 1999.

6. R.R.Andreasyan, H.Sol, Astrophysics, 43, 413, 2000.

7. R.R.Andreasyan, S.Appl, H.Sol, Astrophysics, 45, 198, 2002.

8. E.Bernhard, C.Tadhunter, J.Pierce et al., Mon. Not. Roy. Astron. Soc., 512,

86, 2022.

9. C.Duggal, C.O'Dea, S.Baum et al., Astron. Nachr., 342, 1087, 2021.

10. C.Tadhunter, D.Dicken, R.Morganti et al., Mon. Not. Roy. Astron. Soc., 445,

L51, 2014.

11. M.Chiaberge, R.Gilli, J.Lotz et al., Astrophys. J., 806, 147, 2015.

12. S.Sakai, R.Giovanelli, G.Wegner, Astrophys. J., 108, 335, 1994.

13. R.Strom, R.Fanti, P.Parma et al., Astron. Astrophys., 122, 305, 1983.

14. P.Parma, M.Murgia, R.Morganti et al., Astron. Astrophys., 344, 7, 1999.

15. A.Martel, S.Baum, W.Sparks et al., Astrophys. J. Suppl. Ser., 122, 81, 1999.

16. R.Laing, A.Bridle, Mon. Not. Roy. Astron. Soc., 336, 328, 2002.

17. M.Hardcastle, D.Worrall, M.Birkinshow et al., Mon. Not. Roy. Astron. Soc.,

334, 182, 2002.

18. J.Croston, M.Hardcastle, Mon. Not. Roy. Astron. Soc., 438, 3310, 2014.

19. V.Heesen, J.Croston, R.Morganti et al., Mon. Not. Roy. Astron. Soc., 474,

5049, 2018.

20. C.Tadhunter, T.Robinson, R.G.Delgado et al., Mon. Not. Roy. Astron. Soc.,

356, 480, 2005.



 THE REVISITED BPT DIAGRAM FROM THE
SELF-CONSISTENT ANALYSIS

P.PRIVATUS1,4, C.PAPPALARDO2,3, P.V.K.RAO1, D.T.MAZENGO1

Received 12 June 2023
Accepted 18 August 2023

Galaxies' spectral energy distribution has been explored through the use of spectral synthesis
codes, and these techniques have been essential in identifying many aspects of the current galaxy
evolution model. Most of the spectral synthesis codes that have been developed so far are solely
stellar and assume a negligible nebular contribution to the overall continuum. FADO (Fitting
Analysis using Differential Evolution Optimisation) is the first spectral synthesis code to fit self-
consistently stellar and nebular components. Diagnostic diagrams are powerful tools for classifying

galaxies based on the emission line ratio of collisionally excited lines such as [OIII] 5007 , [NII]

6584 , [SII] 6716 , 6731, [OI] 6300 , and the Balmer recombination lines such as H , H .
This paper explores the impact of including nebular components on diagnostic diagrams. We

investigated the results of the application of FADO to the Sloan Digital Sky Survey Data Release
8 using the data analysed by MPA-JHU, the Max Planck Institute for Astrophysics, and Johns
Hopkins University. We found that in all diagnostic diagrams, the fluxes for FADO are higher than
those for MPA-JHU; the difference is significant compared to the error in the flux measurement.
FADO overestimates the flux ratio of all three diagnostic diagrams over MPA-JHU, but the
overestimation is comparable with the line flux ratio errors. The results indicate that the inclusion
of a nebular continuum is very important when fitting the spectral energy distribution as it increases
the fluxes of all galaxies. However, there is a mild impact from the inclusion of nebular component
analysis in the diagnostic diagrams used to classify the ionisation state of galaxies' interstellar
medium.

Keywords: galaxies: diagnostic diagram: nebular

1. Introduction. Diagnostic diagrams are powerful and helpful tools to

identify the source of ionisation of the gas by comparing the ratio of collisionally

excited lines ([OIII] 5007 , [NII] 6584 , [SII] 6716 , 6731, [OI] 6300 ) and

the Balmer recombination lines (i.e. H , H ). The emission-line diagnostic

diagram, known as the BPT diagram, named after Baldwin, Phillips, and Terlevich,

has been used to classify galaxies based on their emission line ratios   HOIII

versus   HNII  in which the star-forming, the composite and the active galactic

nucleus (AGN) occupied specific regions [1]. Further modifications to the BPT

diagrams were proposed in the works of [2,3]. They included   HOIII  versus

  HSII  called the SII-diagnostic diagram, and   HOIII  versus   HOI  called

the OI-diagnostic diagram, where the star-forming regions, the Seyfert, and the

LINER occupy specific regions.
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A galaxy's nuclear spectrum is made up of the individual spectra of billions

of stars and the nebular emission excited by their radiative output. It may further

comprise thermal and non-thermal emission components arising from an active

galactic nucleus, heated dust, and large-scale shocks in the multi-phase interstellar

medium, all of which combine into a panchromatic spectral energy distribution

(SED) that encodes the energy production mechanisms and history of galaxies'

assembly [4,5]. Population Spectral Synthesis (PSS) has been a fundamental tool

in extragalactic astronomy that aims at deriving galaxies' physical and evolutionary

characteristics across cosmic time [6]. Its goal is to obtain from the SED of a

galaxy its star formation history and chemical enrichment history, SFH and CEH,

respectively [7]. The PSS method, also known as the inverse, semi-empirical

evolutionary, or fossil record technique, is used to infer from a galaxy's spectrum

the mass, age, and metallicity of its stellar populations. This method has been

widely applied to massive spectroscopic data sets, particularly the Sloan Digital Sky

Survey (SDSS), yielding crucial insights into the history of galaxy assembly [6].

The galaxies' physical properties related to galaxies' formation and evolution are

extracted from the spectra, such as star formation rates (SFRs), stellar masses (M
*
),

and gas phase metallicity [8-10].

The main shortcoming of all state-of-the-art PSS codes is that they exclude

nebular emission (ne). This results in a deficiency in the physical interpretation

of the observed emission line ratios, which introduces biases in the obtained

physical properties of the galaxy, like the stellar mass, mass-weighted stellar age,

and specific star formation rate [11,12]. The biases in purely stellar (PS) codes

have relevant astrophysical implications, including an increased dispersion or

change of the slope of the Star Formation main Sequence (SFMS) and other

scaling relations, such as the stellar mass (M
*
) versus metallicity relation [7].

Fitting Analysis using Differential evolution Optimisation (FADO) is a PSS

method that has the unique capacity to identify in a spectrum the underlying

stellar and nebular components simultaneously [12-14]. This so-far unique self-

consistency code allows us to significantly alleviate degeneracy in current spectral

synthesis, thereby opening a new avenue to the exploration of the history of

galaxies' assembly [7,12]. FADO uses artificial intelligence and genetic optimisation

algorithms to derive chemical enrichment and star formation histories of galaxies

based on two elements in spectral fitting models: self-consistency between the best-

fitting star formation history and the galaxy's nebular emission [12].

In the comparison of FADO with purely stellar codes Pappalardo et al. [14]

observed that, even in the presence of high signal-to-noise (S/N) spectra, when

a galaxy enters a phase of high specific star formation rate (sSFR), the exclusion

of the nebular continuum emission in the fitting process has a significant impact

on the estimation of its stellar population ages. Cardoso et al. [15] carried a similar
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analysis to that of Cardoso et al. [7] to compare FADO with STARLIGHT by

applying these tools to a set of synthetic spectra of galaxies with different star

formation histories (SFHs). The consideration of different SFHs allowed the

comparison of the results between FADO and STARLIGHT as a function of the

level of the nebular contribution. They compared stellar masses, light- and mass-

weighted stellar ages, and metallicity of the two tools, finding relevant differences.

For galaxies with a significant nebular contribution, STARLIGHT can overestimate

the stellar mass and mass-weighted mean stellar age up to ~2 dex and ~4 dex,

respectively. On the other hand, STARLIGHT underestimates the mean metallicity

and light-weighted mean stellar age by up to ~0.6 dex. Compared to these results,

FADO obtains significantly better estimates, with a precision of ~0.2, even for

evolutionary stages where the nebular contribution is highly prominent.

Miranda et al. [16] applied FADO to the spectral database of the SDSS to

derive the physical properties of galaxies and compare them with the MPA-JHU

(Max Planck Institute for Astrophysics and Johns Hopkins University) analysis,

which contains the properties of SDSS galaxies derived without the nebular

contribution. The Star Forming (SF) galaxies sample was used in this study, the

nebular extinction was collected through the Balmer decrement, then calculated

the H  luminosity to estimate the SFR. Then, by combining the stellar mass

and SFR estimates from FADO and MPA-JHU, the SFMS was obtained. The

results showed an agreement between the SFR of FADO and MPA-JHU because

of the consistency between the H  flux measurements used to estimate the SFR

in the two datasets. The stellar mass estimates were slightly higher for FADO than

for MPA-JHU on average. However, considering the uncertainties, the differences

were negligible. With similar SFR and stellar mass estimates, the derived SFMS

was also comparable between FADO and MPA-JHU. The additional modelling

of the nebular contribution does not affect the retrieved fluxes and consequently

does not influence SFR estimators based on the extinction-corrected H  lumi-

nosity. For the stellar masses, the results point to the same conclusion. These

results were a consequence of the fact that the vast majority of normal SF galaxies

in the SDSS have a low nebular contribution. However, the obtained agreement

might only hold for local SF galaxies, but higher redshift galaxies might show

different physical properties using FADO. This would then be an effect of the

expected increased nebular contribution [16].

As a follow-up to this work, in this paper, we investigate the impact of

including the nebular continuum for the nearby galaxies studied in SDSS data

release 8 in the diagnostic diagrams. This paper is organised as follows: Section

2 presents the survey from which we get the data, the MPA-JHU and FADO

analysis. Sections 3 and 4 present the results and their discussion. Section 5

concludes.
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2. Data sample and analysis. The galaxies investigated in this paper have

been extracted from the spectroscopic sample of the SDSS, a multi-spectral

imaging and spectroscopic redshift survey conducted with the 2.5 m f/5 wide-angle

optical modified Ritchey-Chretien altitude azimuth telescope [17,18]. The telescope

is located at Apache Point Observatory, in south-east New Mexico at an elevation

of 2.788 m [18]. The SDSS has collected data of objects covering over 14.500 deg2

for galaxies up to a magnitude limit of 23 in g-band magnitude [17]. This release

contains data for 1472581 objects, each with a single-fibre integrated spectrum in

the wavelength range of 3800-9200 Å  at a resolution of R ~ 1800-2200. At an average

redshift of ~0.1, the fibre covers ~5.5 kpcs of the central region of an object [15].

The SDSS spectra are classified as stars, galaxies, or quasars. Redshifts are

determined with an automated routine, done using two independent pipelines, one

(spectro1d) that worked by cross-correlation with a family of templates and

emission-line fits, followed by eyeball inspection of problematic cases, and another

(idlspec2d or specBS) which does direct 
2  fitting of templates to the spectra [19].

Galaxies' emission line fluxes are derived from spectra. In measuring the nebular

emission lines of galaxies, it is important to properly account for the galaxy

continuum, which is rich in stellar absorption features. The following two sections

describe the method used to build the MPA-JHU and the FADO datasets,

respectively.

2.1. MPA-JHU. In SDSS, a stellar population synthesis model fits the

stellar continuum, subtracted from the spectra to get the emission line measure-

ments. The code applied to the 8th data release of SDSS (DR8), and the resulting

measurements are used for various scientific analyses [8-10]. The MPA-JHU

provided measurements for all objects that idlspec2d identified as galaxies [19]. We

used this data set due to its photometric completeness, uniform spectral calibration,

wide redshift coverage ( 60020 .z.  ) and a range of emission line properties

related to galaxy formation and evolution that have been analysed [8-10].

The Bayesian approach and model grids from Kauffmann et al. [8] are used

to determine stellar masses. Since the spectra were obtained using a 3 arcsec

aperture, they do not accurately depict the entire galaxy. In the SDSS spectroscopic

fibre aperture, the stellar mass has been calculated using fibre magnitudes, and

the overall stellar mass has been calculated using model magnitudes. The stellar

mass output corresponds to the probability distribution functions at the median,

2.5%, 16%, 84%, and 97.5% values. Based on the information provided by

Brinchmann et al. [9], SFRs are calculated within the galaxy fibre aperture using

nebular emission lines. The galaxy photometry found by Salim et al. [20] is used

to estimate  SFRs outside of the fibre. For AGN and galaxies with weak emission

lines, SFRs are estimated from the SED. They presented both the fibre SFR and
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the total SFR at the median, 2.5%, 16%, 84%, and 97.5% of the probability

distribution function. The strong optical emission lines ([OII] 3727 , H , [OIII]

5007 , [NII] 6548 , 6584, and [SII] 6717 , 6731) are used to estimate the

nebular oxygen abundances using the Bayesian approach described in Tremonti

et al. [10]. Oxygen abundances are only computed for objects classified as "star

forming". The output value of 12+log(O/H) is given at the median and 2.5%,

16%, 84%, and 97.5% of the probability distribution function.

2.2. FADO. FADO is the first population spectral synthesis code capable of

fitting the optical SED due to the stellar and nebular components being self-

consistently. The usage of FADO and its novel approach to SED fitting could

play a critical role in determining the impact of nebular contribution when

spectroscopic data are analysed and how this might have influenced our current

understanding of the processes taking place in galaxies. A series of benchmark

publications [7,14,16,21] tested FADO capabilities in simulated and actual data by

applying it to the SDSS DR8. As detailed in Gomes and Papaderos [12], the

main task of FADO is to reproduce the observed SED through a linear com-

bination of spectral components representative of the individual stellar (SSP) and

a nebular continuum as expressed by

     ,  ,10 , ,10 40
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(1)

where: F  is the flux observed from the spectrum; N
*
 is the number of unique

spectral components in the adopted base library; 
0,iM  is the stellar mass of the

spectral component i at the normalization wavelength 0 ; ,iL  is the luminosity

contribution of the i 
th spectral component; vA  is the V-band extinction; q  is

the ratio of A  over vA ;    ,vS  denotes a Gaussian kernel simulating the effect

of stellar kinematics on the spectrum, with v  and v  representing the stellar

shift and dispersion velocities, respectively;  ee Tn  ,  is the nebular continuum

computed assuming that all stellar photons with Å76911.  are absorbed and

reprocessed into nebular emission, under the assumption of case B recombination,
nebAv  is the nebular V-band extinction, and    ,vN  denotes the nebular

kinematics kernel, with v  and   representing the nebular shift and dispersion,

respectively [15].

It is important to note that all publicly available population synthesis codes

before FADO aimed to reconstruct the observed continuum using only the first

term of Eq. 1, using a purely-stellar scheme to construct the overall observed SED

[12,13,21]. One of FADO's novel features is the second term of Eq.1, which

represents the relative rate of spectral contribution due to the ionizing photons

produced by the young stellar component and scales with the intensity of the

Balmer lines.



344 P.PRIVATUS  ET  AL.

2.3. Selection criteria. The galaxies used in this study were obtained by

cross-correlating MPA-JHU and FADO, resulting in 922951 galaxies. The galaxies

were classified using the three diagnostic diagrams defined in Kewley et al. [3]:

NII-BPT, SII, and OI. To accurately classify the galaxies into star-forming or

AGN, we selected all galaxies with the S/N > 3 for all the emission lines used

in this study. Assuming an electron density n
e
 = 102

 cm-3 and electron temperature

at T = 104
 K for the case when the gas is optically thick for ionising radiation,

meaning that the photon emitted after recombination is absorbed locally (this is

the case for nearly all nebulae), then the theoretical value flux ratios   HHF

are equal to 2.86 and 3.1 for star-forming and AGNs, respectively [22-25]. When

an intrinsically low reddening is paired with inaccuracies in the stellar absorption

Median of the fluxes

Emission MPA-JHU FADO  MPA-JHU errors FADO errors
line log(erg/s/cm2) log(erg/s/cm2) dex log(erg/s/cm2) log(erg/s/cm2)

[NII] 4.38 4.42 0.04 (10%) 0.02 (5%) 0.01 (2%)
[SII] 4.29 4.37 0.08 (20%) 0.03 (7%) 0.01 (2%)
[OI] 2.70 2.89 0.19 (55%) 0.06 (15%) 0.01 (2%)

[OIII] 3.33 3.51 0.18 (51%) 0.04 (10%) 0.01 (2%)
H 5.31 5.32 0.01 (2%) 0.01 (2%) 0.001 (0.2%)
H 3.89 3.93 0.04 (10%) 0.01 (2%) 0.004 (1%)

Table 1

MEDIAN DIFFERENCE BETWEEN THE LINE FLUXES USED

          [NII]             [SII]            [OI]

Galaxy type MPA JHU FADO MPA-JHU FADO MPA-JHU FADO

Sample 400133 400133 380299 380299 228793 228793
SF 253163 231132

Composite 76411 75810
SF+Composite 322039 294945 182333 147981

Seyfert 17607 23309 18937 22989 19593 20936
LINER 20376 21357 25690 28444 18106 28643

Low S/N SF 32576 48525 13633 33921 8761 31233

Table 2

TOTAL NUMBER OF GALAXIES FOR BOTH MPA-JHU AND FADO

CLASSIFICATION OF 400133, 380299, 228793 GALAXIES SAMPLE FOR

NII, SII AND OI DIAGNOSTIC DIAGRAMS RESPECTIVELY

Columns: 1 - line, 2, 3 - median fluxes obtained with MPA-JHU and FADO, 4 - median
differences of the emission line flux between FADO and MPA-JHU, 5, 6 - median of the emission
line flux error in the MPA-JHU and FADO measurements.
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correction and/or errors in the calibration and measurement of the line flux, a

Balmer decrement smaller than the theoretical value can be obtained [3]. On the

other hand, Balmer decrements lower than the theoretical value can indicate a

higher nebular temperature [22]. For this reason, the objects with   862HH .F 

for star-forming galaxies and with   13HH .F   for AGNs were removed from

the sample. The median redshift of the objects used in this study is at 10.~z .

The number of galaxies obtained after applying all the selection criteria are shown

in Table 2.

3. Results. In this section, we compare the fluxes obtained with MPA-JHU

and FADO for all the emission lines used in this paper and also compare the

generated diagnostic diagrams.

3.1. Flux comparisons for the sample. Fig.1 and Table 1 show the

median differences between the line fluxes used to draw the diagnostic diagrams

obtained with FADO and MPA-JHU for the total sample. Overall, FADO recovers

higher fluxes than the MPA-JHU data: the differences are higher for collisionally

excited lines, 0.18 dex (51%) for [OIII] 5007 , 0.06 dex (15%) for [NII] 6548 ,

0.08 dex (20%) for [SII] 6716 , 6731 and 0.19 dex (55%) for [OI] 6300 . The

differences are lower for H  recombination lines between 0.01 dex (2%) against

0.04 dex (10%) for H  (see Table 1). For the H  line, the differences between

Fig.1. Flux comparison for MPA-JHU and FADO of the total sample. Top panels: histograms.

Bottom panels: contour plots showing the fluxes estimated with FADO versus the ratio between
the fluxes obtained with FADO and the MPA-JHU catalogue. The contour plots show 20%, 40%,
60%, 80% and 100% of the sample.
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the fluxes measured by MPA-JHU and FADO and the median errors are

comparable because of the higher fluxes of these emission lines. Fluxes are in

10-17
 erg/s/cm2 unit to be consistent with the MPA-JHU measurements.

3.2. The NII diagnostic diagram. This subsection compares the NII

diagnostic diagrams between MPA-JHU and FADO for Star-forming (SF), com-

posite (COMP), Seyfert and LINER galaxies. The number of galaxies was obtained

by adopting Kewley et al. [3] classification. For NII diagnostic SF galaxies using

Eq. 2. The results from this classification are shown in Table 2: the median log

values of   HNII  are -0.34 and -0.30 for MPA- JHU and FADO, respectively,

for   HOIII  are -0.49 and -0.48 for MPA-JHU and FADO, respectively, as

shown in Fig.2.

The Composite galaxies were obtained by adopting Kewley et al. [3] classifi-

cation, according to Eq. 3, as shown in Table 2. The median log value of   HNII

are -0.14 and -0.08 for MPA-JHU, and FADO respectively, and   HOIII  is -

0.26, and -0.25 for MPA-JHU, and FADO, respectively as shown in Fig.2.

Seyfert galaxies were obtained by selecting galaxies above Eq. 5, as shown in

Fig.2. Contour plot showing the distribution of sources in the NII-BPT (left panels), SII(Middle
panel) and OI (right panels) classification diagrams for MPA-JHU (upper panels) and FADO

(bottom panel). The dashed line, and curved solid line, represent Kauffmann et al. [8], Kewley et
al. [26], respectively. The straight solid line in NII BPT represents Schawinski et al. [27], and in
SII and OI classification diagrams represent Kewley et al. [3] classification line. The contour plots

show the sample's 20%, 40%, 60%, 80% and 100%. The small diamonds indicate the median values
of the line ratios, and the + symbols are error bars for the measurements of the line ratios.
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Table 2. The median log values of   HNII  are 0.65, 0.68 for MPA-JHU and

FADO, respectively, and   HOIII  are -0.10 and -0.10 for MPA-JHU and

FADO, respectively.

The LINER galaxies were obtained by adopting Kewley et al. [3] relation,

the galaxies the values given by Eq. 5 as shown in Table 2. The position of

LINER galaxies in the   HNII  versus   HOIII  diagnostic diagram for both

MPA-JHU and FADO is shown in Fig.2. The median log values of   HNII

are 0.22, and 0.28 for MPA-JHU and FADO, respectively, and   HOIII  are

0.03 and 0.04 for MPA-JHU and FADO, respectively.

       31050HNIIlog610HOIIIlog ...  (2)

       HOIIIlog191470HNIIlog610 ... (3)

and

   3HNIIlog  (4)

     . HOIIIlog450HNIIlog051  .. (5)

3.3. The SII diagnostic diagram. In this subsection, we compare the

SII-diagnostic diagrams for star-forming, composite, Seyfert, and LINER galaxies.

Galaxies are considered star-forming + Composite if they lie below Eq. 6, as

shown in Table 2. The median log values of   HSII  are -0.50, and -0.48 for

MPA-JHU and FADO, respectively, and   HOIII  are -0.30, and -0.25 for

MPA-JHU and FADO, respectively.

Seyfert galaxies were obtained by adopting Kewley et al. [3] relation, using

Eq. 8, as shown in Table 2. The median log values of   HSII  are -0.33 and

-0.30 for MPAJHU and FADO, respectively, and   HOIII  are 0.65 and 0.67

for MPA-JHU and FADO, respectively.

LINER galaxies lie below Eq. 8, as shown in Table 2. The median log values

of   HSII  are -0.11 and -0.05 for MPA-JHU and FADO, respectively, and

  HOIII  is 0.18 and 0.25 for MPA-JHU and FADO, respectively.

      320HSIIlog720HOIIIlog ..  (6)

and

   10HSIIlog31 ..  (7)

     . HOIIIlog301320HSIIlog  .. (8)

3.4. The OI diagnostic diagram. In this subsection, we compare the

OI diagnostic diagrams for star-forming, composite, Seyfert, and LINER galaxies.

The galaxies are said to be star-forming + Composite if they are below the line

(9), the number of galaxies is shown in Table 2. The median log values of

  HOI  are -1.49, and -1.39 for MPA-JHU, and FADO respectively, and for
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  HOIII  are -0.32, and -0.28 for MPA-JHU, and FADO, respectively.

The galaxies above Eq. 11 were selected for OI Seyfert galaxies, and the

number of galaxies is shown in Table 2. The median log values of   HOI  are

-1.07, and -0.98 for MPA-JHU and FADO, respectively, and   HOIII  is 0.59,

and 0.61 for MPA-JHU and FADO, respectively.

OI LINER galaxies are found by selecting galaxies below Eq. 11, the galaxies

obtained are shown in Table 2. The median log values of   HOI  are -0.69,

and -0.64 for MPA-JHU and FADO, respectively, and   HOIII  are 0.06, and

0.12 for MPA-JHU and FADO, respectively.

      590HOIlog730HOIIIlog ..  (9)

and

   750HOIlog331 ..  (10)

     . HOIIIlog31HOIlog  . (11)

The galaxies with S/N > 2 in H  are considered as low S/N star forming [9].

4. Discussion. Fig.1 and column 4 of Table 1 show how FADO obtain

higher fluxes than the MPA-JHU. The overestimation is between 2-50% for

Balmer and forbidden lines, which is slightly higher than the typical errors in

the same lines, which is between 2-10%. The differences are larger for forbidden

lines and less evident for Balmer lines, in particular for H , where the differences

(2%) are comparable with the typical errors in this strong emission line.

Tables 3, 4, and 5 compare the differences in the median of the flux ratio

between FADO and MPA-JHU ( ) and the difference in flux ratio errors between

MPA-JHU and FADO ( ER ) for NII, SII and OI diagnostic diagrams, respec-

tively. It is observed that FADO results in the shifting of the emission line ratio

of all three diagnostic diagrams. The deviation in the measurement for   HNII

is between 7-12%, that is 0.04 dex (10%), 0.06 dex (10%), 0.03 dex (7%), 0.05 dex

       SF       Composite       Seyfert        LINER

Flux Ratio  ER  ER  ER  ER

[NII]/H 0.04 0.02 0.06 0.02 0.03 0.02 0.05 0.03

[OIII]/H 0.01 0.04 0.01 0.06 0.01 0.03 0.01 0.07

Table 3

COMPARISON OF THE DIFFERENCE OF THE MEDIAN OF THE

FLUX RATIO BETWEEN FADO AND MPA-JHU (  ), AND THE

DIFFERENCE OF FLUX RATIO ERRORS BETWEEN MPA-JHU AND

FADO ( ER ) FOR NII DIAGNOSTIC DIAGRAM
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(12%) for star-forming, composite, Seyfert, and LINER galaxies in columns 2, 4,

6, and 8 of Tables 3, 4, and 5, respectively. For   HSII , the deviation of the

flux ratio is between 5-15%. For   HOI , the deviation of the flux ratio is between

12-26%. For   HOIII , the deviation of the flux ratio is between 2-20%.

From Tables 3, 4, and 5, it is observed that in all three diagnostic diagrams,

the difference in the flux ratio between FADO and MPA-JHU is comparable to

the difference in the error in the measurement of the flux ratio. The overesti-

mation of the flux ratio is less significant when compared to the errors in the

flux ratio for all the diagnostic diagrams.

5. Conclusion. In this work, we studied the results of the unique spectral

synthesis code FADO applied to the SDSS-DR8 data set. The results are compared

to the MPA-JHU catalogue, which performed a similar study using purely stellar

codes for the analysis. We have applied the S/N
 
>

 
3 condition for all emission

lines used to draw diagnostic diagrams. The galaxies were classified based on the

activity of the nucleus into Star-forming, Composite, Seyfert, and LINER by

           SF+Composite           Seyfert           LINER

Flux Ratio  ER  ER  ER

[NII]/H 0.02 0.01 0.03 0.01 0.06 0.02

[OIII]/H 0.05 0.04 0.02 0.03 0.07 0.08

Table 4

COMPARISON OF THE DIFFERENCE IN THE MEDIAN OF THE

FLUX RATIO BETWEEN FADO AND MPA-JHU (  ), AND THE

DIFFERENCE IN FLUX RATIO ERRORS BETWEEN MPA-JHU AND

FADO ( ER ) FOR THE SII DIAGNOSTIC DIAGRAM

           SF+Composite           Seyfert           LINER

Flux Ratio  ER  ER  ER

[OI]/H 0.1 0.07 0.09 0.05 0.05 0.03

[OIII]/H 0.04 0.04 0.02 0.02 0.06 0.06

Table 5

COMPARISON OF THE DIFFERENCE OF THE MEDIAN OF THE

FLUX RATIO BETWEEN FADO AND MPA-JHU (  ), AND THE

DIFFERENCE OF FLUX RATIO ERRORS BETWEEN MPA-JHU AND

FADO ( ER ) FOR OI DIAGNOSTIC DIAGRAM



350 P.PRIVATUS  ET  AL.

applying the methods of Kewley et al. [3]. We compared the emission line fluxes

and generated NII, SII and OI diagnostic diagrams using MPA-JHU and FADO.

We show the three diagnostic diagrams for MPA-JHU and FADO in Fig.2. The

significant findings of this study are:

• The inclusion of the nebular component increases the emission line fluxes

of starforming, composite, Seyfert, and LINER galaxies. The differences are higher

for collisionally excited lines, between 15-51%, 0.18 dex (51%) for [OIII] 5007 ,

0.06 dex (15%) for [NII] 6548 , 0.08 dex (20%) for [SII] 6716 , 6731 and 0.19

dex (55%) for [OI] 6300 . These differences are slightly larger than the typical

error measurements of such lines. The differences are less significant for Balmer

lines, where for the H  line the median differences are comparable to the median

errors, around 2%. At least for forbidden lines, including the nebular component

in the analysis can impact the measured fluxes, even considering the measurement

errors.

• Taking into account the nebular continuum by FADO results in the shifting

of the median of the emission line ratio towards higher values. The deviation in

the measurement for   HNII  is between 7-12%, for   HSII  between 5-15%,

for   HOI  between 12-26%, and the   HOIII  differences are between 2-20%.

The difference in the emission line flux ratio between FADO and MPA-JHU is

less significant when compared to the median error in the measurement of the

emission line flux ratios which lie around 2-20%.

This indicates that the usual diagnostic diagrams used to classify the ionisation

state of the galaxies' interstellar medium are mildly affected by the inclusion of

the nebular component in the analysis.
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ÏÅÐÅÑÌÎÒÐÅÍÍÀß ÄÈÀÃÐÀÌÌÀ BPT Â ÐÀÌÊÀÕ
ÑÀÌÎÑÎÃËÀÑÎÂÀÍÍÎÃÎ ÀÍÀËÈÇÀ

Ï.ÏÐÈÂÀÒÓÑ1,4, ×.ÏÀÏÏÀËÀÐÄÎ2,3, Ï.Â.Ê.ÐÀÎ1, Ä.Ò.ÌÀÇÅÍÃÎ1

Ñïåêòðàëüíîå ðàñïðåäåëåíèå ýíåðãèè ãàëàêòèê áûëî èññëåäîâàíî ñ

èñïîëüçîâàíèåì êîäîâ ñïåêòðàëüíîãî ñèíòåçà, êîòîðûå  âàæíû äëÿ âûÿâëåíèÿ

ìíîãèõ àñïåêòîâ ñîâðåìåííûõ ìîäåëåé ýâîëþöèè ãàëàêòèê. Áîëüøèíñòâî

êîäîâ ñïåêòðàëüíîãî ñèíòåçà, ðàçðàáîòàííûõ äî ñèõ ïîð, â îñíîâíîì ó÷èòûâàþò

çâåçäíóþ êîìïîíåíòó è ïðåäïîëàãàþò íåçíà÷èòåëüíûé íåáóëÿðíûé âêëàä  â

îáùèé êîíòèíóóì. FADO (Fitting Analysis using Differential Evolution

Optimisation) - ïåðâûé êîä ñïåêòðàëüíîãî ñèíòåçà, êîòîðûé ñàìîñîãëàñîâàííî

ó÷èòûâàåò îáå êîìïîíåíòû. Äèàãíîñòè÷åñêèå äèàãðàììû ÿâëÿþòñÿ ìîùíûì

èíñòðóìåíòîì äëÿ êëàññèôèêàöèè ãàëàêòèê íà îñíîâå îòíîøåíèé óäàðíî

âîçáóæäàåìûõ ýìèññèîííûõ ëèíèé, òàêèõ êàê [OIII] 5007 , [NII] 6584 ,

[SII] 6716 , 6731, [OI] 6300 , à òàêæå  ðåêîìáèíàöèîííûõ ëèíèé Áàëüìåðà,

òàêèõ êàê H , H . Â äàííîé ñòàòüå èññëåäóåòñÿ âëèÿíèå íåáóëÿðíîãî

êîìïîíåíòà íà äèàãíîñòè÷åñêèå äèàãðàììû. Ïðèâåäåíû ðåçóëüòàòû ïðèìåíåíèÿ

FADO ê äàííûì Sloan Digital Sky Survey Data Release 8, â ñðàâíåíèè ñ

äàííûìè, ïðîàíàëèçèðîâàííûìè MPA-JHU (Max Planck Institute for Astro-

physics è Johns Hopkins University). Îáíàðóæåíî, ÷òî íà âñåõ äèàãíîñòè÷åñêèõ

äèàãðàììàõ ïîòîêè äëÿ FADO âûøå, ÷åì äëÿ MPA-JHU; ðàçíèöà çíà÷èòåëüíà

ïî ñðàâíåíèþ ñ îøèáêîé èçìåðåíèÿ ïîòîêà. FADO ïåðåîöåíèâàåò îòíîøåíèå

ïîòîêîâ âî âñåõ òðåõ äèàãíîñòè÷åñêèõ äèàãðàììàõ ïî ñðàâíåíèþ ñ MPA-JHU,

íî ïåðåîöåíêà ñîïîñòàâèìà ñ îøèáêàìè èçìåðåíèÿ ïîòîêîâ ëèíèé. Ðåçóëüòàòû

óêàçûâàþò íà òî, ÷òî âêëþ÷åíèå íåáóëÿðíîãî êîíòèíóóìà ÿâëÿåòñÿ âàæíûì

ïðè ïîäãîíêå ñïåêòðàëüíîãî  ðàñïðåäåëåíèÿ ýíåðãèè, ïîñêîëüêó ýòî óâåëè÷èâàåò

ïîòîêè âñåõ ãàëàêòèê. Îäíàêî âêëþ÷åíèå àíàëèçà íåáóëÿðíîãî êîìïîíåíòà

îêàçûâàåò íåçíà÷èòåëüíîå âëèÿíèå íà äèàãíîñòè÷åñêèå äèàãðàììû,

èñïîëüçóåìûå äëÿ êëàññèôèêàöèè èîíèçàöèîííîãî ñîñòîÿíèÿ ìåæçâåçäíîé

ñðåäû ãàëàêòèê.

Êëþ÷åâûå ñëîâà: ãàëàêòèêè: äèàãíîñòè÷åñêàÿ äèàãðàììà: íåáóëÿðíîå èçëó÷åíèå
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HATNet SURVEY TRANSITING EXOPLANETS
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We refined the ephemeris of seven transiting exoplanets HAT-P-6b, HAT-P-12b, HAT-P-18b,
HAT-P-22b, HAT-P-32b, HAT-P-33b, and HAT-P-52b. We observed 11 transits from eight
observatories in different filters for HAT-P-6b and HAT-P-32b. Also, the Exoplanet Transit Database
(ETD) observations for each of the seven exoplanets were analyzed, and the light curves of five
systems were studied using Transiting Exoplanet Survey Satellite (TESS) data. We used Exofast-v1
to simulate these ground- and space-based light curves and estimate mid-transit times. We obtained
a total of 11, 175 and 67 mid-transit times for these seven exoplanets from our observations, ETD
and TESS data, respectively, along with 155 mid-transit times from the literature. Then, we generated
transit timing variation (TTV) diagrams for each using derived mid-transit times as well as those found
in the literature. The systems' linear ephemeris was then refined and improved using the Markov Chain
Monte Carlo (MCMC) method. All of the studied exoplanets, with the exception of the HAT-P-12b
system, displayed an increasing trend in the orbital period in the TTV diagrams.

Keywords: planetary systems - planets and satellites

1. Introduction. The number of exoplanets discovered and characterized each

year has been increasing since the results of the first exoplanet detection [1]. "Hot

Jupiters" are an important type of planetary gas giant with masses and radii similar

to Jupiter but orbiting their host stars with short orbital periods (most less than

10 days), making them a good target system to discover and study [2,3]. The transit

technique is the most efficient way to improve our understanding of exoplanets

through ground- and space-based surveys. Furthermore, photometric transit surveys

combined with radial velocity data have become one of the most successful methods

for detecting transiting exoplanets over the past decade [4]. High-precision transit

observations provide information to refine planetary parameters such as the planet's

size, mass, atmosphere, and orbital ephemerides [5,6]. Moreover, photometric transit

surveys allow us to study the variations of the orbital periods through TTV analysis.

Space telescopes have longer available observational time, and they are not affected

by the Earth's atmosphere as well. TESS is one of the most significant space-based

survey missions for the discovery and observation of transiting exoplanets. TESS
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was launched in 2018 to observe new exoplanets orbiting bright nearby stars that

are brighter than Kepler mission stars [7]. Furthermore, when combined with

previous work, this space mission provides precise transit timing for discovered

exoplanets, which is critical for obtaining a better transit ephemeris [8].

Based on our observations, TESS, ETD1, and literature observations, we

updated orbital ephemeris for the HAT-P-6b, HAT-P-12b (TESS ID 198108326),

HAT-P-18b (TESS ID 21744120), HATP-22b (TESS ID 252479260), HAT-P-

32b, HAT-P-33b (TESS ID 239154970), and HAT-P-52b (TESS ID 436875934).

These exoplanets were discovered by the Hungarian-made Automated Telescope

Network (HATNet) survey.

2. Observations and method.

2.1. Observation and data reduction. Observations in this study have

been made regarding exoplanets HAT-P-6b and HAT-P-32b during the years 2018

to 2022. A total of nine observation nights have been done for these two

exoplanets; five and four nights for HAT-P-6b and HAT-P-32b, respectively. All

these photometric observations have been done with small telescopes at eight

observatories. We used CCD and standard filters in these observations. The

information about the observatories, telescopes, CCDs, and data reduction software

that we used is listed in Table 1. In Table 1, an abbreviated name has been

determined for each observatory just to identify them in this study. The basic data

reduction for the dark, bias, and flat field of each CCD image was carried out

in accordance with the standard technique.

1 http://var2.astro.cz/ETD/

Observatory Telescope CCD Data reduction Software

Rasteau Observatory, France (RO) PlaneWave CDK 17" SBIG STXL11004 Muniwin/C-munipack

Montcabrer private observatory, Spain (MO) SCT 12" SBIG ST8-XME Fotodif

Observatori Astronomic Albanyà, Spain (AA) Meade ACF 16" Moravian Instruments Fotodif

G4-9000

Astronomical Observatory, University MCT 300 mm SBIG STL-6303 Muniwin/C-munipack

of Siena (K54), Italy (AO)

Observatoire des Baronnies Provençales, Cassegrain 430 mm Zwo ASI6200 Muniwin/C-munipack

France (BO) Pro mono

Private Observatory, Czech Republic (PO) 400 mm SBIG ST-10 XME AstroImageJ 3.2.10

Crow-Observatory Vranová, NWT 300 mm Moravian Instruments Muniwin/C-munipack

Czech Republic (CO) G2-3200

Taurus Hill Observatory, Finland (TO) SCT 14" SBIG ST-8 XME AIP4Win v2.4.10

Table 1

THE OBSERVATORIES OF THIS STUDY AND THE INSTRUMENTS

THAT WERE EMPLOYED
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2.2. ETD data. To obtain the refined orbital ephemeris of selected HATNet

exoplanets, we also collected also light curves, which were sourced from astrono-

mers through the ETD archive [9]. Light curves were obtained from various filters

and time scales. We used data in ETD that we were confident enough to be

appropriate; for example, we did not use data whose declared time was less than

three digits. We used those which generally have a quality index (DQ) of less

than three [9]. All times in the data were converted from JD or HJD to BJD
TDB

based on the geographic location of observation and RA(J2000) and DEC(J2000)

from the Simbad2 astronomical database.

In some ETD light curves, the airmass effect has been ignored, so airmass

must be calculated based on the observers' location, which influences and improves

the measured mid-transit times of related light curves. Therefore, we computed

the airmass using the Astropy package in Python [10].

2.3. TESS data. Five of these exoplanets were observed by TESS, and

HAT-P-6b, and HAT-P-32b have no TESS data yet. TESS observed the five host

stars at 120-second cadences. We collected TESS data from the Mikulski space

telescope archive (MAST). TESS style curves were extracted by LightKurve3 code

from the MAST Python package.

2.4. Method. We relied on the AstroImageJ software [11] to normalize all

of the data. Fig.1 shows the folded TESS light curves for five selected exoplanets.

2 http://simbad.u-strasbg.fr/simbad/
3 https://docs.lightkurve.org/

Exoplanet Observatory T
c 
(BJD

TDB
) Error Filter Eopch O-C

HAT-P-6b MO 2455430.46458 0.00110 Optec R cousins 362 0.0075
HAT-P-6b RO 2458312.50536 0.00063 Baader imaging J 1110 0.0155
HAT-P-6b AA 2458389.56389 0.00101 BaaderJ-CV 1130 0.0143
HAT-P-6b AO 2459441.43053 0.00101 Johnsons-Cousins I 1403 0.0161
HAT-P-6b RO 2459441.43128 0.00095 Baader imaging R 1403 0.0168
HAT-P-6b RO 2459468.40283 0.00124 Baader imaging R 1410 0.0175
HAT-P-32b CO 2459107.46235 0.00097 Johnsons-Cousins R

c
2180 -0.0015

HAT-P-32b TO 2459191.31427 0.00034 Baader Bessell 2219 0.0001
photometric R

HAT-P-32b BO 2459507.36578 0.00017 Johnsons-Cousins V 2366 0.0005
HAT-P-32b PO 2459593.36707 0.00024 Johnsons-Cousins R

c
2406 0.0015

HAT-P-32b BO 2459593.37024 0.00041 Johnsons-Cousins R
c

2406 0.0046

Table 2

EXTRACTED GROUND-BASED TRANSIT TIMES FOR HAT-P-6b

AND HAT-P-32b IN THIS STUDY
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Finally, all ground- and space-based light curves were applied to Exofast-v1 [12]

for modeling purposes; as a consequence, the output mid-transit times and

associated uncertainties were employed. Fig.2 provides an example of a modeled

Fig.1. Folded TESS light curves in each sector of all selected exoplanets were obtained from

the LightKurve code.

Fig.2. Left: HAT-P-33b observational and theoretical light curves using TESS sector 45 data;
Right: The observational light curve of HAT-P-32b from this study in the V filter and the

theoretical light curve.
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observation of TESS and this study's observation. The extracted transit midtimes from

our observations and TESS data are provided in Tables 2 and 3. Tables 5-11 include

the literature and ETD transit mid-times.

We plotted TTV diagrams for seven selected exoplanets using derived mid-

transit times and those available within the literature. Our MCMC (Markov chain

Monte Carlo) analysis of these timings enabled us to refine the linear ephemeris

of the systems. We applied the MCMC method, or sampling from the posterior

Exoplanet T
c 
(BJD

TDB
) Error Epoch O-C Exoplanet T

c 
(BJD

TDB
) Error Epoch O-C

HAT-P-12b 2458933.54320 0.00053 1405 -0.0014 HAT-P-33b 2459506.13961 0.00051 1265 0.0040

HAT-P-12b 2458936.75601 0.00052 1406 -0.0016 HAT-P-33b 2459509.61506 0.00052 1266 0.0050

HAT-P-12b 2458939.96969 0.00048 1407 -0.0010 HAT-P-33b 2459516.56424 0.00058 1268 0.0053

HAT-P-12b 2458946.39512 0.00055 1409 -0.0017 HAT-P-33b 2459520.03824 0.00054 1269 0.0048

HAT-P-12b 2458949.60784 0.00050 1410 -0.0020 HAT-P-33b 2459523.51230 0.00048 1270 0.0044

HAT-P-12b 2458952.82114 0.00048 1411 -0.0018 HAT-P-33b 2459526.98761 0.00052 1271 0.0052

HAT-P-18b 2458989.25305 0.00059 776 0.0055 HAT-P-33b 2459530.46206 0.00057 1272 0.0052

HAT-P-18b 2458994.76038 0.00048 777 0.0048 HAT-P-33b 2459533.93584 0.00055 1273 0.0045

HAT-P-18b 2459005.77787 0.00050 779 0.0062 HAT-P-33b 2459537.41024 0.00057 1274 0.0044

HAT-P-18b 2459011.28554 0.00051 780 0.0059 HAT-P-33b 2459540.88529 0.00065 1275 0.0050

HAT-P-18b 2459016.79255 0.00059 781 0.0048 HAT-P-33b 2459544.35953 0.00062 1276 0.0048

HAT-P-18b 2459027.80975 0.00060 783 0.0060 HAT-P-33b 2459547.83335 0.00063 1277 0.0041

HAT-P-18b 2459033.31868 0.00060 784 0.0069 HAT-P-33b 2459554.78399 0.00053 1279 0.0058

HAT-P-22b 2458871.63055 0.00020 1227 0.0166 HAT-P-33b 2459558.25712 0.00055 1280 0.0044

HAT-P-22b 2458874.84229 0.00018 1228 0.0161 HAT-P-33b 2459561.73071 0.00057 1281 0.0036

HAT-P-22b 2458878.05478 0.00018 1229 0.0164 HAT-P-33b 2459568.68054 0.00053 1283 0.0044

HAT-P-22b 2458881.26687 0.00019 1230 0.0163 HAT-P-33b 2459572.15466 0.00054 1284 0.0041

HAT-P-22b 2458887.69120 0.00017 1232 0.0161 HAT-P-33b 2459575.63036 0.00053 1285 0.0053

HAT-P-22b 2458890.90361 0.00020 1233 0.0163 HAT-P-33b 2459582.57829 0.00053 1287 0.0043

HAT-P-22b 2458894.11620 0.00018 1234 0.0167 HAT-P-33b 2459586.05330 0.00053 1288 0.0048

HAT-P-22b 2458897.32739 0.00020 1235 0.0157 HAT-P-33b 2459589.52750 0.00051 1289 0.0046

HAT-P-22b 2459613.65575 0.00019 1458 0.0190 HAT-P-33b 2459599.95038 0.00055 1292 0.0040

HAT-P-22b 2459616.86844 0.00018 1459 0.0194 HAT-P-33b 2459603.42543 0.00053 1293 0.0046

HAT-P-22b 2459620.08042 0.00018 1460 0.0192 HAT-P-52b 2459475.83726 0.00205 1316 0.0026

HAT-P-22b 2459626.50524 0.00016 1462 0.0196 HAT-P-52b 2459478.59303 0.00204 1317 0.0048

HAT-P-22b 2459629.71736 0.00016 1463 0.0195 HAT-P-52b 2459489.60804 0.00179 1321 0.0054

HAT-P-22b 2459632.92936 0.00017 1464 0.0193 HAT-P-52b 2459492.35880 0.00239 1322 0.0026

HAT-P-33b 2458845.98935 0.00055 1075 0.0038 HAT-P-52b 2459495.11585 0.00202 1323 0.0060

HAT-P-33b 2458849.46501 0.00051 1076 0.0050 HAT-P-52b 2459500.61943 0.00171 1325 0.0024

HAT-P-33b 2458852.93919 0.00053 1077 0.0047 HAT-P-52b 2459503.37368 0.00163 1326 0.0031

HAT-P-33b 2458859.88850 0.00051 1079 0.0051 HAT-P-52b 2459506.12841 0.00149 1327 0.0042

HAT-P-33b 2458863.36179 0.00051 1080 0.0039 HAT-P-52b 2459508.87918 0.00163 1328 0.0014

HAT-P-33b 2458866.83641 0.00054 1081 0.0041 HAT-P-52b 2459514.38955 0.00156 1330 0.0045

HAT-P-33b 2459502.66693 0.00052 1264 0.0058

Table 3

EXTRACTED TESS TRANSIT TIMES FOR FIVE EXOPLANETS
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Fig.3. The TTV diagrams of seven studied exoplanets with the linear fit on the data points and

posterior distributions for the fitted parameters using MCMC (dT and dP).
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probability distributions of the coefficients (100 walkers, 10000 step number, and

1000 burn-in) using the Pymc3 package in Python [13]. Fig.3 shows all TTV-

diagrams of studied exoplanets and also displays the posterior distributions for the

fitted parameters using the MCMC method (dT and dP).

3. Refined transit ephemeris. Follow-up observations of known transiting

exoplanets, either with photometry or high-resolution spectroscopy, are an impor-

tant issue. Accordingly, a growing quantity of this data provides the refined physical

planetary properties, formation, and evolution processes of these exoplanets. Since

the orbital ephemeris of exoplanets demonstrates their places in their orbits,
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refinement of the exoplanet's ephemeris would be a key factor for the prediction

of future transit events.

Based on the reference ephemeris for each exoplanet, epochs, and O-Cs are

calculated. According to extracted mid-transit times, we can compute a new

ephemeris by a well-known linear relation (1),

, 0 PETTc  (1)

where T
0
 is considered as the reference mid-transit time, P and E are the orbital

period and the number of epochs passed since T
0
, respectively. New ephemeris

and reference ephemeris for exoplanets are given in Table 4.

3.1. HAT-P-6b. The exoplanet HAT-P-6b is a "hot Jupiter" with a radius

of 1.33±0.06 R
J
 and a mass of 1.06±0.12 M

J
 [14], which was based on the

primary transit method's results. According to a report by [14] on the charac-

teristics of the planet and its host star, e = 0.046 ± 0.031 indicates that the planet's

orbit is almost circular. Transit light curves for this exoplanet and refitted available

photometry data with their new and literature mid-transit times collected in [19].

The discovery of these objects was announced in the study [14]. A revised orbital

period and mid-transit time for this exoplanet were also updated by [20].

We collected the high-quality mid-transit times that were previously published

in the literature, and the mid-transit times resulted from the modeling of ETD

light curves for plotting an updated TTV diagram. We extracted a total of six mid-

transit times from our observations and 13 mid-transit from ETD. We note that

this exoplanet has not had TESS data.

3.2. HAT-P-12b. In [15] the transit method is used to discover the

exoplanet HAT-P-12b, which orbits a dwarf star. According to the results of the

discovery paper, HAT-P-12b is one of the least massive gas giant planets that was

Exoplanet New ephemeris (BJD
TDB

) Reference ephemeris (BJD
TDB

)

HAT-P-6b 2454035.6769526(3) + 3.85300(15)E 2454035.67652(28) + 3.852985(5)E [14]
HAT-P-12b 2454419.19585(6) + 3.21305852(8)E 2454419.19556(20) + 3.2130598(21)E [15]
HAT-P-18b 2454715.022802(97) + 5.5080288(2)E 2454715.02174(20) + 5.508023(6)E [16]
HAT-P-22b 2454930.22043(16) + 3.2122330(1)E 2454930.22001(25) + 3.212220(9)E [17]
HAT-P-32b 2454420.44713(6) + 2.15000821(5)E 2454420.44637(9) + 2.150008(1)E [16]
HAT-P-33b 2455110.92683(12) + 3.4744769(1)E 2455110.92595(22) + 3.474474(1)E [16]
HAT-P-52b 2455852.10370(23) + 2.7535989(3)E 2455852.10326(41) + 2.7535953(94)E [18]

Table 4

THE NEW EPHEMERIS DERIVED BY A LINEAR FIT ON THE TTV

DIAGRAM OF EACH EXOPLANET AND REFERENCE EPHEMERIS

FOR COMPUTING EPOCHS AND THE TTV VALUES
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found until its discovery and is an exoplanet of the sub-Saturn type. The J band

photometry study by [21] of this exoplanet obtained the precise mid-transit time

to constrain the transit-time variations of the HAT-P-12b system. Lee et al. [22]

observed three new transit light curves of HAT-P-12b, and with existing literature

data, they came up with an improved ephemeris. Lee et al.  [22] also refined

the absolute physical properties of the star-planet system. Sada et al. [23] updated

the ephemeris of HAT-P-12b according to six transits for this system by applying

a least-squares linear fit to all available transit times. According to their results,

no long-term TTVs were apparent. Mallonn et al. [24] studied HATP-12b in

bands V and I to investigate the transmission spectrum of this system. Mallonn

et al. [24] observed 23 new photometric transit light curves, and analysis showed

no indication of star-spot influence on the calculated transit parameters. Alexoudi

et al. [25] studied this exoplanet's atmosphere. In fact, the goal of this research

was to specify an appropriate solution for future studies of other exoplanetary

Table 5

TRANSIT TIMES OF HAT-P-6b

T
c 
(BJD

TDB
) Error Epoch O-C Ref./ETD Observer T

c 
(BJD

TDB
) Error Epoch O-C Ref./ETD Observer

2454035.67648 0.00027 0 0.0000 [19] 2455160.75292 0.00034 292 0.0048 KPNO 2.1m

2454035.67652 0.00028 0 0.0000 [14] 2455430.45630 0.00180 362 -0.0008 [20]

2454347.76839 0.00042 81 0.0001 [19] 2455430.46118 0.00100 362 0.0041 R.Dřevěný

2454698.39160 0.00110 172 0.0017 [19] 2455430.46570 0.00130 362 0.0086 TRESCA

2454740.77668 0.00063 183 0.0039 UDEM 2455430.46701 0.00100 362 0.0099 P.Veres

2455064.42616 0.00119 267 0.0026 L.Brát 2456193.35362 0.00077 560 0.0055 Poddaný, Moudrá

2455064.42751 0.00089 267 0.0040 J.Trnka, M.Klos 2456208.76626 0.00063 564 0.0062 J.Garlitz

2455064.42843 0.00061 267 0.0049 Brát et al. 2457603.55511 0.00111 926 0.0145 J.L.Salto

2455064.43067 0.00134 267 0.0072 R.Dřevěný, T.Kalisch 2459495.37153 0.00076 1417 0.0153 M.Raetz

T
c 
(BJD

TDB
) Error Epoch O-C Ref./ETD Observer T

c 
(BJD

TDB
) Error Epoch O-C Ref./ETD Observer

2454715.02174 0.00020 0 0.0000 [29] 2456455.56573 0.00075 316 0.0087 R.Naves

2455662.40408 0.00054 172 0.0024 V.P.Hentunen 2456780.53283 0.00089 375 0.0025 F.G.Horta

2455673.41967 0.00124 174 0.0019 [31] 2456780.53350 0.00073 375 0.0031 CAAT

2455695.45273 0.00081 178 0.0029 A.Ayiomamitis 2456780.53981 0.00128 375 0.0094 A.Carreno

2455706.46499 0.00077 180 -0.0009 C.Lopresti 2457116.52736 0.00073 436 0.0076 J.Gonzalez

2455706.46993 0.00080 180 0.0040 [31] 2457149.56917 0.00092 442 0.0013 M.Deldem

2455717.48233 0.00177 182 0.0004 A.L.Marrero 2457276.25646 0.00010 465 0.0040 [35]

2455728.49780 0.00100 184 -0.0002 V.Benishek 2457474.54607 0.00046 501 0.0048 Signoret, Pioppa

2455739.52081 0.00080 186 0.0068 F.C.Pecharromán 2457485.56256 0.00067 503 0.0053 Molina, Sureda

2456042.45973 0.00124 241 0.0044 F.G.Horta 2457485.56424 0.00084 503 0.0069 D.Molina

2456053.47276 0.00084 243 0.0014 [31] 2457507.59220 0.00019 507 0.0028 [32]

2456086.51856 0.00125 249 -0.0009 [31] 2457843.58653 0.00090 568 0.0077 Scaggiante, Zardin

2456097.53468 0.00074 251 -0.0008 T.Scarmato 2458559.62466 0.00111 698 0.0029 S.Dufoer

2456400.48452 0.00108 306 0.0077 V.Popov 2458730.37292 0.00129 729 0.0024 B.Andreas

2456411.49638 0.00084 308 0.0036 [31] 2459352.78320 0.00090 842 0.0061 [33]

Table 6

TRANSIT TIMES OF HAT-P-18b
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atmospheres. Spectroscopic observations using the Large Binocular Telescope

(LBT) were done by [26] to obtain an atmosphere transmission spectrum of this

exoplanet. They found no evidence of Na or K absorption features in the relatively

flat transmission spectrum, which is in agreement with the HST transmission

spectrum. Furthermore, Sariya et al. [27] included six new mid-transit times to

determine a new ephemeris by a linear fit to a satisfactory level. Baxter et al.

[28] also reported an infrared transmission photometry of HAT-P-12b with the

other 48 exoplanets with the largest analysis of Spitzer/IRAC observations to study

the influence of infrared photometry on atmospheric chemical properties.

We used mid-transit times conducted from the modeling of ETD light curves

and TESS in association with data published in previous literature for plotting a

new TTV diagram. We extracted 27 mid-transit times from ETD and 6 mid-transit

times from sector 23 of TESS for HAT-P-12b.

3.3. HAT-P-18b. HAT-P-18b is a low-density Saturn-mass exoplanet

orbiting a supersolar metallicity K2 dwarf star [29]. The discovery observations

of this exoplanet have been made by [29] using the transit method to obtain the

orbital and physical properties of the system. Authors [29] reported a non-zero

(e = 0.084 ± 0.048) eccentricity for HAT-P-18b. Complementary new photometric

observations of the full transit were also analyzed by [30] in order to independently

estimate the parameters of the host star and HAT-P-18b. Seeliger et al. [31]

performed the TTV study of HAT-P-18b with a limited number of existing high-

T
c 
(BJD

TDB
) Error Epoch O-C Ref./ETD Observer T

c 
(BJD

TDB
) Error Epoch O-C Ref./ETD Observer

2454930.22001 0.00025 0 0.0000 [17] 2457734.50182 0.00044 873 0.0137 V.P.Hentunen

2455601.57849 0.00079 209 0.0045 L.Brát 2457779.47248 0.00075 887 0.0133 D.Molina

2455614.43147 0.00126 213 0.0086 L.Brát 2457840.50512 0.00099 906 0.0138 M.Raetz

2455694.73397 0.00112 238 0.0056 S.Shadic, M.Butler 2458171.36382 0.00094 1009 0.0138 V.P.Hentunen

2455935.64851 0.00113 313 0.0036 S.Shadic 2458537.55631 0.00064 1123 0.0132 F.Campos

2455948.50056 0.00126 317 0.0068 G.Marino 2458550.40688 0.00053 1127 0.0149 J.Gaitan

2456298.63509 0.00098 426 0.0094 G.M.Schteinman 2458929.44872 0.00075 1245 0.0148 M.Theusner

2456327.53684 0.00066 435 0.0011 J.Lozano de Haro 2458945.50651 0.00071 1250 0.0115 M.Theusner

2456346.81517 0.00140 441 0.0061 [38] 2458945.51538 0.00117 1250 0.0204 A.Wunsche

2456356.45198 0.00059 444 0.0063 A.Ayiomamitis 2458945.51541 0.00055 1250 0.0204 Y.Jongen

2456391.78736 0.00088 455 0.0072 S.Shadic 2458945.51741 0.00106 1250 0.0224 M.Raetz

2456671.25040 0.00020 542 0.0071 [36] 2458974.42843 0.00083 1259 0.0234 Scaggiante, Zardin

2456687.31391 0.00055 547 0.0096 V.P.Hentunen 2459202.49043 0.00142 1330 0.0178 V.Perroud

2456706.58936 0.00090 553 0.0117 [37] 2459276.36752 0.00079 1353 0.0138 Scaggiante, Zardin

2456738.70941 0.00062 563 0.0095 [38] 2459276.37348 0.00044 1353 0.0198 M.Raetz

2457024.58745 0.00090 652 0.0000 CAAT 2459308.49480 0.00049 1363 0.0189 M.Bachschmidt

2457024.59630 0.00105 652 0.0089 R.N.Nogues 2459308.49839 0.00110 1363 0.0225 Y.Jongen

2457127.38972 0.00132 684 0.0112 A.Valdera

Table 7
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quality data and they presented ground-based transmission spectroscopy of HAT-

P-18b. This exoplanet was described as a "hot Jupiter" by [32], who also found

Rayleigh-scattering in the atmosphere, and their results confirmed that ground-

based observations are suitable to determine the opacity sources of exoplanets’

atmospheres. Edwards et al. [33] observed HAT-P-18b as a part of the original

research by the young twinkle students (ORBYTS) program to refine its transit

ephemerides. The atmosphere of this exoplanet has been studied by [34]. More-

Tc (BJDTDB) Error Epoch O-C Ref./ETD Observer Tc (BJDTDB) Error Epoch O-C Ref./ETD Observer

2454187.85647 0.00061 -72 0.0012 [15] 2456732.59827 0.00063 720 -0.0003 [24]

2454216.77343 0.00023 -63 0.0006 [15] 2456735.81023 0.00029 721 -0.0014 [27]

2454419.19556 0.00020 0 0.0000 [15] 2456745.45299 0.00046 724 0.0021 G.Corfini

2454869.02462 0.00033 140 0.0007 [15] 2456745.45375 0.00074 724 0.0029 A.Valdera

2454897.94297 0.00057 149 0.0015 [15] 2456764.72820 0.00040 730 -0.0010 [27]

2454965.41502 0.00062 170 -0.0007 H.Kučáková 2456793.64833 0.00092 739 0.0016 [24]

2455347.76929 0.00021 289 -0.0006 [21] 2456806.49642 0.00062 743 -0.0026 [24]

2455630.51929 0.00011 377 0.0002 [24] 2456806.49815 0.00019 743 -0.0008 [24]

2455646.58184 0.00049 382 -0.0026 Š.Gajdoš, J.Világi 2456809.71238 0.00045 744 0.0003 [23]

2455649.79746 0.00020 383 0.0000 [27] 2457063.54386 0.00040 823 0.0001 M.Bretton

2455649.79770 0.00035 383 0.0002 [22] 2457124.59055 0.00039 842 -0.0014 M.Bretton

2455659.43649 0.00044 386 -0.0002 [24] 2457217.76896 0.00057 871 -0.0017 [27]

2455659.43650 0.00037 386 -0.0001 J.Ruiz 2457516.58394 0.00031 964 -0.0013 [25]

2455665.86227 0.00037 388 -0.0005 [22] 2457529.43692 0.00016 968 -0.0005 M.Bretton

2455669.07486 0.00080 389 -0.0010 [27] 2457831.46339 0.00037 1062 -0.0017 [25]

2455675.50436 0.00047 391 0.0024 [24] 2457834.67573 0.00042 1063 -0.0024 [25]

2455678.71382 0.00041 392 -0.0012 [27] 2457837.88977 0.00095 1064 -0.0014 [26]

2455678.71462 0.00047 392 -0.0004 [23] 2457847.53037 0.00025 1067 0.0000 M.Bretton

2455691.56661 0.00022 396 -0.0006 [24] 2457876.44558 0.00036 1076 -0.0023 [25]

2455694.78089 0.00029 397 0.0006 [22] 2457879.66160 0.00036 1077 0.0006 [25]

2455707.63244 0.00027 401 -0.0001 [24] 2457892.51113 0.00046 1081 -0.0021 [25]

2455720.48443 0.00015 405 -0.0003 [24] 2457892.51191 0.00012 1081 -0.0013 [25]

2455736.54999 0.00030 410 -0.0001 [24] 2457892.51258 0.00041 1081 -0.0006 [25]

2455964.67787 0.00059 481 0.0005 [24] 2457908.57706 0.00040 1086 -0.0014 [25]

2456006.44644 0.00062 494 -0.0007 V.Přibík 2457940.70759 0.00036 1096 -0.0015 [25]

2456006.44779 0.00012 494 0.0007 [24] 2458223.46181 0.00092 1184 0.0034 V.Hentunen

2456041.79018 0.00037 505 -0.0006 [23] 2458541.55104 0.00042 1283 -0.0002 Y.Jongen

2456051.42937 0.00048 508 -0.0006 [24] 2458570.46838 0.00042 1292 -0.0004 Y.Jongen

2456054.64202 0.00060 509 -0.0010 [24] 2458859.64077 0.00055 1382 -0.0034 V.Hentunen

2456070.70792 0.00035 514 -0.0004 [23] 2458904.62566 0.00033 1396 -0.0014 Y.Jongen

2456083.55936 0.00065 518 -0.0012 [24] 2458933.54260 0.00047 1405 -0.0020 M.Raetz

2456086.77329 0.00051 519 -0.0003 [23] 2458933.54500 0.00064 1405 0.0004 Y.Jongen

2456359.88215 0.00014 604 -0.0015 [28] 2458933.54535 0.00076 1405 0.0008 R.F.Auer

2456363.09540 0.00019 605 -0.0013 [28] 2458946.39354 0.00065 1409 -0.0033 M.Raetz

2456388.80064 0.00048 613 -0.0006 [24] 2458946.39547 0.00062 1409 -0.0013 Y.Jongen

2456388.80101 0.00081 613 -0.0002 [24] 2458946.39639 0.00043 1409 -0.0004 M.Bretton

2456462.70081 0.00050 636 -0.0008 [23] 2458946.39685 0.00104 1409 0.0000 F.Salvaggio

2456716.53165 0.00033 715 -0.0017 [24] 2458962.46093 0.00031 1414 -0.0012 M.Raetz

2456732.59741 0.00023 720 -0.0012 [24] 2459296.61925 0.00038 1518 -0.0011 Y.Jongen

2456732.59765 0.00011 720 -0.0010 [24] 2459309.47053 0.00046 1522 -0.0020 M.Bachschmidt

2456732.59796 0.00009 720 -0.0007 [24] 2459309.47209 0.00044 1522 -0.0005 Montigiani,Mannucci

2456732.59811 0.00028 720 -0.0005 [24] 2459354.45314 0.00034 1536 -0.0023 Y.Jongen

Table 8
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over, Kokori et al. [35] derived the refined ephemeris from observations provided

by the ExoClock network in combination with previous literature data.

For HAT-P-18b, we obtained seven mid-transit times from sectors 25 and 26

of TESS, and 21 mid-transit times from ETD.

3.4. HAT-P-22b. Bakos et al. [17] reported the discovery of the exoplanet

HAT-P-22b. It is among the moderately massive and compact "hot Jupiters",

orbiting a fairly metal-rich dwarf star with a V = 9.732 magnitude. Hinse et al.

[36] presented the first photometric follow-up observation of bright transiting

exoplanets by using a defocusing technique. Following this, Baştürk et al. [37]

performed a follow-up transit observation using a defocusing technique and they

derived one complete transit and computed the mid-transit times for HAT-P-22b.

The near-UV and optical photometric observations of HAT-P-22b were made by

Turner et al. [38] to study the atmosphere of this exoplanet. Turner et al. [38]

also refined the planetary parameters and ephemerides of HAT-P-22b "hot

Jupiter". Accordingly, all derived parameters were in agreement with the discovery

values by [17], and any non-spherical asymmetries were not seen in their data.

In order to plot a TTV diagram for this exoplanet, we extracted 30 and 14

mid-transit times resulting from the modeling of ETD and TESS light curves

(sectors 21 and 48), respectively, as well as data from previous publications.

3.5. HAT-P-32b. The planet HAT-P-32b was discovered by the HATNet

survey in 2011 and it is a "hot Jupiter" exoplanet orbiting a late-F-early-G dwarf

star with V = 11.289 magnitude. In this discovery, radial velocity measurements

were taken with High-Resolution Echelle Spectrometer and transit model [39] was

used in order to describe the HATNet photometry [16]. Sada et al. [21] presented

a JH-band photometry observation of HAT-P-32b and extracted precise mid-

transit times. Sada et al. [21] declared that HAT-P-32b system parameters were

in agreement with those reported in the [16] study and derive a period of this

exoplanet with improved uncertainty. Following this, Gibson et al. [40] reported

T
c 
(BJD

TDB
) Error Epoch O-C Ref./ETD Observer T

c 
(BJD

TDB
) Error Epoch O-C Ref./ETD Observer

2455852.10326 0.00041 0 0.0000 [18] 2457727.30532 0.00049 681 0.0037 M.Bretton

2455995.29102 0.00031 52 0.0008 [47] 2457749.32972 0.00193 689 -0.0007 [48]

2457311.51042 0.00142 530 0.0017 [48] 2458060.48649 0.00155 802 -0.0002 [48]

2457336.29302 0.00277 539 0.0019 [48] 2458140.34268 0.00137 831 0.0017 [48]

2457336.29562 0.00164 539 0.0045 M.Bretton 2458140.34636 0.00214 831 0.0054 [48]

2457399.62421 0.00133 562 0.0004 [48] 2458429.47243 0.00066 936 0.0040 P.Guerra

2457413.39279 0.00091 567 0.0010 [48] 2458531.35748 0.00170 973 0.0060 M.Raetz

2457724.55292 0.00121 680 0.0049 R.Naves 2459167.44167 0.00098 1204 0.0097 S.Gudmundsson

2457727.30439 0.00107 681 0.0027 [48] 2459514.39070 0.00048 1330 0.0057 A.Wünsche

Table 9
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T
c 
(BJD

TDB
) Error Epoch O-C Ref./ETD Observer T

c 
(BJD

TDB
) Error Epoch O-C Ref./ETD Observer

2454420.44637 0.00009 0 0.0000 [16] 2456600.55546 0.00017 1014 0.0010 [41]

2455796.45134 0.00092 640 -0.0001 Moudrá,Sobotka 2456600.55612 0.00033 1014 0.0016 P.Benni

2455839.45347 0.00101 660 0.0018 [41] 2456611.30423 0.00064 1019 -0.0003 F.G.Horta

2455843.75341 0.00019 662 0.0017 [41] 2456615.60935 0.00034 1021 0.0048 M.Perchak

2455843.75341 0.00019 662 0.0017 [21] 2456617.75617 0.00042 1022 0.0016 S.Shadick

2455845.90287 0.00024 663 0.0012 [41] 2456628.50585 0.00031 1027 0.0013 [41]

2455845.90287 0.00024 663 0.0012 [21] 2456637.10480 0.00023 1031 0.0002 [42]

2455845.90314 0.00040 663 0.0015 [41] 2456639.25687 0.00046 1032 0.0022 Aldi, Leo, Bozza

2455845.90314 0.00040 663 0.0015 [21] 2456656.45533 0.00045 1040 0.0006 [41]

2455852.35180 0.00073 666 0.0001 A.Brosio 2456656.45798 0.00064 1040 0.0033 R.Naves

2455856.65098 0.00029 668 -0.0007 S.Shadick 2456957.45714 0.00044 1180 0.0013 E.D.Alonso

2455858.80105 0.00039 669 -0.0007 S.Shadick 2456959.60773 0.00024 1181 0.0019 C.G.J.Dibon

2455860.95425 0.00034 670 0.0025 S.Shadick 2456972.50716 0.00069 1187 0.0013 F.G.Horta

2455867.40301 0.00073 673 0.0013 [41] 2456998.30682 0.00029 1199 0.0009 M.Salisbury

2455880.30170 0.00035 679 -0.0001 G.Corfini 2457009.05775 0.00080 1204 0.0017 [42]

2455880.30267 0.00033 679 0.0009 [41] 2457013.35882 0.00042 1206 0.0028 F.Campos

2455895.35249 0.00080 686 0.0006 [41] 2457024.10743 0.00046 1211 0.0014 [42]

2455895.35297 0.00016 686 0.0011 [41] 2457245.55959 0.00028 1314 0.0027 M.Bretton

2455897.50328 0.00033 687 0.0014 [41] 2457286.40911 0.00032 1333 0.0021 M.Salisbury

2455910.40274 0.00043 693 0.0008 [41] 2457303.60475 0.00055 1341 -0.0024 F.Signoret

2455912.54988 0.00147 694 -0.0020 R.Naves 2457342.30813 0.00054 1359 0.0009 M.Bretton

2455923.30295 0.00031 699 0.0010 [41] 2457372.41074 0.00069 1373 0.0034 D.Molina

2455940.50354 0.00109 707 0.0015 R.Naves 2457385.31188 0.00036 1379 0.0045 M.Bretton

2455942.65179 0.00113 708 -0.0002 [41] 2457396.05803 0.00091 1384 0.0006 [42]

2455942.65287 0.00064 708 0.0008 [41] 2457415.40279 0.00081 1393 -0.0047 J.Gaitan

2455942.65443 0.00051 708 0.0024 D.Zaharevitz 2457660.50761 0.00057 1507 -0.0008 R.Roy

2456155.50385 0.00026 807 0.0010 [41] 2457660.50931 0.00049 1507 0.0009 M.Deldem

2456157.65470 0.00072 808 0.0019 [41] 2457664.80650 0.00255 1509 -0.0019 M.Fowler

2456170.55416 0.00089 814 0.0013 F.Centenera 2457692.76393 0.00187 1522 0.0054 M.Fowler

2456177.00392 0.00025 817 0.0010 [40] 2457725.00958 0.00017 1537 0.0009 W.Kang

2456183.45361 0.00049 820 0.0007 [41] 2457759.41008 0.00034 1553 0.0013 V.P.Hentunen

2456183.45364 0.00085 820 0.0007 [41] 2457772.30878 0.00034 1559 -0.0001 M.Bretton

2456185.60375 0.00033 821 0.0008 [41] 2458004.51187 0.00057 1667 0.0022 F.G.Horta

2456211.40267 0.00214 833 -0.0004 [41] 2458021.71057 0.00027 1675 0.0008 O.Cooper

2456211.40361 0.00056 833 0.0006 [41] 2458088.36081 0.00032 1706 0.0008 P.Guerra

2456220.00440 0.00019 837 0.0013 [40] 2458107.71300 0.00071 1715 0.0029 [43]

2456226.45618 0.00102 840 0.0031 [41] 2458116.31178 0.00030 1719 0.0017 F.Bruno

2456228.60389 0.00057 841 0.0008 A.Carreño 2458367.86227 0.00074 1836 0.0012 B.Rodgers

2456232.90554 0.00028 843 0.0024 Kehusmaa,Harlingten 2458376.46386 0.00042 1840 0.0028 G.Rousseau

2456237.20386 0.00029 845 0.0007 [42] 2458391.51025 0.00020 1847 -0.0009 M.Bretton

2456239.35339 0.00050 846 0.0002 J.Gaitan 2458404.40968 0.00081 1853 -0.0015 A.Wünsche

2456239.35397 0.00052 846 0.0008 F.G.Horta 2458406.56109 0.00049 1854 -0.0001 V.P.Hentunen

2456243.65354 0.00086 848 0.0004 R.Naves 2458447.41287 0.00067 1873 0.0015 Y.Jongen

2456250.10439 0.00042 851 0.0012 [42] 2458490.41085 0.00040 1893 -0.0007 S.F.Dagot

2456254.40251 0.00063 853 -0.0007 R.Naves 2458503.31396 0.00031 1899 0.0024 Y.Jongen

2456254.40404 0.00022 853 0.0008 [41] 2458518.36601 0.00067 1906 0.0044 D.Laloum

2456265.15466 0.00048 858 0.0014 [42] 2458720.46171 0.00129 2000 -0.0007 V.Perroud

2456284.50460 0.00100 867 0.0013 [41] 2458739.81430 0.00382 2009 0.0019 [43]

2456297.39940 0.00069 873 -0.0040 R.Naves 2458821.51375 0.00044 2047 0.0010 Y.Jongen

2456514.55505 0.00065 974 0.0009 F.G.Horta 2458847.31493 0.00044 2059 0.0021 J.Dirscherl

2456527.45567 0.00030 980 0.0015 V.P.Hentunen 2458849.46424 0.00031 2060 0.0014 Y.Jongen

2456542.50522 0.00052 987 0.0010 [41] 2458862.36411 0.00035 2066 0.0012 Y.Jongen

2456542.50530 0.00018 987 0.0010 [41] 2459109.61612 0.00038 2181 0.0023 Y.Jongen

2456542.50538 0.00032 987 0.0011 [41] 2459120.36332 0.00054 2186 -0.0005 V.P.Hentunen

2456557.55814 0.00057 994 0.0038 Herrero,Pascual 2459178.41494 0.00085 2213 0.0009 F.Mortari

2456559.70548 0.00025 995 0.0011 P.Benni 2459197.76032 0.00152 2222 -0.0038 R.Dymock

2456572.60532 0.00018 1001 0.0009 [41] 2459221.41318 0.00066 2233 -0.0011 S.Gudmundsson

2456585.50553 0.00122 1007 0.0011 J.Mravik,J.Grnja 2459481.56450 0.00054 2354 -0.0007 Y.Jongen

2456598.40539 0.00017 1013 0.0009 [41] 2459535.31403 0.00113 2379 -0.0014 D.Daniel

Table 10
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two primary transits of HAT-P-32b during Gemini-North Gemini Multi-Object

Spectrograph observations. They used white light curve analysis in order to refine

the parameters of this exoplanet and derive new ephemeris. Seeliger et al. [41]

updated the system properties by analyzing the results of 45 transit observations,

which were observed by using the young exoplanet transit initiative (YETI)

network. Moreover, Seeliger et al. [41] studied the TTV diagram to investigate the

existence of an additional planet in the HT-P-32b system. Wang et al. [42]

performed a global fit for the HAT-P-32b system based on their new photometric

observations and previously published RV data in order to update the system

parameters. Wang et al. [42] also analyzed the TTV diagram for this system and

according to the results, there was no significant TTV signals. Some follow-up

high-quality observations of this exoplanet were done with small observatories

operated by citizen scientists in 2020 [43].

The accurate mid-transit times for HAT-P-32b were obtained from the

available data for plotting an updated TTV diagram. We extracted a total of five

and 72 mid-transit times from our observations and the ETD, respectively.

3.6. HAT-P-33b. The planet HAT-P-33b was among the first exoplanets

discovered by the HATNet survey in 2011 and was confirmed by high-precision

photometry and additional radial velocity measurements [16]. HATP-33b is an

inflated hot Jupiter orbiting a late-F dwarf star with a short orbital period. Authors

reported that HAT-P-33b has a radius of ~1.7R
J
 which is among one of the largest

measured radius for all transiting exoplanets. HAT-P-33b also has an equilibrium

temperature of more than 1600 K, which is the result of the high luminosity of

its host star. The TTV study of HAT-P-33b was analyzed by the transiting

exoplanet monitoring project (TEMP) in [44]. Wang et al. [44] refined HAT-

T
c 
(BJD

TDB
) Error Epoch O-C Ref./ETD Observer T

c 
(BJD

TDB
) Error Epoch O-C Ref./ETD Observer

2454429.93117 0.00055 -196 0.0021 [16] 2456723.08352 0.00047 464 0.0016 [44]

2454551.53949 0.00058 -161 0.0039 [16] 2456723.08417 0.00059 464 0.0023 [44]

2454794.75180 0.00037 -91 0.0030 [16] 2457039.26162 0.00046 555 0.0026 [44]

2454801.69988 0.00074 -89 0.0021 [16] 2457046.20981 0.00046 557 0.0018 [44]

2455110.92595 0.00022 0 0.0000 [16] 2457053.15793 0.00047 559 0.0010 [44]

2455607.77606 0.00060 143 0.0003 [16] 2457067.05749 0.00043 563 0.0027 [44]

2455614.72513 0.00036 145 0.0005 [16] 2457397.13183 0.00066 658 0.0020 [44]

2455857.93657 0.00067 215 -0.0013 S.Shadick 2458498.54660 0.00113 975 0.0085 P.Guerra

2455864.88110 0.00078 217 -0.0057 S.Shadick 2459172.58691 0.00093 1169 0.0009 V.Ferrando

2456024.71746 0.00120 263 0.0048 [46] 2459172.58950 0.00078 1169 0.0034 Y.Jongen

2456636.22181 0.00072 439 0.0018 [44] 2459172.59843 0.00148 1169 0.0124 A.Wünsche

2456716.13465 0.00069 462 0.0017 [44] 2459266.39915 0.00068 1196 0.0023 M.Raetz

2456716.13498 0.00065 462 0.0020 [44]

Table 11
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P-33b orbital ephemerides and the system parameters through R-band photometric

observations. Furthermore, the extended radial velocity measurements of this planet

have been made by [45]. Their obtained transit parameters were consistent with

the resulting parameters from [16], but smaller values for the ingress/egress

duration, and the planet to star radius ratio (R
P

 /R
*
) were deduced. These

differences were because of derived complete light curves, which led to shorter and

shallower transit shapes. However, they found no sign of anomalies in the TTV

diagram. Turner et al. [46] performed additional follow-up ground-based photo-

metric observations to confirm the HAT-P-33b planetary parameters through TEP

modeling methods. Turner et al. [46] used a weighted linear least-squares analysis

to update the reference ephemeris for this planet. Moreover, they found that the

R-band transit depth in HAT-P-33b is larger than its discovery value [16] when

discussing the variation in planetary radius against wavelength. Photometric data

revealed no evidence of star-spot for this exoplanet.

We used the mid-transit times collected from the modeling of ETD and TESS

light curves to prepare a new TTV diagram for HAT-P-33b. For this exoplanet,

30 mid-transit times from TESS sectors 20, 44, 45, 46, and 47 were extracted,

also with seven mid-transit times from ETD observations.

3.7. HAT-P-52b. HAT-P-52b is a short-period gas-giant "hot Jupiter"

discovered and characterized in 2015 by the transit method [18]. Wang et al. [47]

reported new photometric light curves for HAT-P-52b and refined this system's

parameters by analyzing their light curves, previous photometric, and Doppler

velocimetric data. Wang et al. [47] also performed the TTV study for HAT-P-52b

and their results represented no significant trend in the TTV diagram and the

measured mid-transit time was consistent with their updated linear ephemerides.

We plotted the updated TTV diagram based on the seven midtransit times from

the modeling of ETD and 10 mid-transit times from the TESS light curves

(sectors 43 and 44), along with published data in previous literature.

4. Summary and conclusion. We conducted a study on seven HATNet

survey-selected transiting exoplanets and plotted the TTV diagrams. The goal of

this study is to improve the planetary systems' reference ephemerides and to discuss

the reasons for the period variations in these systems for future studies.

We have presented a new ephemeris for each of the seven exoplanets. For

this purpose, we utilised the mid-transit times found in the literature as well as

the light curves observed by ETD, TESS, and our ground-based observations. We

used 11 mid-transit times from our observations in this study, which were made

at eight observatories from 2018 to 2022.

Exofast-v1 was used to model the available light curves and extract the mid-

transit times. We used the MCMC method to plot new TTV diagrams and refine
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exoplanets' ephemeris. The TTV diagrams show the orbital periods of exoplanets

HAT-P-6b, HAT-P-18b, HAT-P-22b, HAT-P-32b, HAT-P-33b, and HAT-P-52b

are increasing, whereas exoplanet HAT-P-12b has a declining tendency. It is

probable that the six exoplanets' orbital periods increased since their ephemeris

accuracy has become inaccurate over time.

According to the new ephemeris for exoplanet HAT-P-6b, it seems that the

uncertainties of t and P should be more carefully considered in future investigations

and observations.
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ÎÁÍÎÂËÅÍÈß ÝÔÅÌÅÐÈÄ ÄËß ÑÅÌÈ ÂÛÁÐÀÍÍÛÕ
ÒÐÀÍÇÈÒÈÐÓÞÙÈÕ ÝÊÇÎÏËÀÍÅÒ ÎÁÇÎÐÀ HATNet

À.ÏÎÐÎ1, Ô.À.ÔÀÐÀÕÀÍÈ2, Ý.ÄÆÀÕÀÍÃÈÐÈ2, À.ÑÀÐÎÑÒÀÄ2,
Ì.ÃÎÇÀÐÀÍÄÈ2, Ì.ÕÀÃÃÎÓ2,3, Ô.ÀÁÎËÕÀÑÑÀÍÈ2, À.ÔÀÕÐÀÁÀÄÈ2,

Þ.ÉÎÍÃÅÍ4, À.ÂÞÍØÅ5, Ð.ÍÀÂÅÑ6, Ï.ÃÓÝÐÐÀ7, À.ÌÀÐÊÈÍÈ8,
Ì.ÑÎËÑÁÅÐÈ9, Ð.ÝÐÅÍÁÅÐÃÅÐ10, Â.Ï.ÕÅÍÒÓÍÅÍ11

Óòî÷íåíû ýôåìåðèäû ñåìè òðàíçèòèðóþùèõ ýêçîïëàíåò HAT-P-6b, HAT-

P-12b, HAT-P-18b, HAT-P-22b, HAT-P-32b, HAT-P33b è HAT-P-52b. Â

âîñüìè îáñåðâàòîðèÿõ íàáëþäåíî 11 òðàíçèòîâ â ðàçëè÷íûõ ôèëüòðàõ äëÿ

HAT-P-6b è HAT-P-32b. Òàêæå áûëè ïðîàíàëèçèðîâàíû íàáëþäåíèÿ áàçû

äàííûõ òðàíçèòîâ ýêçîïëàíåò (ETD) äëÿ êàæäîé èç ñåìè ýêçîïëàíåò, à

êðèâûå áëåñêà ïÿòè ñèñòåì áûëè èññëåäîâàíû ñ èñïîëüçîâàíèåì äàííûõ

êîñìè÷åñêîãî òåëåñêîïà TESS. Ìû èñïîëüçîâàëè Exofast-v1 äëÿ ìîäåëèðîâàíèÿ

ýòèõ íàçåìíûõ è êîñìè÷åñêèõ  êðèâûõ áëåñêà è îöåíêè âðåìåíè ñåðåäèíû

òðàíçèòà. Â îáùåì ïîëó÷åíû 11, 175 è 67 âðåìåí ñåðåäèíû òðàíçèòà äëÿ ýòèõ

ñåìè ýêçîïëàíåò èç íàøèõ íàáëþäåíèé, ETD è TESS äàííûõ, ñîîòâåòñòâåííî,

à òàêæå 155 âðåìåí ñåðåäèíû òðàíçèòà èç ëèòåðàòóðû. Ñîñòàâëåíû äèàãðàììû

âàðèàöèè âðåìåíè òðàíçèòà (TTV) äëÿ êàæäîé èç íèõ, èñïîëüçóÿ ïîëó÷åííûå

âðåìåíà ñåðåäèíû òðàíçèòà, à òàêæå òå, êîòîðûå áûëè íàéäåíû â ëèòå-

ðàòóðå.Çàòåì ëèíåéíûå ýôåìåðèäû ñèñòåì áûëè óòî÷íåíû è óëó÷øåíû ñ

èñïîëüçîâàíèåì ìåòîäà Ìàðêîâñêîé öåïè Ìîíòå-Êàðëî (MCMC). Âñå

èçó÷åííûå ýêçîïëàíåòû, çà èñêëþ÷åíèåì ñèñòåìû HAT-P-12b, ïîêàçàëè

òåíäåíöèþ óâåëè÷åíèÿ îðáèòàëüíîãî ïåðèîäà íà äèàãðàììàõ TTV.

Êëþ÷åâûå ñëîâà: ïëàíåòàðíûå ñèñòåìû - ïëàíåòû è ñïóòíèêè
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ÀÊÒÈÂÍÎÑÒÜ ÌÎËÎÄÎÉ ÇÂÅÇÄÛ EPIC 204376071 ÈÇ
ÀÑÑÎÖÈÀÖÈÈ UPPER SCO

È.Ñ.ÑÀÂÀÍÎÂ
Ïîñòóïèëà 19 àïðåëÿ 2023

Ïðèíÿòà ê ïå÷àòè 18 àâãóñòà 2023

Ïî íàáëþäåíèÿì ìèññèè Ê2 êîñìè÷åñêîãî òåëåñêîïà Êåïëåð âûïîëíåíî èññëåäîâàíèå
àêòèâíîñòè EPIC 204376071-ìîëîäîãî îáúåêòà, ÷ëåíà àññîöèàöèè Upper Sco ñ âîçðàñòîì
11±3 ìëí ëåò, êðèâàÿ áëåñêà êîòîðîãî îáëàäàåò åäèíè÷íûì çàòìåíèåì ñóòî÷íîé ïðîäîëæè-
òåëüíîñòè ñ ãëóáèíîé îêîëî 80%. EPIC 204376071 ÿâëÿåòñÿ ìàëîìàññèâíûì Ì-êàðëèêîì
ñ ìàññîé 0.16


M . Ïî íàáëþäåíèÿì êàìïàíèè Ñ15 ìèññèè Ê2 ìû óòî÷íèëè ïåðèîä âðàùåíèÿ

è àìïëèòóäó ïåðåìåííîñòè áëåñêà çâåçäû, à òàêæå ïî ñòàíäàðòíîé ìåòîäèêå îöåíèëè âåëè÷èíó
ïàðàìåòðà çàïÿòíåííîñòè A â àáñîëþòíîé ìåðå. Âåëè÷èíà ïåðèîäà âðàùåíèÿ çâåçäû Ð ðàâíà
1.6270 ± 0.030 ñóò. Ïëîùàäü ïÿòåí íà ïîâåðõíîñòè EPIC 204376071 ïðåâîñõîäèò ìàêñèìàëüíóþ
ïëîùàäü ïÿòåí íà Ñîëíöå è ñîñòàâëÿåò âåëè÷èíó ïîðÿäêà 7900 ì.ä.ï. Ïðåäñòàâëåíû ðåçóëüòàòû
âîññòàíîâëåíèÿ òåìïåðàòóðíûõ íåîäíîðîäíîñòåé íà ïîâåðõíîñòè EPIC 204376071. Íà ïîñòðîåííîé
êàðòå õîðîøî ðàçëè÷èìû äâå õîëîäíûå îáëàñòè, ðàçäåëåííûå ïî äîëãîòå ïðèìåðíî íà 150

o
. Äëÿ

îöåíêè ñâîéñòâ âñïûøå÷íîé àêòèâíîñòè EPIC 204376071 áûëà ðàññìîòðåíà îäíà íàèáîëåå
äîñòîâåðíàÿ âñïûøêà ñ àìïëèòóäîé áëåñêà îêîëî 4%. Èçìåðåííàÿ îòíîñèòåëüíàÿ ýíåðãèÿ
âñïûøêè RE ñîñòàâèëà 212 ñ. Âû÷èñëåííàÿ ýíåðãèÿ âñïûøêè E

fl
 îêàçàëàñü ðàâíîé 

34
1011 . ýðã

(logE
fl
 = 34.05). Ñîîòâåòñòâóþùàÿ åé âåðîÿòíàÿ âåëè÷èíà ìàññû êîðîíàëüíîãî âûáðîñà ìîæåò

äîñòèãàòü 
20

1014 . ã. Ðàññìîòðåíû ëèòåðàòóðíûå ñâåäåíèÿ î âîçìîæíîé ïðèðîäå åäèíè÷íîãî
çàòìåíèÿ ñóòî÷íîé ïðîäîëæèòåëüíîñòè ñ ãëóáèíîé îêîëî 80% íà êðèâîé áëåñêà EPIC 204376071.

Êëþ÷åâûå ñëîâà: çâåçäû: àêòèâíîñòü: ïÿòíà: ôîòîìåòðèÿ: ïåðåìåííîñòü:

      âñïûøêè: çàòìåíèÿ

1. Ââåäåíèå. Â íàñòîÿùåå âðåìÿ, áëàãîäàðÿ âûñîêîòî÷íûì êâàçè-

íåïðåðûâíûì ôîòîìåòðè÷åñêèì íàáëþäåíèÿì ñ êîñìè÷åñêèìè òåëåñêîïàìè,

ó øèðîêîãî êðóãà çâåçä ñòàëî âîçìîæíûì ïðîâåäåíèå èññëåäîâàíèé ÿâëåíèÿ

îñëàáëåíèÿ áëåñêà (çàòìåíèé), âûçâàííûõ ïûëåâîé ìàòåðèåé. Ê èõ ÷èñëó,

íàïðèìåð, ìîæíî îòíåñòè îáúåêòû, ïîëó÷èâøèå  íàçâàíèå äèïïåðîâ (dippers)

(ñì. [1] è ññûëêè â ýòîé ñòàòüå). Èõ çàòìåíèÿ ìîãóò íîñèòü ïåðèîäè÷åñêèé,

êâàçèïåðèîäè÷åñêèé èëè äàæå íåïåðèîäè÷åñêèé õàðàêòåð. Äëèòåëüíîñòü

çàòìåíèé ìîæåò ñîñòàâëÿòü íåñêîëüêî ÷àñîâ, à ãëóáèíà äîõîäèòü äî 10-50%.

Ïðè÷èíîé çàòìåíèé ñëóæèò ïûëåâîå âåùåñòâî, íàõîäÿùååñÿ, íàïðèìåð, ó

âíóòðåííåãî êðàÿ îêîëîçâåçäíîãî äèñêà èëè ñâÿçàííîå ñ ìàãíèòîñôåðîé

çâåçäû. Êàê ïðàâèëî, áîëüøèíñòâî äèïïåðîâ ÿâëÿþòñÿ çâåçäàìè ñïåêòðàëüíîãî

êëàññà Ì, äëÿ íèõ õàðàêòåðíî íàëè÷èå èçáûòêà ÈÊ èçëó÷åíèÿ, ìíîãèå èç

íèõ ïðèíàäëåæàò ìîëîäûì àññîöèàöèÿì Upper Scorpius è Ophiuchus.
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Óíèêàëüíûì îáúåêòîì, íà êðèâîé áëåñêà êîòîðîãî èìåþòñÿ ñâèäåòåëüñòâà

çàòìåíèé, âûçâàííûõ ïûëüþ, ÿâëÿåòñÿ îáúåêò KIC 8462852 (èçâåñòíûé êàê

çâåçäà Áîÿäæÿíà). Â ëèòåðàòóðå èìåþòñÿ ðåçóëüòàòû ìíîãî÷èñëåííûõ

èññëåäîâàíèé (ñì., íàïðèìåð ññûëêè â [2]), ñîäåðæàùèõ ïîäðîáíîå îáñóæäåíèå

ñâîéñòâ îáúåêòà, ïåðèîäè÷íîñòè çàòìåíèé è ïðî÷. Îñíîâíîå îòëè÷èå KIC

8462852 îò äèïïåðîâ ñîñòîèò â òîì, ÷òî ýòîò îáúåêò ÿâëÿåòñÿ çâåçäîé ãëàâíîé

ïîñëåäîâàòåëüíîñòè (ÃÏ) ñïåêòðàëüíîãî êëàññà F.

Ê ÷èñëó äðóãèõ îáúåêòîâ (èõ ñïèñîê äîñòàòî÷íî ìíîãî÷èñëåí) ñ ïûëåâûìè

çàòìåíèÿìè ìîæíî îòíåñòè ìîëîäûå çâåçäû òèïà Ò Òåëüöà, îáúåêòû ñ

âîçìîæíûìè ýêçîêîìåòàìè (KIC 3542116,  KIC 11084727 è äð.), çâåçäû ñ

ðàçëè÷íîé ãëóáèíîé òðàíçèòîâ ýêçîïëàíåò, âîçìîæíî èìåþùèõ ïûëåâîå

îêðóæåíèå, óíèêàëüíûé áåëûé êàðëèê WD 1145+017 ñ çàòìåíèÿìè ãëóáèíîé

îêîëî 1%, åùå îäèí óíèêàëüíûé îáúåêò 1SWASP J140747.93-394542.6 ñ

çàòìåíèåì ãëóáèíîé â 3m è äëèòåëüíîñòüþ 45 ñóò è ìíîãèå äðóãèå. Áîëåå

ïîäðîáíûå ñâåäåíèÿ îá ýòèõ è äðóãèõ àíàëîãè÷íûõ îáúåêòàõ ìîæíî íàéòè

â [2] è â äðóãèõ ñòàòüÿõ àâòîðîâ.

Â ÷àñòíîñòè àâòîðàìè [2] áûëî îáíàðóæåíî åäèíè÷íîå çàòìåíèå ñóòî÷íîé

ïðîäîëæèòåëüíîñòè ñ ãëóáèíîé îêîëî 80% ó çâåçäû EPIC 204376071 -

ìîëîäîãî îáúåêòà - ÷ëåíà àññîöèàöèè Upper Sco. Öåëü íàøåãî èññëåäîâàíèÿ

çàêëþ÷àåòñÿ â èçó÷åíèè ïðîÿâëåíèé àêòèâíîñòè ýòîé çâåçäû.

2. EPIC 204376071 - ìîëîäàÿ çâåçäà - ÷ëåí àññîöèàöèè Upper

Sco. Â [2] îïóáëèêîâàíû ðåçóëüòàòû àíàëèçà ôîòîìåòðè÷åñêèõ íàáëþäåíèé

ìèññèè Êåïëåð (Ê2) çâåçäû EPIC 204376071 (V = 16m.3), ïðèíàäëåæàùåé

àññîöèàöèè Upper Sco ñ âîçðàñòîì 11 ± 3 ìëí ëåò, îäíîé èç ñàìûõ ìîëîäûõ

çâåçäíûõ àññîöèàöèé. Ìîëîäîñòü çâåçäû ïîäòâåðæäàåòñÿ â [1,2] ïî åå êèíå-

ìàòè÷åñêèì, ñïåêòðàëüíûì è ôîòîìåòðè÷åñêèì õàðàêòåðèñòèêàì, òàêèì êàê

áûñòðîå âðàùåíèå è çíà÷èòåëüíàÿ ôîòîìåòðè÷åñêàÿ ìîäóëÿöèÿ. Íàáëþäåíèÿ

îáúåêòà âûïîëíÿëèñü ìèññèåé Ê2 â òå÷åíèå êàìïàíèé 2 (C2) è 15 (Ñ15).

Â äàííûõ Ñ15 àâòîðû [2] îáíàðóæèëè åäèíè÷íîå ñîáûòèå çíà÷èòåëüíîãî

îñëàáëåíèÿ áëåñêà EPIC 204376071 äëÿ äàòû 3168.5 BKJD (â øêàëå íàáëþäåíèé

ìèññèè Ê2 BJD - 2454833) ãëóáèíîé ïîðÿäêà  80%  è ïðîäîëæèòåëüíîñòüþ

îêîëî ñóòîê (ðèñ.1a, c).

Ñ ó÷åòîì îòñóòñòâèÿ àíàëîãè÷íîãî îñëàáëåíèÿ áëåñêà â õîäå êàìïàíèè Ñ2

è èíòåðâàëà âðåìåíè ìåæäó êàìïàíèÿìè Ñ2 è Ñ15 àâòîðû [2] ñäåëàëè

çàêëþ÷åíèå î âåëè÷èíàõ âîçìîæíûõ èíòåðâàëîâ ïåðèîäîâ îñëàáëåíèé áëåñêà.

Ôîðìà íàáëþäàåìîãî ÿâëåíèÿ àññèìåòðè÷íà, ïî äëèòåëüíîñòè âõîä â îñëàáëåíèå

ïðîèñõîäèë ïðèìåðíî â äâà ðàçà áûñòðåå, ÷åì âûõîä èç íåãî. Â îñòàëüíîì

èçìåíåíèÿ áëåñêà õàðàêòåðèçóþòñÿ âðàùàòåëüíîé ìîäóëÿöèåé ñ àìïëèòóäîé

îêîëî 1% è ïåðèîäîì îêîëî 1.6 ñóò (ñì. òàêæå [1]).
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Ñîãëàñíî [2] ìàññà çâåçäû ñîñòàâëÿåò M = 0.161 ± 0.028 ìàññû Ñîëíöà. Îáúåêò

îòîæäåñòâëåí ñ èñòî÷íèêîì Gaia EDR3 6243166527355588608, åãî ïàðàëëàêñ

ñîñòàâëÿåò   (mas) = 7.1711 ± 0.0577. Íà îñíîâå àíàëèçà êèíåìàòè÷åñêèõ ñâîéñòâ

ïîäòâåðæäåíî, ÷òî EPIC 204376071 ïðèíàäëåæèò àññîöèàöèè Upper Sco [2].

Ðèñ.1. Êðèâàÿ áëåñêà äëÿ EPIC 204376071 (a), ñïåêòð ìîùíîñòè ïåðåìåííîñòè áëåñêà
(b), ôàçîâàÿ äèàãðàììà ïåðåìåííîñòè áëåñêà (ñâåòëûå êðóæêè ñîîòâåòñòâóþò óñðåäíåííûì
ïî áèíàì âåëè÷èíàì) (c), ñóòî÷íîå îñëàáëåíèå áëåñêà (d), ôðàãìåíòû êðèâîé áëåñêà (e,f).

Äàííûå ïðèâåäåíû äëÿ íàáëþäåíèé â êàìïàíèè Ñ15.
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Ýôôåêòèâíàÿ òåìïåðàòóðà çâåçäû ðàâíà 2960 ± 75 Ê. Äàííûå êàòàëîãà

Gaia EDR3 ñîäåðæàò áîëåå âûñîêîå çíà÷åíèå îöåíêè Ò
ýôô

 = 3861 ± 450 Ê.

Îòìåòèì, ÷òî ïåðå÷èñëåííûå íàìè ñâîéñòâà EPIC 204376071 ïðèâîäÿòñÿ

ñîãëàñíî äàííûì, óêàçàííûì â [2] (òàáë.3) è â àñòðîíîìè÷åñêîé áàçå äàííûõ

Simbad.

Êàê îòìå÷àëîñü âûøå, äëÿ EPIC 204376071 â àðõèâå ìèññèè Êåïëåð

èìåþòñÿ äàííûå 2-õ êàìïàíèé íàáëþäåíèé. Íàøà îáðàáîòêà áûëà àíàëîãè÷íà

ïðîâîäèìîé íàìè ðàíåå äëÿ äðóãèõ îáúåêòîâ èç àðõèâà êîñìè÷åñêîãî òåëåñêîïà

Êåïëåð è ïîäîáíà îïèñàííîé â [3]. Íàèáîëüøåå âíèìàíèå ìû óäåëèëè äàííûì

êàìïàíèè Ñ15, ñîäåðæàùèì îñëàáëåíèå áëåñêà è ìåíåå çàøóìëåííûì, ïî

ñðàâíåíèþ ñ èçìåðåíèÿìè êàìïàíèè Ñ2. Íà ðèñ.1a, b, c ïðåäñòàâëåíû: êðèâàÿ

áëåñêà EPIC 204376071, ñîîòâåòñòâóþùèé ñïåêòð ìîùíîñòè è ôàçîâàÿ äèàãðàììà.

Õîðîøî çàìåòíà ïåðèîäè÷åñêàÿ ìîäóëÿöèÿ áëåñêà, îáëàäàþùàÿ çàìåòíîé

ïåðåìåííîñòüþ àìïëèòóäû. Â òå÷åíèå ñåòà íàáëþäåíèé çâåçäà íå ìåíÿëà

ñâîþ àêòèâíîñòü. Íà øêàëå âðåìåíè ïîðÿäêà äëèòåëüíîñòè íàáëþäåíèé â ñåòå

Ñ15  ôîðìà ôàçîâîé êðèâîé è ïîëîæåíèÿ ìàêñèìóìîâ è ìèíèìóìîâ íå

ïðåòåðïåëè èçìåíåíèé (ðèñ.1c), ÷òî, âåðîÿòíî, ñâèäåòåëüñòâóåò î ñðàâíèòåëüíî

óñòîé÷èâîì ïîëîæåíèè õîëîäíûõ îáëàñòåé íà ïîâåðõíîñòè çâåçäû. Òàêàÿ

ñòàáèëüíàÿ êîíôèãóðàöèÿ ïÿòåí äîñòàòî÷íî õàðàêòåðíà äëÿ ìàëîìàññèâíûõ,

ïîëíîñòüþ êîíâåêòèâíûõ çâåçä. EPIC 204376071 ÿâëÿåòñÿ ìàëîìàññèâíûì

Ì-êàðëèêîì (0.16 M ) ñ ðàäèóñîì 0.63 R . Áîëüøîé ðàäèóñ ïî ñðàâíåíèþ

ñ õàðàêòåðíûì ðàäèóñîì äëÿ çâåçäû ÃÏ ñ àíàëîãè÷íîé ìàññîé, ïî ìíåíèþ

è îöåíêàì [2], óêàçûâàåò íà òî, ÷òî âåðîÿòíî çâåçäà åùå íå äîñòèãëà ÃÏ.

Ïðèìåðîì ìîæåò ñëóæèòü Ì4 êàðëèê V374 Peg ñ ìàññîé 0.3 M  è ïåðèîäîì

0.5 ñóò, äëÿ êîòîðîãî êðèâàÿ áëåñêà îáëàäàåò ìàëûìè èçìåíåíèÿìè è îñòàåòñÿ

ïðàêòè÷åñêè ñòàáèëüíîé íà ïðîòÿæåíèè ïî÷òè 16-è ëåò ([4]).

Íà ïîñòðîåííûõ íàìè ñïåêòðàõ ìîùíîñòè èìååòñÿ õàðàêòåðíûé ïèê,

ñîîòâåòñòâóþùèé âåëè÷èíå ïåðèîäà âðàùåíèÿ çâåçäû Ð = 1.627 ± 0.030 ñóò

(ïîãðåøíîñòü îöåíåíà ïî ïîëóøèðèíå ïèêà). Àâòîðàìè [1] áûëà ïðèâåäåíà

ñîâïàäàþùàÿ ñ ïîëó÷åííîé íàìè âåëè÷èíà ïåðèîäà âðàùåíèÿ EPIC 204376071

- 1.6268 ñóò.

Ðàññ÷èòàííûå ñïåêòðû ìîùíîñòè è âèä ôàçîâîé êðèâîé óêàçûâàþò íà

äîñòàòî÷íî ñòàáèëüíûé õàðàêòåð èçìåíåíèé áëåñêà èçó÷àåìîé çâåçäû.

Àìïëèòóäà ïåðåìåííîñòè áëåñêà ñîñòàâëÿåò îêîëî 2% îò óðîâíÿ ñðåäíåãî

áëåñêà çâåçäû. Ïî ñòàíäàðòíîé ìåòîäèêå (ñì. â [3]) íàìè áûëè îöåíåíû

âåëè÷èíû ïàðàìåòðà çàïÿòíåííîñòè EPIC 204376071, êîòîðûå äîñòèãàþò 5.5%

îò ïëîùàäè åå ïîâåðõíîñòè. Ïðèíèìàÿ îöåíêó ðàäèóñà çâåçäû R = 0.631 ±

0.042 ðàäèóñîâ Ñîëíöà èç [2], ìîæíî ïîëó÷èòü âåëè÷èíó ïëîùàäè ïîâåðõíîñòè

çàïÿòíåííîñòè â àáñîëþòíîé ìåðå (â ìèëëèîííûõ äîëÿõ âèäèìîé ïîëóñôåðû

Ñîëíöà, ì.ä.ï.). Íà Ñîëíöå ñðåäíèå ïî ðàçìåðàì ïÿòíà èìåþò ïëîùàäü
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10-200 ì.ä.ï. (äåòàëè ñì. â [5]). Ïëîùàäü ïÿòåí íà ïîâåðõíîñòè EPIC

204376071 ïðåâîñõîäèò ìàêñèìàëüíóþ ïëîùàäü ïÿòåí íà Ñîëíöå è ñîñòàâëÿåò

âåëè÷èíó ïîðÿäêà 7900 ì.ä.ï.

3. Òåìïåðàòóðíûå êàðòû ïîâåðõíîñòè EPIC 204376071. Äàëü-

íåéøèé àíàëèç ôîòîìåòðè÷åñêîé ïåðåìåííîñòè çâåçäû áûë âûïîëíåí íàìè

ñ ôîòîìåòðè÷åñêèì ïåðèîäîì Ð = 1.6270 ñóò. Äàííûå íà ôàçîâîé êðèâîé

áûëè ðàçäåëåíû íà 40 áèíîâ, äëÿ êàæäîãî èç êîòîðûõ áûëè íàéäåíû ñðåäíèå

âåëè÷èíû. Â êàæäîì áèíå ñîäåðæàëîñü ïîðÿäêà 90-100 îöåíîê áëåñêà çâåçäû.

Êàê è â íàøèõ ïðåäûäóùèõ èññëåäîâàíèÿõ êàðëèêîâ ïîçäíèõ ñïåêòðàëüíûõ

êëàññîâ, ìû âûïîëíèëè àíàëèç êðèâîé áëåñêà ñ ïîìîùüþ ïðîãðàììû iPH

[6]. Ïðîãðàììà ðåøàåò îáðàòíóþ çàäà÷ó âîññòàíîâëåíèÿ òåìïåðàòóðíûõ

íåîäíîðîäíîñòåé íà ïîâåðõíîñòè çâåçäû ïî êðèâîé áëåñêà â äâóõòåìïåðàòóðíîì

ïðèáëèæåíèè (èíòåíñèâíîñòü èçëó÷åíèÿ îò êàæäîé ýëåìåíòàðíîé ïëîùàäêè

íà ïîâåðõíîñòè çâåçäû ñêëàäûâàåòñÿ èç äâóõ êîìïîíåíòîâ: ôîòîñôåðû è

õîëîäíîãî ïÿòíà). Ïîëíîå îïèñàíèå ïðîãðàììû, åå òåñòû ïðåäñòàâëåíû â [6].

Êàê óêàçûâàëîñü âûøå, ìû ïðèíÿëè òåìïåðàòóðó çâåçäû ðàâíîé 2960 Ê [2].

Àâòîðàìè [7] ìåòîäîì äîïëåðîâñêîãî êàðòèðîâàíèÿ áûëè èçó÷åíû ïÿòíà íà

ïîâåðõíîñòè äâóõ õîëîäíûõ, ïîëíîñòüþ êîíâåêòèâíûõ, Ì-êàðëèêîâ. Îäèí èç

íèõ, M4.5-êàðëèê GJ791.2A, èìååò òåìïåðàòóðó ôîòîñôåðû Ò
ýôô

 = 3000 Ê,

ñîïîñòàâèìóþ ñ âåëè÷èíîé äëÿ EPIC 204376071. Ïî ïîñòðîåííûì äîïëåðîâñêèì

êàðòàì â [7] áûëî ïîëó÷åíî, ÷òî òåìïåðàòóðà ïÿòåí íèæå òåìïåðàòóðû ôîòî-

ñôåðû íà 300 Ê. Òàêèì îáðàçîì,  â íàøèõ ðàñ÷åòàõ ìû òàêæå ïðèíÿëè, ÷òî

Ò
spot

 = 2700 Ê.

Ñîãëàñíî íàøåé ìåòîäèêå, äëÿ êàæäîé ýëåìåíòàðíîé ïëîùàäêè ðàçìåðîì

6o
 õ 6o íà ïîâåðõíîñòè çâåçäû áûë îïðåäåëåí ôàêòîð çàïîëíåíèÿ f - äîëÿ

ïîâåðõíîñòè ýëåìåíòàðíîé ïëîùàäêè, çàíèìàåìîé ïÿòíàìè. Íà ðèñ.2 ïðåäñòàâ-

ëåíû ðåçóëüòàòû âîññòàíîâëåíèÿ òåìïåðàòóðíûõ íåîäíîðîäíîñòåé íà ïîâåðõ-

íîñòè EPIC 204376071. Íà ðèñóíêå ïðèâåäåíû òàêæå íàáëþäàåìàÿ (óñðåäíåííàÿ

Ðèñ.2. Ðåçóëüòàòû âîññòàíîâëåíèÿ òåìïåðàòóðíûõ íåîäíîðîäíîñòåé íà ïîâåðõíîñòè EPIC
204376071. Êàðòû ïîâåðõíîñòè ïðåäñòàâëåíû â åäèíîé øêàëå, áîëåå òåìíûå îáëàñòè íà ðèñóíêàõ

ñîîòâåòñòâóþò áîëåå âûñîêèì çíà÷åíèÿì ôàêòîðîâ çàïîëíåíèÿ f. Íà ýòîì æå ðèñóíêå òàêæå
ïðèâîäÿòñÿ íàáëþäàåìàÿ êðèâàÿ áëåñêà è òåîðåòè÷åñêàÿ êðèâàÿ áëåñêà, ïîñòðîåííûå ïî âîññòà-
íîâëåííîé ìîäåëè.
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ïî áèíàì) è òåîðåòè÷åñêàÿ (ïîñòðîåííàÿ ïî âîññòàíîâëåííîé ìîäåëè) êðèâûå

áëåñêà. Åñëè íà ïîâåðõíîñòíûõ êàðòàõ èìåëèñü êîíöåíòðàöèè ïÿòåí íà äâóõ

äîëãîòàõ, òî èõ çíà÷åíèÿ ðåãèñòðèðîâàëèñü íàìè, êàê äâå íåçàâèñèìûå

àêòèâíûå äîëãîòû. Ïîãðåøíîñòü îïðåäåëåíèé ïîëîæåíèé àêòèâíûõ äîëãîò

ñîñòàâëÿåò âåëè÷èíó ïîðÿäêà îêîëî 0.06-0.08 â åäèíèöàõ ôàçû. Êàê îòìå÷àëîñü

âûøå, êðèâàÿ áëåñêà EPIC 204376071 õàðàêòåðèçóåòñÿ íàëè÷èåì äâóõ

ìèíèìóìîâ. Â ñîîòâåòñòâèè ñ ýòèì, íà ïîñòðîåííîé êàðòå õîðîøî ðàçëè÷èìû

äâå õîëîäíûå îáëàñòè, ðàçäåëåííûå ïî äîëãîòå ïðèìåðíî íà 150o.

Êàê è â [2] âåëè÷èíà óãëà i íàêëîíà îñè âðàùåíèÿ çâåçäû ê ëó÷ó çðåíèÿ

áûëà ïðèíÿòà ðàâíîé 60o. Îêàçàëîñü, â ñëó÷àå èçìåíåíèÿ âåëè÷èíû ïàðàìåòðà

íà 20o ðàçëè÷èÿ â êàðòàõ íå èçìåíÿþò ñäåëàííûõ íàìè çàêëþ÷åíèé î

ïîëîæåíèè àêòèâíûõ îáëàñòåé íà ïîâåðõíîñòè çâåçäû. Ñîãëàñíî íàøèì

âû÷èñëåíèÿì (ñì. â [6] ìíîãî÷èñëåííûå òåñòû), ïîñòðîåííûå êàðòû ñîäåðæàò

ïðåèìóùåñòâåííî èíôîðìàöèþ î ïîëîæåíèè ïÿòåí ïî äîëãîòå, íî íå ïî

øèðîòå. Çàêëþ÷åíèÿ î íàëè÷èè ïîëÿðíûõ ïÿòåí (êàê â [7] äëÿ GJ791.2A)

ìû ñäåëàòü íå ìîæåì.

4. Âñïûøå÷íàÿ àêòèâíîñòü. Ïî ìíåíèþ àâòîðîâ [2] (ðèñ.5 â èõ

ñòàòüå) íà êðèâîé áëåñêà EPIC 204376071 ïðèñóòñòâóåò ðÿä âñïûøåê ñ

àìïëèòóäîé äî 6%. Ñëåäóåò èìåòü â âèäó, ÷òî  êà÷åñòâî íàáëþäàòåëüíîãî

ìàòåðèàëà, ïîëó÷åííîãî ñ ïðîäîëæåíèåì ìèññèè Êåïëåð Ê2, ñóùåñòâåííî

íèæå, ÷åì äëÿ äàííûõ îñíîâíîé ìèññèè. Íåñòàáèëüíîå ïîâåäåíèå êîñìè÷åñêîãî

òåëåñêîïà ïðèâîäèò ê ïîÿâëåíèþ ìíîãî÷èñëåííûõ àðòåôàêòîâ íà ðåãèñòðè-

ðóåìûõ êðèâûõ áëåñêà, êîòîðûå, ê ñîæàëåíèþ, äî êîíöà íå óñòðàíÿþòñÿ ïðè

ðåäóêöèè äàííûõ. Â ïðèíöèïå, ïî ôîðìå ìíîãèå àðòåôàêòû ñóùåñòâåííî

îòëè÷àþòñÿ îò õàðàêòåðíîé ôîðìû áîëüøèíñòâà âñïûøåê (ôàçà âîçãîðàíèÿ,

áîëåå ïëàâíàÿ ôàçà çàòóõàíèÿ), íî òðåáóåòñÿ îñòîðîæíîñòü ïðè îòáîðå ÿâëåíèé,

ïîõîæèõ íà âñïûøêè.

Íà ðèñ.1 ïðèâîäÿòñÿ äâà ôðàãìåíòà êðèâîé ñ àðòåôàêòàìè, êàê âûçâàííûõ

âîçìîæíî íåäîñòàòî÷íî òî÷íîé ðåäóêöèåé äàííûõ, òàê è ïðîÿâëåíèåì âåðîÿòíûõ

âñïûøåê ñî ñòðóêòóðîé, õàðàêòåðíîé äëÿ âñïûøåê çâåçä ïîçäíåãî ñïåêòðàëüíîãî

êëàññà - ðåçêèé ïîäúåì, ïèê, ñòàäèÿ çàòóõàíèÿ. Â íàøåì èññëåäîâàíèè ìû

îãðàíè÷èëèñü ðàññìîòðåíèåì îäíîé íàèáîëåå äîñòîâåðíîé âñïûøêè, êîòîðàÿ,

íåñîìíåííî, ìîæåò äàòü ïðåäñòàâëåíèå î ñâîéñòâàõ âñïûøå÷íîé àêòèâíîñòè

EPIC 204376071. Àìïëèòóäà áëåñêà âñïûøêè ñîñòàâëÿåò îêîëî 4%. Ýíåðãèÿ

èçëó÷åíèÿ âñïûøêè áûëà âû÷èñëåíà íàìè ïî ñòàíäàðòíîé ìåòîäèêå, ïðèíÿòîé

ïðè àíàëèçå âñïûøå÷íîé àêòèâíîñòè çâåçä ïî íàáëþäåíèÿì ñ êîñìè÷åñêèì

òåëåñêîïîì Êåïëåð èëè ìèññèåé TESS (ñì. â [8,9]). Äàííàÿ ìåòîäèêà óæå

íåîäíîêðàòíî èñïîëüçîâàëàñü äëÿ îïðåäåëåíèé ýíåðãåòèêè âñïûøåê çâåçä ïî

íàáëþäåíèÿì ìèññèè  TESS ñ ó÷åòîì èçìåíåíèÿ ïîëîñû ïðîïóñêàíèÿ äëÿ
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ýòîé êîñìè÷åñêîé ìèññèè  - ñì., íàïðèìåð, îïèñàíèå â [10]. Êàê è â [10],

íàìè ïðèíèìàëîñü, ÷òî âñïûøêà õàðàêòåðèçóåòñÿ ÷åðíîòåëüíûì èçëó÷åíèåì.

Èçìåðåííàÿ îòíîñèòåëüíàÿ ýíåðãèÿ âñïûøêè RE ñîñòàâèëà 212 ñ. Âû÷èñëåííàÿ

ïî ôîðìóëàì èç [10] ýíåðãèÿ âñïûøêè E
fl
 îêàçàëàñü ðàâíîé - 341011 . ýðã

(logE
fl

 = 34.05).

Ðåçóëüòàòû øèðîêîãî êðóãà èññëåäîâàíèé, âêëþ÷àþùèõ àíàëèç ñâîéñòâ

çâåçäíûõ âñïûøåê, îñíîâàííûõ íà äàííûõ íàáëþäåíèé ñ êîñìè÷åñêèì

òåëåñêîïîì TESS ñ èþëÿ 2018ã. ïî îêòÿáðü 2020ã., ìîæíî íàéòè â [11].

Àâòîðàìè [11] áûëè ïðîàíàëèçèðîâàíû  60810 âñïûøåê äëÿ  13478 çâåçä ïî

íàáëþäåíèÿì TESS â ñåêòîðàõ 1-30. Â èññëåäîâàíèè áûëè ðàññìîòðåíû îáúåêòû

â äèàïàçîíå Ò
ýôô

 îò 2500 Ê äî 6500 Ê è ñ ìàññàìè îò 0.08 äî 1.4 ìàññ Ñîëíöà.

Äëÿ ñðàâíåíèÿ ñ EPIC 204376071 óêàæåì, ÷òî ïî äàííûì [11] (ðèñ.12)

çíà÷åíèÿ ýíåðãèè  âñïûøåê äëÿ çâåçä ñ òåìïåðàòóðîé îêîëî 3000 Ê ëåæàò â

äèàïàçîíå îò 31107   äî 34105  ýðã. Íàéäåííàÿ íàìè ýíåðãèÿ âñïûøêè äëÿ

EPIC 204376071 âûøå ñðåäíåé, íî â öåëîì ñîïîñòàâèìà ñ òèïè÷íûìè

ìàêñèìàëüíûìè âåëè÷èíàìè E
fl
 äëÿ Ì çâåçä ñ Ò

ýôô
 = 3000 Ê.

Ñëåäóÿ èäåå ñîëíå÷íî-çâåçäíîé àíàëîãèè è íà äðóãèõ çâåçäàõ ìîæíî

îæèäàòü êîðîíàëüíûå âûáðîñû ìàññû CME [10,12], êîòîðûå ìîãóò ïðîÿâëÿòüñÿ

â ñîïóòñòâóþùèõ âîçìóùåíèÿõ ïëîòíîñòè è ñêîðîñòè ïëàçìû, óñêîðåíèè

ýíåðãè÷íûõ ÷àñòèö â îáëàñòÿõ óäàðîâ. Âñå ýòè ôàêòîðû ïðèíèìàþòñÿ âî

âíèìàíèå ïðè èçó÷åíèè âëèÿíèÿ ÑÌÅ íà ýêçîïëàíåòû è èõ àòìîñôåðû, íî

íå èñêëþ÷åíà âåðîÿòíîñòü íåîáõîäèìîñòè ó÷åòà èõ âëèÿíèÿ íà ìàëûå òåëà

ýêçîïëàíåòíûõ ñèñòåì (ýêçîêîìåòû è ïðî÷.) ïðè óñëîâèè ñîâïàäåíèÿ

íàïðàâëåíèÿ ÑÌÅ íà îáúåêò. Ïëàíåòàðíîå âëèÿíèå çâåçäíîé àêòèâíîñòè

CME ìîæåò âàðüèðîâàòüñÿ â çàâèñèìîñòè îò âîçðàñòà çâåçäû, åå àêòèâíîñòè,

ñïåêòðàëüíîãî òèïà è îðáèòàëüíîãî ðàññòîÿíèÿ ïëàíåòû. Äëÿ îöåíêè ñâîéñòâ

ÑÌÅ ÷àñòî èñïîëüçóåòñÿ ýìïèðè÷åñêàÿ çàâèñèìîñòü, ñâÿçûâàþùàÿ ýíåðãèþ

âñïûøêè è ìàññó ÑÌÅ  (ñì. ïîäðîáíåå â [10,12]). Ïðèìåíåíèå çàâèñèìîñòè

ê äàííûì äëÿ EPIC 204376071 ïðèâîäèò ê îöåíêå, ÷òî äëÿ ýòîé çâåçäû

âåðîÿòíàÿ âåëè÷èíà ìàññû ÑÌÅ  ìîæåò äîñòèãàòü 201014 . ã.

Äëÿ òîãî, ÷òîáû îöåíèòü âåëè÷èíû ìàêñèìàëüíî âîçìîæíûõ ìàññ ÑÌÅ

äëÿ ñàìûõ õîëîäíûõ êàðëèêîâ, â [12] ìû èñïîëüçîâàëè äàííûå [13] îá

ýíåðãèÿõ ñóïåðâñïûøåê âîñüìè êàðëèêîâ ñïåêòðàëüíîãî êëàññà Ì. Ýíåðãèè

ñóïåðâñïûøåê ýòèõ îáúåêòîâ ëåæàò â äèàïàçîíå âåëè÷èí logÅ
fl
 îò 33.59 äî

34.96. Âîçìîæíî, ÷òî ïî ýíåðãèè âñïûøêà íà EPIC 204376071 ïîäîáíà

ñóïåðâñïûøêàì îáúåêòîâ èç [13]. Òðåáóþòñÿ äàëüíåéøèå íàáëþäåíèÿ äëÿ

ïîäòâåðæäåíèÿ õàðàêòåðèñòèê âñïûøå÷íîé àêòèâíîñòè EPIC 204376071. Ìàññà

ñîîòâåòñòâóþùèõ ÑÌÅ ó êàðëèêîâ èç [13] â ñëó÷àå ñóïåðâñïûøåê ìîæåò

äîñòèãàòü äî 201022 . - 201051 . ã, ÷òî íå òîëüêî ñîïîñòàâèìî, íî äàæå  íåìíîãî

ïðåâîñõîäèò ìàññû ÑÌÅ çâåçä ñîëíå÷íîãî òèïà, óñòàíîâëåííûå ïî ñðåäíèì
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ýíåðãèÿì âñïûøåê.

5. Çàêëþ÷åíèå è îáñóæäåíèå ðåçóëüòàòîâ. Àâòîðû [2] ñîîáùèëè

îá îáíàðóæåíèè çíà÷èòåëüíîãî (íà 80%) îñëàáëåíèÿ áëåñêà ìîëîäîé çâåçäû

EPIC 204376071 äëèòåëüíîñòüþ ïîðÿäêà ñóòîê. Â îñòàëüíîì, êðèâàÿ áëåñêà

îáúåêòà â òå÷åíèå èíòåðâàëà íàáëþäåíèé ñ êîñìè÷åñêèì òåëåñêîïîì Êåïëåð

(ìèññèÿ Ê2) äëèòåëüíîñòüþ â îáùåé ñëîæíîñòè îêîëî 160 ñóò âî âðåìÿ

êàìïàíèé C2 è C15 õàðàêòåðèçóåòñÿ èçìåíåíèÿìè âñëåäñòâèå âðàùàòåëüíîé

ìîäóëÿöèè, à òàêæå âîçìîæíûì íàëè÷èåì âñïûøåê. EPIC 204376071 ÿâëÿåòñÿ

ìàëîìàññèâíûì Ì-êàðëèêîì (0.16 M ) ñ ðàäèóñîì 0.63 R . Ìîëîäîñòü çâåçäû

îïðåäåëÿåòñÿ åå ïðèíàäëåæíîñòüþ ê àññîöèàöèè Upper Scorpius ñ âîçðàñòîì

ïîðÿäêà 10 ìëí ëåò. Áîëüøîé ðàäèóñ ïî ñðàâíåíèþ ñ õàðàêòåðíûì ðàäèóñîì

äëÿ çâåçäû ÃÏ ñ àíàëîãè÷íîé ìàññîé óêàçûâàåò íà òî, ÷òî, âåðîÿòíî, çâåçäà

åùå ñæèìàåòñÿ è íå äîñòèãëà ÃÏ. Ïåðèîä âðàùåíèÿ Ð = 1.6 ñóò òàêæå

ñîîòâåòñòâóåò ïðåäïîëîæåíèþ î ìîëîäîñòè çâåçäû.

Ïî íàáëþäåíèÿì ìèññèè Ê2 ìû óòî÷íèëè ïåðèîä âðàùåíèÿ è àìïëèòóäó

ïåðåìåííîñòè áëåñêà EPIC 204376071, à òàêæå ïî ñòàíäàðòíîé ìåòîäèêå

îöåíèëè âåëè÷èíó ïàðàìåòðà çàïÿòíåííîñòè A â àáñîëþòíîé ìåðå. Èç ðåøåíèÿ

îáðàòíîé çàäà÷è âîññòàíîâëåíèÿ òåìïåðàòóðíûõ íåîäíîðîäíîñòåé çâåçäû ïî

óñðåäíåííîé êðèâîé áëåñêà ïîëó÷åíà êàðòà ïîâåðõíîñòíûõ òåìïåðàòóðíûõ

íåîäíîðîäíîñòåé. Äëÿ îöåíêè ñâîéñòâ âñïûøå÷íîé àêòèâíîñòè EPIC 204376071

áûëà ðàññìîòðåíà îäíà íàèáîëåå äîñòîâåðíàÿ âñïûøêà. Àìïëèòóäà áëåñêà

âñïûøêè ñîñòàâëÿåò îêîëî 4%. Èçìåðåííàÿ îòíîñèòåëüíàÿ ýíåðãèÿ âñïûøêè

RE ñîñòàâèëà 212
 
ñ. Âû÷èñëåííàÿ ýíåðãèÿ âñïûøêè E

fl
 îêàçàëàñü ðàâíîé

341011 . ýðã (logE
fl

 = 34.05). Ïî ýìïèðè÷åñêîé çàâèñèìîñòè, ñâÿçûâàþùåé

ýíåðãèþ âñïûøêè è ìàññó ÑÌÅ, óñòàíîâëåíî, ÷òî äëÿ ýòîé çâåçäû âåðîÿòíàÿ

âåëè÷èíà ìàññû ÑÌÅ  ìîæåò äîñòèãàòü 201014 . ã.

Â [2] áûëè èññëåäîâàíû äâà îñíîâíûõ ñöåíàðèÿ ïðîÿâëåíèÿ ãëóáîêîãî

àñèììåòðè÷íîãî çàòåìíåíèÿ, ïîäîáíîãî íàáëþäàåìîìó â EPIC 204376071. Â

ïåðâîì èç íèõ áûë ðàññìîòðåí ïûëåâîé äèñê îêîëî  ìàëîãî òåëà, âðàùàþùåãîñÿ

âîêðóã çâåçäû. Äèñê íàêëîíåí ê íàáëþäàòåëþ òàê, ÷òî â ïðîåêöèè îí

âûãëÿäèò êàê ýëëèïñ. Ïàðàìåòðû ìîäåëè ïðåäñòàâëåíû â òàáë.4 â [2].

Âîçìîæíûå âåëè÷èíû ïîëóîñåé äèñêà ñîñòàâëÿþò 4.2 è 0.89 ðàäèóñîâ çâåçäû,

à íàêëîí äèñêà ðàâåí 22o. Ìàññà äèñêà ðàâíà 19103  ã, à ìàññà ìàëîãî òåëà,

ê êîòîðîìó ïðèíàäëåæèò äèñê - 3 ìàññû Þïèòåðà. Âî âòîðîì ñöåíàðèè

ïðåäëàãàëñÿ ïûëåâîé ýêðàí "íåèçâåñòíîãî ïðîèñõîæäåíèÿ", âîçìîæíî

âðåìåííîãî õàðàêòåðà. Â ýòîé ìîäåëè ïðîçðà÷íîñòü ýêðàíà ñèñòåìàòè÷åñêè

óìåíüøàåòñÿ îò ðåçêîé ãðàíèöû äî ïðîòèâîïîëîæíîãî êðàÿ (ñì. ðèñ.8 â [2]).

Ïî ìíåíèþ àâòîðîâ [2] îáå ìîäåëè äîñòàòî÷íî õîðîøî îïèñûâàþò ôîðìó

çàòìåíèÿ (ìîæåò áûòü, ìîäåëü ñ äèñêîì íåñêîëüêî ëó÷øå). Âîçìîæíîñòü
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ñóùåñòâîâàíèÿ êîìåòíîãî õâîñòà îò ìàëîãî òåëà â [2] áûëà ðàññìîòðåíà, íî

îòâåðãíóòà ïî èõ ìíåíèþ âñëåäñòâèå ìàëîãî ïîòîêà èçëó÷åíèÿ (ïî ñðàâíåíèþ

ñ òðåáóåìûì äëÿ ôîðìèðîâàíèÿ õâîñòà) îò çâåçäû ñî ñâåòèìîñòüþ â 0.027 L .

Îäíàêî, ïðèíèìàÿ âî âíèìàíèå íàëè÷èå âûñîêîé âñïûøå÷íîé àêòèâíîñòè

çâåçäû è ñîïóòñòâóþùèõ ÑÌÅ, íå èñêëþ÷åíà íåîáõîäèìîñòü äîïîëíèòåëüíîãî

èçó÷åíèÿ ýòîãî âîïðîñà (ïðè óñëîâèè ïîäòâåðæäåíèÿ ñóùåñòâîâàíèÿ

ñóïåðâñïûøåê, ãåíåðàöèè ÑÌÅ â òðåáóåìîì íàïðàâëåíèè è ïðî÷.).

Ïîñêîëüêó EPIC 204376071 ÿâëÿåòñÿ ÷ëåíîì àññîöèàöèè Upper Scorpius,

äëÿ êîòîðîé õàðàêòåðíî áîëüøîå ÷èñëî îáúåêòîâ, èçâåñòíûõ êàê äèïïåðû,

åñòåñòâåííûì ÿâëÿåòñÿ âîïðîñ î òîì, íå ñâÿçàíî ëè íàáëþäàåìîå ÿâëåíèå

îñëàáëåíèÿ áëåñêà ñ ïðîÿâëåíèåì ïðèðîäû äèïïåðà. Â òàêîì ñëó÷àå îñëàáëåíèå

áóäåò âûçâàíî ïûëåâîé ìàòåðèåé, íàõîäÿùåéñÿ âáëèçè ðàäèóñà êîðîòàöèè

îêîëî çâåçäû, îäíàêî â [2]  áûëè ðàññìîòðåíû òðè âîçìîæíûõ îòëè÷èÿ EPIC

204376071 îò îñòàëüíûõ îáúåêòîâ - äèïïåðîâ (ñì. ïîäðîáíîñòè è ñîîòâåòñò-

âóþùèå ññûëêè íà ëèòåðàòóðó çäåñü è äàëåå â [2]). Âî-ïåðâûõ, äëÿ äèïïåðîâ

ãëóáèíà îñëàáëåíèÿ áëåñêà ñîñòàâëÿåò âñåãî 10-30%, âîçìîæíûì  èñêëþ÷åíèåì

ÿâëÿåòñÿ çâåçäà HQ Tau, äëÿ êîòîðîé ãëóáèíà áûëà ñîïîñòàâèìà èëè ïðåâîñ-

õîäèëà âåëè÷èíó äëÿ EPIC 204376071, à ïðîäîëæèòåëüíîñòü çàòìåíèÿ áûëà

áîëåå äëèòåëüíîé. Âî-âòîðûõ, àêòèâíîñòü äèïïåðîâ, êàê ïðàâèëî, îñòàåòñÿ

âûñîêîé â òå÷åíèå âñåãî èíòåðâàëà íàáëþäåíèé (äåñÿòêè äíåé) è ó íèõ

îñëàáëåíèÿ áëåñêà íàáëþäàþòñÿ ãîðàçäî ÷àùå; ïðàâäà, âîïðîñ î âîçìîæíîñòè

ñåëåêöèè íàáëþäåíèé ïî ÷àñòîòå íàáëþäåíèé äî êîíöà íå ðåøåí. Íàêîíåö,

â-òðåòüèõ, áîëüøèíñòâî äèïïåðîâ èìåþò ÿðêî-âûðàæåííûé èçáûòîê ïîòîêà

èçëó÷åíèÿ â ïîëîñàõ WISE 3 è 4, òîãäà êàê EPIC 204376071 õàðàêòåðèçóåòñÿ

ñëàáîé ýìèññèåé â ïîëîñå WISE 3, à â ïîëîñå WISE 4 äëÿ îáúåêòà èìååòñÿ

ëèøü âåðõíÿÿ îöåíêà ïîòîêà.

Èññëåäîâàíèå EPIC 204376071 ïðåäñòàâëÿåò èíòåðåñ ñ òî÷êè çðåíèÿ

óñòàíîâëåíèÿ ïðèðîäû çàòìåíèÿ áëåñêà ýòîãî îáúåêòà. Îñòàåòñÿ îòêðûòûì

âîïðîñ î õàðàêòåðå çàòìåâàþùåãî òåëà - ýòî òåëî ñ ýëëèïñîîáðàçíîé ïûëåâîé

îáîëî÷êîé, ïûëåâîé ýêðàí, ýêçîêîìåòà (åñëè âîçìîæíî îáðàçîâàíèå åå õâîñòà

âñëåäñòâèå ñóïåðâñïûøåê íà çâåçäå) èëè ÷òî-òî åùå? Íåîáõîäèìû íîâûå

íàáëþäåíèÿ ýòîãî îáúåêòà, à òàêæå ïîèñê çâåçä ñ àíàëîãè÷íûìè çàòìåíèÿìè.

Èññëåäîâàíèå âûïîëíåíî â ðàìêàõ ïðîåêòà "Èññëåäîâàíèå çâåçä ñ ýêçî-

ïëàíåòàìè" ïî ãðàíòó Ïðàâèòåëüñòâà ÐÔ äëÿ ïðîâåäåíèÿ íàó÷íûõ èññëåäîâàíèé,

ïðîâîäèìûõ ïîä ðóêîâîäñòâîì âåäóùèõ ó÷åíûõ (ñîãëàøåíèå ¹ 075-15-2019-

1875, 075-15-2022-1109).).

Ó÷ðåæäåíèå Ðîññèéñêîé àêàäåìèè íàóê Èíñòèòóò àñòðîíîìèè ÐÀÍ,
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ACTIVITY OF THE YOUNG STAR EPIC 204376071
FROM THE UPPER SCO ASSOCIATION

I.S.SAVANOV

Using the observations of the K2 mission of the Kepler Space Telescope we

studied the activity of EPIC 204376071 - a young object in the Upper Sco

association with the age of 11 ± 3 million years, whose light curve has a single

occultation of daily duration with a depth of about 80%. EPIC 204376071 is a

M-dwarf of mass 0.16 M . On the base on the observations of the C15 campaign

of the K2 mission we estimated the rotation period, amplitude of the variability

of the brightness of the star and the spottedness parameter A in absolute measure

using the standard method. The magnitude of the rotation period of the star P

is 1.6270 ± 0.030 days. The area of spots on the surface of EPIC 204376071

exceeds the maximum area of spots on the Sun and is about 7900 MSH. The

results of the restoration of temperature inhomogeneities on the surface of EPIC

204376071 are presented. Two cool regions separated in longitude by about 150o

are clearly distinguishable on the constructed map. Characteristics stellar flare

activity are estimated on the base of one of the most reliable flare. The flare

amplitude is about 4%. The measured relative energy RE of the flare was 212

sec. The calculated energy of the flare E
fl
 equal to 341011 . erg (logE

fl
 = 34.05).

The corresponding probable value of the coronal mass ejection can reach 201014 . g.

Possible explanations of a single occultation of 1-day duration with a depth of

about 80% on the EPIC 204376071 light curve are discussed.

Keywords: stars: activity: spots: photometry: variability: variability: flares: occultation
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PLANE SYMMETRIC STRING COSMOLOGICAL MODEL
WITH ZERO MASS SCALAR FIELD IN f(R) GRAVITY
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In this article, an anisotropic Locally Rotationally Symmetric (LRS) Bianchi type I metric
in the presence of cloud string fluid and zero mass scalar field in reference to f (R) gravity have
been investigated. To obtain the deterministic solutions we assumed the weak field limit for a point-
like source 

/23
)( RRf   and the very well-known expansion-shear scalar proportionality relation.

Furthermore, some physical and kinematical parameters have been calculated to study the astro-
physical consequences of obtained model, which shows a good resemblance to the recent observa-
tional data.

Keywords: cosmic string: scalar field: Bianchi type I metric: f (R) gravity

1. Introduction. Observational evidence and measurements from high red-

shift supernovae observed by cosmologists [1-3] at various redshift ranges suggest

that the universe is in its accelerating phase, and this acceleration is assumed to

be the effect of dark energy, which is due to the universe's negative pressure. Two

solutions have been brought forth to address this problem; one is to develop a

viable dark energy model, and the other is to modify Einstein's theory of gravity.

Among these non-Einsteinium theories, one of the theories is  Rf  gravity, this

modification is one of the oldest and was originally proposed by Buchdahl [4].

Modified theories of gravitation received growing attention lately but the scientific

curiosity of cosmologists for the universe gave them new inspiration to study the

universe hugely in new ways. Despite the many shortcomings conferred to

modified gravities, various cosmologist gave their tremendous efforts. Nojiri and

Odintsov, [5] reconstructed cosmological methods i.e. inverse problems in view

of cosmic time or e-folding in  Rf  gravity. Katore and Hatkar, [6] examined

interacting as well as non-interacting scenarios of two fluids considering FRW

space-time in  Rf  theory of gravity. Bahamonde et al., [7] studied modified

teleparallel gravitational theories and derived the particular unification case of

teleparallel equivalent to  Rf  gravitational theory which is invariant under local

Lorentz transformation. Ferraro, [8] concisely reviewed the  Rf , and  Tf
gravity theories and showed some remarkable applications to cosmology and cosmic

strings. De La Cruz-Dombriz and Dobado, [9] considered the possibility of
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describing the current evolution of the universe, without the introduction of any

cosmological constant or dark energy, by modifying the Einstein-Hilbert action.

Nojiri and Odintsov, [10] suggested the new model of modified gravity which

contains positive and negative powers of the curvature in which the Lagrangian

appears to be nm RRRL 1  where m and n are positive numbers. Again Nojiri

and Odintsov, [11] suggested two realistic  Rf  and one  Gf  modified gravities

which are consistent with local tests and cosmological bounds. Guendelman and

Herrera, [12] analyzed unification: emergent universe followed by inflation and

dark epochs from multi-field theory. Capozziello et al., [13] considered the tree-

level effective gravitational action of bosonic string theory coupled with the diliaton

field. Bari and Bhattacharya, [14] presented the full treatment of scalar and vector

cosmological perturbations in a non-singular bouncing universe in the context of

metric  Rf  cosmology. Sadeghi et al., [15] studied some cosmological parameters

in a logarithmic corrected  Rf  gravitational model with swampland conjectures.

The investigation of yet unsolved interacting fields in reference to modified

gravitation theories assuming one of the fields is a massless scalar field is a basic

attempt to study the unification of the quantum and gravitational theories. In

recent years, there has been a lot of interest in the set of field equations that

represent a zero-mass scalar field coupled with gravitational theories. Venkateswarlu

et al. [16-18], Godani and Samanta [19], Singh et al. [20], Singh [21], Patra

[22], Adhav et al. [23], Dixit et al. [24], Katore et al.  [25], Cadoni and Franzin

[26], Pawar et al., [27], are some of the authors who have vigorously studied

interacting fluid with one matter content as a zero mass scalar field.

In accordance with the study of strings, these are widely receiving significant

interest from researchers as they play an important role in explaining the early

phase of cosmic evolution. Nojiri et al., [28] studied string-inspired models,

inflation, bounce, and late-time evolution in reference to modified gravity. Freidel

et al., [29] discussed the formulation and dynamics of string theory and looks

for string solutions. Pawar et al. [30-32] have studied string-coupled cosmological

models using Bianchi type V and VI
0
 space-time in the context of teleparallel

gravity. Mishra et al., [33] investigated the string cosmological model using

spatially homogeneous and anisotropic Bianchi type V space-time. The viscous

string cosmological model explaining the cosmic accelerated expansion has been

investigated by Vinutha et al., [34]. Darabi et al., [35] obtained string cosmological

solutions via Hojman symmetry using FRW line element. Chirde et al., [36] have

studied the LRS Bianchi type I cosmological model having the source as perfect

fluid and a string of clouds using three different  Tf  formalisms. In modern

cosmology, the substantial theoretical development of string theory [37-47], has

been done using different types of gravitation theories.

Motivated by the situations discussed above in this paper, we have considered
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anisotropic LRS Bianchi type I space-time to construct a string cosmological model

coupled with zero mass scalar field within the context of  Rf  gravity. This paper

is divided into several sections: Sec. 2 deals with  Rf  gravity formalism. In Sec.

3 considering Bianchi type I metric, we have obtained the corresponding field

equations. In Sec. 4, we 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.  Rf  gravity formalism. The  Rf  theory of gravitation is a modi-

fication of the general theory of relativity. The action for  Rf  gravity is given

by

   , 4
  xdLRfgS m (1)

where  Rf  is a general function of Ricci Scalar R and L
m
 is the matter

Lagrangian. It is worth mentioning that the standard Einstein-Hilbert action can

be recovered when   RRf  .

The corresponding field equations are obtained by varying the action with

respect to the metric g  as

        . 
2

1



  TRFgRFgRfRRF (2)

where     dRRdfRF  ,   denotes covariant differentiation, T  is the standard

matter energy-momentum tensor derived from the matter Lagrangian L
m
.

3. Metric and field equations. We consider an anisotropic LRS Bianchi

type I metric of the form as

 , 2222222 dzdyBdxAdtds � (3)

where A and B are functions of cosmic time t only.

The energy-momentum tensor for a one-dimensional cosmic string coupled

with a zero mass scalar field is given by

, 
2

1  ,
 , , , 








 

m
mgxxuuT (4)

where   and   are respective the tension density and rest energy density of string

cloud fluid. u  denotes four time-like velocity vectors and x  denotes a unit space-

like vector which represents the anisotropic direction of cloud string  and satisfies

the conditions,

. 0, 1  
 xuxxuug (5)

In the comoving coordinate system, components of the energy-momentum tensor

from equation (4) are given by
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. 
2

1
and

2

1
, 

2

1 4
4

23
3

2
2

21
1   TTTT (6)

Taking consideration of (6), the field equations (2) for the metric (3) are obtained

as

, 
2

1

2

1
22 2



















 





 fF

AB

BA

A

A
F

B

B
F (7)

, 
2

1

2

1 2

2

2






















 





 fF

AB

BA

B

B

B

B
F

B

B

A

A
F (8)

, 
2

1

2

1
22 2





















 





fF

B

B

A

A
F

B

B

A

A
(9)

where the overhead dot (.) denotes the derivative with respect to cosmic time t.

Here we have three non-linear differential field equations with six unknowns,

namely; f, A, B,  ,   and  . The solution of these unknowns is discussed in

the next section.

Also, we define some kinematical space-time quantities of physical interest in

cosmology, as follows:

The average scale factor a and the spatial volume V are respectively defined as

. and 33 2 aVABa  (10)

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  


(11)

in which AAH 1 , and BBHH  32  denotes the directional Hubble's param-

eters.

Using (10) and (11), we have obtained the expansion scalar  , the mean

anisotropy parameter  , the shear scalar 2 , and the deceleration parameter q

respectively as

, 32 H
B

B

A

A



(12)

, 
3

1
23

1










 
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i

i

H

HH
(13)

, 
2

1 3

1

222









 

i
iH (14)

. 
1

1
2











Hdt

d

a

aa
q




(15)
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4. Solution of field equations. To solve the nonlinear differential field

equations (7)-(9) and obtain the exact solution, we consider the weak field limit

for a point-like source of  Rf  gravity model as presented by Capozziello et al.

[48] and given by

  . 23RRf  (16)

For the deterministic solutions, we consider the expansion scalar   is proportional

to the shear scalar 2  which leads to the following analytic relation

,  BA (17)

where   is a constant.

Also, as described by Yadav [49] we consider the average scale factor in the

form

    , 1 nnDtta  (18)

where n is a non-negative constant and D is an arbitrary constant.

We obtained the metric coefficients A and B as

       
. , 2323   nn nDtBnDtA (19)

Substituting values of A and B from (19) in (3), we get

         . 222622622 dzdynDtdxnDtdtds nn �
 (20)

The metric coefficients of the model obtained in (20) are constant for any type

of t, and hence it is free from any type of singularity.

In the following, we have determined the spatial volume V, the mean Hubble's

parameter H, the expansion scalar  , the mean anisotropy parameter  , the

shear scalar 2 , and the deceleration parameter q respectively as

  , 3 nnDtV  (21)

, 
1

nt
H  (22)

, 
3

nt
 (23)

 
 

, 
2

12
2

2




 (24)

where 1 , and 2

 
 

, 
2

13
222

2
2






tn
(25)

where 1 , and 2

. 1 nq (26)
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The ratio

 
 

. 
2

1

3

1
2

2

2

2









(27)

where 1 , and 2 .

It is observed from Fig.1 that the spatial volume is zero at the beginning of

time and increases asymptotically with an increase in cosmic time for the range

Fig.1. Plot of V vs t for 8750. and D = 3.

Fig.2. Plot of H vs t.
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0 < n < 1 showing the expansion of the universe but for n > 1 the volume is found

to be stable and flat, while the Hubble's parameter which is an inverse function

of cosmic time decreases monotonically (Fig.2) with both the increase in cosmic

time t and varying constant n and hence the rate of expansion of the universe

also decreases. The ratio 022   shows the discussed model doesn't approach

isotropy. Also, the sign of q determines the accelerating or decelerating phase of

the universe. The positive sign of q i.e. for n > 1 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 SN Ia data [1,2] supports

cosmic acceleration i.e 01  q .

The scalar field

          
        

. 
9463212362

9432231224322
6

21

212333

2


















nnntn

nnnnnnn
t (28)

The behaviour of the scalar field observed in Fig.3 determines that the value

of   that is negative throughout the evolution and is an asymptotically increasing

function of cosmic time t.

The energy density

           
        

.
9463212362

943223524152083529
212333

2222






nnntn

nnnnnnnnn
(29)

Fig.3. Plot of   vs t for 8750. .
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The string tension density

      
        

. 
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nnntn

nnn
(30)

It is observed from Fig.4 as well as from Fig.5 that as the cosmic time t

Fig.5. Plot of   vs t for 8750. .

Fig.4. Plot of   vs t for 8750. .
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and the value of constant n increases the energy density and the tension density

both decreases to approach zero when t . Furthermore, we observed that the

presence of string as compared to the energy particles is quite larger which

indicates the string dominance over energy particles. Letelier [44] studied the

possibility that during the evolution of the universe, the strings disappear leaving

only particles, and pointed out that the string tension density   can be positive

or negative. In our model, 0  throughout the evolution, not only shows the

presence of strings in the universe but also the string dominance over particles.

Additionally, as both densities are positive, decrease with increasing cosmic time,

and both approach zero when t  indicates that the universe is expanding and

expansion will keep forever which is in good agreement with [50].

The equation of state (EoS) for string fluid is given by

.  (31)

Then the EoS parameter can be obtained as

     
  

. 
219

52415208352 222






nnnnnn
(32)

The EoS parameter is observed to be a constant function and hence evolves

constantly with increasing cosmic time. However, it should be noted that for 1n

the value of the EoS parameter decreases while with increasing n > 1 the value

of the EoS parameter increases positively (Fig.6).

Fig.6. Plot of   vs t for 8750. .
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The overall density parameter

           
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.
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2222
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

nnntn

nnnnnnnnn
(33)

The graphical representation of the overall density parameter has been depicted

in Fig.7 showing the complete positive epoch of the density parameter. It is

observed that   decreases with an increase in cosmic time t and the value of

constant n expressing the status for a flat universe which is supported by WMAP

observations.

5. Concluding remarks. Zero mass scalar field and a string of clouds plays

an vital role in understanding the early stages of cosmic evolution. In this present

work, we have studied an anisotropic LRS Bianchi type I line element in the

presence of one-dimensional cosmic string coupled with zero mass scalar field in

reference to  Rf  gravity. The exact solutions to the field equations have been

obtained by using the weak field limit for a point-like source of  Rf  gravity

as presented by Capozziello et al. [48] and the average scale factor as described

by Yadav [49]. It is observed that the constructed model is free from any type

of singularity, expanding and showing acceleration or deceleration depending on

the special choice of constant n which is in good agreement with recent

observational data. The zero-mass scalar field is found to be negative which grows

asymptotically in accordance with cosmic time t. The energy density and the

tension density have finite values in the beginning which vanishes with an

increasing cosmic time. Additionally, the obtained universe shows the string

Fig.7. Plot of   vs t for 8750. .
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dominance over energy particles. Furthermore, the constructed model is flat which

is supported by WMAP observations, having constant EoS parameter and showing

the never-ending expansion which is in good agreement with [50].
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ÏËÎÑÊÎ-ÑÈÌÌÅÒÐÈ×ÍÀß ÑÒÐÓÍÍÀß
ÊÎÑÌÎËÎÃÈ×ÅÑÊÀß ÌÎÄÅËÜ ÑÎ ÑÊÀËßÐÍÛÌ
ÏÎËÅÌ ÍÓËÅÂÎÉ ÌÀÑÑÛ Â f(R) ÃÐÀÂÈÒÀÖÈÈ

Ê.ÏÀÂÀÐ1, À.Ê.ÄÀÁÐÅ1, Ï.ÌÀÊÎÄÅ2

Â ýòîé ñòàòüå èññëåäîâàíà àíèçîòðîïíàÿ ëîêàëüíî âðàùàòåëüíî-ñèììåò-

ðè÷íàÿ (LRS) ìåòðèêà Áüÿíêè òèïà I â ïðèñóòñòâèè æèäêîñòè îáëà÷íîé

ñòðóíû è ñêàëÿðíîãî ïîëÿ íóëåâîé ìàññû îòíîñèòåëüíî ãðàâèòàöèè  Rf .

×òîáû ïîëó÷èòü äåòåðìèíèðîâàííûå ðåøåíèÿ, ìû ïðèíÿëè ïðåäåë ñëàáîãî

ïîëÿ äëÿ òî÷å÷íîãî èñòî÷íèêà   23RRf   è õîðîøî èçâåñòíîå ñêàëÿðíîå

ñîîòíîøåíèå ðàñøèðåíèå-ñäâèã. Êðîìå òîãî, áûëè ðàññ÷èòàíû íåêîòîðûå

ôèçè÷åñêèå è êèíåìàòè÷åñêèå ïàðàìåòðû äëÿ èçó÷åíèÿ àñòðîôèçè÷åñêèõ

ïîñëåäñòâèé ïîëó÷åííîé ìîäåëè, êîòîðàÿ ïîêàçûâàåò õîðîøåå ñîãëàñèå ñ

íåäàâíèìè íàáëþäàòåëüíûìè äàííûìè.

Êëþ÷åâûå ñëîâà: êîñìè÷åñêàÿ ñòðóíà: ñêàëÿðíîå ïîëå: ìåòðèêà Áüÿíêè

òèïà I: ãðàâèòàöèÿ f (R)



396 K.PAWAR  ET  AL.

REFERENCES

1. A.G.Riess et al., Astron. J., 116, 1009, 1998.

2. S.Perlmutter et al., Astrophys. J., 517, 565, 1999.

3. R.A.Knop et al., Astrophys. J., 598, 102, 2003.

4. H.A.Buchdahl, Mon. Not. Roy. Astron. Soc., 150, 1, 1970.

5. S.Nojiri, S.D.Odintsov, Phys. Rep., 505, 59, 2011.

6. S.D.Katore, S.P.Hatkar, Indian J. Phys., 90, 243, 2016.

7. S.Bahamonde, C.G.Böhmer, M.Wright, Phys. Rev. D, 92, 104042, 2015.

8. R.Ferraro, AIP Conf. Proc., 1471, 103, 2012.

9. A. De La Cruz-Dombriz, A.Dobado, Phys. Rev. D, 74, 087501, 2006.

10. S.Nojiri, S.D.Odintsov, arXiv preprint hep-th/0307288 68, 2003.

11. S.Nojiri, S.D.Odintsov, Phys. Lett. B, 657, 238, 2007.

12. E.Guendelman, R.Herrera, arXiv preprint arXiv:2301.10274, 2023.

13. S.Capozziello, S.J.Gabriele Gionti, D.Vernieri, J. Cosmol. Astropart. Phys.,

2016, 015, 2016.

14. P.Bari, K.Bhattacharya, J. Cosmol. Astropart. Phys., 2019, 019, 2019.

15. J.Sadeghi, E.N.Mezerji, S.N.Gashti, Mod. Phys. Lett. A, 36, 2150027, 2021.

16. R.Venkateswarlu, K.P.Kumar, Int. J. Theor. Phys., 49, 1894, 2010.

17. R.Venkateswarlu, K.Sreenivas, Int. J. Theor. Phys., 53, 2051, 2014.

18. R.Venkateswarlu, J.Satish, Int. J. Theor. Phys., 53, 1879, 2014.

19. N.Godani, G.C.Samanta, Int. J. Mod. Phys. A, 35, 2050186, 2020.

20. N.I.Singh, S.S.Singh, S.R.Devi, Astrophys. Space Sci., 334, 187, 2011.

21. K.M.Singh, Astrophys. Space Sci., 325, 293, 2010.

22. R.Patra, Int. J. Math. Trends Technol., 54, 11, 2018.

23. K.S.Adhav, S.D.Katore, R.S.Rane et al., Astrophys. Space Sci., 323, 87, 2009.

24. A.Dixit, D.C.Maurya, A.Pradhan, New Astron., 87, 101587, 2021.

25. S.D.Katore, M.M.Sancheti, N.K.Sarkate, Prespacetime J., 2, 1860, 2011.

26. M.Cadoni, E.Franzin, Phys. Rev. D, 91, 104011, 2015.

27. D.D.Pawar, S.P.Shahare, Y.S.Solanke et al., Indian J. Phys., 95, 1563, 2021.

28. S.Nojiri, S.D.Odintsov, V.K.Oikonomou, Phys. Rep., 692, 1, 2017.

29. L.Freidel, R.G.Leigh, D.Minic, Int. J. Mod. Phys. D, 23, 1442006, 2014.

30. K.Pawar, A.K.Dabre, Int. J. Sci. Res. Phy. App. Sci., 10, 8, 2022.

31. K.Pawar, A.K.Dabre, N.T.Katre, Int. J. Sci. Res. Phy. App. Sci., 10, 1, 2022.

32. K.Pawar, A.K.Dabre, Astrophysics, 66, 114, 2023.

33. B.Mishra, S.K.Tripathy, P.P.Ray, Astrophys. Space Sci., 363, 86, 2018.

34. T.Vinutha, V.U.M.Rao, G.Bekele et al., Indian J. Phys., 95, 1933, 2021.

35. F.Darabi, M.Golmohammadi, A.Rezaei-Aghdam, Int. J. Geom. Methods Mod.

Phys., 17, 2050175, 2020.

36. V.R.Chirde, S.P.Hatkar, S.D.Katore, Int. J. Mod. Phys. D, 29, 2050054, 2020.

37. D.D.Pawar, G.G.Bhuttampalle, P.K.Agrawal, New Astron., 65, 1, 2018.

38. R.Zia, D.C.Maurya, A.Pradhan, Int. J. Geom. Methods Mod. Phys., 15,

1850168, 2018.



397STRING COSMOLOGICAL MODEL IN f (R) GRAVITY

39. M.Sharif, Q.Ama-Tul-Mughani, Mod. Phys. Lett. A, 35, 2050091, 2020.

40. A.K.Yadav, Eur. Phys. J. Plus, 129, 179, 2014.

41. T.Vinutha, V.U.M.Rao, M.Mengesha, Can. J. Phys., 99, 168, 2021.

42. A.R.P.Moreira, J.E.G.Silva, D.F.S.Veras et al., Int. J. Mod. Phys. D, 30,

2150047, 2021.

43. R.Consiglio, O.Sazhina, G.Longo et al., Mon. Not. Roy. Astron. Soc., 439,

3213, 2014.

44. P.S.Letelier, Phys. Rev. D, 28, 2414, 1983.

45. H.Bernardo, R.Brandenberger, G.Franzmann, Phys. Rev. D, 103, 43540, 2021.

46. P.Berglund, T.Hübsch, D.Minić, Phys. Lett. B, 798, 134950, 2019.

47. P.S.Letelier, Nuovo Cim. B, 63, 519, 1981.

48. S.Capozziello, E.Piedipalumbo, C.Rubano et al., Astron. Astrophys., 505, 21, 2009.

49. A.K.Yadav, Eur. Phys. J. Plus, 129, 194, 2014.

50. A.Dixit, R.Zia, A.Pradhan, Pramana, J. Phys., 94, 25, 2020.



MODIFIED TSALLIS HOLOGRAPHIC DARK ENERGY
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In this work we propose Modified Tsallis Holographic Dark Energy (MTHDE) in General
Relativity (GR) in the framework of Bianchi type III space-time. Einstein's field equations are
solved by using a special law of variation of Hubble parameter H proposed by Berman which yields
constant deceleration parameter (DP). Interestingly, for the two different constant values of decel-
eration parameter, we have obtained two different cosmological models. The model 1 behaves like
a quintessence dark energy model whereas model 2 behaves like a cosmological constant model. A
correspondence between model 1 and quintessence scalar field is established. The quintessence
dynamics of the potential and scalar field are reconstructed which illustrates the accelerating phase
of the Universe. Various parameters like deceleration parameter, Hubble parameter, anisotropy
parameter, equation of state (EOS) parameter, etc. for both the cosmological models are thoroughly
discussed. The results obtained are found to be consistent with the recent observations on the
present-day Universe.

Keywords: MTHDE: GR: Hubble parameter: deceleration parameter DP

1. Introduction. Recent astrophysical observational data [1-6] show that our

Universe is going through a phase of accelerated expansion which put new avenues

in modern cosmology. A class of people are making attempts to accomodate this

observational fact by choosing some exotic matter (known as dark energy) in the

framework of general relativity. Dark energy (DE) is believed to dominate over

the matter content of the Universe by 70%. In all theories and models, the

cosmological constant model is the most natural and simplest candidate of DE

with the equation of state (EOS) parameter 1  but it suffers from cosmic

coincidence and fine-tuning problem [7,8]. To relieve such problems, various dark

energy models have been suggested in literature such as quintessence [9], phantom

[10], k-essence [11], tachyon [12], HDE [13], etc.

Despite of many efforts from different observational and theoretical ways, the

problem of DE is still not well settled due to its unknown nature. In order to

justify the source of accelerating expansion (i.e. the nature of DE) of the Universe,

two different approaches have been adopted. One way is to modify the geometric

part of Einstein-Hilbert action (termed as modified theories of gravity) for the

discussion of expansion phenomenon [14-18]. The second approach is to propose

the different forms of DE called dynamical DE models. Up to now, different

dynamical DE models have been proposed in two different contexts such as
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quantum gravity and GR. Holographic dark energy have been proposed in the

framework of quantum gravity on the basis of holographic principle [19]. The

density of HDE model has the following form 2223  LMc pDE  where c is a

specific constant,   218  GM p  termed as reduced Planck mass and L represent

the infrared (IR) cutoff described the size of the Universe. By considering horizon

entropy of a black hole, Tsallis and Cirto assumed some quantum modification

for HDE given by (Tsallis and Cirto [20]) 
  AS  with   being an unknown

constant and   represents the non-additivity parameter chosen to have a positive

value. The Bekenstein entropy is a particular case when 1  and G41  [21].

Considering the holographic hypothesis, Cohen et al. [22] proposed the relation

among the system entropy S, the IR (L) and UV (  ) cutoffs as 4333 SL 

which after combining with 
  AS  gives   424 4  L . Using this inequal-

ity, the THDE density is obtained as 42  DLT  where D is an unknown

parameter [23-25]. It is worthy to mention that for 1 , the standard HDE is

recovered. Furthermore, for 2 , the cosmological constant model is retrieved.

Using the Hubble horizon 1H  as the IR cutoff L, 42  DHT  is obtained.

Since DE occupies almost 70% of the content of the Universe today, it is

rational to assume that the density of DE is a function of the Hubble parameter

H and its derivative w.r.t. cosmic time [26]. In this paper, we have modified the

THDE by assuming HEDHMT
  42 . In the above expression dot (.) denotes

differentiation w.r.t. cosmic time t and E is the arbitrary dimensionless parameter.

The early Universe inflation can be considered as the primordial DE because DE

is merely the substitute for the accelerating expansion of the Universe [27]. So,

our constructed model is a good candidate to describe the inflationary stage.

Bianchi type spaces play an important role in constructing spatially homo-

geneous and anisotropic cosmological models to describe the behaviour of the

Universe at its early stages of its evolution. The anomalies found in the cosmic

microwave background (CMB) and large-scale structure (LSS) observations stimu-

lated a growing interest in anisotropic cosmological model of the Universe. Here

we confine ourselves to Bianchi type III models.

Several researchers have investigated various cosmological models in the

framework of THDE. Two Tsallis Agegraphic DE (TADE) models have been

proposed by using the age of the Universe and the conformal time as the IR cut-

offs and study their effects on the evolution of the Universe [28]. THDE in FRW

Universe with time varying deceleration parameter (DP) in the framework of FRW

Universe have been investigated by [29]. Mamon [30] has studied the evolution

of a fractal Universe with THDE in presence of an interacting scenario. Sadeghi

et al. [31] have explored THDE by considering the complex form of the

quintessence model in the framework of Brans-Dicke cosmology. Pradhan et al.

[32] have discussed THDE in the modified  TRf  ,  gravity framework with
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Granda-Oliveros (GO) cutoff. Mamon et al. [33] have studied THDE in presence

of interacting scenario. Dubey et al. [34] have discussed the axially symmetric

space-time in THDE. Korunur [35] have explored THDE in Bianchi type III

space-time. Yadav [36] has worked out THDE in Brans-Dicke cosmology. Santhi

and Sobhanbabu [37] have explained THDE in Saez-Ballester theory of gravita-

tion. Dubey et al. [38] have investigated THDE using hybrid expansion law (HEL)

with k-essence. Dubey et al. [39] have examined THDE in the non-flat Universe.

Motivated by the above aforesaid works, we have modified THDE in GR in the

framework of Bianchi type III space-time.

The organisation of the paper is as follows: In Section 2, we formulate the

metric and field equations for MTHDE model. In Section 3, we have obtained

the solutions of field equations of Bianchi type III space-time. In Section 4, we

have studied the cosmological model 1 and the correspondence between model 1

and quintessence scalar field. In Section 5 we have studied the cosmological model

2. The model 1 behaves like a quintessence dark energy model whereas the model

2 behaves like a cosmological constant model. Various parameters for both the

models are discussed graphically in Sections 6 and 7 respectively. The paper ends

with concluding remarks in Section 8.

2. Metric and field equations. We consider the anisotropic Bianchi type

III space-time

222222222 dzKdyeJdxIdtds x   (1)

where the scale factors I, J and K are functions of cosmic time t only.

The Einstein's field equations are given by

 , 
2

1
ijijijij TTRgR  (2)

where R
ij
 is the Ricci tensor and R is the Ricci scalar.

The energy momentum tensor i
jT   for dark matter (DM) is

 , 0 0, 0, ,diag m
i
jT  (3)

where m  is the energy density of DM.

The energy momentum tensor 
i
jT  for MTHDE is

 
  ,  , , ,1diag

 , , ,1diag , , ,diag ][

MTMTMTMT

MTzyxMTMTMTMT
i
j zyx

pppT




(4)

where MT  is the energy density of MTHDE, p
MT

 is the pressure of MTHDE

and MTx  , MTy   and MTz   are the directional equation of state

(EOS) parameters on x, y and z  axes respectively and MTMTMT p .

The Einstein's field equations (2) for the metric (1) using Eqs. (3) and (4)
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takes the form

MTMT
JK

KJ

K

K

J

J



(5)

MTMT
IK

KI

K

K

I

I



(6)

MTMT
IIJ

JI

J

J

I

I


2

1
(7)

MTm
IKI

IK

JK

KJ

IJ

JI


2

1
(8)

. 0
I

I

J

J 
(9)

Eq. (9) on integration and taking integrating constant to be unity, we obtain

. IJ  (10)

Using Eq. (10) in Eqs. (5)-(8), we get

MTMT
IK

KI

K

K

I

I



(11)

MTMT
II

I

I

I


22

2 1
2


(12)

. 
1

2
22

2

MTm
IIK

KI

I

I



(13)

The energy conservation equation is

  , 02 







 MTMTmMTm p
K

K

I

I 
 (14)

where overhead dot (.) denotes differentiation w.r.t. cosmic time t.

We assume that there is no interaction between DM and MTHDE throughout

the study.

3. Solutions of field equations. The average scale factor a(t) and the

spatial volume V are defined as

. 23 KIaV  (15)

The directional Hubble's parameters H
x
, H

y
 and zH  in the direction of x, y and

z  axes respectively are given by

. , 
K

K
H

I

I
HH zyx


 (16)

The mean Hubble's parameter H is
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. 2
3

1

33 












K

K

I

IHHH

V

V

a

a
H

zyx


(17)

The deceleration parameter q is defined as

. 
2a

aa
q




 (18)

The anisotropy parameter A
p
 is defined as











 


3

1

2

. 
3

1

i

i
p

H

HH
A (19)

Field equations (11)-(13) forms a system of three independent equations with five

unknowns I, K, MT , MT  and m . So, we use two extra relations to solve the

system of field equations completely. These are as follows:

(i) Following Chen and Jing [26] and Bharali and Das [40], we define

MTHDE density MT  as a function of Hubble parameter H and its derivative

w.r.t. cosmic time t as follows

,42 HEDHMT
  (20)

where E is the arbitrary dimensionless parameter and the other symbols have their

usual meanings.

(ii) A special law of variation for Hubble's parameter H proposed by Berman

[41] is defined as

, mkaH  (21)

where k > 0 and 0m  are constants.

Using Eqs. (17) and (21), we have obtained two models

  , 1, 1, 1
1  mmqkmkta m (22)

where k
1
 is a constant of integration.

   , 0, 1, exp 2  mqktka (23)

where k
2
 is a constant of integration.

From Eqs. (11) and (12), we get

, 
1

exp

1

2
0























 



dt
I

I

K

K

IV

u

I

I

K

K 

(24)

where u
0
 is a constant of integration.

Following Adhav [42], we assume

. 
1
2II

I

K

K



(25)

Using Eq. (25) in Eq. (24), we get
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. 0 te
V

u

I

I

K

K 


(26)

Integrating Eq. (26), we obtain

, exp 01 







 



dt
V

e
uIuK

t

(27)

where u
1
 is a constant of integration.

4. Model 1. When   mkmkta 1
1 , m < 1. Eq. (27) with   mkmkta 1

1

implies

  












 



dt
kmkt

e
uIuK

m

t

3
1

01 exp (28)

  . 3
1

32 mkmktaKIV  (29)

Eqs. (28) and (29) together implies

 
  













 


 dt

kmkt

eu
ukmktI

m

t
m

3
1

031
1

1
1

3
exp (30)

 
 

. 
3

2
exp

3
1

032
1

1
1














 



dt
kmkt

eu
ukmktK

m

t
m

(31)

Both the cosmic scale factors I and K increases as the age of the Universe increases

(Fig.1, 2). The Hubble parameter H and the MTHDE density MT  are calculated as

. 
1kmkt

k
H


 (32)

Fig.1. The plot of I versus cosmic time t for m = 0.5, k = 0.3, k
1
 = 0.5, u

0
 = 0.03 and u

1
 = 0.15.

t
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The Hubble parameter H is a decreasing function of t and tends to a small value

with the passage of cosmic time.

 
. 

2
1

242

1 





























kmkt

mk
E

kmkt

k
DMT (33)

Fig.3 shows that MT  decreases and tends to a constant value as cosmic time

evolves. The anisotropy parameter A
p
 is calculated as

 
. 

9

2
6

1

22
0

2

1





















 




m

t

p
kmkt

eu

k

kmkt
A (34)

0pA  as observed from Fig.4. Thus, our Universe approaches isotropy at late

Fig.2. The variation of K against cosmic time t for m = 0.5, k = 0.3, k
1
 = 0.5, u

0
 = 0.03 and

u
1
 = 0.15.
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Fig.3. The variation of m
  and MT

  versus cosmic time t for m = 0.5, k = 0.3, k
1
 = 0.5,

80
0

. , D = 0.5, 51.  and E = 0.2.
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times. The energy conservation equation for dark matter is

. 03  mm H (35)

Using Eq. (32) in Eq. (35), the energy density of dark matter m  is found as

  mm
kmkt

3
1

0




 (36)

0  is a constant of integration.

From Fig.3, we see that m  diminishes as cosmic time evolves and ultimately

approaches to zero.

The energy conservation equation for MTHDE is

  . 03  MTMTMT pH (37)

Fig.4. The evolution of H and A
p
 against cosmic time t for m = 0.5, k = 0.3, k

1
 = 0.5 and u

0
 = 0.03.

H
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Fig.5. The plot of MT
  versus t for m = 0.5, k = 0.3, k

1
 = 0.5, 51. , D = 0.5, 80

0
.

and E = 0.2.

t

-0.846
0 10 20 30 40 50


M

T

-0.842

-0.838

-0.834



407MODIFIED  TSALLIES  HDE

The EOS parameter of MTHDE MT  is obtained by the use of Eqs. (32), (33)

and (37) as

 
   

 

. 

2
22

3
1

2
1

242

1

3
1

32

2
1

232

11






















































































 






kmkt

mk
E

kmkt

k
D

kmkt

Ekm

kmkt

mk

kmkt

k
D

k

kmkt
MT (38)

From Fig.5, it is observed that 1MT . Thus, our model 1 behaves like a

quintessence dark energy model. The present value of the EOS is calculated as

83400 .  [43-45] and this concludes that the model 1 is a quintessence dark

energy model.

Correspondence between model 1 and quintessence scalar field.

The pressure and energy density for quintessence scalar field [46] are given by

 


 Vp
2

2
(39)

  , 
2

2




 V


(40)

where   denotes the scalar field and  V  is the scalar field potential.

The EOS parameter   is defined as

 
 

. 
2

2
2

2














V

Vp





(41)

Eqs. (33) and (40) together implies

 
 . 

2

2

2
1

242

1


































V
kmkt

mk
E

kmkt

k
D



(42)

Eqs. (38) and (41) together implies

 . 
1

1

2

2
















V

MT

MT


(43)

Using Eq. (43) in Eq. (42), we obtain the scalar field potential  V  as

 
 

. 
2

1
2

1

242

1 






























 




kmkt

Emk

kmkt

k
DV MT

(44)

The scalar field   is calculated by using Eqs. (43) and (44) and then integrating,

we get
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 
 

, 1

21

2
1

242

1
0 dt

kmkt

Emk

kmkt

k
DMT 










































(45)

where 0  is the constant of integration.

Both the scalar field potential  V  and the scalar field   diminishes and

ultimately tends to a small value during the evolution of the Universe as seen

from Fig.6 and 7.

5. Model 2. When   2exp ktka  , m = 0. Eq. (27) with   2exp ktka 

implies

Fig.6. The plot of )(V  versus t for m = 0.5, k = 0.3, k
1
 = 0.5, 51. , 80

0
. , D = 0.5

and E = 0.2.

Fig.7. The evolution of   against cosmic time t for m = 0.5, k = 0.3, k
1
 = 0.5, 51. ,

80
0

. , D = 0.5, E = 0.2 and 050
0

. .
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   









 



dt
ktk

e
uIuK

t

2
01

3exp
exp (46)

  . 3exp 2
32 ktkaKIV  (47)

Eqs. (46) and (47) together implies

  
  2

2

031
1 exp

3exp3
exp ktkdt

ktk

eu
uI

t













 




(48)

  
  . exp

3exp3

2
exp 2

2

032
1 ktkdt

ktk

eu
uK

t











 



(49)

Fig.8 demonstrates that the cosmic scale factors I and K increases as cosmic

time evolves. The Hubble parameter H and the MTHDE density MT  are

calculated as

kH  (50)

. 42  DkMT
(51)

From Eqs. (50) and (51), we can conclude that both Hubble parameter H and

MTHDE density MT  are constant.

The energy conservation equation for dark matter is

. 03  mm H (52)

Using Eq. (50) in Eq. (52), m  is found as

, 3
0

kt
m e (53)

where 0  is a constant of integration.

From Fig.9, we can conclude that 0m  as cosmic time evolves.

Fig.8. The plot of I and K versus cosmic time t for k = 0.3, k
2
 = 0.6, u

0
 = 0.03 and u

1
 = 0.15.
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The energy conservation equation for MTHDE is

  . 03  MTMTMT pH (54)

Using Eqs. (50) and (51) in Eq. (54), we have obtained MT  as

. 1MT (55)

Thus, our Model 2 behaves like a cosmological constant model. Recent studies

[5,47-50] indicate that our model 2 approaches to CDM  ( 1MT ) served as

an excellent model to describe the cosmological evolution. Hence our model 2

is in good agreement with these observations.

The anisotropy parameter A
p
 is obtained as

   . 
9

2
262

2

ktkt
p e

k
A  (56)

Fig.9 indicates that as 0t , pA  and as t , 0pA . Hence, the

anisotropy of our Universe dies out with the passage of cosmic time.

In all the graphs, t denotes cosmic evolution time, generally measured in giga

years (1 Gyr = 109
 y) along x axis. Along y axis, all physical quantities like the

matter energy density m , MTHDE density MT , EOS parameter MT , etc. are

measured in geometrized units, where the speed of light c = 1 and the gravitational

constant G = 1.

6. Graphical discussions of model 1.

I and K are increasing functions of t as observed from Fig.1 and 2.

Both H and A
p
 are decreasing functions of t as observed from the above figure.

H tends to a small value whereas 0pA  at the later age of the Universe.

Both m  and MT  decreases with the passage of t. m  approaches to zero

whereas MT  approaches to small value at the later epoch.

Fig.9. The graph of m
  and A

p
 versus cosmic time t for 80

0
. , k = 0.3 and k

2
 = 0.6.
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From the above figure, we can conclude that 1MT  at the late times. This

indicates that our model 1 behaves like a quintessence dark energy model.

The scalar field potential  V  decreases and ultimately approaches to a small

value as cosmic time evolves.

  tends to a small value at the later age of the Universe as observed from

the above figure.

7. Graphical discussions of model 2.

I and K increases with the passage of cosmic time as observed from Fig.8.

Both m  and A
p
 are decreasing functions of t and tends to zero at the later

age of the Universe.

8. Conclusions. In this paper we have studied a Bianchi type III Universe

filled with dark matter and MTHDE in General Relativity. To determine the

solutions of the field equations completely, we make use of a special law of

variation of Hubble parameter H proposed by Berman that yields constant DP.

Interestingly, we have obtained two different cosmological models for two different

constant values of DP. The EOS parameter of MTHDE also behaves like

quintessence DE for model 1. Using these results, we have established a corre-

spondence between MTHDE model with the quintessence scalar field. Quintes-

sence potential and the dynamics of the quintessence scalar field are reconstructed

for this anisotropic accelerating model of the Universe. Furthermore, it is observed

from Eq. (55) that for large cosmic time the EOS parameter of the MTHDE

for model 2 becomes -1. Therefore, in the late time evolution of the Universe,

our model 2 behaves like a cosmological constant model. Also, the deceleration

parameter appears with negative sign which implies accelerating expansion of the

Universe. Perlmutter et al. [3] and Riess et al. [1,51,52] proved that the

deceleration parameter of the Universe is in the range 01  q , and the present-

day Universe is undergoing an accelerated expansion. From Fig.4 and 9, we see

that the anisotropy parameter 0pA  as t . Hence, for sufficiently large

time, our MTHDE models predict that the anisotropic nature vanishes and it will

become isotropic at late times. This implies that our MTHDE models become

isotropic at late times even though the space-time is anisotropic. Our results show

that the Universe is anisotropic in the early stage and at the late time dynamics

anisotropy of the Universe damps out and the present day Universe becomes

isotropic as suggested by different observational data. We have found that the results

are consisent with current cosmological observational data. The models presented

in this paper could give an appropriate description of the evolution of the Universe.
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ÌÎÄÈÔÈÖÈÐÎÂÀÍÍÀß ÃÎËÎÃÐÀÔÈ×ÅÑÊÀß
ÒÅÌÍÀß ÝÍÅÐÃÈß ÖÀËËÈÑÀ

Äæ.ÁÕÀÐÀËÈ, Ê.ÄÀÑ

Â äàííîé ðàáîòå ìû ïðåäëàãàåì ìîäèôèöèðîâàííóþ  ãîëîãðàôè÷åñêóþ

òåìíóþ ýíåðãèþ (MTHDE) Öàëëèñà â îáùåé òåîðèè îòíîñèòåëüíîñòè (ÎÒÎ)

â ðàìêàõ ïðîñòðàíñòâà-âðåìåíè òèïà Áüÿíêè III. Óðàâíåíèÿ ïîëÿ Ýéíøòåéíà

ðåøàþòñÿ ñ èñïîëüçîâàíèåì ñïåöèàëüíîãî çàêîíà âàðèàöèè ïàðàìåòðà Õàááëà

H, ïðåäëîæåííîãî Áåðìàíîì, êîòîðûé ïðèâîäèò ê ïîñòîÿííîìó ïàðàìåòðó

çàìåäëåíèÿ (DP). Èíòåðåñíî, ÷òî äëÿ äâóõ ðàçíûõ ïîñòîÿííûõ çíà÷åíèé

ïàðàìåòðà çàìåäëåíèÿ ìû ïîëó÷àåì äâå ðàçëè÷íûå êîñìîëîãè÷åñêèå ìîäåëè.

Ìîäåëü 1 âåäåò ñåáÿ êàê ìîäåëü êâèíòýññåíöèè òåìíîé ýíåðãèè, òîãäà êàê

ìîäåëü 2 âåäåò ñåáÿ êàê ìîäåëü êîñìîëîãè÷åñêîé ïîñòîÿííîé. Óñòàíàâëèâàåòñÿ

ñîîòâåòñòâèå ìåæäó ìîäåëüþ 1 è êâèíòýññåíöèàëüíûì ñêàëÿðíûì ïîëåì.

Ïðîâîäèòñÿ ðåêîíñòðóêöèÿ êèíåìàòèêè êâèíòýññåíöèè ïîòåíöèàëà è ñêàëÿðíîãî

ïîëÿ, èëëþñòðèðóþùàÿ óñêîðÿþùóþñÿ ôàçó Âñåëåííîé. Òùàòåëüíî

îáñóæäàþòñÿ ðàçëè÷íûå ïàðàìåòðû, òàêèå êàê ïàðàìåòð çàìåäëåíèÿ, ïàðàìåòð

Õàááëà, ïàðàìåòð àíèçîòðîïèè, ïàðàìåòð óðàâíåíèÿ ñîñòîÿíèÿ (EOS) è äð.

äëÿ îáåèõ êîñìîëîãè÷åñêèõ ìîäåëåé. Ïîëó÷åííûå ðåçóëüòàòû îêàçûâàþòñÿ

ñîãëàñîâàííûìè ñ ïîñëåäíèìè íàáëþäåíèÿìè ñîâðåìåííîé Âñåëåííîé.

Êëþ÷åâûå ñëîâà: MTHDE: ÎÒÎ: ïàðàìåòð Õàááëà: ïàðàìåòð çàìåäëåíèÿ DP
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In this work, the Renyi holographic dark energy (RHDE) and its behaviour has been explored
with the anisotropic and spatially homogeneous Bianchi type-I Universe in the framework of f (G)
gravity. We use IR cutoff as the Hubble and Granda-Oliveros (GO) horizons. To find a consistent
solutions of the field equations of the models, it is assumed that the deceleration parameter is
defined in terms of function of Hubble parameter H. With reference to current cosmological data,
the behaviors of the cosmological parameters relating to the dark energy model are evaluated and
their physical significance is examined. It is observed that for both the models, the equation of state
parameter approaches to -1 at late times. However, the RHDE model with the Hubble horizon
exhibits stability from the squared sound speed, but the RHDE model with the GO horizon
exhibits instability. In both the models, deceleration parameter and statefinder diagnostic confirm
the accelerated expansion of the Universe and also correspond to the CDM  model at late times.

Keywords: Bianchi type-I metric: f(G) gravity: Renyi holographic dark energy:

      cosmology

1. Introduction. General relativity (GR) is regarded as a key theory to

comprehend several complexities of gravitational influences that offer a fundamen-

tal explanation of astrophysical events as well as the cosmos. The most significant

truth that the Universe suffers early inflation as well as late-time accelerated

expansion has been revealed by a number of observational findings in recent years

[1-6]. The exotic substance of extremely high negative pressure known as dark

energy (DE) which is the cause of the Universe's expansion at an accelerated rate

that accounts for 68 percent of the known Universe total density. Its nature

continues to be a mystery still. The cosmological constant  , which Einstein

incorporated into the field equations in General Relativity, provides the straight-

forward argument for DE. This cosmological constant is thought to be extremely

compatible with the observational data and has an equation of state (EoS)

parameter of 1 . Some dynamic models of DE, such as quintessence [7,8],

phantom [9], k-essence [10], tachyons [11], Chaplygin gas [12], etc, have been

proposed in response to the challenges associated with its theoretically expected

order of magnitude with respect to that of the vacuum energy [13]. Another

categories of dynamic DE models allow us to accelerate the expansion without
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introducing any form of energy. These categories are known as modified gravity

theories, which give an accelerated expansion through a modification in the action

such as  Tf  gravity,  TRf  ,  gravity,  GRf  ,  gravity,  T ,Tf  gravity and

) , , ,( 
 TRTRf  gravity where T is the trace of the energy-momentum tensor,

R  is the Ricci tensor and G is the Gauss-Bonnet (GB) invariant [14-17].

Modified GB gravity, also known as  Gf  gravity, is one of the modified forms

of GR that uses an arbitrary function of G, a quadratic invariant of the Gauss-

Bonnet equation in the Einstein-Hilbert action [18]. The motivation for  Gf
theory is mostly based on string theory via low energy effective scale [19]. Nojiri

and Odintsov [20] studied the cosmological reconstruction of different modified

gravities in detail and the occurrence of Big Rip and other finite-time future

singularities in modified gravity was found. This approach effectively explains the

accelerated expansion of the Universe which change from the decelerating to

accelerating phase, satisfactory system tests, essential for Sadjadi's explanation of

thermodynamics [21] and characterization of all possible four types of future

singularities by Bamba et al. [22]. Thus one can construct feasible and consistent

general theory of relativity models with local constraints by using  Gf . Myrzakulov

et al. [23] investigated this theory to examine the DE as well as the inflationary

era. The reconstruction scenario of the most recent agegraphic dark energy

(NADE) model and the  Gf  theory within the flat FRW space-time was taken

into consideration by Jawad et al. [24]. Shamir [25] reviewed the anisotropic

space-time in f(G) gravity. Sharif and Fatima [26] studied energy conditions in

 Gf  theory. Shaikh et al. [27] studied LRS Bianchi type-I models with

holographic dark energy (HDE) within  Gf  theory of gravity using different scale

factors. Nojiri et al. [28] reviewed the latest developments of modified gravity in

cosmology, emphasizing on inflation, bouncing cosmology and late-time accelera-

tion era. Koussour et al. [29] compared HDE in  Gf  gravity within Bianchi

type-I space-time with the CDM  model by analysing the jerk parameter.

Particularly among the different dynamical DE models, the HDE model has

recently emerged as an effective method for researching the DE riddle. It was put

forth based on the quantum characteristics of black holes (BH), which have been

thoroughly studied in the literature to research quantum gravity [30,31]. By

holographic principle, we know that in a system with size L, bound on the vacuum

energy   must be under the limit of same size of the BH mass because of the

formation of BH in quantum field theory. The energy density of HDE is defined

as 2223 
  Lmd p  where m

p
 is the reduced Planck mass, 23d  numerical constant

and L is IR-cutoff (Cohen et al. [32]). In the literature, various types of IR-

cutoff have been investigated, for example Hubble horizon 1H , particle horizon,

event horizon, Ricci scalar radius, conformal Universe age and Granda-Oliveros

cutoff [33-36]. Several HDE models with different IR-cutoffs may provide the
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recent accelerated expansion of the Universe and demonstrate that transition from

early decelerated epoch (q > 0) to current accelerated epoch (q <  0) is in consistent

with recent observational data. It can also resolve the problem of cosmic coin-

cidence [37]. Number of studies suggested that the HDE model and observational

data are in a fair amount of agreement [38-41]. By using generalized HDE and

phantom cosmology, Nojiri and Odintsov [42] suggested a method to unify the

early phase as well as late-time epochs of Universe, and they also advocate for

generalized concept as Hinflation [43]. Based on several formalism of entropy,

HDE models are formulated such as Tsallis HDE (THDE) [44], Sharma-Mittal

HDE (SMHDE) [45] and Renyi HDE model (RHDE) [46]. Among these models,

the new dark energy model proposed by Moradpour et al. [46] named the Renyi

holographic dark energy (RHDE) model for the cosmological and gravitational

investigations shows more stability by itself. Several researchers have discussed

RHDE in different theories of gravity. Using the Renyi entropy, the modified

Friedmann equations are obtained [47-49]. The inflation may be found in the

Renyi formalism suggested by Ghaffari et al. [50]. THDE model is unstable at

the classical level, whereas SMHDE and RHDE are stable in the case of non-

interacting cosmos. Prasanthi and Aditya [51] studied RHDE in Bianchi type VI0

space-time and found that the Hubble cutoff is stable whereas the Granda-Oliveros

cutoff is unstable. They also constrained the observational values of RHDE in

Kantowski-Sachs Universe [52]. Shekh [53] studied holographic and Renyi

holographic dark energy models with the help of FLRW line element in  Qf
gravity. Nojiri et al. [54] investigated the holographic approach to describe the

early-time acceleration and the late-time acceleration eras of our Universe in a

unified manner. Nojiri et al. [55] showed that the Barrow entropic DE model

is equivalent to the generalized HDE where the respective holographic cutoff is

determined by two ways (a) in terms of particle horizon and its derivative and

(b) in terms of future horizon and its derivative.

Since anisotropy was crucial in the early stages of cosmic evolution, the

anisotropic Universe has recently caught the interest of many physicists. Addi-

tionally, the cosmic microwave background (CMB) anomalies from the Planck

data [18], which were acquired, supported the notion of an anisotropy phase at

the beginning of the Universe followed by an isotropy phase. The Bianchi type-

I model has been examined by a number of researchers [56-59]. Based on the

aforementioned studies, we investigate the Renyi holographic model of DE with

 Gf  gravity in the Bianchi type-I Universe in this paper. In order to solve the

field equations and determine various physical variables, we shall assume that the

deceleration parameter (DP) is a function of the Hubble parameter H. Following

is the breakdown of the paper. The introduction is found in Sect. 1. We construct

the action of  Gf  gravity and the field equation in Sect. 2. We have developed
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the Bianchi type-I metric and provided a few physical and geometrical parameters

in Sect. 3. In Sect. 4, we studied the models of Renyi holographic dark energy

Sect. 5 explain about the cosmological parameters. In Sect. 6, we examine the

equivalence between the Granda-Oliveros HDE of the present work and the

generalized HDE. A conclusion is included in the final section 7.

2. Formulation of Gauss-Bonnet gravity. The  Gf  gravity's modified

Einstein-Hilbert action is configured [60] as follows

    .  ,
2

1 4

2  


 gSGfRgxdS M (1)

In this case, g denotes the determinant of metric tensor g ,   is the coupling

constant,  Gf  is a general differentiable function of GB invariant, R is the Ricci

scalar, S
M
 stands for a matter action which is a function of a space-time metric

g  and matter fields  . The equation of invariant GB quantity is given as

. 442 



  RRRRRG (2)

By varying the action (1) w.r.t. g  shows the resulting equation



    , 
2

1

8

2















TgfGffggggR

gRgRgRgRRG

GG
(3)

where   denotes covariant differentiation, the Einstein tensor, 2  RgRG ,

T  is the usual energy momentum tensor of matter fluid and f
G
 stands for the

derivation of f with respect to G.

3. Field equations and solutions. As observations highlight the possibility

of anisotropic behavior of Universe, the geometry of the spatially homogenous and

anisotropic Bianchi type-I space-time, represented by the following metric is

considered

    . 2222222 dzdytBdxtAdtds  (4)

Here A and B are time dependent functions. Thus for this LRS Bianchi type-

I metric, the Ricci scalar R and GB invariant are respectively obtained as

, 222
2

2










B

B

B

B

A

A

B

B

A

A
R


(5)

. 28
22

2











AB

BBA

AB

BA
G


(6)

The matter and holographic dark energy have the energy momentum tensors in

the form
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.   uuT m (7)

and

  .  
 pgupT

~
uu (8)

where m  and   are the energy densities of matter and holographic dark energy

respectively and p  is the pressure of the HDE. In this Bianchi type-I metric

(4), the field equations (3) with the (7) and (8) give us the system of field

equations given below

, 8162 2

2

2

22

2

 pfGff
B

B
f

B

BB

B

B

B

B
GGG







(9)

, 88 2











 pfGff

AB

BA
f

AB

BA

AB

BA

AB

BA

B

B

A

A
GGG







(10)

  , 242 2

2

2

2

2

 mGG fGff
AB

BA

B

B

AB

BA 


(11)

As we know, a dot (.) denote the derivation of the time t. The average scale factor

a(t) and the spatial volume V are defined by

. 23 ABaV  (12)

The general form of average Hubble parameter H is defined as

 . 2
3

1
21 HH

a

a
H 


(13)

Here AAH 1  and BBHH  32  are directional Hubble parameter along x,

y and z  axes respectively.

The continuity equation can be obtained as

  . 03   pH mm  (14)

The continuity equations of the matter and HDE are respectively obtained as

03  mm H (15)

and

  . 03   pH (16)

Applying the relation  p , the barotropic equation of state, the EoS HDE

parameter can be found from (16) as

. 
3

1










H


(17)

In this work, we assume that the function  Gf  obeys the power law models

introduced by Cognola et al. [19]

  , 1 nGGf (18)
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where   and n are arbitrary constants. The possibility of disappearing Big Rip

singularity and the ability to anticipate the occurrence of a transient phantom

epoch that is consistent with the observational data are the main factors for

choosing this power law  Gf  model. For the Bianchi type-I Universe (4),

deceleration parameter q, the scalar expansion  , the shear scalar 
2  and the

average anisotropy parameter A
m
 have the form

, 1
1

2










Hdt

d

a

aa
q




(19)

, 23
B

B

A

A
H


 (20)

, 3
2

1 3

1

222








 

i
i HH (21)

. 
3

1 3

1

2











 


i

i
m

H

HH
A (22)

Here, we take into account the expansion scalar   is directly proportional to the

shear scalar  , which results for following relationship between the metric

potentials:

. mBA  (23)

Here, positive constant m accounts for the anisotropic evolution of space-time.

When m = 1, the model is isotropic; else it is anisotropic. Logic behind this

condition is described with reference to [61]. Observational evidence indicates the

current isotropic expansion of Universe by about 30%  [62]. More specifically,

redshift studies set the limit at 30.H  , in the neighbourhood of our present

day galaxy. According to Collins et al. [63], the normal congruence follows the

above condition ( H  is constant) for a spatially homogenous space-time. In

accordance with recent data, we are also interested in finding an acceptable

cosmological explanations that show a transition from early deceleration to late

acceleration. To solve this problem, a number of different assumptions can be used.

Observations demonstrate the advance of Universe through a phase change from

the earlier decelerating expansion to the present accelerating one, which is the

reason for accounting for the time-dependent deceleration parameter q. The q is

a geometrical parameter that, depending on its sign, depicts the Universe accel-

eration or deceleration. For this scenario, we understand that the Universe

experiences accelerating expansion for q < 0; when q > 0, the Universe experiences

decelerating expansion; when q = 0, constant expansion of Universe is shown

whereas q < -1 stands for super-exponential expansion. As a result of the foregoing,

we decided to use deceleration parameter q as a function of the Hubble parameter
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H as proposed by Tiwari [64]

, 
H

q


 (24)

where   and   are constants. The desired transition from positive to negative

is achieved by this form of the deceleration parameter. The scale factor and Hubble

parameter can be calculated using equation (24) as follows

   
, 1

11

1

  teka (25)

where k
1
 is the integration constant. From equation (25), in order to have an

expanding Universe, we can deduce that 1 , 0 . Also the scale factors

vanishes at t = 0, hence our model has a point type singularity at the early

Universe. From this above equation, we can immediately derive the spatial volume

as     
133

1 1tekV , which has value zero in the beginning and increases with

increase of t, which shows that our model is expanding with time. And

  
. 

11 








t

t

e

e
H (26)

From this equation, we can understand that at the beginning, H is infinite and

with the passage of time it decreases to a constant value   1 . Using equations

(23) and (25) in equation (12), the metric potentials A and B are found as

     
, 1

21323
1

 
mmtmm ekA (27)

      
. 1

21323
1

 
mtm ekB (28)

With the use of above metric potentials, the metric (4) can now be expressed as

     
     

 . 11 22
26

11

1
2

26
11

1
22 dzdyekdxekdtds

m
t

mm
t 





 





 







(29)

Fig.1. Hubble parameter H versus redshift z  for k
1
 = 0.5, 1.4  and 0.3 , 0.8, 1.4, 1.9.
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Equation (29) represents the spatially homogeneous and anisotropic Bianchi type-

I RHDE model in the context of  Gf  gravity with the following properties

together with the physical parameters described below. Using equation (26) in

equation (24), we have

. 
1

1
te

q



 (30)

From this equation we can deduce that at the beginning, q , a constant

and with the increase of time, it approaches to -1 at late times, which shows

that our model has a transition to acceleration. The relation    zt  11 , where

z  is the redshift, yield us the relationship as below

 
  

. 
1

1
1log

1
1

1 

















zk
zt (31)

Additionally, redshift z  can be used to express the Hubble parameter H as

     . 11
1

1
1





 zkzH (32)

Fig.1 depicts the behavior of the Hubble parameter as a function of redshift at

various   values (i.e. 0.3 ). According to this graph, the Hubble parameter

has a positive relationship with redshift. At the present, when ( 0z ), the Hubble

parameter is strictly positive, and for the early Universe, when ( 0z ), it increases

as z  increases. Also for 1.4 , the current value of H has been noted as

70.71 Kms-1
 Mpc-1 which is in agreement with the observational value [65].

Similarly, we get the deceleration parameter q in terms of redshift z  as

      
  

. 
11

11
1

1
1

1
1










zk

zk
zq (33)

Fig.2. Deceleration parameter q versus redshift z  for k
1
 = 0.5, and 0.3 , 0.8, 1.4, 1.9.
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The  zq  exhibits two epochs throughout the Universe: the initial deceleration

phase and the current acceleration phase, as shown in Fig.2, which depicts the

parameter's behaviour in terms of redshift. In this study, 0.3  is required to

produce both phases. The change from the initial deceleration phase to the present

accelerated phase is also accomplished with a specific redshift, called the transition

redshift z . According to the graph, the transition redshift for 1.4  is 730.ztr  .

Also the value of q is found to be -0.6 in present time. Therefore, the results

of our findings are in agreement with the observational values [65].

The expressions of scalar expansion  , shear scalar 2  and the average

anisotropy parameter A
m
 are therefore obtained as

  
, 

11

3










t

t

e

e
(34)

   
 
 

, 
2

1

11

3
2

2

22

22
2














m

m

e

e

t

t

(35)

 
 

. 
2

12
2

2






m

m
Am (36)

From equations (34) and (35), we can deduce that the scalar expansion and the

shear scalar diverge at 0t , then tends to respective constant values   13

and      22222 2113  mm  when t . From equation (36) it is

observed that the anisotropic parameter remains constant during cosmic evolution

which suggests that our model is uniformly anisotropic for 1m . We also observe

Fig.3. Evolution of f (G) versus n and t for 41. .
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from the equations (35) and (36) that when 1m , shear scalar 02   and

anisotropic parameter A
m

 = 0, the model becomes shear free and isotropic.

Also the GB invariant G and Ricci scalar R behave as

     
  , 1

112

648
443

34





 
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t

t

t

e
em
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G (37)
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ee

e
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(38)

Equations (18) and (37) are used to derive the function  Gf  given by

 
     

   . 1
112
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1
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34



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
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
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
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
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n

t

t

t

e
em

em
Gf (39)

Fig.3 depicts the  Gf  as a function of time n < 0. It demonstrates that the

function  Gf  has a transitory behaviour and is positive throughout cosmic time.

 Gf  is very large at the beginning of evolution, approaches zero, then increases

and ultimately takes a constant value as        1434 12648lim



n

mmGf

when t .

4. Renyi holographic dark energy models. We have consider a system

with n discrete states having probability distribution P
i
 which satisfies the condition

1
1

 

n

i iP . Renyi entropy is a recognized generalized entropy parameter defined

as [66]

 , 1
,ln

1

1

11 


 






n

i
iiT

n

i
i PPSPS (40)

where U-1  and U is a real parameter and LT  21  and L is the IR cutoff.

By using equation (40), we obtain the relation

 . 1ln
1

TS


S (41)

In equation (41), the Bekenstein entropy is given in the form 4AST  , where
24 LA  . This gives the Renyi entropy of the system as

 . 1ln
1 2L


S (42)

Using the following assumption TdSdV  , we can get RHDE as

  . 1
8

3 1-2

2

2

L
L

d



 (43)

4.1. Model-1: RHDE model with Hubble horizon cutoff. Here, the

Renyi holographic dark energy density is calculated by using the Hubble horizon
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as a candidate for the IR cutoff i.e. 1 HL  and 18   is found to be

. 
3

2

42



H

Hd
(44)

Using equation (26) in equation (44), we obtain energy density of RHDE in this

model as

 
        

. 
1111

3
42
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
ttt
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eee

ed
(45)

From this expression for  , we can deduce that it is a positive decreasing

function of time and when t , it tends to a constant value 
   422

2

11

3



d

which shows that this dark energy component will remain uniformly at late epoch.

This phenomenon highlights the behavior of accelerated expansion of Universe.

Also using equation (26) in (15), we found the matter energy density as

   
. 1

133
11

  t
m ekc (46)

The coincidence parameter r  is defined as the ratio between the HDE density

  and the matter energy density m , therefore from equations (45) and (46)

the coincidence parameter is found to be

     
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The Renyi holographic dark energy density is plotted against time in Hubbles

cutoff with appropriate values of constants as shown in Fig.4. It is shown that

it remains positive and decrease with increase of time and the contribution of  ,

Fig.4. Holographic dark energy density 


  versus time t (Hubble horizon cutoff) for 41. ,
d = 7 and 25. .
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  and   remains negligible in its behavior. From equation (46), we can observed

that the evolution of the matter energy density m  begins with a positive value,

but disappears later, which denotes the expansion of the Universe. It is also noted

that the coincidence parameter r  initially changes at a very early stage of

development, but after a finite time, it converges to a constant value and stays

constant throughout the evolution, avoiding the coincidence problem (unlike

CDM ). Equation of state parameter for RHDE in Hubble cutoff is

     

   
. 
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(48)

From this expression, we can deduce that the value of   converges to -1 at

late times, indicating the CDM  model, which coincides with observational data.

The RHDE pressure is obtained as
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4.2. Model-2: RHDE model with Granda-Oliveros horizon cutoff.

For this model, we consider RHDE model with GO horizon cut off i.e.

  21

2
2

1


 HHL   and 18  . Substituting this value of L in (43), we have
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Using equation (26) in equation (50), we found energy density of RHDE as
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From this expression, we can derive that the value of   is very large in the

beginning and decreases with the increase of time. Also for this model, the matter

energy density will be same as that of the RHDE with Hubble cutoff. Now from

equations (45) and (51) the coincidence parameter becomes
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The behavior of Renyi holographic dark energy density is plotted against time in

Granda-Oliveros cutoff with the acceptable values of constant as shown in Fig.5.

From the figure, it is observed that the energy density of the model is constantly

a positive function of time and decreases with increase of time. As we know from

equation (46), evolution of the matter energy density m  starts at a positive value,

but disappears at late times. As in the RHDE Hubble cutoff, it is observed that

the coincidence parameter r  initially changes at a very early stage of development,

but after a finite time, it converges to a constant value and stays constant

throughout the evolution, avoiding the coincidence problem (unlike CDM ).

Equation of state parameter for RHDE in Granda-Oliveros cutoff is
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From this expression also, we can deduce that the value of   converge to -

1 at late times, indicating the CDM  model, which coincides with the obser-

vational data. The RHDE pressure is obtained as

Fig.5. Holographic dark energy density 


  versus time t (GO cutoff) for 41. , d = 7,
25. , 0651

1
.  and 40

2
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5. Cosmological parameters. This section investigates how the Universe

expands using the cosmological parameters including equation of state (EoS),

squared sound speed 
2
sv , density parameter  , state finder parameter (r, s) and

the energy conditions for both the derived anisotropic RHDE models.

5.1. EoS parameter. The various phases of the expanding Universe are

commonly categorised using the equation of state parameter  . Particularly, the

transition between the decelerated and accelerated phases has phases where radia-

tion and DE predominate. EoS parameter is defined as  p  where p is

pressure and   is energy density of matter distribution. The eras that make up

the decelerated and accelerated phases are as follows: decelerated phase (cold dark

matter or dust fluid 0 , radiation era 310   and stiff fluid 1 ) and

accelerated phase (cosmological constant or vacuum era 1 , quintessence -

311   and quintom era). Fig.6 displays the graphical behavior of the Renyi

holographic dark energy equation of state parameter versus redshift z  in Hubble

cutoff for the proper choice of constants. This figure makes it abundantly clear

that the equation of state parameter changes to negative values inside the proper

range ( 01   ), which is in good agreement with astronomical data. As a

result our research model is realistic. Fig.6 shows that the equation of state

Fig.6. Equation of state parameter   versus redshift z  (Hubble horizon cutoff) for k
1
 = 0.5,

41. , d = 7 and 25. .
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parameter begins near to zero at the beginning of cosmic time (i.e., the Universe

is dominated by matter) and progresses to a close negative value of -1 at the end

of cosmic time (i.e. when the Universe dominated by the HDE). Additionally,

we can see that in the current Universe,   tends to -1, indicating the model

CDM , whereas in the early Universe, 01    suggests the quintessential

model. Our model produces a 900.  at the current epoch, which is near

to the CDM  model i.e. 1  which is compatible with the observational

bounds [65]. Fig.7 displays the graphical behaviour of the Granda-Oliveros cutoff

equation of state parameter of Renyi holographic dark energy vs redshift z  for the

proper choice of constants. We observed that the value of   is differed as compared

to with the results obtained in the RHDE with Hubble cutoff. In this case, 

deviates from its initial positive value to function as a pure cosmological constant

in the last phases of cosmic time. This model produces a 720.  value at the

current epoch, which is relatively close to the value produced by the CDM  model

( 1 ), which is compatible with the observational bounds [65].

5.2. Squared sound speed. The squared sound speed parameter is given by

 2









 





 




p

p
sv (55)

This parameter can be used to discuss how the stability of DE models is

affected by its sign. If 
2
sv  has a positive signature, the DE model is stable;

otherwise, the model is unstable. Using equations (45), (48) and (51), (53) in

the expression of squared sound speed 
2
sv  equation (55), we analyze 

2
sv  graphically

or both models -1 and 2. Fig.8 displays the stability of RHDE with the Hubble

cutoff for the proper choice of constants. It can be seen from the figure that the

value of the   has no effect on the stability of the Universe. Also 02 sv  for

Fig.7. Equation of state parameter   versus redshift z  (GO cutoff) for k
1
 = 0.5, 41. ,

d = 7, 25. , 0651
1

.  and 40
2

. .
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all epoch and tends to a small value. Hence in all Universe our model is stable.

Fig.9 shows the stability of RHDE in the Granda-Oliveros cutoff of the model

over time for the proper choice of constants. The model is stable during the

beginning epoch, as can be seen in the figure. But after t > 1.17 Gyr, the trajectory

of the graph becomes negative, which shows that our model is classically unstable

at current epoch.

5.3. Density parameter. Total energy density parameter is given by

,  m (56)

where 
23Hmm   is the matter density parameter and 

23H   is the

holographic dark energy density parameter. The total energy density parameters

1 , 1 , and 1  correspondingly represent the open, flat, and closed

Fig.8. Square speed sound parameter 
2

s
v  versus time t (Hubble horizon cutoff) for 41. ,

d = 7 and 25. .

Fig.9. Square speed sound parameter 
2

s
v  versus time t (GO cutoff) for k

1
 = 0.5, c

1
 = 1,

41. , d = 7, 25. , 0651
1

.  and 40
2

. .
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Universes. Now the total energy density parameter for RHDE with Hubble cutoff

is found to be
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And the total energy density parameter for RHDE with Granda-Oliveros cutoff

is found as
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The total energy density parameter for the RHDE with the Hubble cutoff is

shown in Fig.10. Here, it is demonstrated that the energy density parameter's value

Fig.10. Total energy density parameter   versus time t (Hubble horizon cutoff) for k
1
 = 0.5,

c = 1, 41. , d = 7 and 25. .
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was high in the early period of the Universe but is currently approaching 1. So

for very large times, the model predicts a flat Universe. The resultant model is

consistent with the observations because the Universe as it currently exists is very

close to flat. The total energy density parameter for RHDE with Granda-Oliveros

cutoff is shown in Fig.11. Here the graph is almost same as that of the Hubble

cutoff. Hence the model predicts a flat Universe for large time.

5.4. Statefinder parameters. Hubble and deceleration parameters can be

used to accurately explain the known Universe expanding nature. The values of

these parameters, however, are the same in many dynamical DE models at the

present. As a result, these parameters were unable to choose the best-fitting model

out of a variety of dynamical DE models. With this objective, Sahni et al. [67]

developed statefinder parameteres, which are dimensionless cosmological parameters

and are defined as follows:

 
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3 
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a
r


(59)

For (r, s) = (1, 0) and (r, s) = (1, 1), respectively, these statefinders establish

a connection with the CDM  and CDM models. In contrast to the Chaplygin

gas model, which occurs for r > 1 with s < 0, if the trajectories of r - s correspond

to the region s > 0 and r < 1, the model belongs to the phantom and quintessence

phases. These statefinders are same for both the models and are obtained as
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Fig.12 shows the graph of (r, s) parameter in r - s plane. The parameter s

Fig.12. Plot of r - s plane for 41. , d = 7.
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is seen to remain negative for all values of r at the early epoch. This suggests

that the RHDE models were able to correspond to the Chaplygin gas model.

Additionally, at late times, the r - s plane corresponds to the CDM .

5.5. Energy conditions. The energy conditions namely, null energy con-

ditions (NEC), strong energy conditions (SEC) and dominant energy conditions

(DEC), are respectively given by

(i) , 0  p

(ii) , 03   p

(iii) . 0  p

Now the energy conditions for RHDE with Hubble cutoff are
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Also the energy conditions for RHDE with Granda-Oliveros cutoff are found

to be
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NEC:
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DEC:
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Fig.13 shows the graph of energy conditions for RHDE with Hubble cutoff

for our model. From the graph, it is observed that 0  p  and 0  p

but 03   p  at early times but becomes negative after some time and stays

in the negative domain. So, NEC and DEC are satisfied whereas SEC is violated.

Fig.14 shows the graph of energy conditions for RHDE with Granda-Oliveros

cutoff for our model. From the graph, it is observed that 0  p  and

0  p  but 03   p . This shows that NEC and DEC are satisfied

whereas SEC is violated. So in both the model NEC and DEC are satisfied
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whereas SEC is violated in the present and future. Therefore, the Universe

accelerates as a result of the SEC violation. Our model shows the shift from an

early decelerating to a current accelerating Universe as a result of the violation

of SEC, which causes an anti-gravitational effect that causes the Universe to jerk.

Our model therefore fits the most recent cosmological observations.

6. Generalized holographic dark energy. In this section, we effort to

establish that our dark energy model has a direct equivalence to the generalized

holographic dark energy model. In the holographic principle, the holographic

energy density is proportional to the inverse squared infrared cutoff L
IR
, which

could be related to the causality given by the cosmological horizon:

Fig.14. Energy conditions versus time t (GO horizon cutoff) for 41. , d = 7, 25. ,

0651
1

.  and 40
2

. .

Fig.13. Energy conditions versus time t (Hubble horizon cutoff) for 41. , d = 7 and 25. .
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, 
3
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2

IR

hol
L

c


 (68)

where c is a numerical constant which acts as a free parameter and G 82

is the gravitational constant. The IR cutoff is supposed to be the particle horizon

L
P
 or the future event horizon L

F 
, which are determined respectively as [54,55,68]

. , 
0





t

F

t

P
a

dt
aL

a

dt
aL (69)

Differentiating both sides of the above expressions leads to the Hubble parameter

in terms of PL , PL
  or in terms of FL , FL

  as

    . 
1

 ,, 
1

 ,
FF

F
FF

PP

P
PP

LL

L
LLH

LL

L
LLH 
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


(70)

The general form of the cutoff was proposed in the work [68]

 .  ..., , , , ..., , , , aLLLLLLLL FFFPPPIRIR
 (71)

Actually, the other dependency of L
IR
, particularly on the Hubble parameter, the

Ricci scalar and their derivatives, can be transformed to either L
P
 and their

derivatives or L
F
 and their derivatives via Eq. (71). The above cutoff could be

chosen to be equivalent to a general covariant gravity model:

 
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

  . ... , , , , , , 14 RRRRRRRRRFgdS  (72)

In the following, using the above expressions and with the help of the generalized

cutoff, we will show that the Granda-Oliveros HDE of the present work has direct

equivalence to the generalized HDE model. The comparison of Eq. (68) with Eq.

(50) and using Eq. (70) immediately conduct to the equivalence holographic cut-

off L
R
 (in terms of L

P
 and its derivatives or in terms of L

F
 and its 19 derivatives)

corresponds to the HDE as
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The equation of state parameter can be derived from the conservation equation

corresponds to the HDE density hol

  , 
3

2
1

dt

dL

HL
R

R

R
hol  (74)

where L
R
 is given by Eq. (73). Hence, we conclude that  R

hol  is equivalent to

  as derived in Eq. (53).

7. Conclusion. In this work, we investigate RHDE with a homogeneous and

anisotropic Universe of Bianchi type-I, in the context of  Gf  gravity. We also

consider RHDE with the IR cutoffs of both the Hubble and the Granda-Oliveros

horizons. We make the assumption that the deceleration parameter (DP) is a

function of Hubble parameter H in order to determine exact solutions to the field

equations. With the use of this analysis, we found that the deceleration parameter

changes from negative to positive with respect to redshift z , indicating that the

Universe transitions from an earlier deceleration phase to the present acceleration

phase. Our model's transition redshift value is 730.ztr  , which is in accordance

with the observational data. Scalar expansion and shear scalar both have infinitely

large value at 0t  and become finite at t . Since the anisotropic parameter

doesn't change throughout the cosmic evolution, our model is fully anisotropic

from the early Universe to the end of the Universe for 1m  whereas the model

is isotropic for 1m . For investigations in model I, it has been found that the

energy density of the model is consistently a positive function of time, and that

these parameters have no effect on the behavior of the model for any 30. .

Also, the RHDE density in Hubble's cutoff is positive for all Universe and is

decreasing to a small value at at later times. The RHDE Universe in the Hubble's

cutoff is stable, and the value of   has no effect on the stability of the Universe,

which is approaching to a small value. From the evolution of the EoS parameter,

we understand that in the early Universe, it indicates the quintessential model,

while in the current Universe,   tends to -1, i.e. the model CDM , which

is well in agreement with recent observational data. Additionally, the NEC and

DEC energy conditions are satisfied, however the SEC is violated at later times.

The acceleration of the Universe results from this SEC violation. Again in the

study of model II, the energy density of the model is rigorously a positive function

of time and is a decreasing function and approaches to a small positive value at

later times. Even if it is stable in the early Universe, the behavior of the stability

of the RHDE Universe in the Granda-Oliveros cutoff is not stable at later times.

In this model, the EoS parameter falls from a positive value in the early phase

of cosmic time to act as a pure cosmological constant, or 1 , in the late

phase. The NEC and DEC energy conditions are also satisfied, while the SEC

is violated in the present and the future, which causes the Universe to accelerate.
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Additionally, for both models, the (r, s) plane provides a correspondence with the

Chaplygin gas model and, at late times, with the CDM . Finally, the exact

solutions described in the study can be one of the decent candidates to describe

the observable Universe. In order to comprehend the characteristics of the

anisotropic Bianchi type-I model in the development of the Universe, it may be

helpful to consider the solutions presented in this study.
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ÃÎËÎÃÐÀÔÈ×ÅÑÊÀß ÒÅÌÍÀß ÝÍÅÐÃÈß ÐÅÍÜÈ È ÅÅ
ÏÎÂÅÄÅÍÈÅ Â  f(G) ÃÐÀÂÈÒÀÖÈÈ

Ì.Õ.ÀËÀÌ, Ñ.Ñ.ÑÈÍÃÕ, Ë.À.ÄÅÂÈ

Â äàííîé ðàáîòå èññëåäóåòñÿ  ãîëîãðàôè÷åñêàÿ òåìíàÿ ýíåðãèÿ Ðåíüè

(RHDE) è åå ïîâåäåíèå â àíèçîòðîïíîé è ïðîñòðàíñòâåííî îäíîðîäíîé

Âñåëåííîé òèïà Áüÿíêè-I â ðàìêàõ ãðàâèòàöèè  Gf . Ìû èñïîëüçóåì èíôðà-

êðàñíîå îáðåçàíèå êàê ãîðèçîíò Õàááëà è Ãðàíäà-Îëèâåðîñà (GO). Äëÿ

íàõîæäåíèÿ ñîãëàñîâàííûõ ðåøåíèé óðàâíåíèé ïîëÿ ìîäåëåé ïðåäïîëàãàåòñÿ,

÷òî ïàðàìåòð çàìåäëåíèÿ îïðåäåëåí â òåðìèíàõ ôóíêöèè ïàðàìåòðà Õàááëà

H. Ñ ó÷åòîì ñîâðåìåííûõ êîñìîëîãè÷åñêèõ äàííûõ îöåíèâàåòñÿ ïîâåäåíèå

êîñìîëîãè÷åñêèõ ïàðàìåòðîâ, ñâÿçàííûõ ñ ìîäåëüþ òåìíîé ýíåðãèè, è

èññëåäóåòñÿ èõ ôèçè÷åñêàÿ çíà÷èìîñòü. Îòìå÷àåòñÿ, ÷òî äëÿ îáåèõ ìîäåëåé

ïàðàìåòð óðàâíåíèÿ ñîñòîÿíèÿ ïðèáëèæàåòñÿ ê -1 â ïîçäíþþ ýïîõó. Îäíàêî

ìîäåëü RHDE ñ ãîðèçîíòîì Õàááëà ïðîÿâëÿåò ñòàáèëüíîñòü ïî îòíîøåíèþ

ê êâàäðàòó ñêîðîñòè çâóêà, òîãäà êàê ìîäåëü RHDE ñ ãîðèçîíòîì GO

íåñòàáèëüíà. Â îáåèõ ìîäåëÿõ ïàðàìåòð çàìåäëåíèÿ è äèàãíîñòè÷åñêèé

ïîêàçàòåëü ñîñòîÿíèÿ ïîäòâåðæäàþò óñêîðåííîå ðàñøèðåíèå Âñåëåííîé è

òàêæå ñîîòâåòñòâóþò ìîäåëè CDM  â ïîçäíþþ ýïîõó.

Êëþ÷åâûå ñëîâà: ìåòðèêà Áüÿíêè-I: ãðàâèòàöèÿ  Gf : ãîëîãðàôè÷åñêàÿ

       òåìíàÿ ýíåðãèÿ Ðåíüè: êîñìîëîãèÿ



439RENYI  HOLOGRAPHIC  DARK  ENERGY  IN  f(G) GRAVITY

REFERENCES

1. S.Perlmutter et al., Astrophys. J., 517, 565, 1999.

2. A.G.Riess et al., Astron. J., 116, 1009, 1998.

3. Z.Y.Huang et al., JCAP, 0605, 013, 2006.

4. D.J.Eisenstein et al., Astrophys. J., 633, 560, 2005.

5. C.Fedeli et al., Astron. Astrophys., 500, 667, 2009.

6. T.Koivisto, D.F.Mota, Phys. Rev. D, 73, 083502, 2006.

7. S.M.Carroll, Phys. Rev. Lett., 81, 3067, 1998.

8. M.S.Turner, Making sense of the new cosmology, in: 2001: A Spacetime

Odyssey, p.180196, 2002.

9. R.R.Caldwell, Phys. Lett. B, 545, 2329, 2002.

10. T.Chiba, T.Okabe, M.Yamaguchi, Phys. Rev. D, 62, 023511, 2000.

11. T.Padmanabhan, Phys. Rev. D, 66, 021301, 2002.

12. A.Kamenshchik, U.Moschella, V.Pasquier, Phys. Lett. B, 511, 265268, 2001.

13. I.Zlatev, L.Wang, P.J.Steinhardt, Phys. Rev. Lett., 82, 896, 1999.

14. R.Myrzakulov, Eur. Phys. J. C, 71, 18, 2011.

15. E.V.Linder, Phys. Rev. D, 81, 127301, 2010.

16. M. De Laurentis, M.Paolella, S.Capozziello, Phys. Rev. D, 91, 083531, 2015.

17. T.Harko, F.S.Lobo, S.I.Nojiri et al., Phys. Rev. D, 84, 024020, 2011.

18. S.Nojiri, S.D.Odintsov, O.G.Gorbunova, J. Phys. A, Math. Gen., 39, 6627, 2006.

19. G.Cognola, E.Elizalde, S.Nojiri et al., Phys. Rev. D, 73, 084007, 2006.

20. S.Nojiri, S.D.Odintsov, Phys. Rept., 505, 59-144, 2011.

21. H.M.Sadjadi, Phys. Scr., 83, 055006, 2011.

22. K.Bamba, S.D.Odintsov, L.Sebastiani et al., Eur. Phys. J. C, 67, 295310, 2010.

23. R.Myrzakulov, D.Sáez-Gómez, A.Tureanu, Gen. Relativ. Gravit., 43, 16711684,

2011.

24. A.Jawad, S.Chattopadhyay, A.Pasqua, Eur. Phys. J. Plus, 128, 88, 2013.

25. M.F.Shamir, Astrophys. Space Sci., 361, 147, 2016.

26. M.Sharif, H.I.Fatima, Astrophys. Space Sci., 353, 259265, 2014.

27. A.Y.Shaikh, S.V.Gore, S.D.Katore, New Astron., 80, 101420, 2020.

28. S.Nojiri, S.D.Odintsov, V.K.Oikonomou, Phys. Rept., 692, 1-104, 2017.

29. M.Koussour, H.Filali, S.H.Shekh et al., Nucl. Phys. B, 978, 115738, 2022.

30. M.Li, Phys. Lett. B, 603, 1, 2004.

31. L.Susskind, J. Math. Phys., 36, 6377, 1995.

32. A.Cohen, D.Kaplan, A.Nelson, Phys. Rev. Lett., 82, 4971, 1999.

33. Z.K.Gao et al., Phys. Rev. D, 74, 127304, 2006.

34. L.N.Granda, A.Oliveros, Phys. Lett. B, 669, 275, 2008.

35. L.N.Granda, A.Oliveros, Phys. Lett. B, 671, 199, 2009.

36. H.Wei, R.G.Cai, Phys. Lett. B, 660, 113, 2009.

37. W.Zimdahl, D.Pavon, Quantum Grav., 24, 5461, 2007.

38. L.Xu, Y.Wang, J. Cosmol. Astropart. Phys., 06, 002, 2010.



440 M.K.ALAM  ET  AL.

39. X.Zhang, Phys. Rev. D, 79, 103509, 2009.

40. Y.Wang, L.Xu, Phys. Rev. D, 81, 083523, 2010.

41. I.Duran, D.Pavon, Phys. Rev. D, 83, 023504, 2011.

42. S.Nojiri, S.D.Odintsov, Gen. Relativ. Grav., 38, 1285, 2006.

43. S.Nojiri et al., Phys. Lett. B, 797, 134829, 2019.

44. C.Tsallis, L.J.L.Cirto, Eur. Phys. J. C, 73, 2487, 2013.

45. A.S.Jahromi et al., Phys. Lett. B, 780, 21, 2018.

46. H.Moradpour et al., Eur. Phys. J. C., 78, 829, 2018.

47. H.Moradpour, Bonilla et al., Phys. Rev. D, 96(12), 123504, 2017.

48. H.Moradpour, Implications, Int. J. Theor. Phys., 55(9), 4176, 2016.

49. N.Komatsu, Eur. Phys. J. C, 77(4), 229, 2017.

50. S.Ghaffari, A.H.Ziaie et al., Phys. Lett. A, 35(1), 1950341, 2020.

51. U.Y.D.Prasanthi, Y.Aditya, Results Phys., 17, 103101, 2020.

52. U.Y.D.Prasanthi, Y.Aditya, Phys. Dark Universe, 31, 100782, 2021.

53. S.H.Shekh, Phys. Dark Universe, 33, 100850, 2021.

54. S.Nojiri, S.D.Odintsov, V.K.Oikonomou et al., Phys. Rev. D, 102, 023540, 2020.

55. S.Nojiri, S.D.Odintsov, T.Paul, Phys. Lett. B, 825, 136844, 2022.

56. M.S.Singh, S.S.Singh, New Astron., 72, 36, 2019.

57. M.S.Singh, S.S.Singh, Gravit. Cosmol., 25, 8289, 2019.

58. S.S.Singh, L.A.Devi, New Astron., 90, 101656, 2022.

59. M.K.Alam, S.S.Singh, L.A.Devi, Adv. High Energy Phys., 2022, 5820222,

2022.

60. S.Nojiri, S.D.Odintsov, Phys. Lett. B, 631(1-2), 12-6, 2005.

61. K.S.Thorne, Astrophys. J., 148, 51, 1967.

62. J.Kristian, R.K.Sachs, Astrophys. J., 143, 379, 1966.

63. C.B.Collins, Phys. Lett. A, 60, 397, 1977.

64. R.K.Tiwari, D.Sofuog

l u, V.K.Dubey, Int. J. Geom. Methods Mod. Phys., 17,

2050187, 2020.

65. N.Aghanim et al., (Planck Collaboration), Planck 2018 results. VI. Cosmo-

logical parameters. Astron. Astrophys., 641, A6, 2020.

66. A.Jawad et al., Symmetry, 10, 635, 2018.

67. V.Sahni, T.D.Saini, A.A.Starobinsky et al., JETP Lett., 77, 201206, 2003.

68. S.Nojiri, S.D.Odintsov, T.Paul, Symmetry, 13, 928, 2021.



ÄÂÈÆÅÍÈÅ ×ÀÑÒÈÖÛ Â ÏÎËÅ ÁÅÑÊÎÍÅ×ÍÎÃÎ
ÏËÎÑÊÎÃÎ ÑËÎß

Ð.Ì.ÀÂÀÊßÍ, À.À.ÑÀÀÐßÍ, Ñ.Ñ.ÄÆÈÁÈËßÍ
Ïîñòóïèëà 25 ìàÿ 2023

Â íàñòîÿùåé ðàáîòå â ðàìêàõ îáùåé òåîðèè îòíîñèòåëüíîñòè èññëåäóåòñÿ äâèæåíèå
ñâåòîâîãî ñèãíàëà è ïðîáíîé ÷àñòèöû â ïîëå áåñêîíå÷íîãî ïëîñêîãî ñëîÿ. Ðàññìîòðåíû îáà
ñëó÷àÿ âíåøíåãî ðåøåíèÿ äëÿ ãðàâèòàöèîííîãî ïîëÿ â âàêóóìå, ñîîòâåòñòâóþùèå ìåòðèêàì
Ðèíäëåðà è Òàóáà. Îïðåäåëÿþòñÿ âðåìÿ äâèæåíèÿ è ïóòü, ïðîéäåííûé ÷àñòèöåé äî åå îñòàíîâêè.
Ïîêàçàíî, ÷òî â ãåîìåòðèè Òàóáà, â îòëè÷èå îò ñâåòîâîãî ñèãíàëà, ìàòåðèàëüíàÿ ÷àñòèöà íå
äîñòèãàåò ñèíãóëÿðíîñòè. Îïðåäåëåíî ìèíèìàëüíîå ðàññòîÿíèå îò ñèíãóëÿðíîñòè â çàâèñèìîñòè
îò ýíåðãèè ÷àñòèöû. Äëÿ ñðàâíåíèÿ ïðèâîäÿòñÿ ðåçóëüòàòû â ðàìêàõ ñïåöèàëüíîé òåîðèè
îòíîñèòåëüíîñòè.

Êëþ÷åâûå ñëîâà: ïëîñêî-ñèììåòðè÷íîå ãðàâèòàöèîííîå ïîëå: ìåòðèêà Òàóáà:

     ìåòðèêà Ðèíäëåðà

1. Ââåäåíèå. Ïëîñêî-ñèììåòðè÷íûå ðåøåíèÿ óðàâíåíèé Ýéíøòåéíà

èãðàþò âàæíóþ ðîëü â ðàçëè÷íûõ çàäà÷àõ ãðàâèòàöèîííîé ôèçèêè. Â êà÷åñòâå

ïðèìåðà îòìåòèì äîìåííûå ñòåíêè, ðàçäåëÿþùèå ðàçëè÷íûå ôàçû ôèçè÷åñêîé

ñèñòåìû. Îíè ÿâëÿþòñÿ òîïîëîãè÷åñêèìè äåôåêòàìè, êîòîðûå ìîãóò îáðàçîâàòüñÿ

â ðåçóëüòàòå ôàçîâûõ ïåðåõîäîâ â ðàííèõ ñòàäèÿõ ðàñøèðåíèÿ Âñåëåííîé (ñì.,

íàïðèìåð, [1,2] è ïðèâåäåííûå òàì ññûëêè). Äðóãèì ïðèìåðîì ÿâëÿþòñÿ

áðàíû â ðàçëè÷íûõ ôîíîâûõ ãåîìåòðèÿõ. Â òåîðèè ñòðóí òàêèå îáúåêòû

ÿâëÿþòñÿ ôóíäàìåíòàëüíûìè ñîñòàâëÿþùèìè íàðÿäó ñî ñòðóíàìè. Â íàñòîÿùåå

âðåìÿ øèðîêî îáñóæäàþòñÿ òàêæå ôåíîìåíîëîãè÷åñêèå ìîäåëè ñ áðàíàìè â

ðàçëè÷íûõ ôîíîâûõ ãåîìåòðèÿõ. Â ÷àñòíîñòè, âåäóòñÿ àêòèâíûå èññëåäîâàíèÿ

â ðàìêàõ áðàí-ìîäåëåé òèïà Ðàíäàëëà-Ñóíäðóìà ñ äîïîëíèòåëüíûìè ïðîñòðàíñò-

âåííûìè èçìåðåíèÿìè â ïðîñòðàíñòâå-âðåìåíè àíòè-äå Ñèòòåðà [3].

Íàðÿäó ñ ðåøåíèåì Øâàðöøèëüäà, ïëîñêî-ñèììåòðè÷íûå âàêóóìíûå

ðåøåíèÿ óðàâíåíèé ãðàâèòàöèîííîãî ïîëÿ â îáùåé òåîðèè îòíîñèòåëüíîñòè

ÿâëÿþòñÿ îäíèìè èç ïåðâûõ òî÷íûõ ðåøåíèé. Âïåðâûå òàêèå ðåøåíèÿ

ðàññìàòðèâàëèñü â ðàáîòå [4]. Â äàëüíåéøåì àíàëîãè÷íûå ðåøåíèÿ â ðàçëè÷íûõ

êîîðäèíàòíûõ ñèñòåìàõ èññëåäîâàëèñü âî ìíîãèõ ðàáîòàõ (ñì., íàïðèìåð,

[5-7] è ïðèâåäåííûå â [5] ññûëêè). Âàæíîé ñîñòàâëÿþùåé ðàññìîòðåííûõ

çàäà÷ ÿâëÿþòñÿ ðåøåíèÿ ãðàâèòàöèîííîãî ïîëÿ âíóòðè ïëîñêîïàðàëëåëüíîé

ïëàñòèíû, êîòîðûå ñøèâàþòñÿ ñ âíåøíèì ðåøåíèåì. Â ëèòåðàòóðå ðàññìàò-
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ðèâàëèñü ðàçëè÷íûå âíóòðåííèå ðåøåíèÿ, êîòîðûå âêëþ÷àþò íåñòàòè÷åñêèå

ðåøåíèÿ, ðåøåíèÿ ñ êîñìîëîãè÷åñêîé ïîñòîÿííîé, à òàêæå ðåøåíèÿ ñ íåíóëåâûì

ýëåêòðîìàãíèòíûì ïîëåì (ñì. ðàáîòû [5,8-23]  è ïðèâåäåííûå òàì ññûëêè).

Îíè èìåþò èíòåðåñíûå îñîáåííîñòè, êîòîðûå, íåñìîòðÿ íà ìíîãî÷èñëåííûå

ðàáîòû, îáñóæäàþòñÿ äî ñèõ ïîð.

Ìíîãèå îñîáåííîñòè ïîëÿ ãðàâèòèðóþùèõ ìàññ ïðîÿâëÿþòñÿ â äâèæåíèè

ñâîáîäíîé ÷àñòèöû â ñîîòâåòñòâóþùåé ãåîìåòðèè. Â íàñòîÿùåé ðàáîòå

ðàññìîòðåíî äâèæåíèå â ïëîñêîñèììåòðè÷íîì ãðàâèòàöèîííîì ïîëå ïëàñòèíû.

Ñòàòüÿ ïîñòðîåíà ñëåäóþùèì îáðàçîì. Â ñëåäóþùåì ðàçäåëå ïðèâåäåíà

ïîñòàíîâêà çàäà÷è è ðàññìîòðåíî äâèæåíèå ÷àñòèöû â ðàìêàõ ñïåöèàëüíîé

òåîðèè îòíîñèòåëüíîñòè (ÑÒÎ). Â ðàçäåëå 3 ðàññìàòðèâàåòñÿ äâèæåíèå â

îäíîðîäíîì ñòàòè÷åñêîì ãðàâèòàöèîííîì ïîëå, îïèñûâàåìîì ìåòðèêîé

Ðèíäëåðà. Èññëåäîâàíèþ äâèæåíèÿ â ãðàâèòàöèîííîì ïîëå Òàóáà ïîñâÿùåí

ðàçäåë 4. Â ðàçäåëå 5 ïîäûòîæåíû îñíîâíûå ðåçóëüòàòû ðàáîòû.

2. Ðåøåíèå â ðàìêàõ ÑÒÎ. Ãåîìåòðèÿ ðàññìàòðèâàåìîé çàäà÷è

èçîáðàæåíà íà ðèñ.1. Êîîðäèíàòíàÿ ïëîñêîñòü 0z  ñîâìåùåíà ñ ïðàâîé

áîêîâîé ïîâåðõíîñòüþ ñëîÿ. Ïîâåðõíîñòíàÿ ïëîòíîñòü ìàññû ðàâíà  , à

ðàñïðåäåëåíèå âåùåñòâà â ñëîå íå çàâèñèò îò êîîðäèíàò x è y. Âíà÷àëå

ðàññìîòðèì çàäà÷ó äâèæåíèÿ ÷àñòèöû â ðàìêàõ ÑÒÎ â íåïîäâèæíîé

îòíîñèòåëüíî ñëîÿ èíåðöèàëüíîé ñèñòåìå îòñ÷åòà. Èç òî÷êè O â ìîìåíò

t = 0 â íàïðàâëåíèè îñè z  âûëåòàåò ÷àñòèöà ñî ñêîðîñòüþ 0 . Íåîáõîäèìî

îïðåäåëèòü âðåìÿ nt  äî ïîëíîé îñòàíîâêè è ïðîéäåííîå çà ýòî âðåìÿ

ðàññòîÿíèå nz . Äëÿ êîððåêòíîãî ñðàâíåíèÿ âî âñåõ çàäà÷àõ ïðåäïîëàãàþòñÿ

îäèíàêîâûå çíà÷åíèÿ ïîâåðõíîñòíîé ïëîòíîñòè   è íà÷àëüíîé ñêîðîñòè

00  c  ( c  - ñêîðîñòü ñâåòà â âàêóóìå).

Ðèñ.1. Ãåîìåòðèÿ çàäà÷è.

O

v z
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Åñëè â êà÷åñòâå íóëåâîãî óðîâíÿ ïðèíÿòü ïëîñêîñòü 0z , òî äëÿ

ïîòåíöèàëà ïîëÿ áóäåì èìåòü:

, 2, 2  kwwzzk (1)

ãäå k - ãðàâèòàöèîííàÿ ïîñòîÿííàÿ, âåëè÷èíà w  èìååò ðàçìåðíîñòü óñêîðåíèÿ.

Î åãî ñìûñëå áóäåò ñêàçàíî ïîçäíåå. Â íåðåëÿòèâèñòñêîé ìåõàíèêå ÷àñòèöà

ñîâåðøàåò ðàâíîçàìåäëåííîå äâèæåíèå è w åñòü ìîäóëü óñêîðåíèÿ. Çà âðåìÿ

wtn 0  ÷àñòèöà ïðîõîäèò ïóòü wzn 22
0 . Â ðåëÿòèâèñòñêîì ñëó÷àå

äâèæåíèå â èíåðöèàëüíîé ñèñòåìå íå ÿâëÿåòñÿ ðàâíîçàìåäëåííûì. Ñèëà,

äåéñòâóþùàÿ íà ÷àñòèöó, íàïðàâëåíà ïðîòèâîïîëîæíî ñêîðîñòè è ïî ìîäóëþ

ðàâíà mw, ãäå m - ìàññà ïîêîÿ ÷àñòèöû.

Ðåëÿòèâèñòñêèé çàêîí äâèæåíèÿ â èíâàðèàíòíîé ôîðìå òàêîâ:

3, ,0,  iF
ds

dP i
i

(2)

ãäå  cdtds , 211  , c , à ii mcuP   èìïóëüñ ÷àñòèöû. Â

îáû÷íûõ îáîçíà÷åíèÿõ óðàâíåíèå ñ i = 3 â áåçðàçìåðíûõ âåëè÷èíàõ èìååò

âèä:

  . 
2

1
, 

1




k
T

Tc

w

dt

d

mc

P

dt

d
(3)

Çäåñü ïîñòîÿííàÿ T èìååò ðàçìåðíîñòü âðåìåíè. Ñ ó÷åòîì íà÷àëüíûõ óñëîâèé

(t = 0, 0 ) ðåøåíèå óðàâíåíèÿ (3) áóäåò Tt 00 , ãäå 2
00 11  .

Èç óñëîâèÿ 0  íàéäåì âðåìÿ äâèæåíèÿ äî îñòàíîâêè: nn tTt  00 .

Çàâèñèìîñòü áåçðàçìåðíîé ñêîðîñòè  t  îïðåäåëÿåòñÿ ôîðìóëîé

 
. 

1

1

2
00

00

Tt

Tt

dt

dz

c 




(4)

Îòñþäà ñ ó÷åòîì 0z  ïðè t = 0, ïîëó÷èì çàêîí äâèæåíèÿ

. 1
2

000 








T

t

cT

z
(5)

Ïîäñòàâèâ â (5) t = t
n
, íàéäåì ìàêñèìàëüíîå çíà÷åíèå nz :

. 
2

1
2
0

0
cT

z

cT

z nn 



 (6)

Îòìåòèì, ÷òî ýòî âûðàæåíèå äëÿ nz  ìîæíî ïîëó÷èòü èç (2) ïðè 0i   (çàêîí

ñîõðàíåíèÿ ýíåðãèè).

Îñòàåòñÿ âûÿñíèòü ñìûñë âåëè÷èíû w. Îòëè÷íûå îò íóëÿ êîìïîíåíòû

÷åòûðåõìåðíîé ñêîðîñòè èìåþò âèä 0u , 3u . Êîìïîíåíòû ÷åòûðåõ-

ìåðíîãî óñêîðåíèÿ ëåãêî âû÷èñëÿþòñÿ è ðàâíû 340 cw    è 243 cw   ,

ãäå òî÷êà îçíà÷àåò ïðîèçâîäíóþ ïî âðåìåíè. Èç èíâàðèàíòíîñòè 
i

iww
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ïîëó÷èì 2226 wc   . Îòñþäà ñëåäóåò, ÷òî â êàæäûé ìîìåíò âðåìåíè â

èíåðöèàëüíîé ñèñòåìå îòñ÷åòà, îòíîñèòåëüíî êîòîðîé ÷àñòèöà ïîêîèòñÿ,

óñêîðåíèå ðàâíî w. Òàêîå äâèæåíèå ÷àñòèöû íàçûâàåòñÿ ðåëÿòèâèñòñêè

ðàâíîóñêîðåííûì.

3. Äâèæåíèå â ñòàòè÷åñêîì îäíîðîäíîì ãðàâèòàöèîííîì ïîëå

â ðàìêàõ ÎÒÎ. Äàëåå ìû ðàññìîòðèì äâèæåíèå íà ôîíå ïëîñêî-

ñèììåòðè÷íîãî âàêóóìíîãî ðåøåíèÿ óðàâíåíèé Ýéíøòåéíà. Èçâåñòíî, ÷òî

ñóùåñòâóþò äâà êëàññà òàêèõ ðåøåíèé. Äëÿ ðåøåíèé èç ïåðâîãî êëàññà

ïðîñòðàíñòâî-âðåìÿ ÿâëÿåòñÿ ïëîñêèì â ðàññìàòðèâàåìîé îáëàñòè. Â ðàáîòå

[24] áûëî ïîêàçàíî, ÷òî îáùèé âèä ïëîñêî-ñèììåòðè÷íîãî ñòàòè÷åñêîãî

èíòåðâàëà ñ òàêèì ñâîéñòâîì èìååò âèä

     , 2222222 dzzfdydxdtczfds  (7)

ãäå   - ïîñòîÿííàÿ,  zf  - ïðîèçâîëüíàÿ äåéñòâèòåëüíàÿ ôóíêöèÿ, îãðàíè-

÷åííàÿ òîëüêî óñëîâèåì íåðåëÿòèâèñòñêîãî ïðåäåëà   zzf  21 . Àâòîð

ñòàòüè [24] íàçûâàåò òàêîå ïîëå ñòàòè÷åñêèì îäíîðîäíûì ãðàâèòàöèîííûì

ïîëåì. Â ëèòåðàòóðå â îñíîâíîì ðàññìàòðèâàåòñÿ ÷àñòíûé ñëó÷àé

   221 zzf   ñ ìåòðè÷åñêèì òåíçîðîì, çàäàâàåìûì ëèíåéíûì ýëåìåíòîì

  , 1 2222222 dzdydxdtczds  (8)

è íàçûâàåìûì òàêæå ìåòðèêîé Ðèíäëåðà. Ëèíåéíûé ýëåìåíò (8) îïèñûâàåò

÷àñòü ïðîñòðàíñòâà-âðåìåíè Ìèíêîâñêîãî â íåèíåðöèàëüíîé ñèñòåìå îòñ÷åòà,

ñîâåðøàþùåé ðåëÿòèâèñòñêîå ðàâíîóñêîðåííîå äâèæåíèå. Ýòî ÿâëÿåòñÿ

ïðîÿâëåíèåì ïðèíöèïà ýêâèâàëåíòíîñòè. Ìåòðèêà (8) ÿâëÿåòñÿ îäíîé èç

ïîïóëÿðíûõ ãåîìåòðèé â êâàíòîâîé òåîðèè ïîëÿ â èñêðèâëåííîì ïðîñòðàíñòâå-

âðåìåíè äëÿ èññëåäîâàíèÿ çàâèñèìîñòè ïîíÿòèÿ âàêóóìà êâàíòîâîãî ïîëÿ îò

ñèñòåìè îòñ÷åòà. Âàêóóìíîå ñîñòîÿíèå, ðåàëèçóåìîå ìîäàìè êâàíòîâîãî ïîëÿ

â ìåòðèêå (8), îòëè÷àåòñÿ îò âàêóóìà èíåðöèàëüíîãî íàáëþäàòåëÿ â ïðîñò-

ðàíñòâå-âðåìåíè Ìèíêîâñêîãî è íàçûâàåòñÿ âàêóóìîì Ôóëëèíãà-Ðèíäëåðà.

Ëîêàëüíûå ñâîéñòâà ýòîãî âàêóóìà ïðè íàëè÷èè ðàâíîóñêîðåííîé ïëîñêîé

ãðàíèöû èññëåäîâàíû â ðàáîòàõ [25-29].

Îáîçíà÷èì ÷åðåç ( MMMM zyxt  , , , ) êîîðäèíàòû ïðîñòðàíñòâà-âðåìåíè Ìèí-

êîâñêîãî â èíåðöèàëüíîé ñèñòåìå îòñ÷åòà K. Îíè ñâÿçàíû ñ ðèíäëåðîâñêèìè

êîîðäèíàòàìè ñîîòíîøåíèÿìè

    .ctzzyyxxzct MMMM  , cosh1, , , sinh1  (9)

Çàìåòèì, ÷òî êîîðäèíàòû ( zyxt  , , , ) ïîêðûâàþò ÷àñòü ïðîñòðàíñòâà-âðåìåíè

Ìèíêîâñêîãî MM ctz  . Â ïåðåìåííûõ Ìèíêîâñêîãî äëÿ ãðàíèöû 0z

èìååì 2222 1  MM tcz . Ïðè ôèêñèðîâàííûõ çíà÷åíèÿõ x
M
 è y

M
 ñîîòâåòñò-

âóþùàÿ ìèðîâàÿ ëèíèÿ ïðåäñòàâëÿåò ãèïåðáîëó ñ àñèìïòîòàìè MM ctx  .
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Ýòî ñîîòâåòñòâóåò ðàâíîóñêîðåííîìó äâèæåíèþ â èíåðöèàëüíîé ñèñòåìå

îòñ÷åòà ñ ñîáñòâåííûì óñêîðåíèåì  2cw .

Ðàññìîòðèì äâèæåíèå ÷àñòèöû íà ôîíå ãåîìåòðèè (8). Ïóñòü â ìîìåíò

t = 0 èç òî÷êè O äâèæåòñÿ ÷àñòèöà âäîëü îñè z  ñ íà÷àëüíîé ñêîðîñòüþ 0v

â èíåðöèàëüíîé ñèñòåìå K. Â ýòîé ñèñòåìå äëÿ ìèðîâîé ëèíèè ÷àñòèöû

èìååì 0 MM yx , MM ctz 01  . Ïîäñòàâëÿÿ ñþäà ct
M
 è x

M
 èç (9) äëÿ

çàêîíà äâèæåíèÿ ÷àñòèöû â ñèñòåìå îòñ÷åòà (8) ïîëó÷èì

  . 1
sinhcosh

1

0




 tz (10)

Ìàêñèìàëüíîå çíà÷åíèå êîîðäèíàòû z  ïîëó÷àåòñÿ èç óñëîâèÿ 0dtdz . Äëÿ

ñîîòâåòñòâóþùèõ çíà÷åíèé âðåìåíè t = t
m
 è êîîðäèíàòû mzz   èìååì

  . 
1

, tanh 0
0




 mm zct (11)

Çàêîí äâèæåíèÿ òåïåðü çàïèøåòñÿ â âèäå

   
  

. 1
cosh

cosh







m

m

ttc

ct
tz (12)

Îòñþäà ñëåäóåò, ÷òî ôóíêöèÿ  tz  ñèììåòðè÷íà îòíîñèòåëüíî  t = t
m
. Âðåìÿ

äâèæåíèÿ ÷àñòèöû ðàâíî 2t
m
. Â êîîðäèíàòàõ ïðîñòðàíñòâà-âðåìåíè Ìèíêîâñêîãî

ìàêñèìàëüíîìó óäàëåíèþ ÷àñòèöû îò ãðàíèöû 0z  ñîîòâåòñòâóþò çíà÷åíèÿ

    . , 
2
0

0

2
0









 m

M
m
M zct (13)

Ïðîåêöèÿ ñêîðîñòè ÷àñòèöû, èçìåðåííàÿ íàáëþäàòåëåì ñ ôèêñèðîâàííûìè

êîîðäèíàòàìè ( zyx  , , ) ðàâíà

 
 

  . tanh
1

1
ttcc

dt

dz

zdt

dz
v m

p
p 


 (14)

Ìîäóëü ýòîé ñêîðîñòè âñåãäà ìåíüøå ñêîðîñòè ñâåòà.

Èç ôîðìóë (11) ñëåäóåò, ÷òî âåëè÷èíû t
m
 è mz  ÿâëÿþòñÿ ìîíîòîííî

âîçðàñòàþùèìè ôóíöêöèÿìè íà÷àëüíîé ñêîðîñòè ÷àñòèöû è ñòðåìÿòñÿ ê

áåñêîíå÷íîñòè â ïðåäåëå cv 0 . Â ýòîì ïðåäåëå äëÿ âðåìåííîé çàâèñèìîñòè

êîîðäèíàòû z  ïîëó÷èì

  . 
1






cte
tz (15)

Â ýòîì ñëó÷àå îïðåäåëåííàÿ ñîãëàñíî (14) ñêîðîñòü ðàâíà ñêîðîñòè ñâåòà. Íà

ðèñ.2 ïðèâåäåíû ãðàôèêè ôóíêöèè (10) äëÿ ðàçëè÷íûõ çíà÷åíèé ïàðàìåòðà

0  (÷èñëà âîçëå êðèâûõ).
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4. Äâèæåíèå â ãðàâèòàöèîííîì ïîëå Òàóáà. Â ýòîì ðàçäåëå

ðàññìîòðåíî äâèæåíèå íà ôîíå âòîðîãî êëàññà ïëîñêî-ñèììåòðè÷íûõ ðåøåíèé

óðàâíåíèé Ýéíøòåéíà ñ èñêðèâëåííîé ãåîìåòðèåé. Ñâîéñòâà ýòèõ ðåøåíèé

ïîäðîáíî îáñóæäàëèñü â ëèòåðàòóðå (ñì., íàïðèìåð, ïðèâåäåííûå âî Ââåäåíèè

ññûëêè). Ïåðåîïðåäåëåíèåì êîîðäèíàò ëèíåéíûé ýëåìåíò (ñì. [4,6,7]) ïðè-

âîäèòñÿ ê âèäó

 
    , 1

1

2223 4

3 2

22
2 dzdydxzz

zz

dtc
ds s

s





(16)

ãäå sz  - ïîñòîÿííàÿ. Îïðåäåëÿåìàÿ ýòèì ëèíåéíûì ýëåìåíòîì ìåòðèêà

îáû÷íî íàçûâàåòñÿ ìåòðèêîé Òàóáà. Ñîîòâåòñòâóþùèé òåíçîð Ðèìàíà  iklmR

îòëè÷åí îò íóëÿ è ãåîìåòðèÿ èñêðèâëåíà. Äëÿ èíâàðèàíòà òåíçîðà êðèâèçíû

èìååì   2764 4 zzRR s
iklm

iklm  è ìåòðèêà ñèíãóëÿðíà â òî÷êå szz  . Ïðèðîäà

ýòîé ñèíãóëÿðíîñòè øèðîêî îáñóæäàëàñü â ëèòåðàòóðå (ñì., íàïðèìåð,

[5,20,21]).

Ðàññìîòðèì ñíà÷àëà ðàñïðîñòðàíåíèå ñâåòà âäîëü íàïðàâëåíèÿ z  íà ôîíå

ãåîìåòðèè (16). Âîñïîëüçóåìñÿ óðàâíåíèåì ýéêîíàëà   â âèäå 0 ki
ikg ,

ãäå i
i x . Â ðàññìàòðèâàåìîì ÷àñòíîì ñëó÷àå äâèæåíèÿ ïðîèçâîäíûå ïî

x è y ðàâíû íóëþ è óðàâíåíèå ïðèìåò âèä

      . 01
1 223 2

2
 ztszz

c
(17)

Ðèñ.2. Çàâèñèìîñòü êîîðäèíàòû ÷àñòèöû îò âðåìåíè â ìåòðèêå (8) äëÿ ðàçëè÷íûõ çíà÷åíèé

ïàðàìåòðà 
0

  (÷èñëà âîçëå êðèâûõ).

0.0

t


z

0.0
1.0 2.0 3.0

0.5

0.8

0.9

0.95

1.0

2.0
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Ýòî óðàâíåíèå íå ñîäåðæèò âðåìÿ ÿâíûì îáðàçîì è ïðîèçâîäíàÿ   ïî

âðåìåíè ðàâíà ñî çíàêîì ìèíóñ ñîõðàíÿþùåéñÿ ÷àñòîòå 0 . Ýòî ïîçâîëÿåò

ñäåëàòü ðàçäåëåíèå ïåðåìåííûõ  zt 00  . Â èòîãå ïîëó÷èì    z0

   6 2
0 1 szzc  . Ïîñëå èíòåãðèðîâàíèÿ èìååì

    ,const 1
4

3 3 40
0 


 s

s zz
c

z
zst (18)

ãäå    szzzs  1sgn . Çàâèñèìîñòü  tzz   ïîëó÷àåì èç óðàâíåíèÿ

const0  :

      . 0
3

,
3

41 0

43

0 









 


sss z

tt
czs

z

tt
czszs

z

z
(19)

Çàìåòèì, ÷òî òî÷êà ñèíãóëÿðíîñòè ñîîòâåòñòâóåò êîíå÷íîìó ìîìåíòó âðåìåíè

t = t
0
. Ïðîåêöèÿ ñêîðîñòè, èçìåðåííàÿ íàáëþäàòåëåì ñ ôèêñèðîâàííûìè

êîîðäèíàòàìè ( zyx  , , ), îïðåäåëÿåòñÿ ôîðìóëîé

    , 16 2

dt

dz
zzv sp  (20)

è ïî ìîäóëþ âñåãäà ðàâíà c. Îáùàÿ ôîðìóëà (19) âêëþ÷àåò ðàçëè÷íûå ÷àñòíûå

ñëó÷àè, âêëþ÷àÿ ïîëîæèòåëüíûå è îòðèöàòåëüíûå çíà÷åíèÿ ïàðàìåòðà sz .

Ðàññìîòðèì, íàïðèìåð, ñëó÷àé, êîãäà ãðàíèöå ïëîñêîïàðàëëåëüíîãî

ìàòåðèàëüíîãî ñëîÿ ñîîòâåòñòâóåò Lz  , ãäå szL   è 0sz . Ïîëàãàÿ, ÷òî

ñâåòîâîé ñèãíàë âûõîäèò èç òî÷êè Lz   â ìîìåíò âðåìåíè t = 0 èç (19),

íàõîäèì ìîìåíò âðåìåíè, êîãäà ñèãíàë äîñòèãíåò ñèíãóëÿðíîñòè

. 1
4

3
34

0 











s

s

z

L

c

z
t (21)

Ïåðåéäåì òåïåðü ê çàäà÷å äâèæåíèÿ ìàòåðèàëüíîé ÷àñòèöû ñ ìàññîé

ïîêîÿ m. Âîñïîëüçóåìñÿ óðàâíåíèåì Ãàìèëüòîíà-ßêîáè

      , 1
1 22223 2 cmSSzz
c

zts  (22)

ãäå S - äåéñòâèå. Çäåñü ó÷òåíî, ÷òî êîìïîíåíòû èìïóëüñà P
x
 è P

y
 ðàâíû

íóëþ. Óðàâíåíèå (22) íå ñîäåðæèò âðåìÿ ÿâíûì îáðàçîì. Ýòî ïîçâîëÿåò

ñäåëàòü ðàçäåëåíèå ïåðåìåííûõ. ×àñòíàÿ ïðîèçâîäíàÿ äåéñòâèÿ ïî âðåìåíè

- ýòî ñîõðàíÿþùàÿñÿ ýíåðãèÿ E è ïîýòîìó  zSEtS 0 . Óðàâíåíèå äëÿ

ôóíêöèè  zS0  ñëåäóåò èç (22). Ïîñëå èíòåãðèðîâàíèÿ äåéñòâèå çàïèøåòñÿ

â âèäå

. 1 22

32

2

2

 







 cm
z

z

c

E
dzEtS

s

(23)
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Ïðîäèôôåðåíöèðîâàâ S ïî ýíåðãèè è ïðèðàâíÿâ ðåçóëüòàò ïîñòîÿííîé, ïîëó÷èì

çàâèñèìîñòü  tzz  . Â ïàðàìåòðè÷åñêîì âèäå ýòà çàâèñèìîñòü äàåòñÿ ñîîòíî-

øåíèÿìè

 

 
, 1ln1

3

2
1

8

9

, 1

222

40

3

3














 
















yyyyy
c

zzs
tt

y
zs

z

z

s

s

(24)

ãäå ïàðàìåòðîì ÿâëÿåòñÿ âåëè÷èíà 1y  è 2mcE . Äëÿ ñêîðîñòè ÷àñòèöû,

îïðåäåëÿåìîé ñîãëàñíî (20), ïîëó÷èì

  . 
12

y

y
cv p


 (25)

Èç ôîðìóëû (24) ñëåäóåò, ÷òî ìàòåðèàëüíàÿ ÷àñòèöà íèêîãäà íå ïàäàåò íà

ñèíãóëÿðíîñòü. Ìèíèìàëüíîå ðàññòîÿíèå ñîîòâåòñòâóåò ìîìåíòó âðåìåíè

t = t
0
, êîãäà y = 1. Ðàññòîÿíèå îò ñèíãóëÿðíîñòè ðàâíî 3 smins zzz  è îíî

óìåíüøàåòñÿ ñ ðîñòîì ýíåðãèè ÷àñòèöû.

Ðàññìîòðèì ïðåäåëüíûå ñëó÷àè îáùåé ôîðìóëû (24). Ïðè çàäàííîì 

è äëÿ 10  szttc  èìååì

     
 
 

. 
3

, 
6

1 0
2

4

2

0
5

3
s

p
ss zzs

ttc
v

z

tt
czs

zs

z

z 










 



 (26)

Ïðè   1zs  è 10  szttc  àñèìïòîòè÷åñêîå ïîâåäåíèå èìååò âèä

  . 
34

1
1, 

3

4
21-

0
2

43

0






















 










 


s
p

ss z

tt
ccv

z

ttc

z

z
(27)

Äëÿ áîëüøèõ çíà÷åíèé   è y, ïðè ôèêñèðîâàííîì çíà÷åíèè îòíîøåíèÿ

y , â ïåðâîì ïðèáëèæåíèè ïîëó÷èì

    . 
3

41

43

0







 


ss z

tt
czszs

z

z
(28)

Ýòîò ðåçóëüòàò ñîâïàäàåò ñ òî÷íîé ôîðìóëîé (19) äëÿ äâèæåíèÿ ñâåòîâîãî

ñèãíàëà. Ýòîãî, êîíå÷íî, ñëåäîâàëî îæèäàòü äëÿ óëüòðàðåëÿòèâèñòñêèõ ÷àñòèö.

Íà ðèñ.3 è 4 ïðèâåäåíû çàâèñèìîñòè êîîðäèíàòû ÷àñòèöû îò âðåìåíè äëÿ

ðàçëè÷íûõ çíà÷åíèé ïàðàìåòðà   (ýíåðãèÿ ÷àñòöû â åäèíèöàõ ýíåðãèè ïîêîÿ).

×èñëà îêîëî êðèâûõ ñîîòâåòñòâóþò çíà÷åíèÿì ýòîãî ïàðàìåòðà. Ïóíêòèðíûå

ëèíèè ñîîòâåòñòâóþò ðàñïðîñòðàíåíèþ ñâåòîâîãî ñèãíàëà. Ðèñ.3 è 4 ïðåäñòàâëÿþò

ñëó÷àè szz   è szz  , ñîîòâåòñòâåííî.
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5. Çàêëþ÷åíèå. Â ðàáîòå èññëåäîâàíî äâèæåíèå ñâåòîâîãî ñèãíàëà è

ìàòåðèàëüíîé ÷àñòèöû â ïîëå áåñêîíå÷íîãî ïëîñêîãî ñëîÿ. Äëÿ ñðàâíåíèÿ

ñíà÷àëà ðàññìîòðåíî äâèæåíèå â ðàìêàõ ÑÒÎ, ãäå ñèëà, äåéñòâóþùàÿ íà

÷àñòèöó, îïèñûâàåòñÿ ïîòåíöèàëîì (1). Âðåìåííûå çàâèñèìîñòè ñêîðîñòè è

Ðèñ.3. Çàâèñèìîñòü êîîðäèíàòû ÷àñòèöû îò âðåìåíè â ãåîìåòðèè (16) ñ 
s
zz   äëÿ

ðàçëè÷íûõ çíà÷åíèé ïàðàìåòðà   (÷èñëà îêîëî êðèâûõ).

Ðèñ.4. Òî æå ñàìîå, ÷òî è íà ðèñ.3 ïðè 
s
zz  .

c(t-t
0
)/z

s

z
/
z
s

-1.2

3

0.0

-0.8 -0.4 0.0

2
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0.6

0.8

1.0

c(t-t
0
)/z

s

z
/
z
s

3
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êîîðäèíàòû ÷àñòèöû äàþòñÿ ôîðìóëàìè (5) è (6), ãäå âåëè÷èíà T îïðåäåëÿåòñÿ

ïîâåðõíîñòíîé ïëîòíîñòüþ ñëîÿ è ñâÿçàíà ñ ñîáñòâåííûì óñêîðåíèåì

ñîîòíîøåíèåì T = c/w.

Â ãåîìåòðèè ïëîñêîãî áåñêîíå÷íîãî ñëîÿ âîçìîæíû äâà êëàññà âàêóóìíûõ

ðåøåíèé óðàâíåíèé Ýéíøòåéíà. Ïåðâûé èç íèõ ñîîòâåòñòâóåò îäíîðîäíîìó

ñòàòè÷åñêîìó ãðàâèòàöèîííîìó ïîëþ, îïèñûâàåìîìó ìåòðèêîé (8), ÷àñòíîé

ðåàëèçàöèåé êîòîðîãî ÿâëÿåòñÿ ìåòðèêà Ðèíäëåðà (9). Ïîñëåäíèé ñîîòâåòñòâóåò

÷àñòè ïðîñòðàíñòâà-âðåìåíè Ìèíêîâñêîãî, îïèñûâàåìîé â ðàâíîóñêîðåííîé

íåèíåðöèàëüíîé ñèñòåìå îòñ÷åòà. Â ýòîé ãåîìåòðèè âðåìåííûå çàâèñèìîñòè

êîîðäèíàòû è ñêîðîñòè ÷àñòèöû, èçìåðåííûå íàáëþäàòåëåì ñ ôèêñèðîâàííûìè

êîîðäèíàòàìè ( zyx  , , ), äàþòñÿ ñîîòíîøåíèÿìè (12) è (14), ãäå t = t
m
 ñîîò-

âåòñòâóåò âðåìåíè ìàêñèìàëüíîãî óäàëåíèÿ ÷àñòèöû îò ãðàíèöû ñëîÿ. Â

îòëè÷èå îò ìàòåðèàëüíîé ÷àñòèöû, êîîðäèíàòà z  äëÿ ñâåòîâîãî ñèãíàëà

ÿâëÿåòñÿ ìîíîòîííî âîçðàñòàþùåé ôóíêöèåé âðåìåíè è îïèñûâàåòñÿ ôîðìóëîé

(15). Âòîðîìó êëàññó âàêóóìíîãî ãðàâèòàöèîííîãî ïîëÿ ïëîñêîãî ñëîÿ â ÎÒÎ

ñîîòâåòñòâóåò ðåøåíèå Òàóáà, êîòîðîå ïåðåîïðåäåëåíèåì êîîðäèíàò ïðèâîäèòñÿ

ê âèäó (16), ãäå ïàðàìåòð sz  îïðåäåëÿåòñÿ ïîâåðõíîñòíîé ïëîòíîñòüþ ñëîÿ.

Ðàñïðîñòðàíåíèå ñâåòîâîãî ñèãíàëà â ýòîé ãåîìåòðèè îïèñûâàåòñÿ ôîðìóëîé

(19) è çà êîíå÷íîå âðåìÿ ñèãíàë äîñòèãàåò òî÷êè ñèíãóëÿðíîñòè. Äëÿ ìàòå-

ðèàëüíîé ÷àñòèöû ñ ñîõðàíÿþùåéñÿ ýíåðãèåé 2mcE   çàêîí äâèæåíèÿ

äàåòñÿ ïàðàìåòðè÷åñêîé ôîðìóëîé (24). ×àñòèöà íèêîãäà íå äîñòèãàåò

ñèíãóëÿðíîñòè è ìèíèìàëüíîå ðàññòîÿíèå ðàâíî 3sz .

Ðàáîòà âûïîëíåíà â íàó÷íî-èññëåäîâàòåëüñêîé ëàáîðàòîðèè òåîðåòè÷åñêîé

ôèçèêè Èíñòèòóòà ôèçèêè ÅÃÓ, ôèíàíñèðóåìîé êîìèòåòîì ïî íàóêå

Ìèíèñòåðñòâà îáðàçîâàíèÿ, íàóêè, êóëüòóðû è ñïîðòà Ðåñïóáëèêè Àðìåíèÿ.

Ðàáîòà Ð.Ì.Àâàêÿíà è À.À.Ñààðÿíà âûïîëíåíà â ðàìêàõ ïðîãðàììû 21AG-
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MOTION OF A PARTICLE IN THE FIELD OF
AN INFINITE FLAT SLAB

R.M.AVAGYAN, A.A.SAHARIAN, S.S.JIBILYAN

In this paper we investigate the motion of a light signal and a test particle

in the field of an infinite flat slab within the framework of the general relativity.

Both cases of the external solution for the gravitational field in the vacuum,

corresponding to the Rindler and Taub metrics, are considered. The time of

motion and the path traveled by the particle before it stops are determined. It

is shown that in the Taub geometry, in contrast to the light signal, a material

particle does not reach a singularity. The minimum distance from the singularity

is determined depending on the energy of the particle. For comparison, results

are given within the framework of the special relativity.

Keywords: plane symmetric gravitational field: Taub metric: Rindler metric
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 SWAMPLAND CRITERIA AND NEUTRINO GENERATION
IN A NON-COLD DARK MATTER UNIVERSE
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In this paper, the implications of string Swampland criteria for a dark energy-dominated
universe, where we have a deviation from the cold dark matter model, will be discussed. In
particular, we have considered two models. One of them is one parameter model, while the second
one has been crafted to reveal the dynamics in the deviation. The analysis has been obtained through
the use of Gaussian processes (GPs) and )(zH  expansion rate data (a 30-point sample deduced
from a differential age method and a 10-point sample obtained from the radial BAO method). We
learned that the tension with the Swampland criteria still will survive as in the cases of the models
where dark matter is cold. In the analysis besides mentioned 40-point )(zH  data, we used the latest
values of H

0
 reported by the Planck and Hubble missions to reveal possible solutions for the H

0

tension problem. Finally, the constraints on the neutrino generation number have been obtained
revealing interesting results to be discussed yet. This and various related questions have been left to
be discussed in forthcoming papers.

Keywords: Swampland criteria: non-cold dark matter model: Gaussian processes

1. Introduction. The discovery of the accelerated expansion of the universe

significantly changed our understanding of the universe [1-7]. It brought new

knowledge and imposed new tasks to be solved yet and modification of General

Relativity (GR) is one of the direct outcomes of this. On the other hand, quantum

corrections also have a central role in crafting viable and advanced modified

theories of gravity [8-13] (to mention a few). By modifying GR we search to

find an effective way to deal with dark energy, dark matter, inflation, and other

relevant problems [14-37] and references therein. Moreover, in light of the most

common view GR can not be the ultimate theory of the universe, allowing the

modification of GR to be one of the most discussed topics in recent literature.

But we can still assume that yet unknown high-energy UV-complete theory can

be reduced to GR (low-energy limit). The string theory plays the role of the

mentioned unknown UV-complete theory. On the other hand, here we have an

interesting situation related to the de Sitter (dS) vacua. In particular, until now

no dS vacuum has been constructed, owing to numerous problems [38-48]. We

took this as a hint indicating that in a consistent quantum theory of gravity, dS

does not exist. The mentioned problem allows forming of the Swampland region
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where inconsistent semi-classical effective field theories should inhabit. On the

other hand, we have a Landscape provided by string theory where a vast range

of choices fitting our universe in a consistent quantum theory of gravity exists.

Therefore, it is not excluded that dS vacua may reside in the Swampland [49-

50]. Recently two Swampland criteria have been proposed

1. SC1: The scalar field net excursion in reduced Planck units should satisfy

the bound [49]

  , 1Ο~
M p




(1)

2. SC2: The gradient of the scalar field potential is bounded by [50]

  , 1Ο~c
V

V
M p 


(2)

or [51]

 . 12 Ο~c
V

V
M p 


(3)

demanding the field to traverse a larger distance, in order to have the domain

where the validity of the effective field theory will be fulfilled. Here, GR in the

presence of a quintessence field   has been considered to be the effective field

theory. In the above-given formulation of the Swampland criteria, both   and

c are positive constants of order one, while the prime denotes derivative with

respect to the scalar field  , and GM p  81  is the reduced Planck mass.

On the other hand, GR in the presence of a quintessence field   (dark

energy) has been used often to explain the accelerated expansion (including cosmic

inflation too) of the universe. In this regard, it is highly reasonable to investigate/

understand 1) how the constraints on the dark energy model affect the Swampland

constraints, and 2) what are conditions to be satisfied in order not to end up in

the Swampland. Different attempts in this direction had been taken already (see

[52-61]). Even, it appears that with the GPs (Gaussian processes), it is possible

to study and obtain the constraints on the Swampland criteria in a model-

independent way [18]. In other words, with the GPs, it is possible to study the

Swampland criteria for a dark energy model without using any explicit model

describing the potential of the quintessence field   and using a dark energy model

to constrain the parameters of that potential.

Actually, GP is a machine learning tool intensively used in the recent

literature to study various cosmology-related problems. A significant part of those

studies indicates that with machine learning we can explore unseen and yet

unknown physics of our universe in a more efficient way than can be done with

traditional tools. One such problem to be mentioned here is the H
0
 tension
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problem. Basically, the H
0
 tension problem requires explaining why the Planck

CMB data analysis and a local measurement from the Hubble Space Telescope

give different values for H
0
. We need to understand why in the CDM  scenario

the Planck CMB data analysis gives H
0

 = 67.4 ± 0.5 km/s/Mpc, while local

measurements from the Hubble Space Telescope yield H
0

 = 73.52 ± 1.62 km/s/Mpc

(see [1,2]). Recently by Bayesian machine learning various interesting results have

been learned about this problem. In particular, a deviation from cold dark matter

has been learned giving a solution to the H
0
 tension problem [17]. Moreover,

another recent study confirms a deviation from the cold dark matter where the

GPs and expansion rate data have been used. Even, a hint has been found that

the deviation can have a dynamic nature [19]. We refer readers to the references

of this paper to gain more about the problem and what are the alternative options

to solve it. Above mentioned results indicate the existence of new knowledge

requiring future analysis using new data and statistical tools.

The goal of this study is twofold given the above-mentioned problems and

recently learned new hints. In particular, in this study, we will explore the impact

of the deviation from the cold dark matter model on the Swampland tension using

GPs. Moreover, we will learn how the Swampland tension and the deviation from

the cold dark matter model affect the constraints on the neutrino generation

number. To our knowledge, this will be the first work trying to do this using

GPs. Given the nature of the problem and the tool we applied, some data-related

artificial constraints have been imposed which hopefully can be lifted in the near

future using other machine learning tools. However, obtained results are in great

agreement with other results intensively discussed in the recent literature indicating

that the impact of constraints with high precision can be neglected.

The paper is organized as follows. In Sect. II we present the data and discuss

the strategy we follow. In Sect. III we will discuss the method. In Sect. IV we

discuss the results obtained from the reconstruction for various scenarios based on

three kernels. Moreover, in our analysis, one of the values of H
0
 has been

estimated with the GP method and using high-redshift data for  zH , while the

other two are taken to be the values from the Planck [1] and Hubble [2] missions,

respectively. This strategy has been adopted to make the link between the H
0

tension problem, Swampland criteria tension, and deviation from the cold dark

matter model more transparent. The discussion of our results can be found in

Sect. V.

2. Gaussian processes and data. The GPs have two key ingredients and

the goal of this section is to give a very brief presentation of them. Mainly, the

goal here is to develop some intuition about the method which is using two-point

covariance function  xxK  ,  and a mean  x  to get a continuous realization of
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      xxKxGPx   , , (4)

and uncertainty  x  to get the posterior    xx  . It is formed through a

Bayesian iterative process allowing the reconstruction of the function representing

the data. Using the data directly the GPs allow us to find a form of the function

representing the data. It is possible because we consider the observational data to

be a realization of the GPs, too. However, the method does not indicate how

to choose the kernel and it should be done manually. In the recent literature,

various kernel candidates have been considered and one of them is the squared

exponent

   
. 

2
exp ,

2

2
2













 


l

xx
xxK f (5)

with f  and l hyperparameters to be determined from the minimization of the

GP marginal likelihood. The Cauchy kernel

 
 

,  , 2

2

2















 l

xx

l
xxK fC (6)

Table 1

 zH  AND ITS UNCERTAINTY H  IN UNITS OF km s-1
 Mpc-1

z )(zH H z )(zH H

0.070 69 19.6 0.4783 80.9 9
0.090 69 12 0.480 97 62
0.120 68.6 26.2 0.593 104 13
0.170 83 8 0.680 92 8
0.179 75 4 0.781 105 12
0.199 75 5 0.875 125 17
0.200 72.9 29.6 0.880 90 40
0.270 77 14 0.900 117 23
0.280 88.8 36.6 1.037 154 20
0.352 83 14 1.300 168 17
0.3802 83 13.5 1.363 160 33.6
0.400 95 17 1.4307 177 18
0.4004 77 10.2 1.530 140 14
0.4247 87.1 11.1 1.750 202 40
0.44497 92.8 12.9 1.965 186.5 50.4

0.24 79.69 2.65 0.60 87.9 6.1
0.35 84.4 7 0.73 97.3 7.0
0.43 86.45 3.68 2.30 224 8
0.44 82.6 7.8 2.34 222 7
0.57 92.4 4.5 2.36 226 8
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and the Matern ( 29 ) kernel

 

   
, 

35

27

7

18

7

273
1

3
exp ,

4

4
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
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


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






 
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xx

l

xx

l

xx
xxK fM

(7)

are among the intensively used ones, too. The l parameter in the above three

equations represents the correlation length along which the successive  x  values

are correlated. The f  parameter, on the other hand, is used to control the variation

in  x  relative to the mean of the process. The readers can follow [17-20] and

references therein for a better understanding of the key aspects of the approach and

how it can be used in cosmology. The dataset we have used can be found in Table

1, where the upper panel consists of thirty samples deduced from the differential

age method. The lower panel corresponds to ten samples obtained from the radial

baryon acoustic oscillation (BAO) method. The table is according to [62-75]. We

use 30-point samples of  zH  deduced from the differential age method. Then, we

add 10-point samples obtained from the radial BAO method. This allowed us to

have good data up to 2z  and extend the data range up to 42.z   where still

Fig.1. GP reconstruction of )(zH , )(zH  , )(zH  , and )(zH  , for the 40-point sample
deduced from the differential age method, with the additional 10-point sample obtained from the

radial BAO method, when H
0
 = 67.66 ± 0.42 reported by the Planck mission. The ' means derivative

with respect to the redshift variable z . The kernel is the Matern ( /29 ) kernel given by Eq. (7).
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the value of the Hubble parameter at 0z  has not been taken into account. In

this study, we will consider three different values for H
0
. In particular, first of all,

we allowed the process to guess what the H
0
 should be using the data given in

Table 1. Then, in the other two scenarios, H
0

 = 67.66 ± 0.42 and H
0

 = 73.52 ± 1.62

reported from the Planck and Hubble missions, respectively, have been merged to

the available data given in Table 1. Therefore, we could craft two datasets with two

different H
0
 values to be used in the reconstruction process. To save space we refer

to the upper part of Table 2 to find more about the estimated H
0
 value for considered

kernels1.

To end this section we present the reconstructions of  zH  function and its

higher order derivatives for H
0

 = 67.66 ± 0.42 and H
0

 = 73.52 ± 1.62 for the Matern

( 29 ) kernel, Eq. (7). They can be found in Fig.1 and Fig.2, respectively.

The reconstruction of the other cases used in this paper can be found in the

references of this paper and they are not presented here only to save our place.

In the next section, we will revise how we can estimate the bounds of SC2 in

a model-independent way and how to infer the constraints on the neutrino number

Fig.2. GP reconstruction of )(zH , )(zH  , )(zH   and )(zH   for the 40-point sample

deduced from the differential age method, with the additional 10-point sample obtained from the
radial BAO method, when H

0
 = 73.52 ± 1.62 reported by the Hubble mission. The ' means derivative

with respect to the redshift z . The kernel is the Matern ( /29 ) kernel given by Eq. (7).
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1 We have used the GaPP (Gaussian Processes in Python) package developed by Seikel et al [76].
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generation when we have certain deviations from the cold dark matter model.

3. Model. Here we consider GR in the presence of a quintessence field 

to be the effective field theory described by the following action (see for instance

[18])

  , 
2

1

2

2
4

 













 

 m
p

SVR
M

gxdS (8)

where S
m
 corresponds to the matter, GM p  81  is the reduced Planck mass,

R is the Ricci scalar and  V  is the field potential. According to this scenario

when we consider the FRWL universe, the dynamics of the scalar field's dark

energy and matter will be described by the following equations

  , 03   PH (9)

  , 03  mmdm PH (10)

where   and P  are the energy density and pressure describing the quintessence

field  , while m  and mP  are the energy density and pressure of the matter,

respectively. We know also that they are related to each other through the

Friedmann equations, as follows

 , 
3

12
mΗ   (11)

and

  . 3
6

1
mm PPΗΗ  

 (12)

with aaH   to be the Hubble parameter. On the other hand, for the spatially

homogeneous scalar field, the energy density and pressure are of the following form

  , 
2

1
 V (13)

and

  , 
2

1
 VP  (14)

where the dot is the derivative w.r.t. the cosmic time. But it is easy to see that

from Eqs. (13) and (14) we have

, 2
  P (15)

while

  . 
2

 


P
V (16)

After the discussion given above, it is easy to see that we can use Eqs. (11)
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and (12), and the model of the matter to constrain Swampland criteria, Eq. (1)

and Eq. (2) (or Eq. (3)), respectively, because Eq. (1) and Eq. (2) (or Eq. (3)),

can be expressed in terms of the Hubble function and its higher order derivatives

which will be reconstructed using GPs from the expansion rate data. In other

words, we are in the position to reconstruct SC2 and estimate its upper bound

in a model-independent way using directly observational data. Coming back to

the form of SC2 we need take into account that      dzddzdVddV  ,

where dzd   should be calculated from Eq. (15), and that    Hz1 . The

results of the study, for the strategies discussed in Sect. II are presented in the

next section.

To end this section, we need to define the last element required to perform

the analysis and it is the matter model. In particular, we consider two models

where the matter part differs from the cold dark matter described by dmdmdmP 

equation. As the first model, we consider the case when dm  is a non-zero

constant, while we consider zdm 10   to be the second model, respectively.

In both models 0  and 1  are the model parameters to be learned. Moreover,

in our analysis, we included neutrinos through radiation

   , 13 402
0 zH rr  (17)

where

      3680100
effr N.  (18)

following the very well-known strategy used in modern cosmology, with  0
  and

N
eff
 free parameters to be constrained too. Here N

eff
 is the neutrino generation

number.

4. The reconstruction results. In this section, we present and discuss the

key aspects we have inferred from the reconstruction using the GP. The starting

point in our analysis is based on the assumptions we have used for m  to define

the energy density of the scalar field,  , Eq. (11). In this paper, we have

considered two models only, but the discussion given in the previous section is

applicable to any other model describing deviations from the cold dark matter

model. Obtained results indicate a need to continue research in this direction

involving new data and tools to reveal the true nature of learned phenomena and

their impact on various fundamental problems of modern cosmology. We need

to stress that for the dark energy-dominated universe the first Swampland criteria,

Eq. (1) is always satisfied therefore we will not present the reconstruction of it

in the discussion below.

A. Model with 0dm . The first model we consider is the model where

the dark matter equation is dmdmP  0  with 00   to be learned.

The dynamics of the energy density of this model according to Eq. (10) will
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be given by the following equation [17]

     
, 13 01302

0
 zH dmdm

(19)

where H
0
 and  0

dm  are the Hubble parameter and the fraction of the dark matter

at 0z , respectively. Therefore, for de  we will have (see Eq. (11))

         . 131333 402
0

1302
0

22 0 zHzHHH rdmrdmde   (20)

Using the above-given equation and some simple algebra, eventually for

dzd dede   we will get

         . 1121196 302
0

230
0

2
0

0 zHzHHH rdmde   (21)

It is not hard to see that after some algebra for deP  we will get

           . 121133 402
0

130
0

2
0

2 0 HHzzHzHHP rdmde   (22)

On the other hand, using Eq. (22) we can calculate dzdP  used to estimate SC2,

Eq. (2). The constraints on the parameters for this case we have obtained can

be found in Table 2. From where we see that when the H
0
 has been estimated

using available expansion rate data we got a model of the universe where
  26200 .dm   according to the mean of the reconstruction when the kernel is given

by Eq. (5). We estimated   26600 .dm   when the kernels are given by Eq. (6)

and Eq. (7), respectively. In all three cases, the deviation from the cold dark

matter model has been learned (see the upper panel of Table 2). On the other

hand, when H
0

 = 73.52 ± 1.62 km/s/Mpc has been merged to the expansion rate

data and used in the reconstruction we estimated that 
  27300 .dm   when the

kernel is given by Eq. (5). On the other hand, when the kernel has been given

by Eq. (6) we estimated  0
dm  to be about 0.278 according to the mean of the

reconstruction. Finally, we got 
  28100 .dm   when the kernel is given by Eq. (7)

indicating a huge impact of the kernel on the estimations of dark matter fraction
 0
dm  in our universe. The results corresponding to this case can be found in the

middle panel of Table 2. The bottom panel of Table 2 represents the case when

H
0

 = 67.66 ± 0.42 km/s/Mpc from the Planck CMB data analysis has been merged

together with available expansion rate data given in Table 1 and used in the

reconstruction. From the obtained results we infer a very important result

indicating that to solve the H
0
 tension problem a strong deviation from the cold

dark matter model is required. Moreover, this will affect the constraints on 
 0
 .

However, the constraints on N
eff
 indicate that in all cases the neutrino generation

number will be three.

The model-independent reconstruction of the SC2 given by Eq. (2) can be found

in Fig.3. In particular, two plots of Fig.3 represent the reconstruction when the squared

exponent kernel given by Eq. (5) has been used. In the case of the left-hand side

plot, we have the reconstruction when the H
0

 = 73.52 ± 1.62 km/s/Mpc from the
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Hubble Space Telescope has been merged with the  zH  data depicted in Table

1 and used in the reconstruction process. On the other hand, the right-hand side

plot represents the reconstruction of the VV  , Eq. (2), when the H
0

 = 67.4 ±

0.5 km/s/Mpc from the Planck CMB data analysis has been merged with the  zH

data and used in the reconstruction process. To save our place we did not present

the reconstruction results corresponding to the other kernels. Because in all cases

we have obtained similar qualitative results indicating that in the dark energy

dominated universe the recent form of the Swampland criteria is in huge tension

with the expansion rate data and future development in this direction is a must.

Moreover, we see that the deviation from the cold dark matter model is unable

to reduce the tension. Here we confirm that the non-gravitational interaction is

also not able to reduce this tension confirming previously obtained results.

However, we see clearly that even a theory not residing in Swampland can end

up or not end up in Swampland. Moreover, a theory residing in Swampland can

end up or not end up in Swampland. In other words, we have four possibilities

indicating that inferring a solution for the H
0
 tension problem from the Swamp-

land criteria is also possible but is an extremely hard problem. In other words,

TABLE 2

CONSTRAINTS ON THE PARAMETERS FOR THE COSMOLOGICAL

MODEL WHERE THE DEVIATION FROM THE COLD DARK MATTER

IS GIVEN BY Eq. (19) AND 00 

Kernel
 0
dm H

0 0
 0
 N

eff

km/s/Mpc

Squared Exponent 0.262±0.011 71.286±3.743 -0.071±0.011 0.00023±0.00002 2.98±0.08
Cauchy 0.266±0.012 71.472±3.879 -0.075±0.011 0.00022±0.00002 2.95±0.08

Matern ( 9/2 ) 0.266±0.011 71.119±3.867 -0.076±0.011 0.00021±0.00002 2.97±0.08

Squared Exponent 0.273±0.011 73.52±1.62 -0.075±0.011 0.00022±0.00005 2.94±0.11
Cauchy 0.278±0.011 73.52±1.62 -0.083±0.012 0.00019±0.00007 2.92±0.15

Matern ( 9/2 ) 0.281±0.012 73.52±1.62 -0.088±0.013 0.00015±0.00005 2.96±0.11

Squared Exponent 0.293±0.013 67.66±0.42 -0.051±0.017 0.00015±0.00005 3.04±0.12
Cauchy 0.291±0.013 67.66±0.42 -0.045±0.012 0.00013±0.00002 3.02±0.13

Matern ( 9/2 ) 0.291±0.011 67.66±0.42 -0.049±0.015 0.00015±0.00002 2.95±0.11

The constraints have been obtained for three kernels, Eq. (5), Eq. (6), and Eq. (7),
respectively. In particular, the upper part of the table stands for the case when the H

0
 value has

been predicted from the GP. The middle part of the table stands for the case when the H
0
 = 73.52

± 1.62 km/s/Mpc from the Hubble Space Telescope has been merged with available expansion rate
data given in Table I to reconstruct the )(zH  and )(zH  . Finally, the lower part of the table stands
for the case when the H

0
 = 67.4 ± 0.5 km/s/Mpc from the Planck CMB data analysis has been

merged together with available expansion rate data given in Table I and used in the reconstruction.
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the conclusion about the H
0
 tension problem from the Swampland criteria is not

unique. The constraints on the N
eff
 inferred from the Swampland criteria indicates

that we should expect three generations of neutrinos in our universe even if we

have a deviation from the cold dark matter model, Eq. (19). We need to stress

again that the model-independent reconstruction means that we did not use any

specific form of scalar field potential and dark energy model to constrain its

parameters.

B. Model with zm 10  . The second model we consider here is another

simple model that can reveal possible dynamics in the deviations from the cold

dark matter model. The linear model we have crafted is given below [19]

zm 10  (23)

providing the dynamics of dark matter to be

     
, 13 101 13302

0
  zeH z

dmdm
(24)

because   dmdm zP  10 , where 0  and 1  are the free parameters to be

learned. It is easy to see that in this case

    , 119 10
23332

0
101 zzeH

dz

d z
dm

dm 
 

(25)

         , 131333 402
0

13302
0

22 101 zHzeHHH r
z

dmdmde   (26)

and

Fig.3. The left-hand side plot represents the reconstruction of the |V '|/V, Eq. (2), when the
H

0
 = 73.52 ± 1.62 km/s/Mpc from the Hubble Space Telescope has been merged with the )(zH

data depicted in Table I and used in the reconstruction process. The right-hand side plot represents
the reconstruction of the |V '|/V, Eq. (2), when the H

0
 = 67.4 ± 0.5 km/s/Mpc from the Planck

CMB data analysis has been merged with the )(zH  data depicted in Table 1 and used in the

reconstruction process. In both cases the squared exponent kernel given by Eq. (5) has been used.
The solid line is the mean of the reconstruction and the shaded blue regions are the 68% and 95%
C.L. of the reconstruction, respectively. The model is given by by Eq. (19) and 0

0
 .
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         , 1121196 302
010

233302
0

101 zHzzeHHH
dz

d
r

z
dm

de 
 

(27)

respectively. Therefore, after some algebra for the dark energy, we will have

           
        

, 
13133

121133
402

0
13302

0
2

402
0

13
10

302
0

2

101

101

zHzeHH

HHzzHzzeHH

r
z

dm

r
z

dm
de










(28)

allowing to reconstruct the equation of state dynamics for dark energy since for

the pressure P
de
 we have

            . 121133 402
0

13
10

302
0

2 101 HHzzHzzeHHP r
z

dmde   (29)

The constraints on  0
dm , 0  and 1  we obtained can be found in Table 3.

The upper part of Table 3 represents the constraints when the H
0
 has been estimated

using only the expansion rate data given in Table 1. The middle part of Table 3

represents the constraints when we merged the H
0

 = 73.52 ± 1.62 km/s/Mpc with the

available  zH  data. While the constraints we have obtained when the H
0

 = 67.4 ±

0.5 km/s/Mpc with the available  zH  data has been merged, can be found in the

lower part of Table 3. A closer look at obtained results indicates that the deviation

from the cold dark matter solving the H
0
 tension problem is not able to reduce the

existing tension with the Swampland criteria.

Kernel
 0
dm

0 1
 0
 N

eff

Squared Exponent 0.267±0.011 -0.074±0.011 -0.015±0.003 0.00021±0.00002 2.89±0.09
Cauchy 0.263±0.011 -0.074±0.011 -0.0015±0.011 0.00021±0.00002 2.89±0.09

Matern ( 9/2 ) 0.267±0.011 -0.074±0.011 -0.0027±0.0015 0.00019±0.00002 2.96±0.03

Squared Exponent 0.272±0.012 -0.065±0.012 -0.014±0.011 0.00017±0.00002 2.99±0.03
Cauchy 0.271±0.011 -0.065±0.011 -0.009±0.005 0.00017±0.00002 2.99±0.05

Matern ( 9/2 ) 0.271±0.012 -0.068±0.012 -0.009±0.007 0.00021±0.00002 2.91±0.08

Squared Exponent 0.271±0.013 -0.022±0.014 -0.009±0.007 0.00021±0.00003 2.94±0.05
Cauchy 0.273±0.013 -0.028±0.017 -0.008±0.007 0.00019±0.00002 2.85±0.04

Matern ( 9/2 ) 0.273±0.012 -0.027±0.015 -0.009±0.007 0.00018±0.00002 2.91±0.03

Table 3

CONSTRAINTS ON THE PARAMETERS FOR THE COSMOLOGICAL

MODEL WHERE THE DEVIATION FROM THE COLD DARK MATTER

IS DESCRIBED BY Eq. (23) AND Eq. (24), RESPECTIVELY

The constraints have been obtained for three kernels, Eq. (5), Eq. (6), and Eq. (7),
respectively. In particular, the upper part of the table stands for the case when the H

0
 value has

been predicted from the GP. The middle part of the table stands for the case when the H
0
 = 73.52

± 1.62 km/s/Mpc from the Hubble Space Telescope has been merged together with available
expansion rate data given in Table 1. Finally, the lower part of the table stands for the case when
the H

0
 = 67.4 ± 0.5 km/s/Mpc from the Planck CMB data analysis has been merged together with

available expansion rate data given in Table 1 and used in the reconstruction.



465SWAMPLAND  CRITERIA  AND  NEUTRINO  GENERATION

The reconstruction of the Swampland criteria, Eq. (2), when the squared

exponent kernel is given by Eq. (5) can be found in Fig.4. It clearly indicates

that using only the Swampland criteria, Eq. (2), a unique solution for the H
0

tension problem can not be found. Here we also have four possibilities indicating

that, for instance, we can craft effective theories not residing in the Swampland

region that can end up or not end up in Swampland at 0z . Besides this, we

see that similar transitions are possible during the whole evolution of the universe

where the deviation from the cold dark matter is given by Eq. (23) and Eq. (24).

The constraints on N
eff
 inferred from the Swampland criteria, expansion rate data,

and GPs with three different kernels indicate that we should expect three

generations of neutrinos in this universe.

On the other hand, we learned that including neutrino strongly affects the

constraints on the 1  parameter. The last means that the study of the early universe

can impose strong constraints on the dynamics in the deviations from the cold dark

matter model. It could have a strong impact on various processes and the physics

of the early universe requiring additional analysis that has been left to be tackled

in the forthcoming papers. One of the initial results already shows that non-linear

dynamics in the deviation can strongly affect the N
eff
 indicating the existence of

more than three neutrino generations in such models of the universe.

To end the section we need to indicate that the cases we have analyzed allowed

also to reproduce the   model of dark energy. The reconstruction results indicated

Fig.4. The left-hand side plot represents the reconstruction of the |V ' |/V, Eq. (2), when the

H
0
 = 73.52 ± 1.62 km/s/Mpc from the Hubble Space Telescope has been merged with the )(zH

data depicted in Table 1 and used in the reconstruction process. The right-hand side plot represents
the reconstruction of the |V '|/V, Eq. (2), when the H

0
 = 67.4 ± 0.5 km/s/Mpc from the Planck

CMB data analysis has been merged with the )(zH  data depicted in Table 1 and used in the
reconstruction process. In both cases the squared exponent kernel given by Eq. (5) has been used.
The solid line is the mean of the reconstruction and the shaded blue regions are the 68% and 95%

C.L. of the reconstruction, respectively. The model is given by Eq. (23) and Eq. (24).
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that phantom and quintessence universes can be obtained too. Moreover, the

phantom divide from the above and the bottom can also be realized. We refer

readers to [19] where a detailed discussion of the behavior of the dark energy

equation of state parameter de  recently appeared. To save our place we do not

reproduce them here again.

5. Discussion. The H
0
 tension problem is one of the recent problems of

modern cosmology attracting a lot of attention. Various attempts to solve it including

solutions based on the interacting and early dark energy models already have been

discussed and appeared in the literature. In this problem, it is required to explain

why the Planck CMB data analysis and a local measurement from the Hubble Space

Telescope give different values for H
0
. We need to understand why in the CDM

scenario the Planck CMB data analysis gives H
0

 = 67.4 ± 0.5 km/s/Mpc, while local

measurements from the Hubble Space Telescope yield H
0

 = 73.52 ± 1.62 km/s/Mpc.

Nowadays even there is a huge hint that the problem challenges the CDM  model

itself and it does not have an observational origin. Actually, the CDM  model

has two components that over the years have been challenged. Indeed, various dark

energy models already have been crafted and analyzed giving a good motivation to

build modified GR theories, too. The second component is the cold dark matter

and the challenge of it mainly started with the introduction of non-gravitational

interaction between it and dark energy models. Because on the mathematical level,

when non-gravitational interaction is introduced we modify the energy density

dynamics of both components. Therefore in this scenario, the background dynamics

will be described by some effective dark energy and dark matter models where the

effective dark matter is not cold anymore. On the other hand, since observations

do not exclude interacting dark energy scenarios, we seriously need to consider the

possibility that on the cosmological scales, dark matter is not cold. Indeed, recently

Bayesian machine learning a deviation from the cold dark matter has been learned.

Moreover, the deviation has been confirmed using GP and expansion rate data.

Detailed analysis showed that the stronger deviation from cold dark matter solves

the H
0
 tension problem. Some initial hints that the deviation has dynamic nature

also has been revealed to be analyzed yet. On the other hand, Bayesian machine

learning and GP already have been used to study the Swampland criteria in a dark

energy-dominated universe. In particular, tension with the recent form of the

Swampland criteria had been learned when the GP has been applied. In other

words, we arrived at a point where using machine learning tools we have various

interesting and promising results, but how they are connected to each other has

not been analyzed yet. The goal of this work is to use GP and reveal how they

are interconnected and what sort of new knowledge we can infer from them.

Therefore, in this paper, we used GP to study the Swampland criteria for the
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scenarios where we have a deviation from the cold dark matter model. Moreover,

we constrained the neutrino generation number and found that the tension with

the recent form of the Swampland criteria still survives. This is another indication

that interacting dark energy models and including neutrinos in analysis can not

reduce the Swampland tension. We found also that considered cosmological models

where the deviations from the cold dark matter are given by Eq. (19) and Eq.

(24), respectively, have three neutrino generations (perfect agreement with the

predictions followed from GR). However, when the deviation has non-linear

nature then there is a hint that more neutrino generations could exist. More

detailed analyses of such scenarios have been left to be reported in the forthcoming

papers. We found also that the Swampland criteria alone do not offer a unique

solution to the H
0
 tension problem which confirms previously obtained results.

Another important result capturing our attention is the constraints we have

obtained on 1  free parameter for the second model given by Eq. (24). In

particular, we learned that including neutrino significantly reduced the numerical

value of this parameter indicating that the studies of the early universe will help

us understand better what is the nature behind the deviations from the cold dark

matter model. This is an important question requiring a serious study since with

a deviation from cold dark matter our aim is to exclude non-gravitational

interactions, however, we still need to understand how to do it correctly.

To end we need to stress that in this paper only some steps are taken to collect

the Swampland criteria, neutrino physics, the H
0
 tension, and the deviation from

the cold dark matter under the same umbrella using machine learning techniques.

However, obtained results are very promising giving a hint that some fundamental

problems of modern cosmology can be treated from a different point of view.

Various questions still should be answered yet and their connections with learned

results still should be established. Some of them, we have already mentioned and

they have been left to be tackled in the forthcoming papers.
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ÊÐÈÒÅÐÈÈ "ÁÎËÎÒÀ" È ÃÅÍÅÐÀÖÈß ÍÅÉÒÐÈÍÎ ÂÎ
ÂÑÅËÅÍÍÎÉ Ñ ÍÅÕÎËÎÄÍÎÉ ÒÅÌÍÎÉ ÌÀÒÅÐÈÅÉ

Ì.ÕÓÐØÓÄßÍ

Â ñòàòüå ðàññìîòðåíû êðèòåðèè "ñòðóííîãî áîëîòà" äëÿ Âñåëåííîé ñ

ïðåîáëàäàíèåì òåìíîé ýíåðãèè, ãäå íàáëþäàåòñÿ îòêëîíåíèå îò ìîäåëè

õîëîäíîé òåìíîé ìàòåðèè. Â ÷àñòíîñòè, áûëè ðàññìîòðåíû äâå ìîäåëè. Îäíà

èç íèõ ÿâëÿåòñÿ îäíîïàðàìåòðè÷åñêîé, à  âòîðàÿ ïðåäëîæåíà  äëÿ  âûÿâëåíèÿ

äèíàìèêè îòêëîíåíèÿ. Àíàëèç áûë ïðîâåäåí ñ èñïîëüçîâàíèåì  ãàóññîâñêèõ

ïðîöåññîâ (GPs) è äàííûõ î ñêîðîñòè ðàñøèðåíèÿ  zH  (âûáîðêà èç 30

òî÷åê, ïîëó÷åííàÿ ñ ïîìîùüþ ìåòîäà äèôôåðåíöèàëüíîãî âîçðàñòà, è âûáîðêà

èç 10 òî÷åê, ïîëó÷åííàÿ ñ ïîìîùüþ ðàäèàëüíîãî ìåòîäà BAO). Âûÿñíåíî,

÷òî êàê è â ñëó÷àÿõ ìîäåëåé ñ õîëîäíîé òåìíîé ìàòåðèåé, ïðîáëåìà  ñ

êðèòåðèÿìè "áîëîòà" ïî-ïðåæíåìó ñîõðàíèòñÿ. Â  àíàëèçå, äëÿ âûÿâëåíèÿ

âîçìîæíûõ ðåøåíèé ïðîáëåìû ïîñòîÿííîé Õàááëà H
0
, ïîìèìî óïîìÿíóòûõ

40 òî÷åê äàííûõ  zH , áûëè èñïîëüçîâàíû ïîñëåäíèå çíà÷åíèÿ H
0
, ïîëó÷åííûå

êîñìè÷åñêèìè òåëåñêîïàìè "Ïëàíê" è "Õàááë". Íàêîíåö, áûëè ïîëó÷åíû

îãðàíè÷åíèÿ íà ÷èñëî ãåíåðàöèé  íåéòðèíî, êîòîðûå ïðèâåëè ê èíòåðåñíûì

ðåçóëüòàòàì. Ýòè è äðóãèå  ñâÿçàííûå âîïðîñû îñòàâëåíû äëÿ îáñóæäåíèÿ

â ïîñëåäóþùèõ ñòàòüÿõ.

Êëþ÷åâûå ñëîâà:  êðèòåðèè "áîëîòà": íåõîëîäíûå ìîäåëè òåìíîé ìàòåðèè:

      Ãàóññîâñêèå ïðîöåññû
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