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[TOBEPXHOCTHASA ®OTOMETPHUA 50 KAPJIMKOBbBIX
IF'AJIAKTUK B MECTHOM OBBEME

K.A.KPBIZKAHOBCKHMI!, M.E.IIAPUHA?, N1.J1.KAPAUYEHIIEB?,
I'M.KAPATAEBA!
Moctyrmna 28 ampens 2023

IIpencraBiieHbI pe3yabTaThl TOBEPXHOCTHOI (poToMeTpum 50-TH TajJakTUK B MecTHOM o0beMe

Ha OCHOBE AapXMBHBIX WM300paKeHWI, TMOJTYYEHHBIX Ha KOCMHYECKOM Teyeckomne Xaboma. st

BBIOOPKYW TAJIAKTUK TPUBOMATCS WHTETPAJIbHBIE BEJIMYMHBI B Tosiocax V u I, a Takke mpodmim

SpPKOCTU UM 1BeTa. [IpoBeneHO cpaBHEHME TMOTYYEHHBIX (DOTOMETPUIECKUX MapaMeTpoB C U3MeEpe-
HUAMHU JIPYTUX aBTOPOB.

KimtoueBble cnoBa: earaxmuxu: Kapaukoesle cairaKkmuKku. qbomomemputtecxue napa-

mempsl - eAdlAKMUKU

1. Bsedenue. CranmaptHas KocMojorudyeckas momeab ACDM  ycreurHo
OOBSICHSIET OCHOBHBIC CBOMCTBA KPYITHOMACILTAOHOM CTpYKTypbl BeeneHHoit. OqHako
MPU TIepeXoiec Ha MeJIKMe IIKaJbl TopsaaKa 1 MK BO3HUKAIOT U3BECTHBIE PACXOXK-
JIEHUST MEeXIy MpeacKa3aHUsIMU TeOpUU U HabiromaTeJbHBIMU JaHHBIMU. HaubGonee
MOAXOISIIMM TTOJUITOHOM JUISI CPaBHEHYSI BHIBOJIOB TEOPUM 1 HAOIIONEHUI SIBISIETCS
MectHblii 06beM (MO) paguycom 10-12 Mk Bokpyr MneuHoro ITytu, 111 Kotoporo
IUTOTHOCTh HAOMIOAaTeIbHBIX JAHHBIX OOJbIIE, YeM I JajJeKux obnacteil. Beibop
YKa3aHHOTO paauyca oOyCJOBJIEH TEM, UTO PACCTOSIHUE KaXKIOW raJlaKTUKU BHYTpU
HETO0 MOXET ObITh U3MEPEHO C TOYHOCThIO OKOJIO 5% Ha KOCMUYECKOM TEJIECKOIIE
Xabb6:1a Bcero 3a OnyMH OpOUTAIBbHBIN Mepuo. [lepBoIil CrMcoK rajakTuk MecTHOro
o0bema coaepxkan Toibko 179 oobekToB [1]. LleneHanpaBieHHbIe TTOMCKU OJU3KUX
rajJJakKTUK TIPUBEJIM K co3maHuio KaramoroB "A Catalog of Neighboring Galaxies" [2]
¢ yucioM wieHoB N=450 um "Updated Nearby Galaxy Catalog” [3] ¢ N=869. 3a
MOCJIeAHNE TOIbI LIM(PPOBLIE 0030phI OOMBILIMX YIACTKOB HebA B ONTUUYECKOM JMANa3oHe
u B inHUU Bomopoaa 21 cm (SDSS, DECaLS, HIPASS, ALFALFA etc.) 3HauuTeIbHO
yBeJauumian nonynsuuio ranaktuk MO. Tlocnegnss sepcust Local Volume Galaxy
Database ([4]; www.sao.ru/lv/lvgdb) conepxut 6osee 1300 06bekTOB. 3HAUUTEIbHAS
YacTh M3 HUX MMEET aKKypaTHBIC OLIEHKM PACCTOSIHUIA W JIy4eBBIX CKOPOCTE, UTO
0COOEHHO BaXXKHO IS aHaIu3a pacrpeesieHus: TeMHol matepuu B MO. MHTerpaibHast
CBETUMOCTb TaJIaKTUKU, HAPSIAY C €€ JIy4eBOil CKOPOCThIO U PACCTOSIHUEM, SIBJISIETCS
OITHOI M3 CAMBIX BXXHBIX MapaMETPOB TraIaKTUKU. M3-3a GBICTPOro pocrta IOMyJISILun
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MO mHorue OJM3KHe KapjiWKOBbIE TaJJaKTUKM HU3KON TMOBEPXHOCTHOM SIPKOCTU
OKazalIuch 0e3 HalexXHO! (hOTOMETPUU, UMes TOJIbKO I'pyOble BU3yalbHbIC OLIEHKU
BUIMMBIX BeJmunH. CTajla 04eBUIHOM HEOOXOIUMOCTD CYILIECTBEHHOTO YKPEIJICHHS
doToMeTpruecKoi 0a3nl I TaTakTUK MO.

OCHOBHOI1 1IeJIbI0 JAHHOM pabOThl SIBASIETCS TOJy4YeHUe (hOTOMETPUUECKUX
MapaMeTPOB TAJIAKTUK C MOCICAYIOIIMM aHAIM30M Pe3YJIETATOB B BUIIE CPABHEHUS MX
CO 3HAYEHUAMMU, KOTOPbIE ObUIM B3AThI U3 IPYIUX IyOIMKALMIA, a TAKXKE U3 0030pOB
U KatajoroB. B qaHHO#1 paboTe He CTaBUTCS 3aaya UCCASIOBAHUSI CBOMCTB rajlakTuK,
MOAPOOHOI MHTEPIIPETALIMM PE3YJILTATOB U TTOCTPOECHUS PA3TMYHBIX 3aBUCUMOCTE, a
JIULLb JAeTCs BO3MOXHOCTb MCIIOJIb30BATh 3TU PE3y/IbTaThl B MOCISAYIOLIMX paboTax.
HaGmoneHust 3a ranaktukamu npoBoauiuchk B 2019-2020rr. ¢ nomoiibio Advanced
Camera for Surveys (ACS), ycTaHOBJIEHHOI Ha OOPTY KOCMMYECKOIO TejiecKorna
Xa66ma (HST), B punbrpax F606W u F814W, B pamkax mpoekta SNAP 15922
("Every Known Nearby Galaxy", PI R.B Tully). B pesynbrare HabaoaeHUi ObLTU
MOJIy4eHbI JUarpaMMbl LIBET-BeJIMUMHA I 3BE3AHOTrO HacejaeHUs 80-TH rajlakTHK.
M3 Hux mrg 63-X TalakKTUK OBUTM OTpefelIeHbl PacCTOSHHMS 10 CBETHUMOCTH
BEpIIMHBI BETBU KPACHbIX I'MraHToB. M300paxkeHus1 HaOIIOJABIIMXCS TalaKTUK,
JUarpaMMBbl LIBET-BeJIMUMHA U U3MEPEHHBIE pacCTOSHUS IpuBeaeHbI B "Extraga-
lactic Distance Database” (EDD, [5]) ¢ monmomHeHusiMU B [6].

2. @omomempus. Tlpouecc NOBEPXHOCTHO (POTOMETPUM ObLT AHATOTUUYEH
TaKOBOMY B cTathsx [7,8]. g BeImogHEeHUST (DOTOMETPUM MCIOIb30BAIICS MaKeT
nporpaMMm SURFPHOT. D10 4yacTh OOJIBIIOTO TaKeTa IMpOorpamMM IO aHajau3y
actpoHomuueckux aaHHbIX MIDAS (Munich Image Data Analysis System) [9],
paspabarbiBaemoro B ESO. Bbu1 HanmucaH COOTBETCTBYIOLIMI CKPUIIT, BbIMOIHSIIOLINAN
pa3MyHbBIe KOMAaHABI M TIPOTpaMMBI YKa3aHHOTO TakeTa. s TMmorydeHwus
WHTETPAIBHBIX BEJTMIMH MCITOIh30BATNCH KPYTOBBIE M DJUTMIITUYECKUE allepTypPhI.
ITpouenypa novcka EHTPOB TUTAKTAK U MOJEIMPOBAHUE pPACTIPENEIEHUS UHTEH-
CHBHOCTH TIO TUIOIIAAM OOBEKTAa OBUIM BBITIOJTHEHBI C ITOMOIIBIO ITPOIEIYPHI
BrMchiBaHUST unicoB FIT/ELL3. @oH Heba OLEHUBAICS W BHIUUTAICS W3
u3obpaxeHus ¢ nmomoiusto npouenypsl FIT/FLAT SKY, co3namolieil 1ByMepHbIi
MMOJTMHOM C MCIIOJIb30BaHMEM MeETOIa HaMMEHBIIMX KBampaToB. C ITOMOIIBIO
SExtractor 2.5.0 ([10,11]) Bbimensinch (GOHOBbIE 0OBEKTHI. B TOTydeHHBIX anepTypax
uHTerpuponajcs motok (npouenypbl INTEGRATE/APERTURE w INTEGRATE/
FELLIPS) v pacCUMTBIBAJIMCh a3UMYyTaIbHO-yCPENHEHHbIE MOBEPXHOCTHbBIE SIPKOCTH.

PesynbTaThl poTOMETPUU MEPEBOAUIMCH B CTAHAAPTHYIO (POTOMETPUUECKYIO
cucremy Jxoncona-Kasunca BVRI ¢ TOMOILIBIO SMITMPUYECKUX (DOPMYII:

V=V+0.236(V,—1,)+26.325; (V-1)=1309(V,—1,)+0.83; I=1+25495, (1)

rJe BEJIUYMHBI C ITOACTPOYHBIM WHIEKCOM i M3MEPEHBI B MHCTPYMEHTAJIBHOMN
doromerpmueckoii crucreme (cM. [12]). C TOMOIIBIO TTOTyYeHHBIX MHTETPATbHBIX
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3BE3[HbIX BEJIMYUH ObUTM BBIYMCIIEHBI BEJIMYMHBI B (GDUIBTPE B MO COOTHOLIEHUIO
n3 [13]:

B'=V+0.85(V—1)-0.20. )
ITapameTpbl mpodueit s raJakTUK ObLIM MOJyYeHbl C UCTIOJIb30BAHUEM MOIEIU
Ha OCHOBe 3KCHOHEHIMaIbHON (PpyHKUMU [14]: u(r): Ko +1.086(r/h), e W, -
LIEHTpaJIbHasl MOBEPXHOCTHAS SIPKOCTb U /1 - DKCIOHEHIMalibHas MacluTabHas
JUTMHA.

3. Pezyasvmamuoi. OCHOBHBIE pe3yabTaThl MPEICTAaBIEHbl B Ta0.1'.

Tabn.1 conepXuUT cUcoK (POTOMETPUPYEMBIX TAJTAKTUK C UMEHAMU B KOJIOHKaX
1 1 2 u ¢ xoopnuHatamu Ha snoxy J2000.0 B xonoHke 3. Mopdonornyeckue
TUIBl TaJlaKTUK M PACCTOSIHMS 10 HUX B MNK u3 aurteparypsl [3] AaHbl B
KoJiIoHKax 4 u 5. B konoHkax 6, 7 u 8 comepxkarcs pe3ynbTaThl (POTOMETPUU U

Tabauya 1

[MOBEPXHOCTHAA ®OTOMETPUA 50-tu TAJJAKTUK MECTHOI'O
OBBbEMA, KOTOPBIE HABJIIOOAJIUCH C HST B OB30OPE SNAP 15922

HazBanwue PGC |[RA (2000.0) DEC{Tunn | D |SBvO| V 1 B | B, | A, lur
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+274335BCD|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| dlrr (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]

! Jlpyeue Oemanvhvie Oanhvle Hawel Gomomempuu 00CMYnHbl RO UHOUBUOYANLHOMY 3ANPOCY K
KOHMAKMHOMY a8mopy Ccmambl.
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Tabauua 1 (Oxonuanue)

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| dlrr | 16.5(21.12[17.71(17.02{18.10(18.2|0.08 |[24]
ESO 379-024| 038252 [120456.7-354435 | dlrr | 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 | dlrr | 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 | dlrr | 9.73(23.55|16.17 |15.56{16.47|16.3 (0.14 | LV
UGC 7827 | 042380 {123938.9+444915| dlrr | 9.0922.73|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| dlrr | 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| dlrr | 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|21.0913.51|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 | dlrr | 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 | dlrr | 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| dlrr | 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 | dlrr | 3.66 (22.22|15.85|14.90{16.47(16.2 |0.07 [[16]

aHaiM3a npoduieit IPKOCTU B JAaHHOW paboTe: LEHTpadbHbIe MOBEPXHOCTHbIE
SIPKOCTH B QWIBTPe V M MHTerpaTbHbIe BUINMBIE 3Be3IHBIE BEJIMIMHBI B (PMIIBTPAX
V' u I doroMerpuueckoit cucrteMmbl [IxkoHcoHa-KaszuHca. B kojoHke 9 maHbl
3BE3JHbIE BEJIMUYUHBI B GUIbTpe B cructeMbl [IxkoHcoHa-KasuHca, BbIUMCIEHHbIE
Mo u3MepeHHbIM V u [ 3Be3AHBIM BeJWUYMHAM MO CcOOTHolleHuto (2). Bce
MpUBeNeHHbIE B Ta0J.l 3Be3qHbIC BEJIWUYMHBI SIBJISIOTCS HEMCIPaBICHHBIMU 3a
noroeHue. Kononka 10 cogepXuTt 3Be3nHbIe BEJIMYMHBI TUIAKTUK B (UIBTPE
B cucremnl JIxoHcoHa-KasuHca u3 nurteparypbl. B konoHke 11 mpuBeneHb
3Ha4YeHMUsI TorjolleHus cBeta B ['anakTtuke B GuibTpe B B 3Be3AHBIX BEJIMYMHAX.
JlutepaTypHble CCbUIKM Ha JaHHbIE, MPUBEACHHbIE B KOJIOHKE 10, JaHbI B KOJIOHKE
12. "LV" o3HavaeT CCBIIKY Ha ITOCICIHIO BepcHio 06a3bl JaHHBIX [4] (M CCBIIKU
B Heil), MO0 Ha MHIAMBUAYAJIbHbIE IJ1a30MEPHbIE OLIEHKM 3BE3MHOUM BEJIUYMHBI
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N.J.KapayeH1eBbIM.

Ha puc. 1’ npeacTaBieHsl MOTydeHHbIE TIPH (hOTOMETPUM MPOMIITH TOBEPXHOCTHOI
SIPKOCTH. [l KaKIol rajlakTMKKA TIPUBEIEHbBI CAEAYIOlLIe TaHeJIn: BBEpXy ClieBa
- KpUBbIC pOCTa MHTEIPaJbHOM 3BE3MHOI BEJMYMHBI B (puiIbTpax V (TeMHast TMHUS)
u I (cBeTjas JMHUSI); BHU3Y CJieBa - COOTBETCTBYIOIIAsl pasHuLa mexny V u [
KPUBBIMHU POCTa; BBepPXy cripaBa - V' u [ Ipoduin SIPKOCTU B 3B. BEIL./KB. C; BHU3Y
CIIpaBa - COOTBETCTBYIOLIAs pazHULla Mexay V u I npobunsiMu sipkocTtu. JuanazoH
olMoOoK (OoTOMETpUM ITOKa3aH cBeTIbiMU Oapamu. IlompoOHee 00 orpeneeHUN
olmMO0K (poTOMEeTpUM CM. B cTathe [135].

{5, = R L e e e e | 17T T T T TI=R LETTTIITITI T I T T I 7T

T Efgi E

Ll b liaS Bl by

Puc.1. TIpoduiay MoBEpXHOCTHON SAPKOCTH U KPUBBIE POCTA MHTETPAJILHOM 3BE3IHOM BETMYMHBI
50-TM TaJaKTHK.

CpaBHeHUe Pe3y/IbTaToOB (POTOMETPUU, MEPEBEACHHbBIX B BeJIUUMHY B’ (COOTHO-
LIeHue 2) ¢ TUTepaTypHbIMU (POTOMETPUUECKMU OLleHKaMu (Taoi. 1, komoHka 10),
JlaeT cpeHee 3HaueHue pandust AB =(B'— B, )=+0".06+0".07 1 craHIapTHYIO
MOTPELHOCTb G(A B): 0™.30. Ilocne ydyeta OIIMOOK (DOTOMETPUMM B HAIUX U
JINTEPATYPHBIX JaHHBIX, TIOTPEITHOCTh HAIMX M3MepeHuit cocTapiseT 0™.2.

4. 3akarwuumenvhole 3ameyanus. B naHHoi paGote MpeacTaBieHbl Pe3yib-
TaTbl MOBEPXHOCTHOU (hoToMeTpuu S0-TU rajakTuKk MecTHOro oobeMa ¢ paccTos-
HusiMA D< 12 Mnk. @oTtoMeTpusi OCHOBaHA HAa CHUMKAX TaJlaKTHK, ITOJTYIeHHBIX
Ha KOCMHYECKOM TeJiecKore Xabosa B mmonocax V' u I B pamkax mporpaMmbl SNAP
15922. Jlna u3dmepeHuii oToupaiuch OOBEKThI, Yeid TUaMeTp He TPEBbIIIa YIIOBbIE
pa3mepbl kamepbl ACS HST. OnpeneneHbl uHTerpajibHbie V 1 [ BeIUUUHBI
TaJJaKTUK M TTOCTPOEHBbI MPOMWIN MOBEPXHOCTHON SIPKOCTU B OOEUX IOJIOCaX.
CpaBHeHME TIOJYYEHHBIX WHTETPAJbHBIX BEIWYMH TaJaKTUK C HMEIOIIMMUCS
JAaHHBIMU U3 JAPYIUX UCTOYHUKOB MOKA3bIBAET, YTO MOTPEIIHOCTb MPEACTaBIEHHbBIX
HaMM OIICHOK WHTErpaJbHBIX BEJIMYMH COCTapsieT okojio 0M.2. BoiablmHCTBO
WUCCEAOBAHHBIX TAJIAKTUK SIBJISTIOTCS OOBEKTAMU HU3KOW MOBEPXHOCTHOM SIPKOCTHU

2 Ilpodoaxcenue puc.l cm. 6 koumue cmamvu. H3-3a mansenvkux pasmepogé naueneii puc.l 6apoi
0uanaszonos owubOK 4emKko He GUOHDL.
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yeckoro Teneckona NASA/ESA Hubble Space Telescope n monmyyeHHBIX 13 Hubble
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SURFACE PHOTOMETRY OF 50 DWARF GALAXIES
IN THE LOCAL VOLUME

K. A . KRYZHANOVSKY!, M.E.SHARINA?, I.D.KARACHENTSEV?,
G.M.KARATAEVA!

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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ON A POSSIBLE MECHANISM FOR THE START OR
RESUMPTION OF ACTIVITY OF RADIO GALAXIES IN
CLUSTERS OF GALAXIES

R.R ANDREASYAN, H.V.ABRAHAMYAN, G.M.PARONYAN,
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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 > 10" 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



POSSIBLE MECHANISM OF RADIO GALAXIES ACTIVITY 333

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.
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Fig.2. Radio image maps of the FRI class radio galaxy 3C31 at three different frequencies
(from[19]).
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the jet is approximately 52° 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 SAO 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

Table 1

OBSERVATIONAL DATA OF GALAXIES INCLUDED IN THE GROUP
WITH THE CENTRAL OBJECT NGC 383 FROM DATABASE NED

Name RA DEC Redshift Morphology
deg deg z

NGC 379 16.815375 32.520361 0.01861 SO

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 SAQ
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

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



POSSIBLE MECHANISM OF RADIO GALAXIES ACTIVITY 335

H,=70kms" Mpc', Q=03 and Q, =0.7. At the redshift of the radio galaxy
3C31 (z=0.0169 ; [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 52° 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 52° 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.

Table 2
RESULTS OF CALCULATIONS
Galaxies Az AV AV, d d, 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

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
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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 SAO 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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O BOSMOXHOM MEXAHU3ME HAYAJIA
NI BO3OBHOBJIEHHNA AKTUBHOCTH
PAINOTAJTAKTUK B CKOIUVIEHUAX TAJIAKTHUK

P.P.AHAPEACAH, A. B ABPAMAH, I'M.ITAPOHAH,
I"AMUKAEJIAH, AM.MUKAEJIAH

C 1eNIbI0 BBISIBIICHUS BIIMSIHUSI OKPYXKAIOLIEH cpeibl Ha BHETAJAKTUUECKUE
PagUONCTOYHUKM, MBI MCCIIEIOBAIN OJIM3KOE OKPYKEHUE M3BECTHOUN M XOPOIIIO
n3ydyeHHoi paguoranaktnky kiacca FRI 3C31. INoka3ano, yro okojo 110 MiIH JieT
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Hazajg rajaktukd NGC 380 u NGC 386 pacrionaraauch Bonusu ragaktuka NGC
383 (pomutenbckoil ramaktuku 3C31). C npyroil CTOpOHBI, MOACIMPOBaHUE
CITEKTPaIbHBIX XapaKTEPUCTUK PAIUOUTYUCHUST LIEHTPATLHOM YaCTH PaTAOTaIaKTUKI
3C31 pmaeT olLIEHKY Bo3pacTra ILIEHTPaJIbHOTO mXeTa npumepHo B 100 MaH ner.
IToaToMy MOXHO TIPEAIONI0XUTD, YTO OJHOI M3 BO3MOXKHBIX MPUYUH MMOSIBJICHUS
WU BO30OHORBIEHMST panroakTUBHOCTU TalakTUKU NGC 383 MoxeT ObITh TpOitHOE

Om3Koe IIPOXOXKIACHUC I'aJIaKTUK.
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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] A5007 , [NII]
A 6584, [SII] L6716, 6731, [OI] 16300, and the Balmer recombination lines such as Ho, Hp.
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] A 5007 , [NII] L6584 , [SII] L6716, 6731, [OI] L6300) and
the Balmer recombination lines (i.e. Hoa, HB). 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 [OIII]/Hp
versus [NII]/ch 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 [OHI]/HB versus
[SII]/Hoc called the SII-diagnostic diagram, and [OIII]/H[3 versus [OI]/Ha 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 (sSSFR), 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 ~2dex and ~4dex,
respectively. On the other hand, STARLIGHT underestimates the mean metallicity
and light-weighted mean stellar age by up to ~0.6dex. 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 Ho 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 Ho 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 Ho 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 2.5m 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 2.788m [18]. The SDSS has collected data of objects covering over 14.500 deg’
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 A at a resolution of R ~1800-2200. At an average
redshift of ~0.1, the fibre covers ~5.5kpcs 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
(spectrold) 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 x’ 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 (DRS), 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 (0.02<z<0.6) 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



THE REVISITED BPT DIAGRAM 343

the total SFR at the median, 2.5%, 16%, 84%, and 97.5% of the probability
distribution function. The strong optical emission lines ([OII] A3727 , HB, [OIII]
L5007, [NII] 16548, 6584, and [SII] A6717, 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 DRS. 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

N,
B =YM,, L, 109 ©5(0,,0,) T (1, N0 % © Mo, 0,), (1)
i=l1
where: F, is the flux observed from the spectrum; A, is the number of unique
spectral components in the adopted base library; M i is the stellar mass of the
spectral component / at the normalization wavelength i, ; L;; is the luminosity
contribution of the i*™ spectral component; A4, is the V-band extinction; ¢, is
the ratio of 4, over 4, ; S(v*, c*) denotes a Gaussian kernel simulating the effect
of stellar kinematics on the spectrum, with v, and vc, representing the stellar
shift and dispersion velocities, respectively; T, (ne,Te) is the nebular continuum
computed assuming that all stellar photons with A <911.76 A are absorbed and
reprocessed into nebular emission, under the assumption of case B recombination,
A’ is the nebular V-band extinction, and N (vn, Gn) denotes the nebular
kinematics kernel, with v, and o, 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.
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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 = 10°cm™ and electron temperature
at T=10*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 F(Ha,/Hp)
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

Table 1
MEDIAN DIFFERENCE BETWEEN THE LINE FLUXES USED
Median of the fluxes
Emission| MPA-JHU FADO A MPA-JHU errors| FADO errors
line log(erg/s/cm?) |log(erg/s/cm?) dex log(erg/s/cm?) |log(erg/s/cm?)
[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%)
[O]] 2.70 2.89 0.19 (55%) 0.06 (15%) 0.01 (2%)
[OI1T] 3.33 3.51 0.18 (51%) 0.04 (10%) 0.01 (2%)
Ho 5.31 5.32 0.01 2%) 0.01 2%) 0.001 (0.2%)
HpB 3.89 3.93 0.04 (10%) 0.01 2%) 0.004 (1%)

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.

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

[NII] [SIT] [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
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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 F(Hoc/ HB)< 2.86
for star-forming galaxies and with F(Ha/Hp)<3.1 for AGNs were removed from
the sample. The median redshift of the objects used in this study is at z~0.1.
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.l1 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, 0.18dex (51%) for [OIII] 25007 , 0.06dex (15%) for [NII] L6548 ,
0.08 dex (20%) for [SII] L6716, 6731 and 0.19dex (55%) for [OI] A6300. The
differences are lower for Ha recombination lines between 0.01 dex (2%) against
0.04dex (10%) for HB (see Table 1). For the Ha 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" erg/s/cm’ 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 [NH]/Hoc are -0.34 and -0.30 for MPA- JHU and FADO, respectively,
for [OINI]/HB 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 [NII]/Hoc
are -0.14 and -0.08 for MPA-JHU, and FADO respectively, and [OIII|/Hp 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

1.0
0.0

-1.0

1.0

log([OIII] 15007 /HB)

0.0

-1.0

-1.5 -1.0 -0.5 0.0 0.5 -1.5 -1.0 -0.5 0.0 05 -2.0 -1.0 0.0
log([NI1]» 6583/Ha)  log([SII]16717,6731/Ha)  log([O1]16300/Ha)

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 [NIIJ/Ha are 0.65, 0.68 for MPA-JHU and
FADO, respectively, and [OIH]/HB 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 [NII]/Hoc Versus [OIII]/H[3 diagnostic diagram for both
MPA-JHU and FADO is shown in Fig.2. The median log values of [NII]/Ha
are 0.22, and 0.28 for MPA-JHU and FADO, respectively, and [OHI]/HB are
0.03 and 0.04 for MPA-JHU and FADO, respectively.

log([omm1]/HB) = 0.61/[log([N1I]/Ha)- 0.05]+1.3 @)
0.61/[log([N11)/Ha) - 0.47]+1.19 =log([O11T]/HP) A3)

and
log([NIT]/Ha) =3 4)
1.051og([NII)/Hat) + 0.45 = log([OTIT|/HB). ®)

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 [SII]/Hoc are -0.50, and -0.48 for
MPA-JHU and FADO, respectively, and [OHI]/HB 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 [SH]/Hoc are -0.33 and
-0.30 for MPAJHU and FADO, respectively, and [OIII}/HB 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 [SII]/Ho are -0.11 and -0.05 for MPA-JHU and FADO, respectively, and
[O1mI]/Hp is 0.18 and 0.25 for MPA-JHU and FADO, respectively.

log([om]/HB) = 0.72/[log(SI[/Ha) - 0.32] (6)

and
1.3log([SI}/Ha) = 0.1 (7)
log([S]/Ha - 0.32) +1.30 = log([OTI]/HP). (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
[OI]/Hoc are -1.49, and -1.39 for MPA-JHU, and FADO respectively, and for
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[OIII]/HB 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 [OI]/Hoc are
-1.07, and -0.98 for MPA-JHU and FADO, respectively, and [OHI]/HB 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 [OI]/Ha are -0.69,
and -0.64 for MPA-JHU and FADO, respectively, and [OIH]/HB are 0.06, and
0.12 for MPA-JHU and FADO, respectively.

log([om]/HB) = 0.73/[log([O1]/Ha) + 0.59] )

and
1.33log([O1]/Ha) = -0.75 (10)
log([O1])/Ha)+ 1.3 = log([OTIT]/HB). (11)

The galaxies with S/N >2 in Ha 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 Ho , 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 (A ) and the difference in flux ratio errors between
MPA-JHU and FADO (AER ) 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 [NII]/Ho
is between 7-12%, that is 0.04dex (10%), 0.06 dex (10%), 0.03dex (7%), 0.05 dex

Table 3

COMPARISON OF THE DIFFERENCE OF THE MEDIAN OF THE
FLUX RATIO BETWEEN FADO AND MPA-JHU (A), AND THE
DIFFERENCE OF FLUX RATIO ERRORS BETWEEN MPA-JHU AND
FADO (AER) FOR NII DIAGNOSTIC DIAGRAM

SF Composite Seyfert LINER
Flux Ratio A AER A AER A AER A AER

[NI[J/Hoe | 0.04 0.02 0.06 0.02 0.03 0.02 0.05 | 0.03
[OIII/HB | 0.01 0.04 0.01 0.06 0.01 0.03 0.01 | 0.07
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Table 4

COMPARISON OF THE DIFFERENCE IN THE MEDIAN OF THE
FLUX RATIO BETWEEN FADO AND MPA-JHU (A), AND THE
DIFFERENCE IN FLUX RATIO ERRORS BETWEEN MPA-JHU AND
FADO (AER) FOR THE SIT DIAGNOSTIC DIAGRAM

SF+Composite Seyfert LINER
Flux Ratio A AER A AER A AER
[NII}/Ha 0.02 0.01 0.03 0.01 0.06 0.02
[OIIT)/HB 0.05 0.04 0.02 0.03 0.07 0.08

Table 5

COMPARISON OF THE DIFFERENCE OF THE MEDIAN OF THE
FLUX RATIO BETWEEN FADO AND MPA-JHU (A), AND THE
DIFFERENCE OF FLUX RATIO ERRORS BETWEEN MPA-JHU AND
FADO (AER) FOR OI DIAGNOSTIC DIAGRAM

SF+Composite Seyfert LINER
Flux Ratio A AER A AER A AER
[OI]/Ha 0.1 0.07 0.09 0.05 0.05 0.03
[OIII]/HB 0.04 0.04 0.02 0.02 0.06 0.06

(12%) for star-forming, composite, Seyfert, and LINER galaxies in columns 2, 4,
6, and 8 of Tables 3, 4, and 5, respectively. For [SH ]/Hoc, the deviation of the
flux ratio is between 5-15%. For [OI])/Ha , the deviation of the flux ratio is between
12-26%. For [OIIJ/HP, 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-DRS 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
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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%, 0.18dex (51%) for [OIII] L5007 ,
0.06dex (15%) for [NII] L6548, 0.08 dex (20%) for [SII] L6716, 6731 and 0.19
dex (55%) for [OI] L6300 . These differences are slightly larger than the typical
error measurements of such lines. The differences are less significant for Balmer
lines, where for the Ha 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 [NII}/Ha is between 7-12%, for [SII[/Ho between 5-15%,
for [OI]/Ha between 12-26%, and the [OII]/Hp 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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ITEPECMOTPEHHAA AWUATPAMMA BPT B PAMKAX
CAMOCOIJTIACOBAHHOI'O AHAJIN3A

[L.LITPUBATYC!#, Y.TTAIITAJIAP1O%3, T1.B.K.PAO!, 1. T.MA3EHIO!

CriexTpalibHOe pacripefie/ieHue SHEPruM TalakKTUK OBbLJIO MCCIAEI0BAaHO C
HCMOJIL30BAHUEM KOMIOB CIEKTPAIbHOTO CMHTE3a, KOTOPhIe BAXXKHBI JJIsI BHISIBJICHUS
MHOTMX acCIeKTOB COBPEMEHHBIX MOJEJCi 3BOJIOIUU TalakTUK. BOJIBIIMHCTBO
KOJIOB CHEKTPAJIbHOIO CMHTE3a, pa3pabOTaHHBIX 10 CHX MOP, B OCHOBHOM YUWUTHIBAIOT
3BE3IHYI0 KOMIIOHEHTY M MPEIOJIaraloT He3HAUUTEIbHEBIN HeOYISIpHBINA BKJIam B
oommit koHTMHYyM. FADO (Fitting Analysis using Differential Evolution
Optimisation) - TIepBbIil KO CIEKTPAILHOIO CUHTE3a, KOTOPhI CaMOCOIIaCOBAHHO
VUUTHIBAET 00€ KOMITOHEHTHI. JIMarHOCTUUECKHE OUarpaMMBbl SIBJISIIOTCS MOIITHBIM
WHCTPYMEHTOM [JIs1 KJacCU(UKALMU TajJakKTUK HAa OCHOBE OTHOIIEHUIN YAapHO
BO30YyKIaeMbIX DMUCCHUOHHBIX JUHMIA, Takux Kak [OIII] A5007, [NII] A 6584 ,
[SII] 6716, 6731, [OI] L6300, a Takke pPeKOMOMHALIMOHHBIX IMHUI BaabMmepa,
Takux Kak Ho, HP. B naHHO# craThe MccienyeTcsl BIUSIHUE HEOYJSIPHOTO
KOMITOHEHTA Ha AMarHOCTUUYECKUe AuarpaMMbl. [TpuBeaeHbl pe3yibTaThl MPUMEHEHMS
FADO x panneiM Sloan Digital Sky Survey Data Release 8, B cpaBHeHuU C
JaHHbIMU, TTpoaHanu3upoBaHHbiIMU MPA-JHU (Max Planck Institute for Astro-
physics u Johns Hopkins University). O6Hapy>keHO, YTO Ha BCEX AMArHOCTUYECKUX
nuarpamMmax noroku Jisi FADO seiiiie, yem mist MPA-JHU; pasHuiia 3HauuTebHa
MO CpaBHEHUIO C OLIMOKOI uaMepeHust noroka. FADO mnepeolieHMBaeT OTHOLLIEHUE
MOTOKOB BO BCEX TPEX AMArHOCTMYECKMX IuarpamMmax Imo cpaBHeHuto ¢ MPA-JHU,
HO TepeolieHKa COMOCTaBMMA € OIIMOKAMU U3MEPEHMS TTIOTOKOB JIMHUI. Pe3ynbraThl
YKa3bIBAIOT HA TO, YTO BKJIIOUEHNE HEOYISIPHOTO KOHTUHYyMA SIBJISIETCS BaXKHBIM
MpU MOATOHKE CIIEKTPATLHOTO pacHpeie/ieHUs] SHEPIUM, TTOCKOJIbKY 3TO YBEIMYMBAET
MOTOKM BCeX TaylakTuK. OIHAKO BKIIIOUEHME aHAJIM3a HeOYISIPHOrO KOMIIOHEHTA
OKa3blBaeT HE3HAUYUTENIbHOE BJIUSHME Ha JIMAarHOCTUYECKUE IuarpaMMbl,
HUCIIOJIb3yeMble ISl KiIacCU(UKALMMU MOHU3ALIMOHHOTO COCTOSIHUSI MEX3BEe3IHOM
Cpelbl TaJTaKTHUK.

KoroueBkle ciioBa: earakmuku: duaeHocmu4eckas ouazpamma: HeOyasipHoe Uzny4eHue
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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-vl
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, ETD', and literature observations, we
updated orbital ephemeris for the HAT-P-6b, HAT-P-12b (TESS 1D 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.

Table 1

THE OBSERVATORIES OF THIS STUDY AND THE INSTRUMENTS
THAT WERE EMPLOYED

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 Albanya, 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 Provengales, Cassegrain 430 mm Zwo ASI6200 Muniwin/C-munipack
France (BO) Pro mono
Private Observatory, Czech Republic (PO) 400 mm SBIG ST-10 XME AstrolmageJ 3.2.10
Crow-Observatory Vranova, 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

I http://var2.astro.cz/ETD/
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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,,
based on the geographic location of observation and RA(J2000) and DEC(J2000)
from the Simbad’ 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 LightKurve® code
from the MAST Python package.

2.4. Method. We relied on the AstrolmageJ software [11] to normalize all
of the data. Fig.1 shows the folded TESS light curves for five selected exoplanets.
Table 2

EXTRACTED GROUND-BASED TRANSIT TIMES FOR HAT-P-6b
AND HAT-P-32b IN THIS STUDY

Exoplanet |Observatory | T, (BJD,;) 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 Baader/J-CV 1130 [0.0143
HAT-P-6b AO 2459441.43053 | 0.00101 | Johnsons-Cousins 7 | 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 Cco 2459107.46235 | 0.00097 | Johnsons-Cousins R | 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 | 2406 |0.0015
HAT-P-32b BO 2459593.37024 | 0.00041 | Johnsons-Cousins R | 2406 | 0.0046

2 http.//simbad.u-strasbg. fr/simbad/
3 https.//docs.lightkurve.org/
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Finally, all ground- and space-based light curves were applied to Exofast-vl [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
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Fig.1. Folded TESS light curves in each sector of all selected exoplanets were obtained from
the LightKurve code.
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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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Table 3
EXTRACTED TESS TRANSIT TIMES FOR FIVE EXOPLANETS

Exoplanet | 7, (BJD,,,) | Error |Epoch| O-C Exoplanet | T, (BJD,;) | 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 | 2458952.821140.00048 | 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|2459016.792550.00059 | 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 |2459558.257120.00055 | 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|2459613.655750.00019 | 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|2458845.989350.00055 | 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

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
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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).



EPHEMERIS UPDATES FOR TRANSITING EXOPLANETS 359

10.0 1
7.5
v 50
E] HAT-P-32b
£ 257
- AN
>
~ —2.5- *
— =
—5.01
t + * 5
—7.54 — Linear & Error-bars
0 500 1000 1500 2000 2500 * ° L
20 +
15 1
F ¢
£ 10 } HAT-P-33b
c
E 5] ¢
= v 3 ++
|2 01 - ¢
— 4 ==
| &
5 Ry
-104_ , ,+ , I—Linefar 10 Ern?r-bars & “ 3
=200 0 200 400 600 800 1000 1200 1400 T e & &
15.0 +
12.5-
» 10.01
£ HAT-P-52b
=} 7.51
£
> j\
>  25-
E > +
0.0 \ { &1
251 5 @
251 Linear ¢ Error-bars & = 3
\ 80

0 200 400 600 800 1000 1200 1400 EE T

Epoch (cycle)
Fig.3. (The end).

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),

T.=T,+ExP, (1)
where T, is considered as the reference mid-transit time, P and E are the orbital

period and the number of epochs passed since T, respectively. New ephemeris
and reference ephemeris for exoplanets are given in Table 4.

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

Exoplanet New ephemeris (BJD,,;) Reference ephemeris (BJD,;)

HAT-P-6b | 2454035.6769526(3) + 3.85300(15)E | 2454035.67652(28) + 3.852985(5)E [14]
HAT-P-12b| 2454419.19585(6) + 3.21303852(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]

3.1. HAT-P-6b. The exoplanet HAT-P-6b is a "hot Jupiter" with a radius
of 1.331£0.06 R, and a mass of 1.06+0.12 M, [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
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Table 5
TRANSIT TIMES OF HAT-P-6b

T, (BJDypp) Error | Epoch | O-C Ref./ETD Observer T. (BJD,p,p) 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.Dievény
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.Brat 2456193.35362 | 0.00077 | 560 | 0.0055 | Poddany, Moudra
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 Brat et al. 2457603.55511 | 0.00111 926 | 0.0145 J.L.Salto
2455064.43067 | 0.00134 267 | 0.0072 | R.Dreveény, T.Kalisch|| 2459495.37153 | 0.00076 | 1417 | 0.0153 M.Raetz

Table 6

TRANSIT TIMES OF HAT-P-18b

T, (BID,,,) Error | Epoch | O-C Ref./ETD Observer T, (BID,;,) 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.Pecharroman 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]

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 [ 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
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Table 7

TRANSIT TIMES OF HAT-P-22b
T, (BID,;,) Error | Epoch | O-C | Ref./ETD Observer T, (BJD,,,) | 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.Brat 2457779.47248 | 0.00075 887 | 0.0133 D.Molina
2455614.43147 | 0.00126 213 0.0086 L.Brat 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 41 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

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-
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Table §

TRANSIT TIMES OF HAT-P-12b
T. (BJDpg) | Error |Epoch| O-C | Ref./ETD Observer T. (BJDtpp) | 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]
245496541502 | 0.00062 | 170 |-0.0007 H.Kueakova 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| S.Gajdos, J.Vilagi || 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] 245721776896 | 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]
245572048443 | 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.Pribik 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
245605142937 | 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

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-
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Table 9
TRANSIT TIMES OF HAT-P-52b

T, (BID,,;,) Error | Epoch [ O-C | Ref./ETD Observer T, (BJD,,,) | 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.Wiinsche

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, Bastiirk 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
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Table 10
TRANSIT TIMES OF HAT-P-32b
T. (BJD,p,p) Error | Epoch | O-C | Ref./ETD Observer T, (BJDp,p) 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| Moudra,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 1-0.0007 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 1-0.0020 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]
245594265287 | 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 0O.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]
245622645618 | 0.00102 840 0.0031 [41] 2458116.31178 | 0.00030 | 1719 | 0.0017 F.Bruno
2456228.60389 | 0.00057 841 0.0008 A.Carrefio 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.Wiinsche
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
245625440251  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] 245872046171 | 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] 245922141318 | 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
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Table 11
TRANSIT TIMES OF HAT-P-33b
T. (BJDp,p) Error | Epoch [ O-C | Ref./ETD Observer T. (BJDp,p) Error | Epoch| O-C | Ref.,/ETD Observer
245442993117 | 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] 245917259843 | 0.00148 [ 1169 | 0.0124 A Wiinsche
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]

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, 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-
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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,/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-vl 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 # and P should be more carefully considered in future investigations
and observations.
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OBHOBJIEHUA 5®EMEPU )1 CEMU BbIBPAHHBIX
TPAH3UTUPYIOILINX BSK3OIIVIAHET OB30OPA HATNet

A.TTIOPO!, ®. A ®PAPAXAHWN?, 5. JKAXAHIMPH2, A.CAPOCTA/L?,
M.I'O3APAH/IN?, M.XAITOY?3, ®.ABOJIXACCAHWN?, A.DAXPABAIN?,
10.MOHT'EH*, A.BIOHILIES, P.HABECS, I[1.TYDPPA’, A MAPKUHUE,
M.COJICBEPW’, P.OPEHGEPI'EPY, B.II. XEHTYHEH"

YTouyHeHbBI 3(peMepUIBI CEMU TPaH3UTUPYIOIIMX 3K3oruiaHer HAT-P-6b, HAT-
P-12b, HAT-P-18b, HAT-P-22b, HAT-P-32b, HAT-P33b u HAT-P-52b. B
BOCbMHU OOcCepBaTOpUsIX HabmoaeHo 11 TpaH3UTOB B pa3lUUHBIX (DUIbTpax mIs
HAT-P-6b u HAT-P-32b. Takxe ObUIM IpoaHaJIU3UPOBAHLI HAOIIOAEHUS 0a3bl
JaHHBIX TpaH3UTOB sk3oraHeT (ETD) mng kaxmoil U3 ceMM SK3OIUJIAHET, a
KpUBBIE OJiecka MSITM CUCTEM ObLIM HCCIEIOBAHBI C MCIOJb30BAaHUEM JAaHHBIX
kocmmyeckoro teieckona TESS. Mbl ncnonb3oBamm Exofast-v1 mis MoneampoBaHus
STUX HA3eMHbBIX M KOCMMYECKUX KPUBBIX OJIeCKAa M OLEHKU BpeMEHU CepeIUHBI
TpaH3uTa. B ob1emM moaydens! 11, 175 u 67 BpeMeH cepeIvHbl TpaH3UTa UIST 3TUX
ceMM 9K3o0IrIaHeT u3 Hammx Haomonennii, ETD n TESS naHHBIX, COOTBETCTBEHHO,
a Takxke 155 BpeMeH cepelMHbl TpaH3uTa 13 JuTeparypbl. CocTaBaeHbI AUarpaMMbl
Bapuanu BpeMeHU TpaH3uTa (TTV) mist kaxnoi U3 HUX, UCMOJb3YS TTOMTydYeHHbIe
BpeMeHa cepelIMHbl TpaH3MUTa, a TakKXke Te, KOTOpble ObLIM HailleHbl B JUTe-
patype.3aTeM JIMHEWHbIE 3(heMepuabl CUCTEM ObLIM YTOYHEHbI M YJAYUIIEHBI C
HUCIIOJIb30BaHUEM MeToaa MapkoBckoil nenu MoHTe-Kapio (MCMC). Bce
M3ydeHHbIE 5K30IUIaHETHI, 3a McKioYyeHueM cucteMbl HAT-P-12b, moxazamm
TEHACHIIMIO YBEJIMYEHUSI OpOUTAIbHOTO Mepruoja Ha auarpammax TTV.

KiroueBnie ciioBa: naaHemapHovle cucmemosvl - njaaHemovl U CNYMHUKU
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ITo nabmonmeHustm muccun K2 kocmuueckoro Tejeckorna Kerjiep BBIOJHEHO UCCISI0BaHUE
aktuBHoctu EPIC 204376071-momomoro o0bekTa, wieHa accouuanuu Upper Sco ¢ BO3pacTom
11+3 MaH JeT, KpuBas 0JecKa KOTOPOTro O0JIagaeT eNMHUYHBIM 3aTMEHHEM CYTOYHOI ITPOIOJIKM-
TeJIbHOCTH ¢ riayouHoit okosno 80%. EPIC 204376071 sBnsercsi MaJlOMacCUBHBIM M-KapJInMKoM
¢ maccoii 0.16 M . TTo HabmoneHusam Kamnanuu C15 muccun K2 Mbl yTOUHMIM TEPUOJ BPALLEHUS
M aMIUTUTYIy TIepeMEHHOCTH GJiecka 3Be3/bl, a TaKXKe MO CTaHAAPTHONW METOAMKE OLUCHWIM BEJIMYMHY
rapameTpa 3ansTHeHHOCTH A B abcooTHOM Mepe. BeianuuHa repuona BpallieHMsI 3Be3bl P paBHa
1.6270 £ 0.030 cyr. ITnomane maren Ha nosepxHoct EPIC 204376071 mpeBOCXOOUT MaKCHMAIbHYIO
moans msareH Ha CofHIle U cocTaBisgeT BenmunHy mopsiaka 7900 m.a.a. [IpencraBieHbl pe3yabTaThl
BOCCTAHOBJIEHHUSI TEMIIEPATyPHBIX HeoaHopoaHocTeil Ha moBepxHoct EPIC 204376071. Ha mocrpoeHHoit
KapTe XOPOIIIO Pa3IMYMMbI B¢ XOJOIHbIE OONACTH, pa3le/icHHbIE TI0 HOJIToTe MpuMepHO Ha 150°. s
OLIEHKM CBOMCTB BcmbliieuHoii akruBHocTn EPIC 204376071 Obuta paccMOTpeHa OmHa Haubosee
JIOCTOBEPHAsi BCIBIIIKA C aMIUIMTYIOW Osecka okoyno 4%. V3amepeHHass OTHOCHTENIbHASI JHEPIUsT
BerblKM RE cocraBmma 212 ¢. BeramcieHHast 3Heprust BCIIBIIKA Eﬂ oKaszayjach paBHoi 1.1 -10 * apr
(logE, = 34.05). CootsercTByIoLias el BepOSITHAsl BENMMYMHA MAacChl KOPOHATIBHOTO BBIOpOCAa MOXET
nocturate 4.1-10% . PaccMmoTpeHsb! uTepaTtypHble CBEAEHUSI O BO3MOXHOM MPUPOIE €TUWHUYHOTO
3aTMEHUST CYTOYHOM MPOJIOJIKUTEIBHOCTH ¢ TIyOrHOI okosio 80% Ha kpuBoii 6inecka EPIC 204376071.

KitoueBbie cioBa: 36e30bi: aKmMueHOCMb: NAMHA: ¢0m0/nempuﬂ: NepemenHHoCmb.
GCNbIUWKU.: 3aMMEHUA

1. Beedenue. B wactosmee Bpems, OGraromapsd BBICOKOTOYHBIM KBa3W-
HeNpepbIBHBIM (DOTOMETPUUECKUM HAOMIOACHUSIM C KOCMUUYECKUMU TeJIECKOMaMU,
y LIAPOKOTO KPyTra 3Be3J CTaJ0 BO3MOXKHBIM IIPOBEACHME UCCIeIOBAHUIN SIBICHUS
ocjabieHust Ojiecka (3aTMEHUI1), BbI3BAaHHBIX MbUIeBO Matepueil. K ux yuciy,
HampuMep, MOXXHO OTHECTU OOBEKTHI, IMOJYYMBIINME Ha3BaHUe nummepoB (dippers)
(cM. [1] 1 ccblIKM B 9TOM cTathe). X 3aTMEHMSI MOTYT HOCUTh MEPUOINUECKUIA,
KBa3UIIEPUOAUYECKUIM WIM Jaxe HeNepUOoIMYecKuit xapakTep. IMTeabHOCTb
3aTMEHUI MOXKET COCTAaBJIATh HECKOJBKO YacoB, a TIyomHa goxoauThb 10 10-50%.
IMpyuunHOI 3aTMEHUIT CIIYXXUT TIBIJICBOE BEIECTBO, HAXOMAMIIIEECsI, HAIIpUMep, Y
BHYTPEHHET0 Kpasi OKOJIO3BE3IHOIo AWcKa WM CBA3aHHOE C MarHutocdepoit
3Be3nbl. Kak npaBuiio, GONBIIMHCTBO JUIIIEPOB SIBIISIOTCS 3Be3IaMU CIEKTPATbHOTO
Kiaacca M, st HUX XapakTepHo Haiuuue u3oniTka MK m3nyyeHus, MHOTMe 13
HUX TIpUHaiexaT MojoabiM accotuanusaM Upper Scorpius u p Ophiuchus.
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VYHUKaJIbHBIM O0BEKTOM, Ha KPUBOI OJIeCKa KOTOPOTO MMEIOTCSI CBUIIETEILCTBA
3aTMEHWI1, BRI3BAHHBIX MBUTBIO, ABIseTCsT 00beKT KIC 8462852 (M3BeCTHHIN KakK
3Be3na bosmxsHa). B auTeparype MMeEIOTCsl pe3yJbTaTbl MHOTOUYMCIEHHBIX
HCCAeA0OBaHU (CM., HAlIpUMED CChUIKU B [2]), comepKaliux MoapoOHoe o0CYKAeHNE
CBOWCTB 00BEKTa, MEPUOAUYHOCTU 3aTMeHUN U Mpod. OcHoBHOe oTanuue KIC
8462852 oT mUIIIEPOB COCTOUT B TOM, UYTO 3TOT OOBEKT SIBIISIETCS 3BE3I0M IIaBHOM
nociaegoBateabHocTu (I'TT) cnekTpanbHoro kiacca F.

K yucny apyrux oObeKTOB (MX CIMCOK JTOCTATOUHO MHOTOYMCIICH) C MbLIEBBIMU
3aTMEHMSIMHM MOXHO OTHECTHM Mojiofble 3Be3Aabl Tuma T Tenblla, OOBEKTHI C
Bo3MOXHBIMU 3K30KoMeTaMu (KIC 3542116, KIC 11084727 w np.), 3Be3mbl C
pa3IMYHON TJIyOMHOM TPaH3UTOB 5K30IUIAHET, BO3MOXHO MMEIOIIUX IIbLIEBOE
OKpYXeHHUe, YHUKaIbHbINA Oeiblid KapaukK WD 1145+017 ¢ 3aTMeHUsIMU TJTyOMHOMN
okojio 1%, eime omWH YHWKaIbHBIN 00BeKT ISWASP J140747.93-394542.6 ¢
3aTMEHMEM TIyouHoW B 3™ M UIMTENbHOCTBIO 45CcyT M MHorue apyrue. boiee
MOJAPOOHbIE CBEACHUST 00 ATUX U APYTUX aHAJOTUUYHBIX OOBEKTAX MOXHO HaMTH
B [2] U B Opyrux CTaThsiX aBTOPOB.

B yactHocT! aBTOpaMu [2] ObUTO OOHAPY:KEHO EIMHUYHOE 3aTMEHNE CYTOYHOM
MPOIOJIKUTEIBHOCTU ¢ riyoumHoi okono 80% y 3Besnel EPIC 204376071 -
MoJI0I0ro o0beKTa - wieHa accounauuu Upper Sco. Llenb Haluero ucciaenoBaHust
3aKJII0YAETCS] B M3YYEHUM TMPOSIBJICHUI aKTUBHOCTU 3TOH 3BE3MbI.

2. EPIC 204376071 - monoodas 36e3da - unen accoyuayuu Upper
Sco. B [2] ony6iIMKOBaHbI PE3YJILTAThl aHAIN3a (POTOMETPUYECKUX HAGIIONEHUI
muccur Kemnep (K2) 3Besgsr EPIC 204376071 (V= 16".3), npuHamiexaliei
accoruanuu Upper Sco ¢ Bo3pactoMm 11+ 3 MJIH JIeT, OOHOI 13 caMbIX MOJIOJBIX
3Be3MIHbIX accouuannit. MojionocTh 3Be3/bl MoATBepxkaAaeTcs B [1,2] mo ee KuHe-
MaTUYECKUM, CIEKTPATLHBIM M (POTOMETPUIECKMM XapaKTepUCTUKAM, TaKUM KakK
ObICTpOE BpallleHWe W 3HauuTebHast (poToMeTpuueckast Moaysiuus. HabmoneHust
00beKTa BBIMOJIHAIMCh Muccueil K2 B Teuenue kamnanuii 2 (C2) u 15 (CI15).
B nmannbix C15 aBTophl [2] 0OOHApyXWJIU €IMHUYHOE COOBITUE 3HAUMTEIHLHOTO
ocnabmenms omecka EPIC 204376071 mmst nater 3168.5 BKID (B mkaie HabroneHIi
muccur K2 BJD - 2454833) rny6uHoii nmopsinka 80% U IMpOAOKUTEIbHOCThIO
0KoJIO cyTOK (puc.la, ¢).

C y4yeToM OTCYTCTBUSI aHAJIOTMYHOIO ociabyieHus Oyiecka B xoae KammnaHnuu C2
U WHTepBaja BpeMeHM Mexny kammnaHusamu C2 u Cl15 aBropwl [2] caenanu
3aKJTIOUEHME O BEJIMIMHAX BO3MOXKHBIX MHTEPBAJIOB TIEPHOIOB OCIA0IeHMI OilecKa.
®opma HaOTIOIaeMOTO SIBJICHHS aCCUMETPUYHA, TT0 [UTMTETbHOCTH BXOI B OC/Ia0IeHIe
MIPOMCXOOMJ TIPUMEPHO B JBa pa3a ObICTpee, YeM BBIXOI M3 Hero. B octampHOM
M3MeHeHUs OJlecKa XapaKTepHu3yI0TCs BpalllaTeJIbHOM MOMYJIAIEH ¢ aMIUTMTYI0M
okojio 1% wm mepuomoM okoiyio 1.6cyT (cMm. Takke [1]).



AKTUBHOCTDb MOJIOAOM 3BE3/bI EPIC 204376071 375

CornacHo [2] macca 3Be3anl coctapisgeT M=0.161%0.028 maccel ConHia. OGbeKT
oToxaecTsieH ¢ uctoynukoM Gaia EDR3 6243166527355588608, ero mapasuiakc
coctapnsgieT n (mas)="7.1711+0.0577. Ha ocHOBe aHajM3a KWHEMAaTUUECKUX CBOMCTB
noarsepxaeHo, yto EPIC 204376071 npuHamwiexxur accouanyu Upper Sco [2].
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Puc.1. Kpusas Ginecka mis EPIC 204376071 (a), crieKTp MOLIHOCTA TEPEMEHHOCTH OjiecKa
(b), dazoBasi quarpaMma TepeMEHHOCTH Oyecka (CBETJIbie KPYKKW COOTBETCTBYIOT YCPETHEHHBIM
Mo GMHaM BeauuyuHaM) (C), cyrouHoe ociabimeHue Onecka (d), dparmeHThl KpuBoii Oiecka (e,f).
JlaHHbIe TIpUBEICHBI s HaOmomeHuit B Kammanuu C15.
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DddekTBHAS TeMmIlepaTypa 3Be3Obl paBHa 2960 = 75 K. JlaHHBIe KaTajora
Gaia EDR3 cozmepxar 0osee BbICOKOE 3HayeHUe OLEHKU T, o= 3861 £ 450 K.
OTrMmeTuM, 4YTO mepeuuciaeHHble Hamu cBoiictBa EPIC 204376071 mpuBoasrcs
COIJIaCHO JTaHHBIM, YKa3aHHBIM B [2] (Ta0;1.3) U B aCTpOHOMUUYECKOI 0a3e JaHHBIX
Simbad.

Kak ormeuanoch Bbime, mis EPIC 204376071 B apxuBe muccum Kerutep
MMEIOTCS TaHHbIe 2-X KaMIlaHWii HaOmoneHnii. Haima o0paboTka ObLia aHaJIOTMYHa
IPOBOAMMO HaMM PaHee JUIsl APYTUX OOBEKTOB U3 apXrBa KOCMUYECKOIO TEJIECKOIa
Kemnep u mono6Ha onucanHoil B [3]. Hanbosblliee BHUMaHUE Mbl YAESIWIN JaHHBIM
kammanum C15, comepxalupMm ocjiabjaeHue Ojlecka M MeHee 3alllyMJIEHHBIM, IO
cpaBHEHMIO ¢ U3MepeHusiMu Kamranuu C2. Ha puc.la, b, ¢ ipencraBieHbl: KpuBast
ornecka EPIC 204376071, COOTBETCTBYIOLLMIA CIIEKTP MOILHOCTA 1 (Pa30Bast AuarpamMma.
Xopolllo 3aMeTHa Tepuoandeckass MOAysALurs Ojecka, obnamaroias 3aMEeTHOM
MepPeMEHHOCThIO aMIUIUTYIbl. B TeueHue certa HaOMIOACHUI 3Be3da HEe MEHsIa
CBOIO aKTMBHOCTbL. Ha IIKajie BpeMeH! nopsiaka JIATeIBHOCTA HAOMIOAEHWI B ceTe
C15 opma a3oBoil KpuBOHI U TIOJOXEHUS MaKCHUMyMOB U MUHHMYMOB He
npeTeprien u3MeHeHui (puc.lc), 4To, BEpPOSITHO, CBUIETEILCTBYET O CPAaBHUTEIBLHO
YCTOMYMBOM TIOJIOKEHUM XOJOMHBIX O0JacTell Ha IMOBEPXHOCTHM 3Be3ldbl. Takas
cTabuIbHasI KOH(UTrypauusl MITeH JOCTATOYHO XapaKTepHa IJIs MaJJOMAaCCUBHBIX,
MMOJTHOCTBI0O KOHBeKTHBHBIX 3Be3n. EPIC 204376071 saBiseTcss MaOMacCUBHBIM
M-kapnukom (0.16 M ) ¢ pagrycom 0.63 Ry . Bombioii pagnyc mo cpaBHEHUIO
C XapakTepHbIM paguycoM mias 3Be3abl I'Tl ¢ aHagornuHoi Maccoii, 1Mo MHEHUIO
U olieHKaM [2], yKa3blBaeT Ha TO, YTO BEepOSITHO 3Be3aa ele He gocturia [TI.
ITpumepom Moxet cayxutb M4 kapiauk V374 Peg ¢ maccoii 0.3 M u nepuogom
0.5cyr, o151 KoToporo Kpupasi 6jecka o0J1a1aeT MaJIbIMA U3MEHEHUSIMU U OCTaeTCsl
MPAKTUYECKN CTAOMIILHOM Ha TMPOTSKEeHUM MouTu 16-u jet ([4]).

Ha mocTpoeHHBIX HaMU CIEKTpaX MOIIHOCTU MMEETCSI XapaKTepPHbLI UK,
COOTBETCTBYIOLLIMI BeJMYMHE Ilepuona BpaineHus 3Be3nbl P=1.627 £0.030 cyr
(TTOrpelIHOCTh OliCHEeHA IO MOJYIIUPHHE THKa). ABTopamu [1] Oblia puBeacHa
COBIIAAIOILIAS C MTOJYYEHHOM HaMK BeJnurHa repuona Bpaenuss EPIC 204376071
- 1.6268 cyr.

PaccuntanHble CHEKTphl MOIIHOCTU M BUA (ha30BOM KpMBOM yKa3bIBalOT Ha
JIOCTaTOYHO CTAaOMJbHBIM XapakKTep W3MEHEeHUl OJiecka M3yyaeMoOi 3BE3Jbl.
AMITTATYIA TIepEMEHHOCTH OJIeCKa COCTaBIISIET OKOJIO 2% OT YPOBHS CPEIHETO
onecka 3Be3nnl. Ilo cranmapTHoOii MeToauke (cM. B [3]) HaMM OBUIM OLICHEHBI
BeIMuMHBI napamerpa sansgTHeHHoct EPIC 204376071, koTopble mocturaioT 5.5%
OT IUIOLIaAu ee IMoBepXHOCTU. IIpuMHUMas oLieHKY paauyca 3Be3nbl R=0.631 %
0.042 pamuycoB ConHua u3 [2], MOXHO TTOJIYYUTh BEJIMYMHY TUIOLIAAN TTOBEPXHOCTU
3aMATHEHHOCTU B aOCOJIIOTHOM Mepe (B MWIJTMOHHBIX JOJISIX BUAMMON Tonycdepbl
Connua, m.a.a1.). Ha CoaHue cpenHue mo pa3mepaM ISITHA MMEIOT IUIONIANb
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10-200 m.o.m. (metanu cm. B [5]). Ilmowane mgteH Ha moBepxHocTu EPIC
204376071 npeBOCXOAUT MAKCUMAJIBHYIO IUTOLIAAb IIATeH Ha COMHIIE U COCTaBISET
BeJIMYMHY nopgaka 7900 m.p.1m.

3. Temnepamypusie kapmot nogepxnocmu EPIC 204376071. Nanb-
HEeUIIUN aHaTU3 (POTOMETPUUECKOU MEPEMEHHOCTU 3B€3/1bl ObL BLITTOJIHEH HaMU
¢ doromerpuyeckuMm nepuogoM P =1.6270 cyr. JanHble Ha $a30BOil KPUBOiA
ObLTU pasaesieHbl Ha 40 OMHOB, AJISI KaXIIOTO M3 KOTOPBIX ObLIM HalIEeHbl CpeIHUE
BeJaMuMHbL. B KaxknoM 6uHe coaepxxaioch ropsiaka 90-100 omieHOK Gsiecka 3Be3Mbl.

Kax 1 B Halmmx npeapIaylmx UCCIeI0BaHUSIX KApIUKOB MO3MHUX CIEKTPATbHbIX
KJ1aCCOB, Mbl BBITIOJHWJIM aHAJIU3 KPUBOU Osiecka ¢ moMolliblo mporpammsbl iPH
[6]. Ilporpamma pelaer oOpaTHYIO 3aJadyy BOCCTAHOBJICHHUSI TEMIIEPATypHBIX
HEOJHOPOJHOCTEI Ha MOBEPXHOCTY 3BE3/bl 110 KPUBOM OJiecka B ABYyXTeMIIepaTypHOM
MpUOIXeHUU (MHTEHCUBHOCTb U3JIYYeHUS OT KaXKIOW 3JIeMEHTapHOM IUIOIIAAKKU
Ha TIOBEPXHOCTHM 3Be3Ibl CKJIAIBIBAeTCAd M3 IBYX KOMITOHEHTOB: (poTocepsl u
XOJIOMHOTO TIsITHA). T1ojTHOe omucaHKre IPOrpaMMEI, €€ TeCThI IPENCTaBIeHBI B [6].
Kaxk yka3pIBajoCh BbILLE, Mbl IIPUHSUIM TEMIIEPATypy 3Be3abl paBHOil 2960 K [2].

ABTopamu [7] MeTOIOM JOIJIEPOBCKOrO KapTUPOBAHUS ObLIM M3YYeHbI MSITHA Ha
TOBEPXHOCTHU JIBYX XOJOIHBIX, MOJTHOCTbIO KOHBEKTUBHbBIX, M-KapaukoB. OauH U3
Hux, M4.5-kapiuk GJ791.2A, umeer temmnepatypy dotocdepsr T, = 3000 K,
comocTaBuMyto ¢ BenmurHoi 1 EPIC 204376071. 1o mocTpoeHHBIM JOILIEPOBCKIM
KapTaM B [7] ObUIO TOJy4eHO, YTO TeMrepaTtypa IMSITeH HUXe TeMIeparypsl (poto-
cepnl Ha 300 K. TakuM obGpa3oMm, B HallIMX pacyeTax Mbl TaKXe MPUHSIIU, UYTO
T,,=2700 K.

CornacHO Halleil MeToauKe, T KaKIoi 3JIEMEHTapHOM TUIOIIAIKK pa3MepoM
6°X 6° Ha MOBEPXHOCTU 3Be3Ibl ObLI OIpene/ieH (haKTOp 3aloJHEHUS f - MOJIst
MOBEPXHOCTU BJIEMEHTapHON TUIOIIAIKU, 3aHUMaeMol nsaTHamu. Ha puc.2 npencras-
JIEHbI pe3y/IbTaThl BOCCTAHOBJICHUST TEMIIepaTypHbIX HEOAHOPOIHOCTE Ha MOBEpX-
Hoct EPIC 204376071. Ha pucyHKe npuBeneHbI Takke HaOIomaeMast (YCpeaHeHHast
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Puc.2. Pe3ynbTaThl BOCCTAHOBJIEHUS TeMIIEpaTypHBIX HeOTHOpoAHOCTeHl Ha moBepxHocTH EPIC
204376071. KapThl MOBEPXHOCTH TPEACTABIEHbI B €AMHOM 1IKaJle, 00jiee TEMHbIE 00JIACTH Ha PUCYHKaX
COOTBETCTBYIOT 0oJiee BBHICOKMM 3HaueHUsIM (hakTopoB 3amosnHeHusl £ Ha 2ToM ke pucyHke Takxke
MIPUBOIATCS HabMomaemMast KpuBasi O6Jecka U TeopeThuecKast Kpupasi Ojiecka, TTOCTPOEHHBIE TI0O BOCCTa-
HOBJIEHHOW MOJEJU.



378 N.C.CABAHOB

1o OMHaM) U TeopeTuyeckas (MOCTPOEHHAas! MO0 BOCCTAHOBJICHHON MOJIEIN) KpUBbIE
osecka. Eciiu Ha MOBEpXHOCTHBIX KapTaX UMEJUCh KOHLUEHTPALUU MSITeH Ha JIBYX
JOJITOTaX, TO WX 3HAYCHMS PETUCTPUPOBAINCH HAaMU, KaK IBE He3aBUCHMBIC
aKTUBHbIE J0JroThl. [lorpeniHocTs onpeneaeHuit MOJOXKEHU aKTUBHBIX JOJTOT
COCTaBJISIET BeJIMUMHY TTopsnka okoso 0.06-0.08 B emunHuIiax dasbl. Kak ormevanoch
Bhille, KpuBas Oinecka EPIC 204376071 xapakrepusyeTcss HaJudueM IOBYX
MUHUMYMOB. B COOTBETCTBUU C 3TUM, Ha MMOCTPOESHHOM KapTe XOPOILO Pa3TuyUMBbl
IIBE XOJIOXHBIC O0JIACTH, pa3meeHHBIE IO JTOJroTe IMpuMepHO Ha 150°.

Kak u B [2] BesiMuMHa yrja i HaKJIOHa OCU BpallleHUs 3Be3/bl K Jy4y 3peHUs
ObUIa TIpUHSITA paBHOI 60°. OKa3aioch, B CIyyae U3MEHEHUs BEJIUYMHBI ITapaMeTpa
Ha 20° pas3auuust B KapTax He M3MEHSIOT CHEJIaHHBIX HaMHU 3aKIIOYCHUM O
TTOJIOKEHNN aKTUBHBIX OOJIacTell Ha ITOBEpXHOCTHM 3Be3mbl. COrjlacHO HAIIMM
BBIYUCIICHUSM (CM. B [6] MHOTOUYMCIICHHBIC TECThI), IIOCTPOSHHBIC KapThI COAepXKaT
MPEUMYLIECTBEHHO MHGOPMALIMIO O TOJOXEHUU TSITEH MO JO0JroTe, HO He I0
IKUpoTe. 3aKJIIOUYEHUSI O HAIMYMU TNOJNSIpHBIX TiaTeH (Kak B [7] niasa GJ791.2A)
MbI clieJaTh HE MOXEM.

4. Bcnbiweunas axmuenocms. Ilo mHeHuoo aBropoB [2] (puc.5 B ux
ctaThe) Ha KpuBoil Oiecka EPIC 204376071 TipucyTCTBYeT DS BCHBIIIEK C
aMIUuTynoi 1o 6%. CienyeT MMeTh B BUAY, YTO KAayeCTBO HAOJIOAATEIbHOIO
Marepuaja, IoJIydeHHOro ¢ TpomonkeHneM muccnmn Kemep K2, cymmectBeHHO
HIKE, YeM JUTs1 JaHHbIX OCHOBHOI Muccur. HectabuibHoe nmoBeieHe KOCMUYECKOTO
TeJIeCKOIa IMPUBOIUT K TTOSBICHUI0O MHOTOUMCIEHHBIX apTeaKTOB Ha PETrUCTPH-
PYEMBIX KPUBBIX OJlecKa, KOTOPBIE, K COXAJICHUIO, 10 KOHIIA He YCTPAHSIIOTCS TIpU
peayKuMM JaHHbIX. B mpuHuume, no ¢gopme MHoOTHMe apTedakThl CYLIECTBEHHO
OTJIMYAIOTCS OT XapakTepHOU (hopMbl OOJBIIMHCTBA BCIbIlIeK ((ha3a Bo3ropaHusl,
OoJsee TuiaBHas (pasa 3aTyxaHus1), HO TpeOYETCsl OCTOPOXKHOCTh MTPU OTOOPE SIBJIEHUIA,
MOXOXMUX Ha BCIBILIKHU.

Ha puc.1 nmpuBonsgTcsa aBa ¢pparmMeHTa KprMBoii ¢ apTedakTaMu, KakK BbI3BaHHbIX
BO3MOXXHO HEIOCTATOUHO TOYHOM PemyKIIVei TaHHBIX, TaK U TIPOSIBIICHIEM BEPOSITHBIX
BCIBILIEK CO CTPYKTYPOI, XapaKTepHOI ISl BCIIBILIEK 3BE3]1 MO3MHETO CIIEKTPATLHOTO
KJIacca - pe3KWil TTogbeM, TTUK, CTaaus 3aTyxaHus. B HallleM McClIemoBaHUU MBI
OTPaHMYMJINCH PACCMOTPEHUEM OTHOI Hanbojiee TOCTOBEPHOM BCITBIIIKK, KOTOpas,
HECOMHEHHO, MOXET JaTh MpeICTaBIeHUEe O CBOMCTBAX BCIIBIILIEYHON aKTUBHOCTH
EPIC 204376071. AmriuTyna 6j1ecKa BCIBILIKU COCTAaBIsIET OKOJIO 4%. DHeprus
M3ITYYeHUS BCIBIIIKY ObIIa BRIYMCICHA HAMM TT0 CTAaHAAPTHON METOMMKE, TIPUHSITON
MpU aHAIM3€ BCIBIIIEYHON aKTUBHOCTM 3BE3/ MO HAOIIOACHUSIM C KOCMUYECKUM
teneckonoM Kerutep unu muccueir TESS (cm. B [8,9]). JanHas MeToguKa yxke
HEOITHOKPATHO MCIOJB30BaIaCh ISl OTpeIeIeHNII SHEPTETUKH BCITHIIIEK 3Be31 110
HabmoaeHusM muccur TESS ¢ yyeToM M3MeHEHUS MOJ0Chl MPOMYCKAHMS ISt
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3TOI KOCMMYECKON MUCCHMM - CcM., HarpuMep, onncanue B [10]. Kak u B [10],
HaMU TIPUHUMAJIOCh, YTO BCIBIILIKA XapaKTepU3YyeTCsl YEPHOTEIbHBIM U3TyYEeHUEM.
M3mMepeHHass oTHocuTebHast 3Heprus Benbliiki RE coctaBuiia 212 ¢. BoruncneHHas
no ¢gopmynaMm u3 [10] sHeprust BCIBIIIKHA Eﬂ oKazayach paBHOil - 1.1-10°* spr
(logE,=34.05).

Pe3ynbTaThl IIMPOKOrO Kpyra MCCIeIOBAHUI, BKIIOYAIOIIUX aHAJIM3 CBOMCTB
3BE3IHBIX BCIHBIIIEK, OCHOBAaHHBIX Ha JAaHHBIX HAOMIOAEHUN C KOCMUYECKUM
teseckorioM TESS ¢ wmronsg 2018r. mo oxrg6ps 2020r., moxHo Haiitu B [11].
Asropamu [11] 6buM npoaHanusupoBanbl 60810 Bemblexk aist 13478 3Be3n mo
HaomoneHnsiM TESS B cektopax 1-30. B ucciienoBannm ObUTM pacCMOTPEHBI OOBEKTHI
B nuamasoHe 7, oT 2500 K mo 6500 K n ¢ maccamu ot 0.08 mo 1.4 macc CodHiia.
Hna cpaBuenns ¢ EPIC 204376071 ykaxem, 4yro mo maHHeiM [11] (puc.12)
3HAYEHMSI SHEPIUM BCIBIILIEK TSI 3Be31 ¢ TemIiepaTypoil okoso 3000 K nexar B
nmarnasoHe ot 7-10°' mo 5-10%* spr. HaiineHHas HaMM SHeprHst BCIBILIKKA UTS
EPIC 204376071 Bblile cpegHeil, HO B LIEJIOM COIOCTABUMA C TUIIMYHBIMU
MakKCHUMalbHbIMU BenunHamu E, wist M ssesn ¢ T, = 3000 K.

Crnenyst uaee COJHEUHO-3BE3JHOM aHAJIOTMM M Ha APYIUX 3Be3laX MOXKHO
0oXuaaTb KopoHaiibHble BbIOpockl Maccbl CME [10,12], KoTopble MOTYT MpPOSIBISTLCS
B COITYTCTBYIOIIMX BO3MYILUCHUSIX TJIOTHOCTU U CKOPOCTU ILIa3Mbl, YCKOPEHUU
SHEPruYHbIX YacTUI] B o0JacTsax ymapoB. Bce atu (akTopbl MpUHUMAKOTCS BO
BHUMaHUe Npu usyyeHuu BausgHuss CME Ha 3k3omiaHeTshl U UX aTMocdepbl, HO
HE HCKIIIOYeHa BEPOSITHOCTh HEOOXOAMMOCTH Y4yeTa UX BIWSIHUSI Ha Majible Tejia
9K30IUIAHETHBIX CUCTEM (PK30KOMEThl M TIpOY.) IIPU YCIOBUM COBHAACHUS
HanpaBieHusi CME Ha o0bekT. IlnaHeTapHOoe BiAMSHUE 3BE3AHOU aKTUBHOCTU
CME MoxeT BapbMpOBaThCsl B 3aBUCMMOCTU OT BO3pacTa 3BE3/Ibl, €€ aKTUBHOCTH,
CIIEKTPaJIbHOTO TUMA U OPOUTATILHOTIO PACCTOSIHUS TJIaHeThl. ISl OLIEHKU CBOMCTB
CME yacTto ucnojyib3yercsl SMIUprUueckasi 3aBUCUMOCTb, CBSI3bIBAIOLLIAsI SHEPTUIO
Benbiiku 1 Maccy CME  (cm. mogpobHee B [10,12]). [IpuMeHeHUe 3aBUCUMOCTU
K manHbiM miga EPIC 204376071 mpuBoAMT K OLEHKE, YTO JUISI OTOM 3BE3IbI
BeposaTHas BesuurHa Macckl CME  wmoxer mocturats 4.1-10%T.

st Toro, 4ToObl OLEHUTh BEJIMYMHBI MAaKCUMAaJIbHO BO3MOXHBbIX Macc CME
TSI caMbIX XOJIOOHBIX KapiaukKoB, B [12] MbI Mcriojb3oBajaud aaHHbie [13] 00
SHEPIUSIX CYNEPBCHBIIIEK BOCBMU KAPJIMKOB CIIEKTPAJILHOTO Kjlacca M. DHepruu
CYMEPBCIBILICK 3TUX O0OBEKTOB JeXaT B AnanasoHe BenndnH logE, ot 33.59 no
34.96. Bo3MoxHO, 4To 10 3Hepruu Bemblka Ha EPIC 204376071 momo6Ha
cynepBcnbilikaM o0bekToB U3 [13]. TpeOyroTcs nanbHeiliue HabaoaeHus LIS
MOATBEPXKIAECHMS XapaKTepUCTUK BemblieyHoi aktuBHoct EPIC 204376071, Macca
cootBercTBytolinx CME y kapimkoB u3 [13] B ciiydae CynepBCIBIIIEK MOXKET
pocturath 10 2.2-10%°- 1.5-10%°r, uTo He TOIBKO COMOCTABUMO, HO AK€ HEMHOTO
npeBocxonuT maccbl CME 3Be3n COTHEWHOro TUMa, YCTAHOBJIEHHBIE 1O CPEAHUM
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OHCPIUAM BCIIBILICK.

5. Bakawuenue u obcyxucoenue pe3yasbmamos. ABTopsl [2] cooOLIMIN
00 obGHapyxxeHUM 3HaunTebHOTO (Ha 80%) ocnabieHus 6ecKa MOJIOIOM 3Be3Ibl
EPIC 204376071 niuTeabHOCTbIO IOpsiaAKa CyTOK. B ocraibHOM, KpuBast Giaecka
00bekTa B TeUEHWE MHTepBajia HabMIOJEHUI ¢ KOCMUYECKUM TejeckornoM Kerutep
(Muccust K2) mnuTeabHOCTBIO B OOINEH CIOXHOCTH OKojJo 160 cyT Bo BpeMs
kamnanuii C2 u C15 xapakrepusyeTcsi USMEHEHUSIMU BCJIEACTBUE BpalllaTeJIbHOMN
MOMIYJISILIMM, a TAKXKEe BO3MOXHBIM HajuuueM Benbiiek. EPIC 204376071 sBnsercst
MasiomaccBHBIM M-kapiukom (0.16 M ) ¢ paguycom 0.63 R i, . MononocTh 3Be3bl
OTpeJIesIsIeTCs €€ MPUHAIJIEXHOCThIO K accolmanmu Upper Scorpius ¢ Bo3pacTom
nopsinka 10 MyiH JieT. bosbloil paguyc Mo cpaBHEHUIO C XapaKTePHbIM pagiluycoM
nist 3Be3abl I'T1 ¢ aHalorMyHO#M Maccoil yKasbIBaeT Ha TO, UTO, BEPOSITHO, 3Be3/1a
emle cxkumaercas u He gocrturia [Tl Ilepuon BpameHuss P= 1.6 cyT Takxke
COOTBETCTBYET IPEIITOIOKEHUIO O MOJIOMOCTHU 3BE3bI.

ITo HabmoaeHusIM Muccun K2 Mbl yTOUHWIM TePUO BpalLlEHUsT U aMILUTUTYIY
nepemeHHoctu Ginecka EPIC 204376071, a Takke MO CTaHOAPTHOM METOIMKE
OLIEHWJIM BEJIMUMHY MapaMeTpa 3arsiTHEHHOCTU A B aOCOMOTHOM Mepe. M3 pelleHust
00paTHON 3aJauyr BOCCTAHOBJEHUSI TeMIEPATyPHbIX HEOTHOPOJHOCTE! 3BE3/bI MO
yCpeIHEeHHOU KpHUBOI OyiecKa MoJlydeHa KapTa MOBEPXHOCTHBIX TEMIIEPATypPHBIX
HEOMHOpOAHOCTeM. JI/1s1 OLIEHKM CBOMCTB BembiieuHoi aktuBHoctu EPIC 204376071
Obl1a pacCMOTpeHa oJHa HauboJjiee JOCTOBEpHAsl BCIbIIIKA. AMIUIMTYAa OJjiecka
BCITBIIIIKY COCTaBJISIET 0KOJI0 4%. M3aMepeHHas OTHOCUTETbHAsI SHEPTUS BCIIBIIIKI
RE cocraBuna 212c. BbuluMciaeHHas 3HEPrysl BCHOBIIKU Eﬂ 0Ka3aJIaCh pPaBHOM
1.1-10* spr (logEﬂ = 34.05). Ilo sMmupuyecKoil 3aBUCHMOCTH, CBSI3bIBAIOIICH
SHEPruio Berbllku U Maccy CME, ycTaHOBIEHO, UTO JJIs1 3TOM 3BE31bl BEpOSITHAS
pesmunHa Maccel CME  moxer nocturath 4.1-10%T.

B [2] 6buIM MccaenoBaHbl ABa OCHOBHBIX CLIEHApMS ITPOSIBIIEHMS TTyOOKOTro
ACUMMETPUYHOIO 3aTeMHeHMsI, mogobHoro Habmomaemomy B EPIC 204376071. B
TIEPBOM M3 HUX OBUT PACCMOTPEH TIBUIEBOI AVMICK OKOJIO MAJIOTO TeJjia, BPallaroIIerocst
BOKpPYI' 3Be3ibl. JIMCK HaKJIOHEH K HaOJomareialo Tak, YTO B MPOEKIMU OH
BBIISIAMT Kak asumric. [lapaMmeTpbl Moaenu mpeacTaBieHbl B Taon.4 B [2].
Bo3MoxxHbIe BeJTMUMHbBI TToIyocei aucka coctapistoT 4.2 u 0.89 paanycoB 3Be3mbl,
a HaKJIOH JucKa paBeH 22°. Macca aucka pasHa 3-10'r, a mMacca Majoro Tena,
K KOTOpOMY IIpMHAIJIEXUT AUCK - 3 maccel lOmurepa. Bo Bropom cueHapum
Tpenjiarajcs TbIIEBON 2KpaH "HEM3BECTHOIO IIPOMCXOXKICHUSA', BO3MOXHO
BPEMEHHOTI'0 XapakTepa. B aToif Mojenn mpo3payHOCTh 9KpaHa CUCTEMaTUYECKHU
YMEHBIIIAETCS OT PE3KOI T'paHUIIbl 10 TTPOTUBOIIOJIOXHOTO Kpas (cM. puc.8 B [2]).
ITo MHeHuIO aBTOpPOB [2] 00€ MOIENM JOCTATOYHO XOPOILO OMUCHIBAIOT (DOPMY
3aTMEeHUST (MOXKET ObITb, MOIEIb C JUCKOM HECKOJIbKO Jyuiie). Bo3aMoxkHOCTb
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CYILIECTBOBaHUSI KOMETHOTO XBOCTa OT MaJloro Teja B [2] Oblia paccMOTpeHa, HO
OTBEpPrHyTa MO UX MHEHUIO BCICACTBUE MAaJIOTO MOTOKA M3TyYeHUs (0 CpaBHEHUIO
¢ TpebyeMbIM U1s1 (GOPMUPOBAHMS XBOCTA) OT 3BE3MAbI CO CBETUMOCTBIO B 0.027 Lg, .
OaHako, IpUHKUMAasl BO BHUMaHUE HaJW4yle BbICOKON BCIBILIEYHON aKTUBHOCTU
3Be3nbl U conyTcTByoMX CME, He uckioueHa HeoOXOAUMOCTh IOMTOJIHUTETHOTO
U3YUYEeHUsSI 3TOro BoIpoca (MpHU YCIOBUM TOATBEPKICHUS CYIIECTBOBAHUS
cynepBcnbliiek, reHepauun CME B TpeOyeMoM HampaBlIeHUM U TIPoY.).

ITockoneky EPIC 204376071 siBigetcs wieHoM accoumanuu Upper Scorpius,
JIJIST KOTOPOM XapaKTepHO OOJIbIIOE YMUCIIO OOBEKTOB, U3BECTHBIX KaK AUIIIIEPHI,
€CTEeCTBEHHBIM SIBJISIETCSI BOIIPOC O TOM, HE CBSI3aHO JIM HaOIogaeMoe SIBJICHUE
ocjabaeHus1 Oecka ¢ TIposIRICHUEM MPUPOILI JUIIepa. B TakoM citydae ociabiaeHue
OyZeT BbI3BAaHO TbUIEBOM MaTepuei, HaxoAsuencss BOIM3U paauyca KOpoTaluu
OKOJIO 3Be3/Ibl, OAHAKO B [2] OBLIM pacCMOTPEHBI TPU BO3MOXHBIX oTiinuns EPIC
204376071 oT OCTaIBHBIX OOBEKTOB - TUTMIIEPOB (CM. TTOAPOOHOCTH M COOTBETCT-
BYIOLLIME CCBUIKM Ha JIUTepaTypy 3nech U aaiee B [2]). Bo-nepBbIX, A1 AUNNEPOB
IIyOrHa ocjiabiaeHus 6ecka coctapisieT Bcero 10-30%, BO3MOXKHBIM UCKITIOYEHUEM
spisiercst 38e31a HQ Tau, mist kotopoii riyorHa ObLTa COITOCTaBUMA WM MPEeBOC-
xonuna BeanunHy mist EPIC 204376071, a npomoKUTEIbHOCTh 3aTMEHUsI ObLIa
Oojiee IUTENbHON. BO-BTOPBIX, aKTUBHOCTh OWMIIEPOB, KaK MPABUJIO, OCTAeTCS
BBICOKOIl B TeUEHWE BCEro MHTepBaja HAOMIOACHUI (OECATKM AHEW) U y HUX
ocyabieHus Gecka HaOMOJA0TCs Topa3ao vailie; Mpasiaa, BOMPOC O BOZMOXHOCTU
ceJIeKUUM HaOMIoNeHW 1o YyacToTe HaOMoAeHUIA 10 KOHIa He pelueH. Hakonelr,
B-TPETbUX, OOJBIIMHCTBO AUMIIEPOB UMEIOT SPKO-BbIPAXKEHHBIM M30BITOK MOTOKA
uznydyenus B nojocax WISE 3 u 4, torma xak EPIC 204376071 xapakTepusyeTcst
cimaboit amuccueit B nonoce WISE 3, a B momoce WISE 4 nmig o6bekTa nMmeeTcs
JIMIIb BEPXHSISI OLEHKA MOTOKA.

HccnenoBanne EPIC 204376071 mpencraBisieT MHTEPEC € TOYKU 3pEeHUs
YCTaHOBJICHUSI TIPUPOIbI 3aTMEHUS Ojecka 3TOro oobekTa. OCTaeTcsl OTKPBITHIM
BOIIPOC O XapaKTepe 3aTMEBAIOLLIETO Tejla - 3TO TEJIO ¢ AIIUINCO00Pa3HON ThLICBOI
000JI0YKOI, MbIIEBOM 9KpaH, 9K30KOMeTa (€CIM BO3MOXHO 00pa3oBaHME ee XBOCTa
BCJICICTBUE CYMNEPBCHBILIEK Ha 3Be3le) Wau uTo-To eine? HeoOxomumbl HOBbIE
HaOJII0AeHUSI 9TOr0 00BEKTA, a TAKXKE MOMCK 3Be3[l C aHAJIOTMYHBIMU 3aTMEHUSIMMU.

HccnenoBaHue BHIMOMIHEHO B paMKax IpoekTa "McciaemoBaHue 3Be3[1 ¢ 9K30-
iaHeTamu” o rpaHTy IpaButennscTBa P mig mpoBemseHMsT HAyIHBIX UCCITCTOBAHMIA,
MPOBOAMMBIX TTOJ PYKOBOJICTBOM BeAyLIMX yueHbIX (cortameHue Ne 075-15-2019-
1875, 075-15-2022-1109).).

Vupexnenne Poccuiickoii akamemum Hayk MHcTuTyT actpoHomum PAH,
Mocksa, Poccus, e-mail: igs231@mail.ru



382 N.C.CABAHOB

ACTIVITY OF THE YOUNG STAR EPIC 204376071
FROM THE UPPER SCO ASSOCIATION

[.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 150°
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 Eﬂ equal to 1.1-10* erg (logEﬂ=34.05).
The corresponding probable value of the coronal mass ejection can reach 4.1-10%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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In this article, an anisotropic Locally Rotationally Symmetric (LRS) Bianchi type 1 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 f(R) =R 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 [ (R) 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
QOdintsov, [5] reconstructed cosmological methods i.e. inverse problems in view
of cosmic time or e-folding in f (R) gravity. Katore and Hatkar, [6] examined
interacting as well as non-interacting scenarios of two fluids considering FRW
space-time in f (R) theory of gravity. Bahamonde et al., [7] studied modified
teleparallel gravitational theories and derived the particular unification case of
teleparallel equivalent to f (R) gravitational theory which is invariant under local
Lorentz transformation. Ferraro, [8] concisely reviewed the f (R), and f (T)
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
appearsto be L=R+R"+ 1/ R" where m and n are positive numbers. Again Nojiri
and Odintsov, [11] suggested two realistic f (R) and one f (G) 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 f (R) cosmology. Sadeghi et al., [15] studied some cosmological parameters
in a logarithmic corrected f (R) 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 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 f (T) 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 f (R) gravity. This paper
is divided into several sections: Sec. 2 deals with f° (R) 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. f(R) gravity formalism. The f(R) theory of gravitation is a modi-
fication of the general theory of relativity. The action for f (R) gravity is given
by

S=[J-g(f(R)+L,)d"x, (1)

where f(R) is a general function of Ricci Scalar R and L is the matter
Lagrangian. It is worth mentioning that the standard Einstein-Hilbert action can
be recovered when f(R)=R.
The corresponding field equations are obtained by varying the action with
respect to the metric g,, as
F(R)Ry =3 S (R), =V, F(R)+ 2, V"V, F(R)=T,. @

v

where F(R)=df(R)/dR , V,, denotes covariant differentiation, 7, is the standard
matter energy-momentum tensor derived from the matter Lagrangian L .

3. Metric and field equations. We consider an anisotropic LRS Bianchi
type I metric of the form as

ds? = dt*— A2dx*— B(dy*+ dz?), 3)

where A and B are functions of cosmic time ¢ only.
The energy-momentum tensor for a one-dimensional cosmic string coupled

with a zero mass scalar field is given by
1 ,m

Tpv :pupuv_x‘xva_l_ W,pw,v_zgpv VoV > (4)
where A and p 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,

gMuu, =-x,x, =1, wux, =0. )

In the comoving coordinate system, components of the energy-momentum tensor
from equation (4) are given by
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1. 1. 1.
B'=—h+¥, TP =T7=—¥" and Ij=p-—. (6)

Taking consideration of (6), the field equations (2) for the metric (3) are obtained
as

. (B). (A _.AB 1 1.,
F+2 — |F+| —+2— |F-—f=-A+—-Vy",
(BJ (A AB] 2/ P @
. (4 B). (B B* 4B 1 1.,
Ft|—+—|F+| =+ —+—|F——=f==Vy",
(A BJ (B B ABJ 2/ =3V ®
A _B). (A .B 1 1.,
— 42— |F+|—+2—|F-—f=p—=V~,
(A B] (A B] 2/ P73 ©)

where the overhead dot (-) denotes the derivative with respect to cosmic time £

Here we have three non-linear differential field equations with six unknowns,
namely; f, A, B, p, A and wy. 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

a=3AB*> and V=d’. (10)

The volumetric expansion rate of the universe is described by the generalized mean
Hubble's parameter H given by

1 1
H:EZHizg(H1+H2+H3)5 (11
i1

in which H, = A/ A,and H,=H, = B/ B denotes the directional Hubble's param-
eters.

Using (10) and (11), we have obtained the expansion scalar ® , the mean
anisotropy parameter A , the shear scalar o, and the deceleration parameter ¢
respectively as

A _B
®:Z+2§:3H’ (12)
1S (H-HY
A=§§,(—H j , (13)
Gz_l iHZ—(DZ
=3 ; , (14)

__a_d—_1+i[ij
q9=-— 7 ) (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 f (R) gravity model as presented by Capozziello et al.
[48] and given by

f(R)=R*. (16)

For the deterministic solutions, we consider the expansion scalar ® is proportional
to the shear scalar o® which leads to the following analytic relation

A=B-, (17)

where ( is a constant.

Also, as described by Yadav [49] we consider the average scale factor in the
form

alt)= (nDr)" (18)

where n is a non-negative constant and D is an arbitrary constant.
We obtained the metric coefficients A and B as

A:(nDt)sc/n(cu)’ B=(nDt)3/”(C+2). (19)
Substituting values of 4 and B from (19) in (3), we get
ds? = dt*— (nDe)* ") ax? — (nDe) " a2+ ). (20)

The metric coefficients of the model obtained in (20) are constant for any type
of ¢, 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 A, the
shear scalar o, and the deceleration parameter ¢ respectively as

Vv =(nDt)", Q1)
H= i (22)
0=, @)
where C#1, and %2

where =1, and (#-2
g=n—1. (26)
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The ratio

27)

©)

S

W | —
—_
™

+

S}
N—

5]

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

1.x107

6.x10°¢

2.x108

Fig.1. Plot of V vs ¢ for {=-0.875and D= 3.
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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 ¢ and varying constant # and hence the rate of expansion of the universe
also decreases. The ratio c° / ©% %0 shows the discussed model doesn't approach
isotropy. Also, the sign of ¢ determines the accelerating or decelerating phase of
the universe. The positive sign of g i.e. for n>1 corresponds to a plain decelerating
cosmological model although the deceleration parameter in range —1<¢g<0
corresponds to an accelerating universe and for ¢=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 —1<¢g<0.
The scalar field

12
v 6 2@n+3)c+ 4n]ln-2) + 2n-1][(n-3)c2 + 220=3)C + 4n—9) 2
n (g +2) £ 6(n-3)c2 ~122n-3); - 6(4n—9)] (28)

The behaviour of the scalar field observed in Fig.3 determines that the value

of v that is negative throughout the evolution and is an asymptotically increasing

function of cosmic time t.
The energy density

9[(2;12— Sn— 3)@2 + (8n2_ 20n—1 5)(; + 4n(2 H— 5)][(,,,_ 3)C2 + 2(211— S)C e 9]
n (g + 2)3 £ [_ 6(n—3)(;2 _12(2n_ 3)C —6(4n— 9)]1/2

~(29)

-12 10

Fig.3. Plot of v vs ¢ for {=-0.875.
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The string tension density
_ 81-1)[-3)8% +2(2n-3)c + 4n-9)]
nC+2) e [— 6(n—3)¢* —12(2n—3)¢ - 6(4n— 9)]

It is observed from Fig.4 as well as from Fig.5 that as the cosmic time ¢

7 (30)
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Fig.4. Plot of p vs t for {=-0.875.
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80000
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40000

20000

Fig.5. Plot of A vs ¢ for {=-0.875.
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and the value of constant » increases the energy density and the tension density
both decreases to approach zero when ¢ — oo . 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 A can be positive
or negative. In our model, A >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 ¢ — oo 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

p=¢\. (1)
Then the EoS parameter can be obtained as
 2n=sn-3)c +(8n*=20n-15) C+ 4n(2n-5)
) 96-1)(c+2)
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 n <1

the value of the EoS parameter decreases while with increasing »n > 1 the value
of the EoS parameter increases positively (Fig.6).

. (32)

Fig.6. Plot of ¢ vs ¢ for {=-0.875.
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The overall density parameter

32— 5n-3)c + (82— 20n- 15)z;+4n2n 5)[(-3)¢? +2(2n-3)¢ + 4n-9)]
12
n(¢+2) z[ 6(n—3)* —122n-3)¢ - 6(4n— 9)]

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 Q decreases with an increase in cosmic time ¢ and the value of
constant n expressing the status for a flat universe which is supported by WMAP
observations.

Q= -(33)

1000
800
600
400

200

Fig.7. Plot of Q vs t for {=-0.875.

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 f (R) gravity. The exact solutions to the field equations have been
obtained by using the weak field limit for a point-like source of f (R) 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 » 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 7 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
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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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[NIOCKO-CUMMETPUYHAA CTPYHHAA
KOCMOJIOITMYECKAA MOJEJIb CO CKAJIIPHBIM
ITOJIEM HVIJIEBOM MACCHI B f(R) TPABUTALNNU

K.ITABAP!, A.KJABPE!, [. MAKOJIE?

B oT0li cTaThe MccaenoBaHa aHM30TPOIHAS JIOKAJBHO BpallaTeJbHO-CUMMET-
puuHasg (LRS) merpuka bbsHKu Tuma I B MpUCYTCTBUU KUIKOCTU OOJAUHOM
CTPYHBI U CKaJISIPHOTO TIOJISI HYJIEBOM MAacChbl OTHOCUTEJIbHO TpaBUTALUU f (R)
YTOoOBI MOAYYUTh JETCPMUHUPOBAHHBIC PEIICHUS, Mbl IPUHSUIM TIpenes cjiaboro
MoJisd JAJIs TOYEUHOTO0 MCTOYHUKA f (R):R3/ 2 U XOpOLIO M3BECTHOE CKAJISIPHOE
COOTHOIILIEHUE paciuupeHue-caBur. Kpome Toro, 0bIM pacCuvTaHbl HEKOTOPHIE
(buznyeckue M KMHEMaTUYECKUE IMapaMeTphl I U3YyYEHMST acTpo(PU3NYECKUX
MOCJIEACTBUI TIOJTYYEHHOW MOJMEJIM, KOTOpas TOKa3bIBae€T XOpOllee COrjacue c
HellaBHUMU HaOJtoaTeIbHbIMU JaHHBIMMU.

KiroueBble clioBa: kocmuteckas cMpyHa: cKaaspHoe noae: mempuka besauku
muna 1I: epasumayus f(R)



396

—_— = =
W= oY XN WD —

14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.

36.
37.
38.

K.PAWAR ET AL.
REFERENCES

A.G.Riess et al., Astron. J., 116, 1009, 1998.

S. Perimutter et al., Astrophys. J., 517, 565, 1999.

R.A.Knop et al., Astrophys. J., 598, 102, 2003.

H.A.Buchdahl, Mon. Not. Roy. Astron. Soc., 150, 1, 1970.

S.Nojiri, S.D.Odintsov, Phys. Rep., 505, 59, 2011.

S.D.Katore, S.P.Hatkar, Indian J. Phys., 90, 243, 2016.

S.Bahamonde, C.G.Bohmer, M.Wright, Phys. Rev. D, 92, 104042, 2015.
R.Ferraro, AIP Conf. Proc., 1471, 103, 2012.

A. De La Cruz-Dombriz, A.Dobado, Phys. Rev. D, 74, 087501, 2006.

. S.Nojiri, S8.D.Odintsov, arXiv preprint hep-th/0307288 68, 2003.

. S.Nojiri, S.D.Odintsov, Phys. Lett. B, 657, 238, 2007.

. E.Guendelman, R.Herrera, arXiv preprint arXiv:2301.10274, 2023.

. 8. Capozziello, S.J.Gabriele Gionti, D.Vernieri, J. Cosmol. Astropart. Phys.,

2016, 015, 2016.

P.Bari, K. Bhattacharya, J. Cosmol. Astropart. Phys., 2019, 019, 2019.
J.Sadeghi, E.N.Mezerji, S.N.Gashti, Mod. Phys. Lett. A, 36, 2150027, 202I.
R.Venkateswarlu, K. P.Kumar, Int. J. Theor. Phys., 49, 1894, 2010.
R.Venkateswarlu, K.Sreenivas, Int. J. Theor. Phys., 53, 2051, 2014.
R.Venkateswarlu, J.Satish, Int. J. Theor. Phys., 53, 1879, 2014.
N.Godani, G.C.Samanta, Int. J. Mod. Phys. A, 35, 2050186, 2020.
N.1.Singh, S.S.Singh, S.R.Devi, Astrophys. Space Sci., 334, 187, 2011.
K.M.Singh, Astrophys. Space Sci., 325, 293, 2010.

R.Patra, Int. J. Math. Trends Technol., 54, 11, 2018.

K.S.Adhav, S.D.Katore, R.S.Rane et al., Astrophys. Space Sci., 323, 87, 20009.
A.Dixit, D.C.Maurya, A.Pradhan, New Astron., 87, 101587, 2021.
S.D.Katore, M.M.Sancheti, N.K.Sarkate, Prespacetime J., 2, 1860, 2011.
M.Cadoni, E.Franzin, Phys. Rev. D, 91, 104011, 2015.

D.D.Pawar, S.P.Shahare, Y.S.Solanke et al., Indian J. Phys., 95, 1563, 2021.
S.Nojiri, S.D.Odintsov, V.K. Oikonomou, Phys. Rep., 692, 1, 2017.
L.Freidel, R.G.Leigh, D.Minic, Int. J. Mod. Phys. D, 23, 1442006, 2014.
K. Pawar, A.K Dabre, Int. J. Sci. Res. Phy. App. Sci.,, 10, 8, 2022.

K. Pawar, A.K.Dabre, N.T.Katre, Int. J. Sci. Res. Phy. App. Sci., 10, 1, 2022.
K.Pawar, A.K Dabre, Astrophysics, 66, 114, 2023.

B.Mishra, S.K.Tripathy, P.P.Ray, Astrophys. Space Sci., 363, 86, 2018.
T.Vinutha, V.U.M.Rao, G.Bekele et al., Indian J. Phys., 95, 1933, 2021.
F.Darabi, M.Golmohammadi, A.Rezaei-Aghdam, Int. J. Geom. Methods Mod.
Phys., 17, 2050175, 2020.

V.R.Chirde, S.P.Hatkar, S.D.Katore, Int. J. Mod. Phys. D, 29, 2050054, 2020.
D.D.Pawar, G.G.Bhuttampalle, P.K Agrawal, New Astron., 65, 1, 2018.
R.Zia, D.C.Maurya, A.Pradhan, Int. J. Geom. Methods Mod. Phys., 15,
1850168, 2018.



39.
40.
41.
42.

43.

44,
45.
46.
47.
48.
49.
50.

STRING COSMOLOGICAL MODEL IN f(R) GRAVITY 397

M.Sharif, Q.Ama-Tul-Mughani, Mod. Phys. Lett. A, 35, 2050091, 2020.
A.K . Yadav, Eur. Phys. J. Plus, 129, 179, 2014.

T.Vinutha, V.U.M.Rao, M.Mengesha, Can. J. Phys., 99, 168, 2021.
A.R.P.Moreira, J.E.G.Silva, D.F.S.Veras et al., Int. J. Mod. Phys. D, 30,
2150047, 2021.

R.Consiglio, O.Sazhina, G.Longo et al., Mon. Not. Roy. Astron. Soc., 439,
3213, 2014.

P.S.Letelier, Phys. Rev. D, 28, 2414, 1983.

H.Bernardo, R.Brandenberger, G.Franzmann, Phys. Rev. D, 103, 43540, 2021.
P.Berglund, T.Hiibsch, D.Mini¢, Phys. Lett. B, 798, 134950, 2019.
P.S.Letelier, Nuovo Cim. B, 63, 519, 1981.

S.Capozziello, E.Piedipalumbo, C.Rubano et al., Astron. Astrophys., 505, 21, 20009.
A.K. Yadav, Eur. Phys. J. Plus, 129, 194, 2014.

A.Dixit, R.Zia, A.Pradhan, Pramana, J. Phys., 94, 25, 2020.



ACTPODODMUMI3INUKA

TOM 66 ABI'YCT, 2023 BBITTYCK 3

DOI: 10.54503/0571-7132-2023.66.3-399

MODIFIED TSALLIS HOLOGRAPHIC DARK ENERGY

J. BHARALI', K.DAS?
Received 30 March 2023
Accepted 18 August 2023

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 w=-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 p,; =3c’M,L* where ¢ is a
specific constant, M, = (STc G)ﬁl/ ? 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]) S; =yA8 with y 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 y=1/4G [21].
Considering the holographic hypothesis, Cohen et al. [22] proposed the relation
among the system entropy S, the IR (L) and UV (A) cutoffs as [’ A’ <S¥*
which after combining with S = yA5 gives A* < }/(47:)G [**. Using this inequal-
ity, the THDE density is obtained as p; =DI** 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 H™' as the IR cutoff L, pr =DH “2%+4 ig 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 p,,; = DH “25+4 L EH . In the above expression dot (.) denotes
differentiation w.r.t. cosmic time ¢ and £ 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 f (R,T) 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
I1I space-time
ds* =dt* - I*dx* - J?e " dy* - K*dz* (1)
where the scale factors /, J and K are functions of cosmic time ¢ only.
The Einstein's field equations are given by

B3 e k=147, @

where R,.j is the Ricci tensor and R is the Ricci scalar.
The energy momentum tensor T/” for dark matter (DM) is
T} = diagp,,. 0,0,0], (3)
where p,, is the energy density of DM.
The energy momentum tensor T /’ for MTHDE is
7_7 = diag[p 7, — Pur, >~ Pur, >~ Pur, 1= diag[l, Oy, =0y, =0, ]pMT
= diag[l, —Opyrs ~ Oy, — (")MT]pMT )

4)

where p,; is the energy density of MTHDE, p, . is the pressure of MTHDE
and o, =wy;, o, =0,; and o, =w,, are the directional equation of state
(EOS) parameters on x, y and z axes respectively and ®,,pr = pur -

The Einstein's field equations (2) for the metric (1) using Egs. (3) and (4)
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takes the form

J K JK
7 + EJFJ_K =~ OyrPur (&)
I K IK
7 E"'l_:_mMTpMT (6)
I J o1
7 J Ay Iz ==OyrPur (7)
I . JK JK LK1 KI 1 ®)
U UK kI PP
J I
——-—=0. 9
A, @)
Eq. (9) on integration and taking integrating constant to be unity, we obtain
J=1. (10)
Using Eq. (10) in Egs. (5)-(8), we get
I K IK
7+E+E:_(DMTPMT (11)
I 1* 1
27 e =—OyrPur (12)
I ZIK 1
1—2+ E_I_z_pm'i_pMT' (13)
The energy conservation equation is
L I K
pm+pMT+[27+Ej(pm+pMT+pMT)=0, (14)

where overhead dot (.) denotes differentiation w.r.t. cosmic time #.
We assume that there is no interaction between DM and MTHDE throughout
the study.

3. Solutions of field equations. The average scale factor a(f) and the
spatial volume V are defined as

V=a’=IK. (15)

The directional Hubble's parameters H Hy and H, in the direction of x, y and
z axes respectively are given by

K
H,=H, H == (16)
K

~|~.

The mean Hubble's parameter H is
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a Vv H+H+H. 1( [ K
a 3V 3 3. I K
The deceleration parameter g is defined as
_ad
‘I——?- (18)
The anisotropy parameter Ap is defined as
1 &(H-HY
A ==~ .
» 321[ = ] (19)

Field equations (11)-(13) forms a system of three independent equations with five
unknowns I, K, o, pyr and p,,. 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 p,; as a function of Hubble parameter H and its derivative
w.r.t. cosmic time ¢ as follows

puyr =DH >+ EH, (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

H=ka™, (21)
where k>0 and m >0 are constants.
Using Egs. (17) and (21), we have obtained two models
a=(mkt+k1)l/m, g=m—1, m<lI, (22)
where k is a constant of integration.
a =exp {k(t— kz)}, g=-1, m

where k, is a constant of integration.
From Egs. (11) and (12), we get

. . . N |
K I u 1 (K I
———=—exp| |-—| ——-= dt |,
K IV p(j 12(1( IJ J (24)
where u, is a constant of integration.
Following Adhav [42], we assume
K I I*
Using Eq. (25) in Eq. (24), we get

Il
(=]

(23)
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K _I_u -
AT e’ (26)
Integrating Eq. (26), we obtain
~t
K=ul exp{uo J.%dt} ) 27

where u, is a constant of integration.

4. Model 1. When a=(mkt+k )™, m<1. Eq. (27) with a=(mkt+k )"
implies

e
K= ull eXp |fl0 J.Wdt} (28)
1
V=1’K =a* = (mhkt+k, " . (29)
Egs. (28) and (29) together implies
o u e
I = (mkl-l— kl )l/ U /3 exXp {—%jmdl} (30)
1
I/m 2/3 21”0 e’
K:(mkH- kl) u;'” exp 3 '[(mkt+k )3/m dt|. (31)
1

Both the cosmic scale factors / and K increases as the age of the Universe increases
(Fig.1, 2). The Hubble parameter H and the MTHDE density p,,,; are calculated as

k

H- .
mhki+ k, (32)
120
80
a0 F
0 AAAAAAAAAAAAAAAAAAAAAAAA
0 10 20 30 40 50

Fig.1. The plot of I versus cosmic time ¢ for m=0.5, k=0.3, kK, =0.5, 4,=0.03 and u, =0.15.
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0
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Fig.2. The variation of K against cosmic time ¢ for m=0.5, k=0.3, k,=0.5, u,=0.03 and
u, =0.15.

The Hubble parameter H is a decreasing function of 7 and tends to a small value
with the passage of cosmic time.

k —28+4 —mk2
=D +E|—2 |
Purr (mkt+ k, j {(mkH kY } (33)

Fig.3 shows that p,,, decreases and tends to a constant value as cosmic time
evolves. The anisotropy parameter Ap is calculated as

4 2 mhat K, e .
ool k (mkt+ k)" 4

4,—0 as observed from Fig.4. Thus, our Universe approaches isotropy at late

0.15
£ 0.10
Q
E
Q

0.05 Pur

pm
0.00 + — |
0 10 20 30 40 50

t

Fig.3. The variation of p, and p,, versus cosmic time ¢ for m=0.5, k=0.3, k, = 0.5,
p, =08, D=0.5, 8=15 and E=0.2.
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times. The energy conservation equation for dark matter is

p.+3Hp, =0. (35)
Using Eq. (32) in Eq. (35), the energy density of dark matter p, is found as
Po
pm = im
(mkt+ k, )™ (36)

p, is a constant of integration.

From Fig.3, we see that p, diminishes as cosmic time evolves and ultimately
approaches to zero.

The energy conservation equation for MTHDE is

Pur +3H(pMT +pMT):0' (37)
0.20
. 0.15
<
T 010 H
0.05
A
p
0.00
0 10 20 30 40 50

t
Fig.4. The evolution of H and Ap against cosmic time ¢ for m=0.5, k=0.3, kK, =0.5 and u,=0.03.

-0.834

-0.838

(DMT

-0.842

-0.846

t

Fig.5. The plot of ®,, versus ¢t for m=0.5, k=0.3, k, =05, =15, D=0.5, p, =038
and E=0.2.
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The EOS parameter of MTHDE ®,,, is obtained by the use of Egs. (32), (33)
and (37) as

—20+3 P 2.3
ZD(S—Z)( J mk 4 2m°k’E
mkt+ k, mkt+ k, (mke+ k) | (mke+ &, )
Oy =—1= (38)

-26+4
3 D(k J +E{_mk2 }
mhkt+ ky (mikt+ ky )
From Fig.5, it is observed that ®,; >—1. Thus, our model 1 behaves like a
quintessence dark energy model. The present value of the EOS is calculated as
o, =—-0.834 [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

12

P =L-1(0) (39)
¢2

Py =+ (0), (40)

where ¢ denotes the scalar field and V(¢) is the scalar field potential.
The EOS parameter ©, is defined as

_Po _ 92 -2V(9)

® . .
"oy ¥ r2r() @
Egs. (33) and (40) together implies
-28+4 .
k — mk? b*
D +E|————|=—+V(d).
(mkt +hk ] {(mkﬁ k) } 2 @) (42)
Egs. (38) and (41) together implies
o (1+wy,
L= | M (o).
7 e (6) 43)
Using Eq. (43) in Eq. (42), we obtain the scalar field potential V(d)) as
-0 oV Emk?
V(9)=| —2ur ) p - oML
(@) [ 2 ]{ (mm klj (mket+ kl)z} (44)

The scalar field ¢ is calculated by using Egs. (43) and (44) and then integrating,
we get
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Emk? "

—20+4
k
b= +.[ (1+ @) D[mkal] _(mkal)z dt, (45)

where ¢, is the constant of integration.

Both the scalar field potential ¥(¢) 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 a=exp{k(t—k,)}, m=0. Eq. (27) with a=exp {k(t—k, )}
implies

0.020
0.015
c
= 0.010
0.005
0 100 200 300 400 500

t

Fig.6. The plot of V(¢) versus 7 for m=0.5, k=03, k,=0.5, §=15, p,=08, D=0.5
and E=0.2.

1.6

1.2

0.8

0.4
0 100 200 300 400 500
t

Fig.7. The evolution of ¢ against cosmic time ¢ for m=0.5, k=03, k, =05, §=15,
p, =08, D=0.5, E=0.2 and ¢, =0.05.
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e*l
K= ull exp|:u0 Imd[} (46)
V=IK=da’ =exp{3k(t— kz)}. (47)
Eqgs. (46) and (47) together implies

_ .13 —U e’ _
I=u exp{ 3 I o {3 k)] dt} exp {k(t ky )} (48)

3 2u, e’ _
K =uj exp{ 3 I oxp PR )] dt} exp {k(t—k, )}. (49)

Fig.8 demonstrates that the cosmic scale factors / and K increases as cosmic
time evolves. The Hubble parameter H and the MTHDE density p,, are
calculated as

H=k (50)
Py = Dk~ (51)

From Egs. (50) and (51), we can conclude that both Hubble parameter H and
MTHDE density p,,; are constant.
The energy conservation equation for dark matter is

p.+3Hp, =0. (52)
Using Eq. (50) in Eq. (52), p,, is found as
pn=phe ™, (33)

where p, is a constant of integration.
From Fig.9, we can conclude that p,, —> 0 as cosmic time evolves.

300000

200000 K

100000

0 10 20 30 40 50
t

Fig.8. The plot of I and K versus cosmic time 7 for k=0.3, k,=0.6, u,=0.03 and u = 0.15.
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Fig.9. The graph of p, and Ap versus cosmic time ¢ for py, =0.8, k=0.3 and k,=0.6.

The energy conservation equation for MTHDE is

Pur +3H(PMT + pMT): 0. (54)
Using Egs. (50) and (51) in Eq. (54), we have obtained ®,, as
o, =—1. (55)

Thus, our Model 2 behaves like a cosmological constant model. Recent studies
[5,47-50] indicate that our model 2 approaches to ACDM (o, =—1) served as
an excellent model to describe the cosmological evolution. Hence our model 2
is in good agreement with these observations.

The anisotropy parameter Ap is obtained as

_ 2 Disek(i—k)}
P=5.2°¢ :
9k
Fig.9 indicates that as ¢t —>0, A4, > and as t—>oo, A4, 0. Hence, the
anisotropy of our Universe dies out with the passage of cosmic time.

In all the graphs, ¢ denotes cosmic evolution time, generally measured in giga
years (1 Gyr=10"y) along x axis. Along y axis, all physical quantities like the
matter energy density p,,, MTHDE density p,;, EOS parameter w,,,, etc. are
measured in geometrized units, where the speed of light ¢=1 and the gravitational
constant G=1.

(56)

6. Graphical discussions of model 1.

I and K are increasing functions of ¢ as observed from Fig.1 and 2.

Both H and Ap are decreasing functions of 7 as observed from the above figure.
H tends to a small value whereas 4,0 at the later age of the Universe.

Both p,, and p,; decreases with the passage of 7. p,, approaches to zero
whereas p,, approaches to small value at the later epoch.
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From the above figure, we can conclude that o, >—1 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 p,, and Ap are decreasing functions of 7 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 —1<¢ <0, and the present-
day Universe is undergoing an accelerated expansion. From Fig.4 and 9, we see
that the anisotropy parameter 4,0 as t—>o. 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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MOINDPULTMPOBAHHAA T'OJIOTPAOUYECKAA
TEMHAA SHEPI'MA LAJUVIMCA

Hx.BXAPAJIN, K JOAC

B nanHoI1 paGoTe MBI NpeajaraeM MOAUMULIMPOBAHHYIO ToJorpadguuecKyto
teMHyto sHepruto (MTHDE) Ilannuca B oOuieid Teopuun otHocuteabHoct (OTO)
B paMKax IpocTpaHCcTBa-BpeMeHM Tuiia besaku I11. YpaBHenns monst DifHIITEIiHA
pelIaloTCsl ¢ UCMHOJb30BaHUEM CIIeLMaIbHOIO 3aKOHA Bapualliu MmapaMeTrpa Xab0ia
H, ipenioxeHHOro bepMaHOM, KOTOPBII MPUBOAUT K MOCTOSIHHOMY IapaMeTpy
damemieHus (DP). MHTepecHo, 4To Mt ABYX pa3HBIX MOCTOSIHHBIX 3HAUCHUI
MmapaMeTpa 3aMeJIeHUSI Mbl MIOJy4aeM JIBe pazInyHble KOCMOJIOTMYECKUE MOICIN.
Mognens 1 Bemet cebs KaK MOAESIb KBUHTICCEHIIMM TEMHOM 3HEPryMM, TOTAa Kak
Mozesb 2 BeleT cebdsl KaK MOJEIb KOCMOJIOTMYECKOl MOCTOSIHHOM. Y CTaHARIMBAETCs
COOTBETCTBUE MEXIY MOAENbI0 1 U KBUHTACCEHIUAIbHBIM CKAJISIPHBIM TOJIEM.
ITpoBomuTCcs PEKOHCTPYKLIMS KMHEMATUKI KBUHTICCEHIIMM TTOTEHIINAIA U CKATISIPHOTO
MoJjisi, WJUIIOCTpUpYyollas yckopsiiolnyiocs da3zy BceneHHoit. TiiateabHO
00Cy>XIal0TCs pa3IMUYHbIe MapaMeTphbl, TAKWE KaK MapaMeTp 3aMeIJICHUS, TTapaMeTp
Xabbsa, mapamMeTp aHU30TPOIMKU, MapaMeTp ypaBHeHUs1 coctossHusl (EOS) u np.
JJ11 00erx KocMoyiornueckux moneneil. IloayyeHHble pe3yabTaThl 0Ka3bIBalOTCSI
COIJIaCOBaHHBIMM C TMOCAEAHUMU HAOIIOACHUSIMU COBpeMeHHol BceneHHOI.

Kmouesnie cioBa: MTHDE: OTO: napamemp Xabbaa: napamemp 3ameonenus 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 ACDM model at late times.

Keywords: Bianchi type-1 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 A, 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 w=-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 f (T) gravity, f (R, T) gravity, f (R, G) gravity, f (T,‘T ) gravity and
SR,T,R,,,T "y 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 f (G) 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 f (G)
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 f (G) 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 f(G) 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
f (G) theory. Shaikh et al. [27] studied LRS Bianchi type-I models with
holographic dark energy (HDE) within f (G) 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 f (G) gravity within Bianchi
type-1 space-time with the ACDM 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 A 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 p, = 3al2m]2,L‘2 where m, is the reduced Planck mass, 3d* 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 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 (g>0) to current accelerated epoch (g< 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. [S0]. 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 VIO
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 f (Q)
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
f (G) 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 f (G) 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 f(G) gravity's modified
Einstein-Hilbert action is configured [60] as follows

o el b5

In this case, g denotes the determinant of metric tensor g"¥, k is the coupling
constant, f (G) is a general differentiable function of GB invariant, R is the Ricci
scalar, S, stands for a matter action which is a function of a space-time metric
S and matter fields y. The equation of invariant GB quantity is given as

G=R*—4R, R"+4R R . )

uvof

By varying the action (1) w.r.t. S shows the resulting equation

Guv +8 [R ppve +R pvEonu —R po&vu —R w&op +R no8vop

1 o
+5R(gpvgcp_gpcgvp):|vpv fG+(GfG_f)ng = K2 Tpv > (3)

where V,, denotes covariant differentiation, the Einstein tensor, G, = R,,— Rg,, / 2,
T,, is the usual energy momentum tensor of matter fluid and £ 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

ds? = di*— 42(¢)dx>— B2(¢)(av?+ dz?). 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

R=-2 £+2£+2££+B— , 5)
A B AB B’
QB BB
G:8|:ABZ+2AB2:|' (6)

The matter and holographic dark energy have the energy momentum tensors in
the form
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T, =Py uy, . (7)

and

Tuv:(pA+pA)HuV+guuuva' (8)
where p,, and p, 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

BB B, B
2 16 48 fo= Gt [ =¥ by ©)
A B AB _(AB AB). _AB . 2
_____ Pt 8_+— +8— —G + =K 5
A B 4B (AB AB]fG ap o Aot /=K (1

i B 4B :
2—+—-24— f+Gfs— f=x"(p, + , 11

1B B 1B Je+Gfo—f (P pA) (11)

As we know, a dot (.) denote the derivation of the time 7. The average scale factor

a(?) and the spatial volume V are defined by

V=a’=A4B*. (12)
The general form of average Hubble parameter H is defined as
H=£=1(H1+2H2)- (13)
a 3
Here H, :A/A and H,=H, :B/B are directional Hubble parameter along x,
y and z axes respectively.
The continuity equation can be obtained as

pm+pA+3H(pm+pA+pA)=0. 14)
The continuity equations of the matter and HDE are respectively obtained as
p,+3Hp, =0 (15)

and
pa+3H(py +py)=0. (16)

Applying the relation p, =w®,p, , the barotropic equation of state, the EoS HDE
parameter can be found from (16) as
- Pa

3Hp,
In this work, we assume that the function f (G) obeys the power law models
introduced by Cognola et al. [19]

/(G)=nG"", (18)

Wy =—

(7)
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where m 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 f (G) model. For the Bianchi type-1 Universe (4),
deceleration parameter g, the scalar expansion 0, the shear scalar o’ and the
average anisotropy parameter A have the form

__a_d_i[Lj_l
e T a\ ) (19)

A B

0=3H=—+2—,
<23 (20)

ot=1 23:1112—31112
2057 ’ 2D
A —li(—H”HT 2
m 3i:1 H : ( )

Here, we take into account the expansion scalar 0 is directly proportional to the
shear scalar o, which results for following relationship between the metric
potentials:

A=B". (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 o/H <0.3, in the neighbourhood of our present
day galaxy. According to Collins et al. [63], the normal congruence follows the
above condition (o/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 g. The g 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 ¢<0; when ¢>0, the Universe experiences
decelerating expansion; when ¢=0, constant expansion of Universe is shown
whereas ¢< -1 stands for super-exponential expansion. As a result of the foregoing,
we decided to use deceleration parameter g as a function of the Hubble parameter
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Fig.1. Hubble parameter H versus redshift z for k£, =0.5, p=14 and a=0.3, 0.8, 1.4, 1.9.

H as proposed by Tiwari [64]

p
=0 —— ,
q % (24)
where o 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

a=k (eﬁt— 1)1/(1+0t) , (25)

where k, is the integration constant. From equation (25), in order to have an
expanding Universe, we can deduce that a>-1, B>0. Also the scale factors
vanishes at =0, hence our model has a point type singularity at the early
Universe. From this above equation, we can immediately derive the spatial volume

/(1+o

as Vv =k13 P , which has value zero in the beginning and increases with
increase of ¢, which shows that our model is expanding with time. And
pe™
T s 26
(1+a)(e?-1) (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 B/ (1 + oc). Using equations
(23) and (25) in equation (12), the metric potentials A and B are found as

A= kISm/(nHZ)(eBt— 1)3m/(1+u)(n1+2) (27)

>

B =i gl (28)

With the use of above metric potentials, the metric (4) can now be expressed as

4 = i |:k1 (eﬁt ~ l)u/(lm)]ém/(mu) e [/ﬁ (eﬁt _ l)l/(lm)T/("Hz)(dyz +ds? ) (29)
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Fig.2. Deceleration parameter g versus redshift z for k, =0.5, and a=0.3, 0.8, 1.4, 1.9.

Equation (29) represents the spatially homogeneous and anisotropic Bianchi type-
I RHDE model in the context of f(G) gravity with the following properties
together with the physical parameters described below. Using equation (26) in
equation (24), we have

_ 1 I+a
g=-1+ o (30)
From this equation we can deduce that at the beginning, ¢ =0, 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 a(t)=1/(1+z), where

z is the redshift, yield us the relationship as below

1 1
tz)==log| 1+ ——— |.
(z) 5 og{ {k1(1+z)}““} (31)
Additionally, redshift z can be used to express the Hubble parameter H as
_ B 1+a
HE) =L 20 (32)

Fig.1 depicts the behavior of the Hubble parameter as a function of redshift at
various o values (i.e. a>0.3). According to this graph, the Hubble parameter
has a positive relationship with redshift. At the present, when (z=0), the Hubble
parameter is strictly positive, and for the early Universe, when (z >0), it increases
as z increases. Also for a=1.4, the current value of H has been noted as
70.71 Kms™ Mpc™ which is in agreement with the observational value [65].
Similarly, we get the deceleration parameter ¢ in terms of redshift z as

q(z) =-1+ 1+ a){kl (1+ Z)}““

1+ P (14 2 (33)
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The ¢(z) 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, a>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 a=1.4 is z, =0.73.
Also the value of ¢ 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 0, shear scalar o and the average
anisotropy parameter 4 are therefore obtained as

3B

e:—a
(1+a)(e?—1) 34
o 3B2 2Bt (m 1)2
1+a (ﬁt 1)2 m+2 (35)
2Am—1
m :ﬁ (36)

From equations (34) and (35), we can deduce that the scalar expansion and the
shear scalar diverge at ¢ — 0, then tends to respective constant values 6 =3B/(1+ o)
and o> =3p*(m—1)’/(1+a)(m+2) when ¢—>co. From equation (36) it is
observed that the anisotropic parameter remains constant during cosmic evolution
which suggests that our model is uniformly anisotropic for m #1. We also observe

1.6 -0.40

-0.45

~
-0.50
10

Fig.3. Evolution of f(G) versus n and ¢ for a=f=n=14.
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from the equations (35) and (36) that when m =1, shear scalar o> =0 and
anisotropic parameter 4 =0, the model becomes shear free and isotropic.
Also the GB invariant G and Ricci scalar R behave as

648mB* e b
G= —(I+a),
(m+2) 1+ o) P 1) er=ti+a) (37)

e B [lra 3mie2me3)
(I-I-OL)Z(@B[—I)Z F (m+2)? (38)
Equations (18) and (37) are used to derive the function f (G) given by
n+l
648mpB* ™ b
f(G)=n H-(l+a)| 39
[(m+ 2)3(1+a)4(eﬁf-1)“{ | >

Fig.3 depicts the f(G) as a function of time n<0. It demonstrates that the
function f (G) has a transitory behaviour and is positive throughout cosmic time.
f (G) is very large at the beginning of evolution, approaches zero, then increases
and ultimately takes a constant value as lim /(G)— n[648m[34 / (m+2) (1+ oc)4]n+l
when ¢ —>o©.

4. Renyi holographic dark energy models. We have consider a system

with n discrete states having probability distribution P, which satisfies the condition
Z;Pi =1. Renyi entropy is a recognized generalized entropy parameter defined

as [66]

1, & 1 &
s==Y RS s =<3 (PR 40)

i=1
where §=1-U and U is a real parameter and 7 =1/2nL and L is the IR cutoff.
By using equation (40), we obtain the relation

S=%ln(l+8ST). (41)

In equation (41), the Bekenstein entropy is given in the form S, = 4/4, where
A=4nI*. This gives the Renyi entropy of the system as

S=%ln(1+n8L2). (42)
Using the following assumption p, dV o« TdS , we can get RHDE as
3d? 5\
= 1+7dL° | . 43
pr =gz +moL) @)

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. L=H ' and 8n=1 is found to be
_3d°H*

H>+n1d
Using equation (26) in equation (44), we obtain energy density of RHDE in this
model as

(44)

Pa

3d2(pe )

{B(l + (x)eﬁt(em— 1)}2 + n6{(1 + (x)(eB[— 1)}4
From this expression for p,, we can deduce that it is a positive decreasing
3d?
B2(1+a) +md(l+a)
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

p,, =ck’ (eB — 1)_3/(1+a) : (46)

The coincidence parameter » is defined as the ratio between the HDE density
p, and the matter energy density p, , therefore from equations (45) and (46)
the coincidence parameter is found to be

N (Beﬁt)“(e[}z_l)S/(lm) |
P e B+ a)er P -1)f +msi+ @) - 1)f

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 o ,

Pr= (45)

function of time and when ¢ — oo, it tends to a constant value

(47)

Pa

0 1 2 3 4 5
t (Gyr)

Fig.4. Holographic dark energy density p, versus time 7 (Hubble horizon cutoff) for a =3 =14,
d=7 and 6=52.



426 M.K.ALAM ET AL.

B and & remains negligible in its behavior. From equation (46), we can observed
that the evolution of the matter energy density p, begins with a positive value,
but disappears later, which denotes the expansion of the Universe. It is also noted
that the coincidence parameter 7 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
ACDM). Equation of state parameter for RHDE in Hubble cutoff is

S+ oc)[Bz 4 2751+ o (e - 1)2}

o, =—1+—=

3 Bt|:l32 2Bt+n8(1+a)2(eﬁt_1)2j| ' (48)

From this expression, we can deduce that the value of ®, converges to -1 at
late times, indicating the ACDM model, which coincides with observational data.
The RHDE pressure is obtained as

PA = 3d2<Beﬁt)4
{B(l +a)el (eﬁ’— 1)}2 + nB{(l + oc)(eB' - 1)}4
+a) ple +2m8(1+ o)
) _1+g(l )[B 2151+ o) (e 1)2} @)

3 eﬁt[Bz ey 7t6(1+(x)2(eﬁt—1)2}

4.2. Model-2: RHDE model with Granda-Oliveros horizon cutoff.

For this model, 1gve consider RHDE model with GO horizon cut off i.e.
L:(ylH 1y, H)_/ and 8n=1. Substituting this value of L in (43), we have
3d2(y, H2+y, B
Pa = 5 N

Tc8+(y1H +y2H)
Using equation (26) in equation (50), we found energy density of RHDE as

(30)

3d* B e {yl P y2(1 + oc)}z

TES{(l + a)(eﬁt— l)}4 +eP {[3(1 + a)(eﬁ' - l)}2 {Y1 Py, (l + oc)}. (1)

From this expression, we can derive that the value of p, 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

Pa =

F:p_A: 3d2k13 4 ,2Pt {YI eBI_Y2(1+(X)}2(€BI—1 /(1+0)
Pm G nS{(l+oc)(eﬁt_1)}4 +eP! {[3(1+a)<eﬁt_1)}2 {vl eﬁt_yz(l+a)}' (52)
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Fig.5. Holographic dark energy density p, versus time ¢ (GO cutoff) for a =f=14, d=7,
=52, vy, =1.065 and y, =04.

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 p, starts at a positive value,
but disappears at late times. As in the RHDE Hubble cutoff, it is observed that
the coincidence parameter 7 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 ACDM).
Equation of state parameter for RHDE in Granda-Oliveros cutoff is

B (2}/1 HH+v, H)(Znéi+y1 H?+vy, H)
3H(y1H2+yzH)(n6+ylH2+y2H)
s (1+ oc){2y1 Py, (1+ oc)(eﬁ’+ 1)}

3eP! {yleB’—y2(1+a)}
[27:6(1 +a) (eB’ - 1)2 +p2 e {yl Py, (1+ a)}}

’ [n8{(l+a)(eﬁt—1)}2 +p? eﬁt{Y&Bt_Yz(lJra)ﬂ |

From this expression also, we can deduce that the value of ®, converge to -
1 at late times, indicating the ACDM model, which coincides with the obser-
vational data. The RHDE pressure is obtained as

o, =-1

(33)
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(1+ a){Zyl Py, (1+ a)(e5’+ 1)}
3¢l {Yl -y, (1+ 0‘)}

[27:8(1 + oc)2 (eB’— 1)2 +p2 el {yl Py, (1 + oc)}} (54)
X
[n8{(1 + oc)(eﬁt— 1)}2 +p% e {yl Py, (1+ a)}}
5. Cosmological parameters. This section investigates how the Universe
expands using the cosmological parameters including equation of state (EoS),

squared sound speed vf, density parameter €, state finder parameter (r, s) and
the energy conditions for both the derived anisotropic RHDE models.

DA =Pa|—1+

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 o= p/p where p is
pressure and p 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 w=0, radiation era 0<w<1/3 and stiff fluid o =1) and
accelerated phase (cosmological constant or vacuum era o =-1, quintessence -
—~l<wo<-1/3 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 (—-1<w, <0), which is in good agreement with astronomical data. As a
result our research model is realistic. Fig.6 shows that the equation of state

-0.2
0.4 |
5 06
-0.8

w1

-1 0 1 2 3 4 5

Fig.6. Equation of state parameter  versus redshift z (Hubble horizon cutoff) for k, = 0.5,
a=pB=14, d=7 and 8=52.
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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
ACDM , whereas in the early Universe, —1<®, <0 suggests the quintessential
model. Our model produces a ®, =-0.90 at the current epoch, which is near
to the ACDM model i.e. o, =—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 o, is differed as compared
to with the results obtained in the RHDE with Hubble cutoff. In this case, o,
deviates from its initial positive value to function as a pure cosmological constant
in the last phases of cosmic time. This model produces a , =—0.72 value at the
current epoch, which is relatively close to the value produced by the ACDM model
(o, =-1), which is compatible with the observational bounds [65].

0.5+
. 00
3
-0.5
1.0 -/ ....................
-1 0 1 2 3 4

Fig.7. Equation of state parameter o versus redshift z (GO cutoff) for k&, =0.5, a=p=14,
d=7, 8=52, y,=1.065 and vy, =04.

5.2. Squared sound speed. The squared sound speed parameter is given by

i=Lrog, 1 Prg, (55)
Pa P

This parameter can be used to discuss how the stability of DE models is
affected by its sign. If vf 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 vf. equation (55), we analyze vf. 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 v> >0 for
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1.8
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1.0 [, , . , ,
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t (Gyr)

Fig.8. Square speed sound parameter vf versus time ¢ (Hubble horizon cutoff) for a = =1.4,
d=7 and 6=52.
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Fig.9. Square speed sound parameter vf versus time ¢ (GO cutoff) for k, =0.5, ¢, =1,
a=B=14,d=7, 6=52, vy, =1.065 and y, =04.

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 /> 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
Q=0Q,+Q,, (56)
where Q, =p,, / 3H? is the matter density parameter and Q, =p, / 3H? is the

holographic dark energy density parameter. The total energy density parameters
Q>1, Q=1, and Q<1 correspondingly represent the open, flat, and closed
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Universes. Now the total energy density parameter for RHDE with Hubble cutoff
is found to be

ek (1+ o) (eBz _ 1)(—'+20t)/(1+0t) . 477 e
3p ™ B e 1+ 131+ o) (eB’— 1)2
And the total energy density parameter for RHDE with Granda-Oliveros cutoff
is found as

k> (1+a) (eB’ — 1)(_1+2a)/(1+u) N d*p’ {yl Py, (1+ oc)}2
3[32 e TcES(l + OL)2 (eﬁt - 1)Z + Bz P {yl P Y, (1 + a)}z

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

Q= (57)

Q=

"(38)

22 ¢

1.8 1

1.4 ¢

10}, , ) , , ,
0 2 4 6 8 10
t (Gyr)

Fig.10. Total energy density parameter Q versus time 7 (Hubble horizon cutoff) for k, = 0.5,
c=1, a=pf=14, d=7 and 5=52.
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Fig.11. Total energy density parameter Q versus time ¢ (GO cutoff) for k, =0.5, c=1,
a=B=14,d=7, 6=52, vy, =1.065 and y, =04.
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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:

_a -1

a2y (39)
For (r, s) = (1, 0) and (r, s) = (1, 1), respectively, these statefinders establish
a connection with the ACDM 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 <1, the model belongs to the phantom and quintessence
phases. These statefinders are same for both the models and are obtained as

+a) (1+a)

_ B
=1- P + 2B (e l+1)’ (60)

201+ )= 3¢+ (1 + ) eP +1)]
3681+ a)- 3|
Fig.12 shows the graph of (r, s) parameter in r-s plane. The parameter s

: (61)

17
F \ i

15
t \ i

13
3 \ i

1.1
i

0.9

-06 -0.4 -0.2 0.0 0.2

Fig.12. Plot of r-s plane for a=p=14, d=17.
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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 ACDM.

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

() pr+pr20,

(i) py+3p, 20,

(i) p, — pp 20.

Now the energy conditions for RHDE with Hubble cutoff are

NEC:

3a2(pe)
B+ a)e? (P 1) + 5 {(1+a)e?—1)f
Xg(l+a)[ﬁzem'+2n6(l+a)z(eﬁt—l)z} o )

3 f”[ﬁz 23’+n6(1+a)2(e‘3'—1)2}
SEC:
3a2(pet )
{B1+a)e® (1) +n5{(1+a)(eh - 1)
2(1+oc)[[32 4 2751+ o) (e - 1)2}
ﬁf[ﬁz 4 (1 + (e - 1)}

(63)

\4
(=]

X

DEC:
3d°Be" |
I e
(1+ 0()[[32 B 2n8(1+ o) (eﬁt— 1)2} o (64)
o]

Also the energy conditions for RHDE with Granda-Oliveros cutoff are found
to be

x|2—
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NEC:
3d2p* ey -y, (1+ )]

o {(1 + oc)(em— 1)}4 +eP! {[3 (1 + (x)(eB’— 1)}2 {yl P — yz(l + (x)}

o (1 + a) {2y] eP - y2(1 + a)(eﬁt+ 1)}

3¢l {yl Py, 1+ oc)}
2m3(1+ af (P = 1f +p2 e fy, ¥ = y,(1+ o)} 50
[nS{(l+oc)(eB’—1)} +p%e {yle ‘—y2(1+(1)}}

(65)

X

SEC:

3d2p* ™ fy, o —y, (14 o)f
{1+ o) 1)} + e B+ o) — 1) fry P =y, (1+ @)
X[(na){zyleﬁ’—y2(1+a)(eﬁf+1)}
Py, ¥ =y, (1+ o))
[2755(1 PleP =1 +p2 ey, B’—yz(lm)ﬂ (66)

-2120.
[nS{(l+a)(eB’—l)} +p’ ﬁt{ Bt—Yz(l‘HX)ﬂ

X

DEC:

3d2 B e {y, P -y, (14 o)

d {(l + (x)(eB’ - 1)} +eP! {B(l + a)(eﬁt_ 1)}2 {Yl hi y2(1 . (x)}
% [2 _ (1+ 0‘){23’1 P =y, (1+ oc)(eﬁt+ 1)}

3eﬁt{y1 eﬁt—yz(l + oc)}

(67)

[ZnS(l + oc)(eﬁt— 1)2 +p% el {Y1 P =y, (1+ 0‘)}}
[ES {(1 +a) (eﬁt— 1)} +B° Bt{ Py, (1+ 0‘)}}

Fig.13 shows the graph of energy conditions for RHDE with Hubble cutoff
for our model. From the graph, it is observed that p, + p, 20 and p, —p, >0
but p, +3p, >0 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 p, +p, 20 and
pr—Pr>0 but p, +3p, <0. This shows that NEC and DEC are satisfied
whereas SEC is violated. So in both the model NEC and DEC are satisfied

20.
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Fig.13. Energy conditions versus time # (Hubble horizon cutoff) for a = =14, d=7 and d=5.2.
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Fig.14. Energy conditions versus time # (GO horizon cutoff) for a=p=14, d=7, §=52,
y,=1.065 and y, =04.

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, , which
could be related to the causality given by the cosmological horizon:

IR
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3¢?

Phot = Kz_L?;e’ (68)

where ¢ is a numerical constant which acts as a free parameter and k> =8nG
is the gravitational constant. The IR cutoff is supposed to be the particle horizon
L, or the future event horizon L,, which are determined respectively as [54,55,68]

tdt Tdt
Lp=a|—, Lp=al|—. (69)
0 : 4

Differentiating both sides of the above expressions leads to the Hubble parameter

in terms of L,, Lp or in terms of L,, Lp as

.\ L, 1 .\ Ly 1
H\L,, L,)="—— H(L. L.)]==E+—.
( P P) L, I, ( F F) L, L, (70)
The general form of the cutoff was proposed in the work [68]
Lig=Lig(Lp Lp Lo Ly L ). (71)

Actually, the other dependency of L, particularly on the Hubble parameter, the
Ricci scalar and their derivatives, can be transformed to either L, and their
derivatives or L, and their derivatives via Eq. (71). The above cutoff could be
chosen to be equivalent to a general covariant gravity model:

S=[d* J=g F(R RR*, R, cR**",OR O RV, RV R,...). (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, (in terms of L, and its derivatives or in terms of L, and its 19 derivatives)
corresponds to the HDE as

2
. 2 .. -y .
362 L, L, L, 12 I

22 . 2 . . . 2
K Ly L, 1 L, X I,
L, L, L, I L%

2
. 2 . 2y .
3 yl[LulJ +Y{LF_L2F_L5]
LF LF LF LF LF
L. 1 !

(73)




RENYI HOLOGRAPHIC DARK ENERGY IN f(G) GRAVITY 437

The equation of state parameter can be derived from the conservation equation
corresponds to the HDE density p,,,
(’R) -y, 2 dly
3HL, dt
where L, is given by Eq. (73). Hence, we conclude that u)gf;; is equivalent to
o, as derived in Eq. (53).

o1 =

: (74)

7. Conclusion. In this work, we investigate RHDE with a homogeneous and
anisotropic Universe of Bianchi type-I, in the context of f (G) 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 z,. =0.73 , which is in accordance
with the observational data. Scalar expansion and shear scalar both have infinitely
large value at t > 0 and become finite at ¢ — oo . 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 m #1 whereas the model
is isotropic for m =1. 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 a>0.3.
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 8 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 ACDM , 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 w, =—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 (7, s) plane provides a correspondence with the
Chaplygin gas model and, at late times, with the ACDM . 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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I'OJIOTPAOUYECKAA TEMHAA SHEPI'MA PEHbU U EE
ITOBEAEHHUE B f(G) TPABUTALIUA

M.X.AJIAM, C.C.CUHIX, J.LAJJEBU

B nanHoi1 paGote ucciaeayercss rosorpaduyeckass TeMHasi 3Heprusi PeHbu
(RHDE) u ee moBeaeHne B aHM3OTPOITHONW M MPOCTPAHCTBEHHO OJHOPOAHOM
Bcenennoit Tuna begHku-1 B pamkax rpaBuraumn (G) Mpbl ucnosb3yeMm uHdpa-
KpacHoe oOpe3aHUWe KaK TOopM30HT Xa0b6jga u I'panma-Onupepoca (GO). [as
HaXOXIIEHUSI COIJIACOBAHHBIX PELICHUI YpaBHEHUI MOJIsT MOJEeH Tpearnoaraercs,
YTO MapaMeTp 3aMeIeHUs OlpeaeieH B TepMUHaX (DyHKIIMM napaMeTrpa Xao0sa
H. C yyeToM COBpeMEHHBIX KOCMOJOTMYECKUX JaHHbBIX OLIECHUBAETCS MOBEACHUE
KOCMOJIOTMYECKUX I1apaMeTpOB, CBSI3aHHBIX C MOJMAEJbI0 TEMHOW 3SHEPruu, u
uccienyeTcs: ux usndeckass 3HaYMMocTb. OTMeuaeTcs, YTo IJs1 00erux Mojaesiei
MmapamMeTp ypaBHEHUSI COCTOSIHUS MPpUOIIKaeTcs K -1 B mo3aHIow0 3moxy. OgHako
moaenab RHDE ¢ ropuzonToM Xa667a nposiBisieT CTabMIbHOCTh MO OTHOLLICHUIO
K KBaJpaTy CKOpOCTM 3Byka, Torga kak moaenb RHDE c ropuzontrom GO
HecTabuiabHa. B obeux Mopensix mapaMeTp 3aMelJIeHUs] U AUarHOCTUYECKUI
MoKa3aTeJib COCTOSIHUSI TIOATBEPKAAIOT YCKOPEHHOe pacluupeHue BceneHHoM u
TaKXK€ COOTBETCTBYIOT MoJesn ACDM B MO3QHIOK 3II0XY.

KiroueBnle cnosa: mempuxa boanxu-1: epasumayua  f (G) : eonoepaguueckas
memuas auepeus Penvu: kocmonoeus
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B Hactosiiieit pabote B paMKax OOILEi TeOpUM OTHOCUTENILHOCTH WCCJEMyeTCsl IBUXKEHUE
CBETOBOTO CHTHaja M TMPOOHOIM YacTHIBI B MOJie OECKOHEYHOro IUIOCKOro ciiosi. PaccMoTtpeHbl oGa
clyyasi BHELHErO pellleHUs] U TPaBUTALIMOHHOIO TMOJIsl B BaKyyMe, COOTBETCTBYIOLLIME METPUKAM
Punmnepa u Tay6a. OrnpeaensiioTest BpeMst IBUKEHHUST M TyTh, POMAECHHBIN YaCTHLICH 10 ee OCTAHOBKM.
IMokazaHo, uto B reomerpun Tayba, B OTIMYME OT CBETOBOTO CUTHAja, MaTepvalbHasi yacTHMIIA He
JIOCTUTAET CUHTYJIIpHOCTU. Onpeie/ieHO MUHUMATbHOE PACCTOSIHUE OT CUHTYJISIPHOCTH B 3aBUCUMOCTHU
OT HEepPruM 4YacTuiibl. i1 cpaBHEHMsI TIPUBOMSTCSA pe3y/IbTaThl B paMKax CIEeLUaJbHON TeOpUH
OTHOCUTEJILHOCTH.

KittoueBble ciioBa: NAOCKO-CUMMENIPUHHOE cpasUmAauuoOHHoe nojie: Mempuka Tay6a.'

mempuka Punonepa

1. Bgedenue. T1IOCKO-CUMMETPUYHBIE PELIEHMs] YpaBHEHUI DWHINTEHHA
WUTPaIOT BaXKHYIO POJIb B Pa3IMYHbIX 3aa4yax rpaBUTAIIMOHHON (pu3uku. B KayecTse
MnprMepa OTMETUM JOMEHHbIE CTEHKH, pa3aesisiolue pa3inuHble (a3l pusnyeckoi
cucteMbl. OHU SIBISTIOTCS TOTIOJIOTMYECKUMU Je(heKTaMu, KOTOpbIE MOTYT 00pa30BaThCs
B pe3yibraTe a3oBbIX NMEPEXON0B B pAHHUMX CTAIMsIX pacluupeHus: BeeneHHoOM (CM.,
Hanpumep, [1,2] U OpuBeAeHHBbIE TaM CCbUIKM). JIpyrMM TIpMMEpPOM SIBISIOTCS
OpaHbl B pa3IMYHBIX (DOHOBBIX TeOMETpHUsX. B Teopuu CTpyH Takue OOBEKThHI
SIBISTIOTCS (DyHAAMEHTAIbHBIMM COCTaBJISTIIOLIMMU Hapsiay co CTpyHamu. B HacTosiee
BpeMsl LLIMPOKO OOCYXKIal0TCsl Takxke (DeHOMEHOJOTUUECKUE MOJEIN ¢ OpaHaMU B
pa3IMYHbIX (POHOBBIX reoOMeTpUsIX. B yaCTHOCTU, BeAyTCsl aKTUBHbBIE UCCIEIOBAHUS
B paMKax 6paH-Mozeneit Turna Pannamia-CyHnpyMma ¢ JOMOJMHUTEIbHBIMU TPOCTPAHCT-
BEHHBIMM M3MEPEHUSIMU B MIPOCTPAHCTBE-BpeMeHU aHTU-Ae Cutrepa [3].

Hapsny c peumennem IBapuinminbiaa, MIOCKO-CUMMETPUYHBIE BaKyyMHBbIE
pelIeHusl ypaBHEHU IpaBUTALIMOHHOIO MOJIsI B OOIIE TEOPUU OTHOCUTEIbHOCTH
SIBJISIOTCS OJHMMM M3 TEPBbIX TOUHBIX pelleHUi. BriepBble Takue pelieHusI
paccMaTpUBaJICh B padote [4]. B maibHeiieM aHaTOrMYHbBIe pellieHUs B Pa3IMYHbIX
KOOPAMHATHBIX CUCTEMaxX HCCAEAOBAIUChL BO MHOTMX paboTax (CM., Hampumep,
[5-7] n npuBeneHHble B [5] cchuikM). BaxkHOU cocTaBistolei pacCMOTPEHHBIX
3a1ay SBJISIIOTCST PelIeHUs] IPaBUTALIMOHHOTO T0Js1 BHYTPH TUIOCKONAapaliebHON
TJIACTUHBI, KOTOpPbIE CIIMBAIOTCS C BHEIIHUM pellieHueM. B muteparype paccmart-
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PUBAJIUCH Pa3IMYHbIC BHYTPEHHUE PEllIeHUSI, KOTOPhIE BKIIOYAIOT HECTATUYECKIE
pellieH!s], pellieHUsT ¢ KOCMOJIOTMUECKOM TOCTOSTHHOM, a TaKxKe PelLeHUsT ¢ HEHYJIEBbIM
3JIEKTPOMarHUTHBIM TojieM (CM. paboThl [5,8-23] 1 NMpUBEAEHHBIE TaM CCHUIKH).
OHU UMEIOT MHTEPECHbIE OCOOEHHOCTH, KOTOPbIE, HECMOTPSI HA MHOTOUYUCJICHHBIE
paboThI, OOCYXKIAIOTCSI OO CUX TIOp.

MHorue 0coOeHHOCTH MOJISI TPABUTUPYIOIINX MACC MPOSIBISIOTCS B IBMKCHUN
CBOOOJHOM YacTULIbl B COOTBETCTBYIOLIEH reoMeTpuu. B Hacrosieil pabote
PacCMOTPEHO ABWXKEHHUE B IJIOCKOCUMMETPUYHOM TPAaBUTALIMOHHOM I10JI¢ TUIACTUHBI.
CraThsl TIOCTpOe€Ha cieayloluM obpa3zoM. B criemyloiieM pasaene TpuBeleHa
MOCTaHOBKA 3aJa4Yu U PacCMOTPEHO IBUKEHUE YaCTUIIbI B paMKax CrelMaIbHOI
teopun otHocutesbHocTH (CTO). B pasgene 3 paccmaTpuBaeTcsl ABUXKEHUE B
OIHOPOJHOM CTAaTMYECKOM TPaBUTALIMOHHOM IIOJIe, OIMMCLIBAEMOM METPUKOI
Punnnepa. MccienoBaHuio ABUXXKEHUS B rpaBUTALIMOHHOM TTojie Tayba rmocBsiieH
pasgen 4. B pasnene 5 MOAbITOXEHBI OCHOBHBIE Pe3YyJbTaThl paOOTHI.

2. Pewenue 6 pamxax CTO. TeomeTpusi paccMaTpuBaeMoOil 3amadu
n3zobpaxeHa Ha puc.l. KoopaumHatHas MmjiockocTh z=0 COBMEIllEHa C INpaBoi
OOKOBOI TOBEPXHOCTHIO Ciios. [ToBepXHOCTHAs TIJIOTHOCTh MAacChl paBHA G, a
pacrpejesieHMe BelllecTBa B CJI0€ He 3aBUCUT OT KoopauHaT x W y. BHauvaie
paccMOTpuM 3ajady JBUXeHMs dacTulibl B pamkax CTO B HemoaBUKHOM
OTHOCUTEILHO CJIOSI MHEPLMANIbHON cucTeMe oTcuera. M3 Toukum O B MOMEHT
t=0 B HampaBJIEHUM OCH z BBUIETAeT YacTHLA CO CKOPOCThIO v,. Heobxomumo
OIPENIENINTh BpeMs f, 10 TOJHOH OCTAHOBKM M TIPOWIEHHOE 3a 3TO BpeMs
paccrosiHue z,, . J1j1s1 KOppeKTHOro CpaBHEHHUsI BO BCEX 3afayax Mpearosaratorcs
OIMHAKOBbIE 3HAYEHUS MOBEPXHOCTHOM IJIOTHOCTM G W HayaJbHOU CKOPOCTH
vo=cB, (¢ - CKOpPOCTb CBE€Ta B BaKyyMe).

of
\I(

Puc.1. I'eomerpust 3agaum.
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Ecnu B KadecTBe HYJEBOTO YPOBHS MPUHATH ILIOCKOCTh z=0, TO IS
MOTEeHLIMaa MoJyisi OyIeM UMETh:
¢0=2nkcz=wz, w=2nkao, (D
IJe k - rpaBUTAlIMOHHAs TTOCTOSIHHAS, BeJIMUMHA W WMEET pa3MEepPHOCTb YCKOPEHMSI.
O ero cMbicie OyneT ckazaHo Mo3aHee. B HepelsITUBUCTCKOW MeXaHMKe yacTulia
COBEpIlIaeT paBHO3aMEIJIEHHOE BMXKEHUE U W €CTh MOAYJIb YCKOPEeHUsI. 3a BpeMst
f;, =V,/W YacTHLIa TPOXOOWUT TyTh z, = vé /2w. B pensgTuBucTcKOM ciyvae
JIBUXXEHUE B MHEPLMAIBbHOW CUCTEME He SBJsSEeTCS paBHO3aMenjeHHbIM. Cuna,
JIEWCTBYIONIAsI HA YacCTUILy, HalpaBjieHa MPOTHUBOIIOI0XHO CKOPOCTH U MO MOIYJIIO
paBHa mw, TAe m - Macca MOKOS YaCTUIIbI.
PenstuBUCTCKUIA 3aKOH ABUXKEHUSI B MHBApMAHTHOI (hOpMeE TaKOB:
ar’ .
d_:Fla 120535 (2)
A)
rae ds=cdt/y, y= 1/«}1 —B*, B=v/c, a P =mcu’ wmmynbc yacTuubl. B
O0OBIYHBIX 0003HAYEHUSIX YpaBHEHHUE C i=3 B Oe3pa3MepHbIX BeJIMYMHAX MMEET
BUIL:
d P _ d ( )_ w _ 1 T = 1 (3)
dt mc dt T’ 2nko
3nech nocTosgHHas T uMeeT pa3MepHOCTb BpeMeHU. C yueToM HauyalbHbIX YCJIOBUM
— 2
(r=0, B=B,) pewenue ypasHeHus (3) oynet By =B,y, —t/T, I y, = 1/,/1—[30 .
N3 ycnosusa B=0 Haiinem BpeMs ABUXEHMS OO OCTaHOBKU: ¢, =T By, >, .
3aBUCUMOCTh Ge3pa3MepHOl CKOPOCTU ﬁ(t) onpenessiercss opmynaoi

_ldz  Bove YT

cdt it Byyo TV @

Orcrona ¢ yyetoM z=0 npu (=0, MOJYYUM 3aKOH JIBUXKEHUS

2

z t
— =7y, —./1+ - . 5
T Yo [Bo“/o Tj ®)

[MoncraBuB B (5) =1f, HalileM MakKCUMalbHOE 3HAYEHUE z, :

2 ’

Zn BO Zy
cT Yo 2 T ©)
Ot1MmeTnM, YTO 3TO BBIpAXEHUE U z, MOXHO IOJXYy4YMTb U3 (2) Ipu j = () (3aKOH

COXpaHEHUsI DHEPTUN).

OcraeTcsl BBISICHUTb CMBICT BeMMYMHBI W. OTIWYHBIE OT HYJSI KOMITOHEHTBI
YeTBHIPEXMEPHOI CKOPOCTH MMetoT BUL u’ =y, u® =Py . KOMIIOHEHTBI YeThIpex-
MEPHOTO YCKOPEHWSI JIETKO BBIYMCIISTIOTCS M paBHBI W’ = By4B/ A uw= y4B/ c?,
e TOYKa O3HAYAeT MPOM3BOIHYIO MO BpeMeHU. VI3 MHBapuaHTHOCTH W,w'
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nonyanm y°p? / ¢ =w?. OTciola ClefyeT, 4TO B KaXIblii MOMEHT BPEeMEHH B
WHEPIUAJTBHON CUCTEME OTCYETa, OTHOCHUTEJBEHO KOTOPOHM YacTWIla TOKOWTCS,
YCKOpPEHHWE paBHO w. Takoe IBWXKEHWE YaCTULBI HAa3bIBAETCS PEISATUBUCTCKU
PaBHOYCKOPEHHBIM.

3. Meuxcenue 6 cmamuueckom 00HOPOOHOM epABUMAUUOHHOM NOAe
6 pamxkax OTQO. [lanee Mbl pacCMOTPUM [BMKEHUE Ha (DOHE TUIOCKO-
CUMMETPUYHOTO BaKyyMHOI'O PEIIeHMsI YpaBHeHUM DiiHIITeliHa. M3BecTHO, 4TO
CYILIECTBYIOT IBa Kjacca TaKMX pelieHwil. Jasg pelleHWid W3 IepBOro Kiacca
MPOCTPAHCTBO-BpeMs SIBJISIETCS TUIOCKMM B paccMaTpuBaeMoii obisactu. B padore
[24] ObUIO MOKa3aHO, YTO OOILIMI BUA TJIOCKO-CUMMETPUYHOTO CTaTUYECKOIO
WHTEepBaJia C TaKUM CBOMCTBOM MMEET BHII

ds® = f(z)c*dr* - - (G o) dz @)

IIe o - MOCTOSTHHas, f (z) - TIPOM3BOJIbHAS JeHCTBUTEIbHAS (DYHKIIUSI, OTpaHu-
YeHHasl TOJIbKO YCJIOBMEM HEpEeISITUBUCTCKOTO Ipenena f (z)z1+2ocz. ABTOp
cTatbM [24] Ha3bIBaeT Takoe MoJjie CTAaTUYECKUM OJHOPOAHBIM IPaBUTALIMOHHBIM
nojieM. B nuTepaType B OCHOBHOM paccMaTpUBaeTCs YacCTHBIA ciydyai
f (z) ~ (1 +2a z)2 C METPUYECKUM TEH30POM, 3a[aBa€MbIM JINHEWHBIM 3JIEMEHTOM
ds* =(1+az) c*di*—dx*— dy*—dz* , ®)
1 Ha3bIBa€MbIM Takke MeTpukoi Punmiepa. JIMHelHbIN 27eMeHT (8) onmuchIiBaeT
4acTbh NMPOCTPAHCTBA-BpeMeHM MUHKOBCKOIO B HEMHEPLIMAIbHOM CUCTeMe OTcUeTa,
COBepLIAIOLIEH PEeIITUBUCTCKOE PAaBHOYCKOPEHHOE MABMIKEHME. DTO SIBISIETCS
MpOSIBJIeHWeM TPUHIMIIA 3KBUBAJEHTHOCTU. MeTpuka (8) sBisieTcsl OAHOW U3
MOMYJISIPHBIX T€OMETPYIA B KBAHTOBOI TEOPUU ITOJISI B UCKPUBJICHHOM MPOCTPAHCTBE-
BPEMEHU JUISI MCCIeI0BAHMS 3aBUCMMOCTU MOHSITUSI BaKyyMa KBaHTOBOI'O MOJIsT OT
cucreMu otcuera. BakyyMHOe cOCTOsIHME, pealu3yeMoe MoJaMi KBAaHTOBOTO TTOJIS
B MeTpuke (8), omiMyaeTrcs oT BaKyyMa MHEpUMaJIbHOIO HaboAaTesss B MPOCT-
paHCTBe-BpeMeH MMHKOBCKOTO U Ha3biBaeTcsl BakyymoM DyummHra-PuHmiepa.
JlokanbHbIE CBOMCTBA 3TOr0 BakyyMa MpU HAJIWYMM PABHOYCKOPEHHOM IJIOCKOM
IrpaHULBl UCCIea0BaHbI B paboTtax [25-29].
O003HaYMM Yepe3 (7,,, Xy, Vus» 23 ) KOOPIMHATHI TTPOCTPAHCTBA-BpeMeHN MUH-
KOBCKOTO B MHEepLUMATbHOI cucTeMe oTcueta K. OHM CBSI3aHBI ¢ pUHIUIEPOBCKIMU
KOOpAMHATaMU COOTHOILIEHUSIMU

cty =(z+1/a)sinht, x,, =x, yy, =y, zy =(z+1/a)cosht, t=0ct. &)

3aMeTuM, 4YTO KOOPAUHATHI (¢, X, y, z ) TOKPBIBAIOT YaCTh MIPOCTPAHCTBA-BPEMEHU
MI/IHKOBCKOFO 2 |ctM| B mepemeHHbIX MUHKOBCKOTO ISl TPAHUIB z = ()
nMeeM zj, —c’ty —1/ a” . Ilpy HUKCUPOBAHHBIX 3HAYEHUAX X, U Y, COOTBETCT-
BYIOLIAasi MUPOBAsl JIMHUS MPEACTABISIET TUNIEPOOY C aCUMITOTAMU X,, =t ct,, .
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DTO COOTBETCTBYET PaBHOYCKOPEHHOMY JBMXXKEHHWIO B MHEPLUAIBbHOU cUCTeMe
OTCYeTa ¢ COBCTBEHHBIM YCKOPEHHEM W = ¢’ /oc.

Paccmorpum nBrkeHue dyacTuibl Ha poHe reomerpun (8). Ilycth B MOMEHT
t=0 u3 Toukn O ABWXKETCS YacTulla BIOJb OCU z C HAayaJbHOW CKOPOCTBHIO V,
B MHepLManibHOI cuctemMe K. B aToit cucteme Wil MUPOBOM JIMHUM YacCTUILIbI
uMeeM x,, =y, =0, z,, =1/a+B,ct,, . oncrasnss cioma ct, u x,, u3 (9) wis
3aKOHa ABMKEHMST YacTUIbl B CUCTEME oTcyeTa (8) Mmosyuyum

1

oz(t)=——— 1.
Z() cosht — 3,sinht (10)

MaxkcumanbHOe 3HaYeHHe KOOPIMHATHI z TONYy4aeTcst U3 YCIoBusl dz/dt =0. s
COOTBETCTBYIOIIMX 3HAYEHWI BPEMEHU =1 W KOODIMHATBHI z =z, HWMEEM
Yo —1

tanh(ocet,, ) =By, 2, = ~—. (11)
a

3aKOH IBUXKEHUS TETephb 3aluIIeTCd B BUIE
cosh(oct
az(r) = —Sohloet,)
cosh[a clt-1, )]
Otciona ciefyer, uto byHKIMs z(f) CUMMETPUYHA OTHOCUTETLHO 1=t . Bpems

JBIDKEHUsI YaCTULBI PaBHO 27 . B KoopavHaTax IpoCTpaHCTBa-BpeMEeH MUHKOBCKOIO
MaKCUMaJIbHOMY YAQJICHUIO YaCTULIBI OT TPAHUILIBI z =0 COOTBETCTBYIOT 3HAYCHUS

(12)

2 2
ey =Top,, 2y =10 (13)
(04 (04

HpOCKHI/IH CKOpPOCTH YaCTHUlbl, UBMEPECHHAasA Ha6J'IIO,Z[3.TeJ'ICM C d)I/IKCI/IpOBaHHbIMI/I
KoopaMHaTam#u ( x, v,z ) paBHa
dz 1 dz

)= i ) ZEE = ctanh[occ(tm—l)]. (14)

Y
p
Mopaynb 3TOIf CKOPOCTH BCeraa MeHbIlle CKOPOCTH CBETa.

W3 dopmyn (11) cnemyer, 4To BEIMYUHBI ! W z, SBISIOTCS MOHOTOHHO
BO3pacTaloMMU (QYHUKIUSIMUA HAYAJIbHON CKOPOCTU YACTUILI U CTPEMSTCS K
0ecKOHEeYHOCTU B TIpesesie v, — ¢ . B aToM mpezaene aist BpeMeHHON 3aBUCMMOCTU
KOOPAWHATHI z TTOJIY4INM

()= (15)

B atoM ciyyae onpezaeneHHas cornacHo (14) ckopocTh paBHa ckopocTu cBeta. Ha
puc.2 nipuBeaeHbl rpaduku GyHkuuu (10) o151 pasmuuHbIX 3HAYEHU MapameTrpa
B, (4ucia BO3JIE KPUBBIX).
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Puc.2. 3aBrucUMOCTh KOOpAMHATHI YaCTUIIBI OT BpEMEHU B METpUKE (8) I pa3IMIHbIX 3HAYCHUN
napameTpa [, (4MclIa BO3JE KPMBBIX).

4. Jleuxncenue 6 epasumayuonHom noae Tayba. B stom pasmene
pPacCMOTPEHO IBIDKEHUE Ha (DOHE BTOPOTO Kilacca TIOCKO-CUMMETPUYHBIX PEIICHUIA
ypaBHEHUU DifHILTEeHA ¢ UCKPUBJIEHHOI reoMeTpueit. CBOMCTBA 3TUX PEIIEHUI
ITOIPOOHO OOCYXIAIMChH B JIUTeparype (CM., HallpuMep, IIpUBEICHHBIE BO Beederuu
cceutkn). IlepeomnpenerleHneM KOOpPOWHAT JIUHEWHBIN 351eMeHT (cM. [4,6,7]) npu-
BOIUTCS K BUIY

ds* =i—%l(l—z/zs)4 (dx2+dy2)—d22 , (16)
V(-z/z,)

rae z, - nocrosiHHad. OmpenensgemMas 3TUM JIMHEWHBIM 2JEMEHTOM METPUKA
00bIYHO HasbiBaeTcsl MeTpuKkoin Tay6a. CoorseTcTByromnii TeH30p Pumana R,
OTJIMYEH OT HYJISl ¥ TEOMETPHS MCKPUBJIEHA. [I1s1 MHBapHaHTa TEH30pa KPUBU3HBI
uMeeM R, R™™ =64 (zS - z)_4 / 27 M MeTpUKa CUHIYJIIpHA B TOYKe z =z . [Ipupona
9TOM CHUHIYJIAPHOCTM WLIMPOKO OOCYXZajlachk B JUTepaType (CM., HalpuMmep,
[5,20,21]).

PaccMoTpyM cHavana paclipoCTpaHEHHE CBETa BIOJIb HANPABICHUS z Ha (OHE
reomeTpuu (16). Bocnonb3yeMcst ypaBHEHUEM 3iKOHAIA ¥ B BUZE g”‘ o,yo,y=0,
e 0; = 8/ 0x' . B paccMaTpuBaeMOM YacTHOM CJIyyae IBMXEHMS IPOM3BOIHbIE TIO
X U y PaBHBI HYJIO M ypaBHEHUE NPUMET BUJ

Cif (1-z/z, (@) -(6.v)’ =0. (17)
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DTO ypaBHEHME He CONEPXKUT BpeMs sSBHBIM O0Opa3oM M INpPOU3BOAHAA Y MO
BPEMEHU PaBHA CO 3HAKOM MUHYC COXPaHSIOLIENCS YacTOTe @ . DTO MO3BOJISET
cHeNaTh pasfeicHue MEePeMEHHBIX = —a, 4+, (z). B urore momyunm v (z)=
=(wy/c)§/(1=2/z,) . Tlocne uHTErpUpOBaHUS UMeeM

3w, z,

v =0, 1-5(2) (U -z/z,)" +const, (18)

rne s(z)=sgn(l-z/z,). 3aBucumocTh z=z(f) ToNyyaeM W3 ypaBHEHHs

oy /0w, = const :
ty—t i ty—1t
z :l—s(z) 4S(Z)C 0 , S(Z)C 0 >0. (19)

z, 3z, 3z,

3aMeTuM, 4TO TOYKA CUHTYJISIPHOCTU COOTBETCTBYET KOHEUHOMY MOMEHTY BPEMEHU
t=1,. Ilpoekuus CKOPOCTH, M3MepeHHas HabmogareaeM ¢ (GUKCMPOBAHHBIMU
KoopauHaTtamu ( x, y, z ), onpenessiercs: hopMynoi

d.
v ===/ = (20)

U TI0 MOmyJIto Beernma paBHa ¢. O6iast hopmyia (19) BkitouaeT pazinyHble YaCTHbIE
Cllydau, BKJIIOYasl TOJOXUTEIbHBIE Y OTPULIATEIbHEIE 3HAUYEHUA ITapaMeTpa z, .
PaccmoTpumM, Hampumep, ciayyail, Korma rpaHulle IJIOCKOMapaliebHOro
MaTepUATBHOTO CJIOST COOTBETCTBYET z =L, roe L<z, m z,>0. [lonaras, 4yro
CBETOBOI CUTHAJ BBIXOOIUT U3 TOYKU z =L B MOMeHT BpeMeHu t=0 us (19),
HAXOJVMM MOMEHT BPEMEHM, KOTJa CUTHAJ JOCTUTHET CUHTYJISIPHOCTU
4/3
3z, L
I-——1 . (21)

4c z

ty =
N

Ilepeitnem Termepb K 3amaye JBMXKEHUsI MaTepUajbHOM YacTULIBI C Maccoi
nokosi m. Bocnonb3zyemcs ypaBHeHueM ['amuibToHa-AKoOU

Lifa=2/2Y (0,57 - (2. SY =m*c?, 22)
C

rae S - neiicTBue. 31ech YYTEHO, YTO KOMIIOHEHTBI MMIyibca P, u P paBHbI
Hy/10. YpaBHeHUe (22) He COAECPXKUT BpeMs SIBHBIM 00Opa3oM. DTO MO3BOJSIET
cAenaTh pasielieHue nepeMeHHbIX. YacTHast Mpou3BoaHast AeMCTBUS IO BpeMEHU
- 3TO coxpaHswuascs 3Heprus £ u nosromy S =-Et+S, (z) YpaBHeHMe IS
dbynkuuu S, (z) cneayetr u3 (22). Ilocne nHTerpUupoBaHUS AEUCTBUE 3aMUILETCS
B BUIE

S:—Et+jdz E—2 l—Z— moc” . (23)
c N
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INpomddepeHIIMpoBaB S TI0 SHEPTWH ¥ TIPUPABHSIB PE3YJIETAT TIOCTOSTHHOM, TTOTYIM
3aBUCUMOCTh z = z(t). B mapameTpiyeckoM BHIE 3Ta 3aBUCMMOCTb JAeTCs COOTHO-
LIEHUSIMU

z s(z) 3
v
24
t—to:——925;)42“{y[l+%y2]ﬁy2—l+ln(y+\ly2—1ﬂ, @9

IJe mapaMeTpoM SIBIISIETCS BeJIMUMHA y>1 U y = E/ mec* . st CKOPOCTH YaCTHLIBI,
onpeaessieMoit coraacHo (20), mojaydyum

Vg = et ©5)

M3 dopmynbl (24) caeayer, yTo MaTepuaibHasl yacTulia HUKOTAA HE MaaaeT Ha
CUHTYJISIPHOCTb. MUHUMAJIbHOE PACCTOSIHUE COOTBETCTBYET MOMEHTY BpPEMEHU
t=1, xorga y= 1. PaccTosHue OT CUHTYJIAPHOCTH PAaBHO |z— zs| =z, / v* u oHO
YMEHBIIAETCI C POCTOM DHEPTUM YACTUIILI.

PaccMmoTrpum mpenenbHble ciydau oOuueilt ¢opmyinbl (24). Ilpu 3agaHHOM Y
u I c|t— t0|/zs <<1 nmeem

s( = Y 2(t—t
izl_ﬁ_s(zﬂ_(g_o] i v(p)z_ww

z, Y 6 z 3s(z)zs '

s

min

(26)

Mpu s(z)=-1 u dt-1,|/z, >>1 acumnroTyeckoe NoBeneHMe MMEET BU

3/4 -1/2
z \3 2z ) 0 W w2\ 3z, ) | 27)

N s

g OoNbIIMX 3HAYEHUW Y W Y, TIpU (PUKCUPOBAHHOM 3HAUYEHUM OTHOILEHMS
v/y , B TIEPBOM NPUOINXEHUM TOJIYYUM

34
z zl—s(z){4s(z)c to_t} : (28)

z 3z,

DTOT pe3yabTaT coBOaaaeT ¢ TOuHOU (opmymoit (19) aas ABUXKEHUSI CBETOBOIO
CUTHaJIa. DTOro, KOHEYHO, CAEI0BATIO OXUIATh ISl YIbTPAPEISTUBUCTCKIX YACTHIL.

Ha puc.3 u 4 npuBeneHbl 3aBUCMMOCTH KOOPAMHATHL YaCTUIIBI OT BPEMEHU LTSI
Pa3IMYHbIX 3HAYEHMIA TapaMeTpa Y (SHEPrusl YacTibl B €MWHULIAX SHEPTUU TTOKOSI).
Yucia 0KoJI0 KPUBBIX COOTBETCTBYIOT 3HAUEHUSIM ATOro napameTpa. [TyHKTHpHbIE
JIMHAM COOTBETCTBYIOT PACIPOCTPAHEHMIO CBETOBOIO cUrHaia. Puc.3 u 4 npeacrasistor
cIydyaum z<z, U z>z , COOTBETCTBEHHO.
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1.0+ 3
0.8 2 15
0.6
N 1.25
N
N
0.4
1.1
0.2
0.0, |
-1.2 -0.8 -0.4 0.0
c(t-t))/z,

Puc.3. 3aBUCUMOCTb KOOPAMHATBI YAaCTHLbl OT BpeMeHM B reomerpuu (16) ¢ z <z 14
Pa3IMYHBIX 3HAYEHWI IapaMeTpa y (YMCIAa OKOJIO KPUBBIX).

2.5
.20
J 1.1
N
1.25
1.5
1.5
2
| > 4 |
1w} 73 , 1
0.0 0.5 1.0 1.5 2.0 2.5

c(t-t))/z,

Puc.4. To xe camoe, yTo M Ha puc.3 mpu z>z, .

5. 3akawuenue. B pabore MCCIENOBAHO ABMXXEHME CBETOBOTO CHUTHAla U
MaTepuaJbHON YacTUIlbl B IOJie OECKOHEUHOIo IIOCKOTo cios. st cpaBHEeHUS
CHayajia paccMoTpeHo aBuxkeHue B pamkax CTO, rme cuna, nefcTBylolnas Ha
YyacTUlly, onuchiBaeTcs noteHuuaioM (1). BpemMeHHbIe 3aBUCUMOCTUA CKOPOCTHU U1
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KOOPAVHATHI YaCTHIIBI JaroTcs opmynamu (5) u (6), Toe BemamHa 7' onpeneisieTcst
MOBEPXHOCTHON TUIOTHOCTBIO CJIOSI U CBsI3aHAa C COOCTBEHHBIM YCKOpPEHHEM
cooTHouieHueM T'=c/w.

B reoMeTpuu miockoro 6eCKOHEYHOTO CJI0sI BOBMOXKHBI J1Ba Kjlacca BaKyyMHBIX
pelieHnii ypaBHeHM DitHiTeliHa. [1epBhlif 13 HUX COOTBETCTBYET OAHOPOIHOMY
CTaTUYECKOMY TpaBUTALlMOHHOMY TIOJI10, OMUCHhIBAEMOMY METPUKOH (8), yacTHOM
peanuzanueit Kotoporo sisisiercs MeTpuka Punmiepa (9). IlocnenHuii cooTBETCTBYET
YacTH MPOCTPaHCTBa-BpeMEeHU MUWHKOBCKOTO, OMMChIBAEMOI B PAaBHOYCKOPEHHOM
HEeMHEePIUaJbHONM CUCTeMe OTcYeTa. B aToit reomeTprn BpeMeHHBIE 3aBUCHMOCTH
KOOPIWHATBI M CKOPOCTHU YaCTHIIbI, U3MEPEHHbIE HabmoaaTeaeM ¢ (GpUKCMPOBAHHBIMU
KOOpAMHaTaMu ( X, v,z ), JatoTcs cooTHowmeHusamu (12) u (14), toe 1=1£, coor-
BETCTBYeT BPEMEHM MaKCHUMAJIbHOTO YHaJleHWs YacTHIIBI OT TpaHMIIBI ciios. B
OTJIMYME OT MaTepUaJIbHON YaCTULbI, KOOpAMHATAa z JUIS CBETOBOIO CHUTHaja
SIBJISIETCSI MOHOTOHHO Bo3pacTarollieil pyHKIMeil BpeMeHU 1 onuchIBaeTcst (hopMyJIon
(15). BropoMy Kijiaccy BaKyyMHOI'O rpaBUTAallMOHHOTO 108 miockoro ciosi B OTO
COOTBETCTBYET pellieHue Tayba, KOTopoe nepeonpeaesieHueM KOOPIUHAT MPUBOAUTCS
K Buy (16), rae mapameTp z, ONpelessieTcsl HOBEPXHOCTHOM IJIOTHOCTBIO CJIOSI.
PacripocTpaHeHne CBETOBOTO CHTHAJIa B 3TOM T€OMETPUM OMMCHIBaeTCs (hopMyIoit
(19) 1 3a KOHEYHOE BpeMsI CUTHaJ JIOCTUTaeT TOUKM CUHTYISIpHOCTH. s mare-
PUANBHOI YaCTHLBI C coXpaHsolleiicsi sHeprueil E =ymc’ 3aKOH JBUXEHMs
Jaetrcsi mapameTrpuyeckoin dopmynoin (24). Yactuia HuUKOrga He IOCTUTaeT
CUHTYJISIDHOCTM Y MAUHUMAJIbHOE PACCTOSIHUE PAaBHO Zz, / v

Paborta BbIMosHEHa B HAyYHO-UCC/IEI0BATEIbCKOM JTaO0paTOPUM TEOPETUUYECKOM
¢uzukn Wucturyra ¢usuku EI'Y, puHaHCHMpyeMoil KOMHTETOM IIO HaykKe
MuHucTepcTBa 00pa3oBaHUs, HAyKHU, KYJIbTYphl U criopta Pecnyonnku ApMeHus.
Pa6ora P.M.ABaksaHa u A.A.CaapsiHa BBITIOJIHEHAa B paMKax nporpammbl 21AG-
1C047 xomutera 1Mo Hayke MMHUCTEPCTBA 00pa30BaHMSI, HAyKU, KYJIbTYpPbl U
crnopta Pecny6iuku ApMmeHust.

HucTuTyT dmsuku, EpeBaHCKMIT rocymapcTBEHHBIA YHUBEPCUTET, APMEHUS
e-mail: rolavag@ysu.am saharian@ysu.am jibilyan2014@gmail.com
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MOTION OF A PARTICLE IN THE FIELD OF
AN INFINITE FLAT SLAB

R.M.AVAGYAN, A A.SAHARIAN, S.SJIBILYAN

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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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 H(z) 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 H(z) data, we used the latest
values of H, reported by the Planck and Hubble missions to reveal possible solutions for the H
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


https://doi.org/10.54503/0571-7132-2023.66.3-453

454 M.KHURSHUDYAN

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. SCI1: The scalar field net excursion in reduced Planck units should satisfy
the bound [49]

A4

M_p <A~ 0(1), (1)
2. SC2: The gradient of the scalar field potential is bounded by [50]
i
M, Ll e~ o), )
or [51]
V”
M§7<—c~0(1). A3)

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 A and
¢ are positive constants of order one, while the prime denotes derivative with
respect to the scalar field ¢, and M, =l/ J8nG s 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 tension
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problem. Basically, the H tension problem requires explaining why the Planck
CMB data analysis and a local measurement from the Hubble Space Telescope
give different values for H. We need to understand why in the ACDM scenario
the Planck CMB data analysis gives H = 67.4 £0.5 km/s/Mpc, while local
measurements from the Hubble Space Telescope yield H;=73.52£1.62km/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, 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 has been
estimated with the GP method and using high-redshift data for H(z), 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
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 K(x,x’) and a mean u(x) to get a continuous realization of
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g(x) e GP(u(x), K (x, x')) (4)
and uncertainty A&(x) to get the posterior &(x)+Ag(x). 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

r\2
K(x,x)= c?exp (— (v );) J 5)
21
Table 1
H(z) AND ITS UNCERTAINTY o, IN UNITS OF kms"' Mpc’

z H(z) Gy z H(z) Sy
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 1.965 186.5 504
0.24 79.69 2.65 0.60 87.9 6.1
0.35 844 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

with o, and / hyperparameters to be determined from the minimization of the
GP marginal likelihood. The Cauchy kernel

, /
KC(X,X):G;{W-FZZ:I, (6)
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and the Matern (v=9/2) kernel

Ky (x,x')= c?,-exp (— MJ

X

1) 2 /3 ’
L+ 3|X— X| . 27(x— x ) . 18|X— X| . 27(x—x )4 (7
! 70? 70 357

are among the intensively used ones, too. The / parameter in the above three
equations represents the correlation length along which the successive i(x) values
are correlated. The o, 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 H (z) 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 z=2 and extend the data range up to z=2.4 where still

I N

L R

I I T.1+ 2 | | |
T 100

z
H'(z)

WL _ 40 %
0 N 20
40

0.0 1.0 2.0 0.0 1.0 2.0
z z

Fig.1. GP reconstruction of H(z), H'(z), H"(z), and H"(z), 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 = 67.66 £0.42 reported by the Planck mission. The ’means derivative
with respect to the redshift variable z . The kernel is the Matern (v =9/2) kernel given by Eq. (7).
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the value of the Hubble parameter at z=0 has not been taken into account. In
this study, we will consider three different values for H. In particular, first of all,
we allowed the process to guess what the H should be using the data given in
Table 1. Then, in the other two scenarios, H,=67.66 £0.42 and H =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; 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, value for considered
kernels'.

To end this section we present the reconstructions of H(z) function and its
higher order derivatives for H;=67.66 £0.42 and H =73.52+1.62 for the Matern
(v=9/2) 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

200 80 | 1
= I |
T 100 40+ |

e L ] /) ]
0 . s . . 0 . . . .

100
=
= 0
I

-100

0.0 1.0 2.0

Fig.2. GP reconstruction of H(z), H'(z), H"(z) and H"(z) 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 =73.52 +1.62 reported by the Hubble mission. The "means derivative
with respect to the redshift z. The kernel is the Matern (v =9/2) kernel given by Eq. (7).

! 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])
M?:
S=[d*x{-g T”R—Eaudx’f”d)—V(cb) +5, (8)

where § corresponds to the matter, M = 1/ m is the reduced Planck mass,
R is the Ricci scalar and ¥ (¢) 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

py +3H(p, +B)=0, ©)

Pan +3H(p, +P,)=0, (10)
where p, and F, are the energy density and pressure describing the quintessence
field ¢, while p, and P, 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

1 =2y +p,). an

and

. 1
H+ H = —g(pd) +p, +3(R+P,) (12)
with H =a/a 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
1-
Py =50+ (9), (13)

and

P, =%d>—V(¢), (14)

where the dot is the derivative w.r.t. the cosmic time. But it is easy to see that
from Egs. (13) and (14) we have

¢’ =py+ P, (15)
while

P
vp)= "t (16)

After the discussion given above, it is easy to see that we can use Egs. (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 dV(¢)/d ¢ =(dV/dz)/(d ¢/dz),
where d ¢/dz should be calculated from Eq. (15), and that ¢=—(l+z)H ¢' . 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 P,,, = @4, P n
equation. As the first model, we consider the case when ®,, is a non-zero
constant, while we consider o,, = ®, + ®, z to be the second model, respectively.
In both models ®, and ®, are the model parameters to be learned. Moreover,
in our analysis, we included neutrinos through radiation

p, =3H; QO (1+2), "
where
Q9 =1+ 0.68(n,; /3)) o

following the very well-known strategy used in modern cosmology, with QS,O) and
Ngﬁ, free parameters to be constrained too. Here N, i 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 p,, to define
the energy density of the scalar field, p,, 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 ®,, =®,. The first model we consider is the model where
the dark matter equation is P, =®,p,, With ©,#0 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]
Pun =3HG Q)1+ 20 (19)

where Hj and Qg)”)l are the Hubble parameter and the fraction of the dark matter
at z=0, respectively. Therefore, for p, we will have (see Eq. (11))

Pac =3H"=py, —p, =3H=3H; Q)1+ 37 Q0142 (20)

Using the above-given equation and some simple algebra, eventually for
Phe =dpg/dz we will get

0l =6 HH'=9 H2(1+ 0y ) QO (14 2™ —12H2 Q01+ 2} . 1)

r

It is not hard to see that after some algebra for P, we will get

P, ==3H?-3H2 0,00 1+ 21 - 12 QO(1+2)" + 201+ 2)HA' . (22)
On the other hand, using Eq. (22) we can calculate dP/dz 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 has been estimated
using available expansion rate data we got a model of the universe where
QE}B ~0.262 according to the mean of the reconstruction when the kernel is given
by Eq. (5). We estimated QE,O”E ~0.266 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 =73.52£1.62km/s/Mpc has been merged to the expansion rate
data and used in the reconstruction we estimated that Q(d(,),), ~0.273 when the
kernel is given by Eq. (5). On the other hand, when the kernel has been given
by Eq. (6) we estimated QE}Q to be about 0.278 according to the mean of the
reconstruction. Finally, we got Q(d?,), =~ 0.281 when the kernel is given by Eq. (7)
indicating a huge impact of the kernel on the estimations of dark matter fraction
QS,),E 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,=67.66 £0.42km/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, tension problem a strong deviation from the cold
dark matter model is required. Moreover, this will affect the constraints on Q(YO) .
However, the constraints on Nejf 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 =73.52 +1.62km/s/Mpc from the
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TABLE 2

CONSTRAINTS ON THE PARAMETERS FOR THE COSMOLOGICAL
MODEL WHERE THE DEVIATION FROM THE COLD DARK MATTER
IS GIVEN BY Eq. (19) AND o, #0

Kernel le(:n) H, ®, ng) N,
km/s/Mpc
Squared Exponent |0.26240.011 | 71.286+3.743 | -0.07120.011| 0.000230.00002 |2.98+0.08
Cauchy 0.26620.012 | 71.472%3.879 |-0.075%0.011 | 0.0002220.00002 | 2.95+0.08
Matern (v =9/2) |0.26620.011 | 71.119£3.867 | -0.07620.011 | 0.00021£0.00002 | 2.97+0.08
Squared Exponent |0.27320.011 | 73.52+1.62 |-0.07520.011| 0.0002240.00005 |2.94+0.11
Cauchy 0.278%0.011 | 73.52%1.62 |-0.083%0.012| 0.0001920.00007 |2.92+0.15
Matern (v =9/2) |0.281£0.012 | 73.52%1.62 |-0.08820.013|0.0001520.00005 |2.96+0.11
Squared Exponent |0.29340.013 | 67.6640.42 |-0.051£0.017| 0.00015+0.00005 | 3.04+0.12
Cauchy 0.291£0.013 | 67.6620.42 |-0.045%0.012| 0.0001320.00002 | 3.02+0.13
Matern (v=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 value has
been predicted from the GP. The middle part of the table stands for the case when the H = 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 H(z) and H'(z). Finally, the lower part of the table stands
for the case when the H = 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.

Hubble Space Telescope has been merged with the H (z) 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 |V’|/ V', Eq. (2), when the H =67.4 +
0.5km/s/Mpc from the Planck CMB data analysis has been merged with the H (z)
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; tension problem from the Swamp-
land criteria is also possible but is an extremely hard problem. In other words,
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the conclusion about the H, tension problem from the Swampland criteria is not
unique. The constraints on the Nejf 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.

40 20
>
>~
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> 20 10

0 .0 —

0.0 1.0 2.0 0.0 1.0 2.0
Z V4

Fig.3. The left-hand side plot represents the reconstruction of the |V'|/V, Eq. (2), when the
H,=73.52 £1.62 km/s/Mpc from the Hubble Space Telescope has been merged with the H(z)
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,=67.4 0.5 km/s/Mpc from the Planck
CMB data analysis has been merged with the H(z) 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 o, =0 .

B. Model with ®,, = ®, + ®, z. 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]

0, =0)+0,z (23)
providing the dynamics of dark matter to be
P = 3HZ Q) 2017 (14 L plro0er) (24)

because P, =(o, +®, z)p,, » Where ©, and o, are the free parameters to be
learned. It is easy to see that in this case

APam _ IH; Q@ (1+ 2] 72 (14 o) + o, 2), (25)
Z

P =3H?—p,, =3H>=3H20W) 307 (14 o) 3200142, (26)

and
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% =6 HH'-9HZ Q) &7 (14 2P 22 (1 4 0y + 0, 2)-12HZ QY1+ 2, (27)
zZ

respectively. Therefore, after some algebra for the dark energy, we will have

3E3H Q0 &0 (0 + o 2) (L2 4 12 Q014 2) —2(1+2) HE

r

3H°-3H2 00 &7 (14 o) 352 00 (14 ) ’

P

Wge =

(28)

allowing to reconstruct the equation of state dynamics for dark energy since for
the pressure P, we have

P, ==3H2-3H2 QY 397 (0 + o, 2)(1+ 21 — g2 QO(1+ 2)* +2(1+ ) HH' . (29)

The constraints on Qg)”)l, o, and o, we obtained can be found in Table 3.
The upper part of Table 3 represents the constraints when the H 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;=73.52 £1.62km/s/Mpc with the
available H(z) data. While the constraints we have obtained when the H =674+
0.5km/s/Mpc with the available H (z) 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, tension problem is not able to reduce the
existing tension with the Swampland criteria.

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

Kernel le(:n) ®, O, Qso) N,
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 (v =9/2) |0.267+0.011 |-0.074+0.011 | -0.0027+0.0015| 0.00019+0.00002 | 2.96+0.03
Squared Exponent |0.27240.012 |-0.065+0.012 | -0.014£0.011 {0.0001740.00002 |2.9940.03
Cauchy 0.27120.011 |-0.065+0.011 | -0.009=0.005 |0.00017=0.00002 | 2.99+0.05
Matern (v =9/2) |0.271+0.012 |-0.068+0.012 | -0.009+0.007 |0.00021+0.00002|2.91+0.08
Squared Exponent |0.27120.013 |-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 (v =9/2) |0.273£0.012 |-0.027£0.015 | -0.009£0.007 |0.00018%0.00002 |2.91£0.03

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 value has
been predicted from the GP. The middle part of the table stands for the case when the H = 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 =67.4 £0.5km/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.
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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,
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 z=0. 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, i 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 «, 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, - 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 A model of dark energy. The reconstruction results indicated
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Fig.4. The left-hand side plot represents the reconstruction of the |V'|/V, Eq. (2), when the
H,=73.52 £1.62 km/s/Mpc from the Hubble Space Telescope has been merged with the H(z)
data depicted in Table 1 and used in the reconstruction process. The right-hand side plot represents
the reconstruction of the [V'|/¥, Eq. (2), when the H,=67.4 0.5 km/s/Mpc from the Planck
CMB data analysis has been merged with the H(z) 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 ®, recently appeared. To save our place we do not
reproduce them here again.

5. Discussion. The H, 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,. We need to understand why in the ACDM
scenario the Planck CMB data analysis gives H,=67.4 £0.5km/s/Mpc, while local
measurements from the Hubble Space Telescope yield H; =73.52 +1.62km/s/Mpc.
Nowadays even there is a huge hint that the problem challenges the ACDM model
itself and it does not have an observational origin. Actually, the ACDM 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| 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| tension problem which confirms previously obtained results.
Another important result capturing our attention is the constraints we have
obtained on o, 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, 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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KPUTEPUHN "BOJIOTA" U TEHEPALIVA HUEI71TPI/IHO BO
BCEJIEHHOM C HEXOJIOAHOM TEMHOW MATEPUEU

M.XYPIIYIAH

B crathe paccMoTpeHbl KpuUTepuu 'cTpyHHOro Oojota" miass BceneHHoil ¢
npeobjagaHueM TEMHOI 3HEpPruM, Iiae HabIoJaeTcsd OTKJIOHEHUE OT MOMAEIU
XOJIOMHOM TeMHOI MaTtepuM. B yacTHocTH, ObLTM pacCMOTpeHBI ABe Moaeau. OgHa
U3 HUX SIBJISIETCS] OJHONAapaMeTPUUECKOl, a BTopas MpeioXeHa IJis BbISIBICHUS
JUHAMUKU OTKJIOHEHUS. AHAIN3 ObLJI MPOBEAEH C MCITOIb30BAHUEM TayCCOBCKUX
npoueccoB (GPS) U maHHBIX O CKOPOCTU pacliuupeHust H (z) (BeIOOpKaA M3 30
TOUEK, MOJydeHHasl ¢ MOMOLIBIO MeToIa AuddepeHINaTLHOTO BO3pacTa, U BEIOOpKa
u3 10 Touek, MojiyyeHHasi ¢ MomolIplo paauaibHoro Mmetoga BAO). BrisicHeHO,
YTO KaK M B CiIyyasiX Mojejeil ¢ XOJOZHOM TeMHOM Mmartepueil, mpobjiemMa c
KpuTepusiMu "0oJioTa" Mo-TpexkHeMy COXpaHUTCS. B aHanuze, OJ1s1 BbISIBICHUS
BO3MOXHBIX PELIEHUI NIPOOIEMBI OCTOSIHHOM Xab6na H, TOMUMO YIOMSAHYThIX
40 Touek AaHHBIX H (z), ObLTM MCIIOb30BaHbI MOCTIEIHUE 3HAYEHUST H, OTyYEHHbIE
KocMuuecknMu TejeckorramMu "Thrank" m "Xa06:a". HakoHel, ObIM MOMY4YEHBI
OrpaHMYEHMS HA YMCJIO TeHepaluil HEUTPUHO, KOTOPhIE IMPUBEIN K UHTEPECHBIM
pe3yabTataM. OTU U OpYrMe CBSI3aHHBIE BOIPOCHI OCTABIECHBI JJISI OOCYXKICHUS
B MOCJIEIYIOLINX CTaThsX.

KntoueBbie cnoBa: kpumepuu "6oroma’: Hexon00Hble MOOeAU MEMHOU Mamepuu:
Tayccoeckue npoyeccol
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