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ABSTRACT

Wereportthediscovery of threenewhot Jupiterswith theNext GeneratiormransitSuney (NGTS)aswell asupdatecharameters
for HATS-54b,which wasindependentlyliscoreredby NGTS.NGTS-23b NGTS-24b,andNGTS-25bhaveorbital periodsof
4.076,3.468,and2.823d andorbit G-, F-, andK-type starsrespectivelyNGTS-24andHAT S-54appeacloseto transitioningoff
themain-sequencéf theyarenotalreadydoingso),andthereforeareinterestingargetsgiventhe observedack of hot Jupiters
aroundsub-gianttars By consideringhe hoststarluminositiesandthe planets’small orbital separation$0.037—0.05@u),we
nd thatall four hot Jupitersareabove the minimumirradiancethresholdfor in ation mechanismso be effective. NGTS-23b
hasa massof 0.61Mj; andradiusof 1.27R; andis likely in ated. With aradiusof 1.21R; andmassof 0.52M;, NGTS-24bhas
aradiuslargerthanexpectedrom non-in ated modelsbutits radiusis smallerthanthe predictedradiusfrom currentBayesian
in ationary models.Finally, NGTS-25bis intermediatebetweerthe in ated andnon-in ated caseshavinga massof 0.64 M,
andaradiusof 1.02R;. The physicalprocessedriving radiusin ation remainpoorly understoodandby building the sampleof
hot Jupiterswe canaimto identify the additionalcontrolling parameterssuchasmetallicity andstellarage.

Key words: planetsandsatellitesdetection- starsindividual: NGTS-23(CTOI-77287067)NGTS-24(TOI-4270),NGTS-25
andHATS-54— planetarysystems.

elementcores(Fortney, Marley & Barnes2007 Baraffe, Chabrier

1 INTRODUCTION & Barman2008 but they struggleto explainthe observedadii of

Although hot Jupitershave a low occurrencerate of <1 percent
(Mayor et al. 2011, Hsu et al. 2019 Zhou et al. 2019, they still
represenbneof themostcommoncategorie®f planetfounddueto
biasesinherentin exoplanetdiscovery techniquesUnderstanding
the structure, composition,and evolution of theseplanetsis of
fundamentalmportancén understandintheprocessesf formation,
evolution,and migrationactingon the wider exoplanetpopulation.
Increasingthe sample of known hot Jupiters continuesto help
constrainand parameterizeplanetarymodels. For example,there
are modelsthat attemptto explainthe evolution of planetaryradii
whilst accountingfor the effects of stellar irradiation and heavy

E-mail: djackson823@qub.ac.uk
« ESA Researclirellow.

© The Author(s)2022.

highly-irradiatedgasgiants.

Therearea numberof proposednechanismso explainin ation
in hot Jupiterssuchaskinetic heating(Guillot & Showman2002),
Ohmic heatingthrough magnetohydrodynamieffects (Batygin &
Stevensor201Q PernaMenou& RauscheR01Q Ginzburg& Sari
2016, doublediffusive conwection(Chabrier& Baraffe2007), and
tidal dissipationBodenheimei.in & Mardling2001, Bodenheimer,
Laughlin & Lin 2003 Jermyn, Tout & Ogilvie 2017). In order
to distinguish betweensuch models, a robust sample of well-
characterizechot Jupitersis requiredto enablestatistical studies
to constrainthesemodels (such as that by Sestovic,Demory &
Queloz2018. Of particularinterestareplanetsirradiatedby uxes
greaterthan approximately2 x 10° W m®>2, which appearto be
preferentiallyin ated (Demory & Seager2011; Miller & Fortney

Publishedby Oxford University Presson behalfof Royal AstronomicalSociety.This is an OpenAccessarticle distributedunderthe termsof the Creative
CommonsgAttribution License(http://creativecommons.grlicenses/by/4.)/ which permitsunrestrictedeuse distribution,andreproductiorin any medium,
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Table 1. Summaryof photometricobservations.

Target Instrument Nightsobserved Nimages Exptime(s) Filter Comments
NGTS-23 NGTS 2017/08/16-2018/03/18 187,478 10 NGTS
TESS 2018/10/19-2018/11/14 1027 1800 TESS Sector4
TESS 2018/11/15-2018/12/11 1176 1800 TESS Sectors
TESS 2020/10/22-2020/11/16 3445 600 TESS Sector31
TESS 2020/11/20-2020/12/16 3589 600 TESS Sector32
EulerCam 2018/12/27 171 90 VG
SAAO 1.0m 2018/12/15 300 60 Y,
SAAO 1.9m 2018/12/19 295 60 \%
NGTS-24 NGTS 2017/12/10-2018/06/26 235,369 10 NGTS
TESS 2019/02/28-2019/03/25 1084 1800 TESS Sector9
TESS 2019/03/26—-2019/04/22 1103 1800 TESS Sectorl0
TESS 2021/03/07-2021/04/01 3467 600 TESS Sector36
NGTS-25 NGTS 2018/03/24-2018/11/01 208,001 10 NGTS
TESS 2020/07/05-2020/07/30 2898 600 TESS Sector27
SAAO 1.0m 2019/10/03 940 20 Y,
HATS-54 NGTS 2015/12/18-2016/09/01 124,203 10 NGTS
(NGTS-22)
TESS 2019/04/23-2019/05/20 1145 1800 TESS Sectorll
TESS 2021/04/02—-2021/04/28 3461 600 TESS Sector37
EulerCam 2019/03/25 130 80 VG
EulerCam 2019/04/27 136 75 VG
SAAO1.0m 2018/07/09 700 20 |
SAAO 1.0m 2019/04/30 360 60 \%

2011). However, it is still uncleawhatimpactadditionalparameters,
suchasmetallicity, haveon whetherthe planetwill appeatin ated.

We presentthe discovery of three new hot Jupitersfrom the
Next GeneratiorTransitSurvey(NGTS; Wheatleyet al. 2018. We
alsore ne the parametergor HATS-54b,which wasindependently
discoreredby NGTS. In Section2, theinitial NGTS photometryis
describedas well asthe follow-up observationgboth photometry
and spectroscopy)Section 3 describeshow both the stellar and
planetaryparametersverederived.Theresultswill be discussedn
Section4 including investigationdnto the orbital decaytimescales
(Sectiord.1) andthepotentialin ation (Sectiord.2) of theseplanets.
Our nal conclusionsaregivenin Section5.

2 OBSERVATIONS

The planets presentedin this work were con rmed using both
photometricandspectroscopiobsenations.Theseobsenationsare
outlinedin this section.

2.1 Photometry

All planetspresentedn this paperweredetectedusingphotometry
from NGTS. To con rm the planetarynatureof the stellar com-
panions,andto further constrainthe systemparametersadditional
photometrywas obtainedusing the Transiting ExoplanetSurey
Satellite(TESS;Ricker et al. 2014, EulerCam(Lendl et al. 2012
and the 1-/1.9-m telescopesat the South African Astronomical
Observatory(SAAO; Coppejanset al. 2013. A summaryof the
photometricobservationss givenin Table 1, andthe phase-folded
transitlight curvescanbeseenin Fig. 1. Light curvesnotusedin the
global tting canbefoundin theappendixFig. Al).

2.1.1 NGTS

NGTSis awide- eld photometricsuney locatedat ESO’sParanal
Observatoryn Chile. NGTShasafully roboticarrayof twelve20cm

MNRAS 518,4845-486(2023)

Newtoniantelescope®peratingusingthe uniqueNGTS lter band
(520-890nm). Eachtelescopes equippedwith a 2K x 2K e2V
deep-depletedndor IKon-L CCD cameralt is optimizedto detect
andcharacterizéransitingexoplanetsaroundK- andearly M-type
starsandhasachievedsuf cient precisionto discover exoplanetsas
smallas3R (Wheatleyet al. 2018 Westet al. 2019 Smith et al.
2021).

NGTS-23(CTOI-77287067V = 14.010),NGTS-24(TOI-4270;
V = 13.192)andNGTS-25(V= 14.266)wereobservedvith NGTS
during the 2018 campaignfor a total of 162 nights, 158 nights
and 147 nights,respectivelyHATS-54 (TOI-1920,NGTS-22;V =
13.914)wasobservedduring the 2016 campaignfor a total of 119
nights and was detectedby NGTS independentlyof its discovery
by Espinozaet al. (2019. All the objectswere observedwith a
10sexposurdgime andover 120000 imageswerecollectedfor each
object. The datawere reducedand aperturephotometryperformed
via the casuTooLs packagebeforenightly trendswere removed
usingan adaptedversionof the sYsrRem algorithm (Tamuz,Mazeh
& Zucker2005.

The datawasthensearchedor transit-like eventsby ORION, a
customimplementatiorof thebox- tting least-square@BLS) tting
algorithm (Kovacs,Zucker & Mazeh2002 Collier Cameroret al.
2006 Wheatleyetal. 2018. ORION identi ed nine partialandone
full transitfor HATS-54b(NGTS-22b) tenpartialandonefull transit
for NGTS-23b;nine partial and sevenfull transitsfor NGTS-24b;
andelevenpartial andeightfull transitsfor NGTS-25b.The initial
ts to the NGTSdataprovidedby ORION revealedhatthe depths,
widths and shapesof the transitsfor eachobjectwere compatible
with transitinghot Jupiters.

Furthercheckswere performedto ensurethat the natureof the
signal was planetary and not stellar or a false positive. These
includedcomparingthe transitdepthof consecutiveodd and even
transits,which canshowa depthdifferencethatcandemonstratan

Lhttp://casu.astam.ac.uk/surveys-projatsofivare-release
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Figure 1. NGTSdiscovery photometry(blue points)andfollow up photometryfor eachplanet.The lighter points showthe original photometryexceptfor
NGTS,which hasbeenbinnedto 10-minintervals.The darkerdatapointshavebeenbinnedto 0.002phase Photometryfrom HATS is shownin redwhile the
HATS follow-up photometrythat was also usedin our combined ts are shownin yellow. The solid black line showsthe light-curve modelfor the planet.
Residualsaareshownto theright of thelight-curves.Light curvesoffsetfor clarity.

eclipsingbinary systemhasbeenmis-foldedon half thetrue period. telescopat SAAO (Coppejangtal. 2013. The1.0-mtelescopeavas
Also, secondaneclipsesaround0.5 phasein the phase-foldedight equippedwith the full-frame transferCCD SutherlandHigh-speed
curvesweresearchedor asthis couldalsoindicatethatthe orbiting Optical Camera(SHOC),'SHOC'n’awe’, thathasa 2.85arcminx

companioris stellarin nature All candidatepassedhis vettingand 2.85arcmin eld of view. Thel.9-mtelescopavasequippedvith the

thusfollow-up observationsveretaken. ‘SHOC'n'disbelief’ opticalcamerathathadaslightly narrower eld
of view of 1.3arcminx 1.3arcmin.We wereableto simultaneously
2.1.2 SAAO observeat leastone comparisorstarof similar brightnesgor each

object.All observationsveretakenusingeitherthel bandorV band
Betweer2018Julyand20190ctoberwetookfollow-up photometry lters.

for eachtarget(exceptfor NGTS-24)usingeitherthe1.0-mor 1.9-m

MNRAS 518,4845-486(2023)
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Two light curveswere obtainedfor NGTS-23 one eachon the
1.0-mand 1.9-m telescopespn the 2018 Decemberl5 and 2018
Decembed 9, respectiely. Both obsenationsusedanexposurdime
of 60-swith theV band Iter. Both observationgndedearlydueto
high humidity however, we obtained300 imagesand 295 images,
respectively.

A singleV-bandlight curvewastakenfor NGTS-25bonthe2019
OctoberB usingthe 1.0-mtelescoped40imagesvereobtainedising
anexposurdime of 20-s.However, themiddle of theseobservations
wereaffectedby badseeing.

Two observation®f HATS-54bwere conductedusingthe 1.0-m
telescopeon the nights of the 2018 July 9 and the 2019 April 30.
The2018observatiorobtained700imageswith anexposurgime of
20 susingthel band lter. This observatiorwasendedearlydueto
high humidity. The 2019 observatiorobtained360 imageswith an
exposurdime of 60susingtheV band lter.

Eachlight curvewasbiasand at- eld correctedusingthelocal
Python-base&AAO SHOCpipeline,which usedRAF (Tody 1986
photometrytasks(PYRAF- ScienceSoftwareBranchat STScl2012)
and facilitates the extractionof raw and differential light curves.
We usedthe Starlink packageautorPHOTOM (Currie et al. 2014
to performaperturephotometryon both our targetand comparison
stars,and choseapertureshat gave the maximum signal-to-noise
ratio. Backgroundaperturesvereadjustedo accountfor changesn
the stellar point-spreadunction over the night asthe atmospheric
conditionsvaried. Finally, the measureduxes of the comparison
starsfor eachobjectwere usedfor differential photometryof our
targets.

2.1.3 EulerCam

We also observedNGTS-23and HATS-54 with EulerCam(Lendl

etal. 2012 on the 1.2-m Euler Telescopet La Silla Observatory.
All observationpresentedh thiswork weredonethrougha Geneva
V Iter (Rufener& Nicolet 1988. NGTS-23was observedon the

2018DecembeR7,with 17 limagedeingacquiredvith anexposure
time of 90sanda0.1-mmdefocus.

HATS-54 wasobservedwice with EulerCam.The rst observa-
tion was performedon the 2019 March 5, with 130 imagesbeing
acquiredwith an exposurdime of approximately80-s.No defocus
wasappliedfor thisobservationThesecondbservatiorwascarried
outonthe2019April 27.136imagesvereacquiredvith anexposure
timeof 75-sandadefocusof 0.5mm. Only apartialtransitof NGTS-
23wasobservedwhereasheobservationsf HATS-54bcoveredone
full transitandonepartialtransit.

For both targets,the datawere reducedusing the standardpro-
cedureof bias subtractionand at eld correction.The aperture
photometryaswell asx- andy-positions,full width half-maximum
(FWHM), airmass,and sky backgroundof the target star were
extractedusing the PyRAF-basedoutines. The comparisonstars
andthe photometricapertureradiuswere carefully chosenin order
to reducethe RMS in the out-of-transitlight-curveparts.

2.1.4TESS

TESSis a space-basetNASA suney telescopethat searchedor
transiting planetsaroundbright stars (Ricker et al. 2014). It has
awide eld of view, with four 24 x 24 camerasgachequipped
with four 2k x 2k CCDs.lts typical observingbaselineof 27d
makesit well-suitedto detectingshort-periodransitingexoplanets.
We searchedor ourcandidate#n the TESSfull frameimagegFFIs)

MNRAS 518,4845-486(2023)

usingthe TESSCut tool andfoundthatall four starswereobserved
by TESS,with observationdbetweenthe 2018 October19 andthe

2021 April 28. NGTS-23wasobservedn Sectors4, 5, 31, and32;

NGTS-24 was observedin Sectors9, 10, and 36; HATS-54 was
observedn Sectorsl1and37 andNGTS-25wasobservedn Sector
27. HATS-54bfalls ontoa CCD in TESSSector38 but we do not

useit asit appeardo be in the overscanregion of the camera A

summaryof this informationcanbefoundin Table1.

Observationdefore2020 July werewithin the primary mission
of TESS,sothe TESSFFIs for thesesectorswere observedat 30-
min cadenceFor observationghatarein the rst extendednission
of TESS(whichis setto nish in 2022 Septemberjhe TESSFFIs
were observedat 10-min cadenceThis meansthat all of the stars
wereobservedt both 10-minand30-mincadenceavith TESSapart
from NGTS-25,which wasonly observedvith 10-mincadenceFor
eachof our candidatesve usedanautomaticallydeterminedptimal
apertureto excludeneighbouringstars,rangingfrom threeto eight
pixels.However,thelargepixel scaleof TESS(21arcsecmeanthat
therewasstill someslightdilution of the FFI light curves.

Foreachcandidatewe foundthatthebestBLS periodfrom TESS
was consistentwith the ORION value for the NGTS photometry.
TESSdetectedsix full transitsfor NGTS-25,eighteenfull transits
for NGTS-24,two partialandtwentyfull transitsfor NGTS-23,and
seventeeffull transitsfor HATS-54.

For all four objects,the transitsobservedwith TESS, as well
asthe other photometricfollow-up, was consistentwith planetary
companionsTherefore all objectswere subsequentlyollowed up
with spectroscopyo determinehe massof the companions.

2.2 Spectroscopy

In additionto thephotometridollow-up, spectroscopyasalsoused
to obtainradial velocity measurementfor all of the systemsThis
allowedfor themassandthereforehedensity,of therespectivdran-
sitingcompaniorto bedeterminedA summaryof thespectroscopic
observationdgs given in Table 2 and phase-foldedradial-velocity
curvescanbeseenin Fig. 2.
Thethreedifferentéchellespectrographssedareall locatedatLa
SillaObservatoryn Chile. TheHigh AccuracyRadialvelocity Planet
Searche(HARPS;Mayor etal. 2003 hasaresolvingpowerof R =
115000andis mountedntheESO3.6-mtelescopeTheR = 60000
CORALIE spectrograpi{Quelozet al. 20013 is installed on the
Swissl.2-mLeonharcEulertelescopevhile theFibre-fedExtended
RangeOptical SpectrograpifFEROS;Kaufer & Pasquinil998 is
mountedonthe MPG/ESO2.2-mtelescopandhasR = 48000.All
four systemavereobservedy aminimumof two spectrographand
haveatleastl1 datapointgseeTable?2).
TheHARPSdatawasreduced/iatheof ine datareductiorsystem
(DRS) beforebeing cross-correlatedvith a binary maskto extract
radialvelocities(Baranneetal. 1996. For NGTS-24andNGTS-23
a G2 maskwasusedwhereasa G9 maskanda KO maskwereused
for HATS-54 and NG TS-25,respectively.This procedurewasalso
employedor theCORALIE data for whichthespectraverereduced
using the standardCORALIE DRS. For the data collected with
FEROS the CERESreductionpipeline(Brahm,Jorcan& Espinoza
2017 performedaradial velocity extractionby the samemethod.
All four targetshad semi-amplitudesonsistentwith a Jupiter-
mascompanio(K 100m 531) andhadvariationdn phasewith the
derivedperiodfrom the photometricdata.We investigatedvhether

2https://masstsci.eduksscut
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Table 2. Summaryof the spectroscopiobservationsSNR:ombinedis the SNRof the co-addedspectrahatwereusedin theanalysis

outlinedin Section3.

Target Instrument Nightsobserved Nspectra ~ SNRecombined Programme

NGTS-23 HARPS 2019/09/12-2020/01/20 7 29.13 0104.C-0588
FEROS 2018/12/24-2020/01/04 8 - 0102.A-9011& 0103.A-9004

& 0103.C-071% 0104.A-9012

CORALIE 2018/10/27-2018/11/06 3 - N/A

NGTS-24 FEROS 2019/12/30-2020/01/04 6 - 0104.A-9012
CORALIE 2019/04/22-2019/12/26 5 — N/A

NGTS-25 HARPS 2021/06/12-2021/09/13 12 20.92 105.20G9
CORALIE 2019/08/09-2021/08/22 2 — N/A

HATS-54 HARPS 2019/05/10-2019/06/08 5 26.45 0103.C-0719

(NGTS-22)
FEROS 2019/04/18-2019/04/26 8 - 0103.A-9004
CORALIE 2019/02/23-2019/04/28 6 - N/A

therewere any correlationsbetweenthe line bisector(BIS) of the
CCFto ensurethatthe signalswereof planetaryorigin anddid not
arisefrom stellaractivity (e.g.stellarspots)or a blendedeclipsing
binary (Quelozet al. 2001h. No evidencewasfoundto contradict
theexistenceof a planetarycompanion.

3 ANALYSIS

The measuredblanetaryparametersare dependenbn the charac-
terization of the host star. Therefore,accuratelyconstrainingthe
propertiesof the hoststaris vital to determineaccurateplanetary
parameters.

3.1 Stellar analysis

Most of our stellarparametersvereobtainedby tting the spectral
energydistributions(SEDs).However, to obtain suitablepriors to
constrainthe SED ts, we rst analysedspectrafor eachobject.
For the spectral analysis we used the open source framework
ISPEC(Blanco-Cuaresmetal. 2014 Blanco-Cuaresm2019. ISPEC
allows usersto choosefrom a list of modelsfor spectralsynthesis.
We choseo employthesPECTRUM(Gray& Corbally1994) radiative
transfercode and the solar abundancemodel from Asplund et al.
(2009. Additionally, we usethe Gaia-ESOSurwey (GES)line list
(version6.0;Heiteretal. 2021), whichcoversmostof thewavelength
rangeof our spectra(420-920nm), andthe MARCES.GESmodel
atmospheréGustafssoretal. 2008.

We usedour high-resolutionHARPS data for the analysisof
NGTS-23,NGTS-25,and HATS-54. For eachobject, we shift the
spectrato the laboratoryframe of referencebeforeco-addingthem
to producea high signal-to-noiseaatio (SNR) combinedspectrum.
The SNRsof thesespectraarereportedn Table2. ForNGTS-24 we
attemptedo follow asimilarproceduraisingthe CORALIE/FEROS
spectra.However, the SNR of the co-addedCORALIE spectra
weretoo low to obtainmeaningfulresults.For FEROS,the Th-Ar
lamp usedfor calibrationappeardo have contaminatedhe stellar
spectrum.Therefore,we are unableto usethe FEROSspectrafor
spectralanalysisbut they still yield reliable resultsfor the radial
velocity measurements.

We determinedthe stellar effective temperature(Tes) and the
surfacegravity (log g), via ts tothetheH , Nal D, andMgl blines
whereasFel and Fell lines were usedto determinethe metallicity
([Fe/H]), alphaenhancemen{ /Fe€]), microscopicvelocity (Vimic),

macroscopio/elocity (Vmag), andthe rotationalline-of-sightbroad-
ening(vsini ).

3.1.1 GaiaDR3

For all four objects,we obtainedadditionalphotometricand astro-
metricdatafrom Gaia DR3(GaiaCollaboration2016 2022).

Ourhoststarsshownoevidenceof beingunresolvedinarieswith
all four targetshavingan astrometricexcessoiseof approximately
zeroaswell asa low astrometricgoodnes®f t in the along-scan
direction (GOF_AL) in Gaia DR3 (Evans2018 and RUWE (re-
normalizedunit weighterror) of approximatelyone.Theyalsopass
the photometric ltering processesutlinedby Arenouetal. (2018
to identify blendedstars.

TheGaiapositions propermotions,andabsoluteadialvelocities
of eachstarwereusedo determingheGalacticvelocity components
(ULsr, VLsr, Wi sr), assuminga Local Standardof Restof UVW
= (11.1,12.14,7.25 km§1; Schdnrich, Binney & Dehnen2010.
By using the selectioncriteria for kinematically thin-disc (vior <
50 kms>?) andkinematicallythick-disc (70 < vyt < 180 kms>?)
objectg(GaiaCollaboratior2018, we concludethatthreeof thestars
belongto the thin disc populationwhile NGTS-23is in-between
thetwo populationgseeTable 3). This appearsonsistentvith our
determinatiorthat NGTS-23is the only metal-poorstarout of our
systemgseeTable4).

3.1.2 SEDbtting

We performed ts to the SEDsof eachobjectto obtainthe stellar
parametergor each system.For this, we employedthe Python
tool ARIADNE (Vines & Jenkins2022. ARIADNE ts catalogue
photometnyto differentatmospherienodelgridssuchasPhoenixv2
(Husseret al. 2013, BT-Settl, BT-Cond, BT-NextGen(Hauschildt,
Allard & Baron1999 Allard, Homeier& Freytag2012), Castelli&
Kurucz (2004, andKurucz (1993.

The SEDsweremodelledby interpolatingthe modelgridsin Tes
— log g — [Fe/H] space.Any underestimatedincertaintiesin the
photometrywere accountedor by including an excessoiseterm.
Gaussianpriors for Tes, log g, and [Fe/H] were taken from our
stellar analysiswith 1SPEC (see Table 4), whilst Gaussianpriors
for the stellar radius and distancewere obtainedfrom the Gaia
DR2/DR3values,althoughwe usedanin ated valuefor theradius
error. For NGTS-24b,we usedvaluesfrom Gaia but with in ated
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Figure 2. Phase-foldedadialvelocitymeasurementer NGTS-23 NGTS-24 NGTS-25,andHATS-54(NGTS-22).Thesancludedataobtainedrom HARPS
(blue points), FEROS(greenpoints),and CORALIE (orangepoints). HARPS spectroscopysedby the HATS teamis shownin peakwhile the FEROS
spectroscopyisedby HATS is shownin brown. Theradial velocity modelis shownby the solid blackline. Theresidualsare shownbelowthe radial velocity
measurements.

Table 3. Thegalacticvelocity componentsndtotal spacevelocitiesfor the errorsaswerewere not ableto obtainresultsusingISPEC In ated

four systemspresentedh this paper. errorswere chosenso asnot to unnecessarilpiasthe resultsfrom

. - ARIADNE. In addition Ay waslimited to themaximumline-of-sight
Target ULsr, Visr, Wisr(kmsSY) vi(kms™?)  yaluetakenfrom galacticdustmaps(Schlegel Finkbeiner& Davis
NGTS-23 $54.39,19.95 51.52 57.95 1998 Schlay & Finkbeiner2011). The priors for the excessoise
NGTS-24 5.11,25.74,2.54 26.37 parametersvere setto a normal distribution with a meanof zero
NGTS-25 $14.40,27.52,11.98 33.29 and a varianceequalto ve timesthe associatedincertainty.The
HATS-54(NGTS-22) 31.40,538.39,54.24 49.78 massvaluewasestimatedrom MIST isochronegChoi etal. 2016
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Table 4. Stellarpropertiesof thefour systems.

Property NGTS-23 NGTS-24 NGTS-25 HATS-54(NGTS-22) Source
Updated Discovery
2MASSID J04414374-4002404 J11141533-3754365 J20294038-3901565 J13223237-4441196 - 2MASS
GAIA SourcelD  48164620919381294083970869696546288646682513094425008646087996849371141248 - GaiaDR2
TICID 77287067 151920165 290742484 363851359 - TICc8
RA 04'41M43.6° 11"14M15.3 2029M40.3 13"22"32.4 - GaiaDR3
DEC ) S$40 0241.0arcsec  S37 5436.5arcsec 539 0155.5arcsec  S44 4120.0arcsec - GaiaDR3
Hra(masyS?1) 0.86+ 0.01 $0.69+ 0.01 5.17+ 0.02 §3.50+ 0.02 - GaiaDR3
Hpec(masySt) 12.27+ 0.02 0.57+ 0.01 6.03+ 0.02 §7.96+ 0.02 - GaiaDR3
Parallax(mas) 0.95+ 0.01 1.39+ 0.01 1.90% 0.02 1.36+ 0.02 - GaiaDR3
V (mag) 14.010+ 0.062 13.192+ 0.063 14.266+ 0.048 13.914+ 0.027 - APASS
B (mag) 14.578+ 0.024 13.948+ 0.053 15.146¢ 0.052 14.710+ 0.070 - APASS
g (mag) 14.291+ 0.028 13.561+ 0.014 14.656+ 0.048 14.258t 0.045 - APASS
r (mag) 13.940+ 0.049 13.007+ 0.011 14.000+ 0.049 13.694+ 0.041 - APASS
i (mag) 13.845¢ 0.043 12,799+ 0.051 13.844+ 0.092 13.497+ 0.074 - APASS
G (mag) 13.9406+ 0.0002 13.0410¢ 0.0002 14.0742+ 0.0003 13.7621+ 0.0003 - GaiaDR3
J(mag) 13.056+ 0.023 11.879+ 0.019 12.818+ 0.019 12.611+ 0.021 - 2MASS
H (mag) 12.797+ 0.024 11577+ 0.022 12.417+ 0.020 12.273+ 0.024 - 2MASS
K (mag) 12.730+ 0.035 11,510+ 0.019 12.324% 0.022 12.170+ 0.017 - 2MASS
W1 (mag) 12.710+ 0.024 11.455+ 0.023 12.287+ 0.023 12.157+ 0.023 - WISE
W2 (mag) 12.744% 0.023 11.505¢ 0.020 12.328+ 0.024 12.165+ 0.023 - WISE
T (mag) 13.586+ 0.006 12.570+ 0.006 13.546+ 0.006 13.276+ 0.006 - TIC8
SpectralType FoVv G2lvV KoV G6V - ARIADNE
Teit 6057+ 64 58233 5321+ 58 5621+ 70 5702+ 26 ISPEC
logg 4.04% 0.15 4.0%5% 4.48% 0.14 4.20% 0.20 4.240% 0.023 ISPEC
[Fe/H] §0.26+ 0.11 0.27528 0.12+ 0.05 0.37+ 0.07 0.396+ 0.031 ISPEC
[ IFe 0.07+ 0.17 - -0.08% 0.10 $0.15+ 0.10 - ISPEC
vsini (kms>1) 1.46+ 1.08 - 1.96+ 0.68 <2.50 3.83+ 0.42 ISPEC
Vmic (kms>1) 1.24+ 0.20 - 0.89+ 0.21 0.88% 0.23 0.948+ 0.034 ISPEC
Vimac (kms>1) 5.71+ 0.84 - 3.24% 0.78 4.49% 0.68 3.61+ 0.11 ISPEC
R(R) 1.24+ 0.03 1.64503 0.86,5:92 1.23+ 0.02 1.317+ 0.036  ARIADNE
MM ) 1.01£538 1.2629° 0.915% 1.05+ 0.05 1.097+ 0.022  ARIADNE
(gem®3) 0.75%5:%2% 0.406+ 0.059 2.21459% 0.795 0.052  0.678+ 0.054  JointModel
L) 192638 279%8355 0515335 130Z3%  163LYH  ARIADNE
d (pc) 991523 72533 517525 720513 769+ 21 ARIADNE
Ay (mag) 0.0145929 0.244,533% 0.07%59%% 0.114593%2 0.279+ 0.018  ARIADNE
Age (Gyrs) 6.3%133 477358 3.4g343 7.96537 6.60+ 0.76  ARIADNE

Notes denoteshat, for NGTS-24b,ARIADNE was usedinsteadof ISPEC for reasonsutlinedin Section3.1 The secondast column containsthe stellar
parameterfor HATS-54from thediscovery paper(Espinozeetal. 2019. The nal columngivesthe datasource for which thefollowing referencesregiven:
2MASS (Skrutskieetal. 2006; APASS(Henden& Munari2014); Gaia(GaiaCollaboratior2016 2018 2022; WISE (Wright etal. 2010; TIC8 (Stassuretal.

2019.

usingthe previously derived values.The derived stellar parameters
arelistedin Table4.

3.1.3 Stellarrotation

As well as modelling the stellar parameterswe also wished to
constrainthe stellarrotationperiod. Coupledto a knowledgeof the
stellarradiusandvsini , determinatiorof the stellarrotationperiod
canthenallow constraintso beplacedontheinclinationangleof the
stellarrotationaxis. This canenablemisalignedstar-planesystems
to beidenti ed (Watsonetal. 2010.

The rst methodusedto constrainthe rotation period was to
spectroscopicallymeasurethe chromosphericactivity of the star.
Usingtheformulaedescribedn Lovis etal. (2011), thelog R, was
measuredrom the co-addedHARPS spectrausedin Section3.1
Therefore,the only systemwe were not able to obtaina log R«

value for was NGTS-24b.From theseco-addedspectrawe found
log Ry valuesof $5.43,54.61,andS4.74for NGTS-23,NGTS-
25,andHATS-54, respectivelyUsingtherelationfrom Noyeset al.
(1984, themostprobablestellarrotationperiodsarepredictedo be
27d for NGTS-23,24d for NGTS-25,and29 d for HATS-54.

Our secondapproachusedthe v sini - of the starmeasuredrom
ISPEC. By assuminghatthe stellarinclinationangle,i , is 90 (i.e.
sini = 1), anupperlimit canbeplacedonthestellarrotationperiod
whenthestellarradiusis known.NGTS-23andNGTS-25werefound
to havea vsini of 1.46+ 1.08kms°! and1.96+ 0.68kms°?,
respectivelywhich correspondo upperimits of therotationperiods
of 43+ 32dand22+ 8 d. We wereonly ableto obtainanupper-
limit to the vsini for HATS-54, nding it to be <2.50 kms°L.
This correspondgo an upperlimit of 25 d. However, if the value
of vsini is lower thenthis upperlimit will increasewhich means
thatHATS-54s likely a slow rotator. Theseare consistentith the
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previousestimategrom thelog R« andappearconsistentvith the
ageandspectrakypesof the stars.

Finally, we searchetheGeneraliselomb—Scargl@eriodograms
(Lomb 1976 Scargle1982 Zechmeister& Kirster2009 of the
NGTSphotometryafterthetransitswereremoved (seeappendixD1
for plots). NGTS-23hassigni cant peaksat approximatelyl5 and
33d. The33-dpeakis moreconsistentvith the previousestimateof
27dfromthelog R, . Themostsigni cant peakfor NGTS-24is at
approximatel\80d. However, it is possiblehatthis peakisindicative
of themooncontaminatinghe photometryHowever, giventhatthe
nextmostsigni cant peakis about47d, it appeardikely thatNGTS-
24 is slowly rotating. NGTS-25has peaksin the periodogramat
approximatelyl4 and28 d, which could be causedy moonlightin
the photometry.Thereis alsoa signi cant peakbetweer40 and50
d butthisis not consistentvith theupperlimit from thev sini and
theestimateof 24 d from thelog R, soit is unlikely to correspond
with therotationperiod.Finally, HATS-54hasnumeroussigni cant
peaks.Thereis a signi cant peakat roughly 27 d, which is broadly
consistentvith the previousestimatesWe conclude Jike the other
starspresentedn this paperthatHATS-54is slowly rotating.

As a nal check,we explored alternative methods,including
autocorrelatiorandGaussiarProcesgGP)regressionn additionto
LS periodogran{Gillen etal. 2020), viatherotationToolkit (RoTo),2
but do not detectclearrotationpatternsbeyondthe aforementioned
suggestivesignals.

3.1.4 Stellarproperties

Usingthe parametersbtainedfor the stellarradii, masseseffective
temperaturesgndluminosities we cancompareour hoststarsto the
generalpopulationof starsthathostplanets wherethe planetshave
de ned massesand radii. This is a sampleof approximately950
stars,anda stellarmass-radiusliagramanda Hertzsprung—Russell
diagramcanbe seenin Figs3 and4, respectively.

From these gures, it appearsthat NGTS-25is on the main-
sequencandlies in the generalpopulationof stars.NGTS-23and
HATS-54 both occupy a sparseregion of mass-radiugparameter
spaceFinally, NGTS-24is in anevenlesspopulatedegionof mass-
radiusspaceandappeardo be transitioningoff the main-sequence
if it hasnot alreadydoneso. This appearsa reasonable&onclusion
given its age and spectraltype (seeTable 4). Therefore,it is an
interestingargetgiventherarity of hotJupitersaaroundsub-gianstars
(Villaver & Livio 2009 Hansen201Q Schlaufman& Winn 2013.
We alsoconcludethatHATS-54andNGTS-23arebothtowardsthe
endof their lifetimes on the main-sequencandwill evolve off the
main-sequencwithin a few Gyrs. Again, this seemgo bein good
agreementvith their agesandspectraltype. Theseconclusionsare
furthersupportedrom the ndings in Sectiond.1, in whichall three
starsshow signi cant evolution within relatively short periods of
time.

3.2 Global modelling

We determinedthe physical parameterf the systems,ncluding
planetradiusand mass,via a simultaneoust to the photometric
and spectroscopi@atausing the open-sourceastronomysoftware
package\LLESFITTER (Gunther& Daylan2019 2021). ALLESFITTER
combinesthe packagegLLc (light curveand RV models;Maxted
2016, eMcee (MCMC sampling; Foreman-Mackg et al. 2013,

Shttps://github.com/joshbriegal/rmt
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Figure 3. Starsthat host exoplanetswith de ned radii and masseggrey
points)with errorbarsuppressetbr clarity. Thestarspresentedh this paper
are plotted as colouredpoints with errorbars.lt can be seenthat three of
the starspresentedn this paperlie in relatively sparseregionsof (stellar)
mass-radiuspacewhile NGTS-25liesin thegenerapopulation. The stellar
samplewasobtainedfrom the NASA ExoplanetArchive (https://exoplaneta
rchive.ipac.caltech.edu/

Figure 4. A Hertzsprung—Russellliagram for the same stellar sample
describedin Fig. 3. The errorbarsare suppressedor clarity. The stars
presentedn this paperare plotted as coloured points with errorbars.Of
particular note is NGTS-24, which appearsto be beginningto transition
off the main-sequence-ATS-54 also appeargo be towardsthe end of its
main-sequenchfetime.

DYNESTY (nested sampling; Speagle2020, and CeLERITE (GP
models; Foreman-Mackg et al. 2017). This combinationallows
ALLESFITTER to model a variety of signals,including stellar vari-
ability andtransit-timingvariations.

Given the length of time for the initial MCMC ts to converge,
a nestedsamplingapproachwas takento producethe global ts.
However, quick MCMC ts (100 walkers and 5000 steps)to the
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Table 5. Planetaryparametergor the four systemspresentedn this paper.The nal two columnsdisplay the updatedplanetaryparametergor HATS-

54b/NGTS-22kalongsidethosefrom thediscovery paper(Espinozeaetal. 2019.

Property NGTS-23b NGTS-24b NGTS-25b HATS-54b/ NGTS-22b
Updated Discovery

P (days) 4.0764326: 0.0000041 3.4678796: 0.0000070 2.823093G+ 0.0000033 2.5441765 0.0000024 2.5441828 0.0000043
Tc (BJD) 2458431.77134 0.000482458100.622¢ 0.00112458204.26373 0.0005@457780.01023 0.000612457780.0110% 0.00089
T1a (hours) 3.919+ 0.031 2,924,598 2.466+ 0.025 2.4685%4% 2.5008 0.0456
Re/R 0.1048 59511 0.0768 59528 0.123%5351 0.0848+ 0.0014 0.0832+ 0.0025
alR 8.72519 6.37%:52 9.78512 6.48+ 0.14 6.15+ 0.16
b 0.13459%4 0.821+ 0.026 0.11%59%7 0.7185%2 0.74,5922
i() 89.1% 533 82.61 522 89.34, 522 83.67+ 0.34 83.08+ 0.36
e ) 0 ( xed) 0 (xed) 0 ( xed) 0 ( xed) <0.126
K (kms°1) 0.078+ 0.011 0.062531% 0.100+ 0.006 0.108+ 0.006 0.105+ 0.014
Re(Ry) 1.267+ 0.030 1.21429%8 1.02%20% 1.015+ 0.024 1.067+ 0.052
Mp(M3) 0.613+ 0.097 0.52¢,51% 0.634 598 0.753+ 0.057 0.76+ 0.10

e (gem?) 0,373,559 0,354,932 0.893%%3 0,040,512 0.7+ 0.16
a(au) 0.0504+ 0.012 0.047¢,5:9928 0.038¢ 5394 0.0370+ 0.0010 0.03763¢ 0.00024
Teq (K) 13271 14944 110%7; 1429+ 24 1625+ 22

Irradiation(W mS2) (1.03% 0.07) 10P (166224 x 10°

(462557 x 10° (12509 x 10° (15750 x 10°

NGTS datawereusedto re ne priorson parametersuchastransit
epochandtransitdepth.Gaussiarpriors were placedon the stellar
massradius,andtemperatureisingthe resultsfrom the SED tting
(seeTable 4). We adopteda quadraticlimb darkeninglaw for the
photometricdata as parameterizedn Kipping (2013. Gaussian
processewith a Matern 3/2 kernel were usedto t any out-of-
transitvariability andfor this reasonwe removed light curvesfrom
the nal modelsthatdid nothaveasuf cient out-of-transitbaseline.
Therefore for NGTS-23bwe did not includethe EulerCamdataor
theSAAO 1.0-mdatain our nal ts, while for HATS-54bwedid not
usethe EulerCanmdatatakenonthe2019/03/2%r eithernightof the
photometrytakenby the SAAO 1.0-min our nal ts. Transitsthat
werenotincludedin the nal modelscanbefoundin appendixAl
for completenessHowever, for HATS-54b we madeuse of both
photometryandradial velocity measurementsom Espinozaet al.
(2019 in ourglobalmodels Furthermoreasmultiple spectrographs
wereusedo obtainradialvelocitymeasurementsr eachsystemwe
t for aconstaninstrumentalelocity offsetfor eachspectrograph.
For eachsystemwe ranmultiple ts beforeperformingour nal
t. We rst testedremovingRV pointsthat were measurediuring
transit as thesepoints could have beenaffectedby the Rossiter—
McLaughlin effect (McLaughlin 1924 Rossiter1924). We found
thatremovingthesepointsdid not signi cantly alterthe resultsand
thereforethesein-transitRV pointswereincludedin the nal ts.
Finally, we ran two additional ts for eachplanet— onewhere
the planetwas xed on a circular orbit (i.e. e = 0), and another
wherethe eccentricitywasallowedto vary freely. Eachof the latter
ts resultedin non-zeroeccentricityvalues.However, mary small
eccentricityvaluesarespuriousandLucy & Sweeney(197]) de ne
a probabilistictestto determinewhethera small e is statistically
signi cant from 0. By adoptinga 5 percentlevel of signi cance,
they nd thatif theconditione > 2.45 issatis ed(where .isthe
observationalincertaintyon €), thenone canbe con dent thatthe
measuredccentricityis real. We nd thatall of our measurements
fail to meetthis criteria,andwe therefore xed theeccentricityto be
zeroin our nal ts. Thisisin-line with boththeoreticapredictions,

andtheobservegopulatiorof hotJupitersyhereorbitaleccentricity
is oftenconsistentvith zero(e.g.Andersonetal. 2012).

WeuseALLESFITTERtO t ourdatafor thekeyphysicalparameters
of eachsystem,including the planet'sorbital period P, the radius
ratio Rp/R , andtheradial velocity semi-amplitudek. A full list of
physicalpropertiesandtheir valuesfor eachplanetcanbe foundin
Table5. Fig. 1 showsthe phase-foldedight curvesfor eachobject.
Similarly, thephase-foldedadialvelocity datafor eachstaris shown
in Fig. 2.

4 RESULTS AND DISCUSSION

All the planetspresentedn this work haveradii betweenl.02 and
1.27R; andmassedetweend.52and0.75M;. This placesthemin
the generalpopulationof hot Jupiters(Fig. 5), with planetarybulk
densitiegrangingfrom 0.359g cm®? to 0.940g cme3.

Our stellarparametergor HATS-54 (NGTS-22)aregenerallyin
goodagreementvith thosefrom Espinozaetal. (2019. Tex, log g,
M, [Fe/H], and vy, all agreewithin the error bars. The radius
valuesare within 2 while the luminosity valuesare within 3 .
Therearesigni cant differencedetweerthev sini  andvy,c values
reportedin the discovery paperand the valuesdeterminedin this
work. However, asEspinozaetal. (2019 assumed v, Valuethat
is lowerthanthevaluein thispaperthiswill resultin alargerv sini
dueto the degenerag betweenthe two properties.Given the age
andspectratypeof HATS-54,our slowly rotatingvalueseemsnore
appropriate Therewas also disagreemenon the extinction values
butthevaluefrom Espinozaetal. (2019 is high giventhelimit from
bothSchlegeletal. (1998 andSchlay & Finkbeiner(2011).

The planetaryparameter®btainedfor HATS-54b (NGTS-22b)
arein good agreementvith thosereportedin the discovery paper.
Most of the valuesagreewithin error barsbut /R andtheimpact
parameterb, differ by lessthan2 . Howeverthemaindifferenceis
thatEspinozaetal. (2019 couldonly constraire< 0.126whereasve
xed e = 0 asnon-zeroeccentricityis likely spuriousgiventhatour

eccentrionodelsreturnedaneccentricityvalueof e = 0.0239.55.
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Figure 5. Exoplanetswith de ned massesand radii (grey points) with
errorbarsuppressefbr clarity. Theplanetpresenteéh thispaperareplotted
ascolouredpointswith errorbarsAll four planetspresentedrefoundto lie
within the generalpopulationof hot Jupiters.The exoplanetsamplewas
obtainedusingthe NASA ExoplanetArchive (https://exoplanetarchive.ipac.
caltech.edy/

4.1 Orbital decaytime-scales

Giventhelate ageof two of our systemgNGTS-24andHATS-54),
we thoughtit usefulto calculatethe orbital decaytime-scalegor our
planetsWe usethefollowing equatiorto calculatetherateof orbital
decay(Goldreich& Soter1966 Ogilvie 2014 Patraetal. 2020:

5
dj =9 ZL % 5 : (1)
dt 2Q M a
where Q = 3Q /2k,. Q and Q are the tidal quality factor
and the reducedtidal quality factor, respectively,while k; is the
dimensionlesguadrupolat-ove numberWe alsoonly considerthe
equilibriumtide within the convectionzonein this analysisasnone
of our systemssatisfy the criterion for the dynamicaltide to be
consideredThis is becausehe inertial waves(that constitutethe
dynamicaltide) are only excitedif the orbital periodis twice the
stellarrotationperiod(i.e. Porp > P /2). Therefore for our analysis,
wecanuseQ asde nedin Strugareletal. (2017.*

Using the orbital period and the rate of decay,we are able to
makea predictionfor the length of time for the planetaryorbit to
decaycompletely(i.e. whereits orbital periodis zero).Thisassumes
a constantrate of decayandthuswill likely over-estimatehetime
takenfor theorbitto decayWe alsohaveignoredtheeffectsof stellar
wind which would likely decreas¢heinspiraltime aswell. Finally,
as the star evolvesoff the main-sequencéhe tidal quality factor
can changeby ordersof magnitude,which dramaticallyimpacts
the decaytime. This could in-part explain the lack of hot Jupiters
observedaroundsub-giantstars (Villaver & Livio 2009 Hansen
201Q Schlaufmar& Winn 2013.

A summaryof all the estimateddecaytime-scalesanbe found
in Table6. Althoughwe haveestimatedhe rate of decayfor these

4Thisanalysigequireshedepthof theconvectiorzone Thereforetheradius
andmassof the coreweredeterminedisinghttp:/Avww.astro.wisc.edu/tow
nsend/sitic.php?ref=ez-web
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systemswe are likely unableto measurethesedue to their long
decaytime-scalesFor example the observedorbital decayrate of
WASP-12his severalordersof magnitudehigherthanfor anyof the
starspresentedhere(Maciejewskietal. 2016 Patraetal. 2017 Yee
etal. 2020. Thelong orbital decaytime-scaleswhile anestimation,
suggesthatall four planetsarein a relatively stablecon guration
while therespectivenoststarremainson the main-sequence.

However,we seethatwhenthestarevolvestheorbitaldecaytime-
scalerapidlydecreasesyhichagreewith theobservationghatthere
is alack of hot Jupitersaroundsub-giantstars.Of particularinterest
is NGTS-24basits hoststarwill soonevolveoff themain-sequence
if it is not alreadydoing so. Thereis sometentatie evidenceto
suggesthatNGTS-24hbis alreadybeginningto evolveoff themain-
sequenceseeTable 4 and Fig. 4). Therefore,we expectthat the
starwill changesigni cantly within 500 million yearscausingthe
inspiral time to reducesigni cantly. This leadsto the planetbeing
engulfedwithin 600 million years.For comparison HATS-54 will
take2 billion yearsbeforeit evolvesto a stagewhereit will havea
similarinspiraltime.

4.2 InRation

Many hot Jupitersthat are highly irradiatedare observedto have
low densitiegLaughlin,Crismani& Adams2011, Weissetal. 2013
Thorngren& Fortney 2018. Previousstudieshawe suggestedhat
this is driven by in ation mechanismshat becomeeffective above
anincident ux of approximately2 x 10° W m>2 (Demory& Seager
2012, Miller & Fortney 2017).

We calculatedthe irradiationreceivedby eachplanetand found
that all four are irradiated above this threshold (see Table 5).
Therefore,we would expectthat our planetsmight exhibit larger
thanexpectedadii dueto in ation.

We follow the procedurédaid out by Tilbrook et al. (2021) and
Costeset al. (2020, who utilize the work of Baraffe et al. (2008
hereafteB08) andSestovicetal. (2018 hereafteiS18 to determine
whethera planetis in ated. Using the work from B08 we obtain
estimatedradii for non-in ated planetsthat we can comparewith
expectedn ated radii from S18(seeFig. 6).

B08 producedplanetaryevolutionmodelsthataccountfor previ-
ouslimitations,suchasquantifyingtheeffectof metallicity. Notably,
radiusdecreasewith increasingheavyelemenmasssoby assuming
alow metallicity of 0.02—-0.1for eachplanet,we areableto provide
an upperlimit for the non-in ated radii. Differencesbetweenthe
predictedvalueandthe observedadiuscouldindicatethatin ation
mechanisméaveaffectedtheradius.

S18implementhierarchicalBayesianmodelling and a forward
modelto infer relationshipsbetweenincident ux andradius.The
increasdn radius, R, is alsodependenbn the massof the planet.
All four of theplanetgresentedh this paperfall into thesamerange
(0.37-0.98M;), andwe thereforeusethe correspondingquationto
derivethe expectedadiusincreasalueto in ation for each,

R = 0.70x (logioF S 5.5). 2
Thebaselineradiusin S18is Ryase= (0.98+ 0.04)R; for this mass
regime.Thereforethein ated radiusis calculatedas:

Rinated = 0.98+ R. (3

Thesdn ated radii canthenbecomparedvith thederivedradii from
our globalmodels.

For NGTS-23btheobservedadiusis consistentvith thein ated
radiusas predictedby S18within error-bars.t is alsolargerthan
the estimatednon-in ated radiusby morethan6 . It is therefore
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Table 6. Summaryof the decaytime-scalesor thefour planetspresentedn this paper.

Star Age (Gyrs) M (M) R (R) L (L) Mc(M ) R(R) Q d—Ft’ ta (Gyrs)
NGTS-23 6.39 1.01 1.24 1.920 1.00 0.95 6.49x 10° $7.43x 10514 150
8.89 1.01 2.32 3.371 0.63 0.94 3.15x 10° S351x 10°1  0.32
NGTS-24 4.77 1.26 1.64 2.792 1.23 1.18 2.43x 10° S$7.02x 10°13 14
5.27 1.26 2.94 4.485 0.52 0.93 3.16x 10° S1.00x 10°10 0.09
NGTS-25 3.49 0.91 0.86 0.511 0.88 0.57 1.06x 10’ S$3.12x 10°14 248
13.49 0.91 1.06 0.912 0.87 0.70 4.60x 10° S$2.05x 10°13 38
HATS-54 7.96 1.05 1.23 1.302 1.02 0.89 4.17x 10° $6.05x 10°13 12
(NGTS-22) 9.96 1.05 2.11 2.360 0.66 0.88 4.98x 10° $7.54x 10°11 0.09

Notes In column2, ‘Age’, we list two valuesfor eachstar.The rst is the stellarageestimationfrom Table4. For comparisonthe secondvalueindicatesthe
ageatwhichthestaris estimatedo beginevolvingoff of themain-sequencd=or NGTS-25b this lateragewasdecidedo be 10 Gyrsolderthanits determined
age.M; andR; arethe massandradiusof the core,respectivelyQ is thereducedidal quality factor, %P is therate of orbital decayandt, is the associated
time for the planetaryorbit to decay.The stellarrotationperiodwasassumedo be 30 d in eachscenario We notethatthe assumptiorof anincorrectstellar

rotationperioddoesnot affectthe resultsmuchunlessthetrue periodis << 1 d.

Figure 6. Exoplanetdrom the NASA ExoplanetArchive (https://exoplane
tarchive.ipac.caltech.eduwith massedetween0.37-0.97M;. The purple

dashedine showsthepredictedin ated’ radii (Sestovicetal. 2018 with the

associatedtandardleviationshownasdashedrownlines. The hot Jupiters
presentedn this paperareplottedascolouredpointswith errorbars.

reasonabléo concludethatNGTS-23bis in ated. NGTS-24bhasa
radiusgreaterthanthe estimatechon-in ated radius,butit is notas
largeastheexpectedn ated radius.Althoughthereis lessthana3
differencebetweertheobservedadiusandtheexpecteaon-in ated
radius,the modelfrom S18fails to predictthe behaviourHowever,
dueto the high irradiationandthe low planetarydensityit is likely
thatthis planetis in ated. Therefore pur resultscould beindicative
that densityis a more suitableparameteithan planetaryradiusto
determinevhetheraplanetis in ated. HATS-54bhasaradiusthatis
consistentvith thenon-in atedmodelanddisagreesvith thein ated
predictionby morethan6 . Therefore,it appearghat HATS-54b
is not in ated. Finally, NGTS-25bis consistentwith both in ated
and non-in ated predictionsso we are not ableto drav ary rm
conclusiondor this planet.However, thisis notaltogethesurprising
giventhat NGTS-25bhasa lower level of irradiationcomparedo
theotherplanetspresentedn this paperA summaryof thein ation
resultscanbefoundin Table7.

Similar to the resultsfrom Tilbrook et al. (2021), our resultsare
in tensionwith the claim from S18thatthereis not a populationof
non-in ated hot Jupitersin the massrange0.37-0.98V;. Although
all of theincident uxes are largerthanthe thresholdfor in ation
(2x 10° Wm>2; Demory& Seager2011; Miller & Fortney 2011),
it appearghat HATS-54bis not in ated. It is alsounclearwhether
NGTS-24bandNGTS-25barein ated. Giventhatthisis simply the
minimumlimit atwhich planetsbeginto appeain ated andthatthe
incident ux for NGTS-25bis not muchgreaterthanthis limit, it is
not too surprisingthat NGTS-25bis notin ated. However, asnew
evidencesuggestshatgaseouplanetsmay experienceérein ation’
as the star evolvesoff the main-sequencg¢Hartmanet al. 2016
Komaceket al. 202Q Thorngrenet al. 202Q 2021), it is somewhat
surprisingthat NGTS-24bcannotbe con rmed to bein ated asit
experiencegelatively high levels of irradiation. Therefore NGTS-
24bmaybeaninterestingcandidateao studyto betterunderstandhe
impactof additionalparametersnthemechanismsriving in ation.

In particular,metallicity might play animportantrole as,for the
systemgeportedn this paperthe only planetorbiting a metal-poor
star was also the only planetthat agreedwith the in ated radius
predictions.This agreeswith the expectationthat radii decrease
asthe fraction of heavyelementsn a planetincreasegThorngren
etal. 2016. It is alreadyknown that hot Jupiterradii vary with age
(Baraffeetal. 2008 Miller, Fortney & Jacksor2009 Thorngren&
Fortney 2018, andadditionally,differing systemagescouldindicate
a differencein planetarymigrationtimes, and thereforevariations
in the level of stellarirradiation comparedto what they currently
experienceThe detailedeffectsof additionalparameterssuchas
metallicity, eccentricityandsystemage arenotyetfully understood.
However, they could potentially explain why planetsmay exhibit
differentlevels of radiusin ation despitereceving similar levels of
irradiation.

Furthermore the numberof known hot Jupitershas increased
greatlysincethe publicationof S18thereforeit would be bene cial
to havean updatedmodelwith anaim of understandinghe impact
of variousfactorsasthis could describethe in ation relationships
moreaccuratelylUnderstandinghedependencentheseparameters
is crucialto determiningthe underlyingin ation mechanisms.

5 CONCLUSIONS

Wereportthediscoveryof threenewhotJupitersandtheindependent
detectionof HATS-54b.Eachplanetwas originally identi ed from
photometryfrom the Next GenerationTransitSurvey(NGTS), and
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Table 7. Quanti cationof thein ation of thefour planets.

Planet Irradiation(W méz) M (Mj)  Rnon-inated (Ry) R(Ry) Rinated (R3))  Robserved(R3)
NGTS-23b  (1.03% 0.07) 1P 0.5 1.017-1.093 0.36&3%5  1.34% 0.04 127+ 0.03
NGTS-24b (1.66229) x 10° 0.5 1.009-1.072 0.50% 0.03 1.48+ 0.05 1.21% 0.06
NGTS-25b  (4.6%737) x 10° 0.5-1.0  1.009-1.186 0.12+ 0.03 1.10+ 0.05  1.0%J0e

HATS-54b (1.2%539 x 10° 0.5-1.0  1.009-1.106 0.42+ 0.01 1.40+ 0.04 1.02+ 0.02

Note the massesn this table are not the true planetarymassesut are the massesusedto calculatethe non-in ated
radius. R istheexpectectchangen radiuscausedy in ation mechanisms.

was con rmed throughadditional photometrywith the Transiting
ExoplanetSuney Satellite (TESS).Other ground-basedollow-up

observationsvere carried out at the South African Astronomical
ObservatorfSAAO) with the1.0-mand1.9-mtelescopesswell as
with EulerCanonthel.2-mEulerTelescopatlLa Silla Observatory.
Radial velocity measurementsadewith the HARPS, CORALIE

andFEROSspectrographallowedfor themassesf all four planets
to bedetermined.

Spectral analysis via 1ISPEC and SED tting via ARIADNE
revealedhe propertiesof the hoststarsin eachsystemwhich were
foundto beF-, G-, or K-type stars(seeTabled). We alsoattemptedo
constrainthe rotationperiodsof the starsandfrom this determined
that the four starswere likely to be slowly rotating. Global ts to
the datawere producedusing the open-sourcestronomysoftware
packageaLLESFITTER. Our resultsfor HATS-54b (NGTS-22b)are
consistentith the original discovery paper(Espinozaet al. 2019.
From the orbital decaytime-scalef the four planetspresentedn
this paper,they all appearto be on stableorbits while the hoststar
remainson the main-sequence.

All four planetsreceivea level of irradiationabovethe minimum
thresholdfor the onsetof planetaryin ation mechanismgDemory
& Seager2011;, Miller & Fortney 2011). Therefore,we sought
to determinewhetherany of the planetsexperiencedn ation by
comparingour derived radii with predictionsfrom evolutionary
models(Baraffeetal. 20098. In addition,we examinedhe predicted
additionalradiuschangeduetoin ation, R, throughthe ux-mass-
radiusrelationsoutlined in Sestovicet al. (2018. We found that
NGTS-23bis likely in ated while NGTS-24bis morelikely to be
in ated thannotin ated. NGTS-25bis consistentvith bothin ated
andnon-in ated modelssowe areunableto determinewvhetherit is
in ated. HATS-54bis unlikely to bein ated asit is consistentith
thenon-in ated models.

Finally, similar to Tilbrook et al. (2021), we notethatthereis a
disparity betweensomeof our derivedradii andthosepredictedby
thein ationary forwardmodelof Sestovicetal. (2018. Throughthe
inclusionof bothnewhotJupiterdataandadditionalparametersuch
assystemageandheavymetalfraction,the accuracyof in ationary
parametrizatiorcan be improved, which would help improve our
understandin@f the physicalprocessedehindthein ation of hot
Jupiters.
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Figure Al. Phase-foldeghotometryfor NGTS-23bandHATS-54b(NGTS-22b) Thesdransitsverenotusedn the tting procedurestherewasnotsuf cient
baselingo characterizehe out of transitbehaviour.

APPENDIX B: SAMPLE NGTS PHOTOMETRY Table B1 —continued

(&) NGTSphotometryfor NGTS-23.
Time Normalized ux Flux error
(BJD-2450000)

Table B1. SampleNGTS photometryfor eachobject. The full tablesare

availablein amachine-readabirmatfrom the onlinejournal. (c) NGTS photometryfor NGTS-25.

8203.8697 1.009 0.022
(a) NGTSphotometryfor NGTS-23. 2;822?&8} gggi gggg
Time Normalized ux Flux error 8203.8701 0.983 0.022
(BJD-2450000) 8203.8702 0.959 0.022
7981.8851 1.016 0.022
7981.8852 1.002 0.022 8423.5825 1.001 0.022
7981.8854 0.978 0.022 8423.5826 1.020 0.022
7981.8855 0.999 0.022 8423.5828 0.968 0.022
7981.8857 1.022 0.022 8423.5829 0.954 0.022
8423.5831 0.984 0.022
8195.5415 1.020 0.020 (d) NGTSphotometryfor HATS-54 (NG TS-22).
8195.5416 1.007 0.020 7374.8169 0.991 0.017
8195.5417 1.056 0.020 7374.8171 0.999 0.017
8195.5419 1.012 0.020 7375.8065 0.979 0.019
8195.5420 0.956 0.020 7375.8068 0.970 0.019
(b) NGTSphotometryfor NGTS-24. 7375.8069 1.004 0.019
8097.8107 0.993 0.010
8097.8108 0.985 0.010 7632.4995 0.996 0.018
8097.8110 0.977 0.010 7632.4997 0.994 0.018
8097.8111 1.011 0.010 7632.4998 0.982 0.018
8097.8113 1.013 0.010 7632.5000 0.968 0.018
7632.5001 1.018 0.018
8295.5989 0.969 0.014
8295.5991 1.001 0.014 APPENDIX C: RADIAL VELOCITY DATA
8295.5992 0.975 0.014
8295.5993 1.013 0.014
8295.5995 1.007 0.014
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Table C1. Radialvelocity datafor thefour systems.

Target BJD RV RV error FWHM contrast BIS Instrument
(52450000)  (kms°1) (kms°1) (kms>1) (kms>1)

NGTS-23 8780.748 22.344 0.058 8.499 29.492 0.085 HARPS
8781.748 22.325 0.033 8.376 29.162 0.016 HARPS
8783.744 22.217 0.033 8.406 28.960 0.024 HARPS
8784.756 22.315 0.040 8.445 29.733 0.162 HARPS
8843.670 22.306 0.034 8.477 28.427 0.198 HARPS
8844.657 22.180 0.023 8.376 28.400 0.104 HARPS
8868.586 22.212 0.018 8.374 27.577 0.017 HARPS
8418.650 22.415 0.080 8.946 31.387 $0.019 CORALIE
8424.713 22.254 0.076 8.926 31.042 0.703 CORALIE
8428.803 22.292 0.075 9.093 31.454 $0.112 CORALIE
8736.888 22.281 0.028 - - 0.082 FEROS
8798.817 22.176 0.032 - - $0.101 FEROS
8800.690 22.245 0.025 - - 0.025 FEROS
8847.709 22.288 0.023 - - 0.106 FEROS
8848.621 22.216 0.023 - - $0.009 FEROS
8850.645 22.390 0.019 - - $0.014 FEROS
8851.688 22.291 0.022 - - 0.050 FEROS
8852.642 22.199 0.019 - - 0.111 FEROS

NGTS-24 8595.671 §$15.272 0.084 9.264 42.373 $0.011 CORALIE
8640.590 $15.180 0.084 9.176 42.392 $0.088 CORALIE
8667.515 $15.296 0.084 9.022 43.598 0.109 CORALIE
8829.810 $15.364 0.074 9.026 37.061 $0.004 CORALIE
8843.768 $15.394 0.085 9.113 43.453 0.237 CORALIE
8847.794 $15.335 0.011 - - 0.014 FEROS
8848.802 §$15.247 0.012 - - 0.026 FEROS
8849.777 $15.305 0.014 - - $0.011 FEROS
8850.770 $15.347 0.011 - - 0.027 FEROS
8851.764 $15.229 0.012 - - 0.034 FEROS
8852.769 $15.270 0.011 - - $0.007 FEROS

NGTS-25 9377.789 $22.926 0.009 6.801 41.105 0.057 HARPS
9411.722 §22.913 0.011 6.878 40.947 0.054 HARPS
9412.775 $23.060 0.014 6.819 41.233 0.073 HARPS
9426.658 $23.009 0.021 6.841 40.176 0.007 HARPS
9428.610 $22.931 0.015 6.897 40.651 0.011 HARPS
9429.675 $23.068 0.014 6.742 41.160 $0.027 HARPS
9430.706 $23.112 0.056 6.927 37.081 0.117 HARPS
9432.638 $23.093 0.014 6.934 40.522 0.007 HARPS
9433.636 $23.032 0.016 6.829 40.429 0.068 HARPS
9461.668 §23.055 0.017 6.748 41.118 0.073 HARPS
9462.671 $22.923 0.017 6.761 40.849 0.044 HARPS
9470.521 §22.987 0.019 6.845 40.277 0.089 HARPS
8704.642 $23.285 0.165 8.407 92.508 0.168 CORALIE
8717.567 $22.566 0.227 8.508 193.087 0.105 CORALIE

HATS-54 8613.692 46.189 0.011 7.858 50.059 $0.064 HARPS

(NGTS-22)

8615.664 46.066 0.007 7.837 50.219 $0.031 HARPS
8616.656 46.191 0.008 7.837 49.736 $0.003 HARPS
8617.649 45,981 0.014 7.847 48.371 $0.010 HARPS
8642.655 46.064 0.009 7.798 50.454 0.033 HARPS
8546.699 46.124 0.151 9.206 58.315 S4.184 CORALIE
8547.824 46.269 0.099 8.644 55.326 $0.176 CORALIE
8565.688 46.198 0.118 8.889 49.903 0.080 CORALIE
8566.837 45971 0.084 8.581 51.157 $0.218 CORALIE
8593.533 46.200 0.132 8.649 49.514 0.141 CORALIE
8601.602 46.208 0.094 8.737 53.746 $0.085 CORALIE
8591.597 46.100 0.011 - - $0.022 FEROS
8592.680 46.135 0.029 - - 0.004 FEROS
8593.569 46.227 0.013 - - 0.005 FEROS
8594.619 45.938 0.013 - - 0.006 FEROS
8597.574 45.965 0.014 - - $0.075 FEROS
8599.601 46.040 0.013 - - $0.037 FEROS
8599.648 45.968 0.014 - - 0.006 FEROS
8599.798 46.007 0.015 - - $0.066 FEROS
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Figure D1. GLS periodogramgor the NGTSphotometry.

APPENDIX D: NGTS PERIODOGRAMS
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