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A B S T R A C T 

We report the disco v ery of NGTS-21b , a massive hot Jupiter orbiting a low-mass star as part of the Next Generation Transit 
Surv e y (NGTS). The planet has a mass and radius of 2.36 ± 0.21 M J and 1.33 ± 0.03 R J , and an orbital period of 1.543 d. The host 
is a K3V ( T eff = 4660 ± 41 K) metal-poor ([Fe/H] = −0.26 ± 0.07 dex) dwarf star with a mass and radius of 0.72 ± 0.04 M � and 

0.86 ± 0.04 R �. Its age and rotation period of 10 . 02 

+ 3 . 29 
−7 . 30 Gyr and 17.88 ± 0.08 d, respectively, are in accordance with the 

observed moderately lo w-stellar acti vity le vel. When comparing NGTS-21b with currently known transiting hot Jupiters with 

similar equilibrium temperatures, it is found to have one of the largest measured radii despite its large mass. Inflation-free 
planetary structure models suggest the planet’s atmosphere is inflated by ∼21 per cent , while inflationary models predict a 
radius consistent with observations, thus pointing to stellar irradiation as the probable origin of NGTS-21b’s radius inflation. 
Additionally, NGTS-21b’s bulk density (1.25 ± 0.15 g cm 

–3 ) is also amongst the largest within the population of metal-poor 
giant hosts ([Fe/H] < 0.0), helping to reveal a falling upper boundary in metallicity–planet density parameter space that is in 

concordance with core accretion formation models. The disco v ery of rare planetary systems such as NGTS-21 greatly contributes 
towards better constraints being placed on the formation and evolution mechanisms of massive planets orbiting low-mass stars. 

Key words: techniques: photometric – techniques: radial velocities – planets and satellites: detection – planets and satellites: 
fundamental parameters – planets and satellites: general – stars: general. 
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 I N T RO D U C T I O N  

he increasing number of planet disco v eries has allowed us to
lassify exoplanets into distinct populations such as hot Jupiters (e.g. 
1Peg b, Mayor & Queloz, 1995 ; NGTS-2, Raynard et al., 2018 ),
hich are planets with orbital period P < 10 d, and masses between
–13 M J , ultrashort period (USP) planets, characterized by their P 

 1 d orbit (e.g. Kepler-10b, Batalha et al. 2011 ), Neptune desert
lanets (e.g. LTT9779b, Jenkins 2019 ), with masses and periods 
bout 10–20 M ⊕ and P < 4 d, respectively, and super-Earths (e.g.
rappist-1, Gillon et al. 2017 ), with M < 10 M ⊕. Amongst all planet
opulations, the hot and ultrahot giant planets are the most likely 
o be detected given their relative proximity to the host star, which
aximizes the transit probability function and radial-velocity (RV) 

mplitudes. Ho we ver, although giant planets are easily identified, 
bserv ations sho w that their occurrence rates (f p ) around solar-type
tars are about 10 per cent (Cumming et al. 2008 ; Hsu et al. 2019 ),
 E-mail: douglasalvesastro12@gmail.com (DRA); 
ames.jenkins@mail.udp.cl (JSJ) 
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rom which only ∼1 per cent are hot Jupiters (Wright et al. 2012 ),
hereas for low-mass stars, Jovian planets are even less common 

Johnson et al. 2007 ; Bonfils et al. 2013 ). 
Another key discovery that was made relatively early in the history

f exoplanet studies, was the correlation between giant planets f p with
tellar metallicities ([Fe/H]) (Gonzalez 1997 ; Santos, Israelian & 

ayor 2001 ; Fischer & Valenti 2005 ; Osborn & Bayliss 2020 ), where
ot only such planets preferentially form around metal-rich stars but 
n increase in metallicity leads to a higher giant planet occurrence
ates (Jenkins et al. 2017 ; Buchhave et al. 2018 ; Barbato et al. 2019 ).
o we ver, although the fraction of giant planets orbiting metal-poor

tars ([Fe/H] < 0.0 dex) is significantly lower than their more metal-
ich counterparts, the fraction is far from zero. In fact, a number of gas
iants have been found orbiting stars with metallicities down towards 
n [Fe/H] of −0.5 dex. Mortier et al. ( 2012 ) found that the fraction of
as giants orbiting stars in the metallicity range −0.7–0.0 is actually
4 per cent, yet the hot Jupiters have a fraction below 1 per cent. 
The stellar mass also plays an important role in the types of planets

hat can be formed orbiting a specific type of star. Johnson et al.
 2010 ) found that higher mass stars tend to host more gas giant
lanets. This result has been confirmed by other works (Reffert et al.
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Table 1. NGTS, TESS and SAAO photometry for NGTS-21. The full Table 
is available in a machine-readable format from the online journal. A portion 
is shown here for guidance. 

Time Flux Flux Instrument 
(BJD TDB -2457000) (normalized) error 

– – – –
1203.89922322 1.0029 0.0137 NGTS 
1203.90264915 1.0172 0.0120 NGTS 
1203.904506795 1.0801 0.0383 NGTS 
1204.872232445 0.9932 0.0083 NGTS 
1204.87575096 0.9935 0.0141 NGTS 
1204.87920004 0.9812 0.0122 NGTS 
1204.88266068 1.0091 0.0096 NGTS 
– – – –
2051.58581 0.9994 0.0109 TESS 
2051.59276 0.9968 0.0109 TESS 
2051.5997 0.9674 0.0110 TESS 
2051.60665 0.9980 0.0110 TESS 
– – – –
2051.43517437 0.9811 0.0083 SAAO 

2051.4358689 0.9866 0.0083 SAAO 

2051.43656342 0.9916 0.0083 SAAO 

2051.43725795 0.9925 0.0084 SAAO 

– – – –

Figure 1. Top panel: NGTS detrended light-curve phase-folded to the best- 
fitting period listed in Table 4 and zoomed to show the transit event. Blue and 
black circles correspond to modelled photometric data and 11-min binned data 
with the associated photon noise error. The orange line and shaded region 
show the median transit model and its 1 σ confidence interval. Solid grey 
vertical lines indicate the start of transit ingress ( T 1 ) and end of egress ( T 4 ). 
Dashed grey vertical line represents the transit centre ( T c ). Bottom panel: 
residuals to the best-fitting model. 
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015 ; Jones et al. 2016 ), likely being explained by the relationship
etween host star mass and disc mass, whereby as the stellar-mass
ecreases, and hence the disc mass decreases, there is less and less
aterial with which to quickly form a giant planet before the disc

isperses. These results imply that metal-poor and low-mass stars
hould be relatively devoid of gas giant planets, particularly the
hort-period hot Jupiter population. 

.1 The Next Generation Transit Sur v ey 

he Next Generation Transit Survey (NGTS; Chazelas et al. 2012 ;
cCormac et al. 2017 ; Wheatley et al. 2018 ) is a collection of 12

elescopes operating from the ESO Paranal Observatory in Chile,
ith the goal of detecting new transiting planetary systems. Each

elescope has a diameter of 0.2 m, and with individual fields of view
f 8 deg 2 , a combined wide field of 96 deg 2 can be obtained. Detectors
re 2 × 2 K 

2 pixels, with individual pixels measuring 13.5 μm, which
orresponds to an on-sky size of 4.97 arcsec, thus providing high-
ensitivity images o v er a wavelength domain between 520 and 890
m. This combination allows 150 ppm photometry to be obtained on
right stars ( V < 10 mag) for multicamera observations, while for
ingle telescope mode at 30-min cadence, a precision of 400 ppm is
chie v able (Bayliss et al. 2022 ). The project has been operational
ince February 2016, and o v er the past 6 yr has so far acquired
 v er 300 billion measurements of o v er 30 million stars. Within this
reasure tro v e of data, the NGTS has disco v ered 19 new planetary
ystems (e.g. Bayliss et al. 2018 ; Bryant et al. 2020 ; Tilbrook et al.
021 ), with more yet to be confirmed. A few of the highlights include
he disco v ery of the Neptune desert planet NGTS-4b (West et al.
019 ), an ultra short-period Jupiter NGTS-6b (Vines et al. 2019 ),
nd the shortest period hot Jupiter NGTS-10b around a K5V star
McCormac et al. 2020 ). Here, we add to the success of this project
y announcing the disco v ery of a ne w, massi ve hot Jupiter orbiting
 low-mass star, NGTS-21b. 

The manuscript is organized as follows, in Section 2 , we present
he photometry extraction from NGTS, TESS, and SAAO light curve
nd HARPS spectroscopic follow-up. Section 3 describes the data
nalysis, where we extract stellar parameters (Section 3.1 ), assess
ESS light-curves dilution (Section 3.2 ), and perform a global
odelling to derive the planetary properties (Section 3.3 ). Stellar

otation period as well as transit-timing variation (TTV) were probed
n Sections 3.4 and 3.5 , respectively . Finally , we discuss our results
n Section 4 and set out the conclusions in Section 5 . 

 OBSERVATION S  

ere, we describe the observation data reductions that led to the
isco v ery of NGTS-21b ; Table 1 shows a portion of the photometry
or guidance. 

.1 NGTS photometry 

GTS-21 was observed during the 2018 campaign from March
4 to No v ember 7, where 9157 images were obtained during
50 nights, with 10 s exposure time per frame. Prior to aperture
hotometry extraction with CASUTOOLS 1 package, nightly trends
uch as atmospheric extinction were corrected for with an adapted
ersion of the SysRem algorithm (Tamuz, Mazeh & Zucker 2005 ).
ransit searches were carried out with our implementation of the
NRAS 517, 4447–4457 (2022) 

 ht tp://casu.ast .cam.ac.uk/surveys-project s/soft ware-release 

p  

N  

1  
ox least-squares (BLS) fitting algorithm (Kov ́acs, Zucker & Mazeh
002 ; Collier Cameron et al. 2006 ) ORION code, where a total of 25
ransits were detected, of which 13 were full transits. A strong signal
as detected at 1.543 d, and a validation process began in order to

ither confirm the signal as a likely transiting hot Jupiter or reject
t as a false-positive detection. For example, background eclipsing
inaries, where consecutive transits show odd–even and/or V-shaped
ransits. NGTS-21 passed e very v alidation step, and therefore further
hotometry and RV follow-up were obtained. Fig. 1 shows the
GTS detection light curve wrapped around the best-fitting period
.543 3897 ± 0.000 0016 d computed from the global modelling

http://casu.ast.cam.ac.uk/surveys-projects/software-release
art/stac2884_f1.eps
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Figure 2. Phase-folded TESS detrended light curve. Coloured are labelled 
as in Fig. 1 . 
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Figure 3. Phase-folded SAAO of the three detrended light curves. Coloured 
are labelled as in Fig. 1 . 

Figure 4. Top panel: Phase-folded HARPS RV shown in black, with its 1 σ
and 2 σ confidence intervals in shades of orange. Bottom panel: residuals to 
the best fitting with RMS RV = 33.75 ms −1 . 
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Section 3.3 ). For a detailed description of the NGTS mission, data re-
uction, and acquisition, we refer the reader to Wheatley et al. ( 2018 ).

.2 TESS photometry 

he Transiting Exoplanet Surv e y Satellite (TESS; Ricker et al. 2015 )
bserved NGTS-21 in sector 1 on universal time ( UT ) 2018 July 26
nd sector 27 on UT 2020-7-5, with cadences of 30 and 10 min,
espectively. Full Frame Images (FFIs) have been downloaded using 
he python astroquery module (Ginsburg et al. 2019 ) to query the
ESSCut service (Brasseur et al. 2019 ). For each sector, a master

mage was calculated and used to both determine the star aperture and
dentify pixels for background correction, thus estimating NGTS-21 
rightness for each image. Fig. 2 shows the detrended phase-folded 
ight curve, median, and 1 σ best-fitting model from Section 3.3 . 

.3 SAAO photometry 

ollow-up photometry of NGTS-21 was obtained with the South 
frican Astronomical Observatory (SAAO) 1-m telescope equipped 
ith the Sutherland High-Speed Optical Camera (SHOC; Coppejans 

t al. 2013 ). The star was observed three times, on the nights of 2020
une 19, July 20 and July 23. All observations were taken in V band
ith 60 s of exposure times. 
The data were reduced using the safphot , 2 a custom python 

ackage for the reduction of SAAO photometric data. Standard 
at-field and bias corrections were applied by safphot , which 

hen utilizes the sep package (Barbary 2016 ) to extract aperture 
hotometry for both the NGTS-21 and nearby comparison stars with 
hich to perform differential photometry. sep also measured and 

ubtracted the sky background, while masking the stars in the image 
nd adopting box sizes and filter widths that minimized residuals 
cross the frame. Two nearby, bright comparison stars were used to 
erform differential photometry, with aperture sizes ranging between 
.4 and 5.9 pixels for the target dependent on the seeing level. 
The July 2020 observations both captured complete transits of 

GTS-21b, whereas the 2020 June 19 was affected by clouds during 
id-transit, thus leading to gaps at that portion. Ho we ver, since both

ngress and egress were observed, the data was used in the global
odelling in Section 3.3 , where Fig. 3 shows the phase-folded SAAO
 https:// github.com/apchsh/ SAFPhot

a

s

ollow-up light curve. 

.4 Spectroscopic follow up 

ive high-resolution spectra for NGTS-21 were obtained during UT 

021 July 2021 and 2021 2021 September 07 under the HARPS prog
D (Wheatley 0105.C-0773) on the ESO 3.6 m (Mayor et al. 2003 )
elescope at the la silla observatory in Chile. Due to the apparent
aintness of the star and large expected RV amplitude, we used
ARPS in the high-efficiency mode (EGGS), which trades resolution 

or high throughput. The EGGS science fibre is 1.4 arcsec when
rojected on-sky, which with exposure times of 2400–2700 s, we 
chieved a signal-to-noise ratio (S/N) of 4–5 per pixel at 5500 Å. The
V measurements were computed with the standard HARPS pipeline 
sing the following binary masks for the cross-correlation: G2, K5, 
0, and M4, where agreement was found amongst the RVs estimated
ith these binary masks. Therefore, given NGTS-21 spectral type, 
e adopted the RV data estimated with the binary K5 mask, which

s shown, accompanied by the best-fitting Keplerian model, in Fig. 4
s well as in Table 2 with additional diagnostics data. 

Since stellar activity has long been recognized to mimic planetary 
ignals, we investigated whether correlations are present between 
MNRAS 517, 4447–4457 (2022) 

art/stac2884_f2.eps
https://github.com/apchsh/SAFPhot
art/stac2884_f3.eps
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M

Table 2. HARPS follow-up radial velocities for NGTS-21. 

BJD TDB RV RV error FWHM BIS 
−2457000 (m s −1 ) (m s −1 ) (m s −1 ) (m s −1 ) 

2411.818920 13851 27 7283 110 
2428.692090 13620 27 7390 009 
2460.673898 13302 27 7154 099 
2463.582604 13503 39 7198 148 
2464.688277 14226 41 7224 123 

Figure 5. Top panel: RV versus bisector span measurement with a best-fitting 
linear model shown as grey solid line. The Pearson r coefficient supports no 
significant correlation between data sets, with ρ shown at the lower right-hand 
panel. Bottom panel: RV against CCF full width at half maxima. 
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ctivity diagnosis parameters to rule out the possibility of a false-
ositive signal. Fig. 5 upper left-hand panel shows the RV measure-
ents versus bisector velocity span (BIS) of the cross-correlation

unction (CCF) with a best-fitting linear model. A Pearson r coeffi-
ient, which measures the correlation between data sets, approaches
ero ( ρ = + 0.1621), thus pointing to negligible correlation between
he RVs and BIS. The full width at half-maxima (FWHM) is also
hown in the bottom panel indicating no trend between RV and
CF −FWHM. Finally, the light curves low rotational modulation
nd lack of observable flares in the light curves are in accordance
ith a moderately quiet star, thus supporting the RV and transit
etected signal as coming from NGTS-21b. 

Due to variations of up to 236 ms −1 in the CCF −FWHM (Fig. 5 ),
ikely caused by the very low S/N, we performed modelling tests
ased on Section 3.3 to investigate whether the removal of the
econd HARPS spectrum listed in Table 2 would impact the posterior
istributions derived when the entire RV data is included in the
odel. Since the tests yielded posterior distributions that are in

trong statistical agreement, we included every RV measurement
hile building our global model in Section 3.3 . 

 DATA  ANA LY SIS  

.1 Stellar properties 

GTS-21 properties were independently derived using the pack-
ges, spectroscopic parameters and atmospheric chemistries of stars
NRAS 517, 4447–4457 (2022) 
 SPECIES 3 ; Soto & Jenkins 2018 ) and the spectral energy distribu-
ion (SED) Bayesian model averaging fitter ( ARIADNE ; 4 Vines &
enkins 2022 ). 
SPECIES estimates atmospheric parameters such as ef fecti ve

emperature ( T eff ), [Fe/H], surface gravity (log g ), and microturbu-
ence velocity ( ξ t ) from high-resolution spectra. First, SPECIES
omputes the equi v alent widths ( W ) of Fe I and Fe II lines with
he ARES code (Sousa et al. 2007 ). An appropriate atmospheric
rid of models computed from interpolating ATLAS9 (Castelli &
urucz 2004 ) atmosphere model as well as W are handed to MOOG

Sneden 1973 ), which solves the radiative transfer equation (RTE)
hile measuring the correlation between Fe line abundances as
 function of excitation potential and W , assuming local thermo-
ynamic equilibrium (LTE). While solving the RTE, the correct
tmospheric parameters are determined through an iterative process
arried out until no correlation is found between the iron abundance
ith the excitation potential, and with the reduced equi v alent width

 W / λ). The Mass, radius and age are obtained from the isochrone
ackage (Morton 2015 ) by interpolating through a grid of MIST
Dotter 2016 ) evolutionary tracks with T eff , [Fe/H], log g priors
re viously deri ved as well as parallax, photometry in several bands,
nd proper motions. Nested sampling (Feroz, Hobson & Bridges
009 ) is used to estimate posterior distributions for M s , R s , and age.
otation and macro turbulent velocities are calculated from temper-
ture calibrators and fitting the absorption lines of observed spectra
ith synthetic line profiles. From our analysis using SPECIES , we
eri ved the follo wing stellar properties with their 1 σ confidence
nterval, T eff = 4746 ± 300 K, [Fe/H] = −0.26 ± 0.09 dex, log g =
.57 ± 0.45, Age = 11 . 72 + 1 . 28 

−2 . 36 Gyr, M s = 0.75 ± 0.01 M �, and R s =
.74 ± 0.01 R �. Chemical abundances and vsini were not extracted
ue to the low-S/N achieved at this faint regime ( V = 15.6). 
We have also estimated NGTS-21 parameters using the ARIADNE

ython package (Vines & Jenkins 2022 ), which is an automated
ode that extract stellar parameters by fitting archi v al photometry to
ifferent stellar atmosphere models using Nested Sampling through
YNESTY (Speagle 2020 ). The SPECIES derived stellar properties
 eff , log g , and [Fe/H] as well as archi v al photometric data were used
s ARIADNE input to fit the SED using different models (Fig. 6 ).
hese models were convolved with several filter response functions

see available SED models in Vines & Jenkins 2022 ), where synthetic
uxes scaled by ( R / D ) 2 were estimated from interpolating through

he model grids, which are functions of T eff , log g , [Fe/H], and V -
and extinction ( A V ). An excess noise parameter is modelled for
ach photometric measurement to account for underestimated uncer-
ainties. The final stellar parameters are derived from the averaged
osterior distributions from the Phoenix V2 (Husser et al. 2013 ), BT-
ettl (Hauschildt, Allard & Baron 1999 ; Allard, Homeier & Freytag
012 ), Castelli & Kurucz ( 2004 ), and Kurucz ( 1993 ) SED models,
eighted by their respective Bayesian evidence estimates. ARIADNE
arameters T eff , log g , [Fe/H] as well as additional quantities such as
istance, stellar radius, and A V were used to derive stellar age, mass
nd the equal evolutionary points from the isochrone package.
able 3 shows the adopted stellar properties from ARIADNE , which
ue to its Bayesian averaging method computed precise stellar
arameters, particularly the R s and T eff , which were key to inform
he global modelling of NGTS-21b (see Section 3.3 ). 

F or consistenc y, we compared the GAIA DR3 stellar parameters
 eff = 4665 + 15 

−24 K, log g = 4.53 + 0 . 03 
−0 . 07 dex, R s = 0.83 + 0 . 12 

−0 . 04 R � , and

art/stac2884_f5.eps
https://github.com/jvines/astroARIADNE
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Figure 6. Top panel: The best-fitting SED (black line) based on Castelli & 

Kurucz ( 2004 ) given the NGTS-21 photometric data (cyan points) and their 
respective bandwidths shown as horizontal error bars. Purple diamonds rep- 
resent the synthetic magnitudes centred at the wavelengths of the photometric 
data from Table 3 . Bottom panel: residuals to the best fit in σ units. 

Table 3. Stellar Properties for NGTS-21. 

Property Value Source 

Astrometric Properties 
RA 20 h 45 m 01 . s 9941 GAIA 

Dec. −35 ◦25 
′ 
40 . ′′ 2322 GAIA 

2MASS ID J20450201–3525401 2MASS 
TIC ID 441422655 TIC 

GAIA DR3 ID 

6779 308 394 419 726 848 
GAIA 

Parallax (mas) 1.71 ± 0.03 GAIA 

μRA (mas y −1 ) − 13.443 ± 0.031 GAIA 

μDec. (mas y −1 ) − 7.834 ± 0.028 GAIA 

Photometric properties 
V (mag) 15.621 ± 0.096 APASS 
B (mag) 16.648 ± 0.107 APASS 
g (mag) 16.108 ± 0.048 APASS 
r (mag) 15.241 ± 0.076 APASS 
i (mag) 14.856 ± 0.203 APASS 
G (mag) 15.22400 ± 0.00041 GAIA 

NGTS (mag) 14.82 This work 
TESS (mag) 14.5499 ± 0.006 TIC 

J (mag) 13.622 ± 0.027 2MASS 
H (mag) 13.105 ± 0.028 2MASS 
K (mag) 12.951 ± 0.029 2MASS 
W1 (mag) 12.898 ± 0.024 WISE 

W2 (mag) 12.969 ± 0.027 WISE 

W3 (mag) 12.485 ± 0.515 WISE 

Derived properties 
ρ∗ (g cm 

−3 ) 1.62 ± 0.10 Juliet 
γ RV (km s −1 ) 13.75 ± 0.02 Juliet 
P rot (d) 17.89 ± 0.08 This work 
T eff (K) 4660 ± 41 ARIADNE 
[Fe/H] − 0.26 ± 0.07 ARIADNE 
log g 4.63 ± 0.34 ARIADNE 
Age (Gyr) 10.02 + 3 . 29 

−7 . 30 ARIADNE 
M s (M �) 0.72 ± 0.04 ARIADNE 
R s ( R �) 0.86 ± 0.04 ARIADNE 
Distance (pc) 640.98 + 26 . 96 

−23 . 59 ARIADNE 

Notes. 2MASS (Skrutskie et al. 2006 ); TIC v8 (Stassun et al. 2018 ); APASS 
(Henden & Munari 2014 ); WISE (Wright et al. 2010 ); Gaia (Brown et al. 
2021 ). 
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istance of 612 + 85 
−27 pc, with both SPECIES and ARIADNE , and

ound the measurements to be in statistical agreement. The GAIA 

strometric excess noise as well as the renormalized unit weight error
re 0 and 1.005, respectively, which are consistent with NGTS-21 
eing a single-star system. 

.1.1 Age estimation 

he age of stars are commonly estimated using grids of pre-computed 
tellar evolutionary models described by stellar physical properties 
e.g. temperature, luminosity, metallicity, etc.) that are interpolated 
o fit a set of observed stellar parameters. Such evolutionary models
ould be rearranged to tracks of fixed ages, i.e, isochrones, from
hich stellar ages are estimated. Ho we v er, the comple xity and strong
on-linearity of isochrones along with observational uncertainties 
ake it difficult to precisely estimate stellar ages. 
Although ARIADNE and SPECIES show consistent ages posteri- 

rs, the former gives a broader distribution than the latter. Therefore,
e assessed NGTS-21 age based on gyrochronology models, which 

ssume that stellar ages are a first-order function of the rotation
eriod, thus relying on less assumptions compared to other age 
stimation methods. The gyrochronology models we used were based 
n Barnes ( 2007 ), Mamajek & Hillenbrand ( 2008 ), and Meibom,
athieu & Stassun ( 2009 ), which point to an age between 1 and

.5 Gyr for a rotation period ( P rot ) of about 18 d (see Section 3.4 for
he P rot calculation). Additionally, we used the stardate (Angus 
t al. 2019 ) code, which combines the isochrone package with
yrochronology models, thus computing an age of 4 . 94 + 3 . 56 

−2 . 59 Gyr.
ince pure gyrochronology models as well as the joint analysis with

sochrone fitting yield ages in statistical agreement with ARIADNE ,
e adopted the ARIADNE age of 10 . 0 + 3 . 29 

−7 . 30 Gyr. Yet, NGTS-21 age
ower end may be more likely given its moderately low activity
upported by its lack of flares as well as measured rotational period
nd amplitude (Section 3.4 ). 

Finally, we checked NGTS-21 spectrum for lithium lines, which 
ue to its volatility with temperature, its abundance are depleted 
uickly in stellar atmospheres already in the first hundred million 
ears of the star lifetime, hence the existence of photospheric Li is
requently associated to young stars (e.g. see Christensen-Dalsgaard 
 Aguirre 2018 ). Therefore, we searched for Li lines in the averaged

pectra, particularly around the strong Li resonant doublet at 6708 
, and found no evidence for Li lines, thus giving further constraints

n NGTS-21 lower age limit ( > 50–100 Myr). 

.2 Assessment of TESS light-cur v e dilution 

ESS light curves are very susceptible to dilution, particularly in 
rowded fields where several contaminants may be within a few 

rcseconds from the target star. Due to its large plate scale of 21 arcsec
ixel −1 , nearby stars may fall inside the photometric aperture, thus
ausing blends that affect transit depth, which in turn underestimate 
undamental planetary properties such as planet radius and bulk 
ensity. To account for this, we assess the level of contamination
n TESS light curves by estimating the dilution factor (D) to be used
s a prior in the global modelling. 

A comparison between transit depths from the three missions 
hows that the planet-to-star radius ratio estimated from NGTS 

0.161 ± 0.003) and SAAO (0.157 ± 0.003) are consistent, whilst 
ESS smaller ratio (0.138 ± 0.005) indicates a shallower transit 
epth likely caused by two stars in the photometric aperture (see
ig. 7 ). To estimate the dilution level, we used the ARIADNE code
MNRAS 517, 4447–4457 (2022) 
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M

Figure 7. TESS Sector 1 Full-Frame Image cutout (15 x 15 pixels) centred at 
NGTS-21b (red star). Red squares represent the mask used for the photometry 
extraction, green squares are the pixels utilized to estimate the sky background 
brightness. Stars marked in blue represent TIC-441422661 with a V = 18.2 
(upper left-hand panel) and TIC-441422652 with V = 17.3 (lower left-hand 
panel). Orange pluses show the brightest stars in the field, TIC-441422643 
( V = 13.4) and TIC-441422667 ( V = 14) at the bottom left-hand panel and 
upper right-hand panel, respectively. 
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o compute the SED for NGTS-21 and the two contaminants, TIC-
41422661 and TIC-441422652, which are 37.86 and 22.61 arcsec
rom NGTS-21, respectively. Synthetic fluxes were computed by
RIADNE , where a theoretical D ∼20 . 5 per cent in the TESS band,

rom equation ( 1 ), where F cont and F target represent the contaminant
nd target fluxes, respectively. 

 = 

∑ 

cont 

F cont /F target . (1) 

F or consistenc y, we hav e also estimated the dilution directly
rom the phase-folded light curves transit depths offset between
ESS and NGTS. We assumed no dilution for the later since the
ontaminants light contribution inside the NGTS apertures are, if any,
egligible due to their relative distances ( > 22.6 arcsec) to NGTS-21
s well as their faint magnitudes ( V > 17 mag). We found a dilution
f ∼26 . 5 per cent , which is 6 per cent larger than the predicted
ilution from the SED fitting. This may be due to some fractional
ux entering the aperture coming from the two brighter stars in
ig. 7 , which are flagged with oranges crosses. Upon running several

ests by varying the dilution prior distribution, we chose a Gaussian
rior centred at μ = 28 per cent and σ = 10 per cent for the global
odelling (see Section 3.3 ), thus resulting in a posterior dilution D
 27 . 5 + 6 . 1 

−5 . 9 per cent . 

.3 Global modelling 

e performed a joint RV and photometric analysis with the Juliet
Espinoza, Kossakowski & Brahm 2019 ) python package, which
s a versatile code wrapped around the Batman (Kreidberg 2015 )
or light-curve modelling and radvel (Fulton et al. 2018 ) for RV
NRAS 517, 4447–4457 (2022) 
nalysis. Our data set consists of five HARPS RVs and a total of
3 616 photometric data points from NGTS, TESS, and SAAO. 
Since each instrument has its own precision, and work under

istinct environmental conditions, each data set encapsulates noise
ifferently, thus requiring a proper modelling so that planetary
roperties are optimally deriv ed. F or that reason, we included
aussian processes (GP) in the noise model to account for correlated
oise in the light curves, where each instrument was modelled by
n approximate Matern Kernel. No GP was added to the Keplerian
art of the global model due to the risk of o v erfitting caused by the
ow number of RV points. Although a global GP kernel is preferred
or a proper modelling of stellar activity, we use a multi-instrument
P approach because NGTS-21 presents moderately low activity

ompared to instrumental systematic, particularly the TESS light
urve, which shows the largest correlated noise (see Fig. 8 a) amongst
he data set. 

As discussed in Section 3.2 , TESS photometry is diluted by at least
wo contaminants, therefore a dilution normal prior ( N (0 . 78 , 0 . 1 2 ))
as added specifically for this instrument, 5 whereas NGTS and
AAO light curves had dilution factors set to undiluted. 
For the limb darkening, we used the approach described in Kipping

 2013 ), where a quadratic parametrization with q 1 and q 2 using
niform priors U(0 , 1) were introduced for each instrument. The
ccentricity e was fixed to zero due to the small number of RV
oints. Yet, this assumption is supported by (1) observations of short-
eriod HJs ( P < 4 d), which are frequently found in circular orbits,
nd (2) NGTS-21b tidal circularization time-scale τ of ∼1–11 Myr,
hich was computed with equation ( 3 ) from Adams & Laughlin

 2006 ), assuming a tidal quality factor Q p of 10 5 −10 6 . Such a short
compared to the planetary system lifetime quickly circularised the

lanet’s orbit through planet–star dynamical interactions. Although
 circular orbit was adopted, we ran tests to investigate whether
 model with free e would be preferred based on the Bayesian
nformation criterion (BIC). The BIC is a model selection tool useful
o test whether an increase in likelihood justifies the addition of
ew parameters in the tested model, which in turn, could lead to
 v erfitting. The runs with non-circular orbits provided an upper limit
f e < 0.12 at 1 σ and a BIC of 27.1, while the run with circular orbit
ielded a BIC of 25.5. Therefore, given that models with lower BIC
alues are fa v oured, the NGTS-21 global modelling with a circular
rbit was preferred. 
The RV part of the global model includes a Keplerian, a systemic

V term ( γ RV ) and a white-noise term to account for stellar jitter.
inally, due to the high dimension of the parameter space, we used

he dynamic nested sampling algorithm (Higson et al. 2019 ) through
YNESTY with 1000 live points. 

.4 Stellar rotation from NGTS data 

he rotation period of stars can be measured by modelling the
hotometric brightness variation caused by star spots coming in and
ut of sight as stars spin. Thanks to several ground- and space-based
issions, P rot measurements have been extracted for thousands of

tars of distinct spectral types (McQuillan, Mazeh & Aigrain 2014 ;
artins et al. 2020 ; Briegal et al. 2022b ), thus helping set constraints

n the dominant mechanisms driving stellar angular momentum
volution (Kawaler 1988 ; Bouvier et al. 2014 ). Moreo v er, rotation
eriods are widely used to calibrate gyrochronology models (Angus
1 + D 
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Figure 8. Top panel: TESS light curve extracted from FFIs showing moderate systematic (in blue), and its joint transit and GP best-fitting median model in 
black. Left and right y -axis correspond to 30- and 10-min cadence light curves from Sector 1 and 27, respectively. Bottom panel: detrended light curve in blue 
with its transit-only best-fitting model in black. 
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Figure 9. Top panel: NGTS light curve wrapped around the best-fitting LS 
period, where blue to green colors represent beginning to end of observations. 
Red line shows a sinusoidal model with amplitude 11 . 4 + 1 . 4 −1 . 6 ppt. Middle panel: 
The LS periodogram of the NGTS-21b photometric data. The green bar 
centred at the highest peak displays the rotational period P rot = 17.89 ± 0.08 d. 
Bottom panel: Lag time as a function of ACF power. Red vertical dashed line 
marks the first highest autocorrelation period at lag time 17.97 d, matching 
NGTS-21 rotation period. 

d  

fi  

p
r
c  

s
G

3

T  

o

6 ht tps://github.com/joshbriegal/rot o 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/517/3/4447/6753214 by C
N

R
S user on 23 M

arch 2023
t al. 2019 ), which, in turn, are used to infer stellar ages as a first-
rder function of P rot , yet limitations exist (Barnes 2007 ; Epstein &
insonneault 2013 ). 
We extracted NGTS-21 rotation period with the Lomb–Scargle 

LS) periodogram (Rebull et al. 2016 ; VanderPlas 2018 ) as well
s autocorrelation functions (ACF) methods (Angus et al. 2018 ). 
ach technique has its own assumptions, advantages, and limitations, 

.e, while the LS method assumes a sinusoidal function to model 
he rotation signal, thus best suited for data sets presenting stable 
scillations, the ACF technique is a more flexible method that 
easures the degree of similarity between different parts of the data 

et (see, Gillen et al. 2020 ). 
Prior to the period search, we masked the transits and binned the

ata to 30-m cadence. Both LS and ACF methods are applied to the
ata set, which detect rotation periods whose difference is of δP rot 

 0.1 d (Fig. 9 ). Since neither LS nor ACF techniques provide a
onfidence interval, a bootstrap approach was used to draw 15000 
ample from the data with replacement. For each sample we fitted a
ine model and compute the rotation period from the LS periodogram, 
hus generating distributions for both P rot and amplitude (A rot ), where 
he median and 1 σ intervals give P rot = 17.89 ± 0.1 d and A rot 

 10 ± 1 ppt. In order to provide further confidence on our P rot 

stimation, we attempted to measure the activity index log 10 R HK and 
rojected rotational velocity vsini, yet we were unable to estimate 
uch parameters due to the spectrum low ( < 10) S/N. Fig. 9 (top panel)
hows the phase-folded light curve to the period at maximum power 
f the LS periodogram (centre panel) from one bootstrap realization 
ith its corresponding sinusoidal model, while the rotation period 

rom the ACF (bottom panel) was computed with the astroML 
ackage based on the Edelson and Krolik method (Edelson & 

rolik 1988 ), where we adjusted an underdamped Simple Harmonic 
scillator (uSHO) to the data in order to extract the period. The
S method is available through the astropy package based on 
anderPlas & Ivezic ( 2015 ). 
Finally, we visually checked the periods presenting moderately 

igh LS power, and ruled out the ones below and near one day, which
re likely associated to either instrumental noise or poor observing 
onditions. Yet, the ∼14.2 d signal near the rotation period cannot 
e associated to neither half the Lunar cycle of 14.8 d nor other non-
strophysical signals. Therefore, we followed the same procedure 
escribed abo v e to model the 14.2 d signal, and found the best-
tting period and amplitude of 14.18 ± 0.13 d and 9.27 ± 0.98
pt, respectively, and associate it to a possible NGTS-21 differential 
otation. The stellar rotation period we derived was independently 
onfirmed with the RoTo 6 code (Briegal et al. 2022a ), which extracts
tellar rotation periods automatically using LS, generalized ACF and 
P, thus providing further confidence on our reported measurement. 

.5 TTV analysis 

he TTV method (Agol et al. 2005 ) was responsible for the validation
f several multiplanet systems around faint stars from the Kepler 
MNRAS 517, 4447–4457 (2022) 
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Figure 10. NGTS-21b computed transit-timing variation. The zero dashed 
line indicates no deviation from the linear ephemeris model. Red stars 
represent the left and right portion of data sets av erage, with inv erse variances 
as weights. 1. A table is available in a machine-readable format from the online 
journal. 
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Figure 11. Transiting HJs planet mass against stellar metallicity. Stars are 
colour-coded by their ef fecti ve temperature, and NGTS-21b is represented 
as an orange star symbol towards the bottom right-hand side of the plot. 
Dark to light shades of grey represent high to low planet number density, and 
black cross at the bottom left-hand corner represents the standard deviation 
of planet mass and [Fe/H] uncertainties. 

Figure 12. Stellar metallicity versus planet bulk density colour-coded by the 
logarithm of planet mass. Red open circles show metal-poor ([Fe/H] < 0) 
K dwarf stars ( T eff = 3900 −5200 K). The NGTS-21 system is indicated by 
the light green star at the upper left-hand panel from centre, while the black 
cross at the top left-hand corner represents the standard deviation of HJs 
uncertainties. Blue and orange dashed lines represent empirical exponential 
and linear models with shaded regions displaying their 1- σ confidence 
interv als, respecti vely. The zero metallicity border is shown as red vertical 
dashed line. 
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ission (Cochran et al. 2011 ; Steffen et al. 2012b ; Gillon et al.
017 ). Since the majority of Kepler stars were faint, the RV method
acked enough precision to confirm the majority of the transits as
onafide planets, although a few had RV detections (Barros et al.
014 ; Almenara et al. 2018 ). Therefore, the TTV method became
ey to determine planetary masses/eccentricities for faint multiplanet
ystems (Lithwick, Xie & Wu 2012 ). Moreo v er, e xtensiv e TTV/RV
earches for hot Jupiter companions supported the hypothesis that
uch massive planets are not part of multiplanet system (Steffen et al.
012a ; Holczer et al. 2016 ), thus setting major constraints on giant
lanets orbital evolution. 
The TTV method consists of measuring the difference between

ach mid-transit T n from the expected transit time computed with a
inear ephemeris model given by T n = T 0 + n × P , where n and P
re the transit number and period, respecti vely. De viation from the
inear model is frequently associated to dynamical interactions, with
he most common cases being planets near mean-motion resonances
e.g. Bryant et al. 2021 ) and planet–star tidal interaction leading to
rbital decay (Yee et al. 2019 ). 
NGTS-21b observed transit times as well as the linear fit were

one with Juliet while holding all parameters to the posterior
edian from Table 4 except for the set of T n , which was given
 normal prior N ( T n , 0 . 1 2 ). Fig. 10 shows the modelled observed
ransit times subtracted from the best-fitting linear model T n =
2458 214.8890 ± 0.0012) + n × (1.543 3891 ± 0.000 0033), which
ndicates an agreement between observed transits and the model. 

 DISCUSSION  

ur data analysis (Section 3 ) reveals what is the first NGTS discovery
f a rare planetary system composed of a massive planet hosted by
 relatively metal-poor star. These properties place NGTS-21 at a
eavily underpopulated region of the M J versus [Fe/H] parameter
pace (Fig. 11 ), and the only massive giant hosted by a K dwarf at
hat [Fe/H], thus making NGTS-21 a unique system. 

.1 The stellar metallicity versus bulk density plane 

ig. 12 compares host star metallicity with planetary bulk density
 ρb ) for a well-studied population of HJs from the TEPCat catalogue
Southworth 2011 ), all colour-coded by planetary mass. Our analysis
hows that NGTS-21b is relatively dense (1.25 ± 0.15 g cm 

–3 )
hen compared to other HJs orbiting K dwarf metal-poor stars, and
ne of the densest amongst metal-poor hosts below [Fe/H] < −0.2.
NRAS 517, 4447–4457 (2022) 
oreo v er, a clear upper boundary is observed, with planets ρb 

ecreasing as an inverse function of stellar metallicity. Such a
rend is in agreement with core-accretion models, whereby HJs
ormed in low-metallicity environments would have smaller cores,
nd consequently lower bulk densities, which descends as even less
etal content is present. Two empirical models were adjusted as an

pproximation to match this upper boundary reflecting the possible
orrelation between [Fe/H] and ρb . The model in blue represents
n exponential of the form ρb = ae b[Fe / H] , with a and b given by
.9 ± 0.1 and 2.3 ± 0.6, while the linear model in orange was
efined as ρb = c [Fe/H] + d , with c and d given by 4.9 ± 0.2
nd 3.01 ± 0.03. Although we used empirical models to derive an
pper boundary for HJs bulk densities, a larger sample of transiting
Js hosted by metal-poor stars, as well as a proper physical model

o describe planet formation as a function of protoplanetary disc
etallicity, are necessary to claim such correlation. Finally, a metal-

oor gap may exist in the parameter space, with two classes of HJs
rbiting metal-poor stars, the dominant population being low density
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Figure 13. Top panel: equilibrium temperature versus planet radius colour- 
coded by the logarithm of planet mass. Red dashed line represents an inflation- 
free model for a HJ evolved to 4.5 Gyr with a H/He composition adapted from 

Thorngren & F ortne y ( 2018 ). NGTS-21b is displayed by the light green star 
abo v e the model and near the image centre. Black cross at the top left-hand 
corner represents the HJs parameters uncertainties standard deviation, and 
red open circles marks metal-poor K dwarf stars. Bottom panel: M p versus 
R p colour coded by T eq showing HJs from the top figure with T eq between 
1100 and 1500 K. Red dashed line shows expected radius of 1.125 R J from 

the same inflation-free model at NGTS-21b T eq . 
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Table 4. Planetary properties for NGTS-21b. 

Property Value 

P (d) 154 338 97 ± 0.0000016 
T C (BJD TDB ) 245 8228.77853 ± 0.000 67 
T 14 (h) 1.95 ± 0.03 
a / R s 5.89 ± 0.12 
R p / R s 0.159 ± 0.003 
b 0.63 ± 0.03 
i ( ◦) 83.85 ± 0.44 
K (m s −1 ) 506 ± 37 
e 0.0 (fixed) 
ω ( ◦) 90 (fixed) 
Jitter (m s −1 ) 34 + 39 

−21 
M p ( M J ) 2.36 ± 0.21 
R p ( R J ) 1.33 ± 0.03 
ρp (g cm 

−3 ) 1.25 ± 0.15 
a (au) 0.0236 ± 0.0005 
T a eq (K) 1357 ± 15 

a Assumed zero Bond albedo. 
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nd metal-poor HJs, and a less crowded population of higher density 
Js, possibly large core-hosting planets. In order to confirm such a 
ypothesis, more transiting HJ planets are required within the metal- 
oor parameter space, particularly dense HJs, such that statistical 
amples can be drawn to test the reality of the gap. 

.2 Radius inflation 

everal studies point to a high incident stellar flux as being the
robable mechanism responsible for the HJs radius inflation, where 
nergy is deposited into the planet interior, thus leading to an increase
n radius. Demory & Seager ( 2011 ) and Miller & F ortne y ( 2011 )
how that the physical mechanisms driving the radius anomaly 
perates abo v e an incidence flux throughput of ∼2 × 10 5 Wm 

−2 

hile Thorngren & F ortne y ( 2018 ) performed statistical analysis
ased on planetary thermal evolution models on a sample of 281 
Js, and showed the necessary conversion of incident flux to internal 
eating required to reproduce HJs observed radii peak at equilibrium 

emperature ( T eq ) ∼1500 K. Hartman et al. ( 2016 ) show that HJ radii
rows as a function of main-sequence stars fractional ages, i.e. as
tars age on the main sequence, they brighten up, thus leading to
igher planetary irradiation and hence higher T eq of their orbiting 
lanets. Ho we ver, alternati ve scenario that could explain HJ radius
nomalies such as star–planet tidal interactions, which lead to internal 
eating of the planet, thus causing a radius inflation (e.g. see F ortne y,
awson & Komacek 2021 , for a re vie w). 
Fig. 13 top compares giant planet equilibrium temperatures to 

heir measured radii, where NGTS-21b presents a rather large radius 
hen compared to HJs with similar T eq ∼ 1300 K, and also when
ompared to an inflation-free model (Thorngren & F ortne y 2018 ),
hus pointing to a possible inflated planet. The lower panel in the
gure shows the lack of massive inflated HJs, which highlights the

mportance of confirming the inflated nature of NGTS-21b. 
Planetary structure models by F ortne y, Marle y & Barnes ( 2007,

ereafter F07 ) predict NGTS-21b to have a radius ∼21 per cent
maller for an age of ∼3 Gyr, while Baraffe, Chabrier & Barman
 2008, hereafter B08 ) inflation-free models, which take into account
he metal mass fraction (Z) and its distribution within the planetary
nterior, predicts a radius of ∼21 per cent smaller at Z = 0.02 and
o planet irradiation. We also compared B08 models that consider 
tellar irradiation, thus giving an ∼16 per cent smaller radius at 3 Gyr
nd Z = 0.02. Neither F07 nor B08 predict a radius consistent with
bservations, unless the planetary system is very young (100–500 
yr), where HJs radii are typically large, the models agree to our

bserved radius; yet we rejected the hypothesis that NGTS-21 is a
oung system ( < 1 Gyr) in Section 3.1 . 
To further confirm the inflated nature of the planet, we followed

he method described in Costes et al. ( 2020 ), and based on Sestovic,
emory & Queloz ( 2018, hereafter S18 ), where an empirical model

elating the expected radius inflation � R to planet radius, mass and
ncident flux es deriv ed from Bayesian statistical analysis on a sample
f 286 transiting HJs. First, we estimated an incident flux (F) of
.4 ± 0.7 × 10 6 Wm 

−2 for NGTS-21b from Weiss et al. ( 2013 ),
quation (9), 

R p 

R ⊕
= 2 . 45 

(
M p 

M ⊕

)−0 . 039 (
F 

ergs s −1 cm 

−2 

)0 . 094 

(2) 

hich is valid for M p > 150 M ⊕, and from S18 equation (11), 

R = 0 . 52 ( log 10 F − 5 . 8 ) , 0 . 98 ≤ M p 

M J 
< 2 . 5 (3) 

e found a � R of 0.38 ± 0.05. The inflated radius is given by, R inf =
 + � R , where C is the baseline radius from S18 equation ( 1 ), with
est-fitting value of 1.06 ± 0.03 R J from S18 Table 1 . Therefore, a
 inf of 1.44 ± 0.06 R J is expected for our estimated incidence flux on
GTS-21b , and is in statistical agreement to our measured radius

rom Table 4 . 
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 C O N C L U S I O N  

e report the disco v ery of NGTS-21b, a hot Jupiter with a mass,
adius, and bulk density of 2.36 ± 0.21 M J , 1.33 ± 0.03 R J , and
.25 ± 0.15 g cm 

–3 , respectively. The planet orbits a K3V star every
.5 d, representing one of the shortest period gas giants orbiting
uch a low-mass star, and its large mass also makes it one of the most
assive HJs orbiting such a star. We also find the planet to be inflated

y around 21 per cent when comparing to inflation-free planetary
tructure models, and is significantly larger than other similar gas
iants with ef fecti ve temperatures in agreement with that of NGTS-
1b. The close proximity of the planet to its host star means that a
ombination of stellar irradiation and tidal heating could explain the
nflated nature of the planet’s atmosphere. 

When placing NGTS-21b in the metallicity versus planet bulk
ensity plane for HJs, we identify a falling upper boundary in the
etal-poor regime. The density of HJs decrease as a function of

ost star metallicity, which likely reflects the formation pathway for
hese planets. The large cores that are required to explain their high
ensities, drop in mass as a function of decreasing metallicity, since
here exists less metals in the protoplanetary disc to quickly form
arger cores through core accretion before the disc disperses. This
ecrease in core mass then returns a decrease in their bulk densities
oo. We fit two empirical models to this upper envelope in order to
etter characterize the effect. We also find weak evidence for the
xistence of a gap in this part of the parameter space, yet more
bservations and better statistics are required to confirm the gap’s
xistence. 

The host star NGTS-21 shows moderately low activity, as ev-
denced by the light curves low spot modulation amplitudes, and
bsence of flare activity. Moreo v er, its age of 10 . 02 + 3 . 29 

−7 . 30 Gyr and
otation period 17.88 ± 0.08 d are in accordance with expected ages
f 1.0 −4.5 Gyr from gyrochronology models. A second rotation
eriod was detected in the LS periodogram, thus indicating that
GTS-21 exhibits evidence for differential rotation. The planet’s

ransit times were extracted and fitted by a linear ephemeris model,
ith residuals showing no transit time variations. In addition, light-

urv e e yeballing and BLS methods do not return an y evidence of an
dditional companion in the system. 

The disco v ery of NGTS-21b will add to the small yet increasing
opulation of massive HJ planets around low-mass and metal-poor
tars, thus helping place further constraints on current formation and
volution model for such planetary systems. 
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