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A B S T R A C T 

We report the discovery and characterization of the multiplanetary system around TOI-4311, a K dwarf kinematically 
between the Galactic thick disc and Hercules stream. TOI-4311 hosts an ultra-short-period super-Earth ( P ∼0.99 d, 
1 . 376+0 . 077 

−0 . 080 R⊕) and a longer period sub-Neptune ( P ∼15 d, 2 . 47+0 . 12 
−0 . 11 R⊕) that was first detected in the Transiting Exoplanet 

Survey Satellite photometry. Using follow-up observations with CHaracterising ExOPlanet Satellite and High Accuracy 
Radial Velocity Planet Searcher (HARPS), we refine the planetary radius of both planets, derive the mass of planet b 
( 4 . 5+1 . 5 

−1 . 4 M⊕), and confirm the planetary nature of planet c. Intriguingly, a third periodic signal is clearly detected in our 
HARPS Radial Velocities (RVs) that we cannot link to stellar activity. This signal could be attributed to a third planet 
( P ∼38 d, M sin(i) = 26 . 4+6 . 3 

−6 . 8 M⊕) in the system; however, with the current photometric data set we do not find a transit. 
Our dynamical analysis highlights that this potential outer planet would remain stable. Using the precise radius and mass 
for TOI-4311 b, we model its interior structure and find that it is very dense given the host star’s galactic kinematics and 
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chemistry. Hence, this system could challenge current formation theories and provide insights into planet formation across 
the galaxy. 

Key words: techniques: photometric – techniques: radial velocities – planets and satellites: detection – planets and satel- 
lites: individual: TOI-4311 b & c – planets and satellites: interiors – stars: individual: TOI-4311. 
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 INTRODUCTION  

ith the field of exoplanets rapidly growing since the detection
f the first exoplanet orbiting a main sequence star, 51 Peg b (M.
ayor & D. Queloz 1995 ), more than 6000 exoplanets have been
etected to date (NASA Exoplanet Archive 2025 ). Photometric
pace-based surveys have significantly added to the sample of 
nown exoplanets to date. Especially the Kepler mission (W. J.
orucki et al. 2010 ) discovered many new exoplanets and pro-
ided insights into the diversity of these planets. One of the main
ndings of this mission was the detection of super-Earths and
ub-Neptunes (N. M. Batalha et al. 2013 ), planets that are not
ound in our own Solar system. However, occurrence studies have
hown that they are very common (A. W. Howard et al. 2012 ; E.
. Petigura, G. W. Marcy & A. W. Howard 2013 ). These two planet
ypes are separated by the radius valley, which is a lack of planets
etween 1.5 and 2 R⊕ (B. J. Fulton et al. 2017 ; R. Burn et al. 2024 ).
his gap in the population can be explained by atmospheric mass
oss (V. Van Eylen et al. 2018 ), photoevaporation or core-powered
ass loss (J. E. Owen & H. E. Schlichting 2024 ) or by formation
nd evolution models (J. Venturini et al. 2020 ). 
As small planets have been precisely characterized, their inte-

ior structures and compositions can be modelled, e.g. (L. Zeng
t al. 2019 ; P. Baumeister & N. Tosi 2023 ; J. A. Egger et al. 2024 ).
ince stars and planets are formed from the same material, their
omposition should be directly linked, which is also seen for
he refractory elements of the proto-Sun and Earth (H. S. Wang,
. H. Lineweaver & T. R. Ireland 2019a ). Compositional links
or exoplanets were explored and proposed by M. Plotnykov &
. Valencia ( 2020 ) and V. Adibekyan et al. ( 2021 , 2024 ) who
dentified a trend between stellar abundances and the planetary
ensity showing that the planet density decreases with decreasing
etallicity. However, their sample of planets orbiting metal-poor
tars was sparse. Hence, this trend is still being investigated and
mall planets orbiting metal-poor stars are of great interest. In ad-
ition to this, two clusters of small planets were identified in this
revious sample: the super-Mercuries at high densities and super-
arths having a lower density. This could give insights into differ-
nt formation processes of the systems. If the planets had under-
one collisional stripping, the population density distribution is
xpected to be more continuous compared to formation-driven
echanisms that might result in a density gap (V. Adibekyan et
l. 2021 ). 
Metal-poor stars are mainly found in the thick disc of the Milky
ay and hence old. This is due to massive stars ( M > 8 M�) ex-
loding in type II supernova and enriching the metal-poor in-
erstellar medium (ISM) in α elements (P. Gondoin 2024 ). How-
ver, as low-mass stars later evolved into white dwarfs, type Ia
upernovae enriched the ISM with iron-peak elements and hence
ore recently formed stars, i.e. stars of the thin disc, are found
o be more metal-rich and with lower α/Fe abundance ratios.
hus, to explore compositional links for planets orbiting metal-
oor stars, planet-hosting stars of the thick disc provide great
argets. 
In addition to stars of the thin and thick discs of the Milky
ay, stars in galactic streams can show different kinematics and
NRAS 549, 1–22 (2026)
hemistry. One of the most studied streams in the Milky Way is
he Hercules stream. While stars within this stream are chemi-
ally not clearly distinguishable from stars of the thin disc, they
how different kinematic behaviour. The origin and properties of 
his stream are still investigated (A. C. Quillen et al. 2018 ). How-
ver, hunting for planets orbiting stars of this stream can provide
nteresting insights due to the lack of known exoplanets in stellar
treams and the effect of stellar chemistry and kinematics on their
ormation and evolution. 
We present the discovery of two transiting planets as well
s a radial-velocity planet candidate orbiting TOI-4311, a star
inematically between the thick disc and Hercules stream. We
resent the data taken from Transiting Exoplanet Survey Satellite
 TESS ; G. R. Ricker et al. 2015 ), CHaracterising ExOPlanet Satel-
ite ( CHEOPS ; W. Benz et al. 2021 ), and High Accuracy Radial Ve-
ocity Planet Searcher (HARPS; F. Pepe et al. 2000 ) to characterize
hese planets as well as additional ground-based observations in
ection 2 , characterize the host star in Section 3 , and model the
lanetary parameters in Section 4 . Finally, we discuss the signal
f the third planet candidate, model the interior structure of the
ransiting inner planet, and discuss the compositional links and
alactic membership of the host star in Section 5 . 

 OBSERVATIONS  

OI-4311 has been observed by space-based photometric instru-
ents, TESS and CHEOPS and the ground-based radial velocity
pectrograph HARPS which allow us to characterize the planets
rbiting the star. Additionally, the target has been monitored by
he ground-based photometric instruments: Wide Angle Search
or Planets (WASP; D. L. Pollacco et al. 2006 ) and All-Sky Auto-
ated Survey for Supernovae (ASAS-SN; B. J. Shappee et al. 2014 ;
. S. Kochanek et al. 2017 ) and imaged by Southern Astrophysical
esearch (SOAR; A. Tokovinin 2018 ) to characterize the star. 

.1 TESS 

he TESS (G. R. Ricker et al. 2015 ) has been performing an all-sky
urvey searching for transiting exoplanets since 2018. In order to
onitor stars all over the sky, TESS initially split the Southern
nd Northern hemisphere into 13 sectors each. TESS ’ observing
trategy started with observing a sector for 27.4 d, while data
re downlinked every 13.7 d. This results in observational gaps
n the data. Due to the shape of the sectors, they overlap at the
outhern and Northern pole. This results in targets at the poles
eing continuously monitored for up to 1 yr before TESS moves
o the opposite hemisphere. 
TESS consists of four cameras, each containing four CCDs.
rom these, full frame images are obtained. In TESS ’ Primary
ission (PM), the cadence was at 30 min, followed by 10 min

n the First Extended Mission (EM1) and 200 s in the Second
xtended Mission (EM2) and current Third Extension Mission
EM3). However, selected targets (K. G. Stassun et al. 2018 , 2019 )
re additionally processed into shorter cadence data of 120 s and
ater on also 20 s. The downlinked data are prepared by the Sci-
nce Processing Operations Centre (SPOC; J. M. Jenkins et al.
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Table 1. TESS observations of TOI-4311. 

Sector Camera CCD Start date End date Cadence 2-h CDPP #Transits of #Transits 
(UTC) (UTC) (s) (ppm) planet b planet c 

3 2 2 2018-09-20T12:52:53.590 2018-10-17T21:17:34.435 120 225.2 17 0 
4 2 1 2018-10-19T09:41:34.796 2018-11-14T08:06:57.360 120 240.5 22 1 
30 2 2 2020-09-23T09:18:33.756 2020-10-20T12:29:04.797 120 255.8 22 2 
31 2 1 2020-10-22T00:25:04.978 2020-11-16T10:44:20.642 120 228.5 24 2 

Figure 1. TESS data of TOI-4311 observed in sectors 3, 4, 30, and 31 with the transit and GP model from juliet plotted in blue on top of the TESS data 
in black. 
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016 ; D. A. Caldwell et al. 2020 ) into light curves. This follows
he procedures previously adapted by the Kepler mission (J. M. 
enkins et al. 2010a ), resulting in light curves containing flux
alues from Simple Aperture Photometry (SAP; J. D. Twicken et 
l. 2010b ; R. L. Morris et al. 2020 ) as well as a detrended SAP
ux using Co-trending Basis Vectors, the Pre-search Data Con- 
itioning SAP (PDCSAP; J. D. Twicken et al. 2010a ; J. C. Smith
t al. 2012 ; M. C. Stumpe et al. 2012 ). The latter contain less
ystematic trends due to the detrending instrumental artefacts 
s well as correcting for contamination from other sources and 
s hence used for further analysis. Additionally, quality flags for 
ll timestamps, the respective flux values, and a noise metric, the
ombined differential photometric precision (CDPP) computed 
ver 2 h (J. L. Christiansen et al. 2012 ), are reported. 
TOI-4311 was observed by TESS in sectors 3, 4, 30, and 31.
ectors 3 and 4 were observed from 20 September 2018 to 14
ovember 2018 at a cadence of 1800 s, while sectors 30 and 31
ere observed as part of the EM1 at a cadence of 600 s from 23
eptember 2020 to 16 November 2020. Additionally, all sectors 
ere processed at the shorter cadence of 120 s. Using tpfplot- 
er (A. Aller et al. 2020 ) and tess-cont (A. Castro-González 
t al. 2024 ), we check for contaminating sources in the aperture,
ut do not find any significant contamination by nearby stars. We 
ummarize the available TESS data in Table 1 and show it in Fig.
 . 
The signatures of two planet candidates at orbital periods of 
.99 and 15.1 d were detected by the SPOC in a search over these
ata (J. M. Jenkins 2002 ; J. M. Jenkins et al. 2010b , 2020 ) and the
ignatures passed all the data validation tests (J. D. Twicken et 
l. 2018 ; J. Li et al. 2019 ) including the difference image centroid
nalysis which constrained the location of the host star to within
 ±5 arsec and 9 ±17 arsec of the transit source, respectively. The
esults were reviewed by the TESS Science Office and released on
8 and 19 July 2021 as TOI-4311.02 and TOI-4311.01, respectively 
N. M. Guerrero et al. 2021 ). From here onwards, we will refer to
hem as TOI-4311 b and TOI-4311 c, respectively. 
For our analysis, we use the PDCSAP-flux from the four sec-

ors that were observed with a cadence of 120 s; we remove
 c  
ad-quality points ( QUALITY > 0 ) and those with Not-a-Number
uxes. 

.2 CHEOPS 

ollowing TESS , the CHEOPS (W. Benz et al. 2021 ; A. Fortier et al.
024 ) was launched as an European Space Agency (ESA) S-class
ission in 2019. CHEOPS ’ observing strategy and instrumental 
etup enables it to determine planetary radii very precisely. Ad- 
itionally, it has shown to be able to nail down orbital periods
f planets where only one or two transits are caught in TESS
ata, e.g. HIP 9618 c (H. P. Osborn et al. 2023 ) or in detecting
urther and smaller planets in known systems (e.g. A. Bonfanti 
t al. 2021a ). CHEOPS is in a nadir-locked, Sun-synchronous,
ow-Earth orbit, causing gaps in the data that arise due to events
uch as the Earth’s occultation or South Atlantic Anomaly. The 
raction of data outside the gaps per visit is represented by the
bservational efficiency that we report in Table 2 . 
We obtained 20 CHEOPS visits of TOI-4311 over 2022, 2023, 
024, and 2025 as part of the GTO’s xgal and ygal programs (PI:
ilson). We summarize these visits in Table 2 and show the data

n Figures B1 and B2 . Within these visits, we caught 17 transits
f planet b and 7 transits of planet c. These data were processed
ith the CHEOPS Data Reduction Pipeline (DRP; S. Hoyer et al.
020 ) which uses aperture photometry. Additionally, CHEOPS 
ata have been shown to be more precise for faint stars ( G >

1 mag) when extracting the data with point spread function pho-
ometry using pipe (A. Brandeker, J. A. Patel & B. M. Morris 2024 ).
ince TOI-4311 is a rather faint star to observe with CHEOPS ( G =
1.27 mag), we re-extract the data using pipe . Comparing the rms
f each visit (see Table 2 ), we find that pipe produces light curves
f lower rms and hence we select pipe for our further analysis. 

.3 HARPS 

he HARPS (F. Pepe et al. 2000 ) is a high-resolution Echelle
pectrograph on ESO’s 3.6-m telescope in La Silla. Its wavelength 
overage ranges from 380 to 680 nm and it has a resolving power
MNRAS 549, 1–22 (2026)
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Table 2. CHEOPS observations of TOI-4311. The file keys of visits 1–9 begin with CH_PR120054_TG00; the file keys of visits 10–20 begin with 
CH_PR140065_TG00. 

Visit Planets Start date Duration Data points File key Efficiency Exp time Aperture DRP rms pipe rms 
(UTC) (h) (#) (%) (s) (ppm) (ppm) 

1 c 2022-10-18T17:50:42 14.87 694 2301 77.7 60 RINF 1332 919 
2 b 2022-10-25T02:34:42 13.59 757 1201 92.7 60 R21 1626 862 
3 b 2022-11-02T02:01:42 11.57 638 1203 91.8 60 R21 1569 1041 
4 b,c 2022-11-02T18:59:42 13.62 750 2302 91.6 60 R21 1541 763 
5 b 2022-11-09T22:50:42 11.57 641 1204 92.2 60 R21 2131 953 
6 b 2022-11-13T23:18:42 12.54 592 3001 78.6 60 R21 1369 827 
7 b 2022-11-14T21:50:41 11.81 553 3002 78.0 60 R21 1327 1073 
8 b 2022-11-20T21:28:42 11.52 450 3003 65.0 60 R21 1282 761 
9 b,c 2022-12-02T22:51:42 13.44 451 2901 55.9 60 R21 962 772 
10 c 2023-09-15T09:11:43 11.62 421 0601 60.3 60 R21 1420 811 
11 c 2023-09-30T08:44:42 13.51 538 1201 66.3 60 R21 1636 798 
12 b 2023-10-12T15:12:43 12.14 544 0401 74.6 60 R23 1449 936 
13 b 2023-10-27T12:47:43 11.61 647 0402 92.8 60 R21 1384 794 
14 b,c 2023-10-30T13:14:43 13.51 763 1202 94.0 60 R21 1455 1084 
15 b 2023-11-03T10:54:43 11.61 640 0403 91.8 60 R21 1663 963 
16 b 2023-11-07T09:07:43 11.61 643 0404 92.2 60 R22 1629 798 
17 b 2023-11-11T08:12:43 11.84 569 0405 80.0 60 R21 1904 734 
18 b,c 2023-11-14T13:38:43 13.51 574 1203 70.7 60 R21 1477 960 
19 b 2024-10-19T01:37:43 11.61 569 1301 81.6 60 R21 1655 596 
20 b 2025-11-06T06:45:43 11.61 578 1302 100.0 60 R21 7918 1023 

Figure 2. RV observations of TOI-4311 as processed by the HARPS drs in purple and our s-bart extraction in green. 

o  

R  

t  

o
t  

f  

c  

H  

 

J  

r  

s  

a  

u  

(  

t  

c  

e  

f  

s  

t  

1  

m  

o  

a  

a  

2  

d  

t  

f  

d  

R  

s
1  

L  

s  

a  

F

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/549/3/stag952/8688502 by guest on 18 June 2026
f 115 000. Spectra obtained by HARPS are processed by its Data
eduction Software ( drs 3.2.5; C. Lovis & F. Pepe 2007 ) which ob-
ains the RVs by computing the cross-correlation function (CCF)
f the spectra using a mask dependent on the spectral type of 
he observed star. From the CCFs, activity indicators such as the
ull-width at half maximum (FWHM), Bisector Span (BIS), and
ontrast are obtained. Further activity indicators such as the S,
 α, Na, and Ca ii indices are computed directly from the spectra.
TOI-4311 was monitored by HARPS from 1 July 2023 to 29

anuary 2025 as part of the 111.254R program (PI: Wilson). This
esulted in 32 data points with an average uncertainty of 3.65 m
−1 and rms of 6.10 m s−1 . While the drs computes the RVs using
 CCF with a K2 mask, we additionally reprocess the spectra
sing semi-Bayesian approach for RVs with template-matching
 s-bart ; A. M. Silva et al. 2022 ). s-bart uses template matching
o extract the RVs which has been found to improve the un-
ertainties (A. M. Silva et al. 2022 ). Following Y. N. E. Eschen
t al. ( 2025 ), we reprocess the HARPS two-dimensional spectra
or different combinations of template matching parameters and
NRAS 549, 1–22 (2026)
pectra quality checks. We vary the template matching parame-
ers in RV steps of 0.1, 0.5, 1.0 m s−1 and RV limits of 200, 500, and
000 m s−1 . For all of these, we use the classical and Laplacian
ethod from s-bart . Additionally, we vary the quality checks
f the spectra that are included in the template creation. These
re the minimum order signal-to-noise ratios (SNRs), airmasses,
nd RV errors. For these, we apply cuts at 1.5, 5, and 10; 1.5,
.0, 2.2, and 2.6; and 5, 6, 7, and 10 m s−1 , respectively. This
oes remove spectra that do not fulfil the quality checks from the
emplate creation; however, this does reprocess the RVs arising
rom these spectra using the created template. From all of these
ifferent checks, we compare the median errors of the resulting
Vs. We get the lowest median error for a s-bart setup of an RV
tep of 0.1 m s−1 , RV limit of 500 m s−1 , minimum order SNR of 
.5, airmass of 1.5, and RV error cut of 5 m s−1 using s-bart ’s
aplacian method, which resulted in a median error of 2.15 m
−1 and rms of 6.02 m s−1 . We used these RVs in the following
nalysis. We show the RVs obtained from the drs and s-bart in
ig. 2 for comparison. 
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Figure 3. SOAR I-band observation of TOI-4311 with a 5 σ detection 
sensitivity. 
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.4 ASAS-SN 

he ASAS-SN (B. J. Shappee et al. 2014 ; C. S. Kochanek et al.
017 ) is performing an all-sky survey monitoring targets down 
o a magnitude of V = 17 mag. For this, ASAS-SN consists of 
ve stations spread over the world, each consisting of four 14- 
m telescopes and CCDs. The stations use either the V or g band
nd observe three dithered 90-s exposures. The data are made 
ublicly available and light curves can be computed using the 
SAS-SN Sky Patrol ( https://asas-sn.osu.edu ). In addition to light
urves for targets being available on this platforms, they can also
e recomputed using the coordinates and proper motions of the 
espective target. Due to its long-term photometric monitoring, 
SAS-SN can be used to identify stellar rotations periods (D. A. 
urner et al. 2026 ). 
TOI-4311 has been monitored by ASAS-SN from 24 October 
013 to 27 August 2025. During this time, TOI-4311 was observed 
rom 24 October 2013 to 24 September 2018 in the V band, result-
ng in 1133 data points and from 17 September 2017 to 27 August
025 in the g band for which 5231 data points were collected. For
ach of the two data sets, we separately remove data points fainter
han V = 15 mag and g = 15 mag and perform 5-sigma clipping,
hich results in the removal of 43 and 254 outliers, leaving 1090
nd 4977 data points in the V and g bands, respectively. We show
he resulting timeseries in Fig. C1 . 

.5 WASP 

he WASP (D. L. Pollacco et al. 2006 ) has been photometrically
onitoring bright stars from the Southern and Northern hemi- 
phere. For this, it has eight telescopes each at both of its sites,
ocated at the Roque de los Muchachos Observatory on La Palma, 
pain and the Sutherland Station located at the South African As-
ronomical Observatory. During its operational time, this survey 
etected nearly 200 planets (NASA Exoplanet Archive 2025 ), the 
ajority of which are hot Jupiters. While the WASP survey does
ot reach the precision to detect super-Earths or sub-Neptunes, 
t provides long-term photometry that can be used to determine 
tellar rotation periods (e.g. T. G. Wilson et al. 2022 ). 
TOI-4311 has been monitored by WASP from 10 August 2006 

o 19 December 2014. During this observing time, the survey 
ollected 107 399 photometric measurements of the target. We 
ormalize the flux and remove points that have an uncertainty 
igher than 5 per cent. We then perform a 5-sigma clipping leav-
ng us with 96 694 data points. We show the resulting timeseries
n Fig. C1 . 

.6 SOAR imaging 

igh-angular resolution imaging is needed to search for nearby 
ources that can contaminate the TESS photometry, resulting in 
n underestimated planetary radius, or be the source of astro- 
hysical false positives, such as background eclipsing binaries 
e.g. L. A. Buchhave et al. 2011 ; J. Lillo-Box, D. Barrado & H. Bouy
014 ; J. Lillo-Box et al. 2024 ). We searched for stellar companions
o TOI-4311 with speckle imaging on the 4.1-m SOAR telescope 
A. Tokovinin 2018 ) on 1 October 2021 UT, observing in Cousins
-band, a similar visible bandpass as TESS . This observation was 
ensitive with 5 σ detection to a 5.2-magnitude fainter star at an 
ngular distance of 1 arsec from the target. More details of the 
bservations within the SOAR TESS survey are available in C. 
iegler et al. ( 2020 ). The 5 σ detection sensitivity and speckle
utocorrelation functions from the observations are shown in 
ig. 3 . No nearby stars were detected closer than 3 arcsec within
he sensitivity limits of TOI-4311 in the SOAR observations. 

 STELLAR  CHARACTERIZATION  

.1 Atmospheric properties and abundances 

he stellar spectroscopic parameters ( Teff , log g, [Fe/H]) were esti- 
ated using the ares + moog methodology, as described in more
etail in S. G. Sousa ( 2014 ); S. G. Sousa et al. ( 2021 ) and N. C.
antos et al. ( 2013 ). For this we used the latest version of ares 1 
S. G. Sousa et al. 2007 , 2015 ) to measure the equivalent widths
f iron lines on a combined HARPS spectrum of TOI-4311. We
sed the list of Fe i and Fe ii lines presented in M. Tsantaki et al.
 2013 ) which is more appropriate for this target with temperature
elow 5200 K. A minimization process was used to find ionization
nd excitation equilibrium and converge to the set of best spec-
roscopic parameters. For this, we made use of a grid of Kurucz
odel atmospheres (R. L. Kurucz 1993 ) and the radiative transfer
ode moog (C. A. Sneden 1973 ). In this analysis, we also derived
 more accurate trigonometric surface gravity using Gaia DR3 
ata following the same procedure as described in S. G. Sousa et
l. ( 2021 ). Stellar abundances of the elements were derived us-
ng the classical curve-of-growth analysis method assuming local 
hermodynamic equilibrium and with the same codes and models 
hat were used for the stellar parameters determinations. For the 
erivation of chemical abundances of refractory elements, we 
losely followed the methods described in e.g. V. Z. Adibekyan 
t al. ( 2012 ), V. Adibekyan et al. ( 2015 ), and E. Delgado Mena et
l. ( 2017 ). 

.2 Radius, mass, and age 

e computed the stellar radius of TOI-4311 by utilizing an 
arkov Chain Monte Carlo (MCMC) modified infrared flux 
MNRAS 549, 1–22 (2026)
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Table 3. Stellar properties of TOI-4311. 

TOI-4311 

2MASS J02464430-3110468 
Gaia DR3 5064693746900436736 
TIC 122617317 
LP 886-41 
Parameter Value Note 
α [J2000] 02h 46m 44 . 32s 1 
δ [J2000] −31◦10′ 46 . 69′′ 1 
μα (mas/yr) 171.231 ±0.026 1 
μδ (mas/yr) 73.586 ±0.028 1 
� (mas) 7.413 ±0.028 1 
d (pc) 134.90 ±0.51 1 
RV (km s−1 ) 51.84 ±0.22 1 
U (km s−1 ) −116 . 99 ±0.40 5a 
V (km s−1 ) −57 . 44 ±0.17 5a 
W (km s−1 ) −0 . 32 ±0.27 5a 

V (mag) 11.39 ±0.10 2 
GBP (mag) 11.7047 ±0.0028 1 
G (mag) 11.2714 ±0.0028 1 
GRP (mag) 10.6714 ±0.0038 1 
J (mag) 9.977 ±0.023 3 
H (mag) 9.557 ±0.025 3 
K (mag) 9.488 ±0.021 3 
W 1 (mag) 9.430 ±0.023 4 
W 2 (mag) 9.487 ±0.020 4 
Teff (K) 5063 ±66 5; spectroscopy 
log g (cm s−2 ) 4.442 ±0.034 5; spectroscopy 
(Fe/H) (dex) −0 . 065 ±0.043 5; spectroscopy 
(Mg/H) (dex) −0 . 015 ±0.053 5; spectroscopy 
(Si/H) (dex) −0 . 011 ±0.036 5; spectroscopy 
v sin i (km s−1 ) 1 . 10 ± 0 . 60 5; spectroscopy 
log R′ 

HK −5 . 00 ± 0 . 11 5; spectroscopy 
R� ( R�) 0.8441 ±0.0062 5; IRFM 

M� ( M�) 0 . 816+0 . 047 
−0 . 049 5; isochrones 

t� (Gyr) 6 . 6 ± 2 . 3 5; log R′ 
HK 

L� ( L�) 0.422 ±0.023 5; from R� and Teff 
ρ� ( ρ�) 1.357 ±0.086 5; from R� and M� 

ρ� (kg m−3 ) 1910 ±120 5; from R� and M� 

Notes. [1] Gaia Collaboration ( 2023 ), [2] E. Høg et al. ( 2000 ), [3] M. F. 
Skrutskie et al. ( 2006 ), [4] E. L. Wright et al. ( 2010 ), and [5] this work. 
a Calculated via the right-handed, heliocentric Galactic spatial velocity 
formulation of D. R. H. Johnson & D. R. Soderblom ( 1987 ) using the 
proper motions, parallax, and radial velocity from [1]. 
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ethod (IRFM–D. E. Blackwell & M. J. Shallis 1977 ; N. Schanche
t al. 2020 ) in combination with stellar atmospheric models (R.
. Kurucz 1993 ; F. Castelli & R. L. Kurucz 2003 ) and our spectro-
copically derived stellar parameters as priors. Broad-band syn-
hetic photometry were produced from constructed spectral en-
rgy distributions and compared to observed fluxes in the follow-
ng bandpasses: Two Micron All-Sky Survey (2MASS) J, H, and
, WISE W 1 and W 2 , and Gaia G , GBP , and GRP (M. F. Skrutskie et
l. 2006 ; E. L. Wright et al. 2010 ; Gaia Collaboration 2023 ). This
esulted in the stellar bolometric flux from which we obtained the
ffective temperature and angular diameter of TOI-4311. We con-
erted the angular diameter into the stellar radius using the offset-
orrected Gaia parallax (L. Lindegren et al. 2021 ) and accounted
or model uncertainties via a Bayesian Model Averaging of the
tellar radius posteriors produced from both stellar atmospheric
odel catalogues. 
Using Teff , [Fe/H], and R� along with their uncertainties as

nput parameters, we determined the isochronal mass and age
ia two stellar evolutionary models. In detail, we employed the
sochrone placement routine (A. Bonfanti et al. 2015 ; A. Bonfanti,
. Ortolani & V. Nascimbeni 2016 ) to interpolate the input set
ithin pre-computed grids of parsec 2 v1.2S (P. Marigo et al.
017 ) isochrones and tracks and get a first pair of estimates for the
ass and age of the star. A second pair of mass and age values,
nstead, was computed with the cles (Code Liègeois d’Évolution
tellaire; R. Scuflaire et al. 2008 ) code that builds the best-fit
tellar evolutionary track based on the set of input parameters by
ollowing a Levenberg–Marquadt minimization scheme (S. J. A.
. Salmon et al. 2021 ). As detailed in A. Bonfanti et al. ( 2021b ), we
hen checked the mutual consistency of the two pairs of mass and
ge distributions via a χ2 -based criterion and finally merged them
btaining M� = 0 . 816+0 . 047 

−0 . 049 M� and t� = 7 . 1 ± 6 . 7 Gyr. Since the
tellar age is not well constrained by evolutionary models, we
pplied the log R′ 

HK –t� relation from E. E. Mamajek & L. A. Hillen-
rand ( 2008 ) and obtained t� = 6 . 6 ± 2 . 3 Gyr as reported in Table
 . 

.3 Rotation period 

hile photometric surveys such as WASP and ASAS-SN do not
each the precision to detect small planets, their long-term pho-
ometric monitoring is valuable to identify rotation periods of 
tars (e.g. D. A. Turner et al. 2026 ). Since TOI-4311 has been
onitored by these ground-based surveys for more than 10 yr, we
un a Lomb–Scargle periodogram on each of the available data
ets, differentiating between V and g bands in ASAS-SN. Since
e are using ground-based data, we are removing peaks due to
adence, Moon and season gaps. We do not identify any clear
eaks indicating a rotation period, we acknowledge a peak in the
SAS-SN V-band at ∼160 d, which however is not found in the
SAS-SN g band or by WASP. 
In addition to the long-term ground-based observations, there
re also four sectors of TESS data available. Since we have two
ontinuous sectors for each of the two TESS missions (PM and
M1), we use these to check for a rotation period in TESS as well.
sing the non-detrended SAP flux (as shown in Fig. A1 ) after
asking out the transits of planet b and planet c using wotan
M. Hippke et al. 2019 ), we run two Lomb–Scargle periodograms,
NRAS 549, 1–22 (2026)

 PA dova and T R ieste S tellar E volutionary C ode: https://stev.oapd.inaf.it/ 
gi-bin/cmd. 

3

W  

H  

&  
he first on TESS sectors 3 and 4; the second on TESS sectors 30
nd 31. As shown in Figs 4 and A2 , the ASAS-SN g band, WASP,
nd TESS sectors do not show any significant peaks. 
However, there is a peak in the ASAS-SN V band at ∼160 d.
ince this peak is not too well constrained, we do not consider
t a rotation period for the further analysis but acknowledge its
resence here. Since the analyses of long-term photometric mon-
toring from ASAS-SN and WASP as well as the more recent high-
recision photometric monitoring from TESS resulted in no clear
etections of a rotation period, we conclude that TOI-4311 is not
n active star. 

.4 Kinematic analysis 

e compute the kinematic properties of TOI-4311 following D. R.
. Johnson & D. R. Soderblom ( 1987 ) and T. Bensby, S. Feltzing
 I. Lundström ( 2003 ). We report the galactic velocities U , V ,

https://stev.oapd.inaf.it/cgi-bin/cmd
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Figure 4. Lomb–Scargle periodograms of the long-term photometric surveys. The two planetary periods are highlighted in green and purple. False 
alarm probabilities of 1, 0.1, and 0.01 per cent are shown by the grey continuous, dashed, and dotted line, respectively. Left: ASAS-SN V-band. Middle: 
ASAS-SN g-band. Right: WASP. 

Figure 5. Location of TOI-4311 on the Toomre diagram compared to stars of different galactic memberships, thin disc (left), thick disc (middle), and 
Hercules stream (right). 
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nd W in Table 3 . We correct these for the Local Standards of 
est (LSRs) as reported in V. V. Koval, V. A. Marsakov & T. V.
orkova ( 2009 ); R. Schönrich, J. Binney & W. Dehnen ( 2010 ); B.
oş kunoğlu et al. ( 2011 ); V. V. Bobylev & A. T. Bajkova ( 2014 );
. Francis & E. Anderson ( 2014 ); H.-J. Tian et al. ( 2015 ); and F.
lmeida-Fernandes & H. J. Rocha-Pinto ( 2018 ) and compute the
eighted means for U , V, and W. Following T. Bensby et al. ( 2003 ),
e compute the weighted kinematic probabilities of TOI-4311 
elonging to each population. This results in 52.7 ±5.3 per cent 
nd 47.3 ±5.3 per cent of the target belonging kinematically to the
hin and thick disc, respectively. Hence, TOI-4311 lies between 
he thin and thick disc of the Milky Way. 
However, T. Bensby et al. ( 2003 ) do not include the normaliza-

ion fractions and velocity dispersions for the Hercules stream. 
ecent publications (T. Bensby, S. Feltzing & M. S. Oey 2014 ;
.-C. Chen et al. 2021 ) include these and hence we perform an
dditional kinematic analysis in which we also weigh for the 
ifferent LSRs. This results in a weighted kinematic member- 
hip of 21.7 ±3.3 per cent for the thin disc, 30.9 ±3.2 per cent for
he thick disc, and 47.4 ±3.1 per cent for the Hercules stream
hen using T. Bensby et al. ( 2014 ), as well as weighted kine-
atic probabilities of 17.3 ±3.0 per cent, 33.3 ±3.0 per cent, and
9.4 ±2.9 per cent for the thin disc, thick disc and Hercules
tream, respectively, when using the values from D.-C. Chen et al.
 2021 ). 
Using the stars in the publicly available APOGEE DR17 cat- 
logue (D. L. Nidever et al. 2015 ; S. R. Majewski et al. 2017 ;
bdurro’uf et al. 2022 ), we compute the kinematic member- 
hip probabilities for every star in the catalogue that is passing
he quality cuts based on the ASCAPFLAG and STARFLAG in 
POGEE and has reported proper motions, parallax and radial 
elocity values in Gaia DR3 (Gaia Collaboration 2023 ). Using the
bove methods, we are able to determine the galactic membership 
f each star using the normalization fractions and velocity disper- 
ions from D.-C. Chen et al. ( 2021 ) and LSRs from F. Almeida-
ernandes & H. J. Rocha-Pinto ( 2018 ). Selecting stars that have a
hin disc, thick disc, or Hercules stream probability above 50 per
ent, respectively, we plot them on a Toomre diagram. The kine-
atic properties and according galactic memberships allow us 
o compare the kinematics of TOI-4311, which is represented by 
he star on the Toomre diagram in Fig. 5 to a wider sample of 
tars. Since the kinematics of TOI-4311 point to an edge case
etween the galactic populations of thin disc, thick disc, and 
ercules stream and they overlap on a Toomre diagram, we plot
MNRAS 549, 1–22 (2026)
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M

Figure 6. Histograms of the U , V, and W velocities of the APOGEE sample of stars with a kinematic probability of above 50 per cent that belong to the 
thin disc, thick disc, or Hercules stream. The membership is indicated by the colour. TOI-4311’s velocities are marked by the black line. 
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Figure 7. Box-least-squares periodogram of the four available TESS sec- 
tors of TOI-4311. The period of the inner planet is highlighted in purple, 
while the period of the outer planet is highlighted in green. 
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he thin disc, thick disc, and Hercules stream stars from APOGEE
R17 individually in Fig. 5 . This shows that TOI-4311 lies out-
ide of the thin disc as it is hinted by its probabilities, within
hick disc stars but also overlaps with the edge of the Hercules
tream. 
We show this further by plotting the normalized distributions
f U , V, and W of the stars in the APOGEE sample that belong
o either population with a probability of 50 per cent. We show
he velocities of TOI-4311 in comparison to these distributions in
ig. 6 and find that TOI-4311 has a very low value of U for which
t lies below the narrow Hercules population. At this low value
f U nearly no kinematic thin disc stars are found, however the
inematic thick disc population still covers this regime albeit in
ow numbers. This agrees with our kinematic probabilities which
lso find a low thin disc but reasonable thick disc probability.
ithin the V velocity, TOI-4311 overlaps mainly with the very
arrow distribution of Hercules stream velocities but is also in
he regime of thin and thick disc, while in W it overlaps well with
ll three populations. 
We also investigated the local Galactic phase space density of 
OI-4311, following the approach of A. J. Winter et al. ( 2020 ),
sing the Mahalanobis metric (P. C. Mahalanobis 1936 ) to scale
ts phase space density relative to neighbouring stars, and a Gaus-
ian mixture model to decompose the distribution of phase space
ensities into high- and low-density components. We find that
OI-4311 has a low phase space density compared to most of its
eighbours, placing it in the low-density population. A. J. Mustill,
. Lambrechts & M. B. Davies ( 2022 ) showed that this population

s a mixture of halo stars, thick disc stars, and the dynamically hot
nd of the thin disc, and that the phase space density primarily
epends on the magnitude of the peculiar velocity | v| . We find
hat TOI-4311 does have a high phase space density when com-
ared to stars of similar | v| . We attribute this to the fact that the
tar’s large peculiar velocity is excited almost entirely in the plane
f the Galaxy, with very little vertical motion. 

 MODELLING  AND  DETERMINING  PLANET  

ROPERTIES  

sing the available photometry from TESS and CHEOPS and the
adial velocity observations from HARPS, we fit the data to obtain
NRAS 549, 1–22 (2026)
he planetary parameters precisely in juliet (N. Espinoza, D.
ossakowski & R. Brahm 2019 ). 

.1 Photometry 

e run a box-least-squares periodogram (G. Kovács, S. Zucker &
. Mazeh 2002 ) to identify the signals alerted by TESS in our own
nalysis. The resulting periodogram in Fig. 7 shows two signif-
cant peaks at 0.99 and 15 d with log-likelihoods of 50 and 71,
espectively. This is in agreement with the orbital periods found
n the TESS vetting team. We also find a peak at 30 d which is a
ultiple of the peak at 15 d and arises as an alias due to the lim-
ted number of transits for this planet in TESS . Additionally to the
etting performed by the TESS team, we use the Lazy-Exoplanet-
Operations Vetter (LEO-Vetter; M. Kunimoto et al. 2025 ), which
s performing several tests based on the Kepler -Robovetter (J. L.
oughlin et al. 2016 ) and implemented further tests to optimize
he vetting transits in TESS (e.g. Y. N. E. Eschen & M. Kunimoto
 2024 )). We run this vetting tool for TOI-4311 b and TOI-4311 c
nd both planets pass all the tests and get identified as planet
andidates using the standard metric in Flux and Pixel Vetting. 
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Using juliet, we fit the TESS and CHEOPS data jointly for
he planetary parameters including the period, P , the mid-transit 
ime, t0 , the planet to star radius ratio, RP / R∗, the impact pa-
ameter, b , as well as the instrumental and stellar parameters in-
luding the limb darkening coefficients, q 1 and q 2 parametrized 
ollowing D. M. Kipping ( 2013 ), the offset flux and jitter for each
nstrument and the stellar density. Additionally, we include a 
aussian process (GP) with a Matern-3/2 kernel against time 
S. Ambikasaran et al. 2015 ; D. Foreman-Mackey et al. 2017 )
or each instrument fitting for the GP amplitude and time-scale 
o account for any remaining noise in the TESS data and in-
trumental trends such as variations in the roll angle in the
HEOPS data. The distributions of these priors are summarized 
n Tables 4 and D1 . This fit results in precise planet radii of 
 . 372+0 . 086 

−0 . 087 R⊕ and 2 . 46+0 . 11 
−0 . 12 R⊕ for TOI-4311 b and TOI-4311 c, 

espectively. 

.2 Radial velocities 

sing the re-extracted RVs produced by s-bart and the activity 
ndicators reported by the HARPS DRS, we use Lomb–Scargle 
eriodograms to identify any significant signals in the RVs and 
ctivity indicators. These are shown in Fig. 8 and we find addi-
ional peaks at ∼38 and ∼75 d in the RVs which we highlight
n orange. These peaks are found in the RVs produced by the
ARPS DRS as well as the RVs produced by s-bart but not
n the activity indicators. To check whether these peaks can be 
ecovered as coherent signals independently in different seasons 
onfirming they are not due to observing biases or stellar activity, 
e separate the data into season 1 spanning 1 July 2023 to 1
ctober 2023, season 2 from 8 November 2024 to 29 January
025. Season 1 and season 2 contain 21 and 11 observations,
espectively. We show the resulting Lomb–Scargle periodogram 

or season 1 and 2 on the s-bart RVs in Fig. 8 . Both seasons find
 peak at ∼38 and ∼75 d. The peak by season 1 is more significant
ue to more data being available within this timespan. The activ- 
ty indicators do not show any significant peaks at this period.
e hence perform further tests to determine the origin of this
ignal. 
First, we use scalpels (A. Collier Cameron et al. 2021 ), which
omputes the autocorrelation function from the CCFs to iso- 
ate shape-driven variations which arise from stellar activity. 
e include the two transiting planets at the periods and mid-
ransit times found by our photometric analysis of the TESS and 
HEOPS data in our analysis. scalpels does not identify any 
rincipal components related to activity. To further assess our RV
ata, we apply kima (J. P. Faria et al. 2018 ; A. A. John et al. 2023 )
nd compare our results. In brief, kima allows us to model RV
ata of exoplanetary systems with the inclusion of decorrelation 
ectors in a linear model to account for stellar activity. Impor-
antly, kima takes the number of exoplanet Keplerian models as 
 free parameter meaning that we can statistically ascertain the 
ptimal number of exoplanets represented in our RV data. In our
nalysis, we set the maximum number of additional planets to 2. 
irst, we decorrelate the activity signal with a maximum number 
f decorrelation vectors set to 3 as suggested by scalpels . The
osterior distribution of the orbital periods gives us two signifi- 
ant peaks at ∼38 and ∼75 d, with the latter being more signifi-
ant. We perform another analysis in kima without the decorrela- 
ion vectors. This also results in two significant peaks at the same
eriods, however this time both are similarly strong. Although 
hese peaks are strong, kima statistically prefers a model with 
MNRAS 549, 1–22 (2026)
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Figure 8. Lomb–Scargle periodograms of the RVs and activity indica- 
tors of TOI-4311 obtained by HARPS. From top to bottom: RVs from 

the HARPS DRS, RVs extracted from s-bart , RVs from 1 July 2023 to 1 
October 2023 (S1) extracted from s-bart , RVs from 8 November 2024 to 
29 January 2025 (S2) extracted from s-bart , and activity indicators re- 
ported by the HARPS DRS. We highlight the periods of the two transiting 
planets, TOI-4311 b and TOI-4311 c, in purple and green, respectively. We 
highlight the peaks at ∼38 and ∼75 d in orange. False alarm probabilities 
of 1, 0.1, and 0.01 per cent are shown by the grey continuous, dashed, and 
dotted line, respectively. 
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o additional planets in both cases. Hence we cannot confirm
hat this signal is due to stellar activity or rule out its planetary
rigin. 
However, since scalpels identifies two peaks that are multi-
les of each other we fit a Keplerian in juliet for either a 38 d
using U (37 , 40) as prior) or 75 d (with U (70 , 80) as prior) signal.
n both cases juliet clearly identifies a signal supporting our
ima analysis. As shown in the periodogram in Fig. 8 , the signal
t 38 d has a lower false alarm probability. This signal also has
 better constrained period, transit time, and semi-amplitude in
he juliet analysis and we hence follow with this for our further
nalysis. 
As a next step, we try to pick up this signal using (multidi-
ensional) GPs. For this, we use the pyaneti (O. Barragán, D.
andolfi & G. Antoniciello 2019 ; O. Barragán et al. 2022 ) package
nd perform several RV analyses. For all, we keep the period and
id-transit time fixed at the values obtained in our photometric
nalysis as well as the eccentricity and argument of periastron at 0
nd 90◦, respectively, and fit for the semi-amplitude for these two
NRAS 549, 1–22 (2026)
lanets. We compare these results to including a GP using a quasi-
eriodic kernel as well as multidimensional GPs in which we fit
or H α, the S-index or the FWHM in different runs. For all (multi-
GPs, we compare priors for the stellar rotation period that are
ither uniformly distributed between (30, 50) or (30 200). We vary
hether we include a third Keplerian for the ∼38 d signal (with a
rior uniformly distributed between 30 and 100 d) or not. We find
hat all our results agree within 1 σ for the inner planet’s mass,
xcept for the one run where we do not account for the signal at
38 d through a GP or Keplerian. We find that the ∼38 d signal
an be modelled either with a third Keplerian or a GP and has to
e accounted for in the analyses to improve the mass precision on
he inner planet. Comparing the Bayesian Information Criterion
BIC) values, we find that the 3 planet model is preferred over
he 2 planet model with 	BIC ∼7. When using wide priors on the
tellar rotation period in the GP, we find a rotation period with
igh uncertainties that overlap with the peak found in the ASAS-
N V-band data at around ∼160 d. 
For our further analysis, we decided to treat this signal at 38 d
s a planet candidate and fit it with a third Keplerian. As this
oes not require multidimensional GPs, we perform the further
nalysis in juliet since this also allows us to model noise in the
hotometry with a GP as shown in Section 4.1 , a feature that is not
ncluded in pyaneti . In juliet , we first perform further RV-only
nalysis also fitting for the eccentricity. Since the inner planet is
n an ultra-short period orbit, it is unlikely to be eccentric (B. Pu
 D. Lai 2019 ; V. Van Eylen et al. 2019 ) and hence we only fit the
ccentricity for the outer two signals. However as shown by V.
an Eylen et al. ( 2019 ), the eccentricity on multiplanet systems
ollow half-Gaussian distributions centred at 0 with σ = 0.083.
ence, we fit for the semi-amplitude of the radial velocities allow-
ng the eccentricities of the two outer planet (candidates) to fol-
ow a truncated normal distributions centred at 0 with σ = 0.083
nd a lower and upper limit at 0 and 1, respectively, while the ec-
entricity of the inner planet remains fixed at 0 (as shown in Table
 ). While we also fit for the systemic radial velocity and jitter as
ummarized in Table D1 , we keep the period and mid-transit time
or planet b and c fixed on the values we obtained from the photo-
etric fit, while we use a uniform distribution for the period and
id-transit time of the outer planet candidate. This produces no
ignificant eccentricities, but allows us to place upper limits (99.7
er cent) of 0.22 on eccentricity for planet c and the outer planet
andidate. With this, we are able to significantly obtain masses of 
 . 4+1 . 6 −1 . 5 M⊕ for the innermost planet and M sin( i ) = 26 . 8+7 . 0 −7 . 5 M⊕ for
he outer planet candidate. For planet c, we are not able to recover
 significant detection of the semi-amplitude and hence mass,
owever we are able to place an upper limit (99.7 per cent) on the
ass of 14.04 M⊕ and hence confirm the planetary nature of the
ignal. 

.3 Joint fit 

inally, we run a joint fit of the photometric and RV data
n juliet which we analysed individually before. We use the
ame priors as in the photometric analysis but additionally ac-
ount for the third Keplerian signal, and hence fit for the semi-
mplitudes of the three Keplerian signals, the jitter and sys-
emic RV obtained by HARPS and follow the eccentricity prior
istributions following V. Van Eylen et al. ( 2019 ) as outlined
n Section 4.2 . The priors and posteriors of this fit are shown
n Table 4 . This results in a precise radius and mass measure-
ent for TOI-4311 b of 1 . 376+0 . 077 

−0 . 080 R⊕ and 4 . 5+1 . 5 
−1 . 4 M⊕, a precise
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Figure 9. Phase folded best-fit transit models of TOI-4311 b (purple) and TOI-4311 c (green) with the underlying TESS (left) and CHEOPS (right) data 
in black in the top panel. The residuals are shown in the bottom. The data are binned into 30 min shown by the white points. 

Figure 10. Phase-folded best fit RV curved of TOI-4311 b (purple), TOI-4311 c (green), and TOI-4311.03 (orange) with the underlying HARPS data in 
black in the top panel. The residuals are shown in the bottom. The time of inferior conjunction corresponds to phase = 0. 
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adius measurement of 2 . 47+0 . 12 
−0 . 11 R⊕ and a mass upper limit of 

 13 . 58 M⊕ for TOI-4311 c and a minimum mass due to deter-
ining only M sin( i ) from the RVs of 26 . 4+6 . 3 

−6 . 8 M⊕ for the third
lanet candidate orbiting TOI-4311. This results in a precise den- 
ity for the ultra-short period planet, planet b, of 9 . 3+3 . 8 

−3 . 0 g/cm3 .
hese small planets and candidates, that span the radius val- 
ey, range in equilibrium temperatures from 490 to 1664 K. We
how the phase-folded transits from the TESS and CHEOPS 
ata in Fig. 9 and the resulting phase-folded RV curves in
ig. 10 . 
MNRAS 549, 1–22 (2026)
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Figure 11. Sensitivity map of the available four TESS sectors. White 
areas represent where planets should have been easily detected by TESS , 
while the black areas show where TESS is not able to find transiting plan- 
ets with the available observations. The grey steps show the sensitivities 
in between including monotransits. TOI-4311 b is shown by the purple 
star, TOI-4311 c by the green star, and the period of TOI-4311.03 is shown 
by the orange line since the radius is unknown. The computed radius 
following the relations by L. Zeng et al. ( 2019 ) for a composition of 100 per 
cent iron is shown in red and for 100 per cent H2 O-gaseous atmosphere 
at 500 K in blue. 
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 DISCUSSION  

.1 A third planet in the system? 

ince we identify an additional signal in the RVs that is well
odelled by a Keplerian and is not indicated by stellar activity,
t could arise from another planet in the system. In this scenario,
e determine a minimum mass of 26 . 4+6 . 3 

−6 . 8 M⊕ from the RVs. To
onfirm its planetary nature, we search for an additional signal of 
 transiting planet in the TESS photometry. We perform a sensi-
ivity analysis using the Transit Investigation and Recoverability
pplication (Y. N. E. Eschen et al. 2024 ; T. Rodel et al. 2024 ).
e show the resulting sensitivity map in Fig. 11 including the
etected planets by transit, TOI-4311 b and TOI-4311 c, as well as
 vertical line for TOI-4311.03 since there is no measured radius.
his analysis shows that TOI-4311 b was easily found by TESS ,
hile TOI-4311 c has a slightly lower chance of being found due
o the limited baseline in time and its orbital period being longer
han a TESS orbit. As also found for TOI-4311 c, this results in
everal transits falling into the gaps and only one transit being
aught in the first two consecutive sectors. However, TESS is
till sensitive enough to find sub-Neptunes at an orbital period
f 15 d orbiting TOI-4311. For TOI-4311.03, we use the planet
odels of L. Zeng et al. ( 2019 ) and compute the predicted radii
or the hypothetical cases that TOI-4311.03 was iron only ( R =
 . 749+0 . 078 

−0 . 101 R⊕) or had a 100 per cent H2 O-gaseous atmosphere
t 500 K ( R = 3 . 24+0 . 16 

−0 . 21 R⊕). We highlight these two radii at the
rbital period of planet d by the red and blue star in Fig. 11 ,
espectively. This places TOI-4311.03 in an area on the sensitivity
ap, where transiting planets can be detected but also missed
epending on the transit times and coverage of these transits
y TESS . To check, whether transits of TOI-4311.03 could have
een observed by TESS we compute the transit times over the
imespan of available TESS data using the determined period and
NRAS 549, 1–22 (2026)
id-transit time for this planet candidate obtained from our joint
hotometry RV analysis. We show this on top of the GP and tran-
it model from Section 4.1 in Fig. 12 to see if we can identify any
f these potential transits. Since this signal was only detected by
Vs, the uncertainties on period and mid-transit time are larger
ompared to planets that are detected by transit. Propagating the
osteriors of the TESS observations taken several years before the
Vs results in an even wider distribution. This causes wide times-
ans of several days where the transit could have happened at
he end of sector 3 or just at the beginning of sector 31. However,
oth of these timespans also cover observational gaps and hence
e cannot rule out that this RV signal arises from an additional
ransiting planet. TOI-4311 will get observed though in TESS
ectors 97, 105, 106, and 108. As these sector times are known, we
an compute the transit times for these sectors. Although we do
ot know the observational gaps in these sectors yet, these further
bservations will enable to rule out the transit or find it. However,
ven if there will not be a transit in the upcoming TESS data, the
ignal can still be of planetary nature. 
Fig. 11 also shows that planets below ∼1 R⊕ at orbital periods
etween 1 and 15 d could have been missed. Intriguingly, the two
nner planets have a substantial gap in orbital periods and neither
hows a high eccentricity. This could suggest that any planets in
etween TOI-4311 b and c might be stable. However, we see no
vidence of any additional transiting planets in the current data.
he upcoming additional TESS data could however reveal these
nd in general expand the discovery space to transiting planets of 
onger orbital period and smaller radii if these are present in the
ystem. 
Following A. C. M. Correia et al. ( 2005 , 2010 ), we also ran a
tability analysis of the best-fit solution (Table 4 ). The system was
ntegrated over 104 yr for each initial condition and a stability
ndicator was calculated from the frequency analysis of the mean
ongitude (J. Laskar 1990 , 1993 ) of TOI-4311.03. We found that
he three-planet system is stable, and lies in a region between
he strong 5:2 and the 8:3 mean motion resonances between TOI-
311 c and d (Fig. 13 , top panel). The system is also stable if we in-
rease the eccentricity up to 0.3, which strengthens the possibility
hat the signal at 38.9 d is indeed a planet. We also found that the
nclination of TOI-4311.03, which is not constrained from RVs,
ust be within 30◦ < Id < 150◦ (Fig. 13 , bottom panel). We thus
onclude that sin Id > 0 . 5 and put an upper limit on planet-d true
ass Md < 53 M⊕. 

.2 Interior structure modelling 

sing the TESS and CHEOPS photometry and HARPS spectra,
e are able to determine a precise radius and mass for TOI-4311 b.
ombining the two, we compute a density of 9 . 3+3 . 8 

−3 . 0 g/cm3 for the
lanet. This in combination with the stellar parameters enables
s to model its interior structure. We use planetic (J. A. Egger
t al. 2024 ), a framework using deep neural networks (DNNs) to
etermine the planets interior structure. Since planetic ’s DNNs
re trained for masses from 0.5–15 M⊕, TOI-4311 b is within its
pplicability. planetic models planets with up to three layers:
 core, a mantle, and a volatile layer mixed between water and
ydrogen-helium. In addition to the planetary parameters, plan-
tic also accounts for stellar abundances as these are shown to be
inked to the planetary composition/structure (see Section 5.3 ).
owever, several scenarios for the planetary abundance priors
re considered ranging from using the stellar abundances (A.
hiabaud et al. 2015 ), to iron-enriched priors V. Adibekyan et al.
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Figure 12. GP and transit model from the juliet fit in lightblue of the TESS data in black. We show the posterior distribution and hence where the 
transit of the planet candidate is predicted to most likely fall by the intensity of the orange colour. 

Figure 13. Stability analysis of the TOI-4311 planetary system focusing 
on planet d. We vary the orbital period Pd and the eccentricity ed ( top 
panel ) and the longitude of the node 
d and the inclination Id ( bottom 

panel ) while keeping all the remaining orbital parameters fixed at their 
best-fit values (Table 4 ). Plots are colour-coded according to the stability 
indicator calculated from the frequency analysis of the mean longitude of 
TOI-4311.03. Red points correspond to highly unstable orbits, while blue 
points correspond to orbits that are likely to be stable on Gyr time-scales. 
The vertical dashed line ( top panel ) corresponds to the 5:2 and to the 8:3 
MMR between planets c and d; the black dot at Pd = 38 . 9 d highlights the 
best-fit solution from Table 4 . 
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planets below 4 R⊕ on a mass–radius diagram. TOI-4311 b is shown by 
the star in purple with the black border. We show compositional lines for 
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water at 1000 K at the respected colour-coded lines following L. Zeng et al. 
( 2019 ). Additionally, we show the maximum collision stripping following 
R. A. Marcus et al. ( 2010 ) by the grey line. 
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 2021 ) or uniformly sampled priors with an upper limit of 75 per
ent of Fe compared to the other two refractory elements. Y. N. E.
schen et al. ( 2025 ) included an additional prior implementing
xoint (H. S. Wang et al. 2019b ), a tool that devolatizes the
tellar abundances into the theoretically predicted abundances 
or a rocky planet. We use all of these priors to model the interior
tructure of TOI-4311 b. However, TOI-4311 b has a high density
ompared to other planets on the mass–radius diagram shown 
n Fig. 14 . Comparing it to the compositional lines from R. A.
arcus et al. ( 2010 ) and L. Zeng et al. ( 2019 ), accounting for TOI-
311 b’s uncertainties, it partially lies beyond the maximum col- 
isional stripping line. Interior structures for such a dense planet 
re not covered within the planetic model. Hence, we remove 
osterior samples of our interior structure modelling beyond this 
ine. Since TOI-4311 b is highly irradiated and likely does not con-
ain a primordial atmosphere, we only use the water-rich prior as
 purely H/He atmosphere is not physical for such a planet. We
how our final results in Fig. 15 . We find that TOI-4311 b has a
ore mass fraction of ∼15 per cent for (devolatized) abundances. 
he ∼15 per cent core mass fraction implies that TOI-4311 b’s
igh density can be achieved without an exceptionally iron-rich 
omposition. Essentially, it is a mostly rocky (iron + silicate) 
lanet with minimal gaseous envelope. The model suggests that 
igh density does not automatically mean a Mercury-like iron 
MNRAS 549, 1–22 (2026)
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Figure 15. planetic posterior distributions for TOI-4311 b. The different abundance priors are shown by the different colours. The median of each 
posterior is marked by the vertical dashed line. 
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nrichment, but could result from an Earth-like composition with
o volatiles any more. Our planetic results also show that the
tmospheric mass fraction of TOI-4311 b is very low as expected
or such a highly irradiated super-Earth. 

.3 TOI-4311 b – a super-Earth or super-Mercury? 

ince stars and planets form from the same material (J. Nielsen et
l. 2023 ), their composition in refractory elements is expected to
e similar, as found for the proto-sun and Earth (H. S. Wang et al.
019a ). This link has been suggested to exist for small exoplanets
s well by V. Adibekyan et al. ( 2021 ), in which a sample of 22
lanets that have precise mass, radius, and abundances measure-
ents is analysed. Comparing the planetary bulk density and stel-
ar iron-to-silicate mass fraction, f star iron , which is a metric that rep-
esents the iron abundance of the host star, a compositional link
as found. Their trend is also carried by the lack of small planets
rbiting metal-poor stars, only including TOI-561 b (G. Lacedelli
t al. 2022 ) in their study. However, in recent years the sample
f small planets around metal-poor stars has grown including
OI-1203 b (D. Gandolfi et al. 2025 ) and K2-111 b (A. Mortier
t al. 2020 ). Additionally, based on density V. Adibekyan et al.
 2021 ), differentiate between super-Earths and super-Mercuries,
uggesting the dearth between these two clusters arising from
lanet formation composition effects. 
Using the mass, radius, and abundances reported in V.
dibekyan et al. ( 2021 ) and the respective discovery papers, we
ompute the density of each planet, normalize it by the predicted
ensity for an Earth-like planet for the given mass using the
ompositional lines computed by L. Zeng et al. ( 2019 ) and com-
ute f star iron . Following these computations, we also compute the
ormalized density for TOI-4311 b and f star iron for TOI-4311 ( f star iron =
.294 ± 0.033). We place TOI-4311 b on the diagram presented
y V. Adibekyan et al. ( 2021 ) in Fig. 16 and find that it lies in
 unique region at a density between the super-Mercuries and
uper-Earths. Hence, TOI-4311 b could bridge the gap between
he two clusters, and test if the super-Mercuries were sculpted via
ormation chemistry or impact-driven evolution (V. Adibekyan et
l. 2021 ). However, the uncertainties on the density are high and
ainly arise from the high uncertainty on the mass. Hence, more
Vs are required to characterize TOI-4311 b’s mass and hence
ensity more precisely which will allow to determine its position
n Fig. 16 better. With this it would be clearer whether, TOI-
311 b is a super-Mercury at a very low f star iron or the bridge between
he super-Earths and super-Mercuries which could challenge the
hysical existence of these two populations. 
Additionally, we compute the galactic kinematics and mem-
ership probabilities of each of these stars and colour-code the
lanets by their host star’s kinematic thin disc probability. Targets
NRAS 549, 1–22 (2026)
ith a low thin disc probability are shown in purple in Fig. 16 ,
hile targets with a high thin disc probability are shown in green.
his demonstrates a trend in the thin disc probability decreasing
ith f star iron for the targets of the sample. This agrees with stars of 
he thin disc being chemically similar to the Sun ( f star iron = 0.332; D.-
C. Chen et al. 2021 ), while targets at a low f star iron are mainly thick
isc stars, which were formed in more metal-poor, α-enhanced
onditions (P. Gondoin 2024 ) resulting in a low value of f star iron . 

.4 TOI-4311’s Galactic membership 

hile the formation of stars leaves imprints on their chemistry,
he formation environment can also be reflected in its kinematics
A. C. Quillen et al. 2018 ). As shown in Table 3 and by f star iron in
ection 5.3 , TOI-4311 does not show any rare chemistry. Having
omputed the kinematic Galactic memberships in Section 3.4 , we
nd that TOI-4311 has a probability of 49 per cent of belonging to
he Hercules stream, 33 per cent belonging to the thick disc, and
7 per cent of belonging to the thin disc. Hence, TOI-4311 kine-
atically neither belongs clearly to the thin or thick disc of the
ilky Way. However, its probability of 49 per cent of belonging to
he Hercules stream is unique for a planet-hosting star. Plotting
OI-4311 in comparison to stars with clear membership probabil-
ties ( > 50 per cent; see Fig. 5 ) highlights how TOI-4311 lies right
t the boundary between the thin disc, thick disc, and Hercules
tream and could kinematically belong to either of these. 
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Using the phase space density analysis, we also find inconclu- 
ive results. TOI-4311 does have a very high phase space density
hen comparing it to stars with a similar velocity. However, this
s likely attributed to its peculiar velocity being in plane. Hence, 
OI-4311 could be a star of the thin disc whose in-plane motion
ot excited. 
While the phase space density analysis is mainly used to differ-
ntiate thin disc, thick disc, and halo stars, the Hercules stream is
ot accounted for but could be an explanation of TOI-4311 kine-
atic behaviour. A variety of studies using different stellar sam- 
les have been analysing the origin and properties of this stream
T. Bensby et al. 2007 ; T. Antoja et al. 2014 ; P. Ramya et al. 2016 ; A.
érez-Villegas et al. 2017 ; A. C. Quillen et al. 2018 ). It is mainly
ound that stars of the Hercules stream range in their age and
etallicity (T. Bensby et al. 2007 ). Hence, stars of the Hercules
tream are identified through their kinematics, mainly their low 

alue of the galactic velocity U . The Hercules stream is thought
o have a dynamical origin and could be caused by perturbations
rom the Galactic bar. Studies using e.g. the Galactic Archaeology 
ith HERMES survey (GALAH; S. Buder et al. 2021 ) have found
hat the Hercules stream can be identified more clearly for metal-
ich stars (A. C. Quillen et al. 2018 ). Their limit to identifying the
ercules stream based on metallicity is at [Fe/H] = −0.1. Due to
hese metallicity cuts, P. Ramya et al. ( 2016 ) and A. C. Quillen
t al. ( 2018 ) find that the Hercules stream could be dominated
y stars with thin disc chemistry. TOI-4311 with a metallicity 
f [Fe/H] = −0.07 ±0.04 lies within this range and hence lies
ithin these chemical boundaries as well. However, the 49 per 
ent kinematic probability and the chemistry of TOI-4311 make 
t challenging to fully claim its membership to either galactic 
opulation. For this, a more detailed chemical characterization 
f TOI-4311 is required as well as further studies of the Hercules
tream to understand its stars and origins fully. We hence identify
OI-4311 to not clearly kinematically belong to any population. 
hile its kinematics hint slightly towards the Hercules stream, its 
hemistry shows that it could belong to the thin disc or Hercules
tream. 

 CONCLUSION  

e report the discovery and characterization of the TOI-4311 
ystem using TESS , CHEOPS , and HARPS data. TOI-4311 is
ransited by an ultra-short period super-Earth at 0.99 d and a 
ub-Neptune at ∼15 d. We find an additional planet candidate 
t ∼38 d in the RVs that cannot be attributed to stellar activity.
nvestigating the TESS data, we do not find any transits of this
lanet candidate. We estimate transit depths for iron- and water- 
ich bodies of that mass and show that TESS would be sensitive
o detect a planet of this size if it was transiting. However, our
nalysis finds that the transit could have been missed due to gaps.
ore photometric data are needed to reveal this. 
The precise radius and mass characterization of TOI-4311 b 
llows us to compare it to other well-characterized small planets 
round compositionally diverse stars. We find that this planet lies 
ust at the boundary between super-Earths and super-Mercuries 
hich could challenge compositional formation theories. A bet- 
er mass characterization would allow us to constrain the planet’s 
ensity more clearly and test these models. 
Finally, we analysed the kinematics of TOI-4311 which places 

t at the border of the Galactic Hercules stream and therefore it is
inematically an interesting system due to a different formation 
nvironment. 
In summary, TOI-4311 is a rare example of a (likely) thick-
isc or Hercules- stream star hosting multiple small planets. Its 
ltra-short-period planet has an unusually high density but not 
n iron-enriched composition, while the systems galactic prop- 
rties tie into broader trends of planet occurrence in different 
tellar populations. This system provides a bridge between chem- 
cal/dynamical Galactic history and exoplanetary science. 

CKNOWLEDGEMENTS  

HEOPS is an ESA mission in partnership with Switzerland with 
mportant contributions to the payload and the ground segment 
rom Austria, Belgium, France, Germany, Hungary, Italy, 
ortugal, Spain, Sweden, and the United Kingdom. The CHEOPS 
onsortium would like to gratefully acknowledge the support 
eceived by all the agencies, offices, universities, and industries 
nvolved. Their flexibility and willingness to explore new 

pproaches were essential to the success of this mission. CHEOPS 
ata analysed in this article will be made available in the CHEOPS
ission archive ( https://cheops.unige.ch/archive_browser/ ). 
his paper made use of data collected by the TESS mission
nd are publicly available from the Mikulski Archive for Space 
elescopes ( MAST ) operated by the Space Telescope Science 
nstitute (STScI). Funding for the TESS mission is provided 
y NASA’s Science Mission Directorate. We acknowledge the 
se of public TESS data from pipelines at the TESS Science
ffice and at the TESS Science Processing Operations Center. 
esources supporting this work were provided by the NASA 

igh-End Computing (HEC) Programme through the NASA 

dvanced Supercomputing (NAS) Division at Ames Research 
enter for the production of the SPOC data products. YNEE 

cknowledges support from a Science and Technology Facilities 
ouncil (STFC) studentship, Grant No. ST/Y509693/1. TWi 
cknowledges support from the UKSA and the University of 
arwick. ACC acknowledges support from STFC consolidated 
rant No. ST/V000861/1, and UKSA Grant No. ST/X002217/1. 
JM gratefully acknowledges support from the Swedish National 
pace Agency (Grant No. 2023–00146). JAE acknowledges 
upport through the European Space Agency (ESA) Research 
ellowship programme in Space Science. DG gratefully 
cknowledges financial support from the CRT Foundation 
nder Grant No. 2018.2323 ‘Gaseous or rocky? Unveiling the 
ature of small worlds’. This work was also supported by FCT –
undação para a Ciência e a Tecnologia through national funds 
y grants reference UID/04434/2025. ODSD was supported in 
he form of work contract (DL 57/2016/CP1364/CT0004) funded 
y national funds through FCT. SGS acknowledge support 
rom FCT through FCT contract no. CEECIND/00826/2018 and 
OPH/FSE (EC). The Portuguese team thanks the Portuguese 
pace Agency for the provision of financial support in the 
ramework of the PRODEX Programme of the European Space 
gency (ESA) under contract number 4000142255. ACo, ADe, 
Ed, KGa, and JKo acknowledge their role as ESA-appointed 
HEOPS Science Team Members. ABr was supported by 
he SNSA. BAk and MLe acknowledge support of the Swiss 
ational Science Foundation under Grant No. PCEFP2_194576. 
Al acknowledges support from the Swiss National Science 
oundation (SNSF) under Grant No. 200020_192038. RAl, 
Ba, EPa, IRi, and EVi acknowledge financial support from 

he Agencia Estatal de Investigación of the Ministerio de 
iencia e Innovación MCIN/AEI/10.13039/501100011033 
nd the ERDF ‘A way of making Europe’ through projects 
MNRAS 549, 1–22 (2026)

https://cheops.unige.ch/archive_browser/


16 Y. N. E. Eschen et al.

M

P  

1  

1  

F
w  

p  

1
I  

C  

A  

t  

t  

N  

B  

f  

n  

S  

I  

N  

b  

5  

s  

t  

1  

E  

B  

C  

a  

o  

P  

b  

P  

s  

s  

C  

2  

C  

p  

s  

R  

t  

a  

I  

1  

s  

P  

S  

g  

3  

(  

h  

r  

C  

c  

t  

o  

a  

o  

U  

f  

p  

g

U  

A  

1  

R  

H  

N  

F  

t  

N  

S
 

s

D

T  

C  

r  

s  

S  

(

R

A
A
A
A
A  

 

A  

A
A  

A
B
B  

B
B
B
B
B
B
B
B
B
B
B
B
B
B  

B
B
B  

C
C  

C
C
C
C

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/549/3/stag952/8688502 by guest on 18 June 2026
ID2021-125627OB -C31, PID2021-125627OB -C32, PID2021-
27289NB -I00, PID2023-150468NB -I00, and PID2023-
49439NB-C41. SCCB acknowledges the support from
undação para a Ciência e Tecnologia (FCT) in the form of 
ork contract through the Scientific Employment Incentive
rogramme with reference 2023.06687.CEECIND and DOI
0.54499/2023.06687.CEECIND/CP2839/CT0002. LBo, VNa, 
Pa, GPi, RRa, GSc, and TZi acknowledge support from
HEOPS ASI-INAF Agreement No. 2019-29-HH.0. CBr and
Si acknowledge support from the Swiss Space Office through
he ESA PRODEX programme. This project was supported by
he CNES. ADe acknowledges financial support from the Swiss
ational Science Foundation (SNSF) for project 200021_200726.
-OD acknowledges support from the Swiss State Secretariat
or Education, Research and Innovation (SERI) under contract
umber MB22.00046. This project has received funding from the
wiss National Science Foundation for project 200021_200726.
t has also been carried out within the framework of the
ational Centre of Competence in Research PlanetS supported
y the Swiss National Science Foundation under Grant No.
1NF40_205606. The authors acknowledge the financial
upport of the SNSF. MF and CMP gratefully acknowledge
he support of the Swedish National Space Agency (DNR 65/19,
74/18). MG was F.R.S.-FNRS Research Director. MNG is the
SA CHEOPS Project Scientist and Mission Representative.
MM is the ESA CHEOPS Project Scientist. KGI was the ESA
HEOPS Project Scientist until the end of December 2022
nd Mission Representative until the end of January 2023. All
f them are/were responsible for the Guest Observers (GO)
rogramme. None of them relay/relayed proprietary information
etween the GO and Guaranteed Time Observation (GTO)
rogrammes, nor do/did they decide on the definition and target
election of the GTO Programme. CHe acknowledges financial
upport from the Österreichische Akademie der Wissenschaften.
He acknowledges the European Union H2020-MSCA-ITN-
019 under Grant Agreement No. 860470 (CHAMELEON).
alculations were performed using supercomputer resources
rovided by the Vienna Scientific Cluster (VSC). KWFL was
upported by Deutsche Forschungsgemeinschaft Grant No.
A714/14-1 within the DFG Schwerpunkt SPP 1992, Exploring
he Diversity of Extrasolar Planets. This work was granted
ccess to the HPC resources of MesoPSL financed by the Region
le de France and the project Equip@Meso (reference ANR-
0-EQPX-29-01) of the programme Investissements d’Avenir
upervised by the Agence Nationale pour la Recherche.
M acknowledges support from STFC research Grant No.
T/R000638/1. This work was also partially supported by a
rant from the Simons Foundation (PI Queloz, Grant No.
27127). NCSa acknowledges funding by the European Union
ERC, FIERCE, 101052347). Views and opinions expressed are
owever those of the author(s) only and do not necessarily
eflect those of the European Union or the European Research
ouncil. Neither the European Union nor the granting authority
an be held responsible for them. This work was funded by
he European Union (ERC, FIERCE, 101052347). Views and
pinions expressed are however those of the author(s) only
nd do not necessarily reflect those of the European Union
r the European Research Council. Neither the European
nion nor the granting authority can be held responsible
or them. This work was also supported by FCT – Fundação
ara a Ciência e a Tecnologia through national funds by these
rants: UIDB/04434/2020 DOI: 10.54499/UIDB/04434/2020, 
NRAS 549, 1–22 (2026)
IDP/04434/2020 DOI: 10.54499/UIDP/04434/2020, PTDC/FIS-
ST/4862/2020, UID/04434/2025. GyMSz thanks the SNN-
47362 and the ADVANCED-153410 of the National
esearch, Development and Innovation Office (NKFIH,
ungary), and the ESA PRODEX Experiment Agreements
o. 4000137122 and No. 4000149203. VVG is an F.R.S-
NRS research associate. JV acknowledges support from
he Swiss National Science Foundation (SNSF) under Grant
o. PZ00P2_208945. NAW acknowledges UKSA Grant No.
T/R004838/1. 
This article uses data from the CHEOPS Guaranteed Time Ob-
ervation programme CH_PR120054 and CH_PR140065. 

ATA  AVAILABILITY  

he data underlying this article will be made available in the
HEOPS mission archive https://cheops.unige.ch/archive$_$b
owser/ . This paper includes data collected by the TESS mis-
ion, which are publicly available from the Mikulski Archive for
pace Telescopes ( MAST ) at the Space Telescope Science Institute
STScI) https://mast.stsci.edu . 

EFERENCES  

bdurro’uf et al., 2022, ApJS , 259, 35 
dibekyan V. et al., 2015, A&A , 583, A94 
dibekyan V. et al., 2021, Science , 374, 330 
dibekyan V. et al., 2024, A&A , 692, A67 
dibekyan V. Z. , Sousa S. G., Santos N. C., Delgado Mena E., González
Hernández J. I., Israelian G., Mayor M., Khachatryan G., 2012, A&A ,
545, A32 

ller A. , Lillo-Box J., Jones D., Miranda L. F., Barceló Forteza S., 2020,
A&A , 635, A128 

lmeida-Fernandes F. , Rocha-Pinto H. J., 2018, MNRAS , 476, 184 
mbikasaran S. , Foreman-Mackey D., Greengard L., Hogg D. W., O’Neil
M., 2015, IEEE Trans. Pattern Anal. Mach. Intell. , 38, 252 

ntoja T. et al., 2014, A&A , 563, A60 
arragán O. , Gandolfi D., Antoniciello G., 2019, MNRAS , 482, 1017 
arragán O. , Aigrain S., Rajpaul V. M., Zicher N., 2022, MNRAS , 509, 866
atalha N. M. et al., 2013, ApJS , 204, 24 
aumeister P. , Tosi N., 2023, A&A , 676, A106 
ensby T. , Feltzing S., Lundström I., 2003, A&A , 410, 527 
ensby T. , Zenn A. R., Oey M. S., Feltzing S., 2007, ApJ , 663, L13 
ensby T. , Feltzing S., Oey M. S., 2014, A&A , 562, A71 
enz W. et al., 2021, Exp. Astron. , 51, 109 
lackwell D. E. , Shallis M. J., 1977, MNRAS , 180, 177 
obylev V. V. , Bajkova A. T., 2014, MNRAS , 441, 142 
onfanti A. , Ortolani S., Piotto G., Nascimbeni V., 2015, A&A , 575, A18 
onfanti A. , Ortolani S., Nascimbeni V., 2016, A&A , 585, A5 
onfanti A. et al., 2021a, A&A , 646, A157 
onfanti A. et al., 2021b, A&A , 646, A157 
orucki W. J. et al., 2010, Science , 327, 977 
randeker A. , Patel J. A., Morris B. M., 2024, Astrophysics Source Code
Library, record, ascl:2404.002 

uchhave L. A. et al., 2011, ApJS , 197, 3 
uder S. et al., 2021, MNRAS , 506, 150 
urn R. , Mordasini C., Mishra L., Haldemann J., Venturini J., Emsenhu-
ber A., Henning T., 2024, Nat. Astron. , 8, 463 

aldwell D. A. et al., 2020, Res. Notes Am. Astron. Soc. , 4, 201 
astelli F. , Kurucz R. L., 2003, in Piskunov N., Weiss W. W., Gray D. F.
eds, IAU Symp. Vol. 210, Modelling of Stellar Atmospheres. p. A20 

astro-González A. et al., 2024, A&A , 691, A233 
hen D.-C. et al., 2021, ApJ , 909, 115 
hristiansen J. L. et al., 2012, PASP , 124, 1279 
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PPENDIX  A:  TESS PHOTOMETRY  
 sectors 3, 4, 30, and 31. 
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PPENDIX  B:  CHEOPS PHOTOMETRY  
igure B1. CHEOPS visits within XGal. The top row shows the data, the sec
odel with the GP model removed from the data. 
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Figure B2. CHEOPS visits within YGal. The top row shows the data, the second row shows the GP, and transit model and the third row shows the 
transit model with the GP model removed from the data. 
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Figure C1. ASAS-SN and WASP photometry. Left: ASAS-SN V band. Middle: ASAS-SN g band. Right: WASP. 

APPENDIX  C:  LONG-TERM  PHOTOMETRY  

APPENDIX  D:  PRIORS  AND  FITTED  

INSTRUMENTAL  AND  STELLAR  PARAMETERS  

1 Department of Physics, University of Warwick, Gibbet Hill Road, Coventry 
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2 Centre for Exoplanet Science, SUPA School of Physics and Astronomy, 
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Table D1. Stellar and Instrumental parameters of the joint fit in juliet . Uniform distributions are noted 
by U , normal distributions by N , and log-uniform distributions by L . 

Parameter Unit Prior Posterior 

ρ∗ (kg/m3 ) N (1913 , 122) 1920 ± 110 
GPρTESS (d) L (0 . 001 , 1000) 0 . 70+0 . 18 

−0 . 15 
GPσTESS (ppm) L (0 . 000 001 , 1000 000) 0 . 0001052+0 . 0000102 

−0 . 0000095 
GPρCHEOPS (d) L (0 . 001 , 1000) 0 . 00440+0 . 00022 

−0 . 00019 
GPσCHEOPS (ppm) L (0 . 000 001 , 1000 000) 0 . 000648+0 . 000014 

−0 . 000015 
q1 TESS – U (0 . 0 , 1 . 0) 0 . 51+0 . 29 

−0 . 26 
q2 TESS – U (0 . 0 , 1 . 0) 0 . 51+0 . 30 

−0 . 31 
q1 CHEOPS – U (0 . 0 , 1 . 0) 0 . 62+0 . 25 

−0 . 29 
q2 CHEOPS – U (0 . 0 , 1 . 0) 0 . 52+0 . 29 

−0 . 31 
Jitter TESS (ppm) L (0 . 1 , 1000) 1 . 6+7 . 9 

−1 . 4 
Jitter CHEOPS (ppm) L (0 . 1 , 100 000) 208 ± 15 
Offset TESS – N (0 , 0 . 1) −0 . 000022+0 . 000015 

−0 . 000014 
Offset CHEOPS – N (0 , 0 . 1) −0 . 000186+0 . 000022 

−0 . 000021 
Jitter HARPS (m/s) L (0 . 001 , 100) 2 . 04+0 . 72 

−0 . 59 
Offset HARPS (m/s) U (52 000 , 52 500) 52240 . 62 ± 0 . 52 
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