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A B S T R A C T 

HIP 9618 (HD 12572, TOI-1471, TIC 306263608) is a bright ( G = 9.0 mag) solar analogue. TESS photometry revealed the 
star to have two candidate planets with radii of 3.9 ± 0.044 R ⊕ (HIP 9618 b) and 3.343 ± 0.039 R ⊕ (HIP 9618 c). While the 
20.77291 d period of HIP 9618 b was measured unambiguously, HIP 9618 c showed only two transits separated by a 680-d gap 

in the time series, leaving many possibilities for the period. To solve this issue, CHEOPS performed targeted photometry of 
period aliases to attempt to reco v er the true period of planet c, and successfully determined the true period to be 52.56349 d. 
High-resolution spectroscopy with HARPS-N , SOPHIE , and CAFE revealed a mass of 10.0 ± 3.1M ⊕ for HIP 9618 b, which, 
according to our interior structure models, corresponds to a 6 . 8 ± 1 . 4 per cent gas fraction. HIP 9618 c appears to have a lower 
mass than HIP 9618 b, with a 3-sigma upper limit of < 18M ⊕. Follow-up and archival RV measurements also reveal a clear 
long-term trend which, when combined with imaging and astrometric information, reveal a low-mass companion (0 . 08 

+ 0 . 12 
−0 . 05 M �) 

orbiting at 26 . 0 

+ 19 . 0 
−11 . 0 au. This detection makes HIP 9618 one of only five bright ( K < 8 mag) transiting multiplanet systems known 

to host a planet with P > 50 d, opening the door for the atmospheric characterization of warm ( T eq < 750 K) sub-Neptunes. 

Key words: surv e ys – eclipses – occultations – planets and satellites: detection – binaries: spectroscopic. 
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 I N T RO D U C T I O N  

he detection and characterization of transiting exoplanets is cur-
ently the main driving force behind our rapidly expanding knowl-
dge of exoplanets and exoplanetary systems. This is in part driven
y the expanding capability to perform precise transmission spec-
roscopy, especially with JWST (e.g. The JWST Transiting Exoplanet
ommunity Early Release Science Team 2023 ). The ability of the
ransiting Exoplanet Survey Satellite ( TESS ; Ricker et al. 2015 ) to
nd planets around bright stars has also greatly contributed, with
ESS tripling the number of confirmed transiting planets around
right ( K < 8) stars. 1 

Since the majority of the sky is co v ered by TESS with only
7-d sectors, many long-period planets escape detection. Ho we ver,
uch planets are important. They are the ones least influenced by
heir parent stars, and therefore may maintain more primordial
haracteristics than their shorter period siblings (Owen 2019 ). Their
ooler atmospheres may permit the detection of different atmospheric
olecules. And their large Hill spheres mean these are the planets
ost likely to have stable moon or ring systems (e.g. Dobos et al.

021 ). Therefore, confirming longer period transiting planets is key
o expanding our knowledge of planetary formation and evolution
nd bridging the gap between Hot Jupiters and extrasolar systems
ore akin to the solar system. 
While in much of the sky TESS is unable to catch consecutive

ransits of planets with orbital periods longer than 27 d, it is able
o observe the planetary transits of such planets – either as single
ransits, or as non-consecutive ‘duotransits’. In the case of these
uotransiting planets, which are being found in abundance during
ESS ’ extended mission, we typically have a two year gap between

ransits. Such cases are easier to solve than single transits as with
wo observed transits, the orbital period is limited to a discrete
et of possible aliases. These can then either be searched using
hotometry or reduce the radial velocity phase space to specific
eriods. This technique has pro v ed e xtremely fruitful in the TESS
xtended mission, with detections of the periods of i.e. TOI-2257
Schanche et al. 2022 ), and TOIs 5152b & 5153b (Ulmer-Moll et al.
022 ). 
While giant duotransiting planets can typically be redetected

ith ground-based photometry, for super-Earths and mini-Neptunes
hich produce only shallow transits, targeted space-based photome-

ry is the more reliable way to redetect such a transit. ESA’s CHEOPS
ission, a 30 cm space telescope in low-Earth orbit and specifically

esigned for transit photometry, is the perfect instrument for this task.
HEOPS observations thus far been useful to reveal the true periods
f warm mini-Neptunes, including TOI-2076 c & d (Osborn et al.
022 ), TOI-5678 b (Ulmer-Moll et al. 2023 ), HD 15906 c (Tuson et
l. 2023 ), and HD 22946 d (Garai et al. 2023 ). 

In this paper, we report the disco v ery of a transiting multiplanet
nd multistar system orbiting the bright ( G = 9.0, K = 7.8) solar-
ike star HIP 9618. In Section 2 we summarize the various data
aken from HIP 9618, including surv e y observations and targeted
ollow-up. In Section 3 we describe the analyses performed, includ-
ng the derived stellar parameters and the final combined model
sed to derive planetary parameters. Sections 4 and 5 discuss the
IP 9618 system in context of the known exoplanetary systems and

oncludes. 
NRAS 523, 3069–3089 (2023) 

 70/107 planets with K < 8 ( https://e xoplanetarchiv e.ipac.caltech.edu ; ac- 
essed 2022 July 8; Akeson et al. 2013 ) 

a  

p  

a  

c  

s  
 DATA  DESCRI PTI ON  

.1 TESS and identification of two planetary signals 

IP 9618 was initially observed by TESS in sector 17 (Oct 2019)
t 2-min cadence. The data were processed by the TESS science
rocessing operations center (SPOC; Jenkins et al. 2016 ), which
ncluded aperture photometry, flagging poor-quality data, removal of
rends associated with systematic and non-stellar sources (pre-search
ata conditioning; Stumpe et al. 2012 , 2014 ; Smith et al. 2012 ) and
nally a search for transiting exoplanets (Jenkins 2002 ; Jenkins et al.
010 , 2020 ). SPOC processing revealed a threshold-crossing event
i.e. a candidate planet – which passed all Data Validation checks

Twicken et al. 2018 ; Li et al. 2019 ) and was subsequently manually
etted by a team of astronomers as TESS Object of Interest 1471.01
Guerrero et al. 2021 ). This initial candidate was the result of two
ransits seen in the S17 data, which were separated by 11.8 d – the
urported initial TOI period. 
As with all TOIs, the target was passed to various groups in the

ESS Follow-up Observing Program (TFOP) with the task of taking
omplementary observations to help confirm the candidate as a bona
de planet. This included low-resolution spectroscopy to rule out

arge RV variations of an eclipsing binary as well as improving
tellar parameters (see 2.4.2 and 2.4.1 ), high-resolution imaging
o identify close-in blended stars which may be the source of the
bserved transits (see A0.1 , A0.2 , A0.3 , & A0.4 ), and ground-based
hotometry to confirm the purported ephemeris and detect if its
ource is associated with the target star or a blended object (see 2.2 ).

Intriguingly, follow-up photometry with LCOGT at 11.8 d ap-
eared to not reveal a transit at the TOI period as described in
ection 2.2 . Although this could have been a sign of Transit Timing
ariations (TTVs) or even a blended source, this inspired a detailed

nspection of the TESS light curve. This analysis revealed that the two
ransits in fact had different depths and durations, as well as finding
 third transit in the S17 data which was present in the raw flux data
ut had been masked out during PDC detrending. This extra transit
as not consistent with the 11.8 d TOI period, but was consistent in
epth and duration with the initial transit, suggesting a ∼21 d period.
n this scenario the second transit seen in the original TESS light-
urve analysis was likely a monotransit from an outer planet orbiting
IP 9618. 
TESS subsequently observed HIP 9618 during the Ecliptic cam-

aign in sectors 42 & 43 (2021 August 20–October 12). TESS
ull-frame image (FFI) data were initially reduced and processed
y the Quick-Look Pipeline (QLP), which runs a complementary
hotometric extraction, detrending and transit search (Huang et al.
020 ). TESS data revealed a further three transits which QLP was able
o use to detect the true period of TOI-1471.01 as 20.77291 d. After

asking those transit events, QLP also detected a second transit of the
uter planet candidate. This became TOI-1471.02. SPOC processing
lso revealed the true period of TOI-1471.01 when later processing
42 and S43 data. 

.1.1 Custom TESS detrending 

n order to reveal the third transit in the S17 data, we re-extracted
perture photometry from the available TESS data and performed
 custom detrending. Starting from the TESS 2-min-cadence target
ix el files, we e xtracted light curv es from 20 different photometric
pertures. For each light curve, we fit a model to the time series
onsisting of a linear combination of a basis spline (with breakpoints
paced every 1.5 d to model long time-scale instrumental effects and

https://exoplanetarchive.ipac.caltech.edu


Two warm Neptunes transiting HIP 9618 3071 

s
a
t
a
w
w
c
e
l
w
w  

w  

a
m  

w

2

G
O
fi
O  

t
T
S  

r
C

T
T
o
S
r  

c
a
i
w
e
p
a
7

 

o  

F  

c  

w  

c
t
u  

o
f  

e

2

C
z
o  

t
p  

t  

T  

Figure 1. LCOGT photometry from the 1-m telescope at McDonald Ob- 
servatory in 2020 which ruled out the 11.767 d period initially detected for 
TOI-1471.01. The grey points sho w indi vidual points, purple circles show 

binned photometry (and errors), and the blue line represents the expected 
transit model given the initial TOI data. 

Figure 2. 2022 observations of HIP 9618 using LCOGT 1-m telescopes at 
CTIO and SAAO, respectively, which confirmed the orbital periods proposed 
here. Upper: Ingress of HIP 9618 b; Lower: Egress of HIP 9618 c. The grey 
points sho w indi vidual points, circles sho w binned photometry (and errors), 
and the green line represents the expected transit model given priors from our 
final combined model. 
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tellar variability) and systematics parameters relating to the means 
nd standard deviations of the spacecraft quaternion time series (and 
he squared time series) within each exposure (see Vanderburg et 
l. 2019 ). Using a linear least-squares technique (matrix inversion), 
e solved for the best-fitting coefficients of our free parameters 
hile iteratively excluding 3 σ outliers from the fit until it reached 

onvergence. After calculating the best-fitting systematics model for 
ach aperture’s light curve, we then subtracted it from the uncorrected 
ight curve and identified the aperture that produced the light curve 
ith the lowest photometric scatter. The best-performing aperture 
as roughly circular with a radius of about 3 pix els. F or this aperture,
e calculated the contribution of flux from stars other than the target

nd found that contamination was negligible (less than 0.5 per cent, 
uch smaller than the uncertainty on the planet’s transit depth) so
e did not apply a correction for diluting flux. 

.2 LCOGT 

round-based photometry was performed using the Las Cumbres 
bservatory Global Telescope (LCOGT; Brown et al. 2013 ). The 
rst observation was performed using the 1.0 m node at McDonald 
bservatory on UTC 2020 January 13 to follow-up the ingress of

he initially proposed orbital period of TOI-1471.01 at 11.767 d. 
wo later observations were performed on the nights of UTC 2022 
eptember 4 and 8 with the 1.0 m telescopes at CTIO and SAAO,
espectively, in order to confirm the periods found by TESS and 
HEOPS observations. 
All time series used the Pan-STARRS z-short band and used the 
ESS Transit Finder , which is a customized version of the 
apir software package (Jensen 2013 ), to schedule our transit 
bservations. The 1 m telescopes are equipped with 4096 × 4096 
INISTRO cameras having an image scale of 0 . ′′ 389 per pixel, 
esulting in a 26 arcmin × 26 arcmin field of view. The images were
alibrated by the standard LCOGT BANZAI pipeline (McCully et 
l. 2018 ). The telescopes were moderately defocused to attempt to 
mpro v e photometric precision resulting in typical TOI-1471 full- 
idth at half-maximum (FWHM) of 3 . ′′ 7. Photometric data were 

xtracted using AstroImageJ (Collins et al. 2017 ) and circular 
hotometric apertures with radii 7 . ′′ 0. The TOI-1471 photometric 
perture included most of the flux of the delta TESS magnitude 
.382 Gaia eDR3 neighbour 3 . ′′ 35 southwest of TOI-1471. 
In the case of the 2020 observation, the LCOGT light curve ruled

ut the expected 1.6 ppt egress in the TOI-1471 aperture as shown in
ig. 1 . The LCOGT data also ruled out egress events deep enough to
ause the signal in the TESS data in all four other Gaia neighbours
ithin 2 . ′ 5 of TOI-1471 that are bright enough to be capable of

ausing the TESS detection. The combination of results ruled out 
he initial TOI-1471.01 orbital period of 11.767 d, which prompted 
s to further investigate the events in the TESS data. For the 2022
bservations, a simple transit model combined with decorrelation 
or simple metadata such as airmass & PSF FWHM reveals strong
vidence for transits at the purported orbits (see Fig. 2 ). 

.3 CHEOPS 

HEOPS is a 30-cm ESA space telescope devoted to the characteri- 
ation of exoplanets from its position in a sun-synchronous low-Earth 
rbit (Benz et al. 2021 ). HIP 9618 was observed on four occasions
hrough CHEOPS GTO programme #48 ‘Duos: Reco v ering long 
eriod duotransiting planets with CHEOPS ’ in an attempt to reco v er
he true period of HIP 9618 c. Four visits were scheduled (see
able 1 ), each with a duration of 7.1 CHEOPS orbits (11.85hr) and an
xposure time of 46.65 s. The data for the first three CHEOPS visits
s shown in Fig. 4 . We used the make xml files function of
ycheops (Maxted et al. 2022 ) to generate the visits and exposure

ime. 

.3.1 PIPE 

e extracted photometry from the CHEOPS data by modelling 
he Point Spread Function (PSF) using the custom ‘PSF imagette 
MNRAS 523, 3069–3089 (2023) 
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Table 1. Key information for the CHEOPS photometry presented in this paper. The raw and detrended CHEOPS 
photometry shown in this paper is available on Vizier. 

Start time ( UT & BJD) Dur (h) Aliases (d) File ref. 

2021/11/24 04:37:17 2459542.69256 11.501 40.20d CH PR110048 TG017601 V0200 
2021/12/04 20:39:18 2459553.36063 11.578 45.56 & 22.78d CH PR110048 TG017401 V0200 
2021/12/11 08:47:17 2459559.86617 10.515 97.62, 48.81 & 24.40 CH PR110048 TG017301 V0200 
2021/12/18 22:42:58 2459567.44651 11.578 52.56d CH PR110048 TG017201 V0200 
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Figur e 3. Mar ginalized probabilities for each of the period aliases of 
HIP 9618 c as calculated by MonoTools . The green bars for the period 
aliases < 30 d are simply representative – these aliases actually have proba- 
bilities < 10 −45 . 
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hotometric extraction’ ( PIPE ) package 2 , which has also been used
n past CHEOPS analyses (e.g. Szab ́o et al. 2022 ; Serrano et al.
022 ). This uses the smaller but shorter cadence imagettes and
 measured PSF template to measure the underlying stellar flux
ariations. Comparison with the CHEOPS DRP (Hoyer et al. 2020 )
eveals similar photometric precision, but with less severe trends
s a function of e.g. roll angle. Hence we chose to use the PIPE
hotometry. PIPE is also able to use a map of detector hot pixels
o remo v e noise due to variable hot pix els in the re gion of the PSF.
t also applies a non-linearity correction to the background which
educes the number of outliers. To model the HIP 9618 imagettes we
sed a PSF model deri ved for HD 209458, which dif fers in T eff by
nly 400 K and was observed at the same pixel location. 

.3.2 Analysis of period aliases 

n order to assess the ability of CHEOPS to observe period aliases
f HIP 9618 c, we performed an initial analysis using MonoTools
Osborn 2022 ) with the TESS data alone. This is an open-source
ransit-fitting package designed specifically for planets on long
eriod orbits which produce only one or two transits. In the case
f a so-called duotransit like HIP 9618 c – i.e. a transiting planet
andidate with two observed transit but multiple possible period
liases – MonoTools takes care to calculate a precise period
robability distribution. 
The fitting process for duotransits is further described in Osborn

t al. ( 2022 ), but we briefly explain it here. First, we simultaneously
t the inner periodic planet, and the two transits of the outer planet
sing the exoplanet package (F oreman-Macke y et al. 2021 ) –
his ensures that any constraints from the inner planet on e.g. stellar
ensity can help further constrain the outer body. For the duotransit
andidate, we use the available TESS photometry to calculate the
ossible array of unobserved period aliases. In the case of HIP 9618 c
here are 23 possible solutions. Unlike the inner planet, the duotransit
s fitted using the transit shape alone (i.e. a way that is agnostic of
rbital period) as well as using the central time of transit for each
f the two transits. The resulting shape parameters constrain the
ransv erse v elocity of HIP 9618 c across the star. 

To assess the marginalized probability across all period aliases, we
an use all available information to produce constraining priors. First,
e consider a simple period prior which incorporates the window

unction (i.e. given some observation τ , the probability of observing
ransits during that window decreases with τ / P , i.e. p ∝ P 

−1 ) and
 factor to account for the fact that planetary occurrence is roughly
niform in log P rather than P, again meaning p ∝ P 

−1 . These are
etailed in Kipping ( 2018 ). Next we include a geometric prior – i.e.
ransit probability is inversely proportional to the distance during
ransit: p ∝ a 0 / R s . 
NRAS 523, 3069–3089 (2023) 
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We also have knowledge of the expected eccentricity of
IP 9618 c, both due to internal constraints within the planetary

ystem (i.e. we know that its orbit cannot graze its host star or
ross the orbit of HIP 9618 b), and also from the average distri-
utions of exoplanetary eccentricities. For the former maximum
ccentricity, we use the hill sphere of HIP 9618 b (assuming the
verage mass for its radius) to compute a maximum eccentricity
or each potential period alias. For the latter population distribution,
e use the eccentricity distribution of Van Eylen et al. ( 2019 ) to

onstrain the expected eccentricity of HIP 9618 c. Due to the form
f the eccentricity distributions and the distribution of possible
ccentricities ( e ), argument of periasteron ( ω) for each transverse
elocity ( v / v circ ), there is no analytical solution for this calculation,
herefore we used 1.3 × 10 8 samples in v / v circ and ω space to create
D interpolated distributions of the prior probability as a function of
oth v / v circ and e max . 
We then combine all priors for each period alias and normalize

he sum of the combined probabilities to 1, allowing us to assign
arginal probabilities to each alias. We then sampled the fit using the
amiltonian Monte Carlo sampler implemented in PyMC3 (Salvatier

t al. 2016 ) for 6000 steps across 6 chains, producing thousands of
ndependent and well-mixed samples ( ̂ r < 1.05). 

The result can be seen in Fig. 3 . Due to our eccentricity prior
liminating aliases with orbits that are highly likely to cross that
f HIP 9618 b, the five aliases between 21.35 and 24.40 d were
xcluded. Instead, the model showed a clear peak on periods of
0–60 d, with the average period across all aliases weighted by
robability being 52.5 ± 14.6 d. We also inspected Keck/HIRES
nd Lick/APF RVs taken by the TKS group, ho we ver these did not

https://github.com/alphapsa/PIPE
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Figure 4. CHEOPS photometry for the three early and unsuccessful visits 
of HIP 9618. Left-hand plots show the raw PSF photometry, as well as best- 
fitting regions for a simple decorrelation model (green). The right-hand plots 
show the residual photometry, which together has an RMS of only 8 ppm h −1 . 
In both plots, 15-min flux bins are shown in purple. The expected transit model 
of HIP 9618 c is shown as a dashed line. 
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Figure 5. CHEOPS photometry of the visit at 52.5 d. CHEOPS data are 
represented by grey individual points and purple binned flux and errors. The 
upper figure shows the raw PIPE photometry with the detrending model 1 and 
2 σ error regions (in two transparency steps) and best-fitting (dashed line) in 
green. The lower figure shows detrending-remo v ed CHEOPS photometry and 
1 and 2 σ error regions and best-fitting (dashed line) for the HIP 9618 c transit 
model in turquoise. 
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ro v e constraining on the orbit of HIP 9618 c, and will be published
n a future analysis. This led us to schedule 9 aliases between 38 and
8 d on CHEOPS . Of these, three were priority 1 aliases, which
ad the highest chance of being observed – 40.2, 45.6, and 52.5 d
liases. The first was to verify if the system was near a 2:1 period
atio, the second was due to a marginal peak in the Keck/HIRES and
ick/APF RVs, and the third was due to this being close to the peak

n our MonoTools solution. 
After three unsuccessful observations (see Fig. 4 ), we successfully 

eco v ered a transit of HIP 9618,c with CHEOPS on the fourth
ttempt, shown in Fig. 5 . As with previous cases (e.g. Osborn et
l. 2022 ), this was close to the maximum suggested by MonoTools
odelling, helping us to once again validate our modelling approach. 

.4 Spectra 

.4.1 FIES 

e used the FIbre-fed Échelle Spectrograph (FIES; Frandsen & 

indberg 1999 ; Telting et al. 2014 ) mounted on the 2.56 m Nordic
ptical Telescope (NOT) of Roque de los Muchachos Observatory 

La Palma, Spain) to acquire 5 high-resolution ( R ∼ 67 000) spectra
f HIP 9618 o v er 15 d. We used ‘Stellar parameter classification’
SPC; Buchhave et al. 2012 , 2014 ) producing stellar parameters of
 eff = 5638 ± 55 K, log g = 4.44 ± 0.10, [ m / H ] = −0 . 04 ± 0 . 08,
sin i = 2.2 ± 0.5 km s −1 , all of which are within the uncertainties
f our final derived values presented in Section 3.1 and Table 3 .
he FIES RV measurements sho w no significant v ariation within the
easurement uncertainties, ho we v er the y remain too low-precision 
RV > 150 m s −1 to pro v e useful in detecting the reflex motion of

he two planets. 
.4.2 TRES 

our reconnaissance spectra were obtained between 2019 Decem- 
er and 2020 February using the Tillinghast Reflector Echelle 
pectrograph (TRES; F ̋ur ́esz 2008 ) mounted on the 1.5 m Till-

nghast Reflector telescope at the Fred Lawrence Whipple Obser- 
atory (FLWO) atop Mount Hopkins, Arizona. TRES is a fibre- 
ed echelle spectrograph with a wavelength range of 390–910 nm 

nd a resolving power of R ∼ 44 000. The spectra were extracted
s described in Buchhave et al. ( 2010 ) and then used to derive
tellar parameters using the Stellar Parameter Classification tool 
SPC; Buchhave et al. 2012 ). SPC cross-correlates an observed 
pectrum against a grid of synthetic spectra derived from Kurucz 
tmospheric models (Kurucz 1992 ). The averaged stellar parameters 
 T eff = 5637 ± 50 K, log g = 4.40 ± 0.10, [m / H] = −0.08 ± 0.08,
nd vsin i = 2.5 ± 0.5 km s −1 ) agree well with the adopted
arameters. 

.4.3 HARPS-N 

etween 2021 January 20 ( UT ) and 2022 January 30 ( UT ), we
ollected 13 spectra with the High Accuracy Radial velocity 
lanet Searcher for the Northern hemisphere (HARPS-N: λ ∈ (378–
91) nm, R ≈ 115 000; Cosentino et al. 2012 ) mounted at the 3.58-m
elescopio Nazionale Galileo (TNG) of Roque de los Muchachos 
bservatory in La Palma, Spain, under the observing programs 

TP19 1 (see Table B1 ). The exposure time was set to 280–2400 s,
ased on weather conditions and scheduling constraints leading to a 
NR per pixel of 28–107 at 550 nm. The spectra were extracted using

he off-line version of the HARPS-N DRS pipeline (Cosentino et al.
014 ), version HARPN 3.7 . Absolute radial velocities (RVs) and
pectral activity indicators (CCF FWHM, CCF CTR, BIS and Mont- 

ilson S-index) were measured on the higher preicison HARPS-N 
MNRAS 523, 3069–3089 (2023) 
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Table 2. Key information for high-resolution Imaging. 

Facility Instrument Filter Image time [ UT BJD] 

Keck2 NIRC2 BrGamma 2020-05-28 2458997.82 
SOAR HRCam I 2020-10-31 2459153.65 
SAI-2.5m Speckle Polarimeter 625nm 2020-12-03 2459186.25 
Gemini ’Alopeke 562nm 2020-12-04 2459187.75 
Gemini ’Alopeke 832nm 2020-12-04 2459187.75 
Palomar PHARO BrGamma 2020-12-04 2459187.75 
Gemini ’Alopeke 562nm 2021-10-17 2459504.8 
Gemini ’Alopeke 832nm 2021-10-17 2459504.8 
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pectra using an on-line version of the DRS, the YABI tool 3 , by
ross-correlating the extracted spectra with a G2 mask (Baranne
t al. 1996 ). We also used serval code (Zechmeister et al. 2018 )
o measure relative RVs by the template-matching, chromatic index
CRX), differential line width (dLW), and H α, and sodium Na D1 &
a D2 inde x es. The uncertainties of the relatives RVs measured
ith serval are in the range 0.7–3.1 m s −1 , with a mean value
f 1.5 m s −1 . The uncertainties of absolute RVs measured with the
nline version of DRS (YABI) are in a the range 0.8–4.2 m s −1 , with a
ean value of 1.6 m s −1 . Table B1 gives the time stamps of the spectra

n BJD TDB , serval relative RVs along with their 1 σ error bars, and
pectral activity indicators measured with YABI and serval . In
he joint RV and transit analysis presented in Section 3.2 we used
elative RVs measured from HARPS-N spectra with serval by the
emplate-matching technique. 

.4.4 SOPHIE 

OPHIE is a stabilized échelle spectrograph dedicated to high-
recision RV measurements on the 193-cm Telescope at the Ob-
ervatoire de Haute-Pro v ence, France (Perruchot et al. 2008 ). Before
aving been identified as TOI-1471, HIP 9618 was first observed
n 2011 with SOPHIE as part of its volume-limited surv e y of giant
xtrasolar planets (e.g. Bouchy et al. 2009 ; H ́ebrard et al. 2016 ). After
ts identification as the host of the transiting planet candidate TOI-
471.01, it was re-observed in 2019–2021 with SOPHIE as part of its
ESS follow-up. Overall, we secured 28 SOPHIE spectra of HIP 9618

n its high resolution mode (resolving power R = 75 000). Depending
n the weather conditions, their exposure times ranged from 3 to 20
in (typically 10 min) and their signal-to-noise ratio per pixel at

50 nm from 30 to 80. The corresponding radial velocities were
xtracted with the standard SOPHIE pipeline using cross correlation
unctions (Bouchy et al. 2009 ) and including CCD charge transfer
nefficiency correction (Bouchy et al. 2013 ). Following the method
escribed in Pollacco et al. ( 2008 ) and H ́ebrard et al. ( 2008 ), we
stimated and corrected for the moonlight contamination using the
econd SOPHIE fibre aperture, which is targeted on the sky while
he first aperture points towards the star. We estimated that only three
pectra were significantly polluted by moonlight; one of them was
oo contaminated and was discarded, whereas the other two were
orrected, with a correction value below 10 m s −1 . 

Thus our final SOPHIE data set included 27 measurements
howing uncertainties ranging from 1.6 to 3.9 m s −1 (see Table B2 ).
he RVs show a 9-m s −1 dispersion around a blueshifting drift
f about 200 m s −1 in 10 yr. The corresponding bisectors of the
ross-correlation functions do not show any significant variation nor
orrelation with the RV, so there are no hints for RV variations
nduced by blend configurations nor stellar activity. 

.4.5 CAFE 

inally, we also observed TOI-1471 with the CAFE (Calar Alto
iber-fed Echelle) spectrograph (Aceituno et al. 2013 ) mounted at

he 2.2 m telescope of the Calar Alto observatory. A total of 22
pectra were obtained between 2019 December 18 and 2022 August
9 with typical signal-to-noise ratio of 30 (see Table B3 ). The data
ere reduced and the spectra extracted by using the observatory
ipeline described in Lillo-Box et al. ( 2020 ), which also determines
NRAS 523, 3069–3089 (2023) 
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he radial velocity by performing cross-correlation against a solar
inary mask. Usually, several spectra were obtained for each night.
e binned the RVs per night. This implies a total of 10 measurements.
e discarded the first one due to lack of radial velocity standards

bserved that night that prevented us from calculating and correcting
or the rele v ant nightly zero point. Hence, nine measurements are
vailable with a median uncertainty of 7 m s −1 . 

.5 High-resolution imaging 

 detected exoplanet transit signal might be a false positive due to a
ackground eclipsing binary or yield incorrect stellar and exoplanet
arameters if a close companion exists and is unaccounted for
Furlan & Howell 2017 , 2020 ). Additionally, the presence of a close
ompanion star leads to the non-detection of small planets residing
ith the same exoplanetary system (Lester et al. 2021 ). Given that
early one-half of FGK stars are in binary or multiple star systems
Matson et al. 2019 ), high-resolution imaging provides crucial
nformation towards our understanding of exoplanetary formation,
ynamics, and evolution (Howell et al. 2021 ). 
As part of the standard process for validating TESS candidates

e.g. Ciardi et al. 2015 ), we observed HIP 9618 with a combination
f high-resolution resources including near-infrared adaptive optics
AO) imaging at Palomar and Keck and optical speckle observations
t Gemini-North, SOAR, and SAI-2.5m. While the optical observa-
ions tend to provide higher resolution, the NIR AO tend to provide
etter sensitivity, especially to lower mass stars. The combination
f the observations in multiple filters enables better characterization
or any companions that may be detected. Gaia DR3 is also used to
rovide additional constraints on the presence of undetected stellar
ompanions as well as wide companions. 

Detailed descriptions for the observations, reduction, and analysis
or all five high-resolution instruments are found in Section A0.1 ,
0.2 , A0.3 , and A0.4 and summarized in Table 2 . In summary, none
f the observations revealed evidence for close-in ( � 1 arcsec) stellar
ompanions. Ho we v er, the P alomar observations did detect a faint
tellar companion 7 magnitudes fainter than the primary star and 3
rcsec to the south-west (PA = 235 ◦). The companion star is Gaia
R3 94468978202368768. 

.6 Gaia and archi v al assessment 

n addition to the high resolution imaging, we have used Gaia to
dentify any wide stellar companions that may be bound members
f the system. Typically, these stars are already in the TESS Input
atalogue and their flux dilution to the transit has already been
ccounted for in the transit fits and associated derived parameters.
here are no additional widely separated companions identified by
aia that have the same distance and proper motion as HIP 9618 (see

lso Mugrauer & Michel 2020 , 2021 ). 

http://ia2-harps.oats.inaf.it:8000
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Table 3. Stellar information for HIP 9618. TIC v8 described by (Stassun et 
al. 2019 ), Gaia DR3 by (Gaia Collaboration 2021 ), Hipparcos by (Lindegren 
et al. 1997 ). 2MASS by Cutri et al. ( 2003 ), and stellar parameters derived by 
our own analysis are described in Section 3.1 . 

Parameter Value Source 

Name HIP 9618 –
TOI TOI-1471 –
TIC 306263608 TICv8 
HD designation HD 12572 –
Gaia DR3 ID 94468978202180352 Gaia DR3 
RA [ ◦, J2015.5] 30.904272 Gaia DR3 
Dec [ ◦, J2015.5] 21.280864 Gaia DR3 
TESS mag 8.5725 ± 0.006 TICv8 
G mag 9.02543 ± 0.00027 Gaia DR3 
K mag 7.559 ± 0.021 2MASS 
T eff (K) 5609.0 ± 33.0 This work 
R s [ R �] 0.9662 ± 0.005 This work 
M s [ M �] 1 . 022 + 0 . 043 

−0 . 076 This work 
log g (cgs) 4 . 45 + 0 . 016 

−0 . 033 This work 

b
(  

D
a
m  

μ  

a  

	  

m  

P
p  

p
a

m
u
R
r
G
w
n
Z  

i  

m
 

t  

c
b  

a  

d
a

3

3

T  

a

4

o  

t  

a  

g  

i  

v  

t  

o  

a  

5  

a

(  

s
t  

a  

o
 

e  

t
w
u  

s  

v
c  

c  

P
t  

o
a  

a  

T  

t  

t  

r
 

m
f
s  

a  

a

3

B  

a
m
p  

T  

U  

w  

c
e

3

W
i  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/523/2/3069/7191657 by U
niversity of St Andrew

s Library user on 20 July 2023
The faint stellar companion detected by Palomar was detected 
y Gaia (DR3 94468978202368768) but a full astrometric solution 
parallax and proper motion) for this star is not yet available in
R3. Ho we ver, the epoch of observations between Gaia (2016.0) 

nd Palomar (2020.93) are sufficiently separate to use the proper 
otion as a test for boundedness. HIP 9618 has a proper motion of
α = 158.8 mas yr −1 and μδ = 107.5 mas yr −1 , which should produce
n increase in separation of the two stars of 	α = 0.78 arcsec and
δ = 0.53 arcsec for a total separation increase of 0.95 arcsec. The
easured separation of the stars by Gaia (2016) is 2.1 arcsec and by
alomar (2020) is 3.1 arcsec – fully consistent with the measured 
roper motion of TOI 1471 and the companion star being a low-
roper motion background star. Thus, the detected companion is 
lmost certainly unbound and unrelated to the HIP 9618 system. 

Additionally, the Gaia DR3 astrometry provides additional infor- 
ation on the possibility of inner companions that may have gone 

ndetected by either Gaia or the high resolution imaging. The Gaia 
enormalized Unit Weight Error (RUWE) is a metric, similar to a 

educed chi-square, where values that are � 1.4 indicate that the 
aia astrometric solution is consistent with the star being single 
hereas RUWE values � 1.4 may indicate an astrometric excess 
oise, possibly caused the presence of an unseen companion (e.g. 
iegler et al. 2020 ). TOI 1471 has a Gaia DR3 RUWE value of 1.02

ndicating that the astrometric fits are consistent with the single star
odel. 
Due to the large proper motion of HIP 9618, we were also able

o use archi v al photometric plates 4 to assess the possibility of a
oincident bright background star. These observations provide a 
aseline of o v er 100 yr and therefore a relative offset of 25 arcsec,
nd find no sign of any bright source. POSS-I imaging from 1954
oes detect the faint Gaia source (DR3 94468978202368768) 11 
rcsec from HIP 9618, confirming that it is not a bound companion. 

 ANA LY SIS  

.1 Stellar parameters 

he stellar parameters for HIP 9618 are presented in Table 3 . The
nalysis of the co-added HARPS-N stellar spectrum has been carried 
 Through the APPLAUSE project; ht tps://www.plat e-ar chive.or g/quer y/

a  

b  

d

ut by using the BACCHUS code (Masseron et al. 2016 ) relying on
he MARCS model atmospheres (Gustafsson et al. 2008 ) and atomic
nd molecular line lists from Heiter et al. ( 2021 ). In brief, the surface
ravity ( log g = 4 . 47 ± 0 . 10) has been determined by requiring
onization balance of Fe I lines and Fe II line. A microturbulence
elocity has also been derived (0 . 95 ± 0 . 1km s −1 ) by requiring no
rend of Fe line abundances against their equi v alent widths. The
utput metallicity ([Fe / H] = −0 . 07 ± 0 . 06) is represented by the
 verage ab undance of the Fe I lines. An ef fecti ve temperature of
611 ± 31 K has been derived by requiring no trend of the Fe I lines
bundances against their respective excitation potential. 

We used the HARPS-N spectra to measure the stellar rotation 
 vsin i ) using the average of the Fe lines broadening after having
ubtracted the instrument and natural broadening. This technique led 
o an upper limit of the stellar rotation velocity of < 3.5 km s −1 , which
grees well with the 2.5 ± 0.5 km s −1 derived from FIES spectra, both
f which highlight a long stellar rotation period. 
In a second step, we used the Bayesian tool PARAM (Rodrigues

t al. 2014 , 2017 ) to derive the stellar mass, radius, and age utilizing
he spectroscopic parameters and the updated Gaia luminosity along 
ith our spectroscopic temperature. Ho we ver, such Bayesian tools 
nderestimate the error budget as they do not take into account the
ystematic errors between a set of isochrones to another due to the
arious underlying assumptions in the respective stellar evolutionary 
odes. In order to take into account those systematic errors, we
ombined the results of the two sets of isochrones provided by
ARAM (i.e. MESA and Parsec) and add the difference between 
he two sets of results to the error budget provided by PARAM. We
btained a stellar radius and mass of respectively 0 . 97 ± 0 . 02 R �
nd 0 . 89 ± 0 . 07 M �. Despite its nearly solar metallicity, the derived
ge from the isochrones indicates that the star is old (9 ± 4 Gyr).
his is consistent with the fact that we do not detect any lithium in

he atmosphere of the star, nor we detect a chromospheric activity in
he core of the H & K Ca lines and that we find indications of a low
otation period. 

Ho we ver, we emphasize that although using two sets of isochrones
ay mitigate underlying systematic errors, our formal error budget 

or radius and luminosity may still be underestimated, as demon- 
trated by Tayar et al. ( 2022 ). For solar-type stars such as TOI-1471,
bsolute errors may rather be up to 4 per cent, 2 per cent, 5 per cent,
nd 20 per cent for, respectively radius, luminosity, mass, and age. 

.1.1 Rotation 

ased on Noyes et al. ( 1984 ) and Mamajek & Hillenbrand ( 2008 )
ctivity–rotation relations and using ( B–V ) of 0.688 and the log R 

‘ 
HK 

easured with YABI ( −4.972 ± 0.044), we estimated a rotation 
eriod of HIP 9618 of 29.0 ± 5.9 d and 30.4 ± 3.5 d, respectively.
his is consistent with the vsin i upper limits derived from spectra.
sing the activity–age relation of Mamajek & Hillenbrand ( 2008 )
e also found an age of HIP 9618 to be in a range of 3.6–7.3 Gyr,

onsistently with the age determined with the isochrones within the 
rrorbars. 

.1.2 Radius 

e employed a Markov–Chain Monte Carlo (MCMC) modified 
nfrared flux method (IRFM; Blackwell & Shallis 1977 ; Schanche et
l. 2020 ) to determine the radius of HIP 9618 by computing the stellar
olometric flux and obtaining the ef fecti ve temperature and angular
iameter. This was done by fitting spectral energy distributions 
MNRAS 523, 3069–3089 (2023) 
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SEDs), constructed using priors from our spectral analysis, to broad-
and fluxes and uncertainties from the most recent data releases for
he following bandpasses; Gaia G, G BP , and G RP , 2MASS J, H,
nd K, and WISE W1 and W2 (Skrutskie et al. 2006 ; Wright et al.
010 ; Gaia Collaboration 2021 ). The angular diameter is converted
o a radius using the offset-corrected Gaia parallax (Lindegren et al.
021 ). To account for stellar model biases we conducted a Bayesian
odelling averaging of the ATLAS (Kurucz 1993 ; Castelli & Kurucz

003 ) and PHOENIX (Allard 2014 ) catalogues to produce weighted
 veraged posterior distrib ution of the stellar radius and obtain a value
f R s = 0 . 962 ± 0 . 008 R �. Due to the non-luminous and faint nature
f the companion we do not include a second SED and corresponding
ree parameters in the MCMC. 

.2 Combined photometry and RV model 

nce we had successfully reco v ered the true period of HIP 9618 c we
nvestigated the properties of the two transiting planets by modelling
oth the radial velocities and the TESS and CHEOPS photometry
ogether. The model was built in PyMC3 (Salvatier et al. 2016 ) using
he Keplerian orbits and transit models of exoplanet (Foreman-

acke y et al. 2021 ). F or the stellar parameters, we use the values
erived in Section 3.1 as priors to our analysis (see Table 3 ). The SNR
nd the partial nature of the two ground-based transit observations
ith LCO (see Section 2.2 ) meant we did not include them in the

ombined model. 
HIP 9618 appears to be a quiet old G star without evidence of

tellar activity in the TESS light curve, and thanks to the quaternion
etrending systematic noise appears minimal. Therefore we chose to
emo v e long-duration trends using a basis spline with a knot length
f 1.25 d. To a v oid influencing the spline fit, the six transits were
asked using the initially derived ephemerides. To speed up the
odelling, we then kept only 4.5 transit durations of photometry

round mid-transit. A log jitter term was included to incorporate
ystematic errors not incorporated into the TESS flux errors. 

For the CHEOPS data, we performed simultaneous linear decor-
elation with three normalized vectors from the CHEOPS metadata
two incorporating roll angle ( 
 ) trends (sin 
 & cos 
 ) and one

or background flux. We also included a log jitter term to account for
xcess systematic noise. In order to remove shorter time-scale flux
ariation as a function of roll angle, we included a common cubic
spline with breakpoints every ∼8 degrees. The decorrelation terms
nd spline model were shared across all four CHEOPS visits. 

In Section 4.1 , we explore the possible characteristics of a massive
ompanion in the system. This gives the possibility of an M-dwarf
ompanion to HIP 9618 which could provide unaccounted dilution
and also depth difference between TESS and CHEOPS photometry).

e therefore include two dilution terms in our combined analysis
sing the derived expected magnitude difference of the companion
n R & I band (interpolated from primary and secondary masses)
o represent dilution in CHEOPS and TESS bands respectively
9.0 ± 2.1 & 7.4 ± 1.8). 

We use informative priors on limb darkening parameters for
oth TESS and CHEOPS passbands, using the theoretical quadratic
imb darkening parameters of Claret ( 2018 , 2021 ). To account for
ystematic errors, we inflate the uncertainties to 0.05 in all cases. 

For the radial velocity modelling, we include a relative offset
or each instrument, with priors set from the average and standard
eviation of the points. We also included a jitter term with a broad
ognormal prior. A quadratic polynomial was used to model the large
bserved drift, with normal priors with μ = 0.0 and σ = 0.05 and
.005 for linear and quadratic terms. Inspection of the activity indices
NRAS 523, 3069–3089 (2023) 
rom HARPS-N , SOPHIE , and CAFE reveals no clear rotation signal
nd no correlation with the radial velocities, which is consistent with
he lack of obvious variability seen in the photometry. Therefore
e chose not to model activity using e.g. Gaussian Processes, and

nstead use only the planets Keplerian orbits. 
We modelled radius ratio, R p / R s , using a broad lognormal prior

o a v oid unph ysical neg ati ve v alues. W e tested fitting R V semi-
mplitude, K pl , using both broad lognormal and a free uniform prior
allo wing negati ve v alues), both of which converged to consistent
olutions. We tested modelling both with and without eccentricity,
esting both the Van Eylen et al. ( 2019 ) multiplanet prior and the
eneral Kipping ( 2013 ) priors which gave consistent results. We use
he uniform K pl prior and Kipping ( 2013 ) eccentricity priors as the
nal model here. 
The results of our combined model can be seen in Figs 5 , 6 and

 , while the derived planetary properties can be found in Table 4 .
ll priors and posteriors for the combined modelling are shown in
able C1 

 DI SCUSSI ON  

.1 RV drift 

e measure a sizable RV drift of −19.2 m s −1 per year (see Fig. 7 ).
omparisons of combined models with linear and quadratic RV

rends also shows that the RV drift prefers a model with curvature
 −0.7 ± 0.05 m s −1 yr −2 ). This is therefore likely indicative of
 massive outer companion in the system. Acceleration between
ipparcos and Gaia astrometric measurements is a key technique

o characterizing such outer companions. Ho we ver, the HGAS
atalogue contains only a very minimal deviation from a linear
phemeris (2.647 chi-square difference). Gaia DR3 does not flag
IP 9618 as a ‘non single star’, though it does find a 6-sigma excess

strometric noise, ho we ver this corresponds to a dispersion of only 80
as, and as discussed in Section 2.6 and, as discussed in Section 2.6 ,

o a RUWE of 1.03 very likely suggests a single star. 
In order to characterize the undetected outer candidate, we used

he orvara package (Brandt et al. 2021 ) to model the RV drift and
he Hipparcos & Gaia astrometric data jointly. Orvara accessed
he Hipparcos and Gaia astrometry (which reveal no significant
cceleration despite a 20-yr baseline), and we also included our RVs
ith the best-fitting models for planets b & c, and the best-fitting
V offsets for each instrument remo v ed from the data. Using our
erived stellar mass as a prior, we ran 100 w alk ers for chains of
5 000 steps. The result, after pruning the burn-in, is a distribution of
0 000 independent samples which are consistent with the observed
V and astrometric data. 
Ho we v er, we also hav e information deriv ed from our high-

esolution imaging observations, which are able to rule out close
right companions to HIP 9618. In order to use this information,
e modified orvara to compute the companion separation at each

maging epoch. We used a combination of the main sequence models
f Pecaut & Mamajek ( 2013 ) 5 and the Brown Dwarf models of
araffe et al. ( 2003 ) to translate from companion masses derived by
rvara into magnitudes. We either interpolate these to the observed
ands or use the closest available magnitude depending on the filter.
Given the implied separation and 	 Mag, as well as an extra factor

f 0.25 mag to account for systematic noise, we were then able to

http://www.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt
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Figure 6. TESS photometry of HIP 9618 showing the four transits of HIP 9618 b and two transits of HIP 9618 c. Individual points are plotted as grey dots, 
purple circles show binned flux and errors, and the blue line corresponds the best-fitting transit model. 

Figure 7. SOPHIE , CAFE , and HARPS-N radial velocities for HIP 9618. Upper: RVs adjusted for intraspectrograph offsets, and the linear polynomial model 
for RV drift. Lower panels: RVs with offsets and trend remo v ed showing the reflex motion from HIP 9618 b (left-hand panel) and c (right-hand panel). Filled 
areas represent 1 and 2 σ regions in two transparency steps. White points with black borders represent phase-binned RVs. 
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Table 4. Derived planetary parameters. � refers to 3-sigma upper limit (and other limits derived using this value). 

Parameter HIP 9618 b HIP 9618 c 

Epoch, t 0 [BJD-2457000] 1767.42089 ± 0.00057 1779.1919 ± 0.001 
Period, P (d) 20.772907 ± 2.3 e − 05 52.563491 ± 7.2 e − 05 
Semi-major axis, a (au) 0 . 1438 + 0 . 0025 

−0 . 0037 0 . 2669 + 0 . 0046 
−0 . 0069 

Radius ratio, R p / R s 0.03699 ± 0.00037 0.03171 ± 0.00034 
Duration, t D (d) 0 . 2047 + 0 . 0015 

−0 . 0014 0.2731 ± 0.0012 

Radius, R p [ R ⊕] 3.9 ± 0.044 3.343 ± 0.039 
Insolation, I p ( Wm 

−2 ) 54900 + 3100 
−2100 15930 + 890 

−600 

Surface Temp., T eq (K) 663 . 4 + 9 . 1 −6 . 3 486 . 9 + 6 . 6 −4 . 6 

RV Semi-amplitude, K (m s −1 ) 2.48 ± 0.71 1.39 ± 0.58 
Mass, M p / M ⊕ [M ⊕] 10.0 ± 3.1 << 18.3 ± 1.7 
Eccentricity, e 0 . 22 + 0 . 25 

−0 . 15 0 . 23 + 0 . 25 
−0 . 16 

Arg. of Periasteron, ω 0.1 ± 2.2 −0.1 ± 2.1 
TSM 166 . 0 + 74 . 0 

−40 . 0 > 42.0 

Figure 8. Samples generated with orvara which were accepted (in 
green) or rejected (in dark blue) due to a luminosity and therefore relative 
flux incompatible with the stacked spectrum (left-hand panel), or due 
to a magnitude difference (or 	 mag) incompatible with the multiple 
high-resolution images obtained in follow-up photometry. Although this 
pruning was performed on a per-magnitude basis, this plot shows the average 
magnitude across all useful bands, with samples remo v ed due to only some 
imaging observations shown in blue. 
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Figure 9. Kernel density function showing the distribution of semimajor 
axis and mass ratio for long-period companions compatible with all available 
observable data. 
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ompute whether our imaging observations would have detected the
ompanion created by orvara . We also have radial velocity obser-
ations and stacked spectra which should be able to resolve close-in
right binary companions. Assuming a conserv ati ve detectable flux
atio of 15 per cent (equi v alent to a K5 star), we also remo v ed samples
hich would have been detectable as contamination in e.g. the CCF.
inally, given the inner two planets appear to be a typical multiplanet
ystem, it is very unlikely that the low-mass companion would have
xtremely close encounters with the inner reaches of this system.
herefore we also included a threshold on the perihelion distance of
.78 au – three times the orbital distance of HIP 9618c. This resulted
n removing ∼ 53 per cent of the samples generated by orvara –
ostly those from high-mass, large-separation, and high-eccentricity

egimes (see Fig. 8 ). 
The remaining samples (shown in Fig. 9 ) therefore represent

hose which are consistent with the RV trend, (lack of) astrometric
cceleration, imaging constraints, the lack of extra lines in the com-
ined spectrum, and the assumed stability of the internal multiplanet
ystem. The companion is therefore likely a brown dwarf or low-
NRAS 523, 3069–3089 (2023) 
ass M dwarf close to the hydrogen burning limit with a mass of
 . 08 + 0 . 12 

−0 . 05 M � and a semimajor axis of 26 . 0 + 19 . 0 
−11 . 0 au. 

Our analysis of the orbit of HIP 9618 B hints that the outer com-
anion (inclination 89 ◦ ± 6 ◦) is closely aligned with the transiting
lanets (average inclination of 89.77 ± 0.12). This tightly constrained
nclination is due to two factors. First the astrometric shift between
ipparcos and Gaia appears to be linear rather than the 2D shift

xpected from a face-on orbit. Secondary the model tries to maximize
he RV trend – which is substantial – while minimizing the secondary

ass – which is limited by the strict upper mass limits from the non-
etection in high-constrast imaging and the astrometric amplitude.
his is consistent with observations of small planet transiting systems
hich are far more likely to host aligned binary companions than the

tellar average (Christian et al. 2022 ). 
This approach also allows us to assess the detectability of the

ompanion. In the Ks band, the magnitude difference to the primary
tar is expected to be only 6 . 8 + 1 . 2 

−2 . 2 , ho we ver we estimate it is currently
t a separation of only 0.143 ± 0.05 arcsec, which may make imaging
he companion challenging. 

This analysis also rests on the assumption that the observed
V v ariation is exclusi vely from a single external companion. If,

or example, a giant planet and low-mass star both exist on long

art/stad1319_f8.eps
art/stad1319_f9.eps
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Table 5. Posterior distributions of the internal structure parameters of 
HIP 9618 b and c. The values correspond to the median and the 5 and 95 
percentile of the distributions. 

Internal structure parameter HIP 9618 b HIP 9618 c 

M core / M total 0 . 13 + 0 . 13 
−0 . 12 0 . 13 + 0 . 13 

−0 . 11 

M water / M total 0 . 23 + 0 . 24 
−0 . 21 0 . 23 + 0 . 24 

−0 . 21 

log M gas [M ⊕] −0 . 15 + 0 . 19 
−0 . 23 −0 . 59 + 0 . 27 

−0 . 47 

Fe core 0 . 90 + 0 . 09 
−0 . 08 0 . 90 + 0 . 09 

−0 . 08 

Si mantle 0 . 40 + 0 . 08 
−0 . 05 0 . 40 + 0 . 08 

−0 . 05 

Mg mantle 0 . 45 + 0 . 11 
−0 . 11 0 . 45 + 0 . 11 

−0 . 11 
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rbits in this system, then this could also produce the observed RV
urvature. Hence, monitoring of HIP 9618 o v er a series of years with
igh precision spectrographs is needed to confirm the hypothesis 
resented here. 

.2 Interior composition 

iven we have both mass and radius values for HIP 9618 b and c, we
re able to constrain their mean densities. This allows us to model
he internal structure of the planets. We use the method described in
eleu et al. ( 2021 ), which is based on Dorn et al. ( 2017 ). We will
nly outline the most important aspects of the Bayesian inference 
odel here, namely the observational input parameters, the priors, 

nd the main assumptions that are part of the forward model used to
alculate the likelihood of the sampled internal structure parameters. 

We assume planets that are spherically symmetric with four fully 
istinct layers: An inner iron core, a silicate mantle, a water layer,
nd a pure H/He atmosphere. Our forward model uses equations of
tate from Hakim et al. et al. ( 2018 ), Sotin et al. ( 2007 ), Haldemann
t al. ( 2020 ), and Lopez & F ortne y ( 2014 ) to model these layers.
oreo v er, the current version of our model makes two important

ssumptions: First, we assume a fixed temperature and pressure at 
he atmosphere–water boundary and model the gas layer separately 
rom the rest of the planet, which means we neglect any influence
f the gas layer on the solid part. Secondly, we follow Thiabaud et
l. ( 2015 ) and assume that the Si/Mg/Fe ratios of the planets match
he ones of the star exactly. Furthermore, we model both planets 
n the system simultaneously. In a future version of our model, we
lan implementing more recent results from Adibekyan et al. ( 2021 ),
hich shows that while the composition of the star and its planets

orrelate, they do not necessarily share identical composition. 
The model takes as input parameters various planetary and stellar 

bservables, more specifically the transit depths, relative masses and 
eriods of the planets and the mass, radius, age, ef fecti ve temperature,
etallicity, and Si and Mg abundances of the star. We assume a prior

hat is uniform in log for the gas mass fraction. The prior we assume
or the layer mass fractions of the iron core, silicate mantle, and the
ater layer (with respect to the solid planet) is uniform, with the

dded conditions that they need to add up to 1 and the water mass
raction has a maximum value of 0.5 (Thiabaud et al. 2014 ). We
tress that the results of our model depend to a certain extent on
he chosen priors and repeating the calculation with very different 
riors might lead to different posterior distributions for the internal 
tructure parameters. 

The results of our model for both planets are summarized in Ta-
le 5 . The full corner plots is shown in Fig. D1 . For both HIP 9618 b
nd c, the posterior of the water mass fraction is almost completely
nconstrained. Conversely, the posteriors of the gas masses are 
easonably well constrained, considering the rather high uncertainty 
n the mass of planet c. For planet b, the posterior distribution of
he gas mass has a median of 0 . 71 + 0 . 40 

−0 . 29 M ⊕ (error bars are the 5
nd 95 percentile of the posterior), corresponding to a thickness of
 . 76 + 0 . 26 

−0 . 27 R ⊕ of the gas layer. For planet c, the median of the gas mass
s 0 . 26 + 0 . 22 

−0 . 17 M ⊕, with a thickness of 1 . 47 + 0 . 40 
−0 . 32 R ⊕ of the gas layer. 

.3 Planet c 

IP 9618 c was re-detected at a 52.5 d period with extremely high
onfidence in our CHEOPS data. We find a transit depth of 1.2 ppt
hich, given the magnitudes of all known nearby stars, cannot be due

o a blend. As discussed in Section 4.1 , all available data suggests the
ound stellar (or brown dwarf) companion in the system is low-mass
nd extremely unlikely to be the source of any signal. The nearby
ackground stellar contaminant discussed in Section 2.6 is also not 
right enough to cause the observed transits of planet c. 
We clearly see the reflex motion of planet b in our radial velocities,

onfirming it as a true planet orbiting HIP 9618. Thanks to their low
utual inclinations and stability, multiplanet systems have extremely 

o w false positi ve rates (Lissauer et al. 2012 ). We also find, thanks to
recise stellar parameters and high-SNR transit observations, that the 
ransit duration matches extremely closely to that from our derived 
tellar density, implying both that planet c transits our proposed 
arget star, and that its orbit is likely close to circular. Given all
f these considerations, we are therefore confident in calling both 
IP 9618 b & c bona fide planets. 
Despite a mass measurement for HIP 9618 b we only find a
arginal detection of the reflex motion of HIP 9618 c in the
Vs. Indeed, our combined model finds a semi-amplitude of only 
.39 ± 0.58 m s −1 and a 3 σ mass limit of < 18 M ⊕. With a far
onger period this could simply be due to the reduction in semi-
mplitude with orbital period ( K p ∝ P 

−1/3 ). Ho we ver, it appears more
ikely ( ∼ 66 per cent according to our combined model) that the 

ass of HIP 9618 c is lower than that of HIP 9618 b. We also found
ccentricities for the two planets consistent with zero (at < 2 σ ). 

Interestingly, we found HIP 9618 c to be orbiting just beyond a 5/2
nteger ratio (2.530). Although this is a third order resonance, there
s still the possibility that TTVs may be present. Ho we ver, when
odelling the system using floating individual transit times for each 

f the four transits of HIP 9618 b and three transits of HIP 9618 c and
ound no obvious TTVs despite timing constrained to < 5 min. 

.4 Similar systems 

hree other bright ( G < 10) host stars host a system of multiple
eptune-like transiting planets (3 < R p < 5 R ⊕). TOI-2076 hosts
lanets at 3.5 and 3.2 R ⊕ on orbits of 21 and 35 d, respectively
Osborn et al. 2022 ). HD 28109 hosts planets with 4.2 and 3.25
 ⊕ on orbits of 56 and 84 d (Dransfield et al. 2022 ). HD 191939
osts three such planets with radii of 3.4, 3.1, and 3.0 R ⊕ on orbits
f 9, 29, and 38 d (Badenas-Agusti et al. 2020 ). In all of these cases,
IP 9618 included, it appears that these planet’s ability to maintain

hick atmospheres is likely helped by their longer orbital periods and
herefore low insolation. This is partly because, at longer periods and
ower insolations, the typical upper radius limit is not sculpted by
he ‘hot Neptune desert’ – a regime where high e v aporation causes
tmospheric loss. 

These planets, all found by TESS , are bright enough to allow
recise radial velocities, and therefore we have masses for the planets
nd constraints on the outer companions. In the majority of these
ases, the inner Neptune is the most massive despite not frequently
MNRAS 523, 3069–3089 (2023) 
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Figure 10. Period ratios for neighbouring planets in multisystems split into 
three groups – Neptune pairs (3 < R p < 5 R ⊕), super-earth pairs ( R p < 3 R ⊕), 
and dissimilar pairs spanning the two. Exoplanets come from the NASA 

e xoplanet archiv e (Akeson et al. 2013 ). Ratio populations are displayed using 
a kernel density estimator (KDE; Sheather & Jones 1991 ; Waskom 2021 ). 
The dash at the bottom shows the position of HIP 9618. 
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Figure 11. Transmission spectroscopy metrics (TSMs) and uncertainties for 
small ( R p < 5 R ⊕) exoplanets as a function of orbital period and equilibrium 

temperature. Exoplanetary data is taken from the NASA Exoplanet Archive 
(Akeson et al. 2013 ). HIP 9618 b is shown as a star and the 3-sigma lower 
limit is shown for HIP 9618 c as a triangle. 

Figure 12. Simulated JWST spectra of HIP 9618 b (upper panel) and c (lower 
panel) using PANDEXO for a clear atmospheric model. Small dark points are 
individual JWST simulated high-resolution data, while coloured tickmarks 
represent the spectra sampled in 25 nm bins. Lines represent the input models 
from F ortne y et al. ( 2010 ). 
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olding the largest radius. Radial velocity measurements also re-
ealed that HD 139139 also hosts a high-mass outer companion on a
ong-period orbit (Lubin et al. 2022 ; Orell-Miquel et al. 2023 ), much
ike HIP 9618. Whether such companions could have helped produce
heir similar architectures is an open question. 

To put HIP 9618 into context, we also studied the period ratios
f neighbouring pairs in transiting multiplanet systems. HIP 9618
s unusual in that it hosts two planets larger than the typical radius
or multiplanet systems – both are closer to Neptune in radius than
o typical super-Earths ( ∼1.5 R ⊕) or even mini-Neptunes ( ∼2.2 R ⊕).

e find that, while all small planets typically have period ratios
eaking at ∼2, Neptune–Neptune pairs (defined here as planets with
 < R p < 5 R ⊕) have significantly larger average period ratios than
oth pairs of small planets ( < 3 R ⊕) and dissimilar pairs (Fig. 10 ).
his effect is even stronger when divided by mass rather than radius,
o we ver the fact that small planets are dominated by TTV masses
nd therefore period ratios close to e.g. 1.5 may bias this data set.
ence, their larger -than-a verage planetary sizes may explain why

he HIP 9618 planetary system did not end up in (or did not persist
s) a closely orbiting resonant chain, unlike many multisystems of
maller planets. 

.5 Characterization potential 

ith its bright IR magnitude ( K = 7.8), the HIP 9618 system
s amenable to atmospheric follow-up. We calculate Transmis-
ion Spectroscopy Metric (TSM; Kempton et al. 2018 ) values of
66 . 0 + 74 . 0 

−40 . 0 for HIP 9618 b using our derived mass and radius, and
 42.0 for HIP 9618 c. 
Nevertheless, these two planets are some of the most amenable

ub-Neptunes on long orbits around solar-like stars (see Fig. 11 ).
o test the observability of spectral features with JWST we used

he PANDEXO package (Batalha et al. 2017 ) to produce simulated
pectra of the two planets from a single transit. We chose to test the
IRSpec/BOTS/G395M which is optimal for this target both because

aturation is a v oided at the redder modes and because the information
ontent is highest in this mode for sub-Neptunes (Guzm ́an-Mesa et
l. 2020 ). We used our derived planetary parameters as inputs, using
he 2-sigma upper limit mass for HIP 9618 c. As model spectra we
sed cloudy and clear equilibrium chemistry models from F ortne y et
l. ( 2010 ) at 750 & 500K for HIP 9618 b & HIP 9618 c, respectively.
NRAS 523, 3069–3089 (2023) 
imulated outputs can be seen in Fig. 12 , where we find spectral
eatures including the CH 4 feature at 3.3 μm clearly visible in
oth planets in both cloudless and moderately cloudy models (not
hown). 

 C O N C L U S I O N S  

ESS has pro v ed e xceptional for finding transiting planets around
right stars which are amenable to follow-up including high-
esolution spectroscopy and transmission spectroscopy. HIP 9618 b,
ound by TESS to have a period of 20.772907 ± 2.3 e − 05 d and a
adius of 3.9 ± 0.044 R ⊕ is an excellent example of this. The parent
tar, an old (9 ± 4 Gyr) sunlike ( T eff = 5611 ± 31) star, has bright
isual and infrared magnitudes ( G = 9.03, K = 7.56) that helped
nable precise follow-up RVs which found it to have a mass of
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0.0 ± 3.1 M ⊕. The precise radius and mass enable internal structure
odelling which suggest the planet to have a 6 . 8 ± 1 . 4 per cent
ydrogen–Helium gaseous envelope and potentially a water-rich 

ore. With a TSM of 103 ± 18, it is one of the few highly-rated warm
 T eq < 750 K small planets orbiting a solar-like star. Simulations
sing PANDEXO suggest spectral features could be readily detectable 
n its atmosphere with a single JWST transit observation. 

Unlike HIP 9618 b, TESS was unable to adequately detect 
IP 9618 c at the true period. This is because, for planets on long
eriods not at the ecliptic poles, TESS ’s short observation windows 
27 and 54 d in the case of HIP 9618) do not enable it to observe
onsecutive transits. In the case of HIP 9618 c, TESS saw two
ransits spaced by 680 d – a ‘Duotransit’ candidate with a radius of
.343 ± 0.039R ⊕. We modelled the two transits using MonoTools 
nd used CHEOPS to search the highest probability period aliases, 
uccessfully reco v ering a transit on the fourth observation and finding 
 period of 52.56349 d. Our RVs do not find a reliable mass for
IP 9618 c, but we can place a 3 σ upper limit of < 18 M ⊕. This

uggests that planet c is less massive than b. Establishing a true mass
ay be possible with future RV measurements, which would in turn 

e key to enable accurate atmospheric characterization. Even using 
 conserv ati ve upper mass limit, it is likely that HIP 9618 c becomes
ne of the few characterizable planets orbiting a Sun-like star with 
n equilibrium temperature below 500 K. 

Due to its bright magnitude, archi v al RV measurements exist 
or HIP 9618 taken with the SOPHIE spectrograph starting 8 yr
efore the detection of the candidate planets. This displays a clear 
200 m s −1 long-term trend consistent with a massive outer com- 

anion. Combined with the 20-yr baseline of Hipparcos and Gaia 
strometric measurements, and high-resolution imaging follow-up 
bservations, we are able to constrain the mass and orbit of this outer
ompanion, finding that a companion near the hydrogen burning 
imit orbiting at 15–50 au best fits the observations. This companion 
an be better constrained with long-term RV monitoring, data from 

he Gaia extended mission, and potentially even with targeted direct 
maging in the IR (e.g. Bonavita et al. 2022 ). 

This detection makes HIP 9618 one of only five bright ( K < 8)
ransiting multiplanet systems which hosts a planet with P > 50 d,
pening the door for atmospheric characterization of a regime of 
arm ( T eq < 750 K) sub-Neptunes. 
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Figure A1. High-resolution imaging results. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/523/2/3069/7191657 by U
niversity of St Andrew

s Library user on 20 July 2023
krutskie M. F. et al., 2006, AJ , 131, 1163 
mith J. C. et al., 2012, PASP , 124, 1000 
otin C. , Grasset O., Mocquet A., 2007, Icarus , 191, 337 
tassun K. G. et al., 2019, AJ , 158, 138 
tumpe M. C. et al., 2012, PASP , 124, 985 
tumpe M. C. , Smith J. C., Catanzarite J. H., Van Cleve J. E., Jenkins J. M.,

Twicken J. D., Girouard F. R., 2014, PASP , 126, 100 
zab ́o G. M. et al., 2022, A&A , 659, L7 
ayar J. , Claytor Z. R., Huber D., van Saders J., 2022, ApJ , 927, 31 
elting J. H. et al., 2014, Astron. Nachr. , 335, 41 
he JWST Transiting Exoplanet Community Early Release Science Team,

2023, Nature , 614, 649 
hiabaud A. , Marboeuf U., Alibert Y., Cabral N., Leya I., Mezger K., 2014,

A&A , 562, A27 
hiabaud A. , Marboeuf U., Alibert Y., Leya I., Mezger K., 2015, A&A , 574,

A138 
okovinin A. , 2018, PASP , 130, 035002 
uson A. et al., 2023, MNRAS , 523, 3090 
wicken J. D. et al., 2018, PASP , 130, 064502 
lmer-Moll S. et al., 2022, A&A , 666, A46 
lmer-Moll S. et al., 2023, A&A , 674, A43 
an Eylen V. et al., 2019, AJ , 157, 61 
anderburg A. et al., 2019, ApJ , 881, L19 
askom M. L. , 2021, J. Open Source Softw. , 6, 3021 
izinowich P. et al., 2000, PASP , 112, 315 
right E. L. et al., 2010, AJ , 140, 1868 

echmeister M. et al., 2018, A&A , 609, A12 
ie gler C. , Toko vinin A., Brice ̃ no C., Mang J., Law N., Mann A. W., 2020,

AJ , 159, 19 

PPENDIX  A :  DETA ILED  DESCRIPTION  O F  

I G H - R E S O L U T I O N  IMAG ING  OBSERVATI ONS  

0.1 Keck and Palomar 

he Keck Observatory observations were made with the NIRC2
nstrument on Keck-II behind the natural guide star AO system
Wizinowich et al. 2000 ) on 2020 May 28 UT in a standard 3-point
ither pattern that is used with NIRC2 to a v oid the left lower quadrant
f the detector which shows excess noise. The dither pattern step size
as 3 arcsec and was repeated twice, with each dither offset from the
revious dither by 0.5 arcsec. NIRC2 was used in the narrow-angle
ode with a full field of view of ∼10 arcsec and a pixel scale of

pproximately 0.0099442 arcsec per pixel. The Keck observations
ere made in the narrow-band filters Br − γ filter ( λo = 2.1686;
λ = 0.0326 μm) with an integration time of 2 s for a total of 18 s

n target. 
The Palomar Observatory observations of HIP 9618 were made

ith the PHARO instrument (Hayward et al. 2001 ) behind the natural
uide star AO system P3K (Dekany et al. 2013 ) on 2020 December 4
n a standard 5-point quincunx dither pattern with steps of 5 arcsec
n the narrow-band Br − γ filter ( λo = 2.1686; 	λ = 0.0326 μm).
ach dither position was observed three times, offset in position from
ach other by 0.5 arcsec for a total of 15 frames; with an integration
ime of 1.4 s per frame, respectively for total on-source times of 21
. PHARO has a pixel scale of 0.025 arcsec per pixel for a total field
f view of ∼25 arcsec. 
Palomar and Keck data were processed and analysed with a custom

et of IDL tools. The science frames were flat-fielded and sky-
ubtracted. The flat fields were generated from a median average
f dark subtracted flats taken on-sky. The flats were normalized such
hat the median value of the flats is unity. The sky frames were
enerated from the median average of the dithered science frames;
ach science image was then sky-subtracted and flat-fielded. Reduced
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cience frames were combined into a single combined image using 
 intrapixel interpolation that conserves flux, shifts the individual 
ithered frames by the appropriate fractional pixels, and median- 
oadds the frames. The final resolutions of the combined dithers 
ere determined from the full-width half-maximum of the point 

pread functions: 0.12 arcsec and 0.078 arcsec for the Palomar and 
 eck observ ations, respecti vely. 
The sensitivities of the final combined AO image were determined 

y injecting simulated sources azimuthally around the primary target 
very 20 ◦ at separations of integer multiples of the central source’s
WHM (Furlan et al. 2017 ). The brightness of each injected source
as scaled until standard aperture photometry detected it with 5 σ

ignificance. The resulting brightness of the injected sources relative 
o HIP 9618 set the contrast limits at that injection location. The final
 σ limit at each separation was determined from the average of all
f the determined limits at that separation and the uncertainty on 
he limit was set by the rms dispersion of the azimuthal slices at a
iven radial distance. The Keck data have better sensitivity closer-in 
 δmag = 2 . 5 mag at 0.1 arcsec), but the Palomar data are deeper
ensitivity at wider separations ( δmag = 8 mag at 2 arcsec); the final
ensitivity curves for the Palomar is shown in Fig. A1 (a). 

0.2 Gemini 

OI-1471 was observed on 2020 December 4 UT and 2021 October 
7 UT using the ‘Alopeke speckle instrument on the Gemini North 8-
 telescope (Scott et al. 2021 ; Howell & Furlan 2022 ). ‘Alopeke

rovides simultaneous speckle imaging in two bands (562 and 
32 nm) with output data products including a reconstructed image 
ith robust contrast limits on companion detections. While both 
bservations had consistent results that TOI-1471 is a single star to 
ithin the angular and contrast levels achieved, the 2021 October 
bservation had better seeing which led to deeper contrast levels. 
welve sets of 1000 × 0.06 s images were obtained and processed 

n our standard reduction pipeline (Howell et al. 2011 ). Fig. A1 (b)
hows our final contrast curves and the 832 nm reconstructed speckle 
Table B1. Radial velocities and spectral activity indicators measured from TNG

BJD TBD RV σRV BIS σBIS CCF FWHM 

-2457000 ( m s −1 ) ( m s −1 ) ( m s −1 ) ( m s −1 ) ( km s −1 ) 

1869.31908 −16047.975 1.897 −27.281 2.682 6.780 
1869.33575 −16033.064 0.784 −25.601 1.109 6.779 
1895.39675 −16042.441 1.373 −27.726 1.941 6.781 
1896.38630 −16040.879 1.049 −24.883 1.484 6.787 
1897.38259 −16041.553 0.938 −22.277 1.326 6.777 
1898.38722 −16040.521 0.783 −25.694 1.108 6.783 
1905.36412 −16043.817 1.567 −28.000 2.216 6.778 
2548.36087 −16080.145 1.945 −33.469 2.750 6.768 
2574.43126 −16091.191 4.260 −35.382 6.024 6.777 
2574.45186 −16081.583 1.483 −32.075 2.098 6.768 
2594.45356 −16081.331 1.521 −29.413 2.151 6.769 
2609.38503 −16085.546 2.553 −29.236 3.610 6.776 
2610.39501 −16082.079 1.138 −33.068 1.609 6.772 
mage. We find that TOI-1471 is a single star with no companion
righter than 5–8 magnitudes below that of the target star from the
-m telescope diffraction limit (20 mas) out to 1.2 arcsec. At the
istance of TOI-1471 ( d = 67.5 pc) these angular limits correspond
o spatial limits of 1.35–81 au. 

0.3 SOAR 

e searched for nearby stellar companions to TOI-1471 with speckle 
maging on the 4.1-m Southern Astrophysical Research (SOAR) 
elescope (Tokovinin 2018 ) on 2020 October 31 UT , observing in
ousins I -band, a similar visible bandpass as TESS . This observation
as sensitive to a 7.6-magnitude fainter star at an angular distance
f 1 arcsec from the target. More details of the observations within
he SOAR TESS surv e y are available in Zie gler et al. ( 2020 ). The 5 σ
etection sensitivity and speckle autocorrelation functions from the 
bserv ations are sho wn in Fig. A1 (c). No nearby stars were detected
ithin 3 arcsec of TOI-1471 in the SOAR observations. 

0.4 SAI-2.5m 

e also observed TOI-1471 on 2020 December 3 UT with the SPeckle
olarimeter Safonov et al. (SPP 2017 ) on the 2.5 m telescope at the
aucasian Observatory of Sternberg Astronomical Institute (SAI) of 
omonosov Moscow State University in the spectral band centred 
n 625 nm with FWHM of 50 nm. SPP uses an Electron Multiplying
CD Andor iXon 897 as a detector, and we used the atmospheric
ispersion compensation. The detector has a pixel scale of 20.6 
as pixel −1 , the angular resolution is 89 mas, and the field of view is
 arcsec × 5 arcsec centred on the star. The power spectrum was
stimated from 4000 frames with 30 ms exposures. We did not
etect any stellar companions brighter than 	 mag = 4.3 and 6.2
t 0.2 arcsec and 0.5 arcsec, respectively. 

PPENDI X  B:  RV  O B S E RVAT I O N S  
MNRAS 523, 3069–3089 (2023) 

/HARPS-N spectra with the DRS. 

CCF CTR log R 

‘ 
HK σlog R ‘ HK 

SNR@550nm T exp 

(per cent) – – (@550nm) (s) 

47.865 −4.9633 0.0205 47.9 281.1 
47.942 −4.9847 0.0060 105.3 1500.0 
48.022 −5.0056 0.0160 63.7 1500.0 
47.982 −4.9759 0.0097 81.1 1500.0 
47.980 −4.9577 0.0078 90.5 1500.0 
47.944 −4.9640 0.0059 107.3 1500.0 
47.951 −4.9860 0.0191 57.5 1723.9 
48.124 −5.0687 0.0392 51.1 2400.0 
47.795 −4.8758 0.0726 28.4 680.8 
47.980 −4.9197 0.0205 66.6 1800.0 
47.996 −4.9653 0.0215 63.3 1200.0 
48.181 −5.0135 0.0504 40.9 600.0 
48.079 −4.9536 0.0119 81.8 600.0 

ibrary user on 20 July 2023
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M

Table B2. SOPHIE radial velocities. 

BJD [JD-2400000] RV (m s −1 ) σRV (m s −1 ) 

55853.53644 −15914.0 2.5 
55883.46881 −15930.8 2.7 
55916.41221 −15914.6 3.2 
58840.4519 −16074.0 3.7 
58841.37571 −16071.4 3.9 
58857.29082 −16070.8 3.8 
58858.37755 −16077.1 3.8 
58887.31391 −16044.8 3.8 
59057.60564 −16085.0 1.6 
59058.60044 −16084.1 3.9 
59060.60405 −16100.6 3.8 
59063.63157 −16074.4 3.8 
59082.57844 −16072.7 3.8 
59112.60148 −16094.3 3.9 
59113.64083 −16067.6 3.7 
59134.53817 −16076.2 3.8 
59138.52924 −16081.4 3.8 
59139.49069 −16088.6 3.7 
59141.49017 −16076.4 3.8 
59141.49331 −16070.1 3.8 
59146.51885 −16087.6 2.4 
59151.48282 −16081.6 2.4 
59170.48772 −16092.2 2.4 
59457.6237 −16119.7 2.4 
59527.52674 −16110.2 2.4 
59542.47712 −16113.9 2.4 
59565.33575 −16114.2 2.4 

Table B3. CAFE radial velocities. 

BJD RV (m s −1 ) σRV (m s −1 ) 

2459529.4721648 −16184.7 9.9 
2459530.4696387 −16228.9 8.2 
2459549.4579368 −16231.9 7.0 
2459577.4456190 −16212.1 5.7 
2459578.4636742 −16229.2 6.1 
2459617.3591001 −16201.4 6.5 
2459808.6769329 −16200.3 5.4 
2459809.6736999 −16206.2 5.4 
2459810.6673429 −16225.4 5.9 
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PPEN D IX  C :  M O D E L  P R I O R S  A N D  

OSTERIORS  
able C1. Model parameters, priors, and posteriors for the combined model. 

arameter 

tellar temperature, T eff (K) 
tellar radius, R s [ R ⊕] 

og stellar surface gravity, log g (cgs) 
og radius ratio, log R p , b / R s , b 
og radius ratio, log R p , c / R s , c 

mpact parameter, b b 
mpact parameter, b c 
V semi-amplitude, K b (m s −1 ), b 
V semi-amplitude, K c (m s −1 ), c 
uadratic LD, u TESS, 0 N
uadratic LD, u TESS, 1 N
uadratic LD, u Cheops, 0 N
uadratic LD, u Cheops, 1 N
ccentricity, e b 
ccentricity, e c 
rgument of periasteron, ω b , 
rgument of periasteron, ω c , 
OPHIE RV mean, μSOPHIE 

ARPS-N RV mean, μHARPS-N 

AFE RV mean, μCAFE 

V quadratic trend, (m s −1 d −2 ) 
V linear trend, (m s −1 d −1 ) 

og RV scatter, log σ SOPHIE 

og RV scatter, log σ HARPS-N 

og RV scatter, log σ CAFE 

og photometric scatter, log σTESS ,s / ( ppt ) 
 mag contamination from companion, 	 I 
og photometric scatter, log σCheops ,s / ( ppt ) 
 mag contamination from companion, 	 V 
orrelation with normalized background flux, d f /d(cos ((BG − μBG )/ σ BG )) 
orrelation with normalized sine of roll angle, d f /d(sin (( 
 − μ
 )/ σ
 )) 
orrelation with normalized cosine of roll angle, d f /d(cos (( 
 − μ
 )/ σ
 )) 
HEOPS linear trend for fk = PR110048 TG017201 V0200 
HEOPS offset for fk = PR110048 TG017201 V0200 
HEOPS linear trend for fk = PR110048 TG017301 V0200 
HEOPS offset for fk = PR110048 TG017301 V0200 
HEOPS linear trend for fk = PR110048 TG017401 V0200 
HEOPS offset for fk = PR110048 TG017401 V0200 
HEOPS linear trend for fk = PR110048 TG017601 V0200 
HEOPS offset for fk = PR110048 TG017601 V0200 
Spline 1, F ( 
 ) BS, 1 

Spline 2, F ( 
 ) BS, 2 

Spline 3, F ( 
 ) BS, 3 

Spline 4, F ( 
 ) BS, 4 

Spline 5, F ( 
 ) BS, 5 

Spline 6, F ( 
 ) BS, 6 

Spline 7, F ( 
 ) BS, 7 

Spline 8, F ( 
 ) BS, 8 

Spline 9, F ( 
 ) BS, 9 

Spline 10, F ( 
 ) BS, 10 

Spline 11, F ( 
 ) BS, 11 

Spline 12, F ( 
 ) BS, 12 

Spline 13, F ( 
 ) BS, 13 

Spline 14, F ( 
 ) BS, 14 

Spline 15, F ( 
 ) BS, 15 

Spline 16, F ( 
 ) BS, 16 

ote. N details a normally distributed prior with mean, μ and standard de viation, σ v alu
 truncated normal distribution with μ, σ , a , and b values. † represents the Espinoza ( 201
mplemented by exoplanet . ‡ is the prior from Kipping ( 2013 ) CHEOPS suffixes refe
PPENDI X  D :  I N T E R I O R  COMPOSI TI ON  
MNRAS 523, 3069–3089 (2023) 

Prior Posterior 

N ( μ = 5610 , σ = 30) 5609.0 ± 33.0 
N ( μ = 0 . 9662 , σ = 0 . 005) 0.9662 ± 0.005 

N ( μ = 4 . 47 , σ = 0 . 1) 4 . 45 + 0 . 016 
−0 . 033 

U( a = −6 . 908 , b = −2 . 303) −3.297 ± 0.01 
U( a = −6 . 908 , b = −2 . 303) −3.451 ± 0.011 
U( a = 0 . 0 , b = 1 + R p,b /R s ) † 0.13 ± 0.11 
U( a = 0 . 0 , b = 1 + R p,c /R s ) † 0 . 235 + 0 . 085 

−0 . 062 

U( a = −10 , b = 10) 2.48 ± 0.71 
U( a = −10 , b = 10) 1.39 ± 0.58 

 U ( a = 0 . 0 , b = 1 . 0 , μ = 0 . 3299 , σ = 0 . 0500) 0.302 ± 0.061 
 U ( a = 0 . 0 , b = 1 . 0 , μ = 0 . 2605 , σ = 0 . 0500) 0.223 ± 0.086 
 U ( a = 0 . 0 , b = 1 . 0 , μ = 0 . 4494 , σ = 0 . 0500) 0.501 ± 0.064 
 U ( a = 0 . 0 , b = 1 . 0 , μ = 0 . 2292 , σ = 0 . 0500) 0.174 ± 0.082 

B ( α = 0 . 867 , β = 3 . 03) ‡ 0 . 22 + 0 . 25 
−0 . 15 

B ( α = 0 . 867 , β = 3 . 03) ‡ 0 . 23 + 0 . 25 
−0 . 16 

U( a = −π, b = π) 0.0 ± 3.9 
U( a = −π, b = π) 0.1 ± 3.9 

N ( μ = −16077 . 1 , σ = 53 . 265) −16084.7 ± 1.9 
N ( μ = −2 . 8479 , σ = 10 . 7575) −14.16 ± 0.36 
N ( μ = −16212 . 1 , σ = 96 . 2822) −16178.4 ± 7.1 

N ( μ = 0 , σ = 0 . 005) −4.99 e − 06 ± 6.4 e − 07 
N ( μ = 0 , σ = 0 . 05) −0.0666 ± 0.0013 

N ( μ = 2 . 15791 , σ = 2) 2.13 ± 0.17 
N ( μ = −1 . 88719 , σ = 2) −2 . 2 + 1 . 5 −1 . 9 

N ( μ = 2 . 84818 , σ = 2) 2.98 ± 0.29 
N ( μ = 0 . 1435 , σ = 3) 0.1 ± 3.0 

N ( μ = 7 . 398 , σ = 1 . 767) 7.4 ± 1.7 
N ( μ = −7 . 605 , σ = 3) −7.5 ± 3.0 

N ( μ = 8 . 966 , σ = 2 . 076) 9.0 ± 2.1 
N ( μ = 0 , σ = 0 . 4474) −0.09 ± 0.1 
N ( μ = 0 , σ = 0 . 4474) 0.002 ± 0.048 
N ( μ = 0 , σ = 0 . 4474) 0.125 ± 0.047 

N ( μ = 0 , σ = 0 . 852144) −0.042 ± 0.044 
N ( μ = 0 , σ = 0 . 313486) 0.01 ± 0.13 
N ( μ = 0 , σ = 0 . 852144) 0.009 ± 0.035 
N ( μ = 0 , σ = 0 . 313486) −0.02 ± 0.13 
N ( μ = 0 , σ = 0 . 852144) −0.132 ± 0.038 
N ( μ = 0 , σ = 0 . 313486) −0.02 ± 0.13 
N ( μ = 0 , σ = 0 . 852144) −0.061 ± 0.035 
N ( μ = 0 , σ = 0 . 313486) −0.02 ± 0.13 
N ( μ = 0 . 0 , σ = 0 . 0) 0.153 ± 0.096 
N ( μ = 0 . 0 , σ = 0 . 0) −0.004 ± 0.096 
N ( μ = 0 . 0 , σ = 0 . 0) 0 . 014 + 0 . 095 

−0 . 095 
N ( μ = 0 . 0 , σ = 0 . 0) 0.061 ± 0.088 
N ( μ = 0 . 0 , σ = 0 . 0) −0.03 ± 0.084 
N ( μ = 0 . 0 , σ = 0 . 0) −0.14 ± 0.079 
N ( μ = 0 . 0 , σ = 0 . 0) −0 . 09 + 0 . 075 

−0 . 074 

N ( μ = 0 . 0 , σ = 0 . 0) −0.049 ± 0.071 
N ( μ = 0 . 0 , σ = 0 . 0) 0.087 ± 0.071 
N ( μ = 0 . 0 , σ = 0 . 0) −0.003 ± 0.072 
N ( μ = 0 . 0 , σ = 0 . 0) 0.057 ± 0.074 
N ( μ = 0 . 0 , σ = 0 . 0) −0.028 ± 0.077 
N ( μ = 0 . 0 , σ = 0 . 0) 0.029 ± 0.08 
N ( μ = 0 . 0 , σ = 0 . 0) −0.019 ± 0.089 
N ( μ = 0 . 0 , σ = 0 . 0) 0 . 065 + 0 . 095 

−0 . 093 

N ( μ = 0 . 0 , σ = 0 . 0) −0.12 ± 0.11 

es. U details a uniform distribution with lower, a , and upper, b , limits. N U details 
8 ) prior and ‡ represents the uniform prior as presented by Espinoza ( 2018 ) and 
r chronologically to the four unique CHEOPS visits. 
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igure D1. Corner plot showing the posterior distributions of the main
nternal structure parameters of HIP 9618 b: The layer mass fractions of the
nner iron core and the water layer (both with respect to the solid planet
ithout the gas layer), the molar fractions of Si and Mg in the mantle and
e in the iron core and the total gas mass of the planet in Earth masses on
 logarithmic scale. The titles of each column correspond to the median and
he 5 and 95 percentiles, which are also shown with the dashed lines. 
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