
2022Publication Year

2024-03-05T10:33:00ZAcceptance in OA@INAF

A pair of sub-Neptunes transiting the bright K-dwarf TOI-1064 characterized with 
CHEOPS

Title

Wilson, Thomas G.; Goffo, Elisa; Alibert, Yann; Gandolfi, Davide; Bonfanti, Andrea; 
et al.

Authors

10.1093/mnras/stab3799DOI

http://hdl.handle.net/20.500.12386/34867Handle

MONTHLY NOTICES OF THE ROYAL ASTRONOMICAL SOCIETYJournal

511Number



MNRAS 511, 1043–1071 (2022) https://doi.org/10.1093/mnras/stab3799 
Advance Access publication 2022 January 13 

A pair of sub-Neptunes transiting the bright K-dwarf TOI-1064 

characterized with CHEOPS 

Thomas G. Wilson , 1 ‹ Elisa Goffo, 2 , 3 Yann Alibert, 4 Davide Gandolfi , 2 Andrea Bonfanti, 5 

Carina M. Persson, 6 Andrew Collier Cameron , 1 Malcolm Fridlund , 6 , 7 Luca Fossati, 5 Judith Korth , 8 

Willy Benz, 4 , 9 Adrien Deline, 10 Hans-Gustav Flor ́en, 11 , 12 Pascal Guterman, 13 , 14 Vardan Adibekyan, 15 

Matthew J. Hooton , 4 Sergio Hoyer , 16 Adrien Leleu, 4 , 10 Alexander James Mustill , 17 

S ́ebastien Salmon, 10 S ́ergio G. Sousa , 15 Olga Suarez, 18 Lyu Abe, 18 Abdelkrim Agabi, 18 Roi Alonso, 19 , 20 

Guillem Anglada, 21 , 22 Joel Asquier, 23 Tamas B ́arczy, 24 David Barrado Navascues, 25 

Susana C. C. Barros, 15 , 26 Wolfgang Baumjohann , 5 Mathias Beck, 10 Thomas Beck, 4 Nicolas Billot, 10 

Xavier Bonfils, 27 Alexis Brandeker, 11 Christopher Broeg, 4 , 9 Edward M. Bryant , 28 

Matthew R. Burleigh, 29 Marco Buttu, 30 Juan Cabrera, 31 S ́ebastien Charnoz, 32 David R. Ciardi, 33 

Ryan Cloutier , 34 † William D. Cochran, 35 Karen A. Collins , 34 Knicole D. Col ́on, 36 Nicolas Crouzet, 23 

Szilard Csizmadia , 31 Melvyn B. Davies, 37 Magali Deleuil, 13 Laetitia Delrez , 38 , 39 

Oli vier Demangeon, 15 , 26 Brice-Oli vier Demory, 9 Diana Dragomir, 40 Georgina Dransfield, 41 

David Ehrenreich, 10 Anders Erikson, 31 Andrea Fortier, 4 , 9 Tianjun Gan, 42 Samuel Gill, 28 Micha ̈el Gillon, 38 

Crystal L. Gnilka, 43 Nolan Grieves, 10 Sascha Grziwa, 44 Manuel G ̈udel, 45 Tristan Guillot, 18 

Jonas Haldemann , 4 K e vin Heng, 9 , 28 K eith Horne, 1 Ste ve B. Ho well, 43 Kate G. Isaak, 46 Jon M. Jenkins, 43 

Eric L. N. Jensen , 47 Laszlo Kiss, 48 Gaia Lacedelli , 49 , 50 Kristine Lam, 31 Jacques Laskar, 51 

David W. Latham, 34 Alain Lecavelier des Etangs, 52 Monika Lendl , 10 Kathryn V. Lester, 43 

Alan M. Levine, 53 John Livingston , 54 Christophe Lovis, 10 Rafael Luque , 55 Demetrio Magrin, 50 

Wenceslas Marie-Sainte, 30 Pierre F. L. Maxted , 56 Andrew W. Mayo , 57 Brian McLean, 58 

Marko Mecina, 45 Djamel M ́ekarnia, 18 Valerio Nascimbeni , 50 Louise D. Nielsen , 59 G ̈oran Olofsson, 11 

Hugh P. Osborn, 9 , 53 Hannah L. M. Osborne , 60 Roland Ottensamer, 45 Isabella Pagano, 61 Enric Pall ́e, 19 , 20 

Gisbert Peter, 62 Giampaolo Piotto, 49 , 50 Don Pollacco, 28 Didier Queloz, 10 , 63 Roberto Ragazzoni, 49 , 50 

Nicola Rando, 23 Heike Rauer, 31 , 64 , 65 Seth Redfield , 66 Ignasi Ribas, 21 , 22 George R. Ricker, 53 

Martin Rieder, 4 Nuno C. Santos, 15 , 26 Gaetano Scandariato, 61 Fran c ¸ois-Xavier Schmider, 18 

Richard P. Schwarz, 67 Nicholas J. Scott, 43 Sara Seager, 53 , 68 , 69 Damien S ́egransan, 10 

Luisa Maria Serrano , 2 Attila E. Simon, 4 Alexis M. S. Smith, 31 Manfred Steller, 5 Chris Stockdale, 70 

Gyula Szab ́o , 71 , 72 , 73 Nicolas Thomas, 4 Eric B. Ting, 43 Amaury H. M. J. Triaud , 41 St ́ephane Udry, 10 

Vincent Van Eylen , 60 Val ́erie Van Grootel, 39 Roland K. Vanderspek, 53 Valentina Viotto, 50 

Nicholas Walton 

74 and Joshua N. Winn 

75 

Affiliations are listed at the end of the paper 

Accepted 2021 December 29. Received 2021 December 29; in original form 2021 July 12 

A B S T R A C T 

We report the disco v ery and characterization of a pair of sub-Neptunes transiting the bright K-dwarf TOI-1064 (TIC 79748331), 
initially detected in the Transiting Exoplanet Survey Satellite ( TESS ) photometry. To characterize the system, we performed 

and retrieved the CHaracterising ExOPlanets Satellite ( CHEOPS ), TESS , and ground-based photometry, the High Accuracy 

Radial velocity Planet Searcher (HARPS) high-resolution spectroscopy, and Gemini speckle imaging. We characterize the host 
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star and determine T eff,� = 4734 ± 67 K, R � = 0 . 726 ± 0 . 007 R �, and M � = 0 . 748 ± 0 . 032 M �. We present a no v el detrending 

method based on point spread function shape-change modelling and demonstrate its suitability to correct flux variations in 

CHEOPS data. We confirm the planetary nature of both bodies and find that TOI-1064 b has an orbital period of P b = 6.44387 

± 0.00003 d, a radius of R b = 2.59 ± 0.04 R ⊕, and a mass of M b = 13 . 5 

+ 1 . 7 
−1 . 8 M ⊕, whilst TOI-1064 c has an orbital period 

of P c = 12 . 22657 

+ 0 . 00005 
−0 . 00004 d, a radius of R c = 2.65 ± 0.04 R ⊕, and a 3 σ upper mass limit of 8.5 M ⊕. From the high-precision 

photometry we obtain radius uncertainties of ∼1.6 per cent, allowing us to conduct internal structure and atmospheric escape 
modelling. TOI-1064 b is one of the densest, well-characterized sub-Neptunes, with a tenuous atmosphere that can be explained 

by the loss of a primordial envelope following migration through the protoplanetary disc. It is likely that TOI-1064 c has an 

extended atmosphere due to the tentative low density, however further radial velocities are needed to confirm this scenario and 

the similar radii, different masses nature of this system. The high-precision data and modelling of TOI-1064 b are important 
for planets in this region of mass–radius space, and it allow us to identify a trend in bulk density–stellar metallicity for massive 
sub-Neptunes that may hint at the formation of this population of planets. 

Key words: techniques: photometric – techniques: radial velocities – planets and satellites: composition – planets and satellites: 
detection – planets and satellites: interiors – stars: individual: TOI-1064 (TIC 79748331, Gaia EDR3 6683371847364921088). 
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 I N T RO D U C T I O N  

he study of exoplanets yields impro v ements in our understanding
f planet formation and evolution, and has done so since the
isco v ery of the first hot Jupiter (Mayor & Queloz 1995 ) challenged
lanet formation paradigms and compelled the development of
lanet migration theories. Since this initial disco v ery and subsequent
ioneering works (Charbonneau et al. 2000 , 2009 ; Rivera et al.
005 ; L ́eger et al. 2009 ; Queloz et al. 2009 ), thousands of planets
ave been detected using ground-based and space-based photometric
nstruments such as the Hungarian Automated Telescope Network
HATNet), Super Wide Angle Search for Planets (SuperWASP),
rans-Atlantic Exoplanet Surv e y (TrES), Convection, Rotation and
lanetary Transits ( CoRoT ), Kepler , K2 , and Transiting Exoplanet
urvey Satellite ( TESS ; Bakos et al. 2002 ; Alonso et al. 2004 ;
aglin et al. 2006 ; Pollacco et al. 2006 ; Borucki et al. 2010 ;
owell et al. 2014 ; Ricker et al. 2015 ), and radial velocity (RV)

urv e ys, as in High Resolution Echelle Spectrometer (HIRES), High
ccurac y Radial v elocity Planet Searcher (HARPS), High Accu-

acy Radial velocity Planet Searcher for the Northern hemisphere
HARPS-N), Spectrographe pour l’Observation des Ph ́enom ̀enes
es Int ́erieurs stellaires et des Exoplan ̀etes (SOPHIE), and Echelle
pectrograph for Rocky Exoplanet and Stable Spectroscopic Obser-
ations (ESPRESSO; Vogt et al. 1994 ; Mayor et al. 2003 ; Bouchy &
ophie Team 2006 ; Cosentino et al. 2012 ; Pepe et al. 2021 ), that
a ve subsequently pa ved the way for follow-up characterization of
hese systems and yielded further insight into planet formation and 
volution. 

One such advancement has come from the precise measurements
f the radii and masses of transiting exoplanets orbiting bright host
tars, as knowledge of these key properties permits the determination
f both empirical mass–radius curves (Weiss et al. 2013 ; Weiss &
arcy 2014 ; Chen & Kipping 2017 ; Otegi, Bouchy & Helled 2020 )

nd bulk densities. Planetary densities can be converted into bulk
ompositional information using internal structure models (F ortne y,
arley & Barnes 2007 ; Seager et al. 2007 ; Sotin, Grasset & Mocquet

007 ; Valencia, Sasselov & O’Connell 2007 ; Zeng & Sasselov 2013 ;
o we, Burro ws & Verne 2014 ; Dorn et al. 2015 , 2017 ; Brugger et al.
017 ; Zeng et al. 2019 ; Mousis et al. 2020 ; Aguichine et al. 2021 ).
o we v er, to break de generacies in the modelling, both elemental

tellar abundances (Santos et al. 2015 ; Adibekyan et al. 2021 ) and
ow uncertainties on planetary radii and masses are needed. The
ormer can be resolved via spectroscopic follow-up to produce
 combined high-resolution spectrum that can be used to extract
NRAS 511, 1043–1071 (2022) 
tellar information. High-precision photometry and RVs are needed
o constrain radii and masses. 

Studying multiplanet systems offers a further, unique opportunity
or planetary system characterization via comparative planetology,
s they have formed within the same protoplanetary disc. Therefore,
bservations can constrain formation and evolution models from the
nalysis of mutual inclinations (Steffen et al. 2010 ; Fang & Margot
012 ; F abryck y et al. 2014 ) and eccentricities (Limbach & Turner
015 ; Van Eylen & Albrecht 2015 ; Mills et al. 2019 ; Van Eylen
t al. 2019 ). Additionally, determination of orbital spacings between
airs of planets (Weiss et al. 2018 ; Jiang, Xie & Zhou 2020 ) and the
ssessment of correlations or discrepancies between the spacings and
lanetary sizes (Ciardi et al. 2013 ) and masses (Lissauer et al. 2011 ;
illholland, Wang & Laughlin 2017 ; Adams et al. 2020 ; Weiss &

etigura 2020 ) can lead to a better understanding on a demographic
cale. Moreo v er, should individual planets be well characterized, the
ulk internal and atmospheric compositions could be compared and,
hen combined the fluxes of stellar radiation at the positions of the
lanets, could inform formation and evolution modelling. 
In this paper, we report the disco v ery of the two-planet system TOI-

064 using TESS , CHaracterising ExOPlanets Satellite ( CHEOPS ),
as Cumbres Observatory Global Telescope (LCOGT), Next-
eneration Transit Surv e y (NGTS), Antarctic Search for Transiting
xoPlanets (ASTEP), All Sky Automated Survey for SuperNovae

ASAS-SN), and Wide Angle Search for Planets (WASP) photometry
Sections 2.1–2.5, 2.8, and 2.9), HARPS RVs (Section 2.6), and
emini speckle imaging (Section 2.7). We determine the stellar
arameters of the host star (Section 3), and through photometric
nd RV analyses we precisely characterize the planetary properties
f TOI-1064 b and TOI-1064 c (Section 4). Utilizing these results, we
resent internal structure and atmospheric modelling of the planets
Section 5), discuss important aspects of the system (Section 6), and
ummarize our conclusions (Section 7). 

 OBSERVATI ONS  

o fully characterize the TOI-1064 system, we collate photometric,
pectroscopic, and imaging data from multiple sources detailed
elow. 

.1 TESS 

he Transiting Exoplanet Survey Satellite ( TESS ) spacecraft has
een conducting surv e y-mode observations of stars in the TESS



Discovery and c har acterization of TOI-1064 1045 

I  

2  

e  

w
o
T
c  

o
a
o
c
P
A  

s
l  

a
J  

a  

S
o  

a
a
l  

T  

J  

t
p  

G  

o  

t
a

F  

t
t
S  

F
p  

0
c  

w  

F

2

T
(  

F
o  

u
C
v
9  

C  

f
T

t
e  

M  

e  

o  

t  

r
a
m

 

c
s  

G
o  

o  

s  

a
 

o
d  

o  

A
T  

t  

(  

p  

T

v  

e  

g
c
f  

b
e  

R  

(  

b
t  

b  

b
s  

C
2  

l
p
c
a  

s  

(  

a  

a
c
i  

s  

t  

m  

I  

t  

t  

t  

w
w  

t  

a
w  

(

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/511/1/1043/6506474 by C
entro Biblioteche e D

ocum
entazione - U

niversità di C
atania user on 30 January 2024
nput Catalog (TIC; Stassun et al. 2018 , 2019 ) since launch in
018, co v ering 26 sectors in the 2-yr primary mission (Ricker
t al. 2015 ). Subsequently, TESS has entered its extended mission
ith a main goal to provide additional, shorter cadence photometry 
f targets observed during the primary mission. Initially listed as 
IC 79748331, TOI-1064 was observed by TESS in Sector 13, 
amera 1, CCD 2, from 2019 June 19 to 2019 July 17. A gap
ccurred at the mid-point of the sector due to telemetry operations 
round spacecraft periastron passage, yielding 27.51 d of science 
bserv ations. Indi vidual frames were processed into 2 min cadence 
alibrated pixel files and reduced into light curves by the Science 
rocessing Operations Center (SPOC; Jenkins et al. 2016 ) at NASA 

mes Research Center. A transit search was conducted on the Pre-
earch Data Conditioning Simple Aperture Photometric (PDCSAP) 
ight curves (Smith et al. 2012 ; Stumpe et al. 2012 , 2014 ) using
 wavelet-based, noise-compensating matched filter (Jenkins 2002 ; 
enkins et al. 2010 ) with two candidate planetary signals passing
ll diagnostic tests (Twicken et al. 2018 ; Li et al. 2019 ). The TESS
cience Operations Center (TSO) announced these as TESS Objects 
f Interest (Guerrero et al. 2021 ). The two candidates were detected
t signal-to-noise ratio (S/N) of 9.4 and 8.1, respectively, and no 
dditional transiting planet signatures were identified in the residual 
ight curv es. F ollowing the commencement of the extended mission,
ESS observed TOI-1064 in Sector 27, camera 1, CCD 1, from 2020
uly 5 to 2020 July 30. Allowing for the mid-sector observation gap,
his results in 23.35 d of science observations that were subsequently 
rocessed and reduced by the SPOC into 20 s cadence photometry (in
I Cycle 3 program 3278; PI: Andrew Mayo). In total, eight transits
f TOI-1064 b and four transits of TOI-1064 c were identified with
he TESS -reported periods of the two candidates of 6.4422 ±0.0015 
nd 12.2371 ±0.0071 d, respectively. 

We retrieved both sectors of photometry (denoted LC and 
AST LC for the 2 min and 20 s cadence data, respectively) from

he Mikulski Archive for Space Telescopes (MAST), by selecting 
he systematics-corrected PDCSAP light curves (Smith et al. 2012 ; 
tumpe et al. 2012 , 2014 ), and using the default quality bitmask.
inally, for the photometric analysis detailed below, we rejected data 
oints flagged by the SPOC as being of bad quality ( QUALITY >
) and those with Not-a-Number fluxes or flux errors. This quality 
ontrol yields a total of 89 642 data points from both TESS sectors,
ith the resulting light curves from Sectors 13 and 27 shown in
ig. 1 . 

.2 CHEOPS 

he CHaracterising ExOPlanets Satellite ( CHEOPS ) spacecraft 
Benz et al. 2021 ), launched on 2019 December 18 from Kourou,
rench Guiana, is an ESA small-class mission with the prime aim 

f observing bright ( V < 12 mag), exoplanet-hosting stars to obtain
ltrahigh-precision photometry (Broeg et al. 2013 ). Since launch, 
HEOPS successfully passed In-Orbit Commissioning and was 
 erified to achiev e a photometric noise of 15 ppm per 6 h for a V ∼
 mag star (Benz et al. 2021 ). A study of the photometric precision of
HEOPS has shown that the depth uncertainty of a 500 ppm transit

rom one CHEOPS observation is comparable to eight transits from 

ESS (Bonfanti et al. 2021 ). 
The first scientific results from CHEOPS show the range of science 

hat can be achieved with such a high-precision instrument (Lendl 
t al. 2020 ; Borsato et al. 2021 ; Delrez et al. 2021 ; Leleu et al. 2021 ;
orris et al. 2021 ; Szab ́o et al. 2021 ; Van Grootel et al. 2021 ; Maxted

t al. 2022 ). One such study reports on the impro v ement in precision
f exoplanet sizes in the HD 108236 system (Bonfanti et al. 2021 )
hat highlights a key scientific goal of the CHEOPS mission: the
efinement of exoplanet radii to decrease bulk density uncertainties, 
nd thereby allowing internal structure and atmospheric evolution 
odelling. 
To better characterize and to secure the validation of both planetary

andidates, we obtained six visits of TOI-1064 with the CHEOPS 
pacecraft between 2020 July 12 and 2020 August 31, as a part of the
uaranteed Time Observers programme, yielding a total of 68.38 h 
n target. We identify four transits of TOI-1064 b and three transits
f TOI-1064 c across these runs. A breakdown of the individual visit
tart times and durations is detailed in Table 1 . For all visits, we used
n exposure time of 60 s. 

As the CHEOPS spacecraft is in a low-Earth orbit, sections of
bservations are unobtainable due to the onboard rejection of images 
ue the level of stray light being higher than the accepted threshold,
ccultations of the target by the Earth, or passages through the South
tlantic Anomaly (SAA) during which no data are downlinked. 
hese effects occur on orbital time-scales ( ∼98.77 min) and lead

o a decrease in the observational efficiency. As can be seen in Fig. 2
and Figs B1 –B5 ), these interruptions are apparent in the CHEOPS
hotometric data with the efficiencies for the six visits listed in
able 1 . 
Data for all visits were automatically processed using the latest 

ersion of the CHEOPS data reduction pipeline ( DRP v13; Hoyer
t al. 2020 ). The DRP undertakes image calibration, such as bias,
ain, non-linearity, dark current, and flat-fielding corrections, and 
onducts rectifications of instrumental and environmental effects, 
or example cosmic ray impacts, smearing trails of nearby stars, and
ackground variations. Subsequently, it performs aperture photom- 
try on the corrected frames using a set of defined-radius apertures:
 = 22.5 arcsec (RINF), 25.0 arcsec (DEFAULT), and 30.0 arcsec

RSUP), and an additional aperture that aims to optimize the radius
ased on contamination level and instrumental noise (ROPT). For 
he six observations of TOI-1064 this radius was determined to be
etween 15.0 and 16.0 arcsec, due to the nearby source discussed
elow. Furthermore, the DRP computes the contribution of nearby 
tars to the photometry by simulating the field of view (FoV) of the
HEOPS observations of the target using the Gaia Data Release 
 (DR2) catalogue (Gaia Collaboration 2018 ) as an input source
ist for objects’ locations and brightnesses. By conducting aperture 
hotometry on the simulated FoV with the target removed, light 
urves of the contamination from nearby sources are produced, 
s detailed in section 6.1 of Hoyer et al. ( 2020 ). As can be
een in Fig. 3 , in the CHEOPS FoV there is a nearby object
Gaia EDR3 6683371813007224960, � G = + 3.9 mag) 24.6 arcsec
way from the target that may affect the photometry of the target,
nd thus the contamination estimates were subtracted from the light 
urves of TOI-1064. The Gaia parallax and proper motion data 
ndicate that this object and the target do not form a larger bound
ystem. The right-hand panel of Fig. 3 shows the inferred FoV of the
arget with the contamination remo v ed. Fig. 3 also reveals additional

ultiple nearby sources with stars that have G < 17 mag numbered.
t should be noted that the sources numbered 1–5 are the same as
hose detected in the TESS FoV (Fig. 6 ), whereas 6–9 are too faint
o be seen in the TESS target pixel file. The remaining objects in
he F oV hav e � G > + 7 mag compared to TOI-1064 and thus, they
ill not contribute considerably to the photometry. For this study, 
e selected data sets that minimized the root mean square (rms) of

he light curves, which for all visits were obtained with the RINF
perture. This radius minimized the contribution of nearby sources 
hilst ensuring that the majority of the target’s point spread function

PSF) was within the aperture. 
MNRAS 511, 1043–1071 (2022) 
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Figure 1. The Sector 13 (left) and Sector 27 (right) TESS light curves (with cadences of 2 min and 20 s, respectively) of TOI-1064 with the locations of the 
transits of planet b (green) and planet c (purple) shown. Top panel: the retrieved PDCSAP fluxes in blue with data binned every 1 h given as white circles. 
Middle panel: the photometry with transit and Mat ́ern-3/2 kernel Gaussian process (GP) models used in the global analysis, as detailed in Section 4. Bottom 

panel: the photometry and transit model with trends modelling by the Mat ́ern-3/2 kernel GP remo v ed. 

Table 1. The CHEOPS observing log of TOI-1064. 

Visit Planets Start date Duration Data points File key Efficiency Exp. time 
(#) ( UTC ) (h) (#) (per cent) (s) 

1 b, c 2020-07-12T10:11:36 13 .64 473 CH PR100031 TG027501 V0200 58 60 
2 b 2020-07-31T23:57:36 7 .50 290 CH PR100031 TG029601 V0200 64 60 
3 c 2020-08-18T12:12:36 7 .52 293 CH PR100031 TG029701 V0200 65 60 
4 b 2020-08-20T07:04:36 7 .50 270 CH PR100031 TG029101 V0200 60 60 
5 b 2020-08-26T18:28:17 7 .99 263 CH PR100031 TG029501 V0200 55 60 
6 c 2020-08-30T13:04:57 24 .23 830 CH PR100031 TG027401 V0200 57 60 
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Because of the nature of the CHEOPS orbit and the rotating
oV, non-astrophysical, short-term photometric trends caused by a
arying background, nearby contaminants, or other sources can be
een in the data. Several studies (e.g. Lendl et al. 2020 ; Bonfanti
t al. 2021 ; Delrez et al. 2021 ; Leleu et al. 2021 ) have found
uccess in removing these systematics by conducting a linear
ecorrelation using several basis vectors, such as background,
ontamination, orbital roll angle, and x and y centroid positions.
NRAS 511, 1043–1071 (2022) 
pon inspection of the CHEOPS observations of TOI-1064, we
ound significant flux variations on orbital time-scales. The selec-
ion of basis vectors of concern typically involves assessing the
ayesian information criterion (BIC) upon the detrending of the
ata using a combination of DRP-provided vectors. Ho we ver, in
his study a more data-driven approach was taken to identify which
asis vectors were to be used in the detrending, as is detailed in
ppendix A. 

art/stab3799_f1.eps
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Figure 2. The normalized light curve of the first CHEOPS visit of TOI-1064 
with the locations of the transits of planet b (green) and planet c (purple) 
shown. Top panel: the raw data reduction pipeline ( DRP )-produced fluxes. 
Second panel: the DRP fluxes with the fitted linear model produced from 

the measured point spread function (PSF) shape changes, as detailed in 
Appendix A. Third panel: the detrended fluxes with the nominal transit model 
from the global analysis (Section 4.3). Bottom panel: residuals to the fit. 
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.3 LCOGT 

e acquired ground-based time series follow-up photometry of TOI- 
064 as part of the TESS Follow-up Observing Program (TFOP) 1 

sing the TESS Transit Finder, which is a customized version of
he TAPIR software package (Jensen 2013 ), to schedule our transit
bservations. 
We observed full transits of TOI-1064 b in the Panoramic Survey 

elescope and Rapid Response System (Pan-STARRS) z -short band 
n 2020 June 3, 2020 June 16, and 2020 August 26 from the Las
umbres Observatory Global Telescope (LCOGT; Brown et al. 2013 ) 
.0 m network node at South African Astronomical Observatory 
SAAO). We also observed full transits of TOI-1064 c on 2019 
ugust 30 in Pan-STARRS z -short band from the LCOGT 1 m
ode at Cerro Tololo Inter-American Observatory and on 2019 
ctober 5 in B band from the LCOGT 1 m network node at
AAO. The 0.389 arcsec pixel scale images were calibrated by 

he standard LCOGT BANZAI pipeline (McCully et al. 2018 ), and 
hotometric data were extracted with ASTR OIMA GEJ (Collins et al. 
017 ). The images were focused and have typical stellar PSFs with
 full width at half-maximum (FWHM) of ∼2 arcsec, and circular 
pertures with radius ∼4 arcsec were used to extract the differential 
hotometry. 

.4 NGTS 

he Next Generation Transit Survey (NGTS; Wheatley et al. 2018 ) 
as used to observe a partial transit egress of TOI-1064 c on 2019
ctober 17. NGTS is a photometric facility, which is located at 

he ESO Paranal Observatory in Chile and consists of 12 robotic 
elescopes, each with a 20 cm diameter, an 8 de g 2 F oV, and a pixel
cale of 4.97 arcsec. Each NGTS telescope is operated independently, 
o we ver simultaneous observ ations with multiple NGTS telescopes 
ave been shown to greatly improve the photometric precision 
 ht tps://tess.mit .edu/followup 

a  

i
T

chieved (Bryant et al. 2020 ; Smith et al. 2020 ). TOI-1064 was
bserved using two NGTS telescopes with both telescopes observing 
ith an exposure time of 10 s and using the custom NGTS filter

520–890 nm). A total of 2016 images were obtained during the
bservation. 
The image reduction was performed using a custom photometry 

ipeline (Bryant et al. 2020 ). The source extraction and photometry
n the pipeline are performed using the SEP PYTHON library (Bertin &
rnouts 1996 ; Barbary 2016 ). Comparison stars that are similar to
OI-1064 in brightness, colour, and CCD position were automati- 
ally identified using Gaia DR2 (Gaia Collaboration 2018 ). 

.5 ASTEP 

e observed five transits of the TOI-1064 planets as part of the
ntarctica Search for Transiting ExoPlanets (ASTEP) program 

Guillot et al. 2015 ; M ́ekarnia et al. 2016 ). The 0.4 m ASTEP
elescope is located at the French/Italian Concordia Station on the 
ast Antarctic Plateau. It is equipped with an FLI Proline science
amera with a KAF-16801E, 4096 × 4096 front-illuminated CCD. 
he camera has an image scale of 0.93 arcsec pixel −1 resulting in a
 

◦ × 1 ◦ corrected FoV. The focal instrument dichroic plate splits the
eam into a blue wavelength channel for guiding, and a non-filtered
ed science channel roughly matching an R c transmission curve. The 
elescope is automated or remotely operated when needed. Because 
f the extremely low data transmission rate at the Concordia Station,
he data are processed on-site using an automated IDL -based pipeline,
nd the result is reported via email and then transferred to Europe on
 server in Rome, Italy. The raw light curves of about 1000 stars are
hen available for deeper analysis. 

Three full transits of planet TOI-1064 c were observed on 2020
une 30, 2020 August 18, and 2021 March 26. On 2021 March 14
oth an egress of TOI-1064 c and a full transit of TOI-1064 b were
bserved during the same light curve. In all cases, the weather was
air, with temperatures ranging between −46 ◦C and −65 ◦C, a stable
elative humidity around 50 per cent and wind speeds between 2 and
 m s −1 . Exposure times were chosen to be 40 s in 2020 and 50–60 s
n 2021, with a read-out time of about 25 s. A 9–13 arcsec radius
hotometric aperture was found to give the best results. 

.6 HARPS 

e acquired 26 high-resolution ( R = 115 000) spectra of TOI-1064
etween 2019 September 8 and 2019 October 29 using the High
ccuracy Radial velocity Planet Searcher (HARPS) spectrograph 

Mayor et al. 2003 ) mounted at the ESO 3.6-m telescope of La
illa Observatory. The observations were carried out as part of the
bserving program 1102.C-0923. We set the exposure time to 1800 s,
eading to an S/N per pixel at 550 nm ranging between 18 and 66,
ith a median of 51. We used the second fibre of the instrument

o monitor the sky background and we reduced the data using the
edicated HARPS Data Reduction Software ( DRS ; Lovis & Pepe
007 ). For each spectrum, the DRS provides also the contrast, the
WHM and the bisector inverse slope (BIS) of the cross-correlation 
unction (CCF). We also extracted additional activity indices and 
pectral diagnostics, namely the Ca II H&K lines activity indicator 
S-index), H α, Na D1, and Na D2, using the code TERRA (Anglada-
scud ́e & Butler 2012 ). The 26 DRS and TERRA RV measurements
nd activity indicators are listed in Table 2 . Time stamps are given
n Barycentric Julian Date in the Barycentric Dynamical Time (BJD; 
DB, from the French Temps Dynamique Barycentrique). 
MNRAS 511, 1043–1071 (2022) 
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Figure 3. The 3.3 arcmin diameter FoV of TOI-1064 with the PSF centroid indicated by the red cross and the photometric aperture given by the red circle. 
Left-hand panel: the FoV as observed by CHEOPS . Middle panel: DRP model of the FoV showing the contamination estimate of the background stars with the 
target remo v ed. Right-hand panel: DRP model of the F oV showing TOI-1064 with contamination estimate subtracted. 

Table 2. A sample of the HARPS observing log of TOI-1064. This table is available in its entirety online. 

Time RV σRV BIS FWHM Contrast S-index H α Na D1 Na D2 
(BJD − 245 7000) (km s −1 ) (km s −1 ) (km s −1 ) (km s −1 ) 

1734.5360 21.2169 0.0024 0.0487 6.4368 46.1189 0.5954 0.6869 1.2457 0.9962 
1738.5247 21.2254 0.0016 0.0487 6.4494 45.9029 0.5870 0.6882 1.2341 0.9905 
1739.5374 21.2245 0.0023 0.0562 6.4469 45.7285 0.6237 0.6773 1.2366 0.9907 

... ... ... ... ... ... ... ... ... ... 
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.7 Gemini-South 

ecause of the 21 arcsec size of TESS pixels the TESS light
urves may be contaminated by nearby sources. As mentioned
bo v e, for CHEOPS data sets contamination from stars in the
aia DR2 catalogue is simulated and remo v ed. Ho we ver, should

here be sources very near TOI-1064 that were not detected with
aia , contamination may still occur. If an exoplanet host star has
 spatially close companion, that companion (bound or line of
ight) can create a false-positive transit signal if it is, for example,
n eclipsing binary. ‘Third-light’ flux from the companion star
an lead to an underestimated planetary radius if not accounted
or in the transit model (Ciardi et al. 2015 ) and cause non-
etections of small planets residing with the same exoplanetary
ystem (Lester et al. 2021 ). Additionally, the disco v ery of close,
ound companion stars, which exist in nearly one-half of FGK-type
tars (Matson et al. 2018 ), provides crucial information toward our
nderstanding of exoplanetary formation, dynamics, and evolution
Howell et al. 2021 ). Thus, to search for close-in bound companions
nresolved in TESS or other ground-based follow-up observations,
e obtained high-resolution speckle imaging observations of 
OI-1064. 
TOI-1064 was observed on 2019 September 12 using the Zorro

peckle instrument on Gemini-South. 2 Zorro provides simultaneous
peckle imaging with a pixel scale of 0.01 arcsec in two bands (562
nd 832 nm) with output data products including a reconstructed
mage with robust contrast limits on companion detections (e.g.
owell et al. 2016 ). Five sets of 1000 × 0.06 s exposures were

ollected and subjected to Fourier analysis in our standard reduction
ipeline (see Howell et al. 2011 ). 
 https:// www.gemini.edu/sciops/ instruments/ alopeke-zorro/ 

o  

c  

3  

A  

NRAS 511, 1043–1071 (2022) 
.8 ASAS-SN 

o further assess the host star, we obtained publicly available
ll Sky Automated Survey for SuperNovae (ASAS-SN) V -band
hotometry (Shappee et al. 2014 ; Kochanek et al. 2017 ) of TOI-
064 taken o v er fiv e consecutiv e seasons between 2014 May 4 and
018 September 24. Upon inspection of the data, a dimming trend
f roughly 0.3 mag was seen o v er the 4 yr of observations, with
n abrupt increase (roughly 0.2 mag) in flux occurring during the
nal season. Therefore, as the goal of using this data set was to
tudy shorter period variation, we rejected data after BJD 245 8300
n order to a v oid photometry taken during the brightening event, and
e remo v ed the long-term trend by modelling the data set with a
road Savitzky–Golay smoothing filter and dividing the fluxes by
his model. Lastly, we remo v ed outliers by conducting a 5 σ clip,
hich resulted in 401 data points taken on 328 epochs that can be

een in Fig. 4 (a). The median flux errors for this data set are 18 ppt
nd thus, whilst these data are not precise enough for transit detection
f the two planetary candidates around TOI-1064, they can be used
o study photometric variability in the host star. 

.9 WASP 

dditionally, TOI-1064 was observed during the SuperWASP project
Pollacco et al. 2006 ), with data taken between 2008 March 26 and
014 No v ember 10. We retriev ed photometry that had been e xtracted
ollowing standard procedures (Pollacco et al. 2006 ), and detrended
or systematic effects using SYSREM (see Collier Cameron et al.
006 ; Mazeh, Tamuz & Zucker 2007 ) that preserves stellar variability
nd transit-like features in the data set. Flux and flux uncertainty
utliers were rejected via a 5 σ clipping, with the subsequent light
urve shown in Fig. 4 (b). This yielded a total of 66 832 data points on
87 epochs co v ering four seasons of observations. Similarly to the
SAS-SN data set, the median flux error for the WASP observations

art/stab3799_f3.eps
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Figure 4. (a) ASAS-SN and (b) WASP data used to study the photometric variability of TOI-1064. Left-hand panels: the full light curves (light blue) and 
nightly binned data (dark blue). Right-hand panels: Lomb–Scargle periodograms of the nightly binned data, with the orbital periods of planets b and c shown as 
vertical green and purple lines, respectively. The horizontal black dotted, dash–dot, dashed, and solid lines (from top to bottom) are the 0.1 per cent, 1 per cent, 
5 per cent, and 10 per cent false alarm probabilities (FAPs), respectively. The adopted rotation period is given as red vertical marks. 
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28 ppt) means that the photometry is not precise enough to be used
o detect the transits of the planetary candidates. Ho we ver, due to
he substantial baseline of the data, they can be used to search for
hotometric variability. 

 C H A R AC T E R I Z AT I O N  O F  TO I - 1 0 6 4  

.1 Atmospheric properties and abundances 

he spectral analyses of the host star of the TOI-1064 system were
ased on the coaddition of all the RV observations carried out with the 
ARPS spectrograph, detailed in Section 2.6, at a spectral resolution 
f 115 000. We began with applying the SPECMATCH-EMP (Yee, 
etigura & von Braun 2017 ) software to our data. Our observed
ptical spectrum is compared to a spectral library of approximately 
00 stars observed by Keck/HIRES with spectral classes M5 to F1. 
nterpolating and minimizing differences, the direct output is the 
f fecti ve temperature of the star T eff , the stellar radius R � , and the
ron abundance [Fe/H] that are found to be 4780 ± 110 K, 0.77 ±
.10 R �, and 0.05 ± 0.09 dex for TOI-1064, respectively. 
We then calculate a completely synthesized spectrum, using 

he SME (Spectroscopy Made Easy; Valenti & Piskunov 1996 ; 
iskunov & Valenti 2017 ) package version 5.22 in the fashion 
xplained in more detail in e.g. Fridlund et al. ( 2017 ). We use as
tarting values the T eff and [Fe/H] from SPECMATCH-EMP . We model 
he v sin i � by fitting large numbers of narrow and unblended metal
ines between 6000 and 6500 Å. By determining the depths and 
rofiles of Na, Ca, and Fe lines, the [Na/H], [Ca/H], and [Fe/H]
bundances are computed, as well as the logarithm of the stellar
urface gravity, log g , from the Ca I triplet around 6200 Å. We hold
he turbulent velocities, V mic and V mac fixed to 0.47 and 1.2 km s −1 ,
espectively, based on T eff and log g (Adibekyan et al. 2012b ; Doyle
t al. 2014 ). As a final step, our model w as check ed with the Na I
oublet λλ5589 and 5896 Å, sensitive to both T eff and log g . Through
hese steps we arrive at the values listed in Table 3 that are in excellent
greement with the SPECMATCH-EMP model, and confirm that TOI- 
064 is a K-dwarf. 
We also derive stellar parameters using the ARES + MOOG tools

Sousa 2014 ). In particular, the equi v alent widths (EWs) of iron lines
re measured using the ARES code 3 (Sousa et al. 2007 , 2015 ) and the
 The last version of ARES code ( ARES v2) can be downloaded at http://www. 
str o.up.pt/ ∼sousasag/ar es 

e  

A  

I
a

ron abundance are then computed using Kurucz model atmospheres 
Kurucz 1993 ) and the radiative transfer code MOOG (Sneden 1973 ).
he values reported here are obtained via convergence of both 

onization and excitation equilibria. We obtain T eff = 4636 ± 102 K,
og g = 4.52 ± 0.24, and [Fe/H] = −0.04 ± 0.05, which are consistent
ith the results presented abo v e. Because of the smaller uncertainties
e adopt the SME values. 
Using the stellar parameters listed in Table 3 , we determine the

bundances of [Mg/H] and [Si/H] to be 0.03 ± 0.06 and 0.06 ± 0.08,
espectively, using the classical curve-of-growth analysis method 
ssuming local thermodynamic equilibrium. We use the ARES v2 
ode (Sousa et al. 2015 ) to measure the EWs of the spectral lines of
hese elements. Then we use a grid of Kurucz model atmospheres
Kurucz 1993 ) and the radiative transfer code MOOG (Sneden 1973 )
o convert the EWs into abundances. When doing so, we closely
ollow the methods described in e.g. Adibekyan et al. ( 2012a , 2015 ).
n Table 3 , we also include the right-handed, heliocentric Galactic
patial velocities that, along with the derived [Fe/H], indicate that 
OI-1064 is a member of the Galactic thin disc population. 

.2 Radius, mass, and age 

n order to determine the stellar radius of TOI-1064 we use a modified
ersion of the infrared flux method (IRFM; Blackwell & Shallis 
977 ) that allows the derivation of stellar angular diameters and
f fecti ve temperatures through known relationships between these 
roperties, and an estimate of the apparent bolometric flux, recently 
etailed in Schanche et al. ( 2020 ). We perform the IRFM in a Markov
hain Monte Carlo (MCMC) approach in which the stellar parame- 
ers, derived via the spectral analysis detailed abo v e, are used as priors
n the construction of spectral energy distributions (SEDs) from 

tellar atmospheric models. The SEDs are subsequently attenuated 
o account for reddening and used for synthetic photometry. This 
s conducted by convolving the SED with the broad-band response 
unctions for the chosen bandpasses, with the fluxes compared to the
bserved data to compute the apparent bolometric flux. For this study,
e retrieve broad-band fluxes and uncertainties for TOI-1064 from 

he most recent data releases for the following bandpasses; Gaia G ,
 BP , and G RP , Two Micron All Sky Survey (2MASS) J , H , and K , and
ide-field Infrared Survey Explorer ( WISE ) W 1 and W 2 (Skrutskie

t al. 2006 ; Wright et al. 2010 ; Gaia Collaboration 2021 ), and use the
TLAS catalogues (Castelli & Kurucz 2003 ) of model stellar SEDs.
nternal to the MCMC, the computed posterior distributions of stellar 
ngular diameters are converted to distributions of stellar radii using 
MNRAS 511, 1043–1071 (2022) 
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Table 3. Stellar properties of TOI-1064. 

TOI-1064 

2MASS J19440094 −4733417 
Gaia EDR3 6683371847364921088 
TIC 79748331 
UCAC2 11441398 

Parameter Value Note 
α (J2000) 19 h 44 m 00 . s 95 1 
δ (J2000) −47 ◦33 ′ 41 . ′′ 75 1 
μα (mas yr −1 ) −3.543 ± 0.015 1 
μδ (mas yr −1 ) −100.885 ± 0.012 1 
� (mas) 14.532 ± 0.015 1 
d (pc) 68.81 ± 0.07 5 
RV (km s −1 ) 20.7 ± 0.7 1 
U (km s −1 ) 11.50 ± 0.61 5 a 

V (km s −1 ) −34.29 ± 0.08 5 a 

W (km s −1 ) −14.32 ± 0.34 5 a 

V (mag) 10.95 ± 0.06 2 
G BP (mag) 11.207 ± 0.003 1 
G (mag) 10.645 ± 0.003 1 
G RP (mag) 9.939 ± 0.004 1 
J (mag) 9.10 ± 0.02 3 
H (mag) 8.63 ± 0.04 3 
K (mag) 8.47 ± 0.03 3 
W 1 (mag) 8.41 ± 0.02 4 
W 2 (mag) 8.48 ± 0.02 4 

T eff (K) 4734 ± 67 5; spectroscopy 
log g (cm s −2 ) 4.60 ± 0.06 5; spectroscopy 
[Fe/H] (dex) 0.05 ± 0.08 5; spectroscopy 
[Mg/H] (dex) 0.03 ± 0.06 5; spectroscopy 
[Si/H] (dex) 0.06 ± 0.08 5; spectroscopy 
[Ca/H] (dex) 0.11 ± 0.10 5; spectroscopy 
[Na/H] (dex) 0.17 ± 0.12 5; spectroscopy 
v sin i � (km s −1 ) 2.7 ± 0.7 5; spectroscopy 
log R 

′ 
HK −4.633 ± 0.024 5; spectroscopy 

E ( B − V ) 0.056 ± 0.032 5; IRFM 

R � (R �) 0.726 ± 0.007 5; IRFM 

M � (M �) 0.748 ± 0.032 5; isochrones 
t � (Gyr) 9.4 ± 3.8 5; isochrones 
L � (L �) 0.238 ± 0.014 5; from R � and T eff 

ρ� ( ρ�) 1.95 ± 0.10 5; from R � and M � 

ρ� ( g cm 

−3 ) 2.76 ± 0.14 5; from R � and M � 

Note. 1 – Gaia Collaboration ( 2021 ); 2 – Zacharias et al. ( 2013 ); 3 – Skrutskie 
et al. ( 2006 ); 4 – Wright et al. ( 2010 ); 5 – this work. 
a Calculated via the right-handed, heliocentric Galactic spatial velocity for- 
mulation of Johnson & Soderblom ( 1987 ) using the proper motions, parallax, 
and RV from Gaia Collaboration ( 2021 ). 
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he Gaia Early Data Release 3 (EDR3) parallax (Gaia Collaboration
021 ), from which we obtain the stellar radius of TOI-1064 and E ( B

V ) to be R � = 0 . 726 ± 0 . 007 R � and E ( B − V ) = 0.056 ± 0.032,
espectively. The distance to TOI-1064 is calculated in the IRFM
sing the Gaia EDR3 parallax with the parallax offset of Lindegren
t al. ( 2021 ) applied. These stellar parameters are reported in Table 3 .

By adopting T eff , [Fe/H], and R � as input parameters, we infer the
tellar age t � and mass M � through stellar evolutionary models. To
ake our analysis more robust, we employ two different techniques

ach applied to a different set of stellar isochrones and tracks. The
rst technique derives t � and M � using the isochrone placement
ethod described in Bonfanti et al. ( 2015 ) and Bonfanti, Ortolani &
ascimbeni ( 2016 ), which interpolates the input parameters within
re-computed grids of isochrones and tracks generated by the
NRAS 511, 1043–1071 (2022) 
ARSEC 

4 v1.2S code (Marigo et al. 2017 ). The second technique,
nstead, directly fits the input parameters in the CLES (Code Li ̀egeois
’ ́Evolution Stellair; Scuflaire et al. 2008 ) code to then retrieve t � 
nd M � following a Levenberg–Marquardt minimization scheme as
escribed in Salmon et al. ( 2021 ). Once the two pairs of age and
ass values are derived, first their consistency is checked through a
2 test, and then their probability distributions are combined together

o provide the final t � and M � values with errors at the 1 σ level (see
able 3 ). Specific details about the statistical deri v ation of both t � 
nd M � may be found in Bonfanti et al. ( 2021 ). 

From the stellar radius and mass determined via the IRFM and
sochrone placement techniques, we obtain log g = 4.59 ± 0.02 that
s in agreement with the value derived from the spectral analysis. 

The derived stellar radius was checked with the PYTHON code
RIADNE (described in e.g. Acton et al. 2020 ) that fitted broad-band
hotometry to the PHOENIX v2 (Husser et al. 2013 ), BTSETTL (Allard,
omeier & Freytag 2012 ), Castelli & Kurucz ( 2003 ), and Kurucz

 1979 ) atmospheric model grids, utilizing data in the following
andpasses Gaia EDR3 G , G BP , and G RP , 2MASS J , H , and K ,
ISE W 1 and W 2, and the Johnson B and V magnitudes from the
AVSO Photometric All Sky Survey (APASS). We used SME values

or T eff , log g , and [Fe/H] as priors to the model. The final radius is
omputed with Bayesian model averaging. We obtain a stellar radius
f 0.723 ± 0.007 R �. Combining this radius with the surface gravity,
e obtain a mass of 0.762 ± 0.050 M �. Both values are in excellent

greement with the abo v e deriv ed mass and radius. 

.3 Stellar variability 

tellar activity can contribute strong signals that are apparent in
V observations and can hinder the detection and characterization
f small exoplanets via precise measurements of planetary masses
Haywood et al. 2014 ; Rajpaul et al. 2015 ; Mortier et al. 2016 ;
umusque et al. 2017 ; Faria et al. 2020 ). Therefore, there have been

ecent efforts made to mitigate the effect of stellar activity on RV
bservations of exoplanets (de Beurs et al. 2020 ; Collier Cameron
t al. 2021 ), which will be discussed in greater detail in Section 4.2.

In order to properly account for the stellar activity we need to
easure the stellar rotation period, which can be done via inspection

f the RV and photometric data of TOI-1064. As can be seen in the
omb–Scargle periodograms of standard stellar activity indicators of
ur HARPS observations (Fig. C1 ), no significant peaks potentially
elated to the stellar rotation period are apparent. Therefore, we
ssess the long-baseline ASAS-SN and WASP light curves to search
or photometric variability. First, for both data sets we performed
 nightly binning that results in rms scatters of 28 and 16 ppt
or ASAS-SN and WASP, respectively . Subsequently , we produced
omb–Scargle periodograms of both binned light curves and find
ignificant peaks at 25.9 and 26.6 d as shown in Figs 4 (a) and (b). To
ndependently confirm this variability period we applied a Gaussian
rocess (GP) regression with a quasi-periodic kernel to both ASAS-
N and WASP light curves separately. This kernel is chosen as
ultiple previous studies have found that it accurately represents
ux modulation from stellar activity (Haywood et al. 2014 ; Dubber
t al. 2019 ; Mortier et al. 2020 ). Using the JULIET PYTHON package
Espinoza, Kossakowski & Brahm 2019 ) with unconstrained priors,
e obtain median and 1 σ uncertainties for the rotation period of the
ernel to be 27.0 ± 4.3 and 26.6 ± 1.0 d, for ASAS-SN and WASP,
espectively. Because of the higher S/N of the WASP observations,
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Figure 5. The 5 σ contrast curves of Gemini/Zorro speckle high-resolution 
images at 562 nm (blue) and 832 nm (red), with insets showing the central 
region of the images centred on TOI-1064. 
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Figure 6. Top panels: example TESS target pixel files covering 
3.5 × 3.5 arcmin 2 for Sectors 13 (left) and 27 (right) showing TOI-1064 
(red star) and nearby stars with G < 15 mag (numbered, black stars). The 
TESS pipeline aperture photometry mask is shown as green squares with the 
average centroid position given as a red plus. Bottom panels: 35 × 35 arcsec 2 

regions for Sectors 13 (left) and 27 (right) showing all nearby stars with G 

< 20 mag, including source 1 seen in the TESS target pixel files. In-transit 
offsets to out-of-transit positions for planets b and c are shown in green and 
purple, respectively. 
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e adopt the value obtained from that data set and interpret this
ignal to be the stellar rotation period. These values agree well with
he rotation period of 26.9 ± 1.6 d derived from the mean HARPS
 alue of log R 

′ 
HK follo wing the empirical relations in Mamajek &

illenbrand ( 2008 ). It is worth noting that the derived rotation periods
re distinct from the average lunar synodic period of approximately 
9.53 d. 

 VA LIDATING  A N D  FITTING  T H E  SYSTEM  

.1 High-resolution imaging analysis and planet validations 

o establish if there is a potentially contaminating source nearby 
o TOI-1064 we analysed high-resolution images obtained with 
he Gemini/Zorro instrument by determining 5 σ contrast curves in 
oth bandpasses. Fig. 5 shows our final contrast curves and the 
econstructed speckle images. We find that TOI-1064 is a single 
tar from 20 mas out to 1.2 arcsec with no companion brighter
han 5–8 mag below that of the target star beyond 100 mas. At the
istance calculated in Section 3, this corresponds to the absence of
 main-sequence star at spatial limits of 1.36–82 au. This isolation 
s supported by the Southern Astrophysical Research (SOAR)/High- 
esolution Camera (HRCam) observations that find no companion 
ithin 1 arcsec at a 4.5 mag contrast limit (Ziegler et al. 2021 ). 
Therefore, we conclude that the CHEOPS photometry is not 

ontaminated by nearby sources undetected by Gaia , whereas all 
ther sources are corrected for by subtracting the contamination 
stimate described in Section 2.2. Ho we ver, as the 21 arcsec TESS
ixels are substantially larger than those of CHEOPS , the nearby 
ource with � G = + 3.9 mag seen in Fig. 3 may affect the TESS
hotometry. Thus, we analysed the centroid position of the TESS 
bservations in order to assess if this source affects the photometry. 
First, we inspected the TESS target pixel files of both sectors to

scertain which nearby sources may affect the observations. As can 
e seen in the top panels of Fig. 6 there is only one G < 15 mag source
ith the core of its PSF within the pipeline aperture photometry 
ask. The wings of the PSFs of additional nearby sources may also

all within the aperture photometry mask; ho we ver, as the core of
he PSFs and the majority of the flux from these stars are outside
f the photometric mask, we conclude that these objects do not 
ontaminate the TESS photometry of TOI-1064. To assess if the 
earby object is affecting the data, we computed the average in-
ransit centroid positions for all transits of both planets in the system
nd subsequently determined the offsets between these values and 
he average out-of-transit centroid positions. The bottom panels of 
ig. 6 show that the in-transit data are obtained on target with an
verage offset in Sector 13 of 0.1 ± 1.3 and 0.0 ± 1.5 arcsec, and
n Sector 27 of 0.2 ± 3.6 and 0.2 ± 3.6 arcsec for planet candidates
1 and 02, respectively. Thus, as the singular G < 15 mag object in
he aperture mask is 22 arcsec (roughly 15 σ away) and 29 arcsec
roughly 8 σ away) in Sectors 13 and 27, respectively, we conclude
hat it does not affect the TESS photometry of TOI-1064 and that the
bserved transits can be attributed to the target star. This finding is
onsistent with the TESS SPOC difference image centroiding results 
hat constrained the source of the transits to within 4 arcsec of
he target using data from both sectors. Lastly, it should be noted
hat whilst there are additional nearby objects, their comparatively 
reater G -band magnitudes ( � G > + 9 mag) mean that they do not
ontaminate the TESS photometry substantially. 

Previous work has noted that multiplanet systems have a very low
robability of being false positives (Lissauer et al. 2012 ) and thus we
ay consider these candidates to be verified based on the multiplicity

f the system. Ho we ver, to further confirm both planet candidates we
tilized the statistical validation tool, TRICERATOPS (Giacalone et al. 
021 ), that uses stellar and transit parameters, transit photometry, 
nd high-resolution speckle imaging in order to determine the false 
ositive probability (FPP) of planetary candidates. This is done by 
rst querying the TIC to calculate the flux contribution of nearby stars

n a given aperture and determining which sources are bright enough
MNRAS 511, 1043–1071 (2022) 
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o feasibly host a body with a given transit depth. The TESS and
ny additional light curves are subsequently fitted with transit and
clipsing binary models to determine the probability in a Bayesian
anner of a transiting planet, an eclipsing binary, and an eclipsing

inary on twice the orbital period around the target or nearby star
n the case of no unresolved companion, around the primary or
econdary star in the case of an unresolved bound companion, and
round the target or background star in the case of an unresolved
ackground star, resulting in 18 scenarios. From these probabilities,
he o v erall FPP of a transiting planet is computed. Using our stellar

ass, radius, ef fecti ve temperature, and parallax values from Table 3 ,
nd all photometric data we find that both TOI-1064 b and TOI-1064 c
ave FPP values < 1 per cent, and thus confirm the presence of both
lanets. 

.2 PSF and CCF shape monitoring using SCALPELS 

.2.1 PSF 

HEOPS photometry is known to suffer from at least two types of
ystematic error arising from thermal effects that are found to be
orrelated with the output of temperature sensors in the telescope
tructure (Morris et al. 2021 ). It has been established that when
he sunlight illumination pattern on the spacecraft changes, thermal
exure of the telescope structure causes subtle changes in the shape
f the point spread function (PSF). This in turn causes a change in the
raction of the flux entering the pupil that falls within the fixed-radius
hotometric aperture in the focal plane used for signal extraction. The
rst type of systematic is a recognized secular ‘ramp’ effect as the

elescope structure settles into a new equilibrium following a change
f pointing direction (Maxted et al. 2022 ; Morris et al. 2021 ), and
he second type of systematic is shorter term periodic fluctuation

odulated on the 98.77 min orbital period as the spacecraft passes
n and out of the Earth’s shadow. Such ‘ramps’ have been seen in
pace-based photometry of other telescopes (Deming et al. 2006 ;
erta et al. 2012 ; Demory et al. 2015 ). The details of the interplay
etween spacecraft illumination, thermal changes in the telescope
tructure, and the response of the PSF shape cannot be modelled
irectly. We can, ho we ver, use a simple linear unsupervised machine-
earning approach to establish correlations between changes in the
hape of the PSF and changes in the encircled fraction of the total
tellar flux. 

Conceptually the problem is similar to the systematic errors
roduced in RV measurements by stellar-acti vity-dri ven changes
n the shapes of spectral lines, and the solution we adopt here is
odelled on the SCALPELS algorithm developed by Collier Cameron

t al. ( 2021 ) for separating shape-driven RV offsets from genuine
tellar Doppler shifts, and is detailed in Appendix A. 

In this study, we applied our no v el method to the CHEOPS
hotometry and the CCF-based SCALPELS (Collier Cameron et al.
021 ) to the HARPS data in order to model flux modulation due to
SF shape changes and RV variation due to stellar activity. For the
HEOPS light curves, we used the aforementioned method on the
RP produced fluxes (Section 2.2) for the six visits separately, with

he number of principal components, θ , chosen by the leave-one-
ut cross-validation (LOOCV) method to be 24, 17, 23, 10, 26, and
2, respectively, corresponding to 5 per cent, 6 per cent, 8 per cent,
 per cent, 10 per cent, and 5 per cent, of the vectors produced
y the principal component analysis. Subsequently, we decorrelated
he CHEOPS data sets against the selected vectors using the linear
egression method, masking the in-transit fluxes. The linear models
roduced by the regression, and used to decorrelate the light curves,
NRAS 511, 1043–1071 (2022) 
re shown in the bottom panels of Fig. 2 and Figs B1 –B5 . In order
o be conserv ati ve in the subsequent global analysis detailed below
nd preserve the uncertainty of the decorrelation fits, the errors on
he linear models were estimated from one thousand samples drawn
rom the posterior distributions of the regression coefficients and
dded in quadrature with the flux errors of the detrended photometry
or each data set. These decorrelated light curves yield 3 h noise
stimates of 58.4, 51.9, 49.5, 53.9, 45.8, and 53.0 ppm, respectively,
nd were used in our joint analysis below. 

.2.2 CCF 

ollowing the stellar variability analysis (see Section 3.3), it was
oted that the TESS -derived 12.2 d orbital period for TOI-1064 c is
lose to the 13.3 d first harmonic of the stellar rotation period. As
tellar activity signals can impede the detection of exoplanets in RV
ata (Haywood et al. 2014 ; Rajpaul et al. 2015 ; Mortier et al. 2016 ;
umusque et al. 2017 ), we employed the cross-correlation function

CCF)-based SCALPELS (Collier Cameron et al. 2021 ) to separate
ny stellar activity signals from planet-induced RV variations via
he re-extraction of RVs from the 26 HARPS observations (see
ection 2.6). For this data set, the LOOCV approach selected three
rincipal components (12 per cent) that well model the CCF shape
ariations and hence stellar activity. 

As reported in Collier Cameron et al. ( 2021 ), by conducting a
oint fit of the stellar activity and planetary RVs, orbital signals
njected into solar RV data can be more reliably retrieved using
CALPELS . Therefore, as a preliminary study of the HARPS data, we
erformed simultaneous detrending using the CCF-based SCALPELS

ethod and a fit two Keplerian orbits utilizing the approach presented
n the appendix of the aforementioned paper. Using the TESS -
eri ved v alues as priors and assuming circular orbits, we detected
OI-1064 b with a semi-amplitude, K b = 4.7 ± 0.5 m s −1 , and

entatively found TOI-1064 c with a semi-amplitude, K c = 1.8 ±
.6 m s −1 . The median-subtracted raw RV time series, along with the
CALPELS -determined stellar activity signal, the resulting planetary
V component, and the orbital fit and residuals, is shown in Fig. 7 . 
The SCALPELS produced vectors represent variations in observed

Vs due to stellar activity, and so can be used to potentially remo v e
uch variation via a linear regression. Thus, the three identified
omponents were subsequently used to detrend the HARPS RVs
n our global analysis simultaneously with the RV fitting. 
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.3 Joint photometric and radial velocity analysis 

n order to determine the properties of TOI-1064 b and TOI-1064 c,
e conducted a global analysis of the TESS , CHEOPS , LCOGT,
GTS, and ASTEP transit photometry, and the HARPS RV data. 
rior to the joint fitting, we carried out additional preliminary checks 

o further assess the data and ascertain a complete model for use in
he analysis. 

.3.1 Preliminary analyses 

s can be seen from Fig. 2 and Figs B1 –B5 , the linear models pro-
uced by the PSF-based SCALPELS provide an excellent reproduction 
f the flux variation seen in the CHEOPS light curves, and indicate
hat the flux modulation typically seen on CHEOPS orbit time-scales 
an be well accounted for via modelling of the PSF shape changes
lone. To check whether additional detrended basis vectors were 
eeded to model CHEOPS roll angle flux variation, we used the 
YCHEOPS 5 PYTHON package (Maxted et al. 2022 ) to e v aluate the
etrended data produced by the method outlined abo v e. F or each
isit, we performed simultaneous transit fitting and detrending for 
ll combinations of standard basis vectors used in the decorrelation 
f CHEOPS data (i.e. background, contamination, smear, x and y 
entroid positions, and first-, second-, and third-order harmonics 
f the roll angle), and assessed the reported Bayes factors for the
onsidered basis vectors. We found that for all visits, the fitting 
a v oured not including additional detrending parameters, and thus 
or the joint fit no further basis vectors are used. 

We also performed a preliminary analysis of the HARPS data 
tilizing the RV fitting capabilities of RADVEL within JULIET (Fulton 
t al. 2018 ; Espinoza et al. 2019 ) in order to determine whether there
re any long-term trends seen in the data that should be accounted for.
sing the stellar and planetary priors outlined below, we conducted 

wo fits with the inclusion or not of a RV slope and intercept. By
omparing the nested sampling-produced Bayes evidences, we found 
hat excluding a long-term RV trend is fa v oured, and therefore, it is
mitted from the global analysis below. 
Lastly, we conducted a stability analysis of the system to determine 

ynamically plausible regions of the eccentricity and argument of 
eriastron planes for both planets that can be used to constrain priors
n these parameters in the global fit. We consider an architecture 
nstable if the trajectories of planets would result in intersecting 
rbits calculated as satisfying the following: 

p 1 − p 2 √ 

( p 1 e 2 ) 2 + ( p 2 e 1 ) 2 − 2 p 1 p 2 e 1 e 2 cos ( ω 1 − ω 2 ) 

∣∣∣∣ < 1 , (1) 

here p j = a j (1 − e j ) for j = 1, 2. Using this formulation, we perform
00 000 calculations randomly sampling the 

√ 

e cos ω and 
√ 

e sin ω 

arameter space between −1 and 1 for both planets, ensuring that 
he eccentricities remain below 1, whilst fixing the nominal values 
or all remaining parameters. In total, we find that 23.2 per cent of
cenarios remain stable with the remaining architectures resulting 
n orbit crossing events that occur more frequently with larger 
alues of the eccentricity and argument of periastron components. 
herefore, in order to provide bounds for the eccentricity and 
rgument of periastron priors and to a v oid the subsequent global fit
rom returning unstable results, cut-offs for these priors are needed. In
ur simulations we find that bounds of ±0.5 for both components on
oth planets result in 96.8 per cent of the returned orbits being stable.
hus, this constraint provides a good compromise and assurance 
 ht tps://github.com/pmaxt ed/pycheops 

W  

i  

T

hat the fitted eccentricities and arguments of periastron yield a 
ynamically stable scenario and are used in the joint fit below. 

.3.2 Global fit 

or the global analysis of the TOI-1064 system, we used the JULIET

ackage (Espinoza et al. 2019 ) that employs the BATMAN code
Kreidberg 2015 ) for transit photometry fitting and RADVEL (Fulton 
t al. 2018 ) for the modelling of R Vs. T o explore the parameter
pace of the fit and estimate the Bayesian posteriors, we used nested
ampling algorithms provided in the DYNESTY package (Speagle 
020 ) that computes the Bayesian evidences allowing for robust 
odel comparison. The parametrization of the fit, and the priors 

sed, is listed in Table D1 and outlined below. 

(i) The orbital period, P , and the mid-transit time, T 0 , for both
lanets were taken as uniform priors with bounds equal to the pre-
iminary TESS values minus and plus three times the corresponding 
ncertainty. 
(ii) The ( r 1 , r 2 ) parametrization as introduced by Espinoza ( 2018 )

as used, as it permits the physically plausible area of the ( b , p )
arameter space to be efficiently investigated through the introduced 
andom variates r 1 and r 2 , where b is the transit impact parameter
nd p is the planet-to-star radius ratio. We set uniform priors on both
 1 and r 2 of U(0 , 1) for both planets. 

(iii) The 
√ 

e cos ω and 
√ 

e sin ω parametrization (Eastman, Gaudi & 

gol 2013 ), where e is the eccentricity and ω is the argument of
eriastron, were used, with uniform priors on 

√ 

e cos ω and 
√ 

e sin ω 

ith bounds of U( −0 . 5 , 0 . 5) taken from the preliminary analysis
etailed abo v e on both components for both planets. 
(iv) The RV semi-amplitude, K , for both planets was taken as

niform priors, U(0 , 20) m s −1 . 
(v) The stellar density, ρ� , parametrization was used as, when 

ombined with the orbital periods, it provides scaled semimajor axes 
or both planets that are anchored to a single common value rather
han setting priors on separate scaled semimajor axes. We set a normal 
rior on ρ� using the value from Table 3 . 
(vi) The quadratic limb-darkening coefficients parametrized in the 

 q 1 , q 2 ) plane (Kipping 2013 ) were used, with the coefficients for each
andpass ( TESS , CHEOPS , LCOGT PanSTARRS z s and Bessel B ,
GTS, and ASTEP Cousins R ) calculated using the ld module of

YCHEOPS (Maxted et al. 2022 ). Normal priors were set for all limb-
arkening coefficients centred on the determined values with a 1 σ
ncertainty of 0.1 taken. 

In addition to the modelling of planetary signals in transit photom-
try and RV data, and SCALPELS basis vectors to simulate the stellar
ctivity in the RVs, we included further parameters to model instru-
ental and astrophysical noise in the form of GPs. For all transit pho-

ometry data sets, we used GPs with a Mat ́ern-3/2 kernel against time
n order to model long-term correlated noise, utilizing the CELERITE 

ackage (F oreman-Macke y et al. 2017 ) within JULIET . An example
f a fitted GP to the TESS fluxes can be seen in Fig. 1 . Moreover, for
oth photometry and RV data we fitted jitter terms in order to reflect
n y e xtra noise not previously accounted for, which is subsequently
ummed in quadrature with the uncertainties on the data. Lastly, we
tted the HARPS RVs with a zero-point RV offset, γ � . 

.3.3 Results 

e report the fitted results of our global analysis for both planets
n the TOI-1064 system in Table 4 . The detrended and phase-folded
ESS and CHEOPS photometry along with the fitted transit models 
MNRAS 511, 1043–1071 (2022) 
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Table 4. Fitted and derived parameter values for TOI-1064 b and TOI- 
1064 c based on the joint fit to the photometric and RV data detailed in 
Section 4.3. 

Parameter (unit) TOI-1064 b TOI-1064 c 

Fitted parameters 
P (d) 6.443868 ± 0.000025 12.226574 + 0 . 000046 

−0 . 000043 

T 0 (BJD –
245 7000) 

2036.85340 + 0 . 00060 
−0 . 00053 2043.51289 + 0 . 00069 

−0 . 00067 

r 1 
a 0.818 + 0 . 020 

−0 . 015 0.835 + 0 . 016 
−0 . 017 

r 2 
a 0.03267 + 0 . 00044 

−0 . 00041 0.03347 + 0 . 00042 
−0 . 00041 √ 

e cos ω −0.01 + 0 . 08 
−0 . 09 0.25 + 0 . 13 

−0 . 14 √ 

e sin ω −0.20 + 0 . 11 
−0 . 08 0.06 ± 0.14 

K ( m s −1 ) 5.62 + 0 . 67 
−0 . 75 0.85 + 0 . 59 

−0 . 67 

γ � ( m s −1 ) 21 214.5 ± 0.7 

ρ� ( kg m 

−3 ) 2711 + 75 
−60 

ρ� ( ρ�) 1.92 + 0 . 05 
−0 . 04 

Derived parameters 
δtr (ppm) 1067 + 29 

−27 1120 + 28 
−27 

R p / R � 0.03267 + 0 . 00044 
−0 . 00041 0.03347 + 0 . 00042 

−0 . 00041 

R � / a 0.05488 + 0 . 00097 
−0 . 00092 0.03581 + 0 . 00063 

−0 . 00060 

R p / a 0.001793 + 0 . 000040 
−0 . 000038 0.001199 + 0 . 000026 

−0 . 000025 

R p (R ⊕) 2.587 + 0 . 043 
−0 . 042 2.651 + 0 . 043 

−0 . 042 

a (au) 0.06152 + 0 . 00086 
−0 . 00089 0.09429 + 0 . 00132 

−0 . 00136 

t 14 (h) 1.98 + 0 . 07 
−0 . 08 2.37 ± 0.10 

b 0.728 + 0 . 029 
−0 . 023 0.753 + 0 . 024 

−0 . 026 

i ( ◦) 87.709 + 0 . 083 
−0 . 097 88.455 + 0 . 058 

−0 . 056 

e 0.047 + 0 . 038 
−0 . 030 0.088 + 0 . 081 

−0 . 064 

ω ( ◦) 120 + 49 
−89 25 + 22 

−16 

S p (S ⊕) 62.9 + 4 . 2 −4 . 0 26.8 + 1 . 8 −1 . 7 

T eq (K) 784 ± 13 634 ± 10 

M p (M ⊕) 13.5 + 1 . 7 −1 . 8 2.5 + 1 . 8 −2 . 0 ( < 8.5) b 

ρp ( ρ⊕) 0.78 + 0 . 10 
−0 . 11 0.14 + 0 . 09 

−0 . 11 ( < 0.46) b 

g p ( m s −2 ) 19.7 + 2 . 5 −2 . 7 3.5 + 2 . 4 −2 . 8 ( < 11.8) b 

a The r 1 and r 2 fitting parameters used in the JULIET package (Espinoza et al. 
2019 ) are the result of a physically plausible parametrization of the ( b , p ) 
planet as detailed in Espinoza ( 2018 ). 
b 3 σ upper limit. 

f  

N  

a  

t  

a  

f  

d  

i  

c
 

t  

p  

d
a  

i  

M  

v
 

o  

p  

a  

A  

s  

7  

t
(  

r  

a  

T  

e
 

s  

a  

1  

C  

l  

f  

p  

d
 

u  

c  

a  

A  

o  

f
 

s  

t  

i  

p  

o  

2  

t  

F  

d  

s  

a  

o  

i  

G  

t  

t  

e  

e  

i  

B  

l  

l

4

T  

t  

t  

w  

a  

o  

l  

fi  

M

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/511/1/1043/6506474 by C
entro Biblioteche e D

ocum
entazione - U

niversità di C
atania user on 30 January 2024
or planets b and c are shown Fig. 8 , whilst the detrended LCOGT,
GTS, and ASTEP data, and fitted transit models of both planets

re reported in Figs 9 and 10 . The SCALPELS -corrected HARPS RV
ime series with the fit of two Keplerian orbits is presented in Fig. 11 ,
nd the orbital period phase-folded RVs and the planetary models
or TOI-1064 b and TOI-1064 c are shown in Fig. 11 . The posterior
istributions for the main fitted parameters for both planets are given
n Fig. D1 with the posterior values for the fitted limb-darkening
oefficients and noise terms reported in Table D2 . 

From our analysis, we detect TOI-1064 b and TOI-1064 c in
he combined TESS , CHEOPS , LCOGT, NGTS, and ASTEP transit
hotometry at 38.2 σ and 40.3 σ , respectively. The fitted depths and
erived stellar radius yield planetary radii of R p, b = 2.587 + 0 . 043 

−0 . 042 R ⊕
nd R p, c = 2.651 + 0 . 043 

−0 . 042 R ⊕. We report a 8.0 σ detection of TOI-1064 b
n the HARPS RVs, and a 1.4 σ signal of TOI-1064 c, that results in
 p, b = 13.5 + 1 . 7 

−1 . 8 M ⊕ and a M p, c 3 σ upper limit of 8.5 M ⊕ (nominal
alue = 2.5 + 1 . 8 

−2 . 0 M ⊕, to be discussed in Section 4.3.4). 
Combining the radius and mass of TOI-1064 b gives a bulk density

f ρp, b = 0.78 + 0 . 10 
−0 . 11 ρ⊕ (4.28 + 0 . 57 

−0 . 61 g cm 

−3 ). We determine the orbital
NRAS 511, 1043–1071 (2022) 
eriod of planet TOI-1064 b to be P b = 6.443868 ±0.000025 d,
nd the corresponding semimajor axis of a b = 0.06152 + 0 . 00086 

−0 . 00089 au.
t this distance TOI-1064 b receives 62.9 + 4 . 2 

−4 . 0 times Earth’s in-
olation and has a zero Bond albedo equilibrium temperature of
84 ± 13 K. For TOI-1064 c, the subtle RV signal together with
he precise radius yields a ρp, c 3 σ upper limit of 2.56 g cm 

−3 

0.46 ρ⊕; nominal value = 0.14 + 0 . 09 
−0 . 11 ρ⊕). The fitted orbital pe-

iod of P c = 12.226573 + 0 . 000046 
−0 . 000043 d gives a semimajor axis of

 c = 0.09429 + 0 . 00132 
−0 . 00134 au, which results in the stellar irradiance of

OI-1064 c being 26.8 + 1 . 8 
−1 . 7 that of Earth with a zero Bond albedo

quilibrium temperature of 634 ± 10 K. 
Placing TOI-1064 b and TOI-1064 c on a mass–radius diagram, as

hown in Fig. 12 alongside well-characterized planets with masses
nd radii known to better than 20 per cent, we see that planet TOI-
064 b is one of the smallest planets known with a mass abo v e 10 M ⊕.
onv ersely, the tentativ e signal of planet TOI-1064 c places it at the

ower end of the mass distribution for planets of this size. However,
urther RV follow-up observations are needed to confirm the mass
recisely and to determine if TOI-1064 c remains one of the lowest
ensity sub-Neptunes known. 
Given the refined nature of the radii of the two planets, with

ncertainties of 1.63 per cent and 1.59 per cent, we are able to
haracterize the planets further and conduct internal structure and
tmospheric escape modelling of the bodies, as detailed below.
dditionally, we find the timing uncertainties for individual transits
f TOI-1064 b to be between 2 and 10 min, and between 4 and 13 min
or TOI-1064 c. 

In addition to the information about the planets in the TOI-1064
ystem, from our analysis we determined the density and RV of
he host star. We find a stellar density of ρ� = 1.92 + 0 . 05 

−0 . 04 ρ�, which
s in agreement with the v alue deri ved from IRFM and isochrone
lacement methods reported in Table 3 . From the HARPS data, we
btain a γ � value of 21.2 km s −1 that agrees with the Gaia value of
0.7 km s −1 (Gaia Collaboration 2021 ). To assess the robustness of
he fitted eccentricities we conducted two further analyses of the data.
irst, we carry out a fit of the complete transit photometry and RV
ata set setting the eccentricities of both planets to 0 whilst using the
ame priors as detailed abo v e for the remaining parameters. We find
 difference in log evidences between this fit and our global analysis
f � ln Z = 17.8 in fa v our of the non-zero eccentricity solution,
ndicating a decisive preference for this result (Kass & Raftery 1995 ;
ordon & Trotta 2007 ). Second, we fit the transit photometry using

he same priors as previously set on the appropriate parameters
o e v aluate the contribution of the R Vs. W e find that the derived
ccentricities from the transit photometry alone ( e b = 0.38 + 0 . 05 

−0 . 20 and
 c = 0.33 ±0.07) agree within 2 σ with the lower eccentricities listed
n Table 4 that were derived from the RV and photometric data.
ecause of the compact nature of the system, we conclude that the

ower, non-zero eccentricity solution from our global analysis is
ikely correct. 

.3.4 RV model comparison 

o give confidence in the subtle RV signal of TOI-1064 c found by
he global analysis, we conduct two additional fits of the complete
ransit photometry and RV data set. In these supplementary analyses
e set the priors of the majority of the parameters as detailed

bo v e, and either remo v e planet TOI-1064 c from the RV model
r fix the semi-amplitude of TOI-1064 c to 0. By comparing the
og Bayesian evidences between these analyses and our previous
t, we find � ln Z s of 55.6 and 26.1, respectively, in fa v our of our



Discovery and c har acterization of TOI-1064 1055 

Figure 8. Top panels: detrended TESS (left) and CHEOPS (right) photometry phase-folded to the orbital periods of planets b and c (offset by −0.015 for 
clarity). Unbinned data are shown in grey, with fluxes binned every 15 min given as white circles. The best-fitting transit models for TOI-1064 b and TOI-1064 c 
are presented in green and purple, respectively. Bottom panels: residuals to the fits shown in the top panels with the same colouration. 
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lobal analysis presented in Section 4.3.2. This indicates decisive 
references of using a non-massless prior to model the RV signal 
f TOI-1064 c (Kass & Raftery 1995 ; Gordon & Trotta 2007 ), and
rovides evidence for the validity of the tenuous signal seen in the
ARPS RVs. 
It should be noted that the semi-amplitudes and masses for both 

lanets derived from the global analysis are subtly different to the 
 alues retrie ved by the CCF-based SCALPELS algorithm. As presented 
n the Sections 4.2 and 4.3.3, TOI-1064 b and TOI-1064 c are

ore and less massive by 0.4 σ and 0.8 σ , respectively, in the nested
ampling joint fit. Importantly, the SCALPELS -fitted semi-amplitude 
ncertainties are lower that allows for a more confident detection of
lanet TOI-1064 c in the HARPS RVs. As these differences can have
 significant effect on the bulk density, and internal structure and 
tmospheric escape modelling, we conducted two fits of the RV data
sing RADVEL within JULIET (Fulton et al. 2018 ; Espinoza et al. 2019 )
nd the nested sampling algorithms in the DYNESTY package (Speagle 
020 ) to reconcile this difference. For these analyses, we set the semi-
mplitude priors to the values and uncertainties produced by either 
he SCALPELS or our global fit, with wide uniform priors on P , T 0 ,
 

e cos ω, and 
√ 

e sin ω identical to the values set out in Section 4.3.2.
To assess if one model (priors taken from the fit produced by

he SCALPELS ) is preferred o v er the other (priors taken from our
lobal analysis), we consult the log Bayesian evidences reported by 
he nested sampling and compute an odds ratio between the two

odels. We find a difference in log evidences of � ln Z = 0.49 and
hus an odds ratio of 1.63 in fa v our of the model produced by our
lobal fit. Following the standard reference levels (Kass & Raftery 
MNRAS 511, 1043–1071 (2022) 
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Figure 9. Top panel: detrended LCOGT (top) and ASTEP (bottom) photom- 
etry of TOI-1064 b (offset by −0.01 for clarity). Unbinned data are shown in 
gre y, with flux es binned ev ery 15 min given as white circles. The best-fitting 
transit model for TOI-1064 b is presented in green. Bottom panel: residuals 
to the fits shown in the top panel with the same colouration. 
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Figure 10. Top panel: detrended LCOGT (top and upper middle), NGTS 
(lower middle), and ASTEP (bottom) photometry of planet TOI-1064 c (offset 
by −0.01 for clarity). Unbinned data are shown in gre y, with flux es binned 
every 15 min given as white circles. The best-fitting transit model for TOI- 
1064 c is presented in purple. Bottom panel: residuals to the fits shown in the 
top panel with the same colouration. 
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995 ; Gordon & Trotta 2007 ), this translates to a weak and non-
onclusi ve preference. Ho we ver, gi ven the more comprehensive data
ets analysed in our global fit, we adopt the values presented in
able 4 as the nominal values for this system. 

 C H A R AC T E R I Z AT I O N  O F  T H E  SYSTEM  

.1 Internal structure 

e analysed the internal structure of the two planets in the TOI-
064 system using the method employed by Leleu et al. ( 2021 ) for
OI-178. The method is based on a global Bayesian model that
ts the observed properties of the star (mass, radius, age, ef fecti ve

emperature, and the photospheric abundances [Si/Fe] and [Mg/Fe])
nd planets (planet–star radius ratio, the RV semi-amplitude, and the
rbital period). 
NRAS 511, 1043–1071 (2022) 
In terms of the forward model, we assume a fully differentiated
lanet, consisting of a core composed of Fe and S, a mantle composed
f Si, Mg, Fe, and O, a pure water layer, and an H and He layer. The
emperature profile is adiabatic, and the equations of state (EoS) used
or these calculations are taken from Hakim et al. ( 2018 ) and Fei et al.
 2016 ) for the core materials, from Sotin et al. ( 2007 ) for the mantle
aterials, and from Haldemann et al. ( 2020 ) for water. The thickness

f the gas envelope is computed using the semi-analytical model of
opez & F ortne y ( 2014 ). 
In our model, we assume the following priors: the logarithms of

he gas-to-solid ratios in planets have uniform distributions; the mass
ractions of the planetary cores, mantles, and o v erlying water layers
av e uniform positiv e priors e xcept that the mass fractions of water
re limited to a maximum value of 0.5. The bulk Si/Fe and Mg/Fe
ole ratios in the planet are assumed to be equal to the values deter-

art/stab3799_f9.eps
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Discovery and c har acterization of TOI-1064 1057 

Figure 11. Top panels: the SCALPELS -corrected, offset-subtracted, HARPS 
RV time series plotted in blue with the jitter term added in quadrature to the 
RV uncertainty in the error bars. The best-fitting model is plotted in black 
with the model uncertainty shown in grey, and the residuals to the solution 
are given in the lower subpanel. Middle panels: the RVs phase folded to the 
orbital period of TOI-1064 b with the best-fitting model and corresponding 
uncertainty plotted in green and light green, respectively, and the residuals to 
the fit given in the lower subpanel. Lower panels: same as the middle panels, 
but for planet TOI-1064 c. All data shown include the jitter noise term added 
in quadrature with the RV error. 
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ined for the atmosphere of the star, given in Table 3 . Recent work
y Adibekyan et al. ( 2021 ) has, ho we ver, found that whilst the abun-
ances of planets and host stars are correlated, the relation may not be
ne-to-one. Finally, we note that the solid and gas parts of the planets
re computed independently, which means that we do not include 
he compression effect of the planetary envelope on its core. This is
ustified given the small masses of the gas envelopes (see below). 
he results of our modelling for both planets are shown in Fig. 13 . 
.2 Atmospheric evolution 

e modelled the atmospheric evolution of the two planets using a
odified version of the algorithm presented by Kubyshkina et al. 

 2019a , b ). This Bayesian tool requires input parameters that are both
tellar ( M � , t � , and the present-day rotation period P rot, � ) and planetary
semimajor axes a and masses M p ). The stellar rotational period P rot 

s assumed as a proxy for the stellar high-energy emission, which
lays a significant role in controlling the atmospheric escape rate, and
s modelled o v er time as a broken power law with a variable exponent
ithin the first 2 Gyr (Tu et al. 2015 ), and afterwards P rot ∝ t 0.566 

ollowing Mamajek & Hillenbrand ( 2008 ). We translated P rot into the
tellar X-ray and extreme ultraviolet (XUV) luminosities using the 
caling relations in Wright et al. ( 2011 ), Sanz-Forcada et al. ( 2011 ),
nd McDonald, Kreidberg & Lopez ( 2019 ). Lastly, the remaining
nput parameters include the planetary equilibrium temperature T eq , 
adius R p , mass M p , atmospheric mass M atm 

, and orbital semimajor
xis a , with the evolution of T eq o v er time due to changes in stellar
olometric luminosity L bol, � calculated by interpolating within grids 
f stellar evolutionary models (Choi et al. 2016 ; Dotter 2016 ). 
The main model hypotheses are that orbital semimajor axes are 

xed to the present-day value and that planetary atmospheres are 
ydrogen dominated. The free parameters of the algorithm are the 
xponent of the stellar rotation period evolution power law and the
nitial atmospheric mass fractions of the planets f start 

at . Millions of
lanetary evolutionary tracks are generated within a Bayesian context 
mploying an MCMC scheme (Cubillos et al. 2017 ). After rejecting
hose that do not fulfil the constraint imposed by the present-day
tmospheric content derived in Section 5.1, we obtained the posterior 
istributions of the free parameters. Further details about the tool may 
e found in Delrez et al. ( 2021 ). The results of the joint evolution
f both planet TOI-1064 b and TOI-1064 c are shown in Figs E1
nd E2 . 

 DI SCUSSI ON  

rom our analysis, we clearly detect TOI-1064 b in the TESS ,
HEOPS , LCOGT, and ASTEP photometry and the HARPS RVs. 
OI-1064 c is confidently detected in the TESS , CHEOPS , LCOGT,
GTS, and ASTEP photometry, but does not register a significant 

ignal in the HARPS RV data. The photometric periods and HARPS
Vs secure a mass of 13 . 5 ± 2 . 0 M ⊕ for planet TOI-1064 b, and a
 σ upper limit of 8 . 5 M ⊕ for planet TOI-1064 c. The proximity of
he orbital period to the first harmonic of the stellar rotation period
inders a more confident detection in the RVs. Ho we ver, with more
ata o v er an e xtended baseline SCALPELS should be able to separate
he two signals due to a more apparent shift in the CCFs, whilst
eriodograms may also be able to find two peaks due to a higher
requency resolution. 

.1 Mass–radius comparisons and bulk density–metallicity 
orrelation 

igs 12 and 14 highlight that, although the radii of TOI-1064 b
nd TOI-1064 c are similar (in agreement with the ‘peas in a pod’
cenario; Weiss et al. 2018 ), the current mass values are likely
ignificantly different and thus, the bulk planetary densities are 
onsiderably distinct. TOI-1064 b is one of the smallest, and therefore 
ensest, well-characterized sub-Neptunes with a mass greater 10 M ⊕
nown. This places planet TOI-1064 b amongst a small family of
ense (4.0–4.3 g cm 

−3 ), warm (690–810 K), and mildly irradiated 
32–71 S ⊕) sub-Neptunes orbiting around K-dwarf stars that also 
MNRAS 511, 1043–1071 (2022) 
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Figure 12. Mass–radius diagram for exoplanets with mass and radius measurements more precise than 20 per cent coloured by the zero Bond albedo equilibrium 

temperature with data taken from TEPCat (Southworth 2011 ). TOI-1064 b and TOI-1064 c are highlighted via black bordered circles, with other planets discussed 
in Section 6 shown as stars, diamonds, and squares. The black solid line represents the upper bound of the forbidden region according to collisional mantle 
stripping via impact (Marcus et al. 2010 ). The remaining solid lines depict theoretical mass–radius curves for solid planets with various bulk compositions 
(Zeng & Sasselov 2013 ), and the dashed lines represent mass–radius curves for an Earth-like core enveloped with a 1 per cent mass fraction H 2 atmosphere with 
various equilibrium temperatures (Zeng et al. 2019 ). Venus, Earth, Uranus, and Neptune are indicated in blue. 
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ncludes HIP 116454 b (Vanderburg et al. 2015 ) and Kepler-48 c
Steffen et al. 2013 ; Marcy et al. 2014 ). The other planets in this
arameter space orbit stars that are more metal poor ([M/H] =
0.16 ± 0.08) and metal rich ([Fe/H] = 0.17 ± 0.07) than TOI-1064

[Fe/H] = 0.05 ± 0.08), respectively. There are two further planets
n this region of the mass–radius diagram that both are similarly
arm and irradiated, but are more dense (5.0–5.6 g cm 

−3 ); K2-110 b
Osborn et al. 2017 ) and K2-180 b (Korth et al. 2019 ). Interestingly
hey both orbit metal-poor K-dwarfs with [Fe/H] = −0.34 ± 0.03
nd −0.65 ± 0.10 for K2-110 b and K2-180 b, respectively. These
our planets are highlighted in Figs 12 and 14 as black bordered stars.
his may hint that metallicity could affect the bulk density of sub-
eptunes in this parameter space via differing formation conditions.
To test this apparent correlation for massive sub-Neptunes, we

elect all planets with masses greater than 10 M ⊕ in our well-
haracterized sample (uncertainties on the radii and masses less
han 20 per cent) and compared their bulk densities against host
tar metallicities as seen in Fig. 15 . Whilst large uncertainties on the
ulk density of some exoplanets, especially at larger values, results
n a scatter to the data there appear to be a ne gativ e correlation.

e quantify this trend for our sample using a Bayesian correlation
ool, that aims characterize the strength of the correlation between
NRAS 511, 1043–1071 (2022) 
wo parameters in a Bayesian framework (Figueira et al. 2016 ),
nd reports a correlation distribution that represent values akin to
 Spearman’s rank value. For this sample, we find the peak of the
orrelation posterior distribution to be −0.26, with 95 per cent lower
nd upper bounds of −0.60 and 0.11. Interestingly, if we exclude
ighly irradiated planets ( S > 200 S ⊕) we retrieve a peak density–
etallicity correlation of −0.45, with 95 per cent lower and upper

ounds of −0.78 and −0.09. If this trend of less dense sub-Neptunes
rbiting metal-rich stars is indicative of formation conditions it
ould suggest that metal-rich stars form planets that accrete bigger
nvelopes or have more massive cores and are able to retain their
tmospheres (Owen & Murray-Clay 2018 ). This correlation could
lso imply that planets around metal-rich stars have metal-rich
tmospheres that have reduced photoe v aporation-dri ven atmospheric
ass-loss rates (Owen & Jackson 2012 ). This correlation is similar to

hat seen in giant planets in which more massive planets were found
round metal-rich stars (Guillot et al. 2006 ). This formation picture
ould be supported by the strengthening of the correlation with the
emoval of highly irradiated planets that may have an observed high
ensity due to evolution processes such as atmospheric stripping. 
Thus, as there are o v erlapping mass–radius curv es in this re-

ion, accurate characterization of additional dense sub-Neptunes

art/stab3799_f12.eps
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Figure 13. Corner plot showing the main internal structure parameters of TOI-1064 b (left) and TOI-1064 c (right). Shown are the mass fraction of the inner 
core, the mass fraction of water, the Si and Mg mole fractions in the mantle, the Fe mole fraction in the inner core, and the mass of gas (log scale). The values 
on top of each column are the mean and 5 per cent and 95 per cent quantiles. Next to each corner plot, we also show illustrations of both planets representing 
the radius fractions of the high- Z components (inner core and mantle; brown), water layer (blue), and gas env elope (gre y), corresponding to the medians of the 
posterior distributions, with the dashed line outer rings representing the uncertainty on the total radius. 
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 v er a range of metallicities should help clarify this trend and
nform whether these planets are water dominated or terrestrial 
ith a H 2 atmosphere, and indicate the processes that sculpt these 
lanets. 
We note that the similarly sized and irradiated planet HD 119130 b

s denser and orbits a more massive solar-like star than the dense
ub-Neptunes discussed abo v e (Luque et al. 2019 ). Lastly, two
lanets (Kepler-411 b and K2-66 b; Wang et al. 2014 ; Crossfield
t al. 2016 ; Sinukoff et al. 2017 ; Sun et al. 2019 ) have similar
adii to TOI-1064 b, but larger masses and substantially higher 
rradiation ( > 200 S ⊕) meaning that these ultradense bodies are likely
eparate from the warm, dense sub-Neptunes mentioned previously 
hat include TOI-1064 b. Ho we ver, these objects may represent the
ower mass end of a stripped planet core family that includes the more

assive, but equally dense TOI-849 b (Armstrong et al. 2020 ). These
hree planets are highlighted in Figs 12 and 14 as black bordered
iamonds. 
From the substantial constraint on the radius of TOI-1064 c there 

xists a band of possible bulk densities from the large uncertainty on
he mass. Taken at the nominal value, planet TOI-1064 c would be one 
f the least dense sub-Neptunes known and could represent a planet 
kin to Kepler-307 c (Xie 2014 ; Jontof-Hutter et al. 2016 ), albeit
ith a more extended atmosphere. If this is the case, the TOI-1064
lanets would resemble TOI-178 c and TOI-178 d both in density 
ifference and orbital period ratio (Leleu et al. 2021 ). However, if the
ass is confirmed to be nearer the upper limit, the low density and
ild irradiation would place TOI-1064 c closer to the outer planets 

f Kepler-80 (Kepler-80 b and Kepler-80 c; Xie 2014 ; MacDonald 
t al. 2016 ) or GJ 1214 b (Charbonneau et al. 2009 ), and in between
lanets of similar density and higher (HIP 41378 b and TOI-125 c;
anderburg et al. 2016 ; Quinn et al. 2019 ; Santerne et al. 2019 ;
ielsen et al. 2020 ) and lower irradiation (Kepler-26 b and Kepler-
 F
6 c, TOI-270 c, and LTT 3780 c; Steffen et al. 2012 ; Jontof-Hutter
t al. 2016 ; G ̈unther et al. 2019 ; Cloutier et al. 2020 ; Nowak et al.
020 ; Van Eylen et al. 2021 ). These eight planets are highlighted in
igs 12 and 14 as black bordered squares. 

.2 Internal structure and atmospheric escape 

he internal structure models show that TOI-1064 b has a small gas
nvelope (log M gas between −9.2 and −1.0 – all given values are the
 per cent or 95 per cent quantiles). It has a relatively small inner core
nd a large mass fraction of water (comprised between 0.01 and 0.26,
nd 0.06 and 0.49 of the mass of the solid body, respectively), with the
emainder of the mass in the Si- and Mg-dominant mantle. It should
e noted that in our atmospheric escape modelling we assume the
resence of an accreted primordial atmosphere. Ho we ver, the internal
tructure modelling results highlight that the tenuous atmosphere 
f TOI-1064 b means that the mass of the high- Z elements (i.e.
he inner core, mantle, and volatile layers) is essentially equal to
he total mass determined from the RV fitting. This value, and
ther modelled properties, could thus be similar to the properties 
f the high- Z core prior to the accretion of an atmosphere and may
nform formation models (Pollack et al. 1996 ; Ikoma & Hori 2012 ).
urther high-precision photometry and internal structure modelling 
f additional ultradense sub-Neptunes (such as Kepler-411 b and 
2-66 b; Wang et al. 2014 ; Crossfield et al. 2016 ; Sinukoff et al.
017 ; Sun et al. 2019 ) may help shed light on the formation of these
odies. 
In contrast, planet TOI-1064 c likely has a substantial gas envelope 

log M gas between −2.5 and −1.7, corresponding to mass fractions 
f up to 3 per cent). The presence of a non-negligible gas envelope
esults in the mass fraction of water being unconstrained as seen in
ig. 13 . 
MNRAS 511, 1043–1071 (2022) 
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Figure 14. Mass–density diagram for exoplanets with mass and radius measurements more precise than 20 per cent coloured by the host star metallicity with 
data taken from TEPCat (Southworth 2011 ). TOI-1064 b and TOI-1064 c are highlighted via black bordered circles, with other planets discussed in Section 6 
shown as stars, diamonds, and squares. The black solid line represents the lower bound of the forbidden region according to collisional mantle stripping 
via impact (Marcus et al. 2010 ). The remaining solid lines depict theoretical mass–density curves for solid planets with various bulk compositions (Zeng & 

Sasselov 2013 ) and the dashed lines represent mass–density curves for an Earth-like core enveloped with a 1 per cent mass fraction H 2 atmosphere with various 
equilibrium temperatures (Zeng et al. 2019 ). Venus, Earth, Uranus, and Neptune are indicated in blue. 

Figure 15. The bulk density versus stellar metallicity for planets with masses 
abo v e 10 M ⊕ and radius and mass uncertainties less than 20 per cent, shown in 
Figs 12 and 14 . Black circles indicate highly irradiated planets ( S > 200 S ⊕), 
with green circles showing mildly irradiated bodies. TOI-1064 b is highlighted 
by a black bordered star, with Uranus and Neptune indicated in blue. 
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The results of the atmospheric escape modelling based on fitting
imultaneously both planets, respect the priors well (see Figs E1
nd E2 ). These results suggest that the rotation of TOI-1064 evolved
s observed in the majority of late-type stars of similar mass. We
lso find that planet TOI-1064 b has lost (almost) the entirety of
ts H/He envelope, assuming it accreted one, at some time in the
ast, as indicated by the flat posterior on the initial atmospheric mass
raction (Fig. E2 , left-hand column). As a consequence of the main
ssumptions of the atmospheric evolution algorithm (namely that
lanets are assumed to have formed and spent their whole evolution
t the same distance from the star), planet TOI-1064 b is considered
o have migrated to its current position while still embedded in the
rotoplanetary disc, as is thought to have happened to the Kepler-
23 (Mills et al. 2016 ), TRAPPIST-1 (Luger et al. 2017 ), and TOI-
78 planetary systems (Leleu et al. 2021 ). This migration scenario
s fa v oured with respect to in situ formation as, to form TOI-
064 b at 0.06 au, the protoplanetary disc mass must have been
ubstantially enhanced compared to solar values (Schlichting 2014 )
nd the presence of a substantial volatile layer, as determined by our
nternal structure modelling, that must have been accreted beyond the
ce line. To test this migration scenario, atmospheric studies of TOI-
064 b could be undertaken to determine if the tenuous envelope is a
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econdary, high molecular weight atmosphere (F ortne y et al. 2013 ),
imilar to that inferred at π Men c (Garc ́ıa Mu ̃ noz et al. 2021 ), that
ould be composed of steam (Marounina & Rogers 2020 ; Mousis
t al. 2020 ), given the large volatile fraction. Another possibility is
hat the thin layer is primordial in nature and is the remnant of an
tmosphere that has undergone escape. This picture would support 
ecent modelling that has suggested that highly irradiated planets 
ith a high water mass fraction can lose their H/He envelopes and

esult in observed sub-Neptunes (Aguichine et al. 2021 ). 
Indeed, due to the o v erlap of multiple mass–radius curves in

he parameter space around TOI-1064 b, future work assessing 
he atmospheric properties of high-density sub-Neptunes will help 
nform internal structure and atmospheric modelling in this region. 

As seen in the right-hand column of Fig. E2 , the posterior of
he initial atmospheric mass fraction of TOI-1064 c is also flat. 
his distribution could suggest that planet TOI-1064 c also migrated 

hrough the protoplanetary disc having accreted a larger primordial 
nvelope at an exterior orbital distance prior to migrating inwards and 
osing part of its envelope. Ho we ver, it is also possible that the large
ncertainty on the planet mass means that the atmospheric mass-loss 
ate of the atmosphere of planet TOI-1064 c is unconstrained and 
hus the initial atmospheric mass fraction cannot be modelled. 

We derived the current atmospheric mass-loss rate by inserting 
he system parameters and the current stellar high-energy emission 
t the distance of the planet derived from the atmospheric evolution 
ramework (4.3 × 10 4 erg cm 

−2 s −1 ) into the interpolation routine of 
ubyshkina et al. ( 2018 ) obtaining a value of 6.11 × 10 11 g s −1 . With

uch a high mass-loss rate, the planet is expected to lose its H/He
tmosphere as estimated by the planetary structure models within just 
 Myr, which implies that the planetary mass is likely to be higher
han the best fit. With a mass of 4.3 M ⊕, corresponding to the best-
tting planetary mass plus 1 σ , we obtain that the atmosphere would
equire 100 Myr to escape. At the upper mass limit of 8.5 M ⊕, instead,
he atmosphere would escape within about 400 Myr. We remark that 
hese calculations consider the atmospheric mass fraction computed 
or the best-fitting planetary mass. If the planet were more massive, 
hen the planetary surface gravity would be higher, leading to longer 
tmospheric-escape time-scales. This strengthens the possibility that 
lanet TOI-1064 c has likely gone through, and possibly is still going
hrough, significant migration. Utilizing a formulation of the Jeans 
scape criteria (Jeans 1925 ) that include Roche lobe effects (Erkaev 
t al. 2007 ) as detailed in equations (7)–(9) of Fossati et al. ( 2017 )
nd setting ˜ λ∗ to the recommended value of 25, we compute the 
inimum mass of planet TOI-1064 c required to retain a hydrogen 

tmosphere to be ∼6.1 M ⊕. Whilst these analyses imply that the true
ass of TOI-1064 c is near the upper mass limit, in order to accurately

onstrain the mass of this planet and to advance our understanding 
f the formation and evolution of this planetary system, further RV 

bservations are needed. 
Lastly, our atmospheric escape modelling permits us to calculate 

he integrated X-ray flux of the planets o v er the lifetime of the
ystem. Even under the assumption that both planets in the TOI-1064 
ystem formed at their current orbital distances, the integrated X-ray 
uxes we determine ( F X = 1.9 × 10 20 and 8.1 × 10 19 erg cm 

−2 ,
espectively) are lower than amount of flux required to strip a 
ub-Neptune-sized planet around a K-dwarf via photoe v aporation 
lone (McDonald et al. 2019 ). Therefore, as we think that mi-
ration may have occurred, hence lowering the received X-ray 
ux, and that our internal structure modelling finds that planet 
OI-1064 b has a tenuous atmosphere, we conclude that core- 
owered mass-loss also plays an important role in sculpting exoplanet 
tmospheres. 
.3 Planetary ar chitectur e and formation mechanisms 

he planets of the TOI-1064 system have a transit-chord-length ratio, 
= 1.03 ± 0.06, indicative of coplanar orbits (Steffen et al. 2010 ;
 abryck y et al. 2014 ) that is common for multiplanet systems (Fang &
argot 2012 ). The eccentricities for both planets are also typical of

ompact, multiplanet systems (Limbach & Turner 2015 ; Van Eylen & 

lbrecht 2015 ; Mills et al. 2019 ; Van Eylen et al. 2019 ). The coplanar
nd roughly circular orbits support formation at larger semimajor 
xes and subsequent migration through a disc, either protoplanetary 
r planetesimal (Terquem & Papaloizou 2007 ). Currently, the planets 
re in orbits that are short or ‘narrow’ of the 2:1 mean motion
esonance (MMR; 1.90:1) that is somewhat rare (F abryck y et al.
014 ) as planets have been observed to occur more frequently beyond
MRs in so-called ‘pile-ups’ (Batygin & Morbidelli 2013 ; Silburt &
ein 2015 ; Winn & F abryck y 2015 ). Whilst a precise mass value for
lanet TOI-1064 c still needs to be obtained, our 3 σ upper limit
f 8.5 M ⊕ yields one of the largest mass ratios among pairs of
mall planets with similar radii. Thus, TOI-1064 likely joins other 
different twin’ systems that have a significant mass, and therefore 
ensity, disparity such as Kepler-107 (Bonomo et al. 2019 ), KOI-
599 (Panichi, Migaszewski & Go ́zdziewski 2019 ), and TOI-125 
Nielsen et al. 2020 ), although TOI-1064 would be only the second
ystem with such planets near an MMR. If this mass imbalance
s verified, the migration scenario for TOI-1064 may support the 
nergy optimization modelling of ‘peas in a pod’ systems presented 
n Adams et al. ( 2020 ), which proposes that compact systems of
imilar-mass planets can form in situ , whereas non-comparable mass 
lanets should form in the outer planetary systems where the critical
ass (equation 22 in Adams et al. 2020 ) is small and there can be

arge mass disparities. 
Subsequent to the disco v ery of the radius valley (Fulton et al.

017 ; Owen & Wu 2017 ), many studies have aimed at understand-
ng the underlying physical processes with observationally well- 
haracterized planets playing a key role (Cloutier et al. 2020 ; Van
ylen et al. 2021 ). As noted abo v e, planet TOI-1064 b has a thin
aseous envelope likely having undergone atmospheric loss in the 
ast. Using the quantification of the radius valley in period–radius 
pace from Van Eylen et al. ( 2018 ), we find that TOI-1064 b lies on
he upper edge of the valley that is supported by our observations
nd internal structure modelling. 

Recent work using archi v al data has sho wn that there appears to be
 gap in the period–mass distribution for small, short-period planets 
Armstrong et al. 2019 ). This valley is reported to decrease from
8.9 M ⊕ at a rate of −0.9 M ⊕ d −1 and e xtend o v er a width of 4.0 M ⊕.
ith a mass of 13.5 + 1 . 7 

−1 . 8 M ⊕, TOI-1064 b falls within this valley.
lthough the underlying process is currently unknown, the presence 
f planet TOI-1064 b in the gap can help refine the gradient and width
f the valley, and under the assumption of the migration of TOI-
064 b, it could point towards a zero-torque location mechanism for
haping the gap, although other processes have been proposed (Lyra, 
aardekooper & Mac Low 2010 ; Bitsch et al. 2015 ; Morbidelli &
aymond 2016 ). 

 SUMMARY  

n this study, we present the multiplanet TOI-1064 system identified 
y TESS . We report the disco v ery of the pair of sub-Neptunes,
OI-1064 b and TOI-1064 c, and characterize both planets using 
igh-precision space-based photometry from TESS and CHEOPS , 
nd ground-based photometry from LCOGT, NGTS, and ASTEP, 
nd HARPS R Vs. W e also present a no v el method for detrending
MNRAS 511, 1043–1071 (2022) 
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hotometric data via the monitoring of PSF shape changes and
uccessfully apply it to the CHEOPS photometry. 

From our analyses find that TOI-1064 is a bright K-dwarf with a
tellar rotation period of ∼26 d that hosts tw o w arm sub-Neptunes,
OI-1064 b and TOI-1064 c, on orbital periods of ∼6.44 and
12.23 d. Interestingly, although this pair of sub-Neptunes has

imilar radii, the masses are substantially different resulting in a
ensity disparity. Placing planets TOI-1064 b and TOI-1064 c on a
ass–radius diagram, we find that TOI-1064 b is one of the smallest

lanets with a mass greater than 10 M ⊕. It thus joins a small group
f dense, warm and mildly irradiated sub-Neptunes around old K-
warfs. TOI-1064 c, on the other hand, is potentially one of the least
ense small planets kno wn, ho we ver further RV observations are
eeded to confirm this. 

Upon analysis of well-characterized, massive sub-Neptunes, in-
luding TOI-1064 b, we find a ne gativ e correlation between bulk
ensity and host star metallicity. This trend is strengthened when
ighly irradiated planets are remo v ed from the sample, potentially
ndicating that this correlation is a result of the formation of planets
ather than subsequent evolutionary processes. 

Our internal structure analysis shows that TOI-1064 b has a tenu-
us atmosphere and a large volatile component by mass fraction. The
ass fractions of the component layers and the total refractory mass

f TOI-1064 b may help shed light on the formation mechanisms
or such dense bodies. Whilst there are similarities in the mass
ractions for the high- Z components of both planets, TOI-1064 c
ikely has an extended gaseous envelope. Our atmospheric escape
 volution modelling sho ws that TOI-1064 b likely lost its primordial
tmosphere after migration through the protoplanetary disc. TOI-
064 c may have also lost some of its envelope subsequent to
igration, ho we ver understanding the origin and evolution of this

lanetary system requires first the acquisition of additional RV data
o better measure the mass of planet TOI-1064 c. 

Future atmospheric studies may shed light on whether the atmo-
phere of TOI-1064 b is primordial or secondary in nature, and may
otentially constrain formation pathways of TOI-1064 c after the
cquisition of further RV data. 
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PPENDI X  A :  A  DESCRI PTI ON  O F  T H E  

SF-BASED  SCALPELS M E T H O D  

ere we describe the PSF-based SCALPELS method developed to 
odel PSF shape changes in CHEOPS observations. We make use 

f the fact that the autocorrelation function (ACF) of the PSF is, to a
igh degree of approximation, invariant to the small shifts imposed 
y spacecraft pointing jitter. The PSF is a positive definite function of
osition on the CCD. We apply a simple autocorrelation procedure, 
mposing a sequence of shifts by inte ger-pix el offsets in x and y
o v ering the image, and comultiplying the shifted and unshifted
mages. The resulting ACF is unwrapped into a one-dimensional 
rray and normalized by its own mean that is given as A ( δr i ), where
 δr i ) is the aforementioned shift. 

From this point on, the procedure is as described by Collier
ameron et al. ( 2021 ), i.e. we compute the singular value decom-
osition (SVD) of the time sequence of ACFs computed from the
mages following the standard procedure: 

 ( δr i , t j ) = 

〈
A ( δr i , t j ) 

〉+ U ( t j ) · diag ( S ) · V ( δr i ) , (A1) 

here U , S , and V are the components of the SVD. The diagonal
atrix S lists the singular values (eigenvalues) of the principal 

omponents in decreasing order. The columns of U ( t j ) define an
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Figure B1. The normalized light curve of the second CHEOPS visit of TOI- 
1064 with the location of the transit of planet TOI-1064 b (green) shown. 
Top panel: the raw DRP -produced fluxes. Second panel: the DRP fluxes with 
the fitted linear model produced from the measured PSF shape changes, as 
detailed in Appendix A. Third panel: the detrended fluxes with the nominal 
transit model from the global analysis (Section 4.3). Bottom panel: residuals 
to the fit. 

Figure B2. Same as Fig. B1 , but for the third CHEOPS visit with the location 
of the transit of planet TOI-1064 c (purple) shown. 
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rthonormal basis in the time domain with each column compris-
ng the time-domain coefficients of the corresponding eigenvector
V ( δr i ). 

We mask out images affected by cosmic rays, saturation, and other
nwanted chance effects by identifying strong outliers in the time-
omain coefficients U of the eigenfunctions V . We use LOOCV
Celisse 2014 ) to separate the subset of the columns of U whose
ariations are driven by genuine PSF changes, from those that simply
escribe noise. The LOOCV method systematically leaves single
ata points (or in this study, rows of the ACF) out of the analysis
nd aims to reconstruct the missing data. If this prediction accurately
atches the remo v ed data we consider, this row to represent PSF

hanges, whereas if the reconstruction poorly reproduces the data, it
s interpreted as noise. 

The response of the photometric data time series d obs to the set
f normal modes of PSF shape variation described by the columns
f U is found by applying the projection operator U · U 

T to the light
urve. Subtracting this response from the light curve is equi v alent to
rojecting the light curve into the orthogonal complement of U , via
he linear operator P ⊥ 

≡ ( I − U · U 

T ). 
This procedure is only valid if the target flux is already corrected

or intrinsic stellar variability, because the target variations may
ave a non-zero projection into the null space that would distort
he aperture correction. In reality we are interested in modelling
he intrinsic variations of the target with a time-dependent model
ight curve m ( θ ), where θ is the vector of parameters defining the
ight-curve model. 

The likelihood of the data, d obs , given the light-curve model
arameters, θ , is found by subtracting the model from the data and
rojecting into the orthogonal complement of the null space: 

ln L = −1 

2 
[ P ⊥ 

· ( d obs − m ( θ )) ] T · � 

−1 · [ P ⊥ 

· ( d obs − m ( θ)) ] 

−1 

2 
ln | � | − N 

2 
ln (2 π) 

= −1 

2 
[ P ⊥ 

· ( d obs − m ( θ )) ] T · � 

−1 · [ P ⊥ 

· ( d obs − m ( θ)) ] 

−1 

2 

⎛ 

⎝ 

N ∑ 

j= 1 

ln � jj 

⎞ 

⎠ − N 

2 
ln (2 π) , (A2) 

here the covariance matrices are � jj and thus σ 2 
j = var ( d j ) are the

ariances of the individual photometric measurements d j . 
Used with MCMC sampling, this allows us to determine the

osterior probability distribution of the model parameters θ , while
imultaneously correcting for aperture losses arising from PSF shape
hanges. For the optimal set of model parameters θ∗, the magnitude
orrection to the light curve is 

d ‖ = P ‖ · ( d obs − m ( θ∗)) , (A3) 

here P ‖ = U · U 

T is the projection operator into the null space.
rom this approach, the corrected flux light curve is then f corr =

d obs − d ‖ . 

PPENDIX  B:  R AW  CHEOPS L I G H T  C U RV E S  

n addition to the raw data and fitted linear model of the first CHEOPS
isit of TOI-1064 seen in Fig. 2 , here for completeness we present the
NRAS 511, 1043–1071 (2022) 
a w light curv es and linear models for the remaining five CHEOPS
bservations (Figs B1 –B5 ). The raw data plotted in the top panels
re the CHEOPS DRP -produced photometry outlined in Section 2.2,
ith the linear models in the bottom panels constructed following

he principal component analysis of the ACF of the CHEOPS PSF
s described in Appendix A. 
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Figure B3. Same as Fig. B1 , but for the fourth CHEOPS visit with the 
location of the transit of planet TOI-1064 b (green) shown. 

Figure B4. Same as Fig. B1 , but for the fifth CHEOPS visit with the location 
of the transit of planet TOI-1064 b (green) shown. 

Figure B5. Same as Fig. B1 , but for the sixth CHEOPS visit with the location 
of the transit of planet TOI-1064 c (purple) shown. 

Figur e C1. Generalized Lomb–Scar gle periodograms of the HARPS RVs 
and spectral activity indicators from the HARPS DRS and TERRA . The 
horizontal dashed line marks the 0.1 per cent FAP level. The vertical dashed 
red lines mark the orbital frequencies of the two transiting planets ( f b 
= 0.155 d −1 and f c = 0.082 d −1 ). The vertical dashed blue lines mark 
the frequencies of the stellar signal at ∼0.038 d −1 and its first and second 
harmonics. Upper panel: HARPS DRS RVs. Second panel: RV residuals 
following the subtraction of the signal of TOI-1064 b. Remaining panels: the 
activity indicators of TOI-1064: the BIS, the FWHM, and the contrast of the 
CCF, the Ca II H&K lines activity indicator (S-index), H α, Na D1, and Na D2. 
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PPENDI X  C :  P E R I O D O G R A M  ANALYSIS  O F  

H E  H A R P S  MEASUREMENTS  

e performed a frequency analysis of the HARPS RV measurements 
nd spectral diagnostics in order to search for the Doppler reflex
otion induced by the two transiting planets TOI-1064 b and TOI-

064 c, and look for possible additional signals that might be
ssociated with stellar activity or other orbiting bodies in the system.
MNRAS 511, 1043–1071 (2022) 
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Fig. C1 displays the generalized Lomb–Scargle periodograms
GLS; Zechmeister, K ̈urster & Endl 2009 ) of the HARPS DRS RVs
nd activity indicators extracted with DRS and with TERRA . The
orizontal black dashed lines mark the power corresponding to the
.1 per cent false alarm probability (FAP). We estimated the FAP
ollowing the bootstrap method described in Murdoch, Hearnshaw &
lark ( 1993 ), i.e. by computing the GLS periodogram of 10 6 mock

ime series obtained by randomly shuffling the RV measurements and
heir uncertainties whilst keeping the time stamps fixed. We defined
he FAP as the fraction of those periodograms whose highest power
xceeds the observed power of f b in the periodogram of the original
ARPS data o v er the frequency range 0–0.3 d −1 . 
The GLS periodogram of the HARPS DRS RVs (Fig. C1 , upper

anel) shows its highest peak at f b = 0.155 d −1 , i.e. the orbital
requency of the inner transiting planet initially detected in the
ESS light curve (right dashed red line). Although this peak is
ot significant (FAP > 0.1 per cent) within the frequency range
.0–0.3 d −1 , the occurrence of this peak at a known frequency
rovides strong evidence that this signal is related to planet TOI-
064 b. We estimated the FAP for a peak at the orbital frequency
f TOI-1064 b and found the probability that the periodogram of
hite/red noise can display a peak at the orbital frequency of the

nner planet, with a power higher than the observed power, is only
.06 per cent, making the peak at f b significant. The peak at f b 
as no counterpart in the periodograms of the activity indicators,
uggesting that the signal detected in Doppler data is induced by an
rbiting companion and confirms the presence of the inner transiting
lanet seen in both TESS and CHEOPS data with a period of about
.44 d. 
We subtracted the Doppler signal of TOI-1064 b from the HARPS

Vs by fitting a circular-orbit model, fixing period and time of
igure D1. The posterior distributions of the fitted transit and RV parameters f
eriod ( P ), the mid-transit time ( T 0 ), the ( r 1 , r 2 ) parametrization of the impact para
arametrization, where e is the eccentricity and ω is the argument of periastron, the

NRAS 511, 1043–1071 (2022) 
rst transit as derived from the analysis of the light curves. The
eriodogram of the RV residuals (Fig. C1 , second panel) displays
 non-significant peak at ∼8.7 d (FAP > 0.1 per cent). This non-
ignificant peak is also observed in the periodogram of the CCF BIS,
WHM, contrast, and H α. Ho we ver, observing the same peak in
if ferent unrelated acti vity periodograms provides e vidence that it
ould be real. The rotation period of the star – as inferred from the
ASP light curve – is about 26.6 d. The peak at 8.7 d would then be

ear the second harmonic of this period. Active regions separated by
bout 120 ◦ in longitude could account for this signal. In addition, the
WHM, the contrast, and the S-index show powers at frequencies

ower than 0.04 d −1 (25 d), which might be due to activity coupled
o stellar rotation. Unfortunately, although seen in TESS , CHEOPS ,
COGT, NGTS, and ASTEP photometry, the outer planet at 12.23 d

s undetected in these HARPS RVs periodograms. Therefore, the
se of the SCALPELS algorithm to potentially separate the stellar and
lanetary signals is needed; see Section 4.2. 

PPENDI X  D :  J O I N T  PHOTOMETRY  A N D  RV  

IT  P R I O R S  A N D  POSTERI OR  DI STRI BU TIO NS

ere we present a table of the priors used in the global analysis of
he TOI-1064 system (Tables D1 and D2 ), and corner plots of the
osterior distributions of the main fitted transit and RV parameters for
lanets TOI-1064 b and TOI-1064 c, and the stellar density (Fig. D1 ).
he corner plots show a slight correlation between r 1 and 

√ 

e sin ω
hat might indicate a tension between the fitting the ingresses and
gresses of the transit photometry to obtain the impact parameters and
wo Keplerian orbits to obtain the eccentricities of the planets. This
ould manifest as the bimodality around 0 for the 

√ 

e sin ω component
f TOI-1064 c. 
or (a) planet TOI-1064 b and (b) planet TOI-1064 c, including the orbital 
meter ( b ) and planet-to-star radius ratio ( p ) plane, the 

√ 

e cos ω and 
√ 

e sin ω 

 semi-amplitude ( K ), and the stellar density ( ρ� ). 
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Table D1. Priors used in the joint photometry and RV fit. Uniform priors are represented by U ( a, b), with 
lower and upper bounds of a and b , whereas N ( μ, σ ) indicates a normal (Gaussian) prior with mean, μ, and 
standard deviation, σ . 

Parameter (unit) Prior 

TOI-1064 b TOI-1064 c 
P (d) U (6 . 437785 , 6 . 446653) U (12 . 215945 , 12 . 258251) 

T 0 (BJD – 245 7000) U (2036 . 849036 , 2036 . 865344) U (2043 . 489928 , 2043 . 519832) 
r 1 U (0 , 1) U (0 , 1) 
r 2 U (0 , 1) U (0 , 1) √ 

e cos ω U ( −0 . 5 , 0 . 5) U ( −0 . 5 , 0 . 5) √ 

e sin ω U ( −0 . 5 , 0 . 5) U ( −0 . 5 , 0 . 5) 
K ( m s −1 ) U (0 , 20) U (0 , 20) 
γ � ( m s −1 ) U (21 186 . 8 , 21 243 . 0) 
ρ� ( kg m 

−3 ) N (2760 , 140) 

q 1,TESS N (0 . 32 , 0 . 1) 
q 2,TESS N (0 . 53 , 0 . 1) 

q 1,CHEOPS N (0 . 33 , 0 . 1) 
q 2,CHEOPS N (0 . 44 , 0 . 1) 
q 1 , LCOGT zs N (0 . 34 , 0 . 1) 
q 2 , LCOGT zs N (0 . 60 , 0 . 1) 
q 1 , LCOGT B N (0 . 36 , 0 . 1) 
q 2 , LCOGT B N (0 . 26 , 0 . 1) 

q 1,NGTS N (0 . 32 , 0 . 1) 
q 2,NGTS N (0 . 47 , 0 . 1) 

q 1 , ASTEP Rc N (0 . 30 , 0 . 1) 
q 2 , ASTEP Rc N (0 . 43 , 0 . 1) 

Table D2. Fitted light curve and RV parameter posterior values 
for the joint fit to the data detailed in Section 4.3. 

Fitted light curve and RV parameters 

q 1,TESS 0.336 + 0 . 070 
−0 . 068 

q 2,TESS 0.464 + 0 . 076 
−0 . 068 

σ jitter,TESS 0.0007652 + 0 . 0000094 
−0 . 0000095 

q 1,CHEOPS 0.265 + 0 . 047 
−0 . 050 

q 2,CHEOPS 0.521 + 0 . 066 
−0 . 058 

σ jitter,CHEOPS 0.0000012 + 0 . 0001557 
−0 . 0000012 

q 1 , LCOGT zs 0.343 + 0 . 081 
−0 . 075 

q 2 , LCOGT zs 0.592 + 0 . 075 
−0 . 079 

σjitter, LCOGT zs 0.00099960 + 0 . 00000027 
−0 . 00000039 

q 1 , LCOGT B 0.934 + 0 . 275 
−0 . 222 

q 2 , LCOGT B 0.721 + 0 . 289 
−0 . 284 

σjitter, LCOGT B 0.000711 + 0 . 000073 
−0 . 000069 

q 1,NGTS 0.300 + 0 . 072 
−0 . 074 

q 2,NGTS 0.505 + 0 . 074 
−0 . 070 

σ jitter,NGTS 0.000012 + 0 . 000094 
−0 . 000011 

q 1 , ASTEP Rc 0.352 + 0 . 062 
−0 . 053 

q 2 , ASTEP Rc 0.428 + 0 . 074 
−0 . 075 

σjitter, ASTEP Rc 0.000851 + 0 . 000042 
−0 . 000043 

σ jitter,HARPS ( m s −1 ) 4.01 + 0 . 58 
−0 . 49 
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PPENDI X  E:  ATMO SPH ER IC  E VO L U T I O N  

OSTERI OR  DI STRI BU TI ONS  

ere we present the posterior distribution plots of results of our
tmospheric evolution modelling of the TOI-1064 system (Figs E1 
nd E2 ). 
MNRAS 511, 1043–1071 (2022) 
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Figure E1. Posterior distributions as inferred from the atmospheric evolution code described in Section 5.2. Purple areas highlight the highest probability 
density (HPD) intervals at the 68 per cent level. Red lines are the normal priors imposed on the parameters, while the background histogram plotted with the 
thin black line in the leftmost panel is the distribution of the stellar rotation period observed in open clusters of 150 Myr (Johnstone et al. 2015 ) considering 
only stars whose masses deviate from M � by less than 0.1 M �. 

Figure E2. Posterior distributions of the planetary masses (upper panels) and initial atmospheric mass fractions (bottom panels). Purple areas highlight the 
highest probability density (HPD) intervals at the 68 per cent level. The red lines represent the priors imposed on the parameters, which are uniform in the 
case of f start 

at (free parameters), while the light blue lines, spiking near f = 0, in the bottom panels represent the present-day atmospheric mass fractions. The 
atmospheric content is basically negligible for planet TOI-1064 b, while it is barely visible, though non-negligible, for planet TOI-1064 c. 
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