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ABSTRACT

The planetary system around the naked-eye star v* Lupi (HD 136352; TOI-2011) is composed of three exoplanets with masses of
4.7, 11.2, and 8.6 Earth masses (Mg). The TESS and CHEOPS missions revealed that all three planets are transiting and have radii
straddling the radius gap separating volatile-rich and volatile-poor super-earths. Only a partial transit of planet d had been covered so we
re-observed an inferior conjunction of the long-period 8.6 Mg, exoplanet v> Lup d with the CHEOPS space telescope. We confirmed its
transiting nature by covering its whole 9.1 h transit for the first time. We refined the planet transit ephemeris to P = 107.1361:’8:885 days
and T, = 2459009.7759*09:90 BJDpg, improving by ~40 times on the previously reported transit timing uncertainty. This refined
ephemeris will enable further follow-up of this outstanding long-period transiting planet to search for atmospheric signatures or explore
the planet’s Hill sphere in search for an exomoon. In fact, the CHEOPS observations also cover the transit of a large fraction of the
planet’s Hill sphere, which is as large as the Earth’s, opening the tantalising possibility of catching transiting exomoons. We conducted
a search for exomoon signals in this single-epoch light curve but found no conclusive photometric signature of additional transiting

bodies larger than Mars. Yet, only a sustained follow-up of ¥> Lup d transits will warrant a comprehensive search for a moon around

this outstanding exoplanet.

Key words. planets and satellites: detection — planets and satellites: individual: HD 136352 — planets and satellites: general

1. Introduction

Exoplanets with masses intermediate between that of terrestrial
planets and icy giants are mysterious objects. Some, dubbed
‘rocky super-earths’, have bulk densities compatible with the
composition of terrestrial planets (Mayor et al. 2011; Dressing
et al. 2015) and could thus be scaled-up versions of Earth or Mer-
cury (Valencia et al. 2006; Elkins-Tanton & Seager 2008; Dorn
et al. 2019). Other, larger, objects have lower densities that are
compatible with the presence of a volatile (ice or steam) or gas

* Undetrended and detrended light curves are only available
at the CDS via anonymous ftp to cdsarc.cds.unistra.fr
(130.79.128.5) or via https://cdsarc.cds.unistra.fr/
viz-bin/cat/]/A+A/671/A154

** This article uses data from CHEOPS programmes CH_PR100041
and CH_PR100031.

(hydrogen and helium) envelope. Depending on authors, these
have been called ‘ocean-planets’, ‘volatile-rich super-earths’,
‘mini-neptunes’ or ‘sub-neptunes’ (Kuchner 2003; Léger et al.
2004; Santos et al. 2004; Grasset et al. 2009); the lack of a uni-
versally accepted designation illustrates their uncertain nature.
These two groups of objects appear to be separated by a radius
gap in the exoplanet population (Fulton et al. 2017, 2018), which
indicates different histories (Owen & Wu 2017): formerly gas-
or volatile-rich planets could have lost their envelopes via photo-
evaporation or core-powered mass-loss to become volatile-poor
planets (Venturini et al. 2020; Rogers et al. 2021). Alternatively,
the latter could have formed intrinsically devoid of ice or gas.
The origin of rocky super-earths as a product of the evolu-
tion of sub-neptunes largely depends on the level of high-energy
stellar irradiation received by the planets, which is driving
the escape of their gaseous envelope (Lammer et al. 2003;
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Lecavelier Des Etangs 2007). However, the planet irradiation
history is challenging to reconstruct and tricky to compare
across different systems. In this respect, multi-planet systems
are critically important; they give access to exoplanets with irra-
diation history that can be compared accurately. In addition,
when planets in such system transit their stars, it becomes pos-
sible to measure their densities and surface gravities, and probe
their atmospheres. This provides inestimable insights into their
present-day composition and, by comparing them together, their
past evolution (Lopez et al. 2012).

The system of three planets around the naked-eye star v> Lupi
(v2 Lup, also known as HD 136352, HR 5699 or TOI-2011; Udry
et al. 2019) offers one of the best known opportunities for com-
parative studies of super-earth evolution. v> Lupi is a close-by
(14.7 pc), old (11.7 + 2 Gyr) solar-type (G4V) star (see Table 2).
Its three planets provide huge dynamics in terms of stellar irra-
diation, ranging from ~100 times the insolation of the Earth at
planet b to ~5 times at planet d, which could have been spared by
intense photoevaporation, 0.425 au away from its star (between
Mercury and Venus in the Solar System), and still possess a low
gas content of primordial origin (Delrez et al. 2021).

Interest in the v* Lup system exploded when the Transiting
Exoplanet Survey Satellite (TESS) detected transits by the two
inner planets b and ¢ (Kane et al. 2020). Planet b has an orbital
period of 11.6 d and a mass of 4.72 + 0.42 Earth masses (Mg),
while planet ¢ is 11.240% Mg, at 27.6 d, which is relatively long
for a transiting planet. Kane et al. (2020) measured largely dif-
ferent densities of 7.8*]-7 g cm™ for b and 3.50%04} g cm™ for
¢, placing these planets on opposite sides of the radius valley.

Delrez et al. (2021) followed up the transits of v*> Lup
b and v* Lup ¢ with the Characterising Exoplanets Satel-
lite (CHEOPS). Their observations (see their Figs. 1 and S1)
serendipitously revealed a third transit-like event, attributed to
planet d passing in front of the star altogether with planet c.
This was a fortunate finding, because planet d — with a mass of
8.82f8'g; Mg — has a 107 d period that made its transit unlikely
to be seen. However, Delrez et al. (2021) showed that the transit-
like event is compatible with the radial-velocity-based (hence,
relatively loose) ephemeris for planet d, has a depth compat-
ible with a planet of ~2.6 Earth radii (Rg), and exhibits an
in-transit curvature consistent with the known limb-darkening
profile of the host star; all these elements are in favour of planet d
being transiting in spite of an incomplete observation: CHEOPS
stopped collecting data before the egress. As a result, the tran-
sit duration and mid-transit time are loosely constrained. This
makes any follow-up attempts of this unusually long-period tran-
siting planet risky, whilst the scarce opportunities are costly in
observing time (the transit duration is estimated to be longer
than 8 h). A robust ephemeris is sorely needed to achieve the
follow-up v> Lup d deserves.

Here, we report on a second-epoch CHEOPS observation
specifically designed to confirm the transit of v> Lup d and to
obtain precise transit parameters and a reliable ephemeris. The
analysis of the observations (Sect. 2) shows a clear detection
and confirmation of a complete transit of ¥* Lup d, enabling us
to derive a precise ephemeris and refine the planet properties
(Sect. 3). Furthermore, this 8.6 Mg planet located relatively far
from its host star has a Hill sphere similar in size to that of the
Earth (Fig. 1), allowing for the presence of satellites that could
transit alongside the planet. As our observations cover the full
transit of the Hill sphere of v* Lup d, we investigate the presence
of moons in Sect. 4.

A154, page 2 of 16

2. Observations and data reduction
2.1. New data
2.1.1. CHEOPS

CHEOPS (Benz et al. 2021) initially observed »* Lup in its
early science programme (CH_PR100041), which was part of the
guaranteed time observations (GTO), from April to July 2020.
v? Lup d was first detected in transit on 9 June 2020 (Delrez
et al. 2021). The first window of opportunity for a confirma-
tion was in late April 2021. We scheduled a new CHEOPS visit
from 24 April to 28 April 2021 to cover both the 30- window on
the transit-timing uncertainty and the transit of the planet Hill
sphere, as part of the GTO programme CH_PR100031. The visit
represents 56 CHEOPS orbits (3.85 days).

A total of 4720 images were obtained; each image is a
200x200-pixel subarray resulting from the co-addition, per-
formed on board, of 26 exposures of 1.7 s; one such image is
obtained every 44.2 s. Images were processed by the CHEOPS
data reduction pipeline (DRP v13.1.0; Hoyer et al. 2020). The
DRP calibrates the raw images (event flagging, bias and gain cor-
rections, linearisation, dark current, and flat-field corrections),
corrects for environmental effects (smearing trails, jitter, back-
ground, and stray light), and performs a photometric extraction
using several circular apertures (Hoyer et al. 2020), out of which
we selected the default aperture size (25 pixels in radius), fol-
lowing Delrez et al. (2021). The output is the photometric time
series reproduced in the upper panel of Fig. 2. Contamination
of the photometric aperture by background stars is automatically
estimated by the DRP and is typically small (0.027-0.031%) for
these observations of v> Lup. The resulting light curve features
interruptions due to Earth occultations and passages throughout
the South Atlantic Anomaly. The CHEOPS light curve has an
RMS of 48 ppm (unbinned cadence of 44.2 s), 28 ppm (binned
by 2 min), and 9 ppm (binned by 20 min).

21.2. TESS

TESS first observed v Lup during sector 12 of its primary mis-
sion, between 21 May 2019 and 18 June 2019. The transits of
planets b and ¢ were discovered in these observations (Kane et al.
2020), which did not cover an inferior conjunction of planet d.
TESS observed the system again during cycle 3 in sector 38 of
its extended mission, from 28 April to 26 May 2021. Both 2-min
and 20-s cadence observations are available for this new sector,
which covers two transits of planet b and one transit of planet
c. However, these observations again did not cover a transit of
planet d, according to the ephemeris of Delrez et al. (2021). The
data were processed by the Science Processing Operations Cen-
ter (SPOC) pipeline at NASA Ames Research Center (Jenkins
et al. 2010, 2016). We retrieved the presearch data condition-
ing simple aperture photometry (PDC_SAP, Stumpe et al. 2012,
2014; Smith et al. 2012) from the Mikulski Archive for Space
Telescopes (MAST') and removed all data points for which the
quality flag was not zero.

Huber et al. (2022) recently reported that TESS 20-s light
curves show a ~10-25% improvement in photometric precision
compared to the 2-min data for bright stars (7-mag < §8), when
binned to the same cadence. This is consistent with pre-flight
expectations and related to differences in the cosmic-ray rejec-
tion algorithms applied to the 20-s and 2-min data. According to

I https://archive.stsci.edu/
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Fig. 1. Comparison of the sizes of the Hill spheres (dashed circles) for the three v?> Lup planets. Planet d is represented while transiting the star
(ivory white disc). The respective orbital positions of the planets are not representative of their positions during the observations; only their transit
impact parameters are considered. The Hill sphere radius of »* Lup d (1.87 R, or 0.0092 au or 9.1 h) is almost equal to the length of the planet
transit chord. Because the Hill sphere of v> Lup d is larger than the star, some parts of it (hatched areas) do not transit: a highly inclined exomoon
in these regions, close to maximum apparent separation, could remain undetectable during this single visit. Such a distant moon would most likely
be on a stable retrograde orbit, as these non-transiting regions are mostly beyond the stability limit for prograde (circular) orbits, represented at half
the Hill sphere radius (Domingos et al. 2006) by the dotted circle. The diameters of the Hill spheres of Mercury, Venus, and Earth are shown for
comparison; the location of the Moon within Earth’s Hill sphere is indicated.

their Fig. 2, this improvement can even be as large as ~30% for
very bright stars with T-mag~5, such as v?> Lup (T-mag = 5.05).
Checking this for the v?> Lup PDC_SAP photometry, we indeed
found a ~29% improvement when comparing the RMS of the
20-s light curve binned into 2-min intervals (103 ppm) with the
one of the 2-min light curve (146 ppm). We thus decided to
use the binned 20-s light curve in our analysis. This light curve
consists of 18482 data points and is shown in the top panel of
Fig. 3.

2.2. Archival data

To derive the strongest constraints on the system parameters, we
also included the data previously published in Udry et al. (2019),
Kane et al. (2020), and Delrez et al. (2021) in our combined anal-
ysis. These data sets are (i) the 246 radial velocities obtained
between 27 May 2004 and 4 August 2017 with the HARPS spec-
trograph on ESO 3.6 m telescope (La Silla, Chile), (ii) the TESS
2-min-cadence photometry obtained during sector 12 of its pri-
mary mission (21 May-18 June 2019), covering two transits of
planet b and one transit of planet ¢, and (iii) the six CHEOPS
visits obtained between 4 April and 6 July 2020 and covering in
total four transits of planet b (one of which is partial), three tran-
sits of planet ¢, and one partial transit of planet d. We refer to the
studies cited above for more details about these data and their
reduction. A log of the photometric observations can be found in
Table 1.

3. Analysis
3.1. Stellar properties
We determined the radius of > Lup (Gaia EDR3

5902750168276592256) in a similar manner as in Delrez

et al. (2021), using updated Gaia EDR3 photometry and par-
allax, which allowed us to refine the radius value compared to
the literature. In brief, we used a Markov Chain Monte Carlo
(MCMC) modified infrared-flux method (IRFM; Blackwell
& Shallis 1977; Schanche et al. 2020) to compute the bolo-
metric flux of the target by fitting Gaia, 2MASS, and WISE
broadband photometry (Gaia Collaboration 2021; Skrutskie
et al. 2006; Wright et al. 2010) with stellar atmospheric mod-
els (Castelli & Kurucz 2003) and converting the bolometric
flux into stellar effective temperature and angular diameter.
Using the offset-corrected Gaia EDR3 parallax (Lindegren
et al. 2021), we determine the stellar radius of v? Lup to
be 1.054 + 0.014 R;.

The stellar radius R, together with the effective tempera-
ture T and metallicity [Fe/H] (Sousa et al. 2008; Delrez et al.
2021) constitute the basic input set to then derive the isochronal
mass M, and age f,, for which we employed two different
stellar evolutionary models. A first pair of mass and age val-
ues was computed through the isochrone placement algorithm
(Bonfanti et al. 2015, 2016) using its capability of fitting the input
parameters to pre-computed grids of the Padova and Trieste
stellar evolutionary code (PARSEC?; Marigo et al. 2017)
isochrones and tracks. The stellar vsini was also added to the
basic input set to improve the routine convergence as detailed
in Bonfanti et al. (2016). To compute the second pair of mass
and age values, we applied another code, namely the code
liégeois d’évolution stellaire (CLES; Scuflaire et al.
2008). It uses the constraints given by the input parameters to
produce the best-fit evolutionary tracks of the target star follow-
ing the Levenberg-Marquadt minimisation scheme (see Salmon
et al. 2021, for further details). After confirming the mutual

2 http://stev.oapd.inaf.it/cgi-bin/cmd
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Fig. 2. New CHEOPS transit light curve of v? Lup d. Top panel: the light curve reduced with the CHEOPS automated DRP (blue points with error
bars), modelled with a combination of instrumental effects (blue curve), stellar noise (green curve), and a transit. The model including all these
effects is shown in orange. Middle panel: light curve corrected for the instrumental and stellar noise models (blue points), together with the best-fit
transit model (orange curve). See Fig. 4 for a zoom on the transit itself. Botfom panel: residuals resulting from the difference between the detrended
light curve and the transit model. For all panels, the error bars of the data points include the fitted additional jitter term added in quadrature. The

open black circles show the light curve binned into 20-min intervals.

consistency of the two respective pairs of outcomes through
the y2-based criterion described in Bonfanti et al. (2021), we
finally merged the pairs of output distributions and obtained
M, = 0.876f8;8§g My and t, = 11.7’:%:; Gyr. The uncertainties
on M, and t, were propagated from the uncertainties on R,,
Tex and [Fe/H], as described in Bonfanti et al. (2015, 2016)

for the isochrone placement and in Scuflaire et al. (2008) and
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Salmon et al. (2021) for the CLES code. All stellar parameters we
used and derived are listed in Table 2.

3.2. Combined data analysis

We performed a combined analysis of the whole data set using
the juliet python package (Espinoza et al. 2019), which is built
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Table 1. Log of photometric observations.

Data ID Start date Duration Frames Nexp X Texp Efﬁciency(“) Planet(s)
(UTC) (h) (s) (%) in transit

CHEOPS CH_PR100041_TG000901_V0200 2020-04-04T15:07 11.58 558 26x1.7® 59.2 b
CHEOPS CH_PR100041_TG000101_V0200 2020-04-14T16:23  10.99 567 26 x 1.7 63.3 c
CHEOPS CH_PR100041_TG000902_V0200 2020-04-16T03:59 11.62 580 26 x 1.7 61.2 b
CHEOPS CH_PR100041_TGO001101_V0200 2020-04-27T18:00 12.84 661 26 x 1.7 63.2 b
CHEOPS CH_PR100041_TG001001_V0200 2020-06-08T21:33  11.65 551 26 x 1.7 58.1 ¢, d
CHEOPS CH_PR100041_TG001501_V0200 2020-07-06T10:40  11.56 496 26 x 1.7 52.7 b, c
CHEOPS CH_PR100031_TG039201_V0200 2021-04-24T22:11 92.11 4720 26 x 1.7 62.9 d
TESS S12-0000000136916387-0144-s 2019-05-21T11:00 672 20119 1x120 99.8 2xb, 1xc
TESS S38-0000000136916387-0209-a_fast 2021-04-29T08:35 648 18482© 1x20 95.1 2xb,1xc

Notes. The spectroscopic observations with HARPS at ESO 3.6m are those from Udry et al. (2019). TESS sector 12 data and CHEOPS 2020
data have previously been reported by Kane et al. (2020) and Delrez et al. (2021), respectively. @ The efficiency quantifies the interruption of
CHEOPS observations due to Earth occultations and passages through the South Atlantic Anomaly. It is calculated as Ny, X Ty, X frames/duration.
® Each CHEOPS subarray image results from the on-board co-addition of 26 exposures of 1.7 s. © After binning the 20 s exposures to the 2 min

cadence.

Table 2. Stellar parameters of v> Lup.

Designations

Gaia EDR3 5902750168276592256
HD 136352

TOI 2011

TIC 136916387

Parameter Value

a 15"21m48.18°
0 —48°19'03738
Distance (pc) 14.7
Spectral type G4v

V mag 5.65

G mag 5.48

T mag 5.05

J mag 4.51

H mag 4.16

K mag 4.16

Ter (K) 5664 + 61
log[g(cm s 439 +0.11
Fe/H -0.34 +£0.04
M, (Mo) 087670058
Ry« (Ro) 1.054 + 0.014
P« (o) 0.746 + 0.041
vsini (kms™!) <1

age t, (Gyr) 117433

on several publicly available tools such as batman (Kreidberg
2015) for the modelling of transits, radvel (Fulton et al. 2018)
for radial velocities, celerite (Foreman-Mackey et al. 2017)
for Gaussian processes (GPs), and dynesty (Speagle 2020) for
estimating Bayesian posteriors and evidence via dynamic nested
sampling. Our analysis is very similar to the one presented in
Delrez et al. (2021) and simply incorporating the new CHEOPS
and TESS light curves.

The fitted system parameters were, for each planet: the orbital
period P, the mid-transit time T, the radial velocity semi-
amplitude K and the parameters r; and r,, which are connected

to the planet-to-star radius ratio p and the transit impact param-
eter b via Eqs. (1)—(4) in Espinoza (2018). This parametrisation
was shown to allow an efficient sampling of the physically plau-
sible values in the (b, p) plane. We parametrised the stellar
density p, which, together with the orbital period P of each
planet, defines a value for the scaled semi-major axis a/R, of
each planet through Kepler’s third law, where R, is the stel-
lar radius. This parametrisation offers the advantage of defining
a single common value of the stellar density for the system,
rather than fitting for the scaled semi-major axis of each planet,
thus reducing the number of fitted parameters. We placed a nor-
mal prior N(u = 1052kgm~3, 0 = (56 kg m™3)?) (i.e. py =
0.746 + 0.041 py) on the stellar density based on the stellar mass
(M, = 0.876*020 M) and radius (R, = 1.054 + 0.014 R,) that
we derived previously (Sect. 3.1). Finally, for each band pass
(CHEOPS and TESS), two quadratic limb-darkening coefficients
were parametrised using the (q;, ¢») triangular sampling scheme
of Kipping (2013). All these parameters were sampled from wide
uniform priors, except for the stellar density (see above). We
assumed circular orbits for the three planets, as justified in Delrez
et al. (2021).

We modelled the correlated noise present in the light curves
simultaneously with the planetary signals to ensure a full prop-
agation of the uncertainties. To this end, we first performed
individual analyses of each light curve in order to select the
best correlated noise model for each of them based on Bayesian
evidence. The new CHEOPS visit shows some typical flux vari-
ations phased with the spacecraft roll angle ¢ (also seen for all
previous visits; Delrez et al. 2021), which we modelled using
linear functions of sin(n¢) and cos(ng), where n = 1, 2, 3 (blue
model in Fig. 2). In addition, the CHEOPS light curve also shows
some higher-frequency stellar noise, which we modelled using a
GP with a stochastically driven damped simple harmonic oscil-
lator (SHO) kernel (Foreman-Mackey et al. 2017), with a quality
factor of 1/ V2. As described in Delrez et al. (2021), this stel-
lar variability is seen in all the CHEOPS light curves, therefore
we fitted a single common SHO GP across the seven CHEOPS
visits in our combined analysis (green model in Fig. 2). We mod-
elled the correlated noise in TESS sector 38 light curve with
an exponential GP (Foreman-Mackey et al. 2017) and used the
noise models detailed in Delrez et al. (2021) for the archival
data. Finally, we also fitted an additional jitter term for each
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Fig. 3. TESS sector 38 light curve of v?> Lup . Top panel: raw light curve obtained by binning the 20-s cadence data into 2-min intervals (blue
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account for the correlated noise. Middle panel: light curve obtained after subtracting the GP component of our model, together with our best-fit
transit model (orange curve). Bottom panel: residuals resulting from the difference between the detrended light curve and the transit model. For all
panels, the error bars of the data points include the fitted additional jitter term added in quadrature. The open black circles show the light curve
binned into one-hour intervals.

of our photometric and radial velocity data sets that was added The best-fit models for the new CHEOPS and TESS light
quadratically to the error bars of the data points to account for  curves are shown in Figs. 2 and 3, respectively. A close-up of the
any underestimation of the uncertainties or any excess noise not ~ CHEOPS transit of v*> Lup d is shown in Fig. 4. The medians
captured by our modelling. and lo credible intervals of the system parameter posterior
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Fig. 4. Zoom on the detrended transit of v* Lup d from the middle
panel of Fig. 2. Unbinned exposures are shown as sky blue points with
error bars, and white points show a binning by a factor of 15 (or lower
depending on how many exposures there are between two light-curve
interruptions). The transit model is represented by an orange curve.

distributions are given in Table 3. The posterior distributions of
all parameters are shown as a corner plot in Fig. A.1.

4. Searching for a moon
4.1. Motivations and limitations

v? Lup d has one of the longest known periods of all transiting
planets. With an orbital period of 107.1 days and a low eccen-
tricity, its orbit would be located between those of Mercury and
Venus in the Solar System. Because it is much more massive
than Mercury or Venus, v> Lup d might have retained one or
several satellites within its larger Hill sphere. Assuming a cir-
cular orbit, the Hill sphere radius can be approximated as ry =
ag\/My/(3M,). For v* Lup d, ry = 0.0092 au (~1.4 x 10° km),
almost identical to the Hill sphere radius of Earth (0.0098 au)
and substantially larger than that of Mercury (0.0012 au) and
Venus (0.0067 au). By comparison, the two inner planets b and ¢
have ry values of 0.0017 au and 0.0040 au, respectively (Fig. 1).
Therefore, v> Lup d could have retained one or several moons.
In the Solar System, the highest moon-to-planet size ratio is
~5% for icy giants (Triton to Neptune) and ~27% for terres-
trial planets (Moon to Earth). For the 2.51 Rg and 8.66 Mg
V2 Lup d, whose size and mass are intermediate between those
of the Earth (1 Rg, 1 Mg) and Neptune (3.9 Rg, 17.2 My), this
range would translate into a moon size range of 0.13-0.68 Rg.
The larger end of this range roughly corresponds to a Mars-size
body, whose transit might be detectable given the brightness of
the star and the excellent photometric precision it allows us to
reach. This motivates the search for one or several moons that
transit together with the planet.

Our observations lasted for over 84 h, roughly centred on the
mid-transit time of v> Lup d. This is largely sufficient to cover
the entire transit of the planet Hill sphere in front of the stellar
disc, which takes 27.3 h?. Because the Hill sphere of v? Lup d is
larger than the star, however, our transit observation cannot probe
the fraction of the Hill sphere that does not transit the star; this
would correspond to highly inclined moon orbits with respect to

3 In an amusing coincidence, the Hill sphere radius of »* Lup d is
almost exactly equal to the value of the transit chord projected length
of v* Lup d. This is convenient for calculating the duration of the Hill
sphere transit: it is simply 3 X 9.1 h.

the planetary orbital plan (Fig. 1). As can be seen in Fig. 1, most
such orbits would have to be retrograde; in fact, prograde moons
are only gravitationally stable out to ~0.5 rg (for circular orbits),
while only retrograde moons are stable out to 1 5 (Domingos
et al. 2006). Most of the large satellites in the Solar System have
prograde orbits, with the notable exception of the Neptune moon
Triton.

The existence of several apparent small transit-like features
in the CHEOPS light curves has motivated several independent
analyses of light curves obtained with different pipelines. We
summarise two of these efforts below. These efforts converged
to conclude that there is no evidence for an exomoon signal in
these data. However, a series of transit observations is needed to
explore the full extent of the orbital parameter space of a moon.

4.2. Alternative photometric extractions

In addition to the standard DRP reduction of CHEOPS data
(Sect. 2.1.1; Hoyer et al. 2020), which uses aperture photom-
etry, we ran an alternative and independent pipeline based on
point spread function (PSF) fitting, called the PSF Imagette
Photometric Extraction pipeline (PIPE*; see Morris
et al. 2021; Szabd et al. 2021; Deline et al. 2022; Brandeker et al.
2022). We ran PIPE on the CHEOPS stacked subarray images
(the same input as for the DRP) as well as on the imagettes,
which are small stamps centred on the target, extracted on-board
directly out of the unstacked subarray images. While the subar-
ray images result from the on-board co-addition of 26 individual
1.7 s exposures (performed to save bandwidth), the imagettes are
only stacked in groups of two, allowing us to retrieve a sam-
pling close to the actual observing cadence. We produced two
alternative light curves, one based on PSF-fitting of the subarray
images, and another based on PSF-fitting of the imagettes. They
are shown in Fig. D.1. While these light curves are largely com-
patible with each other and with the DRP light curve, the PIPE
photometry has a slightly better dispersion. More importantly,
these different light-curve extractions allowed us to test for the
robustness of shallow transit signatures such as those we search
for below.

4.3. Upper limits on the size of a moon from one transit of
v2 Lup d Hill sphere

Modelling the transit light curve of an exomoon around v Lup d
while exploring the whole parameter space of its orbital proper-
ties would require the use of six (eight) parameters, assuming
a circular (an eccentric) orbit: the exomoon radius, orbital
period, orbital inclination, longitude of the ascending node, true
anomaly at a given epoch (e.g. the mid-transit time of the planet),
the moon-to-planet mass ratio, and for an eccentric orbit, the
eccentricity and argument of periastron. The sensitivity of our
moon search, based on only a single-epoch observation, is lim-
ited by the fact that the gravitational pull of the moon on the
planet could induce planetary transit-timing variations and tran-
sit duration variations (Szabé et al. 2006; Simon et al. 2007;
Kipping 2013), and also by the existence of possible planet-moon
eclipses (Simon et al. 2009; Kipping 2011; Hippke & Heller
2022; Gordon & Agol 2022) . We thus caution that a deep, rig-
orous search for a moon requires additional epoch and follow-up
observations (see Simon et al., for a CHEOPS-specific analy-
sis). Nevertheless, determining the time investment represented

4 https://github.com/alphapsa/PIPE
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Table 3. Parameters of the v? Lup planets.

Parameter Delrez et al. (2021) This work

v2 Lup A

P (Po) 0.761 + 0.045 0.758 + 0.040
v2Lupb

Ry/R, 0.01442+000027 0.014307090023
Ry, (Rs) 1.664 +0.043 (2.6%) 1.643 +0.035 (2.1%)
b (R,) o.szig;‘ég‘ o.sosig;é)gg

P (d) 1 1.57797”_’0'888?3 11.577794+9-000023

T. —2450000 (BJDtpgp)

0.00005
8 944.37064 490068
2

8944.37267 015 ~0.00070
Transit timing uncertainty in June 2022 (min) 15 .
W (h) 3.935f8'8§7§ 3.964f8;g§g
i (degree) 88.497)17 88.53 = 0.11
ap (au) 0.0964 + 0.0028 0.0963 + 0.0021
M, (Mg) 4.72 £0.42 4.68 +0.40
Pv (Po) 1021515 L06%511
v? Lup ¢
R./R, 0.025 26’:8:888171 0.02485f8:888_§§
R. (Rg) 2.916%097 (2.6%) 2.857+09%8 (2.0%)
b (Ry) 0.872 +0.007 0.869 + 0.006
P (d) 27.59221 + 0.00011 27.592076* 0 0000as

. B80S0
T.—-2450000 (BJDpg) 8 954.40990f8'888;21 8954.409427 - “oto
Transit timing uncertainty in June 2022 (min) 4. 1.7
W (h) 3.251f8‘8§j 3.272 £ 0.027
i (degree) 88.57170.0°2 88.580+0:932
a. (au) 0.1721 + 0.0050 0.1717 + 0.0037
M, (Mg) 11.24%09 11.22%049
Pe (Pa) 0.453*0 07 0.481+0 39
v Lupd
Ri/Ry 0.02219f8:8882§ 0.02181 + 0.00022
Rs (Re) 2,562 0088 (3.4%)  2.507 +0.042 (1.7%)
b(R.) 041%05] 0353 050
P (d) 107.245 + 0.050 107.1363f():8%%9i
T.—2450000 (BJDpgp) 9 009.7759f8:8(1)8(1) 9331.1876 io:ooogg
Transit timing uncertainty in June 2022 (min) 504.4 14.0
W (h) 8870 9.062°96%
i (degree) 89.73+0.I4 89.766+003
ag (au) 0.425 +0.012 0.4243 + 0.0092
My (Mg) 8.82f0'g% 8.66f°‘g?
) 0 522+%'.078 0.5 49+%'.064

pd (Pe D22 0072 770,062

Notes. These are the posterior values resulting from the combined data analysis (Sect. 3.2).

by such a future follow-up requires us to quantify the sensitiv-
ity reached in a single epoch. We therefore opted to simplify the
problem by reducing the number of dimensions of our parameter
space in the following way: We parametrised box-shape moon
transits with the mid-transit time shift ATy with respect to the
planet, the transit duration W, and a transit depth R
scanned a grid of AT\, and W values, covering the full Hill sphere
radius (9.1 < ATy < +9.1 h) and considering possible transit
durations 0 < W < 12 h. We measured the upper limit at 3 o
on Rpeen by trying to fit additional box-shaped transits to the
residuals of the DRP light curve and report the values in Fig. 5.
The tighter detection limit on a moon radius is obtained
for configurations with a long moon-transit duration. In these
cases, it is possible to exclude moons with radii larger than
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moon/Ri' We

~0.6 Rg (roughly Mars-size) from the regions of the Hill sphere
that are transiting the star (see Fig. 1). Larger moons at long
periods (likely on retrograde orbits, as discussed in Sect. 4.1)
could still hide in the parts of the Hill sphere that do not tran-
sit the star during our observation (they could transit at another
epoch, however). Short moon transits allow for larger objects
(up to ~2 Rg) to fit into light curve gaps or that could be due
to outlying points in the light curve. Short transits like this
could happen for instance when a transiting moon is eclipsed
by the planet, or for a moon that grazes the edge of the stel-
lar disc. The region of the parameter space with small W and
large |ATy| is less likely because when the moon is far from the
planet, it implies a rapidly transiting moon on the stellar disc or a
moon transiting close to the stellar limb, which are not properly
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Fig. 5. 30 upper limit on the moon radius as a function of the mid-
transit time shift AT, with respect to the planet and the transit duration
W. The dotted white lines indicate the transit duration and location of
planet v? Lup d. The horizontal axis spans the whole diameter of the Hill
sphere (seen in projection on the stellar disc), where AT, < 0 indicates
that the moon lags the planet. The bottom lines of the map show short
transits that could represent a moon transiting shortly before being hid-
den by the planet, or transiting close to the limb of the star. Such short
transits allow for larger moons to exist while remaining undetectable in
our single-epoch data set.

modelled when using box-shaped transits. A similar but inde-
pendent search (see Appendix B) yielded similar results. We also
conducted further explorations of our CHEOPS light curve using
more realistic transit models with simpler models for the moon
orbit (see Appendices C and D); these efforts did not allow us
to find any compelling evidence for a moon larger than Mars.
A comprehensive future search will require additional epochs of
observation.

5. Conclusion

We observed a complete transit of > Lup d with the
CHEOPS space telescope. We substantially refined the planet

transit ephemeris to P = 107.1361*050) days and T. =

2459009.7759* 0005 BIDgp, which improves by ~40x on the
previously reported transit-timing uncertainty (projected in June
2022). The total transiting duration is 9.1 h. The CHEOPS obser-
vations cover the transit of the Hill sphere of the planet, which
is large for a transiting exoplanet, as large as that of Earth, and
might host one or several transiting moons. Throughout several
independent searches, we concluded that there is no evidence
for additional transits of objects with radii 0.6 Rg, demonstrat-
ing that CHEOPS is precise enough to hunt for exomoons that
have about the size of Mars. Nonetheless, the best candidate sig-
nals did not pass our reproducibility tests. We emphasise that
even if they had, confirming the presence of an exomoon around
v? Lup d would require additional epochs of observations to
validate a circumplanetary orbit in any case. Such a follow up,
by CHEOPS or other telescopes, is now enabled by the refined
ephemeris we provide in this work. This will enable performing
a deeper search of the planetary Hill sphere, or spectroscopically
probing the atmosphere of this warm subneptune, which has one
of the highest transit spectroscopy metrics (TSM) of its temper-
ature class (Delrez et al. 2021, see their Fig. 2d and discussion),

including at wavelengths, such as that of the Lyman-a line of
atomic hydrogen, that are obscured by the interstellar medium in
more distant systems.
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Appendix A: Corner plot of the combined data analysis

The posterior distributions of all parameters from the combined
data analysis (Sect. 3.2) are shown in Fig. A.1.

Fig. A.1. Corner plot showing the posterior distributions of all parameters of the combined fit.

Appendix B: Alternative search for moon(s) 1

We fitted the CHEOPS light curve with a model including a
planet and a moon that took Keplerian motion and moon-planet
eclipses into account. The moon was assumed (1) to have a circu-
lar orbit beyond the planet’s Roche limit, but inside the planet’s

A154, page 12 of 16

Hill sphere; (2) to be co-aligned with the orbit of the planet; and
(3) to have an arbitrary transit depth from 10 to 1000 pm. The
moon orbit is thus parametrised with only two parameters (P, 6):
the moon orbital period P and its orbital phase 6 at mid-transit.
This choice is motivated by the fact that our single 9.1 h plan-
etary transit represents only a small fraction of the hypothetical
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moon orbit: at the Roche limit, we have P = 0.3 d, while at the
Hill sphere radius, P = 115 d), preventing any accurate fit of the
six orbital elements of the moon. We considered 100 values for 6
from O to 360 deg. For P, we considered 100 values from —115 to
+115 d (negative values represent a retrograde orbit). For every
pair of values (P;, 6;), we calculated the moon transit depth D;
thatzbest fit the data following a y*> minimisation and the value
of x7.
Among the 10000 combinations tested, the best fit was
obtained for P = +1.766 d, 6 = 198.36 deg and D = 23 ppm
2 o = 1267.79). However, this solution does not appear bet-
ter than a simple y? fit to the data without a moon (the null
hypothesis). This null hypothesis results in x2,_,.,., = 1268.816.
The difference between the two best fits is barely visible by eye.
While the ‘moon model’ has a slightly lower y? than the ‘no-
moon model’, this improvement is not significant because the
‘moon model’ has a larger number of free parameters than the
‘no-moon model’. Two models with different degrees of freedom
can be compared with the Akaike information criterion (AIC;
Burnham & Anderson 2002),

2K(K + 1)

AIC = > +2K + —— =,
X N,-K-1

(B.1)

where K is the number of model parameters and Np is the
number of data points in the fit. The AIC can be qualitatively
interpreted as the y2, but with a penalty proportional to the num-
ber of degrees of freedom. The model with the smallest AIC
is the preferred hypothesis. In this case, we obtain AIC;00n =
1278.07 and AIC,o_moon = 1268.81. The ‘no-moon model’ is
thus preferred to the ‘moon model’. No moon seems necessary
to fit the data. We emphasise, however, that this does imply there
is no moon around »* Lup d, given the limitations expressed in
Sect. 4.1.

Appendix C: Alternative search for moon(s) 2

We searched the light curve for additional dips that might be
caused by a transiting moon. This was done by adding a second
(moon) transit model to the planet transit model (both created
using batman) to generate a simple planet-moon transit model.
The planet model parameters are those from Table 3 (right
column).

We assumed that the moon is co-moving with the planet
across the stellar disc and thus has the same transit duration.
Therefore, several parameters remain the same for the moon and
the planet transits (Kipping 2011) (e.g. we fitted for only one
stellar density value). The planet and moon also share the same
impact parameter that was considered to be the impact parameter
of the planet-moon barycenter across the stellar surface (Kipping
2010). Thus, the only moon parameters we fitted for were its mid-
transit time (Téu ) and radius ratio (py = Ruyr/Ry). We allowed for
a nonphysical negative-radius moon (inverted transit) to avoid
biasing towards a detection and allowed for a good sampling of
values around 0. Based on the Hill radius of the planet, the max-
imum separation of a plausible moon from the planetary transit
is £0.37 d (leading or lagging the planet). We used this range as
prior bounds on the expected mid-transit time of the moon, but
we also relaxed this constraint to search for any such dips outside
the Hill radius that might indicate that a dip found within the Hill
radius is spurious.

We used a linear function of time and Fourier functions as
in Sect. 3.2 to model the temporal trend and roll-angle varia-
tions in the light curve. We used the SHO kernel that was also

employed to model the stellar noise (§3.2) and the dynesty
nested-sampling routine to sample the parameter space for the
planet-only and planet-moon models. This procedure was per-
formed on the different light curve extractions mentioned above
(DRP, PIPE-imagette and PIPE-subarray).

The analysis of the PIPE-subarray data reveals a dip within
the Hill radius with a depth corresponding to a body of radius
0.61 £ 0.1 Rg. This dip is found regardless of whether we con-
strain the search region to be within the Hill radius. Figure C.1
shows the maximum likelihood planet-moon fit to the PIPE-
subarray transit light curve of v> Lup d. Comparing the Bayesian
evidence of the planet-moon model to the planet-only model, we
obtain a Bayes factor of 9.6, which is in strong favour of the
planet-moon model (the threshold to reject the null hypothesis
lies at a Bayes factor of ~5; Kass & Raftery 1995). In the case of
the planet-only model fit, the GP is able to absorb any variation
or moon-like dip that is not modelled.

The existence of the shallow transit that is clearly visible in
the GP-detrended light curve (Fig. C.1, second panel) seems sta-
tistically sound based on Bayesian evidence. However, because
fools rush in where angels fear to tread, we wished to further
assess how reproducible and robust this signature, a product of
a sophisticated detrending, really is. Rodenbeck et al. (2018)
have previously shown that light-curve detrending processes can
result in the injection of spurious moon transits to the data. Thus,
to test whether this dip could have been induced by the GP that
we used to model the stellar noise, we performed the same fit
without the GP. We obtained a similar result, albeit with less
precision on the transit depth. When we re-fitted the data after
removing the detected shallow transit signal, we found additional
dips outside the Hill sphere of »* Lup d. This indicates that a
shallow transit signal found within the Hill radius could well be
an artefact due to systematics (stellar noise, instrumental noise,
a spurious signal created by the data reduction process or a com-
bination of all of these). A good test for the latter scenario is to
perform a similar detrending and fitting procedure to the product
of the alternative data reduction pipeline mentioned in Sect. 4.2.
We might expect that different kinds of systematic effects would
be created or amplified differently with two different extraction
methods (aperture photometry vs. PSF fitting).

This proved an efficient test to refute our candidate exomoon,
as we simply were unable to retrieve the same signal in these
alternative light curves. Instead, we detected several transit-like
dips outside the Hill sphere, at different times from the ini-
tial candidate signal, in the DRP light-curve, while an inverted
transit was detected in both the PIPE imagette and DRP data.
The prevalence of these transit-like dips at different times in
independent data reductions indicates that they are likely arte-
facts produced by the stellar noise, instrumental noise, the data
reduction procedure or a combination of the three.
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Fig. C.1. Planet-moon model fit to the CHEOPS light curve of v? Lup . Top panel: PIPE-subarray light curve (blue points with error bars) modelled
with a combination of instrumental effects (blue curve), stellar noise (green curve) and transits of a planet and moon. The model including all these
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Appendix D: Alternative search for moon(s) 3

A second, independent search for a shallow signal resulting
from the transit of a moon similarly failed to provide con-
vincing evidence. For this second attempt, we conducted a
statistically robust analysis of the CHEOPS visit by construct-
ing the most complete noise model to remove systematics from
the data and thus optimise our search for transit-like features.
The noise model contained the instrumental vectors of the visit
(background, contamination, smearing, roll angle, change in
temperature, and x and y centroid offset positions) that were
retrieved using the pycheops Python package (Maxted et al.
2021)°. Previous CHEOPS studies have found that the telescope
temperature can alter the shape of the CHEOPS PSF, which in
turn produces flux variation at the beginning of a visit (the so-
called ‘ramp’); another source of flux variations on the orbital
timescale of CHEOPS is the presence of nearby contaminants
(Maxted et al. 2021; Morris et al. 2021; Wilson et al. 2022). To
assess and remove this potential flux modulation, we used a novel
PSF-based detrending method that was recently reported in Wil-
son et al. (2022) to remove these effects in the CHEOPS light
curves of TOI-1064. We refer to that paper for the full mathe-
matical description of the algorithm. In brief, the tool conducts
a principal component analysis (PCA) on the auto-correlation
function of either the CHEOPS subarrays or imagettes, depend-
ing on the light curve of interest, to assess any subtle change
in the PSF shape. To find the most significant components that
should be included in the overall noise model, the algorithm
uses a leave-one-out cross-validation method. Fig. D.1 shows the
results of this process on the CHEOPS subarrays or imagettes for
the DRP and PIPE light curves. We find that the PSF PCA method
(Wilson et al. 2022) removes a subtle flux ramp at the beginning
of the dataset.

Satisfied that we constructed a noise model that can account
for as much of the systematic flux variation as possible, we fit the
data with this model simultaneously with either N = 0, 1, and
2 transit models in order to determine the true inclusion prob-
abilities (TIP; Hara et al. 2021). Therefore, we can statistically
verify the presence of one or two transits in the CHEOPS light
curves. For the first transit model, we took priors on v?> Lup d
from the results of our global analysis (see Table. 3), whereas
for the second transit model, we assumed a similar orbital period
and impact parameter as v> Lup d, and left uniform priors on the
transit depth and centre time. An example result from the N = 1
fit using the DRP fluxes is shown in Fig. D.2. By comparing
the Bayes evidence and posterior distributions of the N = 0 and
N =1 fits, we find TIPs ~ 1 for a transit at BJD 2459 331.1875
in the DRP light curve, and at BJD 2459331.1877 and BJD
2459331.1876 in the PIPE subarray and imagette light curves.
This corresponds to the transit of v> Lup d. Confident that our
process can statistically detect transits in the detrended light
curves, we computed the TIP for the N = 1 versus N = 2 case in
order to search for an additional transit that could be caused by
an exomoon. For all light curves, we find TIPs ~ 0O for all transit
centre times within the data. Based on this analysis, we therefore
cannot statistically confirm the presence of a transiting exomoon
around v? Lup d in these data.

5 https://github.com/pmaxted/pycheops
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Fig. D.1. Results of the PSF PCA process. Top: Subarrays and DRP
fluxes. Middle: Subarrays and PIPE fluxes. Bottom: Imagettes and PIPE
fluxes. Blue represents the raw DRP or PIPE fluxes; orange shows the
combined PSF shape-change noise model from the 127, 127, and 210
principal components, respectively; and green shows detrended fluxes.
In the TIP analysis, we included all the individual components that com-
prise the orange curves and the blue raw fluxes.
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Fig. D.2. Example result of the fitting method described in Sect. D with
one transit (N = 1). Top: DRP fluxes for the visit of v Lup d. Middle
upper: Linear model of the instrumental vectors and the components of
the PSF PCA, Middle lower: N = 1 transit model. Bottom: Residuals to
linear model plus N = 1 transit model.
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