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Exoplanets transiting bright nearby stars are key objects for 
advancing our knowledge of planetary formation and evolu-
tion. The wealth of photons from the host star gives detailed 
access to the atmospheric, interior and orbital properties of 
the planetary companions. ν2 Lupi (HD 136352) is a naked-eye 
(V = 5.78) Sun-like star that was discovered to host three 
low-mass planets with orbital periods of 11.6, 27.6 and 107.6 d 
via radial-velocity monitoring1. The two inner planets (b and 
c) were recently found to transit2, prompting a photometric 
follow-up by the brand new Characterising Exoplanets Satellite 
(CHEOPS). Here, we report that the outer planet d is also tran-
siting, and measure its radius and mass to be 2.56 ± 0.09 R⊕ 
and 8.82 ± 0.94 M⊕, respectively. With its bright Sun-like 
star, long period and mild irradiation (~5.7 times the irradia-
tion of Earth), ν2 Lupi d unlocks a completely new region in 
the parameter space of exoplanets amenable to detailed char-
acterization. We refine the properties of all three planets: 
planet b probably has a rocky mostly dry composition, while 
planets c and d seem to have retained small hydrogen–helium 
envelopes and a possibly large water fraction. This diversity 
of planetary compositions makes the ν2 Lupi system an excel-
lent laboratory for testing formation and evolution models of 
low-mass planets.

CHEOPS3 is the new European mission dedicated to the study 
of known exoplanets around bright stars (V ≤ 12). Unlike pre-
vious exoplanet detection missions, such as CoRoT4, Kepler5 
and TESS6, CHEOPS is a follow-up mission, designed to collect 
ultrahigh-precision photometry of a single star at a time. For this 
purpose, it relies on a 30 cm effective aperture telescope, equipped 
with a single frame-transfer back-illuminated CCD detector pro-
viding a broad 330–1,100 nm bandpass7. CHEOPS was launched 
on 18 December 2019 into a 700-km-altitude Sun-synchronous 
dusk–dawn orbit and started routine science operations in April 
2020. For very bright stars (V ≈ 6), CHEOPS demonstrated that it 
can achieve an outstanding photometric precision of about 10 ppm 
per 1 h interval8.

ν2 Lupi is one of the first scientific targets observed by CHEOPS. 
This system of three low-mass planets orbiting one of the closest 
(14.7 pc) G-type main-sequence stars was discovered using radial 
velocities (RVs) obtained with the HARPS spectrograph1. It was 
then observed by TESS during Sector 12 of its primary mission (21 
May–18 June 2019), which revealed that the two inner planets are 
transiting2. These 28-day-long observations did not cover any infe-
rior conjunction of the outer planet d. However, the transiting con-
figuration of the two inner planets increased the probability that it 
is also transiting, to about 20% for typical mutual inclinations of ~1° 
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(ref. 2). ν2 Lupi is one of only three naked-eye stars known to host 
several transiting planets, the other two being HD 219134 (refs. 9,10) 
and HR 858 (ref. 11). The multitransiting nature of these systems, 
combined with the brightness of their stars, make them targets of 
paramount importance for comparative exoplanetology studies. 
The primary objective of our follow-up of ν2 Lupi with CHEOPS 
was to refine the properties of the two inner planets, most notably 
their radii but also their ephemerides, since being able to predict 
precise transit times is essential to enable follow-up observations 
with heavily subscribed facilities12.

Six observation runs (visits) were obtained with CHEOPS 
between 4 April and 6 July 2020 (Supplementary Table 1), targeting 
four transits of planet b and three of planet c (the last visit con-
tained one transit of each planet). The data were processed with 
the CHEOPS data reduction pipeline13 (DRP, Methods) and the 
resulting individual light curves are shown in Supplementary Fig. 1. 

During the fifth visit (8–9 June 2020), we serendipitously detected 
a ~500 ppm transit-like flux drop, which started during the targeted 
transit of planet c, and lasted for the rest of the visit (Supplementary 
Fig. 1, bottom left panel). We carefully checked the data for systemat-
ics and found this signal to be very robust (Methods). Furthermore, 
the star does not show any comparable photometric variability in 
either the CHEOPS or TESS data (Supplementary Fig. 4). This flux 
drop occurred at 1.3σ of an inferior conjunction of ν2 Lupi d, as pre-
dicted by the RV orbital solution of ref. 1, and we show in Methods 
that it most probably originates from a transit of this outer planet. 
This makes ν2 Lupi d the first long-period (>100 d) planet detected 
to transit a naked-eye star.

To determine the system parameters, we performed a global 
analysis of our six CHEOPS light curves together with other avail-
able photometric and RV data. This includes first a custom TESS 
light curve, which we extracted from the target pixel files following 

Table 1 | Properties of the ν2 Lupi planetary system

Parameters Values

Star ν2 Lupi

Effective temperature, Teff (K) 5,664 ± 61

log surface gravity, log g⋆ (cgs) 4.39 ± 0.11

Microturbulence, ξt (km s−1) 0.85 ± 0.02

Metallicity, [M/H] (dex) −0.24 ± 0.05

 Radius, R⋆ (R⊙) 1.058 ± 0.019

Mass, M⋆ (M⊙) 0.87 ± 0.04

Density, ρ⋆ (ρ⊙) 0.734 ± 0.053

Age (gyr) 12.3+1.2
−2.9

Rotation perioda, Prot (d) 23.8 ± 3.1

Luminosity, L⋆ (L⊙) 1.038 ± 0.059

Planets b c d

Orbital period, P (d) 11.57797+0.00008
−0.00013 27.59221 ± 0.00011 107.245 ± 0.050

Mid-transit time, T0 (BJDtDB − 2,450,000)b 8,944.3726+0.0015
−0.0017 8,954.40990+0.00052

−0.00054 9,009.7759+0.0101
−0.0096

Planet-to-star radius ratio, Rp/R⋆ 0.01442+0.00027
−0.00028 0.02526+0.00047

−0.00044 0.02219+0.00067
−0.00057

transit depth, dF (ppm) 208 ± 8 638+24
−22 492+30

−25

transit impact parameter, b (R⋆) 0.52+0.04
−0.05 0.872 ± 0.007 0.41+0.14

−0.21

transit duration, W (h) 3.935+0.093
−0.058 3.251+0.033

−0.031 8.87+0.56
−0.63

Orbital inclination, i (°) 88.49+0.17
−0.15 88.571+0.042

−0.045 89.73+0.14
−0.09

Orbital eccentricityc, e 0 (fixed, <0.17) 0 (fixed, <0.08) 0 (fixed, <0.25)

RV semi-amplitude, K (m s−1) 1.46 ± 0.12 2.61 ± 0.12 1.30 ± 0.13

Orbital semi-major axis, a (au) 0.0964 ± 0.0028 0.1721 ± 0.0050 0.425 ± 0.012

scale parameter, a/R⋆ 19.60+0.45
−0.46 34.97+0.80

−0.82 86.46+1.96
−2.02

stellar irradiation, Sp (S⊕) 111.6+7.3
−6.8 35.1+2.3

−2.1 5.74+0.38
−0.35

Equilibrium temperatured, Teq (K) 905 ± 14 677 ± 11 431 ± 7

Radius, Rp (R⊕) 1.664 ± 0.043 2.916+0.075
−0.073 2.562+0.088

−0.079

Mass, Mp (M⊕) 4.72 ± 0.42 11.24+0.65
−0.63 8.82+0.93

−0.92

Mean density, ρp (ρ⊕) 1.02+0.13
−0.12 0.453+0.045

−0.041 0.522+0.078
−0.072

a From ref. 1. b BJDtDB, barycentric Julian date in barycentric dynamical time. c 2σ upper limits derived from our global analysis allowing all orbits to be eccentric. d
Teq = Teff

√

R⋆/a [f(1 − AB)]
1/4, assuming 

an efficient heat redistribution (f = 1/4) and a null Bond albedo (AB = 0).
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ref. 2, to conduct a careful treatment of instrumental systematics 
(Methods and Supplementary Fig. 4). We also included 246 previ-
ously published1,2 RV measurements obtained with HARPS between 
May 2004 and August 2017 (Methods and Supplementary Fig. 6).

Since transit and RV data only yield the parameters of the planets 
relative to those of their star, we performed a detailed character-
ization of the host star (Methods), whose main derived parameters 
are given in Table 1. We carried out our global data analysis using 
the juliet package14, which allows the joint modelling of transits and 
RVs simultaneously with signals of non-planetary origin (instru-
mental systematics, stellar variability) to ensure a full propagation 
of the uncertainties on the derived system parameters. A key feature 
of juliet is that it uses nested sampling algorithms15 to explore the 
parameter space, which also allows us to perform model compari-
son via Bayesian evidences. We first analysed each dataset individu-
ally, to explore for each of them a large range of correlated noise 
models and select the best one, on the basis of Bayesian evidence 
(Methods). During this process, we detected in the CHEOPS light 
curves, besides typical instrumental noise phased with the space-
craft roll angle, some extra higher-frequency correlated noise, 
which we attribute to stellar granulation and oscillations. We mod-
elled this stellar noise using a Gaussian process (GP; Methods) and 
studied it in detail in an independent analysis (below). We then per-
formed several global analyses assuming circular or eccentric orbits 
for some or all the planets (Methods). We found the simplest model 
with circular orbits for the three planets to be the one with the high-
est Bayesian evidence and thus adopted this as our nominal solu-
tion. We also explored the data for transit timing variations (TTVs) 
but did not detect any (Methods). Table 1 presents the results of 
our global analysis, which significantly refines the system param-
eters (Methods). The best-fit models for the individual light curves 
are shown in Supplementary Figs. 1 (CHEOPS) and 4 (TESS). The 

corrected light curves, phase-folded for each planet, are presented 
together with the best-fit transit models in Fig. 1 for CHEOPS and 
Supplementary Fig. 5 for TESS. Finally, the phase-folded RVs are 
shown in Supplementary Fig. 6, together with the best-fit RV model 
for each planet. To test our results, we explored the orbital stability 
of the system for masses and eccentricities around our derived solu-
tion and found it to be very stable (Methods).

As mentioned above, the exquisite precision of our CHEOPS 
photometry (~15 ppm with a 10 min binning) makes it sensitive 
to stellar granulation and oscillations. To characterize this stellar 
signal, we analysed the power spectral density (PSD) of the photo-
metric residuals obtained after subtracting our best-fit transit and 
instrumental models (Methods and Supplementary Fig. 10). We 
measured for the stellar oscillations a frequency at maximum power 
νmax = 2,710 ± 77 μHz and a flicker index αg = 1.14 ± 0.22 (slope of 
the PSD associated with granulation) that are in agreement with 
the values expected from our derived stellar parameters and with 
the trends observed for Kepler stars16 (Supplementary Fig. 11). 
This asteroseismic detection is in good agreement with, and even 
exceeds, the expectations of ref. 17, thus spectacularly demonstrating 
the potential of CHEOPS for asteroseismology.

With a radius of 1.664 ± 0.043 R⊕ and a stellar irradiation of 
111.6+7.3

−6.8 S⊕, ν2 Lupi b lies near the inner edge of the well known 
radius valley18, while planets c (2.916+0.075

−0.073 R⊕
, 35.1+2.3

−2.1 S⊕) and d 
(2.562+0.088

−0.079 R⊕
, 5.74+0.38

−0.35 S⊕) are located on the other side (Fig. 2b). 
This gap in the planetary radius distribution separates predomi-
nantly rocky planets from larger volatile-rich (hydrogen, helium, 
water) sub-Neptunes. The ν2 Lupi planets seem to fit this picture well: 
planet b has an Earth-like bulk density of 1.02+0.13

−0.12 ρ
⊕

, while plan-
ets c and d have significantly lower densities of 0.453+0.045

−0.041 ρ
⊕

 and 
0.522+0.078

−0.072 ρ
⊕

, respectively, implying that they contain water and/
or gas (Fig. 2c). Several theories have been put forward to explain 
the radius valley, such as photoevaporation19,20, core-powered mass 
loss21 or combined formation and evolution effects22. With three 
transiting planets spanning the valley, the ν2 Lupi system provides a 
valuable opportunity to test these scenarios.

To go one step further, we performed a detailed Bayesian anal-
ysis (Methods) to derive the joint posterior distribution of the 
present-day internal structures of the three planets23,24 (Fig. 3 and 
Supplementary Figs. 12–14), assuming four layers (iron–sulfur 
core, silicate mantle, water layer, gas envelope). The innermost 
planet is found to be mostly dry (water mass equal to 0.57+0.60

−0.49 M⊕, 
that is 12.6+14.7

−11.0 wt%) and gas poor (gas mass less than 10−5 M⊕), 
whereas the two outer planets have a similarly massive water layer 
(2.81+2.52

−2.52 M⊕
, that is 25.01+22.2

−22.4 wt%, for planet c; 2.31+2.09
−2.13 M⊕

, 
that is 26.8+21.2

−23.7 wt%, for planet d) and a small but non-negligible 
amount of gas (0.13+0.103

−0.078 M⊕
, that is 1.2+0.91

−0.70 wt%, for planet c; 
0.058+0.069

−0.050 M⊕
, that is 0.66+0.79

−0.58 wt%, for planet d). The dichotomy 
between the derived amounts of water is consistent with a formation 
by migration, where the innermost planet would start its formation 
inside the ice line (located a few AU from the star for typical proto-
planetary disks) whereas the two outer planets would have spent at 
least part of their formation time outside the ice line, and therefore 
accreting icy bodies.

With regard to the derived amounts of gas, planetary atmospheric 
evolution calculations25,26 indicate that the innermost planet b was 
subject to substantial atmospheric loss, while planets c and d did not 
suffer strong evaporation (Methods and Supplementary Fig. 15). 
The two outer planets are indeed sufficiently massive and far away 
from the host star to be only slightly affected by mass loss through-
out their evolution. Therefore, the current low gas content returned 
by our internal structure modelling for these two planets is probably 
of primordial origin. In the standard core-accretion model, planets 
start to accrete substantial amounts of gas when they reach the criti-
cal mass, which is of the order of ~10 M⊕ but also depends strongly 
on different parameters, in particular the accretion rate of solids 
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(higher accretion rates translating into larger critical masses)27. The 
structure of the two outer planets, as observed today, being probably 
primordial, these two objects provide a very important anchor for 
planet formation models, as this indicates that neither of them 
reached the critical mass during their formation. These two plan-
ets, by giving access to both the core mass and gas-to-core ratio for 
two objects in the same system, will provide strong constraints on 
the understanding of the formation of subcritical planets. Since the 
presence of large gas envelopes hinders habitability28, the ν2 Lupi 
system, with its two subcritical outer planets, also provides an inter-
esting case study for numerical models targeting the emergence of 
habitable worlds.

A thorough characterization of the system will require atmo-
spheric measurements with, for example, the upcoming James 
Webb Space Telescope (JWST) or future ground-based extremely 
large telescopes. On the basis of the transmission spectroscopy 
metric (TSM) of ref. 29, the three planets are attractive targets, with 
TSM values of 125, 214 and 117 for planets b, c and d, respectively 

(Methods and Fig. 2d). In particular, ν2 Lupi d is the best target 
found so far around a Sun-like star for atmospheric studies in the 
low-temperature regime (<500 K). It is also a potentially promising 
object to search for moons or rings (Methods). Our transit detec-
tion of this exciting planet with CHEOPS thus further increases the 
importance of ν2 Lupi as a cornerstone system for comparative exo-
planetology studies of small worlds.

Methods
CHEOPS observations and data reduction. Six observation runs (visits) 
were obtained with CHEOPS between 4 April and 6 July 2020. The log of these 
observations is presented in Supplementary Table 1. Each visit lasted between 11 
and 12.8 h, so as to cover transits of planets b and c (duration of ~3.9 and ~3.2 h, 
respectively) together with a substantial out-of-transit baseline. Due to CHEOPS’s 
low Earth orbit (altitude ~700 km), the data show some gaps corresponding to Earth 
occultations or passages through the South Atlantic Anomaly, resulting in observing 
efficiencies between 49 and 60%. Due to the target’s brightness (V = 5.78), we used a 
short exposure time of 1.7 s and co-added on board 26 exposures, yielding a cadence 
of 44.2 s. For a detailed description of CHEOPS’ instrumentation, technicalities of 
its observations, and on-board processing, see ref. 3.
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The data were automatically processed with the CHEOPS DRP13 (version 
12), a detailed description of which can be found in ref. 13. In short, the DRP 
calibrates the raw images (event flagging, bias and gain corrections, linearization, 
dark current and flat-field corrections), corrects them for environmental effects 
(smearing trails, depointing, background and stray light) and performs aperture 
photometry to extract target fluxes for various apertures. For all the visits, we 
found a minimal light curve root mean squared (r.m.s.) with the default aperture 
of 25 pixels. The resulting light curves are shown in Supplementary Fig. 1 (upper 
panels for each visit). Owing to the extended and irregular shape of the CHEOPS 
point spread function3 and the fact that the field rotates around the target along 
the spacecraft’s orbit, nearby background stars can introduce a time-variable 
flux contamination in the photometric aperture, in phase with the spacecraft 
roll angle. The DRP also estimates this contamination by using the Gaia DR2 
catalogue30 to simulate CHEOPS images of the field of view. For our ν2 Lupi 
observations, this contamination was very small, varying between 0.025 and 
0.030% of the target’s flux.

In the light curve of the fifth visit (8–9 June 2020), we serendipitously 
detected a ~500 ppm transit-like flux drop, which started during the targeted 
transit of planet c, and lasted for the rest of the visit (Supplementary Fig. 1, 
bottom left panel). We carefully checked the data for systematics and found this 
signal to be very robust. As shown in Supplementary Fig. 2, it does not show any 
correlation with the size of the photometric aperture, or with any instrumental 
or environmental parameter (background, position of the target’s point spread 
function centroid on the CCD, various voltages and temperatures, dark current 
and so on). Neither can the signal be ascribed to cosmic rays or telegraphic pixels 
(noisy unstable pixels whose state randomly flips between a normal behaviour 
and an arbitrary high response). Having ruled out any systematics as the origin 
of this signal, we then turned towards another possible culprit, ν2 Lupi d. This 
planet is the third one detected in HARPS RVs by ref. 1, which reported an orbital 
period of ~107.6 d and a minimum mass (Mp sin i) of ~8.6 M⊕. Ref. 2 did not find 
any evidence for a transit of planet d in the TESS data but also noted that this 
was totally expected, since the 28-d-long observations actually did not cover any 
inferior conjunction of the planet, as predicted from the RVs. On the basis of 
the orbital solution of ref. 1, the inferior conjunction that is the nearest in time 
to the fifth CHEOPS visit was predicted to be 2,459,023.21 ± 10.33 BJD. The 
transit-like signal that we detected started around 2,459,009.59 BJD, thus at 1.3σ. 
We demonstrate below (Origin of the CHEOPS single transit event) that it most 
probably originates from a transit of ν2 Lupi d.

TESS observations and data reduction. ν2 Lupi was observed by TESS6 during 
Sector 12 of its primary mission, from 21 May until 18 June 2019. During these 28 
days, TESS saved and downlinked images of ν2 Lupi every 2 min, resulting in a total 
of 20,119 photometric measurements. Ref. 2 recently reported the detection of two 
transits of planet b and one of planet c in these data. As mentioned above, these 
observations did not cover any transit of planet d.

Following an approach similar to that used by ref. 2, we extracted our own 
custom light curve from the TESS pixel files, to conduct a careful treatment of 
spacecraft systematics. Using the lightkurve Python package31, we retrieved the 
calibrated 2 min target pixel image files from the Mikulski Archive for Space 
Telescopes (https://archive.stsci.edu) using the default-quality bitmask. We 
extracted light curves for 20 different apertures centred on the target, which were 
then background corrected by subtracting the sky contribution determined using 
a custom background mask (Supplementary Fig. 3). We chose the photometric 
aperture minimizing the 1 h combined differential photometric precision metric32, 
in this case a circular aperture with a radius of 4.6 pixels. We corrected the 
extracted fluxes for the contamination from other faint sources in the aperture, on 
the basis of their magnitudes from the TESS Input Catalog33. We note that, despite 
the large pixel scale of TESS (21 arcsec per pixel), ν2 Lupi is so much brighter than 
other nearby stars that the contamination (fluxcontaminants/fluxtarget) is only 0.95% in 
this case.

As can be seen in the upper panel of Supplementary Fig. 4, the resulting light 
curve suffers from instrumental systematics, mostly related to the pointing jitter 
of the spacecraft. To correct for these systematics, we retrieved the engineering 
quaternion measurements for camera 1 (which observed ν2 Lupi), which are 
2-s-cadence vector time series that describe the spacecraft attitude on the basis 
of observations of a set of guide stars (https://archive.stsci.edu/missions/tess/
engineering/). For each of the three vector components, we computed the 
means and s.d.s of the measurements within each 2 min science image. We also 
retrieved the various cotrending basis vectors (CBVs, https://archive.stsci.edu/
tess/bulk_downloads/bulk_downloads_cbv.html) computed by the presearch 
data conditioning module34,35 of the TESS Science Processing Operations Center 
pipeline36. We then decorrelated our light curve against the quaternion and CBV 
time series using Bayesian linear regression, while masking the in-transit points 
in the fit. We tested many different combinations of regressors and kept the 
one minimizing the Bayesian information criterion37, which notably comprised 
the first and second-order quaternion time series as well as the high-frequency 
(band 3) CBVs. At the end of the process, 1,000 samples were drawn from the 
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Fig. 3 | Internal structures of the ν2 Lupi planets. Present-day internal structures returned by our Bayesian analysis23,24 (Methods), assuming four layers 
(iron–sulfur core, silicate mantle, water layer, and H–He envelope). For each planet, a ternary diagram shows the mass fractions of the iron core, silicate 
mantle and water layer. the yellow (respectively, dark violet) colours represent zones of highest (respectively, lowest) posterior probability distribution, 
and the grey area (lower left part) represents the zone that is excluded by the assumed prior (water mass fraction smaller than 50% so that it cannot 
be larger than the icy fraction inside planetary solid building blocks; see Methods and references therein). Next to each ternary diagram, we also show 
an illustration representing the radius fractions of the core + mantle (dark grey), water layer (blue) and gas envelope (magenta), corresponding to the 
medians of the posterior distributions.
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posterior distribution of the regression coefficients to estimate the uncertainty of 
the model, which was then added quadratically to the error bars of the corrected 
data points. The resulting decorrelated light curve is shown in the second panel 
of Supplementary Fig. 4. The 1 h combined differential photometric precision 
improved from 62 to 37 ppm h−1, which is comparable with the precision achieved 
by ref. 11 for HR 858, a similarly bright star. We used this decorrelated light curve in 
our subsequent global analysis.

Archival RVs. In our global analysis, we also included 246 previously published1,2 
RV measurements that were obtained between 27 May 2004 and 4 August 2017 
with the HARPS spectrograph on the ESO 3.6 m telescope (La Silla, Chile). Among 
these, the last six measurements were acquired after an instrument upgrade and 
we thus treated them as an independent dataset in our analysis. These RV data are 
shown in the upper panel of Supplementary Fig. 6. For details of the instrument, 
observations and data reduction, see refs. 1,2 and references therein.

Ref. 2 also published 169 RV measurements obtained with the UCLES 
spectrograph on the 3.9 m Anglo-Australian Telescope (Siding Spring, Australia), 
as well as 43 RV measurements obtained with the HIRES spectrograph on the 10 m 
Keck I telescope (Mauna Kea, HI, USA). However, these data have significantly 
larger uncertainties than the HARPS data (mean measurement uncertainties of 
1.27 and 1.17 m s−1 for UCLES and HIRES versus 0.42 m s−1 for HARPS) and show a 
significantly larger scatter (5.7 and 4.5 m s−1 for UCLES and HIRES versus 2.7 m s−1 
for HARPS—Fig. 1 of ref. 2). After some preliminary analyses of the RV data (see 
below), it appeared that including the UCLES and HIRES data did not improve the 
fit, which is mostly dominated by the precise HARPS data. Thus, we only included 
the HARPS data in our final global analysis.

Host star properties. The main stellar parameters are presented in the upper 
part of Table 1. The spectroscopic parameters (Teff, log g⋆, ξt and [Fe/H]) were 
taken from ref. 38. These parameters were derived with the same methodology as 
used in ARES+MOOG, which was recently described in detail in refs. 39,40. The 
uncertainties were updated following the discussion in ref. 41 about precision 
versus accuracy errors. In summary, the method starts with the measurement of 
equivalent widths of iron lines using the ARES code42,43. Then a minimization 
process is applied to find the ionization and excitation equilibrium and converge 
to the best set of spectroscopic parameters. This process makes use of a grid of 
Kurucz model atmospheres44 and the radiative transfer code MOOG45.

Stellar atmospheric abundances of several refractory elements are given in 
Supplementary Table 2. They were computed using the same tools and models of 
atmospheres as for the determination of the stellar atmospheric parameters (see 
above). In our analysis, we followed the classical curve-of-growth method under 
assumption of local thermodynamic equilibrium46,47. Our results show that the star 
is enhanced in α-elements (Mg, Si, Ti and Ca) relative to iron.

Using the stellar parameters derived above and Gaia, 2MASS and WISE 
broadband photometry, we determined the radius of ν2 Lupi via the infrared flux 
method48, which, via the comparison of observed fluxes with synthetic photometry 
of atmospheric models, allows for the calculation of stellar effective temperature 
and angular diameter, and thus stellar radius when combined with the parallax. 
Following the retrieval of Gaia G, GBP and GRP, 2MASS J, H and K and WISE W1 
and W2 fluxes and relative uncertainties30,49,50, we employed a Markov chain Monte 
Carlo (MCMC) approach to compare the observed photometry with synthetic 
values derived by convolving stellar atmospheric models51 with the throughput 
of the broadband bandpasses, taking the stellar parameters determined above 
as normal priors on the synthetic spectral energy distributions used. Via this 
method, we derived R⋆ = 1.058 ± 0.019 R⊙, which is in agreement (1.8σ) with the 
value reported in previous work2 (1.012 ± 0.018 R⊙), with differences potentially 
arising from differing methods used to derive R⋆ or the careful treatment of stellar 
metallicity conducted in our study.

We derived the stellar age and mass from stellar models calibrated to 
reproduce the aforementioned infrared flux method radius, metallicity 
accounting for alpha enrichment, and effective temperature. Two sets of stellar 
parameters were computed with different stellar evolution codes, respectively 
using the CLES code52 and the PARSEC stellar tracks and isochrones53. In the 
first case, with CLES, the optimal stellar parameters were determined following 
a Levenberg–Marquardt local minimization scheme. The CLES stellar models 
adopt the solar chemical mixture54, OPAL opacities55, the FreeEOS equation 
of state56 and nuclear reactions from ref. 57. In the second case, with PARSEC, 
output parameters were inferred using the isochrone placement interpolation 
scheme58,59. The PARSEC models adopt the solar-scaled composition given by 
ref. 60, nuclear reaction rates considering the JINA REACLIB database61, OP62 
and ÆSOPUS63 opacities and the FreeEOS equation of state56. For each method, 
we assumed that the stellar mass and age probability distribution functions 
follow Gaussians whose medians and s.d.s correspond to the values and errors 
returned by the fit. We then combined the results of the two approaches by 
merging the respective Gaussian distributions. The medians and s.d.s of the 
resulting combined distributions were adopted as the final stellar mass and age, 
and their associated errors. We find a stellar mass of 0.87 ± 0.04 M⊙ and an old 
age of 12.3+1.2

−2.9 Gyr, consistent with the star’s thick-disk kinematics64 and low 
iron abundance (−0.34 ± 0.04 dex).

Global data analysis and derivation of the system parameters. To determine the 
system parameters, we performed a combined analysis of the CHEOPS and TESS 
transit photometry, together with the HARPS RV data. For this purpose, we used 
the publicly available juliet library14 (https://github.com/nespinoza/juliet), which 
is built over batman65 for the modelling of transits and radvel66 for RVs. A key 
feature of juliet is that it uses nested sampling algorithms (in this work dynesty15) 
to explore the parameter space, which also allows us to perform model comparison 
via Bayesian evidences. For this analysis, we assumed that the CHEOPS single 
transit event was caused by ν2 Lupi d (Origin of the CHEOPS single transit event).

juliet is very versatile and allows for a variety of parametrizations. In our 
analysis, we used the following model parameters.
•	 For each planet, P and T0.
•	 For each planet, the parameters r1 and r2 as introduced by ref. 67. This para-

metrization allows to efficiently explore the physically plausible zone in the 
(b, p) plane, where p is the planet-to-star radius ratio (Rp/R⋆) (see ref. 67 for 
details).

•	 ρ⋆, which, together with the P of each planet, defines through Kepler’s third 
law a value for a/R⋆ of each planet. This parametrization 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 normal prior (N (1,035, 762) kg m−3) 
on the stellar density based on the stellar mass (M⋆ = 0.87 ± 0.04 M⊙) and 
radius (R⋆ = 1.058 ± 0.019 R⊙) that we previously derived.

•	 For each bandpass (CHEOPS and TESS), two transformed limb-darkening 
coefficients (q1, q2), referring to the formalism introduced by ref. 68. This 
parametrization allows an efficient uninformative sampling from the physi-
cally plausible (u1, u2) parameter space, where u1 and u2 are the quadratic 
limb-darkening coefficients.

•	 For each planet, 
√e sin ω and 

√e cos ω, where ω is the argument of perias-
tron, as well as K.

•	 Together, these model parameters describe the planetary signals present in the 
photometric and RV data. To these should be added some ‘nuisance’ param-
eters describing the instrumental or astrophysical noise. juliet does indeed 
allow us to model the planetary signals simultaneously with some possibly 
underlying correlated noise, ensuring this way a full propagation of the uncer-
tainties on the derived system parameters. This is done using either linear 
models (against any relevant external parameter) or GPs (celerite69, george70).

We first performed individual analyses of each of our light curves, to select 
for each of them the best correlated noise model, based on Bayesian evidence. 
We explored a large range of models for the CHEOPS light curves, consisting 
of first- to fourth-order polynomials in the recorded external parameters (most 
importantly time, background level, position of the point spread function centroid, 
spacecraft roll angle), as well as GPs against time, roll angle or a combination of the 
two. In this process, we only selected a more complicated model over a simpler one 
if the difference in its Bayesian log evidence (Δ ln Z) was greater than two14,71. We 
found that linear functions of sin(nϕ) and cos(nϕ), where n = 1, 2, 3 (depending on 
the visit, Supplementary Table 3) and ϕ is the spacecraft roll angle3, are favoured 
for all visits and account for most of the instrumental noise (shown in turquoise 
in the top panels of Supplementary Fig. 1). On top of this, we noticed in the 
photometric residuals some higher-frequency correlated noise, which we attribute 
to stellar granulation and oscillations (see below for a detailed study of the power 
spectrum of the residuals and characterization of the stellar noise). If not properly 
accounted for, such stellar noise can introduce biases in the inferred transit 
parameters16,72. In our analysis, we modelled the stellar noise using a GP with a 
stochastically driven damped simple harmonic oscillator kernel69, with a quality 
factor of 1/

√

2. In this particular case, the simple harmonic oscillator kernel indeed 
has a similar PSD to stellar granulation73,74, to a first approximation. Since this 
stellar variability is seen in all the CHEOPS light curves, a single common simple 
harmonic oscillator GP was fitted across the six CHEOPS visits in our combined 
analysis (shown in green in the upper panels of Supplementary Fig. 1). The TESS 
light curve is not sensitive to such a short-timescale low-amplitude stellar signal; 
however, it shows some residual systematics, which we modelled using a Matérn 
GP (shown in orange in the second panel of Supplementary Fig. 4), as favoured by 
the Bayesian evidence. As for the RVs, we simply modelled them using a sum of 
three Keplerians (to account for the three planets), with a different zero point for 
each dataset (before and after upgrade). No correlated noise model was necessary 
in this case. Finally, we also fitted for each of our photometric and RV datasets an 
extra jitter term, which was added quadratically to the error bars of the data points, 
to account for any underestimation of the uncertainties or any excess noise not 
captured by our modelling.

Altogether, this yields a total of 70 free model parameters, of which 26 
describe the planetary signals and the other 44 are nuisance parameters. These 
parameters are listed together with their priors in Supplementary Table 3. To aid 
convergence, we placed normal priors on the nuisance parameters, based on the 
posterior distributions returned by our individual analyses. This approach allowed 
us to properly account for the covariances between the physical and nuisance 
parameters, while propagating the prior information we had on the nuisance 
parameters from our individual analyses. All the physical parameters were sampled 
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from wide uniform priors, except the stellar density, for which we used the normal 
prior mentioned previously.

We performed several global analyses: one assuming circular orbits (e set to 
zero) for all three planets (hereafter the ‘reference model’), one allowing the orbits 
of all three planets to be eccentric (hereafter the ‘eccentric model’) and three more 
analyses allowing the orbit of one planet to be eccentric while assuming circular 
orbits for the other two. A comparison between the Bayesian evidences of these 
models is provided in Supplementary Table 4. The reference model is the one with 
the highest Bayesian evidence. The eccentric model is marginally disfavoured 
compared with the reference model (Δ ln Z = −3.6). The models allowing the orbit 
of only one of the planets to be eccentric are statistically indistinguishable from the 
reference model (Δ ln Z between −0.9 and −1.7). However, given that the reference 
model is the simplest model and it has the highest Bayesian evidence, it appears 
to be the best model given the data at hand. We thus adopted it as our nominal 
solution.

The posterior distributions of the main fitted parameters of our global analysis 
are shown in Supplementary Fig. 7, while Table 1 presents our results for the most 
relevant physical parameters of the system. The best-fit models for the individual 
light curves are shown in Supplementary Figs. 1 (CHEOPS) and 4 (TESS). The 
unbinned CHEOPS light curves, which have a cadence of 44.2 s, have a residual 
r.m.s. between 47 and 53 ppm. When binning into 10 min and 1 h intervals, we 
reach r.m.s. values between 14 and 17 ppm and between 5 and 7 ppm, respectively. 
For comparison, the residual r.m.s. of the unbinned (2-min-cadence) TESS light 
curve is 149 ppm. This r.m.s. decreases to 80 and 30 ppm when binning into 10 min 
and 1 h intervals, respectively. The corrected light curves, phase-folded for each 
planet, are shown in Fig. 1 (CHEOPS) and Supplementary Fig. 5 (TESS) together 
with the best-fit transit models. The phase-folded RVs are shown in Supplementary 
Fig. 6, together with the best-fit RV model for each planet.

Refinement of the system parameters. To assess the improvement brought 
by our CHEOPS data for planets b and c compared with the previous TESS 
measurements2, we also analysed both datasets individually, in a homogeneous 
way, using the same methods and priors as above. For this exercise, we assumed 
eccentric orbits for the planets to allow a direct comparison with the results of ref. 
2. We first made a combined analysis of the TESS light curve and the RVs. The 
results of this analysis are compared with those of ref. 2 in Supplementary Table 5 
(second and third columns) for some key parameters. Our results are consistent, 
but our uncertainties are significantly larger, for example by factors of ~1.7 and 
~2.1 for the planet-to-star radii ratios of planet b and c, respectively. These larger 
uncertainties are probably related to our modelling of the residual systematics 
with a GP that is fitted simultaneously with the transits, while ref. 2 performed a 
full detrending of the TESS light curve before the transit fitting. We consider our 
approach to be more robust, as it accounts for the possible covariances between 
the nuisance and transit parameters, thus ensuring a proper propagation of the 
uncertainties on the derived transit parameters.

We then performed a combined analysis of our six CHEOPS visits together 
with the RVs. The results are reported in the fourth column of Supplementary 
Table 5. They are in good agreement with those of our TESS data analysis and also 
provide tighter constraints on the transit parameters. The planet-to-star radius 
ratios are measured with relative precisions of 2.8% and 2.1% for planets b and c, 
respectively, a factor of ~2 more precise than the measurements returned by our 
analysis of the TESS data. This significant refinement stems from both the higher 
photometric precision of CHEOPS and the larger number of transits observed 
(four transits of planet b observed with CHEOPS versus two with TESS; three 
transits of planet c observed with CHEOPS versus only one with TESS).

Of course, the best constraints are obtained when combining all the data 
(TESS + CHEOPS + RVs) together (last column of Supplementary Table 5). Thanks 
to the longer temporal baseline, the transit ephemerides are significantly refined, 
thus enabling efficient follow-up observations. The mid-transit times of planets b 
and c in May 2021 (middle of the next observing window) now have uncertainties 
of only 10.1 and 2.6 min, respectively. This is a major improvement when compared 
with the previous respective uncertainties of 88 and 106 min obtained when using 
the ephemerides of ref. 2. The other transit parameters (for example planet-to-star 
radii ratios and impact parameters) are only slightly refined when comparing with 
the results of our CHEOPS data analysis, which demonstrates that they are mostly 
constrained by CHEOPS. The planetary radii derived from our global analysis 
are slightly larger than those reported in ref. 2. This is due to the combined effect 
of both our slightly larger planet-to-star radii ratios and stellar radius (Host star 
properties). We note however that the planetary radii are still consistent within the 
uncertainties.

Transit timing variations. The identification of mean-motion resonance (MMR) 
configurations or the detection of significant TTVs in multiplanet systems can 
yield valuable information about their formation and evolution75. In particular, 
the TTV signal is enhanced when the planets are in, or close to, an MMR76–80, 
and the lower the order of the MMR the stronger the TTV amplitude. Looking at 
the period commensurability, that is the ratio of the periods of planet pairs in the 
system, is the first step to identify a possible MMR. In the ν2 Lupi system, both 
pairs of planets b–c and c–d show a period commensurability close to a third-order 
MMR, that is a 5:2 MMR for the b–c pair and a 4:1 MMR for the c–d pair.

The common method to identify TTVs is to plot the so-called O–C (observed–
calculated) diagram, where O are the observed (measured) transit times and C are 
transit times computed from a linear ephemeris. To compute the expected TTV 
signals, we simulated the system with a N-body integrator. We used the parameters 
in Table 1 to integrate the orbits of the three planets for 3.5 yr (that is, the nominal 
duration of the CHEOPS mission) with the TRADES 81–83 program, which allows 
us to compute the simulated transit times for each planet. We then extracted the 
semi-amplitude of the O–C diagram of each planet, assuming the simulated transit 
times as O and subtracting the transit times C calculated from the linear ephemeris 
based on P and T0 in Table 1. We found that the expected TTV semi-amplitudes 
are rather small: about 20 s for planets b and d, and about 40 s for planet c.

To explore our current dataset for possible TTVs, we ran another global 
analysis with juliet, additionally including a free TTV offset parameter for 
every transit of planet b (six transits) and planet c (four transits), while keeping 
their P and T0 fixed to the values given in Table 1. For the TTV offsets, we 
assumed uniform priors between −15 and +15 min. We assumed the same 
priors as previously (Supplementary Table 3) for the other physical and nuisance 
parameters, as well as circular orbits. This analysis returned uncertainties on the 
individual transit times of ~4–5 min for planet b and ~1–2 min for planet c, which 
did not allow us to detect any significant TTVs.

Origin of the CHEOPS single transit event. In all of the above, we assumed that 
the single transit event caught by CHEOPS was caused by ν2 Lupi d. However, 
one might ask whether this transit may instead be caused by an additional as yet 
unknown planet in the system.

The single transit event that we detected in the fifth CHEOPS visit is partial 
(that is, the observations did not cover the end of the transit), hence its duration 
is not well constrained. Additionally, the observations also did not cover the 
ingress, which occurred during an Earth occultation. Because of this, the impact 
parameter and orbital period are very poorly constrained. Some more constraints 
on the orbital period may arise from the other photometric observations, especially 
the 28-d-long TESS observations. A ~9-h-long transit with a ~500 ppm depth 
would have been very clearly detected in these data (see for example how the 
transit of ν2 Lupi c, which has a similar depth, appears clearly in Supplementary 
Fig. 4), meaning that they can be used to exclude some orbital periods. To 
assess the constraints brought by the photometry on the orbital period of the 
transiting object, we performed a combined fit of all the CHEOPS and TESS 
data with juliet. We assumed the same normal priors as used previously for the 
stellar density and nuisance parameters and wide uniform priors for the planet 
parameters (Supplementary Table 3). For the third transiting planet corresponding 
to the CHEOPS single transit event, we assumed a uniform prior between 30 
and 1,000 d for the orbital period, and a uniform prior between 2,459,009.6 and 
2,459,010.0 BJD for the mid-transit time. The posterior distributions of the fitted 
parameters for the third planet are shown in Supplementary Fig. 8. A wide range of 
orbital periods are compatible with the photometry, with a 3σ upper limit of 624 d. 
The few blank vertical stripes seen in the corner plot for some orbital periods (for 
example around 185 d and 370 d) correspond to periods that can be excluded on 
the basis of the TESS data.

To assess the possibility of a fourth unknown planet in the system, we also 
searched for some additional signals in the HARPS RVs. We computed the ℓ1 
periodogram84, which searches for several periodic signals simultaneously and thus 
is less prone to show spurious peaks due to aliasing than a regular periodogram. 
The ℓ1 periodogram (Supplementary Fig. 9, top) shows two possible peaks 
around 123 and 485 d, but with high false-alarm probabilities of 14.5% and 9.6%, 
respectively. We note that the signal at 123 d has already been discussed in ref. 1,  
which came to the conclusion that it was more probably an artefact induced 
by noise in the data or interaction with the window function (period ~1/3 of a 
year) rather than an additional planet in the system. To assess the possibility of 
one of these two candidates being at the origin of the CHEOPS single transit 
event, we fitted a fourth planet to the HARPS RVs and checked if the posterior 
distributions obtained for P and T0 were compatible with the photometry, that 
is, what percentage of the posterior samples could produce a transit in the fifth 
CHEOPS visit but no transit in the TESS data. For the 123 d signal, we found 
that the derived P (122.26+0.87

−0.83 d) and T0 (2,455,509.75 ± 4.32 BJD) posterior 
distributions are completely incompatible with the photometry: all the posterior 
samples that are compatible with a transit during the fifth CHEOPS visit would 
have also produced a transit in the TESS data. Furthermore, a dynamical stability 
analysis reveals that a fourth planet with a period of 123 d would make the system 
unstable (Orbital stability). This candidate signal at 123 d can thus be discarded. 
For the 485 d signal, we find that 0.02% of the derived P (481.72+17.35

−14.88 d) and T0 
(2,455,727.22+20.63

−18.89 BJD) posterior samples are compatible with the photometry. By 
way of comparison, this is 20 times less than the corresponding percentage of 0.4% 
obtained for ν2 Lupi d.

As a complementary check, we performed two more global analyses of all the 
data (CHEOPS, TESS, HARPS) assuming a fourth planet with a period of 485 d 
(planet e). For one of these analyses, we assumed that planet e is responsible for 
the CHEOPS single transit event (‘4 planets—e transiting’ model) and that planet 
d was thus not detected in transit in the photometry. For the second one, we 
assumed the opposite, that is that planet d is responsible for the CHEOPS single 
transit event and that planet e is not detected in the photometry (‘4 planets—d 
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transiting’ model). A comparison between the Bayesian evidences of these two 
models and our reference model (for which we assumed three planets with planet 
d responsible for the single transit, see above) is provided in Supplementary Table 
4. The 4 planets—e transiting model is marginally disfavoured compared with the 
4 planets—d transiting model, with a Δ ln Z = −3.1, that is posterior odds of ~1:22 
assuming equiprobable models. However, these two models are not equiprobable, 
planet d having also a ~2.8 times higher geometric transit probability than planet 
e. This results in posterior odds of ~1:62 in favour of the 4 planets—d transiting 
model. This model is statistically indistinguishable from our ‘3 planets—d 
transiting’ reference model (Δ ln Z = 0.6), which reflects the low significance of the 
485 d signal in the RV data. Our simpler reference model is thus the best model 
given the data at hand.

Finally, we also assessed the possibility that the CHEOPS single transit is 
caused by a fourth planet that is completely undetected in the HARPS RVs. A 
detailed computation of RV detection limits, via injection and recovery tests, is 
beyond the scope of this paper. To estimate the detection limits of the HARPS 
dataset, we instead used the results of the RV fitting challenge reported in ref. 85. 
This showed that signals with K ≥ 7.5 RVrms/

√

Nobs , with Nobs the number of data 
points and RVrms their r.m.s., are typically confidently detected in RV time series. 
For our HARPS dataset, we have Nobs = 246 and RVrms = 1.37 m s−1 after removing 
the signals of the three known planets, yielding a detection threshold K = 0.66 m s−1. 
From this value, we can derive a minimum planetary mass that should be detected 
for a given orbital period. Supplementary Fig. 9 (bottom) shows this minimum 
planetary mass as a function of orbital period for periods up to 624 d (3σ upper 
limit from our analysis of the photometry, see above). Since we know that the 
radius of the transiting object is ~2.6 R⊕ on the basis of its transit depth, we can 
estimate its mass using for example the empirical mass–radius relationship of 
ref. 86: Mp = 1.436 R1.70

p , thus ~7.3 M⊕ in this case. As shown in Supplementary 
Fig. 9 (bottom), planets in this mass range with periods up to ~480 d should be 
confidently detected in the HARPS data according to this criterion. Planets in 
this mass range with longer periods up to ~624 d should produce low-significance 
peaks in the RV periodogram. This is for example the case for the 485 d candidate 
discussed above, which has K ≈ 0.5 m s−1, thus lower than our approximate 
detection threshold, but still produces a low-significance peak in the periodogram.

On the basis of all these elements, we conclude that the CHEOPS single 
transit event was most probably caused by ν2 Lupi d, rather than by an additional 
unknown planet in the system.

Orbital stability. In this section, we sought to test the results of our global fit by 
exploring the stability of the system. To achieve this, we made use of the mean 
exponential growth factor of nearby orbits (MEGNO), Y(t) (refs. 87–89). MEGNO 
is a chaos index that has been extensively used within dynamical astronomy, in 
particular for extrasolar planetary systems90–92. Its time-averaged mean value, 
〈Y(t)〉, amplifies any stochastic behaviour, allowing the detection of hyperbolic 
regions during the integration time. Therefore, 〈Y(t)〉 allows us to distinguish 
between chaotic and quasiperiodic trajectories: if 〈Y(t)〉 → ∞ for t → ∞ the system 
is chaotic; while if 〈Y(t)〉 → 2 for t → ∞ the motion is quasiperiodic. We used the 
MEGNO implementation within the N-body integrator REBOUND93, which 
makes use of the Wisdom–Holman WHFast code94.

We explored the masses and eccentricities of the planets, two parameters that 
have the most marked effect on the orbital dynamics, by building stability maps of 
adjacent planets. The map building entailed exploring the parameter space of Mb–
Mc and eb–ec for the inner planets b and c, and Mc–Md and ec–ed for planets c and d. 
Hence, we studied planetary masses ranging from 1 to 10 M⊕ for planet b and 5 to 
15 M⊕ for planets c and d, and eccentricities in the range of 0.0–0.6 for all planets. 
In our sets of simulations, we took 10 values from each range, meaning that the 
size of each stability map was 10 × 10 pixels. Moreover, for each scenario, we set 20 
different random initial conditions by varying the argument of pericentre in the 
range of its nominal value ±1σ (on the basis of our global eccentric analysis), and 
the longitude of ascending node and mean anomaly in the range 0–360°. We then 
averaged these 20 initial conditions to obtain the averaged value of 〈Y(t)〉 of each 
pixel of the stability maps. Hence, for each stability map, we ran 2,000 simulations. 
The integration time was set to 106 times the orbital period of the outermost planet 
d. The time step was set to 5% of the orbital period of the innermost planet b. Note 
that we explored the nominal values of the planetary masses and eccentricities 
presented in Table 1 up to well beyond their 5σ ranges. This strategy allowed us to 
better understand the full architecture of the system, as well as its limitations. We 
found that the system is fully stable over the whole range of masses explored, with 
a Δ〈Y(t)〉 = 2.0 − 〈Y(t)〉 < 10−3. With regard to the eccentricities, we obtained that 
the planets may tolerate eccentricities up to 0.3, 0.3 and 0.4 for planets b, c and 
d, respectively. These masses and eccentricities are all well above their nominal 
values, which highlights the goodness of the solution from our global analysis.

As mentioned in the previous section, the RV periodogram shows two possible 
signals at 123 and 485 d. A fourth planet with an orbital period of 485 d would 
not affect the stability of the system, but a planet with a period of 123 d could 
make the system unstable. To test the stability of the system in such a four-planet 
configuration, we included a planet with an orbital period of 123 d, and then built 
stability maps exploring the parameter space e123d–M123d (with e123d and M123d the 
eccentricity and mass of the planet at 123 d, respectively). These stability maps 

were built following the same procedure as presented above, but we increased the 
number of pixels to 15 × 15. We then explored eccentricities in the range of 0.0–0.6 
and masses ranging from 1 to 15 M⊕. We ran two suites of simulations: (1) planets 
b, c and d were given circular orbits, and (2) they were given eccentric orbits using 
the eccentricities derived from our global eccentric analysis. For each pixel (or 
equivalently, each combination of e123d–M123d), we ran 20 different initial conditions 
by randomly varying the orbital angles, and then averaged the results. That is, each 
stability map contained 4,500 scenarios. We found that such a four-planet system 
would be fully unstable for times shorter than 106 orbits of the outermost planet. 
On the basis of these results, a fourth planet at 123 d can thus be discarded.

Tidal interactions. The planets are close enough to their host star to experience 
notable tidal interactions. To investigate this aspect, we quantified the influence 
of tides by means of the constant-time-lag model, in which a planet is considered 
as a weakly viscous fluid that is deformed due to gravitational effects95–97. In 
this context, the tidal dissipation of a given planet is defined by the product 
of the potential Love number of degree 2 and the constant time lag, k2 Δτ. For 
terrestrial exoplanets, a range of possibilities centred on Earth’s dissipation factor98 
k2 Δτ⊕ = 213 s, that is (0.1–10)k2 Δτ⊕, is generally adopted, so as to explore a 
range of possible tidal behaviours99,100. This assumption is valid for the innermost 
planet in the system, ν2 Lupi b, which has an Earth-like mean density (Table 1). 
This is not the case for ν2 Lupi c and d, whose lower densities suggest that they 
are probably volatile rich and have small gaseous envelopes (Internal planetary 
structures). Hence, we assumed a tidal dissipation factor similar to Jupiter’s 
value101, k2 Δτ ≈ 2.5 × 10−2 s, and explored a range of 1–100 times this value102. We 
then performed a suite of simulations with the N-body code Posidonius103, which 
includes the effects of tides, rotational flattening and general relativity, using the 
same prescriptions as given in ref. 104.

We found that the innermost planet b evolved rapidly into a pseudorotational 
state: that is, into a tidally locked configuration where its orbital and rotational 
periods became synchronized, and its obliquity close to zero, so that its orbital 
axis became aligned with the spin axis of the star. This state was reached within 
a short timescale, at a maximum 104–106 yr. This process is slower for the two 
outermost planets, which should reach pseudorotational states after 108–1010 yr 
for planet c and 1011–1013 yr for planet d. Concerning the circularization of the 
orbits, we found that this should be reached after 107–109 yr for planet b and after 
1011–1013 yr for planet c. For planet d, the circularization time exceeds 1014 yr. 
Dynamical tidal processes thus do not seem to be very efficient in this system. 
Considering that the estimated age of the system is 12.3+1.2

−2.9 Gyr (Table 1), we 
conclude that circularization may be complete for planet b, but still ongoing for 
planets c and d. However, while eccentric orbits may not be fully discarded from 
our global analysis, we found the model with circular orbits for all three planets 
to be marginally favoured. If this is the case, this would mean that planets c and 
d dissipated more energy than was explored in this study, hinting that other 
processes such as tidal inertial waves in the convective region of the planets might 
be affecting the system105. In this case, enhancement of the tidal dissipation rates 
would imply a more rapid synchronization of the planets’ spins with their orbits, 
and faster circularization of their orbits.

Characterization of the stellar signal seen in CHEOPS photometry. To precisely 
characterize the stellar noise detected in the CHEOPS light curves, we removed the 
best-fit transit and instrumental noise models from the data and analysed the PSD 
of the resulting residuals (Supplementary Fig. 10, grey curve). We clearly observe 
the bump of the stellar acoustic modes at high frequency, and the characteristic 
increase of the PSD towards the lower frequencies associated with the signature of 
stellar granulation73.

To characterize this stellar signal, we first performed a GP regression in 
the time domain based on the model described in ref. 106 (dashed lines in 
Supplementary Fig. 10). This GP model consists of a sum of three kernels chosen 
such that their respective PSDs correspond to a Gaussian-like envelope to 
describe the oscillation bump, a Harvey-like function to describe the granulation 
component and a stochastic term to describe the high-frequency (photon) noise. 
Using an MCMC approach107 to derive the parameters of this model, we inferred 
a characteristic amplitude and frequency for the granulation of 49 ± 2 ppm and 
1,026+85

−80 μHz, respectively, and a νmax of 2,710 ± 77 μHz. The latter is in agreement 
(1.8σ) with the νmax of 2,414+141

−133 μHz expected from the stellar parameters given in 
Table 1.

Considering that there is still some debate as to which model best describes the 
granulation signature (see for example refs. 74,108 and references therein), we tested 
another model based on simple power laws16,109. Making the approximation that 
the power background follows frequency power functions, this model is defined 
as log P(ν) = αg log(ν) + β, with ν the frequency, αg the flicker index measured 
between two cutoff frequencies ν ∈ [fc, fg] and β a constant. Using again an MCMC 
approach110 to derive the parameters of this power-law model, we inferred 
αg = 1.14 ± 0.22 between fc = 1,964 ± 36 μHz and fg = 830 ± 130 μHz (red dotted line 
in Supplementary Fig. 10). Based on Kepler observations, it has been shown that 
this flicker index and the corresponding cutoff frequencies are strongly correlated 
with the stellar fundamental parameters16, particularly with the stellar mass, radius 
and surface gravity (Supplementary Fig. 11). Comparing the flicker index we 
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inferred for ν2 Lupi (red dot with error bars) with results obtained previously for 
Kepler stars (grey and black dots), we observe that it follows the expected trends 
well. Moreover, this first CHEOPS measurement opens the way to studies of 
granulation signatures on bright stars that were not covered by Kepler.

Internal planetary structures. We performed a Bayesian analysis to infer the 
possible interior structures of the three transiting planets23,24. We assumed the 
planet to be made of four different layers: a central core made of iron and sulfur, 
a silicate mantle (containing Si, Mg and Fe), a water layer and a gas layer made of 
pure H and He. Compared with previous similar models23,24, the physical models 
used here have been improved111, namely with a new equation of state for the 
water layer112, and the equation of state for the iron core113 (which can also contain 
some sulfur). The equation of state for the silicate mantle114 depends on the mole 
fractions of Si, Mg and Fe, and the gas envelope model115 gives the thickness of the 
gas envelope as a function of age, planetary mass and so on. In this analysis, we 
did not include the compression effect of the gas envelope on the innermost layers 
of the planet (core, mantle and water layer). The validity of this hypothesis can be 
checked a posteriori, as the mass of gas is small for the three planets (see below).

The transit and RV data provide measurements of the planetary radii and 
masses relative to those of the star. This introduced some correlation between the 
absolute planetary radii and masses, which we take into account by fitting with our 
model the planetary system as a whole, and not each planet individually. For this, 
we assume that the planetary Si/Mg/Fe molar ratio for all planets is equal to the 
stellar one, and we fit directly the transit depths and RV semi-amplitudes of the 
three planets at once. The data used by the model are therefore the stellar mass, 
radius, effective temperature and age, as well as the chemical abundances of Fe, Mg 
and Si and the planetary RV semi-amplitudes, transit depths and orbital periods. 
The prior distribution of the mass fractions of core, mantle and water layer, which 
add up to unity, is assumed to be uniform on the simplex (the surface defined by 
the sum of the three mass fractions equal to unity). In addition, it is likely that the 
maximum water mass fraction of planets cannot be larger than the icy fraction 
inside planetary solid building blocks (whatever their nature—planetesimals 
or pebbles). We therefore assume that the mass fraction of water is less than 
50% (refs. 116,117). The prior of the gas mass is assumed to be uniform in log. The 
posterior distributions of the relevant internal structure parameters are shown in 
Supplementary Figs. 12–14 for the three planets.

Under the assumed priors, the gas mass in the three planets shows strong 
variations between planet b, which can be seen as a bare core, planet c, with a 
gas mass (5% and 95% quantiles) of 0.13+0.103

−0.078 M⊕

 (1.2+0.91
−0.70 wt%), and planet d, 

having a somewhat smaller gas mass of 0.058+0.069
−0.050 M⊕

 (0.66+0.79
−0.58 wt%). Since 

we have derived the joint posterior probability of the three planetary internal 
structure parameters, we can easily estimate the probability that planet d has less 
gas than planet c, and we found this probability to be ~90%. The water mass is 
found to be 0.57+0.60

−0.49 M⊕

 (12.6+14.7
−11.0 wt%) for the innermost planet b, 2.81+2.52

−2.52 M⊕

 
(25.01+22.2

−22.4 wt%) for planet c and 2.31+2.09
−2.13 M⊕

 (26.8+21.2
−23.7 wt%) for planet d. 

Finally, the radii of the high-Z parts (iron core, mantle and water layer) are similar 
for the two outer planets: 2.14+0.17

−0.20 R⊕

 for planet c and 2.04+0.19
−0.21 R⊕

 for planet d.

Atmospheric evolution. We constrained the initial atmospheric mass fraction of 
the three planets composing the ν2 Lupi system and the evolution of the rotation 
rate of the host star employing a slightly modified version of the tool presented by 
refs. 25,26. The algorithm models the evolution of planetary atmospheres accounting 
for atmospheric mass loss combining a model of the stellar high-energy (X-ray plus 
extreme ultraviolet, XUV) flux evolution, a model relating planetary parameters 
and atmospheric mass and a model computing planetary atmospheric escape.

The XUV flux of late-type stars (later than F5) out of the saturation regime 
depends on stellar mass and, more importantly, on rotation period118, which 
increases with time, but the evolution of the stellar rotation rate, and thus of the 
XUV emission, does not follow a unique path119. To account for the different 
rotation histories, the framework models the rotation period as a power law in 
age120 normalized such that the computed rotation period at the present age is 
consistent with the current estimate25 of 23.8 ± 3.1 d (ref. 1). The stellar XUV 
luminosity is then derived from the rotation period using scaling relations118,121,122, 
while the evolution of the stellar bolometric luminosity, which drives the evolution 
of the equilibrium temperature of the planets, is obtained by interpolating a grid of 
stellar structure models123,124.

To estimate the planetary atmospheric mass fraction as a function of mass, 
radius and equilibrium temperature, we generated a grid of interior structure 
models as used in the previous section, and performed an average over the ‘hidden’ 
parameters (stellar age, core radius and so on). Finally, the tool extracts the 
planetary mass-loss rates as a function of the system parameters by interpolating 
over a large grid of hydrodynamic upper-atmosphere models125. This approach has 
the advantage over the other commonly used analytical estimates, to appropriately 
and simultaneously account for both XUV-driven and core-powered mass loss125,126. 
The key assumptions of the framework are that the planetary orbits do not change 
with time following the dispersal of the protoplanetary disk and that the planetary 
atmospheres are hydrogen dominated.

For each planet, the planetary atmospheric evolution calculations begin at 
an age of 5 Myr, which is the assumed age of the dispersal of the protoplanetary 

disk. At each time step, the framework then extracts the mass-loss rate from the 
grid employing the stellar flux and system parameters, and uses it to update the 
atmospheric mass fraction. This procedure is then repeated until the age of the 
system is reached or the planetary atmosphere has completely escaped. The free 
parameters of the algorithm are the initial atmospheric mass fraction at the time of 
the dispersal of the protoplanetary disk, and the index of the power law controlling 
the stellar rotation period (a proxy for the stellar XUV emission) within the first 
2 Gyr. Afterwards, the relation between rotation period and age is modelled 
through a power law120, assuming the exponent 0.566.

The free parameters are constrained by implementing the atmospheric 
evolution algorithm in a Bayesian framework employing an MCMC tool110. The 
framework uses the system parameters with their uncertainties as inputs (that 
is priors). It then computes millions of forward planetary evolutionary tracks, 
varying the input parameters according to the shape of the prior distributions, and 
varying the free parameters within predefined ranges, fitting the current planetary 
atmospheric mass fractions obtained as described in the previous section. The fit 
is done for the three planets simultaneously. The results are posterior distributions 
of the free parameters, which are the rotation period of the star when it was young 
and the planetary initial atmospheric mass fractions. The modifications to the 
original tool are fitting for the planetary atmospheric mass fractions, instead of 
the planetary radii, and employing the stellar rotation period as a step parameter 
for the MCMC algorithm, instead of the index of the power law controlling the 
stellar rotation period within the first 2 Gyr. The former modification enables the 
code to be more accurate by avoiding continuously converting the atmospheric 
mass fraction into planetary radius, given the other system parameters. The latter 
modification avoids biasing the MCMC calculations towards faster-rotating stars.

Supplementary Figure 15 shows the resulting posterior probability 
distribution functions for the rotation period of the host star at the age of 150 Myr 
and for the initial atmospheric mass fraction of each of the three planets. In this 
figure, the stellar rotation period at an age of 150 Myr is also compared with the 
distribution obtained from stars with masses between 0.75 and 1 M⊙ that are 
members of open clusters of comparable age127. Our result suggests that ν2 Lupi 
evolved as a medium rotator, with a most probable rotation period at an age 
of 150 Myr ranging between 1 and 10 d and peaking at about 7 d, in agreement 
with the rotation period observed for most of the stars that are members of open 
clusters of similar age.

The posterior distribution obtained for the initial atmospheric mass fraction 
of ν2 Lupi b is flat, evidencing that the planet has completely lost its primary 
hydrogen-dominated atmosphere at some unknown point in time during the 
evolution. Therefore, the framework is unable to identify how much atmosphere 
there was when the planet stopped accreting. For both ν2 Lupi c and ν2 Lupi 
d, the posterior distribution of the initial atmospheric mass fraction presents 
one strong, rather narrow peak close to the one that is obtained for the current 
atmospheric mass fraction through the interior structure modelling (see previous 
section). These results suggest that both planets experienced little atmospheric 
evolution through mass loss. This indicates that both planets accreted only a small 
atmosphere and that their current low gas content is thus probably of primordial 
origin. On the basis of the evolution simulations, we estimate the current mass-loss 
rates of ν2 Lupi c and ν2 Lupi d to be of the order of 3.2 × 108 and 1.8 × 107 g s−1, 
respectively.

Potential of the system for atmospheric characterization. To assess quantitatively 
the potential of the system for atmospheric characterization, we used the TSM 
of ref. 29. This metric is proportional to the expected transmission spectroscopy 
signal-to-noise ratio and is defined as

TSM = scale factor ×
R3
pTeq

MpR2
⋆

× 10−mJ/5

where mJ is is the apparent magnitude of the planet in the J band. The scale factor 
depends on the radius of the planet and allows a one-to-one scaling between the 
TSM values and the signal-to-noise ratios estimated in ref. 128 assuming 10 h of 
observations with the Near InfraRed Imager and Slitless Spectrograph (NIRISS) 
aboard the JWST. Using the system parameters derived from our global analysis 
(Table 1), we obtained TSM values of 125, 214 and 117, for ν2 Lupi b, c and d, 
respectively. To provide context, Fig. 2d compares these TSM values with those 
of the currently known population of small (Rp < 4 R⊕) transiting exoplanets as 
a function of their Teq. The size of the symbols is proportional to the host star 
effective temperature. To identify the top atmospheric characterization targets 
among the exoplanet population, ref. 29 recommends a threshold of 92 for 
planets with 1.5 R⊕ < Rp < 2.75 R⊕, such as ν2 Lupi b and d, and a threshold of 84 
for planets with 2.75 R⊕ < Rp < 4 R⊕, such as ν2 Lupi c. All three ν2 Lupi planets 
are above these suggested thresholds, thus opening up promising perspectives 
for comparative atmospheric studies. We note that the TSM is only intended as 
a general metric for the ranking of transmission spectroscopy targets and that 
atmospheric observations of the ν2 Lupi planets may turn out to be challenging in 
practice. With a K-band magnitude of 4.16, ν2 Lupi is close to the JWST saturation 
limit for spectroscopy of K ≈ 4 (ref. 129). Still, higher-efficiency readout modes for 
observations of bright stars are currently being investigated130. In particular, a new 
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mode131 was proposed for the Near InfraRed Camera (NIRCam) that would allow 
us to measure spectra of targets up to K ≈ 1–2 between 1 and 2 μm.

With its rocky and mostly dry composition, ν2 Lupi b might not be an ideal 
target for atmospheric characterization. Still, its high temperature (~900 K) opens 
the interesting possibility that its surface is molten and sustains a secondary 
atmosphere in equilibrium with the underlying magma132. High-resolution 
ultraviolet spectroscopy with the Hubble Space Telescope could be used to detect 
the strong electronic transitions from metal effluents in this envelope.

In contrast, the nature of ν2 Lupi c makes it a particularly promising target. 
Among the three planets, this is the one with the lowest bulk density. Measuring 
the hydrogen and helium content of its gas envelope, and its mass loss, would 
bring useful constraints to simulations of the planet evolution. High-resolution 
ground-based spectroscopy in the near infrared will allow measurement of 
the absorption lines from metastable helium in the upper atmosphere133,134. 
Interestingly, ν2 Lupi c is in similar irradiation conditions to GJ 3470 b (Fig. 2), a 
warm Neptune that was found to be markedly evaporating135 (at a rate of about 
1010 g s−1) and whose atmosphere has already been intensively studied using both 
space-135,136 and ground-based137 facilities. While the smaller present-day size of ν2 
Lupi c probably makes it less efficient at capturing the stellar energy and evaporate, 
its lower density could favour the formation of a large exosphere of neutral 
hydrogen, sustained by the photodissociation of water from its massive reservoir138. 
At only 14.7 pc, the Lyman α line of a G-type star such as ν2 Lupi will show reduced 
absorption by the interstellar medium and could readily be used to search for the 
absorption signature of this exosphere with the Hubble Space Telescope139.

At lower temperatures (Teq < 500 K), the only target more favourable than ν2 
Lupi d according to the TSM is L 98-59 d, a low-density super-Earth transiting 
an M-dwarf star140. Despite a somewhat small gas envelope, the long-period and 
bright host star of ν2 Lupi d makes it a unique target to probe a low-temperature 
atmosphere around a Sun-like star. Water absorption bands could be searched for 
in the near future with the JWST, or with future ground-based extremely large 
telescopes using the cross-correlation technique141,142. Meanwhile, searching for the 
signature of helium in the near infrared (using for example the upcoming NIRPS 
spectrograph in the Southern Hemisphere) would allow disentanglement between 
a water-dominated and an H–He envelope. We note, however, that the long and 
rare transits of ν2 Lupi d will be an important limitation for the study of this planet 
from the ground.

Prospects for moons or rings around ν2 Lupi d. The possibility for a 
planet to have rings depends primarily on the size of its Roche radius 
Rr = 2.456Rp(ρp/ρr)

1/3, where ρr is the ring material density. Since planet d has 
an equilibrium temperature above 400 K, hypothetical rings should be water free 
and presumably silicate rich, with ρr ≃ 3 g cm−3. With the parameters in Table 1, we 
obtain Rr = 2.4 Rp, which leaves open the possibility for planet d to have enough 
space for rings in its Roche zone. Either the rings could be faint and dusty (with 
optical depth ≪ 1, like those of Jupiter), in which case their presence would not 
affect the measurement of the planet’s radius, or they could be dense and opaque 
(with optical depth > 1), which would then lead to an overestimate of the planet’s 
radius. Rings can be detected in transit mostly during the ingress and egress 
phases, which were unfortunately not covered in the CHEOPS dataset presented 
here. If the planet is tidally locked, the rings may be torqued toward the planet’s 
orbital plane beyond about 1 Rp, making their detection in transit difficult as they 
would then be seen edge on143,144. However, our tidal evolution simulations (see 
above) suggest that ν2 Lupi d may not be tidally locked yet. In our Solar System, 
whereas the terrestrial planets could theoretically have rings (following the same 
arguments as above), they do not. The absence of rings around terrestrial planets 
is still not understood but could be attributed to the Poynting–Robertson effect, 
by which micrometre-sized grains spiral down to the planet145 by interacting with 
the star light. In that case, the relative proximity of planet d to its host star might 
prevent the long-term survival of dusty rings. Other putative removal processes are 
plasma drag, or meteoritic or ion sputtering144. Future CHEOPS observations with 
a better coverage of the ingress and egress phases will make it possible to further 
investigate these questions.

Satellites orbiting a planet are subject to rapid tidal evolution, leading to 
their radial migration due to the exchange of angular momentum with the host 
planet. The region inside which satellites may be gravitationally bound to a 
planet is a fraction of the Hill radius (Rh = a(Mp/3M∗

)
1/3). For ν2 Lupi d, we 

obtain Rh = 84 Rp. Depending on whether the planet is tidally locked or not, its 
synchronous radius may be as great as 125 Rp, implying that everywhere inside the 
planet’s Hill sphere any satellite should migrate toward the planet, at a increasing 
rate as the satellite becomes closer to the planet. A simple analysis of tidal evolution 
with averaged da/dt equations146 using the dissipation Q and k2 Love number of 
the planet, shows that over 12 Gyr (the estimated age of the system, Table 1) a 
3,000 kg m−3 satellite with a 1,000 km radius may survive if it orbits at >10 Rp and 
the planet’s Q ≥ 100. A larger satellite with a 3,000 km radius may survive only if it 
orbits at >30 Rp. On the other hand, satellites smaller than 100 km may survive even 
as close as a few Rp if Q > 1. However, Q is a poorly constrained quantity. It may be 
in the range of 1–10 for terrestrial planets and >1,000 for gas-giant planets. For a 
low-density super-Earth such as ν2 Lupi d, Q is unknown, but presumably between 
the terrestrial and gas-giant values. On the basis of the exquisite photometric 

precision of the current dataset, observing the transit of the whole planet’s Hill 
sphere with CHEOPS could allow the detection of satellites down to the Mars-size 
regime.

Data availability
The CHEOPS light curves used in this work will be made available for download at 
the CDS (Centre de Données astronomiques de Strasbourg). We will provide both 
the raw and detrended light curves. All other data that support the plots within this 
paper and other findings of this study are available from the corresponding author 
upon reasonable request.

Code availability
The CHEOPS DRP is built over several public Python libraries, such as 
Astropy148,149, NumPy150 and SciPy151. The TESS light curve was extracted using the 
lightkurve31 open-source Python package. The data analysis was performed using 
the juliet Python library, which is also publicly available. The figures were produced 
using the Matplotlib152 and corner153 open-source Python modules. The codes used 
in this work are available upon reasonable request from the corresponding author.
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