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Earth, Venus, Mars and some extrasolar terrestrial planets1 
have a mass and radius that is consistent with a mass fraction 
of about 30% metallic core and 70% silicate mantle2. At the 
inner frontier of the Solar System, Mercury has a completely 
different composition, with a mass fraction of about 70% 
metallic core and 30% silicate mantle3. Several formation or 
evolution scenarios are proposed to explain this metal-rich 
composition, such as a giant impact4, mantle evaporation5 
or the depletion of silicate at the inner edge of the proto-
planetary disk6. These scenarios are still strongly debated. 
Here, we report the discovery of a multiple transiting plan-
etary system (K2-229) in which the inner planet has a radius 
of 1.165 ±  0.066 Earth radii and a mass of 2.59 ±  0.43 Earth 
masses. This Earth-sized planet thus has a core-mass frac-
tion that is compatible with that of Mercury, although it was 
expected to be similar to that of Earth based on host-star 
chemistry7. This larger Mercury analogue either formed with 
a very peculiar composition or has evolved, for example, by 
losing part of its mantle. Further characterization of Mercury-
like exoplanets such as K2-229 b will help to put the detailed 
in situ observations of Mercury (with MESSENGER and 
BepiColombo8) into the global context of the formation and 
evolution of solar and extrasolar terrestrial planets.

The star EPIC 228801451 (TYC 4947-834-1; 2MASS J12272958-
0643188; K2-229) was observed in photometry as part of campaign 
10 of the K2 mission with the Kepler space telescope, from 2016 
July 6 to 2016 September 20 with a 30 min cadence. Analysis of the 
extracted and reduced light curve using the POLAR (Planet can-
didates from OptimaL Aperture Reduction) pipeline9 revealed two 
sets of periodic planetary transit-like events on periods of about 
14 h and 8.3 d. A single transit-like event near the mid-campaign 
time was also detected (see Fig. 1 and Methods). We refer to these 

planets as K2-229 b, c and d, respectively. The light curve exhib-
its a large modulation with a 2% peak-to-peak amplitude and 18 d 
period variability (see Fig. 1) that is caused by the presence of active 
regions (spots and/or faculae). The star is a bright (magnitude in the 
visual wavelength band V =  11 mag, following the Vega magnitude 
system) late-G/early-K dwarf10, and hence is suitable for precise 
radial velocity (RV) observations.

We observed EPIC 228801451 with the HARPS (High Accuracy 
Radial velocity Planet Searcher) spectrograph with the aim of con-
firming the planetary nature of the transiting candidates and measur-
ing the mass through Doppler spectroscopy. We collected 120 RVs 
from 2017 January 26 to 2017 May 4 with up to four observations 
each night. We reduced the spectra using the online pipeline available 
at the telescope and derived the RV, the full-width at half-maximum 
(FWHM) and the bisector (BIS) of the averaged line profile, as well as 
the spectroscopic indices of chromospheric activity in the core of five 
spectral lines (see Methods and Supplementary Tables 3 and 4). The 
pipeline automatically rejected one poor-quality spectrum.

To assess the planetary nature of the detected transit signals 
and rule out the presence of background stellar objects contami-
nating the light curve, we performed high-resolution imaging 
observations with the AstraLux lucky-imaging instrument. No 
background or stellar companion is detected within the sensitivity 
limits of the data and within the photometric mask (see Methods 
and Supplementary Fig. 2).

We co-added the HARPS spectra and derived the spectral 
parameters of the host star11 (see Methods). We find that the host 
star has an effective temperature Teff =  5,120 ±  39 K, a surface grav-
ity log g =  4.51 ±  0.12, an iron/hydrogen abundance ratio [Fe/H] =   
− 0.06 ±  0.02 decimal exponents (dex), where the square brackets 
indicate that the ratio is the log relative to solar values, and a micro-
turbulence velocity vmic =  0.74 ±  0.08 km s−1. This identifies the host 

An Earth-sized exoplanet with a Mercury-like 
composition
A. Santerne   1*, B. Brugger1, D. J. Armstrong   2, V. Adibekyan3, J. Lillo-Box4, H. Gosselin1,5,  
A. Aguichine1,6, J.-M. Almenara7, D. Barrado   8, S. C. C. Barros3, D. Bayliss7, I. Boisse1, A. S. Bonomo9, 
F. Bouchy7, D. J. A. Brown2, M. Deleuil1, E. Delgado Mena3, O. Demangeon   3, R. F. Díaz7,10,11,  
A. Doyle2, X. Dumusque7, F. Faedi2,12, J. P. Faria   3,13, P. Figueira3,4, E. Foxell2, H. Giles7, G. Hébrard14,15,  
S. Hojjatpanah3,13, M. Hobson1, J. Jackman2, G. King2, J. Kirk2, K. W. F. Lam2, R. Ligi1, C. Lovis7,  
T. Louden2, J. McCormac2, O. Mousis1, J. J. Neal3,13, H. P. Osborn1,2, F. Pepe7, D. Pollacco2,  
N. C. Santos3,13, S. G. Sousa3, S. Udry7 and A. Vigan   1

NATURE ASTRONOMY | www.nature.com/natureastronomy

mailto:alexandre.santerne@lam.fr
http://orcid.org/0000-0002-3586-1316
http://orcid.org/0000-0002-5080-4117
http://orcid.org/0000-0002-5971-9242
http://orcid.org/0000-0001-7918-0355
http://orcid.org/0000-0002-6728-244X
http://orcid.org/0000-0002-5902-7828
http://www.nature.com/natureastronomy


© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved. © 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Letters Nature astroNomy

star as a K0 dwarf. We also derived the chemical abundance of the 
star (see Supplementary Table 2).

The 119-RV time series is displayed in Fig. 1 and exhibits a large 
variability at the level of about 50 m s−1 and a recurrence times-
cale of 18 d. This large modulation is not caused by planet reflex 
motions, but is due to the presence of active regions on the surface 
of the star12. We performed a joint analysis of the photometric and 
spectroscopic data, together with the spectral energy distribution 
(SED) of the star with PASTIS (Planet Analysis and Small Transit 
Investigation Software)13 (see Methods). We used three different 
approaches to correct the RV data for the activity signal of the star14: 
(1) a nightly RV offset, (2) a Gaussian process regression and (3) 
diagnostics decorrelation with a moving average. For the inner tran-
siting planet (K2-229 b), the three methods give consistent results 
(see Supplementary Fig. 3). Its mass determination is therefore 

robust in regard to stellar activity. The reflex motion of planet c is 
only significantly detected with method 3 and thus requires fur-
ther investigations to be fully secured. The outer transiting planet 
(planet d) is not significantly detected in the RV data with any of the 
methods. We finally adopted the physical parameters of the K2-229 
system, which are reported in Table 1, using model 2 for the correc-
tion of the activity-induced RVs.

The inner transiting planet, K2-229 b, has a mass of 2.59 ±  0.43 
Earth masses (M⊕) and a radius of 1.165 ±  0.066 Earth radii (R⊕), 
hence a bulk density of 8.9 ±  2.1 g cm−3. The planets c and d have 
masses less than 21.3 M⊕ and 25.1 M⊕ (95% credible interval), and 
radii of 2.12 ±  0.11 R⊕ and 2.65 ±  0.24 R⊕, respectively. Note that for 
the outer transiting planet, K2-229 d, we find two different orbital 
solutions: with an orbital period close to 31 d or longer than about 
50 d. This bimodal distribution is due to the gap in the first half 
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Fig. 1 | Photometric and RV data of the K2-229 system. a, Extracted and normalized K2 light curve. The times of transit (in units of barycentric Julian date 
(BJD) minus 2,457,000) of the planets b, c and d are indicated by the black, red and white triangles, respectively. b, Gaussian process flattened light curve 
(in black) with the best three-planet photometric model (red line). c–e, Phase-folded transit light curves (in black) of the planets b, c and d, respectively. 
The best transit model is displayed in red. f, RV time series obtained with HARPS (in red) together with the best three-Keplerian orbit and a Gaussian 
process regression (in black). The grey region corresponds to the 68.3% credible interval from the Gaussian process. g,h, Time-folded RV data (in red) to 
the transit epoch and period of the planets b and c, respectively. The data are corrected from the activity signals and the other planetary contribution.  
The best Keplerian orbit models are shown in black. Error bars are confidence intervals.
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of the K2 light curve (see Fig. 1). In the first case, another tran-
sit should have occurred during this gap, while in the second case, 
there is only one transit event during the entire photometric cam-
paign. We excluded the long-period scenario for stability reasons, as 
this requires large eccentricity to explain the relatively short transit 
duration ( . − .

+ .2 65 0 20
0 15 h, see Supplementary Table 6), making planet d 

likely to cross the orbit of planet c.
In Fig. 2, we compare K2-229 b with other known Earth-sized 

planets15–18, together with theoretical compositions of terrestrial 

planets (assuming different fractions of metallic core, silicate man-
tle and water layer)19. A comparison between K2-229 b and large 
rocky exoplanets as well as the rocky planets and major moons in 
the Solar System is also available in Supplementary Fig. 7. Given 
its high density of 8.9 ±  2.1 g cm−3, we can constrain the water mass 
fraction to be less than a few percent at maximum and thus neg-
ligible in the planetary mass budget. Assuming K2-229 b is com-
posed of only a metallic core (with a negligible fraction of silicon 
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Fig. 3 | Theoretical radii of dry terrestrial worlds as a function of their 
total mass and core-mass fraction (assuming no water) for the planet K2-
229 b. The +  mark represents the mode of the posterior distribution. The 
white contours represent the 10%, 30%, 50%, 70% and 90% percentiles 
of the posterior distribution. The vertical solid and dot-dashed black lines 
represent the core-mass fraction and 1σ uncertainties, respectively, which 
correspond to (Fe/Si)c =  0.71 ±  0.33 as measured in the host star. The 
vertical solid and dashed orange lines indicate the Earth- and Mercury-like 
core-mass fractions, respectively.

Table 1 | List of the main physical parameters of the K2-229 planetary system

Parameter Value and 68.3% credible interval

Host star
Effective temperature Teff (K) 5,185 ±  32

Surface gravity log g −
+4.56 0.05

0.03

Iron abundance (Fe/H) (dex) − 0.06 ±  0.02

Mass M⋆ (M⊙) −
+0.837 0.025

0.019

Radius R⋆ (R⊙) −
+0.793 0.020

0.032

Age τ (stellar evolution tracks) (Gyr) −
+5 . 4 3.7

5.2

Age τ (abundance ratio) (Gyr) 3.0 ±  0.9

Distance to Earth D (pc) 104 ±  4

Rotational velocity υ sin i⋆ (km s−1) 2.4 ±  0.5

Rotation period Prot (d) 18.1 ±  0.3

Chromospheric activity index log  ′RHK − 4.58 ±  0.04

Planet b Planet c Planet d
Period P (d) 0.584249 ±  1.4 ×  10−5 8.32834 ±  4.5 ×  10−4 31.0 ±  1.1

Eccentricity e 0 (assumed) 0 (assumed) 0.39 ±  0.29

Semi-major axis a (au) 0.012888 ±  1.3 ×  10−4 0.07577 ±  7.6 ×  10−4 0.1820 ±  4.2 ×  10−3

Inclination i (°) 83.9 ±  2.8 87.94 ±  0.18 88.92 ±  0.24

Radius Rp (R⊕) −
+1.164 0.048

0.066
−
+2.12 0.08

0.11 2.65 ±  0.24

Mass Mp (M⊕) 2.59 ±  0.43 < 21.3a < 25.1a

Bulk density ρp (g cm−3) 8.9 ±  2.1 < 12.8a < 9.5a

Equilibrium temperatureb Teq (K) 1,960 ±  40 800 ±  20 522 ±  13

Day-side temperaturec Td (K) 2,332 ±  56 962 ±  23 –
a95% credible upper limit.bAssuming a zero albedo.cAssuming a zero albedo and a tidally synchronized rotation.
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(Si)) and a silicate mantle, its mass and radius are consistent with a 
core-mass fraction of −

+68 25
17% (ref. 19). The derived core-mass frac-

tion differs from the one computed ( −
+27 13

9 %, see Fig. 3) assuming the 
planet was formed with the same Fe/Si corrected ((Fe/Si)c) ratio (see 
Methods for a description of (Fe/Si)c) as observed in the host star 
((Fe/Si)c =  0.71 ±  0.33). Therefore, the composition of this planet is 
probably (with an 88% credible probability) different from the one 
expected based on the chemical composition of its host star. The 
reasons for this would be that the planet evolved since its formation, 
for instance by losing parts of its mantle4,5, or it was formed with a 
substantially different (Fe/Si)c ratio than its host star6. With such a 
potentially large core-mass fraction, K2-229 b stands out as a larger 
analogue of Mercury in the Solar System, which has a core-mass 
fraction of 68% (refs 2,3). Both planets might therefore share a com-
mon formation and evolution history.

Compared with Mercury, K2-229 b orbits much closer to its star, 
with an orbital period of about 14 h. Its day-side temperature can 
reach up to 2,330 K, assuming synchronous rotation. These condi-
tions make K2-229 b potentially more sensitive than Mercury to 
mantle evaporation. At this temperature, the mantle in the day-side 
of the planet is expected to volatilize into a saturated atmosphere of 
silicate vapour20. Substantial evaporation of this atmosphere would 
result in planetary mass loss. Current thermal escape and stellar 
X-ray irradiation, however, are not expected to strip out this thin 
atmosphere substantially (see Methods). Other extremely hot rocky 
worlds have been reported with masses and radii consistent with 
an Earth-like composition1, while a temperate, probably metal-
rich, rocky planet has been recently detected: LHS 1140 b (ref. 21). 
Therefore, stellar irradiation is not expected to contribute to the 
mass-loss rate (hence mantle evaporation) by more than a few per-
cent of the total planetary mass.

Since K2-229 b is orbiting extremely close to an active K dwarf 
(at 0.012 au), another hypothesis is that the thin layer of silicate 
vapour might escape from the planet through magnetic interac-
tion with the host star22,23. Intense stellar wind and flares might also 
erode the planet’s atmosphere24. However, these two mechanisms 
would be less efficient if the planet has its own magnetosphere, pro-
tecting the atmosphere from evaporation. More observations and 
modelling, which are outside the scope of this paper, are required to 
constrain this evolution scenario fully. The detection of a cometary-
like tail25 in the planet vicinity would be evidence for these mecha-
nisms evaporating the volatilized mantle of rocky planets. Searching 
for a correlation between the core-mass fraction of rocky exoplanets 
and their magnetic environment26 would provide insights into the 
importance of the magnetic field in this potential mechanism.

Another scenario to explain the composition of Mercury is a 
Theia-like giant impact4. If this scenario is responsible for Mercury-
like exoplanets, there might be some correlation between the mul-
tiplicity and architecture of the systems with the presence of such 
planets. In that case, these planets would also be prime targets to 
search for relatively large exomoons. However, more giant-impact 
modelling is needed to understand what would be the initial condi-
tions in terms of, for example, mass and velocity, for a Theia-like 
object to remove the mantle of rocky planets much more massive 
than Mercury such as K2-229 b.

Finally, if photophoresis is the mechanism that forms Mercury-
like planets6, the comparison of their host star’s properties with those 
hosting Earth-like planets1 will provide important constraints on the 
conditions required for this process. However, given the properties 
of the Mercury- and Earth-like planets (the orbital separation ver-
sus the core-mass fraction), there is no clear correlation between the 
formation conditions and the composition of the innermost planet. 
One possibility would be that the Earth-like planets are formed fur-
ther out in the disk than those with a Mercury-like composition. 
Further theoretical work is needed to understand fully the formation 
and migration of these planets under the photophoresis scenario.

Note that after we submitted this paper, the planet K2-106 b, 
which was initially reported with an Earth-like composition27, has 
been found to be much more rich in iron28. No clear comparison 
between the composition of K2-106 b and the one of its host star 
has been performed so far. Still, it shows that the existence of such 
Mercury-like planets is more common than previously thought. 
This is opening a new approach to understand the particular forma-
tion and evolution of these planets.

The planet K2-229 b appears to have abundances that are differ-
ent from the ones of the central star. This is the first time such a situ-
ation has been observed in an extrasolar system29. Its composition 
is similar to that of Mercury. However, both planets do not share 
the same environmental conditions, the former being substantially 
hotter and closer to its star. Therefore, K2-229 b is an excellent labo-
ratory to test the conditions to form Mercury analogues. The explo-
ration of this new population of exoplanets can greatly complement 
Solar System in situ missions such as MESSENGER (MErcury 
Surface, Space ENvironment, GEochemistry and Ranging) and 
BepiColombo8, and will help to constrain the formation and evo-
lution mechanisms of Mercury-like planets in various environ-
ments. It can then be used to refine the formation models of the 
Solar System terrestrial planets. The increased precision in mass 
and radius measurements brought by upcoming dedicated missions 
such as PLATO (PLAnetary Transits and Oscillations of stars)30 will 
bring an important advancement for this purpose.

Methods
K2 light-curve reduction and transit detection. The search for candidates 
followed a process incorporating automated searches and human vetting. The 
POLAR-detrended9 K2 light curves are first flattened using a moving third-degree 
polynomial filter, iteratively fit 20 times to a 3.5 d region while ignoring outliers 
from the previous fit. The polynomial is not allowed to fit across gaps in the 
data greater than 1 d. After flattening, light curves are run through a modified 
box-fitting least-squares search31, where outliers across the campaign are ignored 
from all light curves. We rank light curves on their box-fitting least-squares 
signal strength, then individually vet every light curve through human eyeballing. 
Candidates are passed on for follow-up if they pass a number of tests: there must 
be no visible nearby companions, no visible centroid motion during transit and 
no significant depth difference between odd and even transits. We further rank 
successful candidates using their transit shape, as measured by the θ2 statistic32, 
which uses self-organizing maps to distinguish between planetary and false-
positive transit shapes.

RV observations and reduction. The RV observations were carried out with 
the HARPS spectrograph, mounted on the European Southern Observatory 
(ESO) 3.6 m Telescope in La Silla Observatory in Chile. HARPS is a fibre-fed 
echelle spectrograph with a resolving power R ≈  110,000, optimized for precise 
RV observations33. The spectroscopic data were obtained as part of our ESO–K2 
large programme (ESO programme ID: 198.C-0169). We used an exposure time 
of 1,800 s for individual observations, which led to signal-to-noise ratios at the 
level of 60 per CCD (charge-coupled device) pixel at 550 nm. Spectra were reduced 
with the online pipeline. One spectrum failed the automatic quality checks of 
the pipeline due to an incorrect colour-flux correction. The RVs were derived 
following the standard procedure used for more than two decades34, consisting 
of cross-correlating the observed spectra with a numerical mask corresponding 
to a G2V star. From the result of the cross-correlation function, we derived 
the RV, the BIS, the FWHM and their associated uncertainties35,36. RVs have a 
median precision of 1.7 m s−1. From the spectra, we also measured indices of 
chromospheric emission, SMW (Mount Wilson Observatory S index), IHα, INaD and 
IHeiD3, in the activity-sensitive calcium ii H and K, Hα , sodium i D and helium i D3 
lines, respectively37. All these data are available in Supplementary Tables 3 and 4.

From the FWHM values, we estimated the sky-projected stellar rotational 
velocity to be υ sin i⋆ =  2.4 ±  0.5 km s−1, where υ is the rotational velocity and i⋆ is 
the stellar inclination. Using the SMW, which evaluates the level of chromospheric 
emission in the calcium ii H and K lines, we computed the value of the 
chromospheric activity index log 

′
RHK (ref. 38) to be − 4.58 ±  0.04. The SMW data 

clearly show a long-term slope with a value of − 0.14 ±  0.02 yr−1. This drift is also 
observed in the FWHM and IHα (see Supplementary Fig. 1), and might reveal a 
rapidly evolving or large-amplitude magnetic cycle, the star being less active at the 
end of the campaign than at the start.

Spectroscopic analysis and chemical composition of the star. The stellar 
parameters (Teff, [Fe/H], log g and vmic) were derived from the Doppler-corrected 
co-added HARPS spectra with the same methods as stars in the SWEET-Cat 
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catalogue11. This method uses standard local thermodynamical equilibrium analysis 
with the 2014 version of the code MOOG (ref. 39). A grid of Kurucz ATLAS9 
atmospheres40 was used as input along with the equivalent widths measured 
automatically with version 2.0 of the ARES program41. The log g value, known to 
be systematically biased, was corrected using a calibration based on asteroseismic 
targets42. The derived values are Teff =  5,120 ±  39 K, log g =  4.51 ±  0.12 cm s−2, 
[Fe/H] =  − 0.06 ±  0.02 dex and vmic =  0.74 ±  0.08 km s−1. These values were then 
used as priors in the Bayesian joint analysis described below. The adopted values, 
reported in Table 1, are the posteriors of this joint analysis and are thus consistent 
with the SED and the stellar density as constrained by the transit.

Elemental abundances were determined with the same approach as the analysis 
of the HARPS Guaranteed Time Observations sample43. Lithium abundance was 
derived with a spectral synthesis method also by using the code MOOG and 
ATLAS atmospheres44. Using the yttrium/magnesium abundance ratio [Y/Mg], we 
estimated the age45 of the star to be 3.0 ±  0.9 Gyr.

Lucky-imaging observations. We obtained a high-spatial-resolution image of 
the target with the AstraLux camera46 installed at the 2.2 m telescope of the Calar 
Alto Observatory. By using the lucky-imaging technique to avoid atmospheric 
distortions, we obtained 90,000 images in the Sloan Digital Sky Survey i′  band of 
30 ms exposure time, well below the coherence time. Note that the Sloan filters 
use the AB magnitude system. We used the observatory pipeline to perform the 
basic reduction of the images and the subsequent selection of the 10% best-quality 
frames, with the highest Strehl ratios (total integration time of 270 s). These images 
are then aligned and combined to obtain the final high-spatial-resolution image, 
shown in Supplementary Fig. 2 together with the 80 ×  80″  image of the Digitized 
Sky Survey and the K2 photometric mask. No other companion closer than 12″  
and within the sensitivity limits is detected. We estimated the sensitivity curve47 of 
this high-spatial-resolution image, shown in Supplementary Fig. 2.

Due to the decentring of the K2 mask compared with the AstraLux image, 
we also checked for companions in the Digitized Sky Survey image and found 
only a faint target (magnitude difference of 8.1 in the R band) outside the K2 best 
aperture. The contamination from this source is thus negligible. Consequently, 
we can conclude that the extracted K2 light curve is not contaminated within 
our sensitivity limits. We computed the background source confidence47, which 
illustrates the confidence to which we can affirm that our planet signal is not 
affected by relevant chance-aligned sources up to a certain separation. In this case, 
we obtained background source confidence values of 98.32%, 99.44% and 99.67%, 
for planets b, c and d, respectively. Therefore, we can conclude that the chances 
of having missed a relevant contaminant in this high-spatial-resolution image are 
very small for any of the detected planets.

Bayesian analysis of photometry, RV and SED. We jointly analysed the K2 
photometry, HARPS RVs and the SED in a Bayesian framework. We used the 
K2SFF (K2 Self Flat-Fielding) reduction48 of the K2 light curve with the optimal 
aperture mask that we corrected for spot and faculae modulation as well as 
residuals of instrumental systematics, using a Gaussian process regression with a 
Matérn 3/2 kernel49, trained on out-of-transit photometry. For the SED, we used 
the optical magnitudes from the American Association of Variable Star Observers 
Photometric All-Sky Survey50, and near-infrared magnitudes from the Two-Micron 
All-Sky Survey and Wide-field Infrared Survey Explorer51. These magnitudes 
are reported in Supplementary Table 1. The light curve was modelled with the 
JKTEBOP (JKT Eclipsing Binary Orbit Program)52 with an oversampling factor 
of 30 to account for the long exposure time of Kepler53. The SED was modelled 
with the BT-Settl stellar atmosphere models54. For the RV, we used three different 
models, described below, to account for the Keplerian orbit of the three planets 
and the stellar variability. We did not oversample the RV model to account for the 
relatively long exposure time (3.5% of the period of the inner planet), as this effect 
is expected to underestimate the planetary mass by less than 0.2%, which  
is negligible.

To account for the asterodensity profiling55, we modelled the central star with 
the Dartmouth stellar evolution tracks56. Note that we also used the PARSEC 
(PAdova and TRieste Stellar Evolution Code) evolution tracks57 with no significant 
change in the result. Linear and quadratic limb-darkening coefficients were taken 
from a commonly adopted theoretical table58 and are changed in the analysis as a 
function of the stellar parameters.

The analysis was performed using PASTIS13, which runs a Markov chain Monte 
Carlo algorithm. The exhaustive list of parameters and their respective priors is 
available in Supplementary Tables 5–7 and displayed in Supplementary Figs. 4–6. 
For each of the activity-correction methods, we run 20 Markov chain Monte Carlo 
simulations of 3 ×  105 iterations, initialized at random points drawn from the joint 
prior distribution. The chains were tested for convergence using a Kolmogorov–
Smirnov test59. The burn-in of each chain was removed before merging them to 
derive the posterior distribution, from which we computed the median and 68.3% 
credible interval for each parameter. When necessary, we kept only the samples of 
the posterior distributions for which the stellar age, as provided by the evolution 
tracks, is compatible with the age of the Universe. Similar analyses have previously 
been performed to characterize several transiting companions, from brown dwarfs 
to low-mass planets60–62.

Activity-correction method 1: a nightly RV offset. A straightforward method 
to correct for stellar activity when characterizing ultrashort-period planets is to 
account for a nightly RV offset63. This requires that several observations are taken 
each night, which is the case here. This method assumes that the activity of the 
star does not evolve substantially within the night, but filters out any signal with 
a period longer than about 1 d. Therefore, this model can be used to characterize 
only the inner transiting planet, K2-229 b.

The function f to describe the RV data is the following:

γ Δγ= + +=f k (1)j l1

ω ω= + +K ek v[cos( ) cos( )] (2)j j j j j j

where γ is the systemic RV, kj is the Keplerian orbit model of the jth planet and Δ γl 
is the offset of the lth night. The Keplerian orbit of the jth planet is described by the 
RV semi-amplitude, Kj, the true anomaly, νj, the eccentricity, ej, and the argument 
of periastron, ωj.

The target K2-229 was observed over 51 different nights with at least two and 
up to four observations. For the sake of simplicity, we here fixed the ephemeris 
of the inner planet to the best values (see Supplementary Table 5). We find no 
significant eccentricity, with ej=1 =  0.16 ±  0.11, as expected given the ultrashort 
period of the planet. Assuming a circular orbit, we find Kj=1 =  2.82 ±  0.40 m s−1, 
which translates into a mass for planet b of Mb =  3.28 ±  0.47 M⊕. Note that the RV 
activity signal varies up to 1.1 m s−1 over the ~5 h observations each night. This 
mass determination might thus be slightly biased depending on how the activity 
signal phases with the planet orbit at the time of the observations.

Activity-correction method 2: Gaussian process regression. Recently, Gaussian 
processes have been shown to be a robust statistical method to model stellar 
activity in RV data14,64. For that, we computed the likelihood L accounting for the 
covariance matrix49.
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where n is the number of observations, r is the residual between the three-
Keplerian-orbit model and the data y, and K is the covariance matrix. We used here 
a quasi-periodic kernel49 (equation (5)) with the hyperparameters: amplitude, A, 
rotation period, Prot, coherent timescale of the active region, λ1, and relative  
weight between the periodic and decay terms, λ2. The matrix Δ t is the differential 
time such that Δ tij =  ti −  tj. Finally, I is the identity matrix, σ is the Gaussian 
uncertainty vector associated with the data and σjit is an extra source of 
uncorrelated (jitter) noise.

We first trained the Gaussian process hyperparameters on the K2 light curve. 
However, because of the 15 d gap in the first part of the campaign, the rotation 
period was constrained to Prot =  18.1 ±  1.1 d. We also trained the Gaussian process 
hyperparameters on the spectroscopic diagnoses. We find rotation periods of 
18.1 ±  0.3 d, 19.2 ±  0.4 d, 18.1 ±  0.2 d, 18.4 ±  0.3 d, 17.1 ±  0.4 d and 17.9 ±  1.0 d 
by training on the SMW, FWHM, BIS, IHα, INaD and IHeiD3, respectively. All these 
estimates of the rotation period are fully consistent, and we finally adopted the one 
based on the SMW, hence Prot =  18.1 ±  0.3 d.

We analysed the HARPS RVs of K2-229 with a three-Keplerian-orbit model 
and a Gaussian process as described above. We used uninformative priors for 
the hyperparameters, except for Prot, for which we use a normal distribution of 
18.1 ±  0.3 d.

We first allowed the eccentricity of the three planets to vary. We find non-
significant eccentricities with ej=1 =  . − .

+ .0 08 0 06
0 08, ej=2 =  . − .

+ .0 30 0 13
0 36 and ej=3 =  0.32 ±  0.31 

for planets b, c and d, respectively. We thus assumed circular orbits for the two 
inner planets, which have orbital periods of less than 10 d and are probably 
circularized. We find RV amplitudes of Kj=1 =  2.23 ±  0.35 m s−1, Kj=2 =  3.2 ±  2.4 m s−1 
and Kj=3 =  . − .

+ .2 4 1 6
2 8 m s−1 for planets b, c and d, respectively. This corresponds to a 

mass for planet b of Mb =  2.59 ±  0.43 M⊕. Planets c and d have only upper limits on 
their masses, of 21.3 M⊕ and 25.1 M⊕ with a 95% credible probability, respectively. 
The RV residuals from the best model have a scatter of 1.6 m s−1, which is fully 
compatible with the median photon noise on this star (1.7 m s−1). We therefore 
adopted this solution for the system.

Activity-correction method 3: decorrelation of the spectroscopic diagnoses and 
moving average. The final approach to correct for stellar activity in RV data uses 
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the spectroscopic diagnoses (for example, FWHM, BIS, SMW, IHα)65. This technique 
then assumes a linear correlation between the RVs and each of the diagnoses. The 
coefficients of the linear correlation are fitted simultaneously with the Keplerian 
orbit models. The model f for each observing time ti described below also accounts 
for a moving average with an exponential decay in time. This method was shown 
to be efficient to correct for activity-induced RV variation in the recent RV 
challenge14.
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where a and b are coefficients for a possible linear and quadratic (respectively) 
long-term drift, cn are the coefficients for the linear correlation with the 
spectroscopic diagnoses. The parameters BIS0, FWHM0, SMW,0 and IHα,0 are the zero 
point of the corresponding diagnoses. The moving average has two parameters: its 
amplitude, ϕ, and its time decay,τ.

The spectroscopic diagnoses INaD and IHeiD3 were not used in this model, 
because the activity signal is only barely detected in these data. Note that we tested 
the influence of each diagnosis, and the best solution is found when the moving 
average is used together with the BIS, FWHM and SMW indices. Including IHα or 
not in the model does not significantly change the solution, as this diagnosis is 
redundant with SMW at our level of precision. This implies that cn=2 and cn=3 are fully 
degenerated. Nevertheless, we included IHα in the analysis as this has no significant 
effect on the result.

As for the previous methods, we first let the eccentricity of the three 
planets vary in the analysis, and find ej=1 =  0.20 ±  0.11, ej=2 =  0.24 ±  0.12 and 
ej=3 =  0.49 ±  0.39 for planets b, c and d, respectively. Since the orbits of the 
two inner planets, which are expected to be circularized, have no significant 
eccentricity, we then assumed them to be circular. We find RV semi-amplitudes 
of Kj=1 =  2.11 ±  0.73 m s−1, Kj=2 =  3.33 ±  0.85 m s−1 and Kj=3 =  . − .

+ .1 1 0 7
1 4 m s−1 for 

planets b, c and d, respectively. This translates into masses for planets b and c of 
Mb =  2.45 ±  0.84 M⊕ and Mc =  9.3 ±  2.4 M⊕, respectively. For planet d, we measured 
only an upper limit on the mass at 11.5 M⊕ with a 95% credible probability. These 
values are fully compatible with the ones derived with the other methods. This 
method gives an uncertainty for planet b twice as large as the two other methods, 
but allows us to measure the mass of planet c tentatively. The RV residuals of the 
best model have a scatter at the level of 5.5 m s−1, which is significantly higher than 
the median photon noise (1.7 m s−1). Thus, this model does not fully correct the 
activity-induced RVs for this star.

Likelihood of planetary signals. We have significantly detected the reflex motion 
of the host star caused by the orbit of planet b, with three different methods to 
correct for stellar activity. The spectroscopic diagnoses, which might reveal false-
positive scenarios35, show no significant variation at the orbital period of planet b 
(with false-alarm probabilities larger than 50%) in the Gaussian process-corrected 
data (see Supplementary Fig. 1). Moreover, if the RV variations caused by planet b 
were correlated with the BIS or FWHM, method 3 would have probably absorbed 
its Keplerian signal. Moreover, the AstraLux high-resolution imaging revealed no 
contaminating stars within the sensitivity limits. We therefore conclude that planet 
b is a bona fide transiting planet.

The Keplerian signal of planet c is detected only with method 3. Once again, 
if this RV signal was correlated with spectroscopic diagnoses, it would have been 
unlikely to be detected with this method. Using the planet-multiplicity likelihood 
boost66, we consider planet c is also a bona fide transiting planet.

With only a unique and partial transit and no detection in the RV data, planet 
d is not fully secured. More photometric observations are needed to confirm the 
presence of this third planet in the system. If this monotransit event is real, given 
that two planets are already transiting in this system and no background star is 
detected in the photometric mask within the AstraLux sensitivity, planet d would 
probably be a bona fide transiting planet.

Planetary composition. To probe the composition of K2-229 b, we used a 
model of planetary interior models based on the physical properties of Earth and 
terrestrial planets19. All planets considered in this model are fully differentiated 
into three main layers: a metallic core, a silicate mantle and a water envelope. In 
the case of K2-229 b, given its high density, we can constrain from our simulations 
that the water mass fraction is less than about 10% if in liquid phase, with almost 
no mantle. Assuming water in supercritical or gaseous phase decreases the water 
mass fraction to a few percent only at maximum. Thus, we consider only solid 
terrestrial structures in this work. In our model, the core is composed of Fe and 
the iron–sulfur alloy FeS in proportions 87% to 13%, as in the case of Earth67. We 
note that other volatiles (for example, silicon, oxygen and carbon) are commonly 

used to model the Earth’s core68 with abundances up to a few percent. For the sake 
of simplicity, here we consider only sulfur in our model; it is assumed as a proxy of 
all volatiles.

The silicate mantle might be divided into two sublayers: a lower mantle 
composed of bridgmanite and ferropericlase, and an upper mantle composed 
of olivine and enstatite, due to a phase transition induced by the pressure 
gradient inside the planet. The size and thus mass of the core and mantle fix the 
distribution of materials inside a planet, that is, its composition. From this, a 
planet’s composition is entirely described by a single parameter, namely its core-
mass fraction. In our simulations, we assumed the surface conditions of K2-229 b 
to be 1 bar pressure, with a surface temperature equal to the derived equilibrium 
temperature. At this temperature, the silicate mantle would be liquid on the surface 
of the planet; however, we do not consider here this phase transition, as the density 
of liquid silicates differs from that of the solid phase by only a few percent20,69. The 
model computes a planetary radius from a given planetary mass and an assumed 
composition (or core-mass fraction). We thus explored the full 0–100% range for 
the core-mass fraction, and a limited range for the planetary mass (see Fig. 3), to 
constrain the composition of K2-229 b from its measured fundamental parameters.

For terrestrial planets, the core-mass fraction is directly linked to the bulk Fe/
Si and magnesium Mg/Si ratios19. As these ratios cannot be measured, we assumed 
them to be consistent with the stellar values7,29. Using the stellar abundances 
from Supplementary Table 2, which are relative to that of the Sun70, we find Fe/
Si =  0.70 ±  0.33 and Mg/Si =  0.89 ±  0.37 for K2-229. For terrestrial planets, these 
values can be corrected to include elements that are not considered in the model 
(aluminium, calcium and nickel) but represent a non-negligible part of the planets’ 
mass67,71. Taking into account these elements, we computed corrected ratios (Fe/
Si)c =  0.71 ±  0.33 and (Mg/Si)c =  0.98 ±  0.40. The core-mass fraction of a planet 
is essentially governed by the Fe/Si ratio, as in our model, Fe is mostly found in 
the core, whereas Mg and Si are found only in the mantle. As shown in Fig. 3, 
(Fe/Si)c =  0.71 ±  0.33 corresponds to a core-mass fraction of −

+27 13
9 %. As they are 

measured relative to the Sun, the derived Fe/Si and Mg/Si absolute ratios of the  
star can vary substantially depending on the various solar abundances available  
in the literature72,73. Using different values for the solar abundances, we find that 
the difference between the expected core-mass fraction, derived from the stellar 
(Fe/Si)c, and the one derived from the fundamental parameters of K2-229 b 
remains: (Fe/Si)c =  0.82 ±  0.25 (hence a core-mass fraction of −

+26 8
6%)73 or  

(Fe/Si)c =  0.74 ±  0.26 (hence a core-mass fraction of −
+28 9

7%)72. Therefore, the 
expected value of the core-mass fraction is not sensitive to the values used for the 
solar abundances.

The validity of these results assumes no inclusion of Si in the planet’s core. If Si 
is actually present in the core in substantial amounts, it would change the planetary 
Fe/Si towards a more stellar value, hence impacting our conclusion. However, in 
the case of the Earth’s core, the fraction of Si is constrained at the level of a few 
percent at maximum68.

Mantle evaporation. The volatilization of the atmosphere might be achieved  
by stellar irradiation. Considering that the escape is energy limited, the mass-loss 
rate ṁ is obtained by equalizing the gravitational potential with the incident  
energy flux:

̇ = ϵm
L R

GM a(2 )
(7)X p

3

p
2

where LX is the X-ray luminosity, Rp is the planetary radius, Mp is the planetary 
mass, a is the semi-major axis, G is the gravitational constant and ϵ is an 
efficiency factor estimated74 as ϵ ≈  0.12. We estimated the X-ray flux75 as 
LX ≈  1.4 (υ sin i⋆)1.9 =  7.6 ×  1027 erg s−1. The mass-loss rate through irradiation is then 
ṁ =  1.3 ×  10−5 M⊕ Myr−1. Note that this is slightly underestimated as the irradiation 
occurs in the exosphere and not at the planetary surface. This mass-loss rate was 
also substantially higher in the early stage of the system, when the star was younger 
and thus more active. Depending on the system’s age, this mechanism might have 
eroded the atmosphere at the level of only a few percent of the total planetary mass.

The volatilization of the atmosphere might also be achieved by Jeans (or 
thermal) escape. In that case, the particle-loss rate is given by the Jeans formula

λ=
π

+ λ−F
N v
2

(1 )e (8)J
ex 0

esc
esc

where Nex is the particle density at the exobase, =v k T
m0

2 B  is the mean thermal 
velocity of a particle of mass m, T is the temperature, kB is the Boltzmann constant 
and λesc is the adimensional escape parameter, defined as

λ =
+

GM m
k T R H( )

(9)esc
p

B p

where H is the exobase height.
To compute FJ, we assumed that the gaseous enstatite is completely 

photodissociated in an ideal gas of mean molecular weight Mmol ≈  11 g mol−1. 
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Under these conditions, we get a mass-loss rate of 5.2 ×  10−33 M⊕ Myr−1. Even at the 
extreme yet possible temperature of 104 K at the exobase, the mass-loss rate reaches 
only 2.8 ×  10−14 M⊕ Myr−1, which means that this process is not sufficient to explain 
the high density of K2-229 b.

Data availability. The data that support the plots within this paper and  
other findings of this study are available from the corresponding author upon 
reasonable request.
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