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ABSTRACT

Context. An accurate characterization of the known exoplanet population is key to understanding the origin and evolution of planetary
systems. Determining true planetary masses through the radial velocity (RV) method is expected to experience a great improvement
thanks to the availability of ultra-stable echelle spectrographs.
Aims. We took advantage of the extreme precision of the new-generation echelle spectrograph ESPRESSO to characterize the transit-
ing planetary system orbiting the G2V star K2-38 located at 194 pc from the Sun with V ∼11.4. This system is particularly interesting
because it could contain the densest planet detected to date.
Methods. We carried out a photometric analysis of the available K2 photometric light curve of this star to measure the radius of its two
known planets, K2-38b and K2-38c, with Pb=4.01593±0.00050 d and Pc=10.56103±0.00090 d, respectively. Using 43 ESPRESSO
high-precision radial velocity measurements taken over the course of 8 months along with the 14 previously published HIRES RV
measurements, we modeled the orbits of the two planets through a Markov Chain Monte Carlo (MCMC) analysis, significantly
improving their mass measurements.
Results. Using ESPRESSO spectra, we derived the stellar parameters, Teff=5731±66, log g=4.38±0.11 dex, and
[Fe/H]=0.26±0.05 dex, and thus the mass and radius of K2-38, M?=1.03 +0.04

−0.02 M⊕ and R?=1.06 +0.09
−0.06 R⊕. We determine

new values for the planetary properties of both planets. We characterize K2-38b as a super-Earth with RP=1.54±0.14 R⊕ and
Mp=7.3+1.1

−1.0 M⊕, and K2-38c as a sub-Neptune with RP=2.29±0.26 R⊕ and Mp=8.3+1.3
−1.3 M⊕. Combining the radius and mass

measurements, we derived a mean density of ρp=11.0+4.1
−2.8 g cm−3 for K2-38b and ρp=3.8+1.8

−1.1 g cm−3 for K2-38c, confirming K2-38b
as one of the densest planets known to date.
Conclusions. The best description for the composition of K2-38b comes from an iron-rich Mercury-like model, while K2-38c is
better described by an rocky model with a H2 envelope. The maximum collision stripping boundary shows how giant impacts could
be the cause for the high density of K2-38b. The irradiation received by each planet places them on opposite sides of the radius valley.
We find evidence of a long-period signal in the radial velocity time-series whose origin could be linked to a 0.25-3 MJ planet or stellar
activity.

Key words. Techniques: radial velocities – Techniques: photometric – Instrumentation: spectrographs – Stars: individual: K2-38 –
Planets and satellites: detection – Planets and satellites: composition

? Based (in part) on Guaranteed Time Observations collected at the
European Southern Observatory under ESO programmes1102.C-0744,
112.C-0958, and 1104.C-0350 by the ESPRESSO Consortium.
?? The ESPRESSO RVs used in this paper are available in elec-
tronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.

fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/cgi-bin/
qcat?J/A+A/
??? E-mail: btoledo@iac.es
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1. Introduction

The total number of known exoplanets keeps increasing every
day. With main contributions from the transit and radial veloc-
ity methods, the number of detections has already surpassed the
4000 landmark. Despite this promising evolution in terms of de-
tection, the characterization of these objects is a matter that has
not been addressed with the same level of success. From the
large sample of confirmed extrasolar planets, only ∼20% have
the true dynamical mass measured (this fraction increases up to
∼40% when including projected mass M sin i determinations),
and only ∼10% of the complete sample have a published mea-
surement of their density coming from mass and radius values
with uncertainties lower than 25% 1. This limits studies about
planetary formation or the atmospheric characterization of tran-
siting planets, for which a precise mass measurement is required.

Using the sample of known transiting planets, several stud-
ies have been conducted to investigate the mass-radius relation
for exoplanets, taking into account the role of the flux received
from the star (Enoch et al. 2012; Kane & Gelino 2012; Weiss
et al. 2013; Chen & Kipping 2017; Bashi et al. 2017; Ulmer-Moll
et al. 2019) and also their bulk composition (Swift et al. 2012;
Dorn et al. 2015, 2017). These studies about the formation and
evolution of exoplanetary systems have shown that planet radii
increase with the mass in the case of low-mass planets, while
these two quantities present a constant or even negative relation
for high-mass planets (higher than 100 M⊕). In the lower-mass
region, we found the two most common types of planets in our
galaxy: super-Earths and sub-Neptunes. One of the most relevant
differences that separates these two types of planets in close-in
orbits is the existence of radius valley between them (Owen &
Wu 2013; Lopez & Fortney 2013; Chen & Rogers 2016; Ful-
ton et al. 2017). The theoretical models predict evaporation ef-
fects on planets under high levels of irradiance from their host
star (Lammer et al. 2003; Hubbard et al. 2007; Ehrenreich &
Désert 2011; Owen & Jackson 2012), which has been already
constrained in terms of the planetary binding energy (Lopez et al.
2012; Lissauer et al. 2013; Owen & Wu 2013; Lopez & Fortney
2014). These effects can turn into atmosphere and mass losses,
especially for planets with a short orbital period (Baraffe et al.
2004; Murray-Clay et al. 2009; Lopez et al. 2012). This phe-
nomenon explains the lower frequency of low-density planets at
a short distance to their parent star (Owen & Wu 2013). Fur-
thermore, a higher incident flux (along with other heating ef-
fects) can produce an increase in the planet radii (Guillot et al.
1996). The radius gap indicates that for a certain level of inso-
lation flux, the more massive planets are able to maintain their
atmospheres, while the less massive ones lose their gas envelope.
This gap could also be caused by other mechanisms such as core-
powered atmospheric mass loss (Gupta & Schlichting 2019) or
in-situ rocky planet formation in a gas-poor environment (Lee &
Chiang 2016).

In this work, we aim to shed more light on these points
by studying the solar-type star K2-38 (2MASS J16000805-
2311213) using the Echelle SPectrograph for Rocky Exoplanets
and Stable Spectroscopic Observations (ESPRESSO). K2-38 is
a V=11.34 high-proper motion G2-type star (Henden et al. 2016)
located at 194 pc from the Sun (Gaia Collaboration et al. 2018) in
the Scorpius constellation. This solar-type star has two detected
planets (Crossfield et al. 2016), preliminarily characterized us-
ing 14 HIRES spectra (Sinukoff et al. 2016): the first planet
is a high-density super-Earth with an orbital period of 4d, and
the second planet is a low-density sub-Neptune with a period of
1 source: https:/exoplanets.nasa.gov/

10.6d. Sinukoff et al. (2016) reported radii of Rb=1.55±0.16 R⊕
and Rc=2.42±0.29 R⊕, and masses of Mb=12.0±2.9 M⊕ and
Mc=9.9±4.6 M⊕ for K2-38b and K2-38c, respectively. The au-
thors claimed that K2-38b could be the densest planet known
to date due to its bulk density of ρp =17.5+8.5

−6.2 g cm−3. We take
advantage of the high RV precision provided by ESPRESSO to
improve the mass measurement of the two planets along with
other properties. We study how this system fits into the radius
valley scenario and explore the mass-radius relation in terms of
the incident stellar flux.

The paper is structured into five sections. In Sect. 2 we de-
scribe our dataset. Sect. 3 shows the stellar parameter analysis
and the chemical abundances study. Sect. 4 details the photo-
metric and spectroscopic analysis carried out for the planetary
characterization. Sect. 5 contains the discussion of the previous
analysis and Sect. 6 presents the conclusions.

2. Data

ESPRESSO is an ultra-stable fiber-fed high-resolution spectro-
graph installed at the Very Large Telescope (VLT) in the Paranal
Observatory, Chile (Pepe et al. 2014). We acquired 43 spectra
of K2-38 as part of the ESPRESSO Guaranteed Time Obser-
vation (programmes 1102.C-0744, 1102.C-0958, and 1104.C-
0350) using the instrument in single Unit Telescope mode. This
mode provides a spectral resolution of R=140 000 using an on-
sky fiber of 1". The time-span of the sample covers about 240d:
from 19 February 2019 (BJD=2458533.8) to 16 October 2019
(BJD=2458773.5). We split the dataset into two subsets due to
the maintenance operations carried out in the instrument on the
last weeks of June 2019 to update its fiber link that produce an
offset in the RV measurements (Pepe et al., in preparation). All
of these spectra were taken with an exposure time of 900s, except
for five cases where we increased it due to bad atmospheric con-
ditions, never exceeding 1800s to allow a precise solar system
barycentric RV correction. We obtained a mean signal-to-noise
ratio (S/N) per extracted pixel of 56.1 at 550 nm for the whole
sample.

We used the public version of the ESPRESSO pipeline
Data-Reduction-Software (DRS) 2 to compute the RVs and sev-
eral stellar activity indicators. The pipeline provides a cross-
correlation function (CCF) for each spectrum using a G2 mask
that covers the entire wavelength range of the instrument (be-
tween 3800 and 7880 Å). The CCFs were built using a RV step of
0.5 km s−1 within a range between -55 and -15 km s−1 centered
on the systemic velocity of the star. In the RV time-series, we
achieved a RV precision of 1.0 m s−1 with a RMS of 3.6 m s−1,
an extremely good result for a relatively faint G2 star (V=11.34)
like K2-38. We combined this time-series with the 14 HIRES
RV measurements of K2-38 published by Sinukoff et al. (2016).
This dataset presents a time-span of ∼100d: from 24 June 2015
(BJD=2457197.9) to 3 October 2015 (BJD=2457298.7). The
HIRES measurements are characterized by a RV precision of
1.5 m s−1 and a RMS of 5.2 m s−1.

As complementary data to the spectroscopic dataset, we
downloaded the available photometric light curve obtained by
the Kepler Space Telescope K2 mission (Howell et al. 2014)
from the Mikulski Archive for Space Telescopes (MAST). This
photometric dataset was taken in the long cadence mode char-
acterized by 30-min integration time. This time-series cov-
ers a time-span of about 78d (one Kepler quarter): from

2 https://www.eso.org/sci/software/pipelines/espresso/
espresso-pipe-recipes.html
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24 August 2014 (BJD=2456894.4) to 10 November 2014
(BJD=2456972.0), which corresponds to the Campaign 2 of the
K2 mission.

Finally, we included the All-Sky Automated Survey for Su-
pernovae (ASAS-SN, Shappee et al. 2014; Kochanek et al. 2017)
light curves of K2-38 in our photometric analysis 3. These light
curves cover nearly 8 consecutive years of photometric observa-
tions in the g and V bands, all of which preceed the ESPRESSO
RV measurements. K2-38 lies at a relatively high Galactic lati-
tude (b = +22 deg) and does not have any other bright stars in its
surroundings. This guarantees that ASAS-SN photometry, which
is extracted from images with 8′′ pixels and ≈15′′ full width at
half maximum (FWHM), is not contaminated by nearby stars.
The dispersion of the g- and V-band light curves (after removing
the few most deviant data points) is 33 and 62 mmag, respec-
tively.

3. K2-38

3.1. Stellar parameters

We performed an analysis of stellar parameters using the 43
ESPRESSO spectra of K2-38 obtained during a time-span of
240 d. The blaze-corrected bi-dimensional (S2D) spectra at the
barycentric reference frame were coadded, normalized, merged
and corrected for RV using the StarII workflow of the data analy-
sis software (DAS) of ESPRESSO (Di Marcantonio et al. 2018).
The final ESPRESSO RV-corrected normalized 1D spectrum of
K2-38 (see Fig. A.2) presents a S/N of ∼ 230, 530, 680 and 730
at 400, 500, 600 and 700 nm, respectively, for a pixel size of
0.5 km s−1.

The stellar atmospheric parameters of K2-38, namely effec-
tive temperature Teff , surface gravity log g, microturbulence ξ,
and metallicity [Fe/H], were derived using the ARES+MOOG
method (Sousa 2014), which has been used to derive homoge-
neous spectroscopic parameters for the Sweet-CAT catalog (San-
tos et al. 2013; Sousa et al. 2018). The spectral analysis is based
on the excitation and ionization balance of iron. The equivalent
widths (EWs) of the lines were consistently measured with the
ARES (v2) code (Sousa et al. 2007, 2015), deriving the abun-
dances in local thermodynamic equilibrium (LTE) with the spec-
tral synthesis code MOOG (v2014) (Sneden 1973). For this step,
we used a grid of plane-parallel Kurucz ATLAS9 model atmo-
spheres (Kurucz 1993). The line list used for this analysis is the
same as in Sousa et al. (2008). This method provided the pa-
rameters (Teff , log g, ξ, [Fe/H]) = (5731±66 K, 4.38±0.11 dex,
0.98±0.04 km s−1, 0.26±0.05 dex). To cross-check these re-
sults, we used the StePar code (Tabernero et al. 2019) based
on the MARCS models (Gustafsson et al. 2008), the MOOG
code (2017 version) and the TAME code (Kang & Lee 2012).
Measuring the EWs of FeI-II lines (Heiter et al. 2015), we ob-
tained the parameters (Teff , log g, ξ, [Fe/H]) = (5754±83 K,
4.32±0.18 dex, 0.85±0.14 km s−1, 0.33±0.07 dex). We adopted
the values from the ARES2+MOOG2014 method (which falls
within the Stepar errorbars).

We used the PARAM code (da Silva et al. 2006; Rodrigues
et al. 2017) to compute the mass and radius of the star through a
grid-based approach, matching the stellar parameters Teff , log g,
and [Fe/H] obtained in the previous analysis, along with the
Gaia DR2 parallax and the V magnitude published in the lit-
erature, to a grid of stellar evolutionary tracks and isochrones

3 ASAS-SN data can be downloaded from https://asas-sn.osu.
edu

Table 1. Stellar properties of K2-38.

Parameter K2-38 Ref.
RA (J2000) 16:00:08.06 [1]
DEC (J2000) -23:11:21.33 [1]
µα cos δ (mas yr−1) -57.00 ± 0.10 [1]
µδ (mas yr−1) -37.63 ± 0.06 [1]
Parallax (mas) 5.16 ± 0.07 [1]
Distance [pc] 193.6 ± +2.7

−2.5 [2]
mB 12.27 ± 0.13 [3]
mV 11.39 ± 0.03 [3]
Spectral type G2V [4]
Age [Gyr] 6.7 +2.4

−3.0 [2]
Teff [K] 5731 ± 66 [2]
[Fe/H] (dex) 0.26 ± 0.05 [2]
M? [M�] 1.03 +0.04

−0.02 [2]
R? [R�] 1.06 +0.09

−0.06 [2]
L? [L�] 1.09 ± 0.15 [1]
log g (cgs) 4.38 ± 0.11 [2]
ξ [km s−1] 0.98 ± 0.04 [2]
AV 0.15 +0.16

−0.14 [2]
v sin i [km s−1] < 2 [4]
log10 (R

′

HK) -5.06 ± 0.13 [2]
References: [1] Gaia Collaboration et al. (2018); [2] This work;
[3] Henden et al. (2016); [4] Sinukoff et al. (2016);

from PARSEC (Bressan et al. 2012). Our optimization method
is based on the PARAM2 implementation (Rodrigues et al.
2014), and provides posterior probability distribution functions
(PDFs) for the stellar properties using a set of input parame-
ters that are considered at once. The method uses the absolute
magnitude computed through the model along with the appar-
ent magnitude to derive the distance of the star and the extinc-
tion coefficient. From this method we obtained a stellar mass of
M? = 1.03+0.04

−0.02 M� and a stellar radius of R? = 1.06+0.09
−0.06 R�. For

consistency, we also derived the mass and radius for the star us-
ing the Torres et al. (2010) calibration. We considered the same
values of Teff , log g, and [Fe/H] used in the previous analysis
(correcting the log g value using the Mortier et al. (2014) cal-
ibration for transits) and carried out 10000 Monte-Carlo trails.
The final mass and radius values were estimated from the av-
erage of the resulting distributions, and the 1-sigma dispersion
was used to estimate their uncertainties. Finally, the value for
the stellar mass was corrected using the factor described in (San-
tos et al. 2013), to take into account the existing offset with re-
spect to the isochrone masses. This approach provides a mass
of M? = 1.06±0.02 M� and a radius of R? = 1.16±0.06 R�.
These values are compatible, within the errorbars, with the ones
estimated using the isochrone analysis. The final adopted stellar
parameters of K2-38 are listed in Table 1.

3.2. Chemical abundances

Using the adopted stellar parameters we measured the el-
ement abundances of C, O, Mg, and Si using the afore-
mentioned tools (MOOG and ARES) by closely following
the methodology described in previous works by Adibekyan
et al. (2015, 2016). We calculated the chemical abundances of

Article number, page 3 of 16

https://asas-sn.osu.edu
https://asas-sn.osu.edu


A&A proofs: manuscript no. Characterization_of_the_K2-38_planetary_system

these elements from the EWs of each spectral line, using the
LTE code MOOG (Sneden 1973) with an appropriate ATLAS
model atmosphere (Kurucz 1993) of K2-38. The final abun-
dances were computed as the average value of individual el-
ement abundances. The errors were estimated from the sensi-
tivities of the element abundances to the uncertainties on the
stellar parameters added quadratically to the dispersion from
the individual element abundances. We derived the following
abundances: [C/H] = 0.21 ± 0.06, [O/H] = 0.18 ± 0.07,
[Mg/H] = 0.24 ± 0.05, [S i/H] = 0.27 ± 0.06. The atomic line
parameters including oscillator strengths of spectral lines of MgI
and SiI were taken from Adibekyan et al. (2012) (two Si lines at
λ=5701.11 Å and λ=6244.48 Å were excluded following the re-
comendation of Adibekyan et al. 2016). The oxygen abundances
were determined using two weak lines at 6158.2 Å and 6300.3 Å
following the work of Bertran de Lis et al. (2015). Carbon abun-
dances were based on the two well-known CI optical lines at
5052 Å and 5380 Å. The atomic data of these lines were ex-
tracted from VALD3 database 4.

Dorn et al. (2015) proposed that Mg/Si and Fe/Si mineralogi-
cal ratios can be used as probes to constrain the internal structure
of terrestrial planets. These models were successfully tested on
three terrestrial planets by Santos et al. (2015). The model of
Santos et al. (2015) was then used to explore the possible com-
positions of planet-building blocks and planets orbiting stars be-
longing to different Galactic populations (Santos et al. 2017).
We transformed the chemical abundances of C, O, Mg, Si, and
Fe relative to the Sun to absolute abundances accepting the so-
lar reference abundances as given in Asplund et al. (2009) for Fe
(log ε = 7.5 dex), Mg (log ε = 7.60 dex), and Si (log ε =7.51 dex),
and as given by Bertran de Lis et al. (2015) and Suárez-Andrés
et al. (2017) for O (log ε=8.71 dex) and C (log ε=8.50 dex). By
using these absolute abundances we applied the aforementioned
stoichiometric model of Santos et al. (2015) to determine the
iron-mass fraction and water-mass fraction of the planet build-
ing blocks in the planetary disks of the star. Our model suggests
an iron-mass fraction of 33.4 ± 3.3 % and water-mass fraction of
51.9 ± 5.9 %. We note that this model predicts an iron-mass frac-
tion of 33% and water-mass fraction of 60% for the solar system
planet building blocks (Santos et al. 2017). These results may
have implications on the possible bulk composition of the planets
formed in the planetary system of K2-38 (see Sect. 5), although
they are not directly applicable to the final composition or inter-
nal structure of a final differentiated planet. The final composi-
tion and structure of differentiated planets will depend on several
factors such as the position in the proto-planetary disk where the
planet is formed and its migration path. Additionally, some phys-
ical processes, such as evaporation and collisional stripping, may
change the overall composition of planets.

4. Data analysis

4.1. Photometric analysis

For the photometric analysis, we used the everest code to de-
trend the K2 light curve (Luger et al. 2016, 2018), which has
been proved to provide better results in terms of flux scatter
in comparison with other pipelines (Hirano et al. 2018). This
code performs a flux correction based on a single cotrending ba-
sis vector (CBV). We performed a sigma-clipping procedure to
these flux values using a 2.5σ in order to remove outliers. We

4 source: http://vald.astro.univie.ac.at/~vald3/php/
vald.php?newsitem=0

Table 2. Planetary parameters of K2-38b and K2-38c obtained in the
photometric analysis.

Parameter K2-38b K2-38c
P [days] (∗) 4.01593±0.00050 10.56103±0.00090
T0 [BJD-2456000] (∗) 896.8786±0.0054 900.4752±0.0033
a/R? 10.13+0.75

−0.66 19.30+1.43
−1.26

Rp/R? 0.0133+0.00071
−0.00076 0.020+0.0017

−0.0018
γ1 0.4770±0.0060 0.4770±0.0060
γ2 0.2040±0.0070 0.2040±0.0070

(∗) Sinukoff et al. (2016).
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Fig. 1. Top: Normalized flux of the light curve extracted using the
EVEREST pipeline. Middle: Detrended light curve with the transits of
K2-38b and K2-38c marked with different colors. Bottom: Folded light
curve using the period of K2-38b (P=4.02d) and K2-38c (P=10.56d).

also discarded the photometry taken between BJD=2456926.85
and BJD=2456930.62 due to a flare event. Finally, we used a
moving-average to clean the light curve from the small-scale out-
liers.

Then we carried out a transit analysis using the
exotrending code (Barragán & Gandolfi 2017). We used
the period and epoch of transit provided by Sinukoff et al.
(2016) for both known planets as input parameters and applied
the model from Mandel & Agol (2002). Assuming a quadratic
law for the limb-darkening (Claret 2000) based on two coef-
ficients γ1 and γ2, we obtained the results shown in Fig. 1.
The light curve shown in the top panel of Fig. 1 exhibits a
low-frequency modulation which is connected with the CBV
correction made by everest and not related to the stellar
activity of the star since it is not present in the light curve
obtained with other detrending tools. The brightness dips shown
in the bottom panel of Fig. 1 are related to a Rp=1.54±0.14 R⊕
for planet b and Rp=2.29±0.26 R⊕ for planet c. These values
are in good agreement with those reported in Sinukoff et al.
(2016), with the difference between both studies coming from
the improved star radius used in our work.
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Fig. 2. Time-series of the RVs and stellar indices obtained with the
ESPRESSO pipeline: RV, FWHM, Hα, S-index, and NaD index.

The GLS periodograms of the ASAS-SN light curves show
a long-term trend (>1000-2000 d). When this trend is removed
with a linear fit, the remaining periodogram shows no significant
peaks above the 10% False Alarm Probability (FAP) level. We
also obtained the GLS periodogram of the merged g- and V-
band light curves, which may improve the S/N detection of any
periodic signal, with a similar result: no strong peak between 2
and 1000 days. We concluded that ASAS-SN data confirm that
K2-38 is photometrically inactive above 30–60 mmag (1 σ) for
nearly 8 years of observations before ESPRESSO.

4.2. Spectroscopic analysis

For the spectroscopic analysis, we recovered the RVs computed
with the ESPRESSO pipeline using the DACE interface 5, along
with different stellar activity indicators associated with certain
spectral lines: the Hα index (Gomes da Silva et al. 2011), the
SMW index related to the CaII H&K lines (Lovis et al. 2011),
and the NaD index related to the NaI D1 and D2 lines (Díaz et al.
2007). We also measured the FWHM of the CCF. The values
obtained are shown in Fig. 2.

4.2.1. Stellar activity

Using the SMW time-series we calculated a chromospheric activ-
ity level (Noyes et al. 1984) of log(R

′

HK) = -5.06 ± 0.13 follow-
ing the procedure described in Suárez Mascareño et al. (2015).
Using the chromospheric activity-rotation relation obtained by
Suárez Mascareño et al. (2016) we estimated an expected rota-
tion period of Prot = 29 ± 2 d.

5 The Data Analysis Center for Exoplanets (DACE) platform is avail-
able at https://dace.unige.ch

We performed a stellar activity analysis using the different
spectroscopic indices available to search for the rotation signal.
To study the main periodicities present in the time-series, we
built a Generalized Lomb-Scargle (GLS) periodogram (Zech-
meister & Kürster 2009) for each one of them. To establish how
reliable are the signals we were detecting, we calculated the the-
oretical 10, 1 and 0.1% FAP levels through a bootstrapping pro-
cess (Cumming 2004).

All the signals in the Hα, SMW, NaD, and FWHM peri-
odograms had a significance below the 10% level, hence no
significant periodicity was detected in any of the datasets. This
points out to the fact that the rotation signal may have an ampli-
tude lower than the RMS of the data. The time-span of observa-
tions does not cover the typical timescale of signals associated
with long-term magnetic cycles, and therefore, we cannot assess
their presence on this star with the current dataset. We performed
a Gaussian Processes (GP) analysis in the four time-series sep-
arately based on the celerite code (Foreman-Mackey et al.
2017). For modeling the rotation we built the kernel described
in the same article:

κ(τ) =
A

2 + C
e−τ/ts

[
cos

(
2πτ
Prot

)
+ (1 + C)

]
(1)

where A is the amplitude of the covariance, ts the coherence time
of the signal, Prot the rotation period, and C the scale parame-
ter that weights the periodic and nonperiodic components of the
model. We introduced an additional jitter term for each dataset,
which leads to the built of two kernels (one for each dataset)
with the same rotation parameters. We set up our GP model as a
combination of these two kernels with boundaries for all the pa-
rameters. We used the expected rotation value derived from the
log(R

′

HK) index as the first guess for Prot, and the double of this
value as the first guess for ts (Giles et al. 2017). We then defined
our likelihood function including two offset terms to account for
the zero-point of each dataset. We minimized this function using
the minimize python module included in the scipy.optimize
package. The parameters obtained from this analysis performed
on the four time-series did not provide any clear rotation value
for the star. We also carried out a MCMC analysis on these time-
series using the emcee python code (Goodman & Weare 2010;
Foreman-Mackey et al. 2013). We established priors based on
the results from the previous minimize analysis, but the rota-
tion parameters did not converge to a clear value. We repeated
this GP analysis on the RV time-series and we did not find any
conclusive result regarding the activity of the star.

4.2.2. Planetary characterization

Due to the lack of a good characterization of the rotation of the
star, we opted for simplifying our activity model, maintaining
only the jitter terms. We performed two separate analyses on the
RV time-series using the minimize and emcee packages in each
one of them. We repeated the two-step structure carried out in the
stellar indices time-series, using first the minimize package to
obtain preliminary results that are considered to establish the pri-
ors for the emcee package. For the MCMC analysis, we defined a
sample of 512 walkers, running first a burn-in chain with 10 000
steps, followed by a construction chain with 50 000 steps. All the
figures shown in the rest of this Section were obtained using the
MCMC results.

We first modeled the RV time-series with a quadratic poly-
nomial to account for a visible trend in the time-series, along
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Fig. 3. Top: ESPRESSO RV time-series with the trend model. Cen-
ter: Residuals after subtracting the model. Bottom: Periodogram of the
residuals.

with two offset terms to account for the zero-point of each
dataset. The minimization of all the parameters provided the re-
sults shown in Fig. 3.

This first model leaves a RMS in the residuals of 2.61 m s−1.
In the periodogram of Fig. 3 the signal of the planet c appears
with a FAP close to 1%. We modeled this signal in the origi-
nal RV time-series with the following Keplerian (Delisle et al.
2016):

y(t) = K (cos(ν + ω) + e cos(ω)) (2)

where the true anomally ν is related to the solution of the Kepler
equation that depends on the orbital period of the planet Porb
(obtained by photometric analysis) and the orbital phase φ. This
phase corresponds to the periastron time, which depends on the
mid-point transit time T0, the argument of periastron ω, and the
eccentricity of the orbit e. We used the T0 from the photometric
analysis and started assuming a circular orbit (i.e., ω=0 and e=0)
for the first guess of the periastron time. Therefore, we added
only three parameters to our model (the amplitude of the signal
K, ω, and e). We then carried out the minimization of all the
parameters (recomputing the ones related to the trend, offsets,
and jitter) using the original RV time-series. This provided the
results shown in Fig. 4.

This model lowers the RMS of the residuals to 1.89 m s−1.
In the bottom panel of Fig. 4 the signal from K2-38b appears
with a FAP below the 1%. We included this signal in our model
as a second Keplerian using the period shown in Table 2, which
adds four new parameters to fit. From the minimization of the
12 parameters based on the original RV time-series, we obtained
the results shown in Fig. 5.

The RMS of residuals after subtracting this last model is
1.24 m s−1, which is very close to the time-series mean photon
noise (i.e., mean of internal errors) of 1.14 m s−1. In the peri-
odogram of the residuals from Fig. 5 is clearly seen that there
are no more significant peaks. We then incorporated the HIRES
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Fig. 4. Top: ESPRESSO RV time-series with a model that includes a
trend and the planetary signal from K2-38c. Center: Residuals after
subtracting the model. Bottom: Periodogram of the residuals.
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Fig. 5. Top: ESPRESSO RV time-series with a model that includes
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Residuals after subtracting the model. Bottom: Periodogram of the
residuals.

dataset into the time-series with its own offset and jitter terms. In
this combined dataset we treated the long-period signal with a si-
nusoidal since this approach provided a lower RMS in the resid-
uals and better Bayesian evidence log Z (Perrakis et al. 2013).
The minimization of the 15 final parameters led to the results
shown in Fig. 6.

This combined treatment provides a higher RMS in the resid-
uals due to the lower quality of the HIRES measurements but
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puts better constraints of the long-period signal. We show the
individual phase-folded RV models of the two planets in Fig. 7.

We show all the parameters from the 2 Kepleri-
ans+trend+jitter+offset model along with the parameter priors
in Table 3. The parameter distribution obtained from the MCMC
is shown in Fig. 8 and Fig. 9 for planets K2-38b and K2-38c re-
spectively, including their significant nonzero eccentricities. The
complete set of parameters is depicted in Fig. A.1. We have in-
cluded in these figures the mass of both planets calculated as:

MP = KM2/3
? P1/3

√
1 − e2

sin i
317.8

28.4329
M⊕ (3)

Table 3. Planetary parameters of K2-38b and K2-38c from the MCMC
analysis.

Parameter MCMC Priors Results

K2-38b

K [m s−1] U (0.0, 5.0) 2.95+0.44
−0.39

ω [rad] U (-π, π) 0.28+0.44
−0.57

e U (0.0, 1.0) 0.197+0.067
−0.060

K2-38c

K [m s−1] U (0.0, 5.0) 2.41+0.39
−0.37

ω [rad] U (0.0, 2π) 2.67+0.95
−0.58

e U (0.0, 1.0) 0.161+0.096
−0.078

Long-Period signal

K [m s−1] U (0.0, 20.0) 9.3+1.7
−1.6

P [days] U (650.0, 900.0) 753+36
−34

T [BJD-2457000] U (1050.0, 2050.0) 1168+15
−17

Other terms

jitterHIRES [m s−1] LU (0.01, 10.0) 3.02+0.93
−0.70

jitterE−Pre [m s−1] LU (0.01, 5.0) 0.96+0.42
−0.51

jitterE−Post [m s−1] LU (0.01, 5.0) 0.09+0.34
−0.07

offsetHIRES [m s−1] U (-20.0, 20.0) -0.4+4.5
−4.1

offsetE−Pre [m s−1] U (-20.0, 20.0) -7.1+1.7
−1.8

offsetE−Post [m s−1] U (-20.0, 20.0) -2.5+1.5
−1.6

where K is the amplitude of the planetary signal in m s−1, M? is
the mass of the star in solar masses from Table 1, P is the orbital
period of the planet in yr, e is the eccentricity, and i is the orbital
inclination (we computed this last parameter from the radius of
the star, duration of the transit, semi-major axis and orbital pe-
riod of the planets). We obtained a value of Mp=7.3+1.1

−1.0 M⊕ for
K2-38b and Mp=8.3+1.3

−1.3 M⊕ for K2-38c from the MCMC anal-
ysis. We also repeated the analysis establishing the orbital pe-
riod of both planets as free parameters and recovered values of
Porb=4.01±0.01 d and Porb=10.56±0.04 d for K2-38b and K2-
38c, respectively, that match the results from photometry. Ta-
ble 4 contains all the derived parameters from the MCMC anal-
ysis along with the ones from the K2 light curve analysis.

Finally, we repeated our two-step analysis replacing the Ke-
plerian models by sinusoidal functions to fit the planetary sig-
nals with null eccentricities and we obtained similar results. The
RMS in the periodogram of the residuals after subtracting the
two planets along with the long-term signal using the sinusoidal
models (1.92 m s−1) is almost identical to the one obtained with
the Keplerian approach (1.91 m s−1). Comparing log Z calcu-
lated from the posterior distribution of both models, we obtained
values of log Z = -103.79 for the sinusoidal fits, and log Z = -
103.38 for the Keplerian approach. The difference between the
log Z values indicates that both models are equally favored ac-
cording to Jeffreys’s interpretation of the Bayesian factor (Jef-
freys 1961), with slightly better results coming from the Keple-
rian model, which is supported by the marginally better RMS in
the residuals.
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Table 4. Derived planetary parameters of K2-38b and K2-38c.

Parameter K2-38b K2-38c

R [R⊕] 1.54±0.14 2.29±0.26

i [deg] 88.36+0.17
−0.15 87.68+0.31

−0.28

a [AU] 0.04994+0.00048
−0.00049 0.09514+0.00091

−0.00094

Insolation Flux [S⊕] 426+67
−60 117+18

−16

Teq [K] (∗) 1266+44
−50 916+32

−37

M [M⊕] 7.3+1.1
−1.0 8.3+1.3

−1.3

ρ [g cm−3] 11.0+4.1
−2.8 3.8+1.8

−1.1
(∗) The equilibrium temperature values were calculated assuming null
bond albedo.

Kb [m/s] = 2.95+0.44
−0.39
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Fig. 8. Corner plot of the fitted parameters associated with K2-38c in
the 2 planets model for the K2-38 RV time-series. The vertical lines
indicate the mean and the 16th-84th percentiles.

5. Discussion

5.1. Planet density and bulk composition

Our mass measurements point out to a different mass distribu-
tion with respect to those reported by Sinukoff et al. (2016),
with K2-38c (Mp=8.3+1.3

−1.3 M⊕) being more massive than K2-38b
(Mp=7.3+1.1

−1.0 M⊕). This difference comes from the time-span of
the ESPRESSO dataset (three times larger), its smaller errobars
(almost a factor two) and the larger number of measurements
in comparison with the HIRES dataset. We calculated the den-
sity of both planets using the radius obtained in the photometric
transit analysis and the masses coming from the spectroscopic
MCMC analysis. We obtained mean densities of ρp=11.0+4.1

−2.8 g
cm−3 for K2-38b and ρp=3.8+1.8

−1.1 g cm−3 for K2-38c. To compare
these properties with the rest of the values published in the lit-
erature, we used the complete sample of confirmed planets from
the NASA exoplanets archive. We selected planets with well-
established (i.e., relative uncertainties below the 25%) proper-
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Fig. 9. Corner plot of the fitted parameters associated with K2-38b in
the 2 planets model for the K2-38 RV time-series. The vertical lines
indicate the mean and the 16th-84th percentiles.

ties (orbital period, distance, inclination, radius, and mass) and
with a published measure of the RV semi-amplitude (which en-
sures us to have mass measurements comparable with our re-
sults). We used this sample to create the mass-radius diagram
shown in Fig. 10 that includes four composition models from
Zeng & Sasselov (2013) along with two additional models that
include H2 envelopes from Zeng et al. (2019).

In Fig. 10 we have represented different models that indi-
cate the more probable compositions of the planets in the K2-38
system. K2-38b is better described by a composition of 50% Fe -
50% rock but also consistent with models with higher percent-
ages of Fe (we calculated a 67.6% of Fe from the interior struc-
ture models computed through the wolfram tools developed by
Li Zeng in Zeng & Sasselov 2013 and Zeng et al. 2016). These
models characterize iron-rich planets like Mercury in which the
presence of a mantle and a planetary magnetic field is not com-
mon. This lack of mantle could be caused by collisions during
the planetary formation (Marcus et al. 2010). To explore if this
phenomenon is occurring in the K2-38 system, we represented
in Fig. 10 a collision-stripping boundary. This curve represents
the minimum radius that a planet can have for a given mass, if it
experienced typical collisional events throughout its history. The
errorbars of K2-38b fall within the boundary, making the planet
compatible with this scenario. We have highlighted in Fig. 10
three objects with similar characteristics to K2-38b: Kepler-107c
(Bonomo et al. 2019), L 168-9b (Astudillo-Defru et al. 2020),
and K2-229b (Santerne et al. 2018). The hydrodynamical simu-
lations carried for Kepler-107c (Bonomo et al. 2019) shown how
the high density of the planet can be explained through the man-
tle stripping caused by giant collisions. The case of K2-229b is
a good example of a Mercury analog Earth-sized planet with a
very-short orbital period (14 hr) (Santerne et al. 2018). The high
metallicity of K2-38 could explain the formation of an iron-rich
massive planet like K2-38b in this system. The theoretical mod-
els predict the formation of iron-dominated planets in close-in
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denotes a 100% Fe composition, the purple one denotes a 50% Fe -
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tively, and the brown one denotes a rocky-type interior (composed by
MgSiO3). The dotted pink line indicates the minimum radius that a col-
lision can produce for a certain planetary mass.

orbits (Wurm et al. 2013). The most extreme case of this kind of
planets is the planet KOI-1843.03, with an orbital period of only
4.25 hr, an estimated density ρp >7 g cm−3, and whose com-
position suggests a pure-iron structure (Rappaport et al. 2013).
In the case of K2-38c, the planet fits better within a model of
32.5% Fe - 67.5% rock with a H2 atmosphere of 0.1% by mass,
although the errorbars make it compatible with the same enve-
lope with a higher mass percentage (0.3%).

To study the dependence of the density of these planets with
the respective flux received from their host star, we calculated
the incident flux from the parent star as a function of the effective
temperature, the radius of the star, and the semi-major axis. We
obtained a value of S =426+67

−60 S⊕ for K2-38b and S =117+18
−16 S⊕

for K2-38c. We calculated this quantity for two samples of ex-
oplanets and we represented it with contours in Fig. 11 against
the planet density and the planet size. We created the contours
by binning the data and interpolating using the scipy.ndimage
package.

The top panel of Fig. 11 includes contours built from the
same exoplanets sample used in Fig. 10. This panel shows that
K2-38b is among the densest planets detected to date, along with
Kepler-107c (ρp=12.7±2.5 g cm−3, Bonomo et al. 2019), L 168-
9b (ρp=9.6+2.4

−1.8 g cm−3, Astudillo-Defru et al. 2020) and K2-229b
(ρp=8.9±2.1 g cm−3, Santerne et al. 2018). This can also be seen
in Fig. 10, where we show that this planet is approximately twice
as dense as the Earth. The mass distribution obtained by Sinukoff
et al. (2016) indicates that K2-38b could be the densest planet
discovered, but our more precise results reveal that K2-38b is
less massive than previously reported. In the case of K2-38c, its
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Fig. 11. Top: Density-irradiance diagram with contours built using the
exoplanets sample from Fig. 10. Bottom: Radius-irradiation diagram
with contours built using an exoplanet sample from NASA archive that
includes all exoplanets with known radius measurements.

density is compatible with that of a sub-Neptune like planet. The
difference in density of the two planets in spite of their similar
masses may suggest that, despite sharing a similar original com-
position at the time when the planetary system was formed, the
two planets have experienced an unrelated evolution due to dif-
fering stellar irradiation and possibly to their migration histories.
As we can see by the maximum collision stripping represented
in Fig. 10, the impacts suffered by K2-38b could be one of the
main causes of this difference. The composition and the den-
sity of both planets are also related to the strength of their mag-
netic field (Owen & Adams 2019), with planets with iron-rich
cores like K2-38b presenting higher densities and lower mag-
netic fields than the ice-rich ones.

The semi-major axis of both planets presented in Table 4 lo-
cates both planets in very close-in orbits (closer than Mercury in
the Solar System), which indicates that they may be subject to
evaporation effects (due to a higher insolation flux). The bottom
panel of Fig. 11 clearly shows each of these planets located on
a different side of the radius valley. The largest one (K2-38c) is
positioned above the gap, where the received flux is lower; while
the smallest one (K2-38b) is located below, where the irradiance
is higher. We estimated the mass-loss rate for both planets fol-
lowing the procedure described in Lecavelier Des Etangs (2007).
Using the semi-major axis, mass, and radius of the planets as in-
put parameters, and assuming the UV luminosity of a G2 star,
we obtained a mass loss of 0.058±0.024 M⊕ for K2-38b and
0.046±0.018 M⊕ for K2-38c along the life-time of the star. We
included in the panel contours built from a sample of exoplanets
whose parent stars have a published measurement of their radii.
The radius gap of the valley (Fulton et al. 2017) separates super-
Earths (∼1.5 R⊕) like K2-38b from sub-Neptunes (∼2.5 R⊕) like
K2-38c, and its slope has been already constrained in terms of
the orbital period (Van Eylen et al. 2018). This bimodal distri-
bution has been found in 12 multi-planetary systems in a recent
study carried out by Owen & Campos Estrada (2020), pointing
out to the necessity of carrying out both spectroscopic and pho-
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tometric follow-up to have a good characterization of the mass
and the radius of the planets to define better the limits of this gap.
In the case of a planetary system composed of a gaseous mini-
Neptune and a rocky super-Earth (such as K2-38), this study also
provides a formalism to calculate the minimum mass of the for-
mer in order for the system to be consistent within a photoe-
vaporation scenario. In our case, we obtained a minimum mass
of 2.49+0.62

−0.64M⊕ for K2-38c, a threshold lower than the measured
mass of this planet, which makes the K2-38 system consistent
with the photoevaporation model. For the core-powered mass
loss case, we relied on the formulation made by Cloutier et al.
(2020). We computed a minimum mass of 7.73M⊕ for K2-38c,
which is lower than our mass measurement, making this scenario
also compatible with the masses obtained in our work.

The similarity in the mass of both planets suggests an evap-
oration threshold for small H/He envelopes between ∼150 and
∼400 times the irradiation of the Earth for a planetary-mass of
∼8 M⊕. This boundary will depend fundamentally on the spec-
tral type of the star and also on its age. Different stellar en-
vironments will produce different evaporation rates (Fulton &
Petigura 2018). In the irradiance-radius diagram of Fig. 11 the
lack of super-Earth at high irradiances found by Lundkvist et al.
(2016) is also visible. They used a large sample of detected exo-
planets from the Kepler mission, positioning the super-Earth gap
between 2.2 and 3.8 R⊕ for irradiances higher than 650 times of
the insolation flux of the Earth. In our case, only the region posi-
tioned below the radius valley related to smaller planets extends
to irradiances higher than 650 times the irradiance of the Earth.

5.2. Co-orbital scenario

The high density found for the planet K2-38b makes it necessary
to discard other possible scenarios that could equally explain the
observed ESPRESSO radial velocity data. The co-orbital case
is one of the main scenarios in which a two-planet system co-
orbiting at the same stellar distance would wrongly increase the
mass of a planet if the signal is interpreted as coming from a sin-
gle Keplerian. Co-orbital configurations have not yet been con-
firmed outside of the Solar System although several candidates
have recently been published (of particular interest is the case of
TOI-178, Leleu et al. 2019; but see also Hippke & Angerhausen
2015, Janson 2013 or Lillo-Box et al. 2018b). Interestingly, co-
orbital planet pairs are stable under a very relaxed condition de-
veloped in Laughlin & Chambers (2002) and such configuration
would remain long-term stable as soon as the total mass of the
planet and its co-orbital companion is smaller than 3.8% of the
mass of the star. This condition would be fulfilled by any co-
orbital planetary-mass for K2-38.

Hence, we have explored this possibility by taking advan-
tage of the transiting nature of the planet to apply the technique
developed in Leleu et al. (2017) and subsequently applied in
Lillo-Box et al. (2018a). We modeled the radial velocity data
by using Eq. 18 in Leleu et al. (2017), where a new parameter
α is included. This parameter is proportional to the mass ratio
between the co-orbital and the main planet. Hence, if compati-
ble with zero, we can discard co-orbitals to a certain planetary
mass. We performed this test using the emcee package with 50
walkers and 10 000 steps per walker to explore the parameter
space, and in particular to explore the posterior distribution of
the α parameter. The model includes the aforementioned equa-
tion for planet K2-38b and a simple Keplerian signal for K2-
38c. The result of this test provides an α posterior characterized
by α = 0.42+0.37

−0.44. The shift of the posterior distribution with re-
spect to zero is not statistically significant given its uncertainty.

1000
Porb [d]

10

100

1000

M
as

s[
M

]

Mjup

Mnep 2.00

2.25

2.50

2.75

3.00

3.25

3.50

3.75

4.00
RMS [m/s]

Fig. 12. Distribution of the RMS of the residuals in the RV-time series
after subtracting the long-term signal with a sinusoidal whose amplitude
is calculated from the considered values of mass and period. The hori-
zontal white and purple dashed lines represent the Jupiter and Neptune
mass, respectively.

However, the large separation from the null value (∼ 1σ) makes
impossible to reach a firm conclusion on the possible presence
of co-orbitals. Additional data is thus required to narrow down
the posterior distribution in order to provide further constraints
on the co-orbital scenario. From the RMS of the out-of-transit
light curve, we estimated an upper limit on the co-orbital radius
of Rco=1.01±0.07 R⊕ assuming a coplanar orbit. As a side note,
if we would have measured a value α = 0.42, this would mean a
reduction in the mass of the main planet due to the mass repar-
tition between the two co-orbitals of around 30%, placing the
planet K2-38 b in the Earth-like density regime.

5.3. Additional RV signals and stellar rotation

Despite the fact of not finding more significant signals in the
MCMC RV analysis, we added a third Keplerian fit to our model
to search a possible third planet. We included the new five pa-
rameters without bounds using 30 000 steps for the burn-in stage
and 150,000 for the construction stage, but the MCMC simula-
tions did not converge to a clear result. We then considered pos-
sible planetary solutions that can be causing the long-term signal
in the RV measurements, a possibility that Sinukoff et al. (2016)
explored through an analysis of the RV acceleration using the
Bayesian Information Criterion (BIC) showing that the possibil-
ity of a third companion is feasible but without providing a clear
mass limit. A potential companion around K2-38 have been re-
ported by Evans et al. (2018) and Bohn et al. (2020). In the first
case, the companion was identified by the Gaia DR2 as a back-
ground object. In the second case, the probability of this com-
panion to be a background object is only 1.59%, but more astro-
metric measurements are required to check the common proper
motion. We used the offset-corrected RV time-series after the
subtraction of the two-planet model, and model the long-period
signal using a sinusoidal with only the phase as a free parameter
along with a constant. We calculated the amplitude of this sinu-
soidal using Eq. 3 for a certain range of masses and periods. We
then computed the RMS of the residuals for all the models and
represent it in the colormap of Fig. 12.
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From Fig 12 one can conclude that the period of this long-
term signal must be within the regions of 375, 750 or 1500d
(where the residuals are minimized under a 2 m/s threshold). If
this signal is caused by a planet, this would have a mass between
0.25 and 3 MJ. With a longer ESPRESSO RV time-series, we
would be able to constrain better this signal, along with a more
accurate model for the two already detected planets which will
produce changes in the distribution shown in Fig. 12. The Pear-
son coefficient (Pearson 1895) calculated between the RV of the
long-period signal and the stellar activity time-series of FWHM
and NaD show a possible correlation between them. This indi-
cates that the chromospheric activity of the star could be causing
this signal, although further observations are necessary to con-
firm it and discard a possible planetary origin.

The fact that we could not find any hint of rotation neither in
photometry and spectroscopy could indicate that the star may
be in a Magnetic Grand Minimum (MGM) of stellar activity
(Saar & Testa 2012). If this would be the case, we expect a
low amplitude for the amplitude of the cycle signal, which fa-
vors the interpretation of the long-period signal as a planet. Us-
ing the relation between the level of chromospheric activity and
the RV semi-amplitude induced by the rotation of the star found
by Suárez Mascareño et al. (2017) we estimated an induced RV
semi-amplitude lower than 0.60 m s−1. This value is lower than
the RMS of the residuals after subtracting the two planets and
the long-term signal, which indicates that it is not possible to de-
tect the rotation signal in the RV time-series until we have more
measurements. This lack of detectability comes mainly from the
low chromospheric activity of the star along with its age (older
than the Sun) and intrinsic RV errors (around 1 m s−1).

6. Conclusions

From the analysis of the K2 photometric light curve, we
have measured the radius of the two planets transiting
the star K2-38. We characterized K2-38b as a super-Earth
with Rp=1.54±0.14 R⊕, and K2-38c as a sub-Neptune with
Rp=2.29±0.26 R⊕. Both radii are in good agreement with the val-
ues previously reported in the literature. From the RV analysis,
we have used a two-planet model based on Keplerians with off-
set and trend correction (this last one made with a sinusoidal fit)
to obtain the rest of the planetary parameters. The MCMC simu-
lations produced a RMS of 1.91 m s−1 for the combined HIRES
and ESPRESSO dataset, providing a mass of Mp=7.3+1.1

−1.0 M⊕ for
K2-38b and Mp=8.3+1.3

−1.3 M⊕ for K2-38c. These results shows a
significant reduction in the uncertainties with the respect to the
previous mass measurements published in the literature thanks
to the higher RV precision of ESPRESSO. In the case of K2-38b
we measured a lower mass, difering 2σ with respect to previ-
ous results, while in the case of K2-38c our result is compatible
with the previous mass measurement. We did not find any signif-
icant signal in the RV residuals after subtracting the final model,
although the long-term signal shows compatibility with a third
planet of Mp=0.25-3 MJ, but could also have a chromospheric
activity origin.

The expected rotation signal of the star (Prot=29 ± 2d) was
not detected either in the photometric light curves or in the RV
time-series due to its low amplitude. None of the four spectro-
scopic indexes show any hint of this signal. We predict an upper
limit to the induced RV semi-amplitude associated with rotation
of 0.60 m s−1, making it challenging to detect this signal in the
RV time-series.

We derived the mean density of each planet at ρp =11.0+4.1
−2.8 g

cm−3 for K2-38b and ρp =3.8+1.8
−1.1 g cm−3 for K2-38c, confirming

K2-38b as one of the densest planets known to date. The best
model for the composition of this planet comes from an iron-
rich Mercury-like model, while K2-38c is better described by a
rocky model with a H2 envelope. The high density of K2-38b
could be explained through the mantle stripping theory based
on giants collisions. According to their derived irradiances, each
planet is located on a different side of the radius valley, resulting
from the different irradiation levels and evaporation processes
at which they are exposed, along with core-powered mass loss
mechanisms.
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Fig. A.1. Corner plot of all the fitted parameters included in the 2 planets model for the K2-38 RV time-series. The vertical lines indicate the mean
and the 16th-84th percentiles.
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Fig. A.2. Normalized 1D ESPRESSO spectrum of K2-38 corrected from RV. Five different spectral regions are shown in different colors.
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