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ABSTRACT

Context. High-precision planetary densities are key pieces of information necessary to derive robust atmospheric properties for extra-
solar planets. Measuring precise masses is the most challenging part of this task, especially in multi-planetary systems. The ESO-K2
collaboration focuses on the follow-up of a selection of multi-planetary systems detected by the K2 mission using the HARPS instru-
ment with this goal in mind.

Aims. In this work, we measure the masses and densities of two multi-planetary systems: a four-planet near resonant chain system
(K2-32) and a young (~400 Myr old) planetary system consisting of three close-in small planets (K2-233).

Methods. We obtained 199 new HARPS observations for K2-32 and 124 for K2-233 covering a long baseline of more than three
years. We performed a joint analysis of the radial velocities and K2 photometry with PASTIS to precisely measure and constrained the
properties of these planets, focusing on their masses and orbital properties.

Results. We find that K2-32 is a compact scaled-down version of the Solar System’s architecture, with a small rocky inner planet
(M, = 2.1f::f Mg, P. ~ 4.35 days) followed by an inflated Neptune-mass planet (M, = 15.0f::§ Mg, Py, ~8.99 days) and two external
sub-Neptunes (M. = 8.1 £2.4 Mg, P. ~20.66 days; My =6.7 +£2.5 Mg, Pq ~31.72 days). K2-32 becomes one of the few multi-planetary
systems with four or more planets known where all have measured masses and radii. Additionally, we constrain the masses of the three
planets in the K2-233 system through marginal detection of their induced radial velocity variations. For the two inner Earth-size planets
we constrain their masses at a 95% confidence level to be smaller than My, < 11.3 Mg (P, ~2.47 days), M. < 12.8 Mg (P. ~ 7.06 days).
The outer planet is a sub-Neptune size planet with an inferred mass of M, = 8.3:51% Mg (My < 21.1 Mg, P4~ 24.36 days).
Conclusions. Our observations of these two planetary systems confirm for the first time the rocky nature of two planets orbiting a
young star, with relatively short orbital periods (<7 days). They provide key information for planet formation and evolution models of
telluric planets. Additionally, the Neptune-like derived masses of the three planets, K2-32b, c, d, puts them in a relatively unexplored

regime of incident flux and planet mass, which is key for transmission spectroscopy studies in the near future.

Key words. planets and satellites: terrestrial planets — planets and satellites: composition — techniques: radial velocities —

techniques: photometric

1. Introduction

After the prime Kepler quest (Borucki et al. 2010), the exten-
sion of the mission, K2 (Howell et al. 2014), explored 19 fields
along the ecliptic, mainly focusing on a search for transiting
planets. Each of these campaigns observed a single 100 deg”

* Full Tables A.1-A.4 are only available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/640/A48

** Based on observations collected at the European Organisation
for Astronomical Research in the Southern Hemisphere under ESO
programmes 198.C-0169 and 095.C-0718.
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field over 80 days, monitoring the brightness of about 20000
stars with a 30-min cadence. Overall a larger number of bright
targets were observed compared to the primary mission, includ-
ing several well-known young stellar associations such as the
Pleiades, Praesepe and the Hyades. To date, more than 390 plan-
ets have been detected by K2 and more than 900 remain as can-
didates awaiting confirmation (see NASA Exoplanet Archive',
Akeson et al. 2013). Among the confirmed planets, K2 and
associated ground-based follow-up have covered planets in very

I https://exoplanetarchive.ipac.caltech.edu/docs/
counts_detail.html
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different regimes, from a system with one of the longest-known
resonant chain configurations (K2-138, Lopez et al. 2019), super-
Earths and mini-Neptunes in the habitable zone of their parent
stars (e.g. K2-18 b, Montet et al. 2015), planets in young stellar
associations (K2-95b, Obermeier et al. 2016; Pepper et al. 2017),
and even an Earth-size planet with Mercury-like composition
(K2-229b, Santerne et al. 2018).

The detection of these transiting planets by K2 is only the
first step towards a full characterisation that puts them in context
with the current plethora of known exoplanets. The combination
of transit and high-precision radial velocity (RV) analysis pro-
vides the absolute planet mass and mean density, a key parameter
to understand planetary internal structure (e.g. Dorn et al. 2015).
Transiting planets also give us the ability to study the atmo-
spheric properties of planets through different techniques like
transmission spectroscopy (Seager & Sasselov 2000). However,
Batalha et al. (2019) found that precisions better than 20% in
the planet mass are necessary to obtain accurate atmospheric
properties, especially for low-mass (sub-Neptune) planets. Only
long-term dedicated follow-up programs on high-precision spec-
trographs can achieve this critical goal.

Our Large Programme (PI: A. Santerne) on the ESO/HARPS
instrument (Mayor et al. 2003) focused on obtaining precise
mass measurements of a sample of 25 transiting planets in 9
planetary systems detected by the K2 mission, with the ultimate
goal of bridging the gap between rocky and gaseous planets by
measuring densities to a precision of 30% or better. In total,
18 planets have already been published from this programme:
HD 106315 b & c (Barros et al. 2017), K2-229 b, ¢, & d
(Santerne et al. 2018), K2-265 b (Lam et al. 2018), K2-138b,
¢, d, e, f, g (Lopez et al. 2019), and HIP41378 b, c,d, e, f & g
(Santerne et al. 2019).

In the case of multi-planetary systems, access to planet bulk
compositions also enables studies of their architecture and subse-
quently their history of formation and evolution. In this sense, the
pile-up of planets in or near resonant chains provides informa-
tion about the migration history of the planetary system, a direct
consequence of convergent migration (see Delisle 2017, and
references therein). Also relevant is that these multi-planetary
systems in resonant chains are the preferred environments to
look for co-orbital planets (e.g. Lillo-Box et al. 2018; Leleu et al.
2019b), since these resonances increase the stability of 1:1 co-
orbital configurations (Leleu et al. 2019a), commonly formed
in simulations of the formation and early evolution of multi-
planet systems (Cresswell & Nelson 2008; Leleu et al. 2019a).
Multi-planetary systems are also unique laboratories to test the
diversity of planet properties among planets grown in the same
environment.

Four planets were discovered by the K2 mission in the K2-32
system (Sinukoff et al. 2016; Heller et al. 2019). The planets
were statistically validated and their masses were estimated for
planet b and upper limits found for the masses of the planets
¢ and d using data from different high-resolution spectrographs
(Dai et al. 2016; Petigura et al. 2017). No mass constraint has
been published to date on the inner planet K2-32e. We have
now collected 199 new HARPS measurements that we ana-
lyze in this paper to determine the masses of all planets in the
system.

Thanks to Kepler and K2, the population of planets known
around young stars (<1 Gyr) has increased significantly (around
20% of these planets have been discovered by this mission).
Detecting and characterising these planets is important to test
theories of planet formation and evolution. The current popu-
lation of known planets around young stars comprises gaseous
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or icy planets and only one third of them have been detected in
both transit and radial velocity, allowing a bulk composition to
be calculated. So far, no rocky planets have been found in these
young systems, although the large uncertainty on the mass of
Kepler-289 ¢ Schmitt et al. (2014) does not rule out a rocky com-
position. K2-233 is a young K3 dwarf star, with an estimated age
of 360*130 Myr (David et al. 2018). Three transiting planets were
detected based on K2 observations. We have now collected 124
HARPS radial velocity measurements to constrain their masses
for the first time.

In this paper, we present the characterisation of the properties
of the detected planets in these two systems. We describe the
observations in Sect. 2 and the methodology for the analysis in
Sect. 4. The results are presented and discussed in Sect. 5 and
we provide conclusions in Sect. 6

2. Observations
2.1. K2 photometry

K2-32 was observed during Campaign 2 of the K2 mission
for 77.5 days between 2014-Aug.-23 and 2014-Nov.-13, with a
cadence of 29.4min (3524 data points) and a median preci-
sion per data point of 71 parts per million (ppm), see Fig. 1
(upper panel). Three planets with periods 9 (b), 20.7 (c), and 31.7
(d) days were detected by Sinukoff et al. (2016) transiting this star
during the K2 observations. The three planets were validated by
the authors using vespa (Morton 2012), with the caveat that K2-
32c had a FPP 2.2%, larger than the 1% acceptable for validating
purposes, but boosted by the multi-planet nature (Lissauer et al.
2014) of the system the authors considered the planet as vali-
dated. By using the Transit Least Square (TLS) method, Heller
et al. (2019) detected a fourth inner Earth-size planet in the sys-
tem (K2-32e, R, = 1'01t8i(1)8 Rg) transiting in the K2 data with a
period of ~4.3 days, thus placing this multi-planetary system in
anear 1:2:5:7 mean motion resonant chain. As mentioned in the
discovery paper, despite some faint sources lying inside the opti-
mised photometric aperture, the transits occur on the mentioned
target and the companion sources are too faint to contaminate the
planet parameters (see Sinukoff et al. 2016).

K2-233 was observed by K2 in Campaign 15 of the K2 mis-
sion from 2017-Aug.-23 to 2017-Nov.-20, in a total time span of
76 days with 29.4-min cadence (3055 data points) and a median
precision per datapoint of 58 ppm. No contaminant sources
were found inside the K2 aperture. David et al. (2018) detected
three small planets (R, ~ 1.4,1.3,2.6 Rg) transiting this young
star with periods 2.5 (planet b), 7.1 (planet ¢) and 24.2 (planet
d) days. The planets were validated using the vespa (Morton
2012) algorithm.

The light curves were extracted by using the EPIC Variability
Extraction and Removal for Exoplanet Science Targets EVEREST
pipeline (Luger et al. 2016, 2018) (see Tables A.l and A.2). We
used the EVEREST light curves and not the POLAR ones (Barros
et al. 2016) as the systematics are slightly better corrected with
the former. In the case of K2-32, this light curve was also used in
the discovery paper to find the three external planets in the sys-
tem and by Heller et al. (2019) to find the fourth planet (K2-32e).
We first produced a transit mask to remove those epochs affected
by the planet transits from the lightcurve. This was used to com-
pute the EVEREST detrending and then, along with a mask of
outliers identified by EVEREST, we used this time series of stellar
flux to minimise the hyperparameters of a Squared Exponential
kernel Gaussian process (GP) using george (Ambikasaran et al.
2014). The resulting best-fit GP kernel was then applied to the
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Fig. 1. Photometric data and inferred model for K2-32. Top: K2 extracted photometry (grey dots, see Sect. 2.1) and mean GP model (black dashed
line). The transits for each individual planet are marked by upward triangles and colour-coded in the light curve. Middle: detrended light curve after
removing the GP model (see Sect. 2.1) and including the median transit model obtained with PASTIS for the 3 planets in the system (grey solid
line). Bottom: phase-folded lightcurves centred on the transit of each planet. The colour-coded symbols correspond to binned photometry with a
bin size of 10% of the transit duration. The inferred transit models are shown as solid lines. The shaded regions correspond to 68.7% (dark colour)

and 95% (light colour) confidence intervals.

full array of K2 epochs in order to predict and detrend the con-
tribution of stellar variability during the masked transits and at
outliers. In the case of K2-233, the resulting long-term detrended
light curve still showed a high-frequency correlated variability
at around 6-h periodicity potentially related to residuals of the
12-h drift correction and thrusters firing to keep the pointing of
the telescope (Howell et al. 2014). We removed this contribution
through a spline filtering (with the planet transits masked), which
reduced the photometric noise from 70 to 40 ppm in K2-233,
while preserving the transit shapes.

Figures 1 and 2 show the corresponding light curves at differ-
ent stages for K2-32 and K2-233, respectively. For each system,
the raw extracted light curve from EVEREST is shown in the upper
panel, the detrended and normalised light curve after remov-
ing the mean GP model and the spline filtering is shown in the
middle panel, and the phase-folded transit of each planet in the
system is shown in the bottom panels.

2.2. Radlal velocities

In the case of K2-32, by using 43 HARPS and 6 PFS obser-
vations, Dai et al. (2016) could measure the mass of K2-32b
to be 21.3+5.9 M. They could also place upper limits on the
masses of the other two outer planets of M. < 8.1 Mg and
My < 35 Mg. Petigura et al. (2017) added 31 HIRES radial veloc-
ity measurements and found masses of 16.5 + 2.7 Mg (planet

b), <12.1 Mg (planet c¢), and 10.3 +4.7 (planet d), in all casesa
assuming circular orbits due to the lack of evidence for eccentric
solutions.

We have collected 199 new HARPS spectra during three
semesters (Prog. ID: 198.C-0169, PI: A. Santerne). We have
homogeneously reduced these data together with the 45 pub-
lic spectra (from Prog. ID 095.C-0718, PI: S. Albrecht; 43 of
them published in Dai et al. (2016) and two additional with
Julian dates 2457 187.616519 and 2457 192.682198) in order to
obtain an homogeneous HARPS radial velocity dataset by ensur-
ing the same coordinates are used to compute the barycentric
velocity correction. We cross-correlate the spectra with a binary
G2 mask (Baranne et al. 1996) and derive the radial velocities
for each epoch by fitting a Gaussian function to the cross-
correlation function. The final set has a median radial velocity
uncertainty of 3.5 ms~!. In addition, we have included in our
analysis the 31 HIRES measurements from Petigura et al. (2017)
and the 6 PFS radial velocities from Dai et al. (2016). Alto-
gether, our dataset comprises 279 radial velocities covering a
total time span of 3.2 yr. We performed a nightly binning of our
HARPS radial velocities to correctly average the correlated high-
frequency noise (mostly granulation), as it is known to bias the
parameters derived, like the eccentricity (Hara et al. 2019). This
can be done as the shortest planetary orbital period is 4.3 days
and the vast majority of our data points obtained during the same
night have time separations shorter than 4 hours (corresponding
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Fig. 2. Photometric data and inferred model for K2-233. Top: K2 extracted photometry (grey dots, see Sect. 2.1) and mean GP model (black dashed
line). The transits for each individual planet are marked by upward triangles and colour-coded in the light curve. Middle: detrended light curve
after removing the GP model and the spline high-frequency filtering (see Sect. 2.1) and including the median transit model obtained with PASTIS
for the 4 planets in the system (grey solid line). Bottom: phase-folded lightcurves centred on the transit of each planet. The colour-coded symbols
correspond to binned photometry with a bin size of 10% of the transit duration. The inferred transit models are shown as solid lines. The shaded
regions correspond to 68.7% (dark colour) and 95% (light colour) confidence intervals.

to <4% of the orbital period). The whole dataset is presented in
Table A.3 and shown in Fig. 3.

For K2-233, we have collected 124 HARPS spectra cover-
ing a 105-day timespan. The data reduction and radial velocity
extraction was performed in a similar fashion as explained above.
In this case, we obtain a median radial velocity uncertainty of
1.9 ms~!. The radial velocities are presented in Table A.4 and
shown in Fig. 4. A clear large amplitude variation can be seen
in the upper panel of Fig. 4, corresponding to the induced radial
velocity modulated by the stellar activity of this star.

The periodogram of both radial velocity datasets is shown in
Fig. 5, together with the activity indicators corresponding to the
full-width at half-maximum (FWHM) and the bisector span. In
the case of K2-233, the periodogram is dominated by the stellar
activity of the star and none of the planet signals are visible.

3. Spectroscopic stellar parameters

We used ARES+MOOG (ARES v2 and MO0G2014; for details, see
Sousa 2014) to derive spectroscopic parameters of the two host
stars studied in this work. The spectral analysis is based on the
excitation and ionisation balance of iron abundance. The equiv-
alent widths of the iron lines were consistently measured with
the ARES code (Sousa et al. 2007, 2015) and the abundances
are derived in local thermodynamic equilibrium (LTE) with the
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MOOG code (Sneden 1973). For this step we use a grid of Kurucz
ATLAS9 plane-parallel model atmospheres (Kurucz 1993). The
list of iron lines is taken from Sousa et al. (2007) except for K2-
233 (with effective temperature below 5200 K) where we use
instead a more adequate line list for cooler stars (Tsantaki et al.
2013). This method has been applied in our previous spectro-
scopic studies of planet-hosts stars which are all compiled in the
Sweet-CAT catalogue (Santos et al. 2013; Sousa et al. 2018). For
the derivation of chemical abundances of the refractory elements
we used the same tools and models of atmospheres as for the
derivation of the stellar parameters. The list of spectral lines and
the method is described in Adibekyan et al. (2012, 2015).

The resulting parameters from this analysis are presented in
Table 1. For K2-32, the effective temperature (5273 + 25 K) and
surface gravity (4.359 + 0.048 dex) values are consistent within
1o~ with those published by Dai et al. (2016) and slightly lower
than those from Mayo et al. (2018) who used data from the
TRES spectrograph and compared them to a library of stellar
spectra from Buchhave et al. (2012). For K2-233, we obtained
different values in our spectroscopic analysis than those pub-
lished by David et al. (2018). In our case, we estimate a slightly
cooler effective temperature of T.q =4796 + 66 K (against the
T =4950 + 100 K found by David et al. 2018, still compati-
ble within 1) but a relevant difference in the surface gravity,
with 4.30 = 0.19 found in this work and 4.71 + 0.1 found in
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Fig. 3. Radial velocity time series for the K2-32 planetary system. Top and middle panels: full radial velocity dataset including observations from
HARPS (red symbols), HIRES (blue symbols), and PFS (green symbols). The median model inferred with PASTIS including the four planets and
the GP (see Sect. 4) is shown in black with 68.7% (dark grey) and 95% (light grey) confidence intervals as shaded regions. Bottom panel: residuals
of the radial velocity modelling for the full dataset. The white noise jitter term has been quadratically added to the radial velocity uncertainties in

all panels.

David et al. (2018), so around a 20" discrepancy. We note that
in this case if we use the correction for the spectroscopic surface
gravity derived from asteroseismology and presented in Mortier
et al. (2014), we obtain 4.53 + 0.22, which becomes compati-
ble with previous studies within 1o~. We used our spectroscopic
estimates as Gaussian priors in the subsequent PASTIS analysis.

4. Joint analysis with PASTIS

The photometric and radial velocity data were jointly anal-
ysed with the Spectral Energy Distribution (SED) in a Bayesian
framework using the PASTIS software (see Diaz et al. 2014,
and applications of this software in Barros et al. 2017,
Santerne et al. 2018 or Lam et al. 2018). The magnitudes for the
SED were extracted from the American Association of Variable
Star Observers Photometric All-Sky Survey (APASS, Henden
et al. 2015) archive in the optical, and from the Two-Micron
All-Sky Survey (2MASS, Munari et al. 2014) and the Wide-
field Infrared Survey Explorer (ALUIWISE, Cutri et al. 2014)
archives in the near-infrared. The complete list of magnitudes
is reported in Table 2. The SED was modelled with the BT-
Settl stellar atmospheric models (Allard et al. 2012). The K2-32
masses and orbital parameters were estimated by modelling the
radial velocities with Keplerian orbit models. No Gaussian pro-
cess was needed in this case since K2-32 is a quiet star at
the level of precision we probed. For K2-233, we used both

Keplerian orbit models and a Gaussian process regression with
a quasi-periodic kernel to simultaneously account for the corre-
lated noise induced by the activity of this young and active star.
We used the following form for the GP kernel:

2 o
w2 (i)

2 /l] Prot

+ (5,’]”0’1»2-{-0'3,

where A corresponds to the modulation amplitude, Py to the
stellar rotation period, A; to the timescale of the correlations
decay, A, is a measure of the relative importance between the
periodic and the decaying components, and o is the radial
velocity jitter.

To model the photometry, we used the JKT Eclipsing Binary
Orbit Program (JKTEBOP, Southworth 2008) with an oversam-
pling factor of 30 to account for the long integration time of
Kepler (Kipping 2010). For K2-32, the central star was mod-
elled with the Dartmouth evolution tracks (Dotter et al. 2008),
taking into account the asterodensity profiling (Kipping 2014).
We also tried using the PARSEC evolution tracks (Bressan et al.
2012), with completely consistent results. For K2-233, as the
star is relatively young and to avoid biaising the determination
of the stellar mass and radius, we used the constraints on the
stellar age from David et al. (2018) along with the PARSEC

6]
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for the three planets is shown in black with 68.7% (dark grey) and 95% (light grey) confidence intervals as shaded regions. Bottom panel: residuals
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Fig. 5. Lomb-Scargle periodogram of the HARPS radial velocity datasets and activity indicators from K2-32 (left panels) and K2-233 (right
panels). For each system we show, from top to bottom, the periodogram corresponding to: the radial velocity, the residuals after subtracting the
radial velocity model (for K2-233 we also show the residuals of the GP model) and the 1 and 0.1% false alarm probabilities as horizontal dotted
lines, the full-width at half maximum of the cross-correlation function and the bisector span. The planet periods are marked as dotted lines and the
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rotation period of K2-233 and its first harmonic are marked as dashed lines.
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Table 1. Stellar parameters derived from the spectroscopic analysis (see
Sect. 3).

Stellar parameters K2-32 K2-233
Eff. temp. Teq [K] 5273 +25 4796 + 66
Surf. grav. log g [cgs]  4.359 +0.048 4.53+0.22
Turb. vel. v, [kms™'] 0.617 £ 0.057 0.699 + 0.157
Element abundances

Fe/H [dex] -0.055+0.017 -0.082+0.028
Na I [dex] -0.012+0.108 —-0.165 +0.084
Mg I [dex] —-0.04 +£0.07 —-0.195+£0.07
AlT [dex] 0.104 £0.092  -0.036 +£0.068
Si I [dex] —-0.053+£0.041 0.004 +0.08
Cal [dex] -0.045+£0.048 0.059+£0.128
Ti I [dex] 0.029+0.047 —0.031+0.106
Cr I [dex] -0.021 £0.047 —-0.068 +0.102
Ni I [dex] -0.054+0.03  -0.12+£0.064

evolution tracks which start earlier than the Dartmouth tracks.
Finally, the limb darkening coefficients were taken from Claret &
Bloemen (2011), using the stellar parameters at each step of the
analysis.

PASTIS runs Markov chain Monte Carlo (MCMC) to explore
the posterior distributions of the various parameters. We ran 40
chains with 6 x 10° iterations for each system. The chains were
initialised randomly from the joint prior distribution. For the pri-
ors, we used normal distributions centred on the results from
the spectral analysis for the stellar effective temperature, sur-
face gravity, and metallicity of K2-32. For K2-233, we used a
uniform prior on the age between 100 Myr and 1 Gyr, a broad
normal distribution around the initial stellar mass derived by
David et al. (2018), and a normal distribution on the iron abun-
dance inferred in our spectroscopic analysis. For the systemic
distance to Earth, we used a normal distribution centred on the
Gaia data release 2 from Gaia Collaboration (2018) (parallax of
m=6.313 +0.052 mas for K2-32 and 7 = 14.785 + 0.061 mas for
K2-233) , taking into account the correction (6 =0.054 mas)
from Schonrich et al. (2019). For the planetary period and transit
epoch, we used a normal distribution centred on the ephemeris
from the transit identification and with a width larger than the
published uncertainties. For the eccentricity, we used a truncated
normal distribution with a width of 0.083, valid for small plan-
ets in multi-transiting systems (Van Eylen et al. 2019). Finally,
for the planetary orbital inclination, we used a sine prior (a uni-
form prior in sini#). The priors of the remaining parameters are
set to uniform distributions (see Tables A.5 and A.6).

To improve the convergence and the number of samples in
the posterior distributions, we re-ran a full analysis for both
systems, starting from the best values of the first analysis. In
both cases, the convergence of the chains was checked using a
Kolmogorov-Smirnov test (Brooks et al. 2003). The burn-in of
each chain (determined as described in Diaz et al. 2014) was
then removed and they were merged to derive proper credible
intervals for each parameter. The full list of priors and posteriors
is reported in Tables A.5 and A.6. A summary of the derived stel-
lar properties is shown in Table 3 and the estimated and derived
planet properties are summarised in Tables 4 (K2-32) and 5
(K2-233). The final light curve model and individual planet con-
tributions are presented in the middle and bottom panels of Fig. 1
(for K2-32) and Fig. 2 (for K2-233). The full radial velocity
dataset and model (including confidence intervals) is shown in

Table 2. Photometric magnitudes of K2-32 and K2-233.

K2-32 K2-233

Kepler Kp 12.005 @ 10.422@

Johnson B 13.267 £0.007®  11.664 +0.027©
Johnson V 12.314+0.0043®  10.726 £0.019©
Sloan g’ 12764+0.017 ®  11.173 +0.043©
Sloan r’/ 12.005+£0.026”  10.352+0.021©
Sloan 1’ 11.632+0.031® 10.068 +0.019©
2-MASS ] 10.404 +0.024© 8.968 +0.020®
2-MASS H 9.993 +0.025© 8.501 £0.026®
2-MASS Ks 9.821+0.019©@ 8.375+0.023®
WISE W1 9.754+0.022@ 8.318+0.023@
WISE W2 9.787 +0.020@ 8.381 +£0.021@
WISE W3 9.887+0.057¥  9.332+0.025@

Notes. @https://exofop.ipac.caltech.edu/k2/, ®AAVSO

Photometric All-Sky Survey (APASS), “Two Micron All Sky Survey
(2MASS), @ AIIWISE.

Table 3. Stellar parameters of K2-32 and K2-233 obtained from
PASTIS.

Stellar parameters K2-32 K2-233
Eff. temperature Teg [K] 52717 5033+
Surface gravity log g [cgs] 4.49+0% 4.64 +0.01
Iron abundance [Fe/H] [dex] -0.06+0.03 —0.09 +0.03
Distance to Earth D [pc] 162.5%5 67.4+0.3
Extinction E(B-V) [mag] 0.162 +0.019 0.03150%
Systemic RV y [km s~'] —2.1983000¢ 9 6483+0%0%
Stellar density p./po 1.3:04 2.25%00%
Stellar mass M, [M;] 0.83+0.02 0.79 +0.01
Stellar radius R, [Ro] 0.86 +£0.02 0.71+0.01
Limb-darkening u, 0.496 +0.009 0.55150:°
Limb-darkening u, 0.204 £ 0.006 0.165755%

Notes. Stellar parameters given here were derived from PASTIS and
are not from the spectral analysis. We assumed R, =695508 km,
M, =1.98842 x 10 kg, Ry =6 378 137 m.

Figs. 3 (K2-32) and 4 (K2-233). The isolated radial velocity sig-
nal of each planet (after removing the GP and contribution from
the other planets) is shown in Figs. 6 (K2-32) and 7 (K2-233).
In the second panel of Fig. 5 we show the Lomb-Scargle peri-
odogram of the residuals of the radial velocities after removing
the planets and GP models. No significant periodicities are found
in either system with the current dataset.

5. Discussion
5.1. K2-32: diverse compositions in a four-planet system

The analysis of the new 199 HARPS radial velocity measure-
ments added to the archival data on this source has allowed us to
characterise the planetary masses and densities of the four plan-
ets in this system (see Fig. 8, left panel). We determine a mass
of 15.0*5 Mg for K2-32b, smaller than the previously reported
value in Dai et al. (2016) (21.1 £5.9 Mg) and three times more
precise, from oy, /My = 28 to 12%. Our values are consistent
within 1o with the mass estimated by Petigura et al. (2017)
although slightly more precise (from 16 to 12%). The analysis
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Table 4. System parameters of K2-32 obtained from the joint light curve and radial velocity analysis with PASTIS.

Planet parameters K2-32e K2-32b K2-32¢ K2-32d
Orbital period P [d] 4.34934 +0.00039 8.99200 + 0.00008 20.6609375 5005 31.717019500!
Ty [BID - 2400 000] 56898.8786305:2  56900.92676 £ 0.00031  56899.42344+300¢7  56903.78707 5502
RV semi-amplitude K [m s™'] 0.92+07 5.22+0.60 2.155% 1.53+0.58
Orbital inclination i [°] 89.0+0.7 89.0%03 89.4%03 89.4+0.1
Planet-to-star radius ratio k 0.01294+000 0.056420%0 0.03342:9.0006 0.03704-0%0¢2
Orbital eccentricity e 0.043+004 0.030%9432 0.049+0046 0.050%04%
Argument of periastron w [°] 2055% 2207 1687, 1857%
System scale a/R, 12.245% 19.86708 34581 46.02+1%
Impact parameter b 0.22+0.16 0.347519 0.37:1 0.4670%
Transit duration T4 [h] 2.671755%¢ 3.4887%0 43507008 4.88805%
Semi-major axis a [AU] 0.048997( 0004 0.0795070 5006 0.13843+0%115 0.18422+001s2
Planet mass M [Mg] 21413 15.0°1% 8.1+2.4 6.7+2.5
Planet radius R [Rg] 1.21275%2 5.299 +0.191 3.1347.% 3.484+%2
Planet bulk density p [g cm™3] 6.30%%% 0.55%5: 1.4375% 0.87%%
Mean Eq. temperature Teq [K] 106615 837+ 634", 550
Day-side temperature Teqq [K] 1091753 85073 650712 564+

Notes. Stellar parameters from Table 3 (derived from PASTIS and not from the spectral analysis). We assumed R, =695508 km,
My =1.98842x 10 kg, Ry =6378 137 m, My =5.9736 x 10** kg and 1 AU = 149597 870.7 km. The temperatures were derived assuming a
zero albedo. The day-side temperature was computed assuming tidally synchronized rotation.

Table 5. System parameters of K2-233 obtained from the joint light curve and radial velocity analysis with PASTIS.

Planet parameters

K2-233b

K2-233¢

K2-233d

Orbital period P [d]
To [BJD - 2400 000]
RV semi-amplitude K [m s~!]

2.46750 + 0.00004
57991.69112:0%0%
1.86715(<6.27)

7.06005"0002%
57586.87653:007
1.99+1%(<5.02)

24.36450 = 0.00068
58005.582370 0es
2.131135(<5.45)

Orbital inclination i [°] 89.3+03 89.603 89.6702
Planet-to-star radius ratio k 0.01743:0001 0.0166309002¢ 0.03062:0904
Orbital eccentricity e 0.079:00:% 0.070%9%2(<0.2002)  0.0623%(<0.1999)
Argument of periastron w [°] 248+ 261+ 1397
System scale a/Ry 10.07 £0.05 20.30%510 46.36 +0.24
Impact parameter b 0.137%3 0.13%0 0.32+71
Transit duration T4 [h] 1.988 +£0.026 2.7960% 3.838 £0.033
Semi-major axis a [AU] 0.03308 90010 0.066660502 0.1522400004

Planet mass M [Mg]

3.349(<11.26)

5.172(<12.81)

8.332(<21.14)

Planet radius R [Re] 13437008 1.281+00 2358008
Planet bulk density p [gcm™]  7.59%%74(<26.26) 13.307%4(<33.91) 3.4472%(<8.85)
Mean Eq. temperature Teq [K] 1121 7907 523%
Day-side temperature Teqq [K] 11692 82072 540+

Notes. Stellar parameters from Table 3 (derived from PASTIS and not from the spectral analysis). For the mass, we report the three sigma
credible intervals in parenthesis. We assumed R, =695 508 km, M, =1.98842 x 10*° kg, Re = 6378 137 m, Mg =5.9736 x 10°* kg and 1 AU =
149 597 870.7 km. The temperatures were derived assuming a zero albedo. The day-side temperature was computed assuming tidally synchronized

rotation.

presented in this paper now translates into a precision on the bulk
density of the planet of 18% (0.55 +0.1 g cm™3), which converts
this gaseous planet into a good candidate for further atmospheric
characterisation. We can also confirm for the first time the
planets ¢ and d with more than 99% confidence in the determi-
nation of their mass, 8.1 +2.4 Mg and 6.7 + 2.5 M respectively,
with corresponding bulk densities of p. =1.43*09% g cm™ and
pa=0.871933 g cm™3. These values place the two outer plan-

-0.34
ets in the mini-Neptune regime. Finally, we provide a marginal
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detection of the inner small planet K2-32e, with a mass of
2.1f}:? Mg and a 95% upper limit of 4.32 Mg, corresponding
to a bulk density of p. =6.3"71 gcm™, placing this planet in
the Earth-like rocky-composition regime. These estimates now
reduce the relative uncertainty on the bulk density of the three
outer planets in the system below 40%. Specially interesting is
the case of K2-32b, where we obtain a relative uncertainty bet-
ter than 20% (see Fig. 9), critical for subsequent atmospheric
studies with the James Webb Space Telescope (JWST).
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Fig. 7. Phase-folded HARPS radial velocity curves for the four planets in the K2-233 planetary system. The big black open circles correspond
to average radial velocities in 10% phase bins. The black solid line shows the median model inferred by PASTIS and the shaded grey region
corresponds to 68.7% confidence interval. Residuals of the model are shown in the bottom panels.

The architecture of this system somewhat resembles a scaled-
down version of the Solar System, with an inner rocky planet
followed by a gaseous giant (sub-Saturn density) and two exter-
nal mini-Neptunes. Its structure is also similar to the three inner
planets of WASP-47 (Hellier et al. 2012; Becker et al. 2015).
Interestingly, the four planets in K2-32 are in a near-resonant
chain 1:2:5:7, being one of the few multi-planetary systems with
more than two planets in this configuration. The determination of
their masses also allows us to determine their mutual separations
in terms of the Hill radius (A). Weiss et al. (2018) found that adja-
cent planet pairs in multi-planet systems tend to be separated by
a mean value of 20 Hill radii (the peas-in-a-pod hypothesis). In
the case of K2-32, we find these mutual separations to be 18, 18,
and 11 respectively from inner pairs to outer pairs. It is relevant
to highlight that only the 10% of planet pairs in multi-planetary
systems with four or more planets show A < 11. However, as

noted by Weiss et al., this might be caused by a poorly estimated
mass from mass-radius relations. Indeed, in the case of Kepler-
11, where all masses are known, the mutual separations are all
A < 10. The precise determination of the masses in these sys-
tems shows that more dedicated Doppler programs on systems
with four or more planets are needed to extract conclusions about
the peas-in-a-pod hypothesis.

We consider our mass measurements in the context of the
mass-period gap published in Armstrong et al. (2019) in Fig. 10.
The mass-period gap may arise due to tidal interactions with
the host star or interactions between the planet and protoplan-
etary disk. Of the four considered planets which have orbital
periods shorter than 20 days (K2-32b, K2-32 e, K2-233 b, and
K2-233, ¢), all lie outside the gap, with K2-32 one of a handful
of systems whose planets straddle the gap. The underlying cause
of this structure in the planet distribution remains uncertain,
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Fig. 8. Mass-radius diagram for planets with masses less than 50 M.
The colour code of the symbols shows the insolation relative to the
Earth. The K2-32 system planets are shown as black circles and the
K2-233 planets with purple square symbols. Iso-density lines corre-
sponding to different compositions from Zeng et al. (2019) are shown
as solid traces while the dashed lines correspond to iso-densities of 0.3,
1.33,5.3, 10 g-cm™ (from top to bottom).
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Fig. 9. Density precision versus mass for the known planets. The sym-
bol size of all planets is scaled with their size. Planets studied in this
work are marked by black (K2-32) and purple (K2-233) filled sym-
bols and are highlighted by big open circles. The two shaded regions
mark the optimal region for atmospheric characterisation with JWST
for Neptune-size (light region) and rocky (dark region) worlds.
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Fig. 10. Mass-period gap from Armstrong et al. (2019) (grey dots)
with our results for K2-32 e and b (black symbols) and K2-233b and
¢ overplotted (violet symbols).

but additional planetary mass measurements will help to illumi-
nate the formation and evolution processes that sculpt the planet
population in this region of parameter space.

5.2. K2-233: the first mass constraints for young rocky
planets

The HARPS radial velocities obtained for K2-233 in this
program have allowed us to put constraints on the planet
masses in this young planetary system. We find My, = 3.3*33 Me,

=5. 1+3 2 o Mo, and My =8. 3*5 2 7 Mg. While K2-233 d can now
be 1dent1ﬁed as a most likely sub -Neptune-like gaseous planet,
the other two inner components of the system (K2-233b and
K2-233 ¢) have densities compatible with rocky worlds and lie
on the left-hand side of the radius valley located around 1.8 Rg
(Fulton et al. 2017).

The mass measurement of these two planets represents the
first mass and bulk density estimation of a rocky world around
a host star younger than 1 Gyr. These two planets are indeed
the only ones in the smaller mode of the radius distribution in
the sample of young planets (see Fig. 11). Two other systems
share similar properties to K2-233. First, the young (212 Myr-
old) four-planet system Kepler-411 has a similar architecture as
K2-233, with the inner three planets having the same semi-major
axis values as K2-233 b, c, d, but being bigger and more massive
(25, 26, and 11 Mg; 2.4, 4.4 Ry, with Kepler-411 e non transit-
ing). The star is also a K3V star, similar to the K2V spectral-type
of K2-233. Hence, these two systems represent an ideal labora-
tory to study the evolution of multi-planetary systems at early
stages after the planet formation (212 +31 Myr for Kepler-411
and 360*}50 Myr for K2-233). On the other hand, the Kepler-
289 three-planet system orbits a slightly older (650 + 440 Myr)
solar-type star. In this case, the three planets are located further
away, at 0.21, 0.33 and 0.51 AU. The system is indeed particu-
larly similar to Kepler-51, also a solar-like star orbited by three
planets at 0.25, 0.38 and 0.51 AU and with an estimated age of
310 Myr, albeit with large uncertainties. In this case, the planets
are particularly inflated. K2-233 belongs to this small but grow-
ing family of young multi-planetary systems (N, > 2) and for the
first time reaches the rocky-composition regime.
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Fig. 11. Left: mass-radius diagram for planets around stars with estimated ages below 1 Gyr. The colour-code represents the estimated median
stellar age and the K2-233 planets are marked as violet square symbols. Iso-density lines corresponding to different compositions from Zeng et al.
(2019) are shown as solid traces while the dashed lines correspond to iso-densities of 0.3, 1.33, 5.3, 10 g-cm™> (from top to bottom). Right: planetary
systems with ages younger than 1 Gyr against the semi-major axis of the planets. We show systems with one (grey symbols), two (red), three (pink),
and four (green) known planets. Symbol sizes correspond to the planet size and non-transiting planets are represented as open circles. The young
systems with three or more planets known (including K2-233) are also labeled.

The masses measured in this work allow us to establish the
mutual separation of the adjacent planet pairs in the system in
terms of the Hill radius. We can now precisely measure these
values thanks to the mass measurements. We find mutual sep-
arations of 30.2tg:(1) and 30.53:2 mutual Hill radii for the two
adjacent planet pairs. We thus confirm the anomalously large
separation between the planets of this system as compared to
other three-planet systems, which tend to be more closely packed
with mutual separations around 20 Hill radii (Weiss et al. 2018).
Additional planets might also be present in the system but the
current data does not allow their detection. We have tested their
presence by analysing the HARPS RVs assuming a three-planet
model (Msp), a four-planet model with a fourth planet between
planets b and ¢ (Mypa), a four-planet model with a fourth planet
between planets ¢ and d (Mypp) and a five-planet model with
a planet between b and ¢ and another planet between c and d
(Msp). We have computed the evidence of these four models
and we find the three-planet model to have the largest evidence,
followed by Mypa (Aln Z = -8 against the three-planet model),
Mypg (AIn Z=-17), and Ms, (AlnZ =-21).

5.3. Interior model for the three rocky worlds K2-32¢,
K2-233b & K2-233¢

For the three planets with bulk densities compatible with rocky
compositions, we can investigate their interior composition
through different approaches.

At first, we can estimate the core mass fraction (CMF) of
these planets by using the analytic expressions in Zeng et al.
(2019). We find CMF=71+65% for K2-32e, suggesting a
scarce gaseous envelope and mantle for this dense rocky
world, although still with large uncertainties given the preci-
sion obtained on its mass. For K2-233 b we obtain CMF ~ 28%,

compatible with an Earth-like internal structure (CMFg =33%)
but also with large uncertainties, mainly due to the uncertainty
in the planet mass. For K2-233 ¢, we obtain CMF values out-
side of the validity range of the formula (CMF ~ 90%). However,
given its location in the Mass-Radius diagram, a rocky compo-
sition is also very likely. Additional radial velocity monitoring,
especially with ESPRESSO (Pepe et al. 2010), will increase
the significance on the planet mass detections and shed more
light on their internal structure. In particular, in the case of K2-
233, spectropolarimetric measurements with, for example, the
SPIRou spectrograph, would help to overcome the effects of
stellar magnetic activity in such a young star (Hébrard et al.
2014).

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. Their theoretical models were successfully
tested on three terrestrial planets by Santos et al. (2015) and used
to explore the possible compositions of planet building blocks
and planets orbiting stars belonging to different Galactic popu-
lations (Santos et al. 2017). Using the chemical abundances of
K2-32 and K2-233 listed in Table 1, and assuming that C and O
abundances for the two stars scale with metallicity, we applied
the stoichiometric model of Santos et al. (2017) to determine the
iron-mass fraction (which can be translated into core-mass frac-
tion) of the planet building blocks in the protoplanetary disks
of these stars. We note that solar-metallicity stars in the solar
neighbourhood show solar C and O abundances (Bertran de Lis
et al. 2015; Sudrez-Andrés et al. 2017), supporting our assump-
tion of C and O abundances. More importantly, the iron-mass
fraction is not sensitive to C and O abundances (Santos et al.
2017). Our model suggests very similar iron mass fractions for
the planet building blocks in the two systems: 32.8 + 2.2% and
32.8 + 3.2% for K2-32 and K2-233, respectively. We note, that
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Fig. 12. Sampled 2D marginal posterior distribution for the core mass function of K2-32e (left panel), K2-233 ¢ (middle panel), and K2-233 b
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PDF for the core mass fraction.

this model predicts an iron-mass fraction of 33.2% for the solar
system planet building blocks (Santos et al. 2015).

Finally, assuming an Earth-like albedo (~0.7), the equi-
librium temperatures of K2-233b, K2-233 ¢, and K2-32¢ are
estimated to be ~1169, 820, and 1066 K, respectively. There-
fore, if present, a hydrosphere would consist of a supercritical
water phase surrounded with a hot and dense steam atmosphere
(Mousis et al. 2020). However, using mass-radius relationships
for planets harbouring water at high temperature, in a high
pressure supercritical state as derived by Mousis et al. (2020),
we conclude that none of the three planets could harbour a
significant hydrosphere. We thus assumed completely dry com-
positions, with a water mass fraction of 0, leaving the core mass
fraction as the only compositional free parameter in our planet
internal structure model (Brugger et al. 2017). The central values
of the masses and radii of K2-233 b, K2-233 ¢, and K2-32 e are
consistent with a CMF of CMF of 0.45, 0.94, and 0.37, respec-
tively. This means that K2-233b and K2-32e are compatible with
an Earth-like composition, whereas K2-233c’s composition is
more Mercury-like (which resembles the case of K2-229b, see
Santerne et al. 2018). We performed Monte-Carlo simulations
to constrain the CMF range (Dorn et al. 2017). We selected
those CMF values whose input mass and output radius in our
planet interior model are within the 1o uncertainties of their
measured values. The large uncertainties on the masses of these
planets prevent a precise determination of the CMF which can
vary between 0.29-0.82 for K2-233b, between 0.22-0.92 for
K2-32e, and between 0.78—1.0 for K2-233c¢ (see probability den-
sity functions in Fig. 12). Assessing more precise compositions
and internal structure of these planets requires additional radial
velocity measurements in order to obtain more accurate determi-
nations of their masses. Indeed, to reduce the current CMF errors
by a factor of two, it would be necessary to determine the mass
with an uncertainty of ~10%. This would imply a significant
effort for these three planets unaffordable with an instrument like
HARPS (several thousands of measurements needed) and very
costly for an ESPRESSO-like instrument (>400 measurements
required).

6. Conclusions

In this paper, we measure the masses of seven planets in two
planetary systems detected by the K2 mission (K2-32 and K2-
233) through intense radial velocity monitoring with HARPS.
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We estimate for the first time the masses of K2-32¢, K2-32¢
and constrain for the first time the masses of the three planets in
the K2-233 system. We also provide improved measurements of
the masses of K2-32b and K2-32d through a joint transit and
radial velocity analysis with PASTIS (see Tables 4 and 5).

In K2-32 we find a wide diversity of properties among the
four planets in the system with an architecture that resembles
a scaled-down version of the Solar System, hosting an Earth-
like planet in the inner region followed by a gas giant and two
Neptune-like planets in longer period orbits. Systems like K2-32
are very useful for dynamical studies to understand how differ-
ent environments producing the same type of planets can build
different architectures. The monitoring of the K2-233 system has
allowed us for the first time to reach the rocky regime of plan-
ets around a young star (<1 Gyr). Our data constrain the planets
to be rocky in composition at high confidence, although addi-
tional measurements are needed to increase the precision on their
masses.

Specially interesting are the rocky and sub-Neptune planets
of both systems as they are transiting with different orbital peri-
ods around relatively bright stars. This positions them as good
candidates to be considered for transmission spectroscopy stud-
ies, an unexplored parameter space that will soon be accessible
with the James Webb Space Telescope (see, e.g. Malik et al.
2019; Mansfield et al. 2019; Koll et al. 2019).
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Appendix A: Additional tables

Table A.1. K2 photometry for K2-32.

A&A 640, A48 (2020)

Table A.2. K2 photometry for K2-233.

JD-2400 000 (days) Rel. flux OF
56 896.0020686457937700 1.0100155528817736 0.0000578899791713
56 896.0225009107452934 1.0102177384327031 0.0000578975736780
56 896.0429331747582182 1.0099493768616579 0.0000578915433817
56 896.0633654387784190 1.0099700949243571 0.0000578940184963
56 896.0837977023329586 1.0099545127464908 0.0000578957638977
56 896.1042300654153223 1.0099669385815275 0.0000578981458503
56 896.1246623275728780 1.0098439191841280 0.0000578955898924
56 896.1450944897296722 1.0097765358677386 0.0000578962775403
56 896.1655268514150521 1.0100921635003299 0.0000579076950933
56 896.1859591121756239 1.0099820017896914 0.0000579078666161
56 896.2063912729354342 1.0100788691335243 0.0000579146553820
Notes. Only the first 10 measurements are shown. The complete table is available at the CDS.
JD-2400 000 (days) Rel. flux OF
57 989.4448759220031206 0.9924592443158369 0.000026376146163
57 989.4653083558732760 0.9926550253234170 0.000026381437803
57 989.4857406892770086 0.9928540924140880 0.000026385065025
57 989.5061729222070426 0.9929645697508946 0.000026387697919
57 989.5266053546802141 0.9929870028323399 0.000026388964194
57 989.5470376862213016 0.9929040218922018 0.000026387612766
57 989.5674701177558745 0.9929559809328470 0.000026389107223
57 989.5879023488305393 0.9929432366928289 0.000026389497357
57 989.6083346789746429 0.9928129961406429 0.000026387438345
57 989.6287671091122320 0.9930717947025098 0.000026389007022

Notes. Only the first 10 measurements are shown. The complete table is available at the CDS.

Table A.3. Radial velocities for K2-32 used for this study.

JD-2400 000 (days) RV (kms™!) ory (kms™!) Instrument
57 185.606905 —1.86757 0.00292 HARPS
57 185.677182 —1.86511 0.00264 HARPS
57 185.819738 —1.86373 0.00313 HARPS
57 185.849749 —1.86628 0.00510 HARPS
57 186.599740 —1.87200 0.00388 HARPS
57 186.669808 —1.86611 0.00328 HARPS
57 186.790154 —1.87182 0.00325 HARPS
57 186.823625 —1.86549 0.00363 HARPS
57 187.616519 —1.86562 0.00235 HARPS
57 187.674585 —1.86930 0.00207 HARPS
57 187.743821 —-1.87361 0.00280 HARPS

Notes. Only the first 10 measurements are shown. The complete table is available at the CDS.
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Table A.4. Radial velocities for K2-233 used for this study.

JD-2 400 000 (days) RV (kms™!) ory (kms™1) Instrument
58257.575544860 -9.62195 0.00190 HARPS
58257.636215759 —-9.62438 0.00202 HARPS
58257.754999690 -9.62594 0.00200 HARPS
58258.564438059 -9.65918 0.00185 HARPS
58258.658789129 -9.66632 0.00218 HARPS
58259.617947040 -9.67847 0.00183 HARPS
58259.736962050 -9.67739 0.00182 HARPS
58260.580031630 -9.65730 0.00161 HARPS
58260.831405989 -9.65559 0.00191 HARPS
58261.660944140 -9.65916 0.00179 HARPS
58261.822029939 -9.65921 0.00177 HARPS
Notes. Only the first 10 measurements are shown. The complete table is available at the CDS.
Table A.5. Parameters used in the analysis of K2-32 planets.
Parameter Prior Posterior
Dartmouth PARSEC
(adopted)
Stellar Parameters
Effective temperature e [K] N(5276,37) 5271.27, 5269.4:348
Surface gravity log g [cgs] N(4.38,0.06) 4.49%00 4.47700
Iron abundance [Fe/H] [dex] N(-0.05,0.03) —-0.06 +£0.03 —-0.06 = 0.03
Distance to Earth D [pc] N(157.118,4.97) 162.53¢ 160.9+2
Interstellar extinction E(B—V) [mag] U(0.0,1.0) 0.162:091 0.15879
Systemic radial velocity y [km s'] U(-5.0,0.0) —2.1983" 0008 —2.19830 008
Linear limb-darkening coefficient u, (derived) 0.49640%5 0.4966% 005
Quadratic limb-darkening coefficient u, (derived) 0.20425 006 0.204750%
Stellar density p,/po (derived) 1.29971, 1.270014
Stellar mass M, [My] (derived) 0.829700 0.78:501%
Stellar radius R, [Ro] (derived) 0.861700% 0.8497007
Stellar age 7 [Gyr] (derived) 11.227 1593
Planet e Parameters
Orbital Period P, [d] N(4.34882,0.07) 4.349340000% 4.34933:000%
Transit epoch Ty [BID - 2450 000] N(6898.886,0.1) 6898.87863 00 6898.87870 0o
Radial velocity semi-amplitude K, [m s™'] U0, 100) 0.92+3 0.92+0%
Orbital inclination i [°] §(70.0,90.0) 89.0 + 0.7 88.9+0.7
Planet-to-star radius ratio k. €(0.0,0.2) 0.01294+5 502 0.01299+ 5502
Orbital eccentricity e, 77(0.0,0.083,0.0, 1.0) 0.043:008 0.041+00
Argument of periastron we [°] U(0.0,360.0) 205%1% 15877
System scale a./R. (derived) 12.2:54 12,1704
Impact parameter b, (derived) 0.220%015 0.229%01%
Transit duration 714 [h] (derived) 2.67%0 2.6670%
Semi-major axis a. [AU] (derived) 0.04899*5 50 0.04799+55036
Planet mass M, [Mg] (derived) 2.0747% 1.9941%
Planet radius R, [Ro] (derived) 1.212%9%% 1.202:90%
Planet bulk density p. [g cm™] (derived) 6.341 6.271
Planet b Parameters
Orbital Period Py, [d] N(8.991828,0.008)  8.99200 + 0.00008  8.99201 + 0.00008
Transit epoch Ty, [BID - 2450 000] N(6900.92713,0.03)  6900.926767 5000 6900.92675* 500

Notes. The respective priors are provided together with the posteriors for the Dartmouth and PARSEC stellar evolution tracks. The posterior values
represent the median and 68.3% credible interval. Derived values that might be useful for follow-up work are also reported. e N(u, 0%): normal
distribution with mean ¢ and width 0%; @ U(a, b): uniform distribution between a and b; e S(a, b): sine distribution between a and b, corresponding
to U(sin a, sin b); ® T (u, 02, a, b): truncated normal distribution with mean y and width o2, between a and b.
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Parameter Prior Posterior

Dartmouth PARSEC

(adopted)

Radial velocity semi-amplitude K}, [m s U0, 100) 5.22 +0.60 5.22 +0.60
Orbital inclination i, [°] S(70.0,90.0) 89.0%%3 89.0*%3
Planet-to-star radius ratio k, U(0.0,0.2) 0.05642+0%0m 0.05642: %0
Orbital eccentricity ey 77(0.0,0.083,0.0,1.0) 0.030+5032 0.033+0034
Argument of periastron wy, [°] 1(0.0,360.0) 2207 178:%
System scale ap, /R (derived) 19.9+¢¢ 19.7+9¢
Impact parameter by, (derived) 0.338701% 0.338700%
Transit duration 74 [h] (derived) 3.49 +£0.02 3.49 +0.02
Semi-major axis a, [AU] (derived) 0.07950"5 5005 0.07789 000
Planet mass M, [Mg] (derived) 14.9747 14.36",¢)
Planet radius Ry, [Rg] (derived) 5.299+1! 5.223%017
Planet bulk density py, [g cm™?] (derived) 0.6+0.1 0.6+0.1
Planet ¢ Parameters
Orbital Period P, [d] N(20.66186,0.1) 20.66093*9500% 20.66089+000082
Transit epoch Ty [BID - 2450000] N(6899.4227,0.1) 6899.42344+09057  6899.42348 00
Radial velocity semi-amplitude K. [m s™'] U0, 100) 215505 22278
Orbital inclination i, [°] S(70.0,90.0) 89.403 89.3+02
Planet-to-star radius ratio k (0.0,0.2) 0.03342:0000e! 0.033621 6003
Orbital eccentricity e, 7(0.0,0.083,0.0,1.0) 0.049+00¢ 0.042:0%
Argument of periastron w; [°] (0.0,360.0) 16811 1913
System scale a./R. (derived) 34.6%1, 34.3%%
Impact parameter b, (derived) 0.370%0 14 0.412759%
Transit duration 714 [h] (derived) 4.35+0.05 4.35+0.04
Semi-major axis a. [AU] (derived) 0.13843+0000 0.13562+550%
Planet mass M, [Mg] (derived) 8.1374! 8.0573)
Planet radius R, [Rg] (derived) 3.13470:5 3.110%543
Planet bulk density p. [g cm™] (derived) 1.4+ 1.5%3

Planet d Parameters

Orbital Period Py [d]
Transit epoch T4 [BID - 2450 000]

N(31.7142,0.1)

N(6903.7913,0.1)

317170175 ove
6903.78707 50015

31.716977 %o
6903.78708* 001

Radial velocity semi-amplitude Ky [m s™'] U(0,100) 1.53%03% 1.517038
Orbital inclination ig [°] S8(70.0,90.0) 89.4+0.1 89.4+0.1
Planet-to-star radius ratio kq U(0.0,0.2) 0.03704+35505 0.03718*550s7
Orbital eccentricity eg 77(0.0,0.083,0.0, 1.0) 0.050%04% 0.047:095
Argument of periastron wq [°] U(0.0,360.0) 1857 19843
System scale aq/Ry (derived) 46.0"13 457413
Impact parameter by (derived) 0.457+5% 0.480700%
Transit duration T4 4 [h] (derived) 4.89%0% 4.89%0%
Semi-major axis ag [AU] (derived) 0.18422+000>2 0.18048+5%:7
Planet mass My [Mg] (derived) 6.66%23% 6.30723)
Planet radius Ry [Rg] (derived) 3.48401%5 3.4437142
Planet bulk density pg [g cm™] (derived) 09+0.3 0.8+0.3
Instrument-related Parameters

HARPS jitter o gy [ms~'] U(0, 100) 4.03+94 3.99:04
HIRES jitter o; gy [ms™'] U(0,100) 5.65%0%7 5.79%0%
PFS jitter o} gy [m s7'] U(0, 100) 0.006.29*3% 63738
HIRES offset [km s~'] U(-5.0,5.0) —2.1977+5%n1 —2.19761 0%
PFS offset [km s~!] U(-5.0,5.0) —2.19098:0%2%  _D 19 (40023
K2 contamination [%] 77(0.0,0.005,0.0, 1.0) 0.003+0%% 0.003:0%%
K2 jitter o, x, [ppm] U(0.0,10) 63.4+1.7 63.4 £ 1.6
K2 out-of-transit flux U(0.99,1.01) 1.0000003 000007 1.0000003 700000016
SED jitter [mag] (0.0,0.1) 0.071+07 0.07:55:%
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Table A.6. Parameters used in the analysis of K2-233.

Parameter Prior Posterior
Stellar Parameters

Initial mass My [Mo] N(0.80,0.05) 0.7929 + 0.0072
Stellar age 7 [Gyr] U(0.1,1.0) 0.6+0.3
Iron abundance [Fe/H] [dex] N(-0.082,0.028) —0.09 £ 0.03
Distance to Earth D [pc] N(67.39,0.3) 67.4+0.3
Interstellar extinction E(B—V) [mag] U(0.0,1.0) 0.0310%
Systemic radial velocity y [km s™'] U(-15.0,-5.0) —9.648370 5%
Effective temperature Teg [K] (derived) 5032.6%3%2
Surface gravity log g [cgs] (derived) 4.640 + 0.004
Linear limb-darkening coefficient u, (derived) 0.551 0%
Quadratic limb-darkening coefficient uy (derived) 0.165375 5,
Stellar density p4 /pe (derived) 2.250 +£0.035
Stellar mass M, [Mg] (derived) 0.793 + 0.007
Stellar radius R, [Ro] (derived) 0.706 + 0.005
Planet b Parameters

Orbital Period Py, [d] N(2.46746,0.001) 2.46750 = 0.00004
Transit epoch Ty, [BID - 2450 000] N(7991.691,0.01) 7991.691 1275008
Radial velocity semi-amplitude Ky [m s™'] U(0, 100) 1.8671%
Orbital inclination i, [°] 8(70.0,90.0) 89.31;
Planet-to-star radius ratio ky U(0.0,1.0) 0.017437500%
Orbital eccentricity ey, 77(0.0,0.083,0.0,1.0) 0.079*50%
Argument of periastron wy, [°] (0.0, 360.0) 248+
System scale ay, /R (derived) 10.1 £ 0.1
Impact parameter by, (derived) 0.128705%
Transit duration T4 [h] (derived) 1.99 + 0.03
Semi-major axis a, [AU] (derived) 0.03308700000
Planet mass My, [Mg] (derived) 3.35%%
Planet radius R}, [Rg] (derived) 1.34350%
Planet bulk density p, [g cm™] (derived) 7.67%
Planet ¢ Parameters

Orbital Period P, [d] N(7.06142,0.01) 7.06005750024
Transit epoch Ty [BID - 2450 000] N(7586.9746,0.05) 7586.87653*0011%
Radial velocity semi-amplitude K. [m s™!'] U0, 100) 1.99:1%
Orbital inclination i, [°] §(70.0,90.0) 89.6+03
Planet-to-star radius ratio k. U(0.0,1.0) 0.016633%00%
Orbital eccentricity e, 77(0.0,0.083,0.0,1.0) 0.070755
Argument of periastron w [°] U(0.0,360.0) 26173
System scale a. /R, (derived) 20.3+0.1
Impact parameter b, (derived) 0.133735;
Transit duration T4 [h] (derived) 2.801008
Semi-major axis a. [AU] (derived) 0.06666"01s
Planet mass M, [Mp] (derived) 5.0953
Planet radius R, [Ro] (derived) 1.281755
Planet bulk density p. [g cm™] (derived) 13.3%
Planet d Parameters

Orbital Period Py [d] N(24.3662,0.01) 24.36450 + 0.00068
Transit epoch T4 [BID - 2450 000] N(8005.5801,0.01) 8005.58237+ 00z
Radial velocity semi-amplitude Ky [m s™'] U0, 100) 2.134%

Notes. The respective priors are provided together with the posteriors. Only the PARSEC stellar evolution tracks were used. The posterior values
represent the median and 68.3% credible interval. Derived values that might be useful for follow-up work are also reported. ® N(u, 0): normal
distribution with mean y and width o%; @ U(a, b): uniform distribution between a and b; e S(a, b): sine distribution between a and b, corresponding
to U(sin a, sin b); ® T (u, 02, a, b): Truncated normal distribution with mean y and width o2, between a and b.
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Table A.6. continued.

Parameter Prior Posterior
Orbital inclination iy [°] S(70.0,90.0) 89.6'02
Planet-to-star radius ratio kg U(0.0,1.0) 0.03062+055048
Orbital eccentricity eq 77(0.0,0.083,0.0,1.0) 0.062:00
Argument of periastron wq [°] (0.0,360.0) 139+
System scale aq/R (derived) 46.4 +0.2
Impact parameter by (derived) 0.317:01%
Transit duration T4 4 [h] (derived) 3.84 +0.03
Semi-major axis aq [AU] (derived) 0.15224+00004¢
Planet mass My [Mg] (derived) 8.258%
Planet radius Ry [Rg] (derived) 2.35800
Planet bulk density pq [g cm™] (derived) 3447
Instrument-related Parameters

HARPS jitter o; gy [m s™'] U0, 100) 0.84 +0.53
K2 contamination [%] 7(0.0,0.005,0.0,1.0) 0.003:550
K2 jitter o, k2 [ppml] (0.0, 10%) 49.6 = 0.7
K2 out-of-transit flux 1(0.99,1.01) 0.9999994 +(-cu000n0
SED jitter [mag] U(0.0,0.1) 0.0361561
Gaussian Process Hyperparameters

A [ms™] U (0.0, 1000) 19.8 +3.1
Ay [d] U(15.0,1000) 16.39 + 1.30
A U@.1,4) 0.574 + 0.058
Prot N(10.0,0.5) 9.638 +0.083
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