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ABSTRACT

Detecting planetary signatures in radial velocity time-series of young stars is challenging due to their inherently strong stellar
activity. However, it is possible to learn information about the properties of the stellar signal by using activity indicators measured
from the same stellar spectra used to extract radial velocities. In this manuscript, we present a reanalysis of spectroscopic High
Accuracy Radial Velocity Planet Searcher data of the young star K2-233, which hosts three transiting planets. We perform a
multidimensional Gaussian process regression on the radial velocity and the activity indicators to characterize the planetary
Doppler signals. We demonstrate, for the first time on a real data set, that the use of a multidimensional Gaussian process can
boost the precision with which we measure the planetary signals compared to a one-dimensional Gaussian process applied to
the radial velocities alone. We measure the semi-amplitudes of K2-233b, ¢, and d as 1.31%03} , 1.8170:2) , and 2.721“8:(7’8 ms~!,
which translate into planetary masses of 2.47]3 4.61’}:? , and 10.31’%;‘6t Mg, respectively. These new mass measurements make
K2-233 d a valuable target for transmission spectroscopy observations with JWST. K2-233 is the only young system with two
detected inner planets below the radius valley and a third outer planet above it. This makes it an excellent target to perform

comparative studies, to inform our theories of planet evolution, formation, migration, and atmospheric evolution.

Key words: techniques: radial velocities — planets and satellites: individual: K2-233 —stars: activity.

1 INTRODUCTION

Young exoplanets (<1 Gyr) are crucial to understanding planetary
evolution. However, their detection is difficult with indirect methods,
such as transit and radial velocity (RV), due to strong stellar signals
imprinted in photometric and spectroscopic time-series. Significant
progress has been made in the detection of transit signals in young
stars’ light curves. The time-scale difference between the transit and
stellar signals in photometric data has enabled detections of tens
of young exoplanets by filtering the relatively low-frequency stellar
signals. The K2 (Howell et al. 2014) and Transiting Exoplanet Survey
Satellite (TESS; Ricker et al. 2015) missions have discovered around
a dozen transiting exoplanets or exoplanet candidates around young
stars (e.g. Mann et al. 2016a, b, 2022; David et al. 2018; Newton et al.
2019, 2021; Bouma et al. 2020; Rizzuto et al. 2020; Hobson et al.
2021; Martioli et al. 2021). A natural next step after finding a young
transiting planet is to follow it up with spectroscopic observations in
order to detect the RV wobbles induced by the planet on its host star.

* E-mail: oscar.barragan @physics.ox.ac.uk

However, disentangling planet- and star-induced signals in RV data
is still a big challenge in exoplanet science.

Gaussian processes (GPs) have became a popular mathematical
framework to model activity-induced RVs given their flexibility to
describe stochastic variations (see e.g. Aigrain & Foreman-Mackey
2022). Haywood et al. (2014) were the first to show that activity-
induced RV signals can be modelled as a GP with a quasi-periodic
(QP) covariance. Since then, multiple authors have used GPs to model
stellar and planetary signals of active stars (e.g. Grunblatt, Howard &
Haywood 2015; Fulton et al. 2018; Dai et al. 2019; Sudrez Mascarefio
et al. 2021). This approach creates flexible models for the RV time-
series, where there are risks that potential planetary signals can be
absorbed or modified by the GP activity model (see e.g. discussions
in Ahrer et al. 2021; Rajpaul et al. 2021).

Stellar activity also manifests in other observables that come from
the same spectra from which the RVs are measured. They can be
obtained from deformations of chromospheric lines and intensity of
the lines, amongst others (e.g. Wilson 1968; Queloz et al. 2001;
Boisse et al. 2009). This generates simultaneous ancillary time-
series that contain information about the stellar activity and for
this reason they are called activity indicators. They usually contain
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Table 1. Main identifiers and parameters for K2-233.

Parameter Value Source

Main identifiers

Gaia DR3 6253186686054822784 Gaia Collaboration (2020)
TYC 6179—186—1 Hgg et al. (2000)
2MASS J15215519—-2013539 Cutri et al. (2003)

Spectral type

Equatorial coordinates,

K3

proper motion, and parallax

David et al. (2018)

«(J2000.0) 15"21m55%1983 Gaia Collaboration (2020)
§(J2000.0) —20°13/5379909 Gaia Collaboration (2020)
It (masyr~') —20.031 £+ 0.052 Gaia Collaboration (2020)
s (mas yr") —30.963 + 0.020 Gaia Collaboration (2020)
7 (mas) 14.7719 £ 0.0188 Gaia Collaboration (2020)
Distance (pc) 67.695 £ 0.086 Gaia Collaboration (2020)
Magnitudes

B 11.81 £0.15 Hgg et al. (2000)

\Y% 10.88 + 0.09 Hgg et al. (2000)
Gaia 10.4229 4+ 0.0028 Gaia Collaboration (2020)
J 8.968 + 0.020 Cutri et al. (2003)

H 8.501 £ 0.026 Cutri et al. (2003)

Ks 8.375 £ 0.023 Cutri et al. (2003)
Stellar parameters

Terr (K) 4796 + 66 Lillo-Box et al. (2020)
log g (cgs) 4.53 +0.22 Lillo-Box et al. (2020)
[Fe/H) —0.082 £ 0.028 Lillo-Box et al. (2020)
Age (Myr) 3601150 David et al. (2018)
P (d) 9.754 + 0.038 David et al. (2018)
vsin i 45+1.0 David et al. (2018)
(kms™1)

Mass (Mp) 0.79 £ 0.01 Lillo-Box et al. (2020)
Radius (Rg) 0.71 £ 0.01 Lillo-Box et al. (2020)
Density 3.17 £ 0.07 Lillo-Box et al. (2020)
(gem™)

only information about the stellar signal, and not about the planets
(although note that signals associated with planets can occur in
activity signals, see Klein et al. 2022, for an example). Therefore,
they can be used to set priors on the pattern of the stellar activity in the
RV time-series. Rajpaul et al. (2015) created a framework that uses
spectroscopic activity indicators together with RVs in order to set
better constraints on the activity-induced signal in the RV time-series.
This is done by combining all time-series within a multidimensional
GP (hereafter multi-GP) framework that exploits the correlations
between them. Barragén et al. (2019b) showed that this multi-GP can
lead to the detection of planetary signals tens of times smaller than the
stellar signal. This approach has now been used to spectroscopically
confirm a handful of transiting young planets (e.g. Mayo et al. 2019;
Barragén et al. 2022b; Nardiello et al. 2022; Zicher et al. 2022).
Furthermore, Barragan et al. (2022a) showed (with simulated data)
that the multi-GP approach can lead to more precise planetary signal
detection in comparison with RV-only GP regressions (see also Ahrer
et al. 2021; Rajpaul et al. 2021).

In this manuscript, we explore this further with real data for the
K2-233 system. K2-233 is a young (~360 Myr) star hosting three
transiting planets with orbital periods of ~2.5, 7, and 24 d (David
et al. 2018). K2-233’s main identifiers and properties appear in
Table 1. Lillo-Box et al. (2020) performed an intensive spectroscopic
follow-up of the system, confirming the planetary nature of the three
transiting signals and putting constraints on the composition of the
three planets. In this work, we reanalyse the Lillo-Box et al. (2020)
data sets with a multi-GP approach to put new constraints on the
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planetary masses. This manuscript is part of a series of papers under
the project GPRV: Overcoming stellar activity in radial velocity
planet searches funded by the European Research Council (ERC; PI
S. Aigrain). The outline of this manuscript is as follows: Section 2
describes the K2-233 photometric and spectroscopic data used for
the analyses presented in Section 3. Section 4 is devoted to the
discussion, followed by Section 5 where we summarize the most
important results of this work.

2 K2-233 DATA

2.1 Light curve

K2-233 was observed by K2 during its Campaign 15 between 2017
August 23 and 2017 November 20. Using these data, David et al.
(2018) discovered and validated three transiting planets with periods
of 2.5, 7, and 24 d, and radii of 1.3, 1.3, and 2.6 Rg, respectively.
‘We downloaded K2-233’s light curve as provided by Vanderburg &
Johnson (2014).! Fig. 1 shows K2-233’s K2 photometric time-series.
K?2-233’s astrophysical signal is a result of activity regions on the
stellar surface and transiting signals.

In order to analyse the transiting signals, we proceed to detrend
the light curve using the public code CITLALICUE (Barragan et al.
2022a). In short, CITLALICUE uses a GP regression as implemented
in GEORGE (Ambikasaran et al. 2015) to model the low-frequency
signals caused by stellar activity in the light curves. We input to
CITLALICUE the light curves normalized to 1, as well as the ephemeris
of the three transiting signals. We proceed by binning the data to
3 h and masking out all the transits from the light curve while
performing the GP regression using a QP kernel (see Ambikasaran
et al. 2015, for more details). We apply an iterative optimization to
find the maximum likelihood together with a So clipping algorithm to
find the best model describing the out-of-transit variations. We then
divide the K2 light curve by the inferred model to obtain a flattened
light curve with transiting signals. Fig. 1 shows the detrended light
curve.

2.2 Spectroscopic observations

Lillo-Box et al. (2020) performed a spectroscopic follow up of
K2-233 using the High Accuracy Radial Velocity Planet Searcher
(HARPS; Mayor et al. 2003) spectrograph mounted at the 3.6-
m European Southern Observatory (ESO) telescope at La Silla
Observatory in Chile. They collected 124 HARPS spectra in a
window of 105 d (based on observations collected under ESO
programmes 198.C-0169 and 095.C-0718).

The spectra obtained by Lillo-Box et al. (2020) are high
quality with a typical Signal to Noise ratio (S/N) > 50 (at
550nm) per observation, which leads to a median RV un-
certainty of 1.2ms~!. However, we found that four observa-
tions have relatively large error bars, larger than 3ms~!. They
are the observations taken on 2458294.516674118 BJD (2018
June 25 00:24 UT), 2458301.658614401 BJD (2018 July 2 3:48
UT), 2458335.597976999 BID (2018 August 5 2:21 UT), and
2458354.5192679004 BID (2018 August 24 0:27 UT). We checked
the observational conditions at La Silla when these data were
collected using the ESO Astronomical Site Monitor (ASM) online
tool.” We found that the observations taken on 2018 June 25 00:24 UT

Uhttps://lweb.cfa.harvard.edu/~avanderb/k2.html.
Zhttps://www.eso.org/asm.
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Figure 1. K2 light curve for K2-233. K2 data are shown with grey points with the out-of-transit variability model overplotted in red. The resulting flattened
light curve is presented with blue points. Transit positions are marked with blue, orange, and green triangles for K2-233 b, c, and d, respectively.

Table 2. HARPS spectroscopic measurements. The full version of this table is available in a machine-readable format as part of the supplementary

material.

Time RV ORV FWHM BIS SHK OShk Ha OHqa Na O'Na

BID1pg—2450000 kms~! kms~! kms~! kms~!

8257.575545 —9.6220 0.0019 7.6508 0.0174 0.6893 0.0068 0.4774 0.0021 0.1713 0.0008

8257.636216 —9.6244 0.0020 7.6542 0.0156 0.6941 0.0073 0.4789 0.0022 0.1682 0.0009

8257.755000 —9.6260 0.0020 7.6635 0.0213 0.7034 0.0079 0.4802 0.0021 0.1693 0.0009

8258.564438 —9.6592 0.0019 7.6835 0.0566 0.7124 0.0065 0.4957 0.0021 0.1695 0.0008
—9.6663 0.0022 7.6591 0.0436 0.6915 0.0083 0.4868 0.0024 0.1682 0.0010

8258.658789

and 2018 August 24 0:27 UT were taken with bad seeing conditions
(>2). In particular, the observation taken on 2018 June 25 00:24 UT
suffers from a significant change of seeing during the acquisition;
this generates an uneven light collection through the fibre that can
create unwanted systematics effects in precision RV measurements.
We decided to remove the observations taken on 2018 June 25 00:24
UT and 2018 August 24 0:27 UT from our subsequent analyses.

We downloaded the K2-233’s data taken from Lillo-Box et al.
(2020) from the ESO archive. We reduced the data using the
dedicated HARPS data reduction software (DRS) and extracted the
RV measurements by cross-correlating the Echelle spectra with a K5
numerical mask (Baranne et al. 1996; Pepe et al. 2002; Lovis & Pepe
2007). We also used the DRS to extract the Call H & K lines (Syk),
H o, and Na chromospheric activity indicators, as well as two classic
profile diagnostics of the cross-correlation function (CCF), namely,
the full width at half maximum (FWHM), and the bisector inverse
slope (BIS). These reprocessed HARPS RV measurements have a
typical error bar of 1.2ms™!' and an RMS of 9.1 ms~'. We note
that these new RVs are equivalent to the values reported in Lillo-Box
et al. (2020), but this reprocessing of the spectra allowed us to extract
tailored activity indicators. Table 2 lists the HARPS spectroscopic
time-series.

We acknowledge that there are eight archival HARPS observations
of K2-233 taken in 2014 (under the programmes: 085.C-0019(A) by
PI Lo Curto and 072.C-0488(E) by PI Mayor). We note that these
observations have suboptimal sampling in order to constrain the
shape of the stellar signal in the spectroscopic time-series. Therefore,
we do not include them in our analysis.

MNRAS 522, 3458-3471 (2023)

3 DATA ANALYSIS

We performed a series of joint transit and spectroscopic time-series
models. All our models are created using the same configuration for
transit modelling (described in Section 3.1). However, we change the
way in which we modelled the spectroscopic time-series in order to
explore how different methods disentangle the planetary and stellar
signals from the RV time-series (Section 3.2).

For all the subsequent analyses, we used the code
PYANETI (Barragén, Gandolfi & Antoniciello 2019a; Barragén et al.
2022a). In all our runs, we sample the parameter space with 250
walkers using the Markov chain Monte Carlo (MCMC) ensemble
sampler algorithm implemented in PYANETI (Foreman-Mackey et al.
2013; Barragén et al. 2019a). The posterior distributions are created
with the last 5000 iterations of converged chains. We thinned our
chains by a factor of 10 giving a distribution of 125 000 points for
each sampled parameter.

3.1 Transit modelling configuration

In order to perform the transit analysis, we use the flattened K2
light curve (see Section 2.1). To speed up the transit modelling, we
only model data chunks spanning a maximum of 4 h on either side
of each transit mid-time. Since K2 Campaign 15 data were taken
with a cadence of 30 min, we resampled the model over 30 steps
to account for the data integration (Kipping 2010). We model the
transits for the three planets, where for each planet we sample for
the time of transit, Tp; orbital period, P.y; orbital eccentricity, e;
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angle of periastron, w; and scaled planetary radius Ry/R,. We note
that we also need to solve for the scaled semimajor axis (a/R,) for
each planet. To do this, we sample for the stellar density, p,, and we
recover a/R, for each planet using Kepler’s third law (see e.g. Winn
2010). We account for the limb darkening using the quadratic limb-
darkening approach described in Mandel & Agol (2002) with the g,
and ¢, parametrization given by Kipping (2013). We also sample for
a photometric jitter term (ok2) to penalize the imperfections of our
transit model.

Now, we will describe the priors adopted for the transit parameters
for all our runs. We adopt a beta distribution prior for the eccentricity,
B(1.52,29), as advocated by Van Eylen et al. (2019) for multiplanet
systems. For the angle of periastron, we set a uniform prior ranging
between O and 2. We set a Gaussian prior on the stellar density
based on the stellar parameters given in Table 1. For the rest of the
parameters, we set informative uniform priors.

3.2 Detecting the planetary Doppler signals

3.2.1 One-dimensional RV GP regression

We first run a one-dimensional GP modelling of the RVs. We note
that this analysis is equivalent to the one presented in Lillo-Box et al.
(2020). We model the stellar signal using a GP whose covariance
between two times #; and ¢ is given by

vipi.j = AYapi.j. M
where A is an amplitude term, and y qp,; is the QP kernel given by
sin’[z(t; —t;)/Pop]l  (t; —1;)°

223 2A2

YQpri,j = €Xp | — ) (2)
whose hyperparameters are Pgp, the GP characteristic period; A, the
inverse of the harmonic complexity; and A, the long-term evolution
time-scale.

The planetary signals are included as a parametric mean function
of the GP. We use three Keplerian signals, where every Keplerian
signal is modelled with a time of minimum conjunction (equivalent
to the time of transit for transiting planets), Ty; orbital period, Po;
orbital eccentricity, e; angle of periastron, w; and Doppler semi-
amplitude, K. We also include one offset to account for the systemic
velocity of the star, and a jitter term to penalize the imperfections of
our model.

We set wide uniform priors for all the GP hyperparameters. For A,
we set a uniform prior between 0 and 500 d, for A, between 0.1 and 10,
and for Pgp between 8 and 12 d. We note that the Keplerian models
share Ty, Pow, €, and @ with the transit modelling. Therefore, the
priors for these parameters are described in Section 3.1. For the rest
of the Keplerian parameters and the offset, we set uniform priors. For
the jitter term, we set modified Jeffreys priors as defined by Gregory
(2005). The posterior creation follows the MCMC guidelines given
at the beginning of Section 3.

The recovered QP kernel hyperparameters are A. = 17.1 & 1.7d,
Ap = 0.29 £ 0.03, and Pgp = 9.65 £ 0.09d. For a discussion on
the interpretation of these hyperparameters, we refer the reader to
Appendix A. Fig. 2 shows the recovered posterior distributions for
the Doppler semi-amplitudes for K2-233 b, ¢, and d (black line his-
tograms). The recovered values for the Doppler semi-amplitudes are
1.9%15,1.87]4,and 1.77]:3 m s~ for K2-233 b, ¢, and d, respectively.
These values are consistent with the published values in Lillo-Box
et al. (2020). This is expected given that we are reproducing the
same analysis in order to compare it with the analysis presented
in Section 3.2.2. All these values are constrained to less than a 20
confidence level. We note that exploring the posteriors for the orbital
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Figure 2. Posterior distributions for the Doppler semi-amplitudes of K2-
233 b (top), ¢ (centre), and d (bottom). Shape of the posterior distributions for
the one- (solid black line), two- (solid colourful line), and three-dimensional
(filled colourful) GP analyses are shown.

eccentricities they all are consistent with a zero eccentricity and the
shape of the posterior follows the beta prior.

3.2.2 Multidimensional GP regression

‘We then perform a multi-GP approach to characterize the stellar and
planetary signals in our RV time-series (see Rajpaul et al. 2015;
Barragan et al. 2022a, for more details). We create N-dimensional
GP models, including N time-series .A;, as

A] =AG(@)+ B]G(I)
: 3)
Ay = AvG(t) + ByG (1),

where the variables A;, By, ---, An, By are free parameters that relate
the individual time-series to G(r) and G(z). In this approach, G(f)
is a latent (unobserved) variable, which can be loosely interpreted
as representing the projected area of the visible stellar disc that is
covered in active regions as a function of time.

We perform a two-dimensional GP model between the RVs and
FWHM, and a three-dimensional run between RVs, FWHM, and
BIS. For a further discussion on the use of other activity indicators,
we encourage the reader to check Appendix A. The multidimensional
covariance matrix was created using the QP kernel given in equation
(2) and its derivatives as described in Rajpaul et al. (2015) and
Barragén et al. (2022a). We assume that RVs and BIS time-series

MNRAS 522, 3458-3471 (2023)

$20Z Aieniga4 gz uo Jasn pue|susany) uisyinog 10 AlsieAiun Aq /L0621 L/8SE/S/ZZS/ /e 1onle/seluw/woo dno olwapeoe//:sdiy Woll papeojumoc]


art/stad1139_f2.eps

3462

O. Barragdn et al.

can be described as A; = A; G(t) + B; G(z), while the FWHM time-
series is photometric-like only, i.e. it is described as A; = A; G(¢).
For all runs, the mean function corresponding to the RVs was
created using three Keplerian curves following the same set-up
described in Section 3.2.1, including the offset and jitter terms.
We recall the reader that these runs are done together with the
transit analysis following the set-up described in Section 3.1. For
the activity indicators, the mean function was treated as an offset.
We also include a jitter term for each activity indicator. The priors for
the mean functions and QP kernel hyperparameters have the same
ranges as described in Section 3.2.1. We create posterior distributions
using the same MCMC approach as in Section 3.1.

For the two-dimensional GP analysis of the RVs and FWHM, we
recover the hyperparameters A, = 16.2 £ 2.0d, A, = 0.46 £ 0.05,
and Pgp = 9.73 £ 0.08d. For a more detailed discussion on
the interpretation of the hyperparameters, we refer the reader to
Section 3.2.1 and to Nicholson & Aigrain (2022). The recovered
values for the Doppler semi-amplitudes are 1.97}5, 1.18705 and
2.5770% ms~! for K2-233b, ¢, and d, respectively. Fig. 2 shows
the recovered posterior distributions for the recovered Doppler semi-
amplitudes for the three planets (coloured, unshaded histograms).
This analysis gives a detection of K2-233d with a significance of
detection of 3.5¢. While for planet b the posterior does not change
significantly, and there is an improvement in the detection of planet c,
but still below the 2¢ significance. This improvement in the detection
of the planet signal can be explained by a better constraint of the
stellar activity by using the information of the stellar signal in the
FWHM time-series. It is worth noting that the posterior distribution
for the eccentricity of planet d does not follow the prior. The inferred
eccentricity of planet d is eq = 0.12f8:83, despite the prior pushing
for smaller values.

For the three-dimensional GP analysis of the RVs, FWHM, and
BIS, we recover the hyperparameters A, = 18.0 £ 2.1d, A, =
0.50 £ 0.05, and Pgp = 9.75 % 0.07d. For this new analysis, the
recovered values for the Doppler semi-amplitudes for K2-233 b, c,
and dare 1.267977,1.827087 and 2.83 4 0.65 ms™', respectively. As
in the two-dimensional GP regression, we also have an improvement
in the RV Doppler detection of the three planets; in this case, we
detect K2-233b, c, and d with a significance of 1.80, 2.7¢, and
4.30, respectively. Fig. 2 shows the Doppler semi-amplitude poste-
rior distributions coming from the three-dimensional GP analysis
(coloured, shaded histograms). We can see that the inclusion of
the BIS time-series does not lead to a significant improvement in
the detection of K2-233 d. However, this three-dimensional analysis
does boost the detection of K2-233c. In this particular case, the
inclusion of the BIS time-series helps to constrain the activity signal
and disentangle it from the Doppler signal of one of the planets.
We note too that, although we do not quite achieve a 3o detection
of K2-233b’s Doppler signal, the range of possible masses is better
constrained than before. The derived mass for this planet is 2.47|3
Mg with a maximum mass of 6.12 Mg at the 99 per cent confidence
level. Similar to the two-dimensional GP analysis, we found that the
posterior distribution for K2-233 d’s eccentricity does not follow the
prior and in this case, the inferred value is eq = 0.19 % 0.09.

3.3 Final model

Based on the analyses presented in this section, our final model for the
photometric and spectroscopic data of K2-233 is the transit model
described in Section 3.1, together with the three-dimensional GP
regression described in Section 3.2.2 (in Section 4.1, we describe the
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reasoning to prefer this model over the others). For the RV planetary
model, we assume that the two innermost planets have circular orbits
while allowing for an eccentricity for K2-233 d. The whole set of
sampled parameters and priors are shown in Table 3.

Fig. 3 shows the spectroscopic time-series plots resulting from
this joint analysis, while Fig. 4 shows the independent transit and
Doppler signals for each of the planets. Fig. 5 shows the posterior
distribution for the key parameters of the model. Table 3 shows
the inferred sampled parameters, defined as the median and 68.3
per cent credible interval of the posterior distribution. Table 4 shows
all the derived planetary and orbital parameters. The detected Doppler
semi-amplitudes 1.31705;, 1.81707), and 2.72%0%5 ms~! translate
to masses of 2.4713, 4.671% and 10.373¢ Mg for planets K2-
233 b, c, and d, respectively. This new methodology provides higher
precision masses than those reported in the original detection and
confirmation work by Lillo-Box et al. (2020). Therefore, we will
reassess the implications on planetary composition and perspectives
on atmospheric characterization in Section 4.

4 DISCUSSION

4.1 Comparison between models

In Section 3.2, we have shown how the multi-GP analysis provides
better constrained posterior distributions for the planetary-induced
RV signals in comparison with the RV-only one-dimensional GP
regression. From a qualitative point of view, a priori we know that
there is an intrinsic correlation between the stellar signal in the RVs
and activity indicators time-series (see e.g. Dumusque, Boisse &
Santos 2014). In the case where there is no instrumental red noise
in our time-series, we can assume that a model that uses activity
indicators to constrain the stellar signal in the RV time-series is
better than a model of the RVs only. This is especially important
while doing GP regression, since an unconstrained GP predictive
distribution can absorb or modify the signal from the mean function.
On the other hand, the multi-GP approach sets a tighter constraint
on the GP predictive distribution for the activity model in the RV
time-series, which leads to less biased recovery of the mean model
and, consequently, better inference of the mean function parameters
(see e.g. Barragén et al. 2022a, for a more extensive discussion on
this).

Given the Bayesian approach of the analyses, Bayesian informa-
tion criterion (BIC) or Bayesian evidence would be the best option
to perform a quantitative comparison between our models. However,
these methods are useful to compare different models to the same data
set. Therefore, we cannot compare the one-dimensional GP model
with the two- and three-dimensional GP models given that they all
contain different time-series (see also Ahrer et al. 2021; Rajpaul et al.
2021, for a discussion of this problem).

Rajpaul etal. (2021) proposed a solution to perform Bayesian com-
parisons for multi-GP regressions of different dimensions. Briefly,
they modelled the activity indicators simultaneously with the RVs,
but each time-series was modelled with different set of parameters
that are not connected in any way. The activity indicators (in their
case BIS and log R};) are modelled with a constant offset and jitter
white noise. As it is argued in that manuscript, this approach has
no effect on the inference of the RV-related planetary and orbital
parameters. This approach also ensures that the model evidences
were consistently normalized (having the same number of data),
allowing comparisons between all of their models. However, we
notice that with this approach, the underlying model that describes
the activity indicators is strongly penalized by default given that
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Table 3. Model parameters and priors for joint fit.

Revisiting K2-233 with multi-GPs

Parameter

Prior?

Final value”

K2-233b’s parameters

Orbital period, Py (d)

Transit epoch, Ty (BJDTpg—2450000)
Scaled planet radius, R,/R.

Impact parameter, b

Orbital eccentricity, e

Angle of periastron, w (deg)

Doppler semi-amplitude variation, K (ms~")
K2-233 ¢’s parameters

Orbital period, Py (d)

Transit epoch, Ty (BJDTpg—2450000)
Scaled planet radius, R,/R.

Impact parameter, b

Orbital eccentricity, e

Angle of periastron, w (deg)

Doppler semi-amplitude variation, K (ms~")
K2-233 d’s parameters

Orbital period, Py (d)

Transit epoch, Ty (BJDTpg—2450000)
Scaled planet radius, Rp/R,

Impact parameter, b

Orbital eccentricity, e

Angle of periastron, o (deg)

Doppler semi-amplitude variation, K (m s~ 1)
GP hyperparameters

GP period, Pgp (d)

Ap

Ae (D)

Ay (ms™h)

By (ms~!d)

Apwam (ms™")

Bewhm (ms™! d)

Aprs (ms™)

Bpis (ms™!d)

Other parameters

Stellar density, p, (gcm ™)

K2 parametrized limb-darkening coefficient ¢
K2 parametrized limb-darkening coefficient g
Offset RV (kms™!)

Offset FWHM (kms™!)

Offset BIS (kms™')

Jitter term o gy (ms~!)

Jitter term o pwim (ms™1)

Jitter term ors (ms™!)

Jitter term o'x> (ppm)

U[2.4667, 2.4683]
U[7991.6745,7991.7077]
U[0.0, 0.05]

U[o, 1]

F0]

F[90]

U[o, 501

U[7.0547,7.0655]
U[7586.8425,7586.9105]
U[0.0, 0.05]

Uulo, 1]

F10]

F190]

U[o, 50]

U[24.3509, 24.3781]
U[8005.5640, 8005.6008]
4[0.0, 0.05]

Ulo, 1]

B[1.52, 29]°
U[0, 360]

U[o, 501

U[s, 12]
U[0.1, 5]
U[1,500]
U[0, 100]
U[—100, 100]
U[0, 100]
F10]
U[—-100, 100]
U[—100, 100]

NI[3.17,0.14]
ulo, 1
ulo, 1]

Uur-10, —9]
Uur7, 8]
Ur-0.5,0.5]
JI1, 100]
JI1, 100]
JI1, 100]
J11,100]

0.000 062
2.467 5831000057
7991.6897 & 0.0013
0.00041
0.016 987500 38
0.11
0.20%51;
0

90
+0.81
1.312974
0.00044
7.060 24500 43
0.027
7586.8627 0 04
0.01642 + 0.00044
+0.12
0. 15—0,10
0

90

0.71
181702

+0.0013

243681799013
+0.0016
8005.58023.991

0.000 69
0.030 511000 o
0.16
0.28%5 18
0.18 +0.09
20
168754

272145,
9.74670:06
04907328
17957158
6.57%9
28.2+79
sl
0
~1.9%}%
~29.173%

3.08 £0.13
0.33
03570
0.32%5 71
—9.6484 £ 0.0026
7.608 £ 0.018

0.0386 & 0.0011

+0.71
1.10257,

2.0
9-4f2.1
+0.61
6.6675
81+1.5

4 Fla] refers to a fixed value a, U[a, b] to a uniform prior between a and b, N[a, b] to a Gaussian prior with mean a and
standard deviation b, B[a, b]to a beta distribution with shape parameters a and b, and 7 [a, b] to the modified Jeffreys prior

as defined by Gregory (2005, equation 16).

bInferred parameters and errors are defined as the median and 68.3 per cent credible interval of the posterior distribution.
“Beta distribution to inform eccentricity sampling using the beta distribution for multiplanetary systems as defined by Van

Eylen et al. (2019).

MNRAS 522, 3458-3471 (2023)

$20Z Aieniga4 gz uo Jasn pue|susany) uisyinog 10 AlsieAiun Aq /L0621 L/8SE/S/ZZS/ /e 1onle/seluw/woo dno olwapeoe//:sdiy Woll papeojumoc]



3464

O. Barragdn et al.

50 [~

25

=25

RV

(ms™1)

=50

=75

-100

-125

-150

—— Stellar signal + Keplerians —— Stellar signal —— Keplerians 4 RV

—— Keplerians

¢ RV -stellar signal

5 |

—-10 ] ] ]

(ms™?)

|
v o w
T T
———
—e——
————
-
—
—
——
————
——
———
————
———
P
————
———
—
———
——
e——
——
———
—_——
——
——
——
[—

Residuals

——
—_—
e
—_——
———
———
——
——
————
————
——
———
e
—_—
—
—

100

FWHM
(ms™1)

—50 =

_198 - 1 1 1

Residuals
(ms™1)
o
T
—
o
—_
=
joa

-50 = 1 1 1

1

Residuals
(ms™1)
o
T
——
vl
e
-

i ‘
ftﬁ W Ui””jmi W

=25k 1 1 1

ii{ﬁ#»**

—

#“ th UH} Mt

8260 8280 8300

8320 8340 8360

BJD - 2450000

Figure 3. K2-233’s RV, FWHM, and BIS time-series after being corrected by inferred offsets. The plot shows (from top to bottom) RV data together with
full, stellar and planetary signal inferred models; RV data with stellar signal model subtracted; RV residuals; FWHM data together with inferred stellar model;
FWHM residuals; BIS data together with inferred stellar model, and BIS residuals. Measurements are shown with black circles, error bars, and a semitransparent
error bar extension accounting for the inferred jitter. The solid lines show the inferred full model coming from our multi-GP, light-shaded areas showing the
corresponding GP model’s 1o and 20 credible intervals. For the RV time-series (top panel), we also show the inferred stellar (dark blue line) and planetary

(light green line) recovered signals with an offset for better clarity.

they are modelled only as an offset and a jitter term. Therefore,
the difference in Bayesian evidence does not only reflect the model
difference given by the planetary and activity model in the RVs, but
it also is penalized by the suboptimal modelling of the stellar signal
in the activity indicators. We therefore assume that this approach is
not optimal to compare models with different time-series.

To show quantitatively the advantages of using the multi-GP, we
show the different conclusions that we could draw for the different
analyses regarding the RV detection of the planetary signals. The
question we want to answer is "can we claim an RV detection of the
planetary signals in each analysis?” Also, using the BIC and Akaike
information criterion (AIC), we select the preferred model. We note

MNRAS 522, 3458-3471 (2023)

that BIC and AIC have different properties (see e.g. Burnham &
Anderson 2002; Chakrabarti & Ghosh 2011). BIC has been found
more useful in helping to select the true model (assuming that the
true model is in the sample of tested models), while the AIC is more
appropriate in finding the best model (assuming that we do not know
the true model). Since we do not believe that any of our models is the
true one describing our data, AIC is the best metric to use. However,
we will show BIC and AIC given the popularity of the former in the
exoplanet comunity.

For the one-dimensional GP framework, we create two models.
One model in which we fix the Keplerian signals to have an amplitude
of zero, and another model where we sample for them. Both models
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Figure 5. Posterior and correlation plots for some of the key sampled
parameters of the joint analysis described in Section 3.3.

give similar likelihoods, but the former model is preferred with a
ABIC = 19 and AAIC = 4. We therefore conclude that from the
one-dimensional GP regression we cannot conclude that we detect
the RV planetary signals (even if a priori we know they should be
there).

We repeat the same experiment but now within the three-
dimensional GP regression framework between RVs, FWHM, and
BIS. In this case, the model including the RV planetary signals is

preferred over the model where they are zero with a ABIC = 3 and
AAIC = 19. We thus conclude that with the multi-GP analysis we
can claim, with a statistical significance, that the model including the
planetary Doppler signals is preferred.

These analyses show how for the current data set, the only method
that allows to significantly claim the detection of the planetary RV
signals is the multi-GP regression. This shows how the multi-GP
analysis offers a more robust way of modelling spectroscopic time-
series of young active stars and detecting the RV planetary signals in
them.

4.2 Dynamical analysis

The architecture of K2-233 is shaped for the orbits of K2-233b
and c being consistent with circular, and K2-233d with a slight
eccentricity of ~0.18. This relatively small eccentricity of planet d
can be reached by planet—disc interaction (e.g. Ragusa et al. 2018).
We then performed an orbital stability analysis of the K2-233 system
to test if this configuration of the system is stable. We did this using
the software MERCURY6 (Chambers 1999). We assume that all planets
have coplanar orbits and we use the median of the derived parameters
in Tables 3 and 4 to create our MERCURY6 set-up. We evolved the
system for 1 Gyr with steps of 0.1 d per integration.

We found negligible changes in the orbital parameters of the three
planets, except for the eccentricities that had fluctuations. K2-233 b
and c presented eccentricity fluctuations of a maximum of 0.12,
while K2-233d’s eccentricity fluctuations were in the 0.01 level.
Therefore, we conclude that our orbital solution for the K2-233
system is consistent with a dynamically stable configuration.

4.3 Composition of the planets

Fig. 6 shows a mass—radius diagram for small exoplanets (1 < R, <
45Rg and 1 < M, < 32 Mg). The plot also shows two-layer
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Table 4. Derived parameters for the K2-233 planets.

Parameter K2-233b’s K2-233¢’s K2-233d’s
values values values
Planet mass M}, (Mg) 2,4fi:§ 4.6fi:§ 10.33:;
Planet radius R, (Rg) 1.315 £ 0.036 1.272 £ 0.038 2.363 £ 0.062
Planet density p,, (gcm™) 57137 124754 43£1.1
Scaled semimajor axis a/R, 997 +£0.14 20.10 + 0.28 4591 + 0.65
Semimajor axis a (au) 0.03293 + 0.000 66 0.0664 = 0.0013 0.1516 % 0.0030
Time of periastron passage T, (BJD-2450000) 7991.6897 + 0.0013 7586.86215:027 8009.277 043

Orbit inclination i, (°)

Transit duration 714 (h)

0.72
88.8610 ¢z
0.037
1'882fo.o47

+0.29
89.57792
+0.051
2.687 064

0.24
89.6210 7%

+0.102
3'791—0.085

Planet surface gravity g, (cms~2)? 13341832 279211048 17941477
Planet surface gravity g, (cms~2) 13437885 282411043 18111758
Equilibrium temperature Teq (K)° 1127 £ 14 794 + 10 525+ 6
Received irradiance (Fg) 269 £+ 13 66.2 £33 12.7£0.6
8.7 13 9.0
TSM¢ 6.6757 2173 27.1729
“Derived using g, = GM, Rp_z.
bDerived using sampled parameters following Southworth, Wheatley & Sams (2007).
¢Assuming a zero albedo.
4Transmission spectroscopy metric (TSM) by Kempton et al. (2018).
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Figure 6. Mass versus radius diagram for small exoplanets (1 < R, < 4Rg and 1 < M, < 32Mg). Grey points with error bars show planets with mass and
radius measurements better than 30 per cent (as in the NASA Exoplanet Archive on 2023 February 2, https://exoplanetarchive.ipac.caltech.edu/; Akeson et al.
2013). Black points and labels refer to young exoplanets (<1 Gyr) with mass and radius measurements. K2-233 b, ¢, and d are shown with blue, green, and
orange circles with corresponding labels identifying each planet. Solid lines represent two-layer models as given by Zeng et al. (2016) with a different colour
corresponding to a different mixture of elements. Non-solid lines correspond to rocky cores surrounded by a Hydrogen envelope with 0.5 per cent (dotted line)
and 1 per cent (dashed line) on mass for 100-Myr planets with an insolation of 10 Fg (Lopez & Fortney 2014). This plot was created using the same code used
to create the mass-radius diagram in Barragén et al. (2018).
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exoplanet models by Zeng, Sasselov & Jacobsen (2016), together
with the Earth-like interior plus Hydrogen envelope models given
by Lopez & Fortney (2014) for 100-Myr old planets receiving an
insolation of 10 Fg.

With a mass of 10.373¢ Mg and radius of 2.363 + 0.062 Re, K2-
233 d has a density of 4.3 + 1.1 gecm ™3, placing it in the water world
composition line regime (see Fig. 6). Therefore, we can say that K2-
233 d could be consistent with a water-rich world that consists of 50
per cent water ice with a small 50 per cent of silicates. However, K2-
233 d is also consistent with a planet made of an Earth-like interior,
surrounded by a Hydrogen envelope that could account for 0.5—
1 per cent of its mass (taking into account its age and insolation). It is
important to note that K2-233 d lies well above the small planet radius
valley (a lack of planets between 1.5 and 2 Rg; Fulton et al. 2017).
We therefore expect that the planet has a volatile envelope rather
than being a solid water world (as suggested by previous works e.g.
Fulton et al. 2017; Van Eylen et al. 2018). Despite the degeneracy
in composition for K2-233 d inferred from the mass—radius diagram,
for the remainder of the discussion in this manuscript, we will assume
that K2-233 d is a world with a Hydrogen-rich volatile envelope.

The other two planets, K2-233 b and c, lie below the radius valley.
Therefore, we would expect them to have a rocky composition (as
discussed by Lillo-Box et al. 2020). Owen & Wu (2017) posit that
the position of the radius valley points to a universal Earth-like rock
and iron core composition. Beyond that, it is interesting to compare
the expected composition between these two innermost planets given
their similar size. The measured mass and radius of K2-233 ¢ present
arelatively high density of 12.473} g cm™3. We can see in Fig. 6 that,
at face value, K2-233 c is consistent with a planet made principally of
iron with a small fraction of silicates. This result is not unexpected,
and it is consistent with the dispersion of exoplanets from that part
of the mass—radius diagram. We must be cautious when interpreting
our results for K2-233 b, given the marginal detection of the signal in
the RV time-series. Its location in the mass—radius diagram suggests
a lower density (hence more silicates and less iron) than K2-233 ¢,
but the two planets’ densities are actually consistent at the 1o level.
Therefore, we cannot claim to have detected a significant difference
in composition between the two small planets in the system.

Fig. 6 also shows the position of other young small planets with
mass and radius measurements. It is worth noting that K2-233 is
the only young system with characterized planets on both sides of
the radius valley. Therefore, this system is a valuable laboratory
for comparative studies of planetary evolution and formation, and
to test theories such as photoevaporation (e.g. Adams & Laughlin
2006; Raymond et al. 2009; Owen & Wu 2013; Lopez & Fortney
2014) and core-powered mass-loss (e.g. Ginzburg, Schlichting &
Sari 2016; Gupta & Schlichting 2019, 2021). For the rest of this
discussion section, we will assume that K2-233b and ¢ are solid
rocky worlds, while K2-233 d is a planet with a significant volatile
envelope accounting for most of its radius. None the less, we note
that further observations are needed in order to reduce the mass
uncertainties and pinpoint the true composition of these worlds more
precisely.

4.4 Photoevaporation and the radius valley

The true origin of the small planet radius valley is still disputed. Gas-
poor formation and a subsequent distinct, inherently rocky super-
Earth population has mostly been ruled out, considering the slope
of the radius valley (Van Eylen et al. 2018; Petigura et al. 2022).
However, atmospheric erosion due to (i) photoevaporation (Owen &
Wu 2017; Van Eylen et al. 2018) and (ii) core-powered mass-loss
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(Ginzburg et al. 2016; Gupta & Schlichting 2019; Berger et al. 2023)
are both theories that could explain the observed underabundance of
planets sized between ~1.5 and 2 Rg.

We note that K2-233 has three, mutually aligned, close-in planets.
Therefore, we expect that they migrated through the disc, and hence
have been on close orbits since <5 Myr and have been suffering from
high levels of stellar radiation since then (see e.g. Kley & Nelson
2012). Since arriving at their present-day orbits, the planets will have
been subjected to high levels of stellar irradiation. Theory predicts
photoevaporation to be more effective at driving hydrodynamic
escape during the first ~100 Myr after formation (e.g. Owen & Wu
2017). At an age of 360 Myr (David et al. 2018), the K2-233 system
is thus ideal to test the role of photoevaporation in sculpting the
radius valley. On the other hand, we would not expect the planets
in the K2-233 system to have suffered a significant atmospheric
loss due to core-powered mass-loss, since this mechanism operates
over Gyr time-scales (Ginzburg et al. 2016). The characteristics of
the inner K2-233 system are suggestive of a history of significant
atmospheric mass-loss, which would support the photoevaporation
evolution scenario. A more conclusive test, however, would be
to search for signatures of ongoing evaporation, for example by
searching for escaping Helium in transmission (e.g. Zhang et al.
2022).

4.5 Atmospheric characterization perspectives

Well-determined masses and radii are crucial in order to perform
further follow-up analysis of exoplanets, such as atmospheric char-
acterization. In particular, Batalha et al. (2019) show that a precision
of at least 50 per cent in the mass determination is required to enable
even a basic retrieval of atmospheric properties from transmission
spectroscopic observations with JWST or Hubble Space Telescope
(HST), while a precision of 20 per cent or better is recommended to
enable a more detailed atmospheric characterization. Fig. 7 shows a
mass versus mass uncertainty plot for small planets. Thanks to the
updated mass measurements obtained in this work, both K2-233 ¢
and d now have sub-50 per cent uncertainties on their masses, which
meet the basic criterion of Batalha et al. (2019). We also computed
the transmission spectroscopy metric (TSM; Kempton et al. 2018)
of each planet, and report it in Table 4. Due to their small radii,
transmission spectroscopy observations of planets b and ¢ would
be challenging (for example, multiple transits of each planet would
be required with JWST). Sub-Neptune K2-233d is likely to host a
H/He-dominated atmosphere. Based on this assumption, the TSM
of planet d, while modest, is on par with that of K2-18b, which
was recently characterized with HST (Benneke et al. 2019). We note
that the recovered mild eccentricity of K2-233d is not expected to
be sufficient to induce observable time-variable atmospheric effects.
Studies to date have shown that only high eccentricities have the
potential to impact the atmospheric temperature profile and chemistry
(e.g. Langton & Laughlin 2008; Tsai et al. 2023).

Theory predicts a wide diversity for sub-Neptune atmospheres
(Moses et al. 2013; Guzman-Mesa et al. 2022). Observations to date
have presented confounding results, some displaying clear water
absorption features and others a featureless spectrum (Knutson et al.
2014; Kreidberg et al. 2014; Benneke et al. 2019). Thick cloud and
haze layers are thought to be more dominant for these smaller planets
(than the Jupiter population), and this is the accepted explanation for
dampened spectral features. At Teqq = 525 £ 6 K, we would expect
clouds to play a role in the atmosphere of K2-233 d, and this would
have to be considered in the planning of atmospheric observations.
That said, adding to the sample of observed sub-Neptunes is vital to
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Figure 7. Mass uncertainty versus mass plot for small exoplanets (1 <
Ry < 4Rg and 1 < My < 50Mg). Grey circles correspond to planets with
mass and radius measurements (as in the NASA Exoplanet Archive on 2023
February 2; Akeson etal. 2013). K2-233 b, ¢, and d are shown with blue, green,
and orange circles with corresponding labels identifying each planet. Circle
sizes correspond to planet radii, with the scale displayed in the upper right
corner. The two shaded regions denote the minimum (lighter) and optimal
(darker) regions for atmospheric characterization with JWST.

understand this mysterious population, of which there is no analogue
in the Solar system. Furthermore, constraining the volatile content
will inform formation process for close-in small planets (Bean,
Raymond & Owen 2021).

4.6 On follow-up observations

K2-233 is a keystone target that can help to understand the evolution
of multiplanetary systems, but additional follow-up observations
are needed to improve the precision of the planetary and orbital
parameters. In particular, additional RV monitoring to refine the
planet masses would be useful, as the results presented in this paper
suggest that K2-233 b and ¢ have significantly different masses,
although their radii are nearly identical. This could arise from a
discrepancy in composition between the two planets, which would
challenge standard models of small-planet formation and evolution,
but with the current data we cannot rule out that this is merely a
statistical fluctuation.

How many more RV measurements would we need to improve
the mass measurements of K2-233b and c to the point where we can
confirm or rule out this tentative mass discrepancy? To answer this
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question, we used CITLALATONAC (Barragén et al. 2022a) to simulate
multiple realizations of additional HARPS-like observations and
analysed them in the same way as we analysed the existing data in this
paper. We used the GP hyperparameters obtained in Table 3 to create
the stellar signal as samples of a multi-GP. We simulated synthetic
time-series of activity-induced RV, FWHM, and BIS and added the
expected Keplerian signals for the three planets and sampled the data
assuming that K2-233 is observed from La Silla with a maximum
airmass of 1.5 in an intensive 3-months campaign, and added realistic
white and instrumental red noise (based on the existing HARPS
data). We then attempted to recover the stellar and planetary signals,
using the same multi-GP framework and combining the existing and
simulated data, as we have done with the available real data. By
varying the number of synthetic observations, we established that we
need around 50 epochs spread over 3 months to model the stellar
signal robustly and to detect the signal of planet b to 3¢ confidence
or better, and improve the detection of planets ¢ and d.

As well as spectroscopic data, more photometric data are also
needed to refine the radii of the three planets and to keep track of
the planet ephemerides. The latter is crucial in order to perform
any transmission spectroscopy effort. Unfortunately, K2-233 has not
been observed by TESS and according to the Web TESS viewing tool,
the star does not fall in any of the planned sectors until sector 69.
This is due to the preferred orientation of TESS towards the poles and
K2-233 being an ecliptic target. We also checked whether K2-233
could be observable with the CHaracterising ExOPlanet Satellite
(CHEOPS; Benz et al. 2021). According to the CHEOPS Observers
Manual,* K2-233 is observable each year for ~70d (between April
and May) with an observing efficiency of 50 percent.’> Thanks
to its exquisite photometric precision, CHEOPS could be used to
observe the transits of all K2-233 planets, including the two small
ones. It is also tempting to think about ground-based photometric
observations of K2-233. However, the shallow transits of K2-233 b
and c are not observable from the ground. K2-233d would be
challenging but observable with state-of-the-art facilities, such as
the Next Generation Transit Survey (Wheatley et al. 2018).

5 CONCLUSIONS

We reanalysed the spectroscopic observations of K2-233 published
originally by Lillo-Box et al. (2020). We used the activity indicators
to constrain the stellar signal in the RV time-series using a multi-GP
approach. This led to an improvement in the detection of the Doppler
signals with respect to the values reported in Lillo-Box et al. (2020).
These improvements in the planetary mass measurements allow us
to put better constraints on these planets’ compositions.

The outermost planet, K2-233 d, is consistent with a volatile-
rich world, while K2-233 b and c are likely rocky, potentially
hosting a volatile envelope of an insignificant mass fraction. Despite
their similar sizes, K2-233 b and ¢ seem to have different masses,
suggesting a surprising discrepancy in composition between the two
planets. However, further RV monitoring is needed to confirm this
tentative discrepancy. Having improved the precision of the planetary
masses, we add the K2-233 planets to the small sample of young
planets amenable to space-based transmission observations.

3https://heasarc.gsfc.nasa.gov/cgi-bin/tess/webtess/wtv.py.
“https://www.cosmos.esa.int/web/cheops- guest-observers- programme/cheo
ps-observers-manual.

SEach CHEOPS observation has an observing efficiency, which is the fraction
of time on target that is not interrupted due to its particular orbit.
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APPENDIX A: CHARACTERIZING THE
STELLAR SIGNAL

We perform a one-dimensional GP regression of different activity
indicators to study the shape of the stellar signal in different
time-series A;. We intend to analyse which time-series behave
photometric- (that can be described only with G) and RV-like (that
also need to be described with G).

We model the covariance between two times #; and ¢ for each
time-series A; with the function

yio = A%y}, (A1)

where A is an amplitude term, and y;; is the QP kernel given in
equation (2). We use the code PYANETI (Barragén et al. 2019a, 2022a)
to create posterior distributions of the QP kernel hyperparameters.

We sample for six parameters in each run: four GP hyperparam-
eters (A, Pgp, A, and A;), one offset, and a jitter term. We set wide
uniform priors for all the parameters. In particular, for A, we set a
uniform prior between 0 and 500 d, for A, between 0.1 and 10, and
for Pgp between 8 and 12 d. We sample the parameter space using the
built-in MCMC sampler in PYANETI. The posterior creation follows
the same guidelines as in Section 3.1.

Table A1 shows the inferred Pgp, A, and A, hyperparameters for
all time-series. Fig. Al shows the inferred posterior distributions
for the Pgp, A, and A, parameters for all the modelled time-series,
except for Na. Fig. A2 shows the data and inferred models for the
different time-series.

The first thing to note is that the Na does not behave as a QP
signal in Fig. A2. Dfaz, Cincunegui & Mauas (2007) described how
the Na D1 and D2 lines could be used as chromospheric activity
indicator for active late-type stars (B — V > 1.1), typically M dwarfs
(Gomes da Silva et al. 2011), but not for earlier stars as K2-233 (B

Table Al. Recovered hyperparameters for one-dimensional GP
regressions.

Time-series Pgp [d] e [d] Ap
FWHM 9724+006  23373F 0321004
BIS span 9.73+£006 22077  022£0.05
Suk 9.83+0.11  50.57134 0.75%033
0.28 3.1 0.12
Ha 9.657035 14.5%54 0.53%) s
0.98 2.1 1.17
Na 9.54103} 10.9%3, 2231530
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Figure Al. Posterior distributions for Pgp(top), A. (middle), and A, (bot-
tom). Results for FWHM (orange), BIS (green), Sux (purple), and Ha (red)
shown for each subpanel.

— V=0.9). This suggests that the Na is not a good activity indicator
to constrain K2-233’s stellar activity. This also shows how not all
activity indicators are good tracers of the stellar signal that is also
contained in the RV data. From now on, we will exclude the Na
time-series from our analysis.

From Fig. Al (and Table Al), we can see that all time-series
provide values for Pgp that agree well with each other. These
values are also in agreement with the stellar rotation period of
9.754 £ 0.038d reported by David et al. (2018) from the K2
photometric analysis. This suggests that all these activity indicators
are good tracers of the stellar rotation period.

When we look at the recovered values for the inverse of the
harmonic complexity, A,, we can see that we have different values
for different activity indicators (see Fig. Al). First, we note that
the recovered A, for the BIS time-series is consistently smaller (i.e.
higher harmonic complexity) than the other activity indicators. As
discussed in Aigrain, Pont & Zucker (2012) and Barragan et al.
(2022a, b), it is expected that the BIS time-series is RV-like, meaning
that it depends on the change of location of the active regions from
the red- to the blue-shifted stellar hemisphere, and vice versa. We
then see that the FWHM peaks around a value of 0.3, implying a
lower harmonic complexity than the BIS time-series (see Table A1).
This behaviour is also expected, given that previous analyses suggest
that these time-series are good tracers of the areas covered by active
regions on the stellar surface (e.g. Oshagh et al. 2017). For this reason,
we call these kinds of activity indicators photometry-like. It is worth
noting that these photometric and RV-like behaviours are visible in
Fig. A2. The BIS time-series behaves visually as the derivative of the
FWHM time-series. This is expected and it is the base of FF' models
as the one used in the multi-GP approach (see Aigrain et al. 2012;
Rajpaul et al. 2015; Barragan et al. 2022a). Finally, we note that the
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Figure A2. K2-233 time-series (from top to bottom) for FWHM, BIS span, Suk, H ¢, and Na. The corresponding measurements are shown with black circles
with error bars with a semitransparent error bar extension accounting for the inferred jitter. Solid coloured lines show the corresponding inferred signal coming
from our GP regression, while light coloured shaded areas show the 1o and 2o credible intervals of the corresponding GP model.

recovered processes for the chromospheric activity indicators, H
and Sy, have a relatively low harmonic complexity (i.e. values of A,
that are relatively large). This is unexpected given that both H« and
Sux are expected to be photometry-like activity indicators. Therefore,
we would have expected that they would behave similar to FWHM.
Moreover, from Fig. A2, we can see that data in these two time-series
have a relatively high white noise in comparison with the amplitude
of the recovered signal. This significant white noise can be explained
because the star is relatively faint (V ~ 10.88 mag). We speculate
that the relatively high white noise in these time-series degrades our
ability to recover complex patterns (i.e. higher harmonic complexity)
of the stellar signal. This means that even if the underlying process
has a significant harmonic complexity, we cannot recover it due to
the suboptimal data.

We then analyse the long-term evolution time-scale, A. (see
Table A1l). Both the FWHM and the BIS time-series give a A. that
peaks around ~22 d, that is twice the Pgp. This implies that the local
coherence of the periodic signal lasts two rotation periods. When
analysing the recovered A, for the chromospheric activity indicators,
we notice that they also produce different values when compared
with the CCF ones (see Table Al).

A priori, we expect that FWHM, Syk, and Ho behave as
photometric-like activity indicators and that BIS behaves as RV-

© The Author(s) 2023.

like activity indicators. So, we would have expected that all activity
indicators trace similar Pgp and A, while we would suppose a higher

harmonic complexity for RV-like activity indicators. This is the gen-
eral tendency that we observe, but with significant annotations. First,
it seems that all activity indicators are good tracers of the rotational
period of the star. This is expected given that the stellar rotation is the
dominant imprint of the stellar signal in the spectroscopic time-series.
Secondly, more subtle characteristics of the stellar signal, which can
be traced with A and Ap, seem to vary between different time-series.
We hypothesize that this difference is caused by a degradation of
the recovered stellar signal due to difference in data quality for each
time-series. But we note that this difference can also be due to the
fact that activity indicators are mapping different areas of the stellar
surface, as well as we are reaching the limits of the model based on
an FF -like relation between the RVs and activity indicators.

From these analysis and discussion, we will assume that, for this
specific system, the CCF diagnostics are better activity indicators
than the chromospheric data to characterize the stellar signal in the
spectroscopic time-series. We therefore use the FWHM and BIS
time-series for the multi-GP analyses presented in Section 3.2.2.
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