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ABSTRACT

Context. M-dwarf stars are promising targets for identifying and characterizing potentially habitable planets. K2-3 is a nearby (45
pc), early-type M dwarf hosting three small transiting planets, the outermost of which orbits close to the inner edge of the stellar
(optimistic) habitable zone. The K2-3 system is well suited for follow-up characterization studies aimed at determining accurate
masses and bulk densities of the three planets.
Aims. Using a total of 329 radial velocity measurements collected over 2.5 years with the HARPS-N and HARPS spectrographs and a
proper treatment of the stellar activity signal, we aim to improve measurements of the masses and bulk densities of the K2-3 planets.
We use our results to investigate the physical structure of the planets.
Methods. We analysed radial velocity time series extracted with two independent pipelines using Gaussian process regression. We
adopted a quasi-periodic kernel to model the stellar magnetic activity jointly with the planetary signals. We used Monte Carlo simula-
tions to investigate the robustness of our mass measurements of K2-3 c and K2-3 d, and to explore how additional high-cadence radial
velocity observations might improve these values.
Results. Even though the stellar activity component is the strongest signal present in the radial velocity time series, we are able to
derive masses for both planet b (Mb = 6.6 ± 1.1 M⊕) and planet c (Mc = 3.1+1.3

−1.2 M⊕). The Doppler signal from K2-3 d remains
undetected, likely because of its low amplitude compared to the radial velocity signal induced by the stellar activity. The closeness of
the orbital period of K2-3 d to the stellar rotation period could also make the detection of the planetary signal complicated. Based on
our ability to recover injected signals in simulated data, we tentatively estimate the mass of K2-3 d to be Md=2.7+1.2

−0.8 M⊕. These mass
measurements imply that the bulk densities and therefore the interior structures of the three planets may be similar. In particular, the
planets may either have small H/He envelopes (<1%) or massive water layers, with a water content ≥ 50% of their total mass, on
top of rocky cores. Placing further constraints on the bulk densities of K2-3 c and d is difficult; in particular, we would not have been
able to detect the Doppler signal of K2-3 d even by adopting a semester of intense, high-cadence radial velocity observations with
HARPS-N and HARPS.

Key words. Stars: individual: K2-3 (2MASS 11292037-0127173, EPIC 201367065) - Planets and satellites: fundamental parameters
- Planets and satellites: composition - Techniques: radial velocities

1. Introduction

In the last decade, the search for potentially habitable exoplanets
has focussed particularly on M-dwarf stars. In this context, we
regard a potentially habitable exoplanet as, in the broadest sense,
one that orbits within or close to the habitable zone (HZ) of the
parent star. Using the two main indirect detection methods, pho-
tometric transits and radial velocity (RV), potentially habitable
exoplanets can be detected more easily around M dwarfs than
around earlier type stars.

However, even M dwarfs present some challenges because
of their faintness, their magnetic activity, and the difficulty in

measuring accurate stellar parameters, which are essential if we
wish to accurately determine the planetary parameters. Several
exoplanet surveys have been devised to target M dwarfs specifi-
cally, such as the current ground-based photometric experiments
MEarth (Irwin et al. 2015), APACHE (Sozzetti et al. 2013), and
TRAPPIST (Gillon et al. 2017); the upcoming SPECULOOS1

and ExTrA (Bonfils et al. 2015) projects; and surveys exploit-
ing high-resolution and high-stability spectrographs (e.g. Bon-

1 http://www.speculoos.ulg.ac.be/cms/c_3272698/en/speculoos-
portail
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fils et al. 2013; Delfosse et al. 2013b; Affer et al. 2016 and the
HADES paper series; Quirrenbach et al. 2016).

Results from the Kepler and K2 missions have also been used
to provide estimates for the occurrence of planets in the HZ of M
dwarfs (e.g. Dressing & Charbonneau 2013, 2015; Howell et al.
2014; Dressing et al. 2017; Dressing et al. 2017). These anal-
yses suggest that small, low-mass planets are abundant around
M dwarfs, and a significant percentage of these planets may
have properties suitable for the emergence of life (Dressing &
Charbonneau 2015; Tuomi et al. 2014). Space-based missions
planned for the very near future, such as TESS (Ricker et al.
2014), CHEOPS (Fortier et al. 2014), and PLATO (Rauer et al.
2014) will target bright and nearby M dwarfs to detect poten-
tially habitable planets, while JWST (Beichman et al. 2014) and
ground-based 25-40 meter class telescopes will characterize the
atmospheres of these planets.

Some of the most intriguing exoplanet discoveries of the
last few years are temperate planets around nearby M dwarfs,
which orbit close to, or within, the predicted circumstellar
HZ. For example, temperate, low-mass planets have been dis-
covered around a number of nearby M-dwarf stars including
Proxima Centauri (Anglada-Escudé et al. 2016), TRAPPIST-1
(Gillon et al. 2017), LHS 1140 (Dittmann et al. 2017), GJ 273
(Astudillo-Defru et al. 2017), K2-18 (Cloutier et al. 2017), GJ
667 C (Anglada-Escudé et al. 2013; Delfosse et al. 2013a; Feroz
& Hobson 2014), and Ross 128 (Bonfils et al. 2017). These new
discoveries have stimulated many theoretical studies addressing
the habitability of planets orbiting M dwarfs (see e.g. Shields
et al. 2016 for a review on this topic). Open questions regard-
ing the true habitability of these temperate planets include the
influence of the spectral energy distribution and the activity of
M dwarfs on planetary atmospheres, as well as the effect of
tidal locking. Potentially habitable planets around M dwarfs are
likely subject to physical conditions that are very different from
those experienced on Earth, and their properties may also depend
strongly on the M-dwarf spectral subtype.

Indeed, M dwarfs that host temperate rocky planets exhibit
a wide range of physical properties that might influence hab-
itability. GJ 273, Ross 128, LHS 1140, Proxima Centauri, and
TRAPPIST-1 are mid- to late-M dwarfs (M3.5V, M4V, M4.5V,
M5.5V, and M8V, respectively). GJ 273 and Ross 128 have weak
magnetic activity, while Proxima Centauri and TRAPPIST-1
have high activity levels, which probably has a large impact on
the potential habitability of their planets. K2-18 is, instead, an
earlier type M2.5 dwarf with low chromospheric activity, and
GJ 667 C is a quiet M1.5 dwarf. The fact that these temperate
planets are located at different distances from host stars span-
ning different spectral subtypes makes their comparative charac-
terization particularly interesting. Unfortunately, many of these
planets either do not transit or their parent star is too faint to
permit detailed follow-up, making it difficult to robustly charac-
terize these planets and hence study their interior structures and
compositions.

Within this context, the planetary system around K2-3 (EPIC
201367065), a nearby (45 pc) M0 dwarf (V=12 mag; J=9.4
mag), presents an interesting opportunity for follow-up stud-
ies. Observations from the K2 mission revealed that K2-3 hosts
at least three transiting small planets (Crossfield et al. 2015):
K2-3 b (Rp=2 R⊕, Porb=10 days), K2-3 c (Rp=1.7 R⊕, Porb=24.6
days), and K2-3 d (Rp=1.6 R⊕, Porb=45.5 days). According to
the optimistic HZ boundaries derived by Kopparapu et al. (2013,
2014), planet K2-3 d orbits close to the inner edge of the HZ of
its host star. A particularly intriguing property of the K2-3 sys-
tem is that the host star is bright enough to estimate the masses

of these planets using existing high-resolution stabilized spec-
trographs.

Measuring the masses of the K2-3 planets would be inter-
esting for several reasons. First, by determining the mass and
bulk density of the temperate planet K2-3d, we can extend the
study of planets orbiting close or within the HZ to earlier type
host stars than those discussed earlier. Moreover, because of their
measured sizes, planets K2-3 c and K2-3 d are optimal targets to
test the results of Rogers (2015), who found that the majority of
the observed planets with radius Rp ≥1.6 R⊕ have densities too
low to have a bulk rocky composition. Fulton et al. (2017) cast
light on this result by finding evidence for a bimodal distribution
of small planet sizes orbiting stars with Teff>4 500 K with peri-
ods less than 100 days. Planets are preferentially found with radii
around ∼1.3 R⊕ and ∼2.4 R⊕, with a region between 1.5 and 2.0
R⊕ where planet occurrence is rare. This bi-modality likely re-
flects a separation between purely rocky planets and rocky cores
surrounded by varying amounts of lower density volatile mate-
rial. K2-3 c and K2-3 d fall within the gap between the two peaks
in the planet radius distribution and orbit a star cooler than 4 000
K, making them interesting test cases for understanding the com-
position of planets in this size regime at lower stellar irradiation
than most of the planets analysed by Fulton et al. (2017).

Previously, other groups have recognized the appeal of the
K2-3 system and have begun conducting RV follow-ups (Alme-
nara et al. 2015; Dai et al. 2016). Almenara et al. (2015) found
that stellar activity has a major impact on RV observations of K2-
3 and, based on their single semester of monitoring, were unable
to measure the masses of K2-3 c and K2-3 d robustly. Accurate
determination of the masses of K2-3 c and K2-3 d evidently re-
quires a larger dataset and denser sampling to trace out the ac-
tivity signal.

We present the results of an intense RV follow-up of K2-3
conducted over three seasons with the HARPS-N and HARPS
spectrographs. Despite having data from several independent
teams, and having precise transit ephemeris from high-precision
photometry (Beichman et al. 2016; Fukui et al. 2016), measuring
the mass of K2-3 c and K2-3 d has been challenging.

The paper is organized as follows. We first introduce the RV
datasets and discuss the significant signals present in the data
through a frequency analysis (Sect. 2). In Sect. 3 we present up-
dated stellar parameters and analyse the photometric light curves
of K2-3 and the Hα line activity indicator time series. The analy-
sis of the RVs with Gaussian processes (GP) is described in Sect.
4. The significance of our best-fit solution for the masses of K2-
3 c and K2-3 d is investigated through Monte Carlo simulations
and is discussed in Sect. 5. Finally, we present the mass-radius
diagram for the K2-3 planets and discuss the implications of our
findings for their bulk composition.

2. Description and first look on the HARPS(-N)
radial velocity datasets

Northern and southern spectroscopic observations of K2-3 were
carried out between January 22, 2015 and July 7, 2017, pro-
ducing a total of 211 HARPS-N and 138 HARPS spectra. Of
the 349 spectra, 283 are unpublished observations while 66
HARPS observations were previously published by Almenara
et al. (2015). The HARPS-N spectra come from two inde-
pendent programmes: the HARPS-N Collaboration Guaranteed
Time Observations (GTO)2 and the Global Architecture of Plan-
etary Systems programmes (GAPS; Benatti et al. 2016). The

2 https://plone.unige.ch/HARPS-N/science-with-harps-n
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two collaborations shared observing time on this target to max-
imize the number of RV measurements and to optimize the ob-
serving strategy. The spectra were reduced with the version 3.7
of the HARPS-N Data Reduction Software (DRS) (Cosentino
et al. 2014). The extraction and wavelength calibration of the
HARPS spectra were performed using the on-line pipeline (Lo-
vis & Pepe 2007). The exposure time was fixed at 1800 s for both
instruments, producing a typical signal-to-noise ratio S/N=30 at
a wavelength λ ∼550 nm.

2.1. Definition of the final dataset

We excluded some observations from our analysis for two rea-
sons. We did not consider spectra with a S/N ≤11 as measured at
λ=550 nm (echelle orders 46 and 49 for HARPS-N and HARPS,
respectively). We then identified RV measurements potentially
contaminated by scattered moonlight. This is particularly impor-
tant for faint targets such as K2-3, which lie close to the ecliptic
plane. Using the procedure described in Section 2.1 of Malavolta
et al. (2017), we identified five HARPS-N spectra that are proba-
bly contaminated by scattered moonlight, and we discarded them
from the dataset3. We could not perform the same analysis on the
full HARPS dataset because nearly half of those spectra were
acquired with simultaneous Fabry-Perot and not with fibre B on
sky. Nonetheless, we adopted a heuristic approach4 to identify
four potentially contaminated measurements, which we removed
from the final dataset5. After these cuts, our final dataset includes
197 HARPS-N spectra and 132 HARPS spectra.

2.2. Radial velocity extraction

In this study we primarily use RVs extracted with the TERRA
pipeline (Anglada-Escudé & Butler 2012). The TERRA pipeline
is commonly used to extract RVs of M dwarfs because it typ-
ically provides measurements with better precision and lower
scatter than those extracted for low-mass stars with the CCF
recipe of the on-line DRS pipeline (Perger et al. 2017). The
HARPS fibre link was upgraded with octagonal fibres on May
28, 2015 (Lo Curto et al. 2015), introducing an RV offset be-
tween data acquired before and after the upgrade. We accounted
for this offset by producing pre- and post-upgrade spectral tem-
plates to extract the RVs, and by introducing a velocity zero point
offset for each dataset as free parameter when fitting the time se-
ries.

The TERRA RV time series are listed in the on-line Tables
4 and 5 for HARPS-N and HARPS, respectively. The median
values of the internal errors are 1.88 m s−1for HARPS-N and
2.04 m s−1for HARPS.

2.3. Preliminary RV frequency analysis

We conducted a preliminary analysis of the RV datasets using
the generalized Lomb-Scargle (GLS) algorithm (Zechmeister &
Kürster 2009) to identify significant signals. We performed the

3 They correspond to the epochs BJDUTC 2457407.638254,
2457412.711410, 2457412.732546, 2457413.703766, and
2457413.724936.
4 We identified potentially contaminated observations as those where
the absolute difference between the RV of the Moon (which we assumed
was equal to the Earth’s barycentric RV) and the target star was less than
15 km s−1 and more than 99% of the Moon’s disk was illuminated.
5 We discarded observations on the epochs BJDUTC 2457056.724361,
2457056.842204, 2457057.713776, and 2457057.849294.

Fig. 1. Upper plot. Time series of the K2-3 RVs extracted with the
pipeline TERRA using the HARPS-N spectra. Middle plot. The GLS
periodogram of the RV time series (red line) is shown. Three levels of
p-values are indicated by the horizontal dashed lines. The green dashed
line overplotted on the RV periodogram represents the window function
of the measurements (shown in the bottom plot) shifted in frequency
to be superimposed on the strongest peak of the RV periodogram. This
helps to identify the alias frequencies of the most relevant peaks. The
stellar rotation and planetary orbital frequencies are indicated by verti-
cal lines and corresponding labels.

GLS frequency analysis of the northern and southern datasets
separately along with the combined RV dataset, removing RV
offsets as determined by the analysis described in Sect. 4. We
show the resulting periodograms in Figs. 1-3.

The HARPS-N periodogram is dominated by a signal at
37.2±0.1 days6, which we identify as the rotation period of the
star (see Sect. 3). This signal has a p-value=0.01%, as estimated
by boot strapping the data, i.e. by randomly drawing the RV
measurements (with replacement) and generating 10 000 mock
datasets. Its semi-amplitude is 2.9±0.3 m s−1, as estimated with
GLS, slightly lower than the RMS of the data (4.1 m s−1). A sig-
nificant peak with a slightly lower power appears at the orbital
period of K2-3 b, while the peak corresponding to the orbital
period of K2-3 c appears with less significance (p-value ∼1%).
The orbital period of K2-3 d is undetected in the HARPS-N pe-
riodogram.

The HARPS periodogram is dominated by the orbital period
of K2-3 b (Fig. 2; p-value=0.01%). The signal produced by the
stellar rotation has a p-value around 1%, therefore it is much
less significant than in the HARPS-N data. The window func-
tion is responsible for a pattern of alias frequencies around these
signals. In addition to the one-year aliases, one-month aliases
(synodic month frequency fs.m.= 0.03386 c/d) are also probably
present, which is expected for a star near to the ecliptic. For ex-
ample, a one-month alias of the 37-day signal occurs at 0.061 c/d
(=1/37+fs.m. c/d), while a one-month alias of Pb occurs at 0.065
c/d. Both aliases are visible in Fig. 2.

The signals that most clearly emerge in the periodogram of
the combined dataset are those of the planet K2-3 b and the stel-
lar rotation period, which are highly significant and have almost
the same power (Fig. 3). The signal of planet K2-3 c is more
weakly present with a p-value ∼1%.

3. Stellar parameters and activity

The main properties of the star K2-3 are summarized in Table
1. While K2-3 has previously been characterized by Crossfield

6 In this work we adopt the uncertainties calculated with GLS as for-
mal errors of the periods.
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Fig. 2. As in Fig. 1 but for TERRA RVs extracted from the HARPS
spectra. Pre- and post-upgrade RV offsets have been applied, as derived
from our analysis described in Sect. 4.

Fig. 3. As in Fig. 1 but for all TERRA HARPS-N and HARPS RVs. We
applied an offset to each separate dataset, as derived from our analysis
described in Sect. 4.

et al. (2015) and Almenara et al. (2015), we independently de-
termined the stellar parameters from our HARPS-N spectra us-
ing the method developed by Maldonado et al. (2015)7. We es-
timated the effective temperature and iron abundance of the star
using measurements of the pseudo-equivalent widths of the spec-
tral features. We then determined stellar mass, radius, and sur-
face gravity using empirical relationships. Our results are con-
sistent with, but slightly more precise than, previous estimates.
We adopted these new values for the analysis in the rest of the
paper.

3.1. Photometry

The K2 light curve of K2-3, with all the transit signals removed,
is shown in Fig. 4. We used the K2SFF8 light curve processed
as described by Vanderburg & Johnson (2014) and Vanderburg
et al. (2016a). The light curve shows a quasi-periodic modula-
tion with a flux semi-amplitude of ∼ 0.1%. There is also clear
evidence for changes from one rotation to the next, likely due
to the evolution of active regions. In the bottom panel of Fig.
4 we show the GLS periodogram of the binned K2 light curve
(one point per day), which shows a strong peak at Prot=38.3±0.7
days9. Even though the K2 light curve was obtained about six
months before the first spectroscopic observations and only cov-
7 https://github.com/jesusmaldonadoprado/mdslines
8 https://archive.stsci.edu/prepds/k2sff/
9 Since the K2 data barely cover two rotation cycles of K2-3, this esti-
mate should not be considered particularly accurate.

Table 1. Stellar parameters for K2-3

Parameter Value Ref.

RA [deg, ICRS J2015] 172.3353579
DEC [deg, ICRS 2015] -1.4551256
Mass [M�] 0.62±0.06 (1)

0.60±0.09 (2)
0.61±0.09 (3)
0.60±0.09 (4)

Radius [R�] 0.60±0.06 (1)
0.56±0.07 (2)
0.55±0.04 (3)
0.56±0.07 (4)

Effective temperature, Teff [K] 3835±70 (1)
3896±189 (2)

[Fe/H] -0.01±0.09 (1)
-0.32±0.13 (2)

Surface gravity, log g [log10(cgs)] 4.66±0.05 (1)
4.73±0.06 (3)
4.72±0.13 (4)

Density [ρ�] 3.51±0.61 (3)
log(L/L�) -1.15±0.09 (1)
Age [Gyr] >1 (2)

Notes. (1) This work: derived from HARPS-N spectra using the method
described by Maldonado et al. (2015); (2) Crossfield et al. (2015); (3)
Almenara et al. (2015); and (4) Sinukoff et al. (2016).

ers about two rotation periods, the high S/N photometry is use-
ful for constraining the stellar rotation period. It is interesting to
note that, while the amplitude of the photometric rotational vari-
ability of the star is fairly low, the stellar rotation frequency is
nonetheless the strongest signal in the RV time series of the star.

We also obtained time-series photometry of K2-3 from the
MEarth survey (Irwin et al. 2015). We monitored K2-3 with
one of the 40 cm telescopes of the Southern MEarth array from
January 21, 2015 to April 4, 2016. With a total of 8669 data
points, the light curve overlaps with the first two seasons of the
spectroscopic observations. The fact that the MEarth data are
contemporaneous with many of our RV observations and their
high photometric precision (due in part to the excellent observ-
ing conditions at Cerro Tololo), make the MEarth light curve
potentially useful for characterizing the stellar activity. We anal-
ysed the MEarth data (in nightly bins) by calculating a GLS pe-
riodogram. The highest peak in the periodogram is at 31.8±0.2
days with a semi-amplitude of ∼1 mmag (Fig. 5). This period
does not correspond to the more robust stellar rotation period
derived from the uninterrupted observations of K2 or using the
Hα spectroscopic indicator (Sect. 3.2); nonetheless the result is
worth mentioning because the data have been collected with un-
even sampling by a ground-based small-aperture telescope and
they show very low amplitude modulation compared to the typi-
cal photometric error. The periodogram also shows an additional
peak at a period of about ∼230 days, without any counterpart
in the window function. While the signal could be due to sys-
tematics present in the MEarth data, its nature is unclear and an
astrophysical origin cannot be ruled out (see Sect. 3.2).

3.2. Spectroscopic activity indexes

We studied the activity level of K2-3 during the time period of
our observations using the Hα line as a spectroscopic activity in-
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Fig. 4. (Top) K2 light curve of K2-3 with the planetary transits removed.
(Bottom) The GLS periodogram of the binned light curve (one point per
day), showing a peak at Prot=38.3 days.

Fig. 5. (Top). Light curve of K2-3 from the MEarth-south survey, folded
at the best period P=31.8 days found using GLS. (Middle). GLS peri-
odogram of the MEarth light curve. The green line corresponds to the
window function of the measurements (Bottom plot), which is shifted
in frequency so that the peak is superimposed on the major peak of the
RV periodogram to directly identify alias frequencies.

dicator, which we extracted from our spectra using the method
described by Gomes da Silva et al. (2011)10. The time series of
the Hα activity indicator is shown in Fig. 6 and the data are listed
in Table 8. We analysed the time series by calculating a GLS pe-
riodogram to identify periodicities related to a possible activity
cycle and stellar rotation. The GLS periodogram is shown in the
second and third panels of Fig. 6.

The highest peak in the periodogram occurs at P=211±3
days, and has a power comparable to that of its one-year alias
frequency at ∼ 450 days. The existence of a long-term modula-
tion is especially clear after looking at the data of the first two
seasons. A bootstrap (with replacement) Monte Carlo analysis
based on 10 000 mock datasets reveals that these peaks are sta-
tistically significant and have false alarm probabilities lower than
0.1%. We are, however, unable to ascertain whether the 211-day
period or its alias at 450 days is the true underlying period. The
origin of this long-period signal is unclear. If the signal is astro-
physical, one possible explanation is an intermediate-duration
activity cycle. Some tentative evidence exists for such cycles in
low-mass stars (Savanov 2012; Robertson et al. 2013) and could
represent sub-cycles superimposed on longer duration activity
cycles, as observed for the Sun (so-called Rieger cycles). We
note that the 211-day period is close to the 230-day signal ob-
served in the MEarth photometry.

The second highest peak in the periodogram of the Hα indi-
cator is close to the expected stellar rotation period and is highly
significant (P=40.3±0.1 days, p-value <0.1%). This signal is
particularly strong in the last season of observations; during this
time, a clear modulation related to Prot is visible in the Hα time
series, which covers nearly four stellar rotations. A GLS analy-
sis of only the last season of observations identifies a periodicity
of 43.5±1.0 days. Folding the data at this period reveals that the
modulation does not have a simple sinusoidal shape (Fig. 7).

4. Gaussian process regression analysis of radial
velocities

We used the stellar activity information derived in Section 3
to perform a detailed analysis of the combined HARPS-N and
HARPS RV datasets within a Bayesian framework based on GP
regression. It has now become standard in RV analysis to use
GPs to model the stellar contribution to the RV variations jointly
with a number of Keplerian functions describing the planetary
orbital motion (see Haywood et al. 2014 for the first application
of this technique). This approach has proven to be a powerful to
retrieve planetary masses from high-precision RV measurements
when a signal closely related to the stellar rotation period, or its
harmonics, is present in the RV time series (Dumusque et al.
2017).

For a general description of the GP method, and its perfor-
mance when applied to RV time series, we refer, amongst oth-
ers, to the recent works by López-Morales et al. (2016), Cloutier
et al. (2017), Damasso & Del Sordo (2017), and Dittmann et al.
(2017). The GP regression is based on the choice of a specific
kernel; i.e. a covariance matrix describing the correlation be-
tween measurements taken at two different epochs. For the case
of K2-3, the so-called quasi-periodic (q-p) kernel is particularly
useful because a signal very likely related to the stellar rotation
period Prot dominates the RV time series (Section 2), and there
is evidence for an evolutionary timescale of the active regions
close to Prot (Sect. 3.1 and 3.2). Each element of the covariance

10 We did not analyse the activity indicator based on the CaII H&K
lines because of the very low S/N in this spectral region.
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Fig. 6. (Top) Time series of the activity indicator based on the Hα line
extracted from the HARPS and HARPS-N spectra. (Second and third
plots) GLS periodogram of the dataset is shown. The dashed horizontal
lines indicate the p-value levels as derived from a bootstrap analysis.
The green curve corresponds to the window function of the measure-
ments, which is shifted in frequency so that the peak is superimposed
on the major peak of the RV periodogram (second plot), to directly iden-
tify alias frequencies. In the third plot the window function is shifted to
be superimposed on the P∼40-day rotational signal. (Bottom) Time se-
ries phase-folded at the period P=211 days. Red points represent the
average of the data within 20 bins in the phase range [0,1].

matrix has the form

K(t, t′) = h2 · exp
[
−

(t − t′)2

2λ2 −

sin2(
π(t − t′)

θ
)

2w2

]
+

+

[
σ2

RV,instr(t) + σ2
jit,instr

]
· δt,t′ , (1)

where t and t′ represent two different epochs. The first term rep-
resents the quasi-periodic kernel, which is composed of a peri-
odic term and an exponential decay term. This functional form is
suitable for modelling a recurrent signal linked to stellar rotation
and takes into account the finite lifetime of the active regions.
Eq. 1 contains four covariance matrix hyperparameters: h repre-
sents the amplitude of the correlations; θ represents the rotation
period of the star; w is the length scale of the periodic compo-
nent, linked to the size evolution of the active regions; and λ
is the correlation decay timescale, which can be physically re-
lated to the active regions lifetime. The remaining parameters in
Eq. 1 are σRV,instr(t), which is the RV internal error at time t for
each spectrograph (or independent dataset); σjit,instr, which are
additional uncorrelated jitter terms, one for each instrument (or
independent dataset), which we add in quadrature to the internal
errors to account for additional instrumental effects and noise
sources neither included in σRV,instr(t) nor modelled by the q-p
kernel; and δt,t′ , which is the Kronecker delta function.

Our GP analysis was based on a Markov chain Monte
Carlo (MCMC) algorithm. The model, algorithms, and statisti-
cal framework used in this work are the same as described in
Damasso & Del Sordo (2017), and we refer to that work for
a detailed description. In this work, we assumed circular orbits
for all the planets. The best-fit values and uncertainties for each
jump parameter were calculated as the median of the marginal
posterior distributions and the 16% and 84% quantiles.

Fig. 7. (Top) Time series of the activity indicator based on the Hα
line extracted from the HARPS and HARPS-N spectra. Here, only the
dataset of the third season is shown. (Middle) The GLS periodogram of
the dataset is shown. The green line corresponds to the window func-
tion of the measurements, which is shifted in frequency so that the peak
superimposes to the major peak of the RV periodogram, to directly iden-
tify possible alias frequencies. (Bottom). Time series phase-folded at the
period P=43.5 days.

4.1. Choice of the priors

The priors adopted in our analysis are listed in Table 2. In this
subsection, we describe and justify some of our choices for the
priors.

In our fits, we allowed the semi-amplitude h of the correlated
stellar signal to vary up to a value of 5 m s−1, which represents
nearly twice the value estimated by GLS at P=37 days. The prior
range used for the stellar rotation hyperparameter θ is defined
based on our rotation period estimates from the K2 photometry
and Hα activity indicator. This also takes into account the results
of a trial MCMC analysis that was run after the conclusion of
the second observing season, which adopted a larger prior range
and indicated that the posterior distribution was well constrained
within the range [35,43] days.

For the active regions evolutionary timescale λ we adopted
a uniform prior between 20 and 60 days, corresponding nearly
to Prot/2 and 1.5·Prot. This choice was first motivated by the
marginal posterior obtained with the trial MCMC analysis of
the dataset for the first and second seasons, which is symmet-
ric around λ=36 days (σ ∼ 8 days). An evolutionary timescale
of the order of the stellar rotation period could also be guessed
directly by looking at the K2 light curve, which shows changes
in its pattern from one rotation to the next 11. We also used the
results of Giles et al. (2017) (Eq. 8) to get a loose estimate of the
timescale based on the RMS of the K2 data and the stellar ef-
fective temperature. The equation for determining the timescale
was derived by Giles et al. (2017) using a calibration sample not
biased by spectral type and, although faster rotators than K2-3
were analysed in the Giles et al. work, this result could be tenta-

11 Due to the short time baseline, we could not constrain λ through the
analysis of the autocorrelation function, as done by López-Morales et al.
(2016) using the longer baseline of the Kepler photometry
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tively used for a star with Prot=40 days. With an RMS = 7.6·10−4

mag and Teff=3835 K, we get a timescale of 38+19
−13 days.

For the planetary orbital parameters, we fixed the upper limit
of the Keplerian semi-amplitude to 5 m s−1for K2-3 b and K2-
3 c, and to 3 m s−1for planet K2-3 d. For K2-3 b, K=5 m s−1is
more than twice the value estimated by GLS after removing the
stellar rotation signal, and represents a conservative upper limit
also for the planet K2-3 c. For the outermost planet, K2-3 d, the
absence of a signal in the GLS periodogram suggests that Kd
should be significantly lower. The priors on the orbital period
and time of transit were taken from Beichman et al. (2016), who
determined the ephemerides by combining K2 observations with
additional transits observed with the Spitzer space telescope.

4.2. Analysis of the combined radial velocity dataset

We analysed the full RV dataset without binning the data when
more than one observation is available during the same night.
To guarantee a wide exploration of the parameter space, we
adopted 150 independent chains properly initialized to start from
well separated locations. We discarded the first 3 000 steps of
each chain by resetting the sampler. The MCMC chains reached
the convergence according to the Gelman-Rubin statistics after
18 000 steps, and a further burn-in (0.75% of the total steps)
was applied to calculate the best-fit values of the parameters (see
Eastman et al. 2013 and references therein).

We show the best-fit results for all the free parameters and
derived quantities in Table 3. The mass of the super-Earth K2-
3 b is robustly determined with a S/N of ∼7σ, while the mass of
K2-3 c is detected with a lower significance of 2.6σ. The mass
of K2-3 d remains undetermined, with a 1σ upper limit of about
∼ 2M⊕. This suggests that the mass of K2-3 d is too low to be
detected, but it is also plausible that the low amplitude of the
Doppler signal, compared to that of the stellar activity compo-
nent, and its proximity to the stellar rotation period allow the
signal to be absorbed into our GP activity model (Vanderburg
et al. 2016b). We investigate the robustness of this upper limit in
Sections 5.1 and 5.2.

We show the RV curves in Fig. 8, with the stellar activity
contribution subtracted, and folded at the best-fit orbital peri-
ods. The stellar contribution to the RV time series resulting from
our fit is shown in Fig. 9. The stellar activity component of the
model is reliably described by our best-fit results. The stellar
rotation period and the evolutionary time scale of the active re-
gions appear to be well characterized for both datasets. As we
have found from the analysis of the RV datasets of other targets,
the GP quasi-periodic regression tends to suppress low frequen-
cies in the residuals. This means that if an additional long-term
modulation is actually present in the original data, and it is not
explicitly included in the fitted model, it would be absorbed by
the stellar activity component and disappear in the residuals, af-
ter removing the planetary solutions. However, we note that the
data in Fig. 9 do not show any long-term trend residual sugges-
tive of an activity cycle or a longer period companion to K2-3
not included in our global model. We also note that the stellar
rotation period, as retrieved by the GP regression, differs from
that derived with GLS by ∼3 days. This difference is because
the functional form of the quasi-periodic kernel used to model
the stellar contribution is different from the simple sinusoid used
by the GLS periodogram. We calculated the GLS periodogram
of the GP quasi-periodic stellar activity timeseries and found the
strongest peak at P=37 days, reproducing the period found in our
GLS analysis of the RV dataset. The RMS of the residuals is 2.6
m s−1, only slightly higher than the median of the internal errors.

Table 2. Prior probability distributions for the three-planet circular
model parameters.

Jump parameter Prior

h [m s−1] U (0.5, 5)
λ [days] U (20, 60)
w U (0.001, 1)
θ [days] U (35, 43)
Kb [m s−1] U (0.05, 5)
Pb [days] N(10.054544, 0.0000292)a

T0,b [BJD-2 400 000] N(56813.42024, 0.000942)a

Kc [m s−1] U (0.05, 5)
Pc [days] N(24.64638, 0.000182)a

T0,c [JD-2 400 000] N(56812.2777, 0.00262)a

Kd [m s−1] U (0.05, 3)
Pd [days] N(44.55765, 0.000432)a

T0,d [JD-2 400 000] N(56826.2248, 0.00382)a

γHARPS−N [m s−1] U (-10, +10)
γHARPS−pre [m s−1] U (-10, +10)
γHARPS−post [m s−1] U (-10, +10)
σjit,HARPS−N [m s−1] U (0.05, 5)
σjit,HARPS−pre [m s−1] U (0.05, 5)
σjit,HARPS−post [m s−1] U (0.05, 5)

Notes. (a) Ephemeris from Beichman et al. (2016), derived from transit
observations with K2 and Spitzer. T0 is the time of inferior conjunction.

4.3. Cross-check with the alternative RV extraction method

In order to test the robustness of the results using RVs obtained
with the TERRA dataset, we also extracted the RVs using an
independent pipeline described by Astudillo-Defru et al. (2015,
2017). In brief, this pipeline works by aligning all the spectra
to a common reference frame by removing the Earth’s barycen-
tric RV and the RVs of K2-3 measured by the DRS as an initial
guess. Then a median template is computed from the aligned
spectra and regions of the spectra contaminated by tellurics are
rejected. The template is used to calculate a chi-square profile as
a function of RVs for each individual spectrum, whose minimum
corresponds to the stellar RV.

The RVs from this alternative pipeline are listed in Tab. 6-7.
We performed the same analysis as described in Section 4.2 with
the data from this alternative pipeline, and found that the results
of this analysis (shown in Table 3) are in very good agreement
with those obtained with TERRA. In particular, the planetary pa-
rameters are all in agreement within 1σ, strengthening our find-
ings.

5. Assessing the reliability of the derived planetary
masses

The results of the analysis presented in Table 3 show that while
the Doppler signal of the innermost planet is retrieved with a sig-
nificance of ∼7σ, the Doppler signal of K2-3 c is retrieved with
a significance lower than 3σ, and K2-3 d is undetected. With the
present dataset and the adopted model, we cannot determine a
bulk density of K2-3 c accurately enough to put reliable con-
straints on its possible composition, and we can only place an
upper limit on the bulk density of K2-3 d. This impacts our un-
derstanding of the formation and evolutionary scenarios, which
led to the observed system architecture, and makes inferences
about the habitability of K2-3 d especially challenging.
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Table 3. Best-fit solutions for the quasi-periodic GP model applied to the combined HARPS/HARPS-N RV time series extracted with TERRA
and an alternative pipeline. Our global model includes three orbital equations (circular case).

Jump parameter Best-fit value
TERRA alternative pipeline

Stellar activity GP model
h [m s−1] 2.9+0.4

−0.3 3.1+0.5
−0.3

λ [days] 40.0+10.4
−9.0 43.5+9.8

−8.9

w 0.18+0.11
−0.04 0.26±0.07

θ [days] 40.4+1.1
−1.9 39.8+1.1

−0.9

Uncorrelated jitter
σjit,HARPS−N [m s−1] 1.4±0.3 0.6±0.4
σjit,HARPS−pre [m s−1] 2.2±0.5 2.5±0.5
σjit,HARPS−post [m s−1] 2.0±0.6 1.6±0.6

RV offset
γHARPS−N [m s−1] -0.06+0.54

−0.57 30149.2+0.6
−0.7

γHARPS−pre [m s−1] 0.20+0.75
−0.79 30480.2+0.8

−0.9

γHARPS−post [m s−1] 0.002+0.670
−0.688 30479.2±0.8

Planetary orbital parameters
Kb [m s−1] 2.7±0.4 2.9±0.4
Pb [days] 10.05454±0.00003 10.05454±0.00003

T0,b [BJD-2 400 000] 56813.42022±0.00095 56813.42025±0.00095
Kc [m s−1] 0.95±0.37 0.98±0.34
Pc [days] 24.64638±0.00017 24.64638±0.00018

T0,c [BJD-2 400 000] 56812.2777±0.0026 56812.2778±0.0026
Kd [m s−1] 0.29+0.34

−0.18 [<0.43 (68.3th perc.)] 0.31+0.35
−0.20 [<0.47 (68.3th perc.)]

Pd [days] 44.55764±0.00042 44.55766±0.00043
T0,d [BJD-2 400 000] 56826.2248±0.0037 56826.2247±0.0038

Planetary radii (a)

Rp,b (R⊕) 2.29±0.23
Rp,c (R⊕) 1.77±0.18
Rp,d (R⊕) 1.65±0.17

Quantities derived from RVs (b)

Mp,b (M⊕) 6.6±1.1 7.0±1.0
Mp,c (M⊕) 3.1+1.3

−1.2 3.2+1.2
−1.1

Mp,d (M⊕) 1.2+1.4
−0.7 [<1.8 (68.3th perc.)] 1.3+1.5

−0.8 [<1.9 (68.3th perc.)]
2.7+1.2
−0.8 (see Sect. 5.1)

ρp,b [g cm−3] 3.0+1.3
−0.9 3.2+1.3

−0.9

ρp,c [g cm−3] 3.1+1.9
−1.3 3.2+1.8

−1.3

ρp,d [g cm−3] 1.6+2.1
−1.0 [<2.4 (68.3th perc.)] 1.6+2.1

−1.0

3.1+2.0
−1.2 (see Sect. 5.1)

ap,b [AU] 0.0777+0.0024
−0.0026

ap,c [AU] 0.1413+0.0044
−0.0047

ap,d [AU] 0.2097+0.0065
−0.0070

Notes. (a) Radii are derived using our estimate for the stellar radius, R=0.60±0.06 R�, and the ratios Rplanet/Rstar derived by Beichman et al. (2016)
from K2 and Spitzer data. (b) Derived quantities from the posterior distributions. We used the following equations (assuming Ms + mp � Ms):

mpsin i � (Kp · M
2
3

s ·
√

1 − e2 · P
1
3
p )/(2πG)

1
3 ; a � [(Ms ·G)

1
3 · P

2
3
p ]/(2π)

2
3 , where G is the gravitational constant.
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Fig. 8. First row: TERRA RV residuals, after removing our best-fit stellar component, phase-folded to the three planetary solutions found for the
quasi-periodic GP model (represented by a red curve). Second row: Histograms of the number of data divided in bins of phase are represented,
showing a fairly uniform coverage for each planet.

Fig. 9. Stellar signal contribution to the TERRA RV times series, for
each observing season, as fitted with our GP quasi-periodic model (Ta-
ble 3). The blue line indicates the best-fit curve, while the shaded grey
area represents the ±1σ confidence interval.

Why is the characterization of this system so challenging,
despite the large dataset we have collected with two world-class
spectrographs? Can we rule out a rocky composition for K2-3 d?

Fig. 10. TERRA RV residuals, after removing the planetary and stellar
activity signals, as fitted within a GP quasi-periodic framework (Table
3).

To provide answers to these questions we performed simulations
to investigate the impact of the observing sampling, stellar activ-
ity, and internal RV uncertainties on our ability to retrieve masses
for the K2-3 planets.
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5.1. Simulations using real epochs

We ran a first set of simulations based on the real epochs of our
observations with the objective to improve the estimate of K2-
3 d’s mass, for which we could provide only an upper limit, and
to assess the robustness of our result for K2-3 c’s mass, despite
its low significance. First, we adopted our best-fit values of the
GP hyperparameters (TERRA dataset) to generate the stellar ac-
tivity RV signal. We then injected planetary signals (circular or-
bits) with semi-amplitudes Kb=2.7 m s−1, Kc=0.95 m s−1, and
Kd=1 m s−1, and the known periods and times of transit (Table
3) into the simulated activity signal. We refer to the dataset built
in this way as the exact solution. While the simulated Doppler
semi-amplitudes for K2-3 b and K2-3 c are those we derived
from real data, for K2-3 d we assumed a value corresponding ap-
proximately to a purely rocky composition, given the measured
radius12.

We then created N=156 mock RV time series13. Each dataset
was obtained by randomly drawing RV values normally dis-
tributed around the exact solution, where σ2

RV(t) + σ2
jit,instr was

used as the variance of the normal distributions at each epoch.
We analysed each synthetic dataset following the same proce-
dure as for the real data (Section 4.2) and recorded the best-fit
values of the free parameters once the MCMC chains reached
convergence.

Results from these simulations depend on the actual proper-
ties of the stellar activity observed during our campaign. More
complex simulations to explore in detail the effects of the stellar
activity could also be carried out, where each hyperparameter
is randomly drawn within the uncertainties while keeping the
others fixed. However, such simulations, which would require a
large number of mock datasets (i.e. thousands) and a correspond-
ingly huge amount of computational time, are beyond the scope
of this paper. Thus, our simulations do not explore the possibil-
ity that the non-detection is due to the proximity of the stellar
rotation period θ to the orbital period of K2-3 d, which could be
a limiting factor (Vanderburg et al. 2016b). We note that the am-
plitude h of the stellar activity term is precisely known (∼ 10σ,
Tab. 3), so we expect that drawing values from the posterior dis-
tribution of this hyperparameter would not significantly change
the results of our simulations.

Analysis framework. For each ith simulated dataset we de-
rive a posterior distribution for the Doppler semi-amplitudes of
planets c and d that we call Kp,i, where p=(c, d). Each semi-
amplitude is characterized by a median value Kmed

p,i and upper
and lower uncertaintiesσ+

p,i andσ−p,i (as derived from the 16th and
84th percentiles). We then calculate the median recovered semi-
amplitude Kmed

p,N of all the Kmed
p,i . We compare the median recov-

ered semi-amplitude Kmed
p,N with the injected value Kp,inj to draw

conclusions about the results obtained for the real RV dataset.
For K2-3 d, we define the ratio rd,i=(Kd,inj-Kmed

d,i )/σ+
d,i to mea-

sure the discrepancy between the best-fit estimate and the in-
jected value in units of σ+

d,i. The term (Kd,inj-Kmed
d,i ) is weighted

by σ+
d,i to take the skewness of each posterior distribution into

account. By averaging rd,i over the number, N, of simulated
datasets we get the metric rd, that we propose as a way to correct
the measured semi-amplitude Kd,meas using the equation

Kd,real = Kd,meas + rd · σ
+
d,meas, (2)

12 K=1 m s−1corresponds to Mp=4 M⊕.
13 The number of simulations is as large as possible given the compu-
tational expense of a GP analysis on each simulated dataset (up to∼10
hours each).

where Kd,meas andσ+
d,meas come from our best-fit solution (Tab.3).

As an alternative approach, for each marginal distribution
Kd,i we calculate the percentile corresponding to the position of
Kd,inj. We use the median over N of these percentiles to derive an
estimate for Kd,real from the posterior distribution obtained for
the real dataset.

Results for K2-3 c. The distribution of the median values
Kmed

c,i is shown in Fig. 11. The median of this distribution is
Kmed

c,N =0.96+0.27
−0.22 m s−1, where the uncertainties represent the 16th

and 84th percentiles. Looking at the values for σ+
c,i and σ−c,i over

all the marginal posteriors Kc,i, we note that <( σ+
c,i-σ

−
c,i)> = 0.01

m s−1, indicating that the distributions are normal-shaped and
their average is <σ+

c,i> = < σ−c,i> = 0.33 m s−1. These results
show that the injected signal Kc,inj=0.95 m s−1 is well recovered,
and indicate that our estimate of Kc from the real dataset is reli-
able, despite our detection having a significance < 3σ.

Results for K2-3 d. A sample of the N posterior distributions
Kd,i is shown in Fig. 12. The distribution of Kmed

d,i is shown in
Fig. 13. The median of this distribution is Kmed

d,N =0.54+0.18
−0.14 m s−1,

while we get <σ+
d,i>=0.47 m s−1and <σ−d,i>=0.35 m s−1for the

68.3% confidence interval of each distribution. Therefore, the
semi-amplitude Kd is generally underestimated with respect to
Kd,inj. This result is suggestive when compared to what we get for
Kc. As shown in Fig. 8, the phase coverage of our data is uniform
for planet K2-3 c, and fairly uniform for planet K2-3 d. Then, we
would expect two signals with an equal semi-amplitude (here
Kc,inj ' Kd,inj) to be recovered with similar significance in ab-
sence of other hampering factors. For the metric rd we find
rd=0.99 ±0.04, where the error is calculated as RMS[rd,i]/

√
N.

We use this result and our best-fit value for Kd,meas=0.29+0.34
−0.18 to

draw N=10 000 random values for rd and Kd,meas, obtaining a
distribution of N samples for Kd,real from Eq. 2. By taking the
median of this distribution and the 68.3% confidence interval we
get Kd,real=0.63+0.32

−0.18 m s−1. This corresponds to Md,real=2.7+1.2
−0.8

M⊕ and ρd,real=3.1+2.0
−1.2 g cm−3 for the planet mass and density.

Using the second approach mentioned above, we find that Kd,real
corresponds on average at the 83th percentile of the Kd posterior
distribution for the real dataset, that is Kd,real=0.62 m s−1, which
is a result equal to that obtained with the first method.

Our statistical analysis shows that Kd,real is <1 m s−1with 1σ
confidence. This in turn suggests that the planets in the K2-3 sys-
tem may have very similar bulk densities and thus share a similar
composition, although this outcome should be taken with caution
because of the large uncertainties in the masses and densities for
K2-3 c and K2-3 d.

5.2. Role of the observing sampling

We devised new simulations to investigate how the detection sig-
nificance of the signals induced by the planets K2-3 c and K2-3 d
would change by increasing the number of the RV data collected
with HARPS-N and HARPS, still assuming Kd=1 m s−1. We
simulated an intensive observing strategy conducted during the
third season, which has the lowest amount of real data, in a sim-
ilar way as carried out for the high-cadence campaign devised to
detect Proxima b with HARPS (Anglada-Escudé et al. 2016). In
order to keep our simulation realistic, we did not include mock
epochs later than the 2017 observing season because our repre-
sentation of the RV stellar signal cannot be considered predictive
in the far future.
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Fig. 11. Distribution of N=156 median values for the Doppler semi-
amplitude Kc of planet K2-3 c, normalized to the injected value Kc,inj,
as derived from posterior distributions of the N mock RV datasets. This
result refers to the case of real observing epochs.
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Fig. 12. Sample of posterior distributions (grey histograms) for the
Doppler semi-amplitude Kd of planet K2-3 d obtained from the GP re-
gression analysis of the mock RV datasets described in Sect. 5.1. Each
plot shows the marginal distribution for a single mock dataset, and this
is compared to the posterior distribution obtained for the real TERRA
RV dataset, represented by the yellow histogram. The vertical dashed
lines indicate the 50th (green) and 68.3th (black) percentiles for the
posterior distributions of the mock datasets.

We created the mock datasets as described in Section 5.1.
We generated all the epochs suitable for observations during the
2017 observing season in addition to the real epochs. We sim-
ulated only one measurement per night avoiding superposition
with the epochs corresponding to the real observations. Every
random epoch was selected by placing constraints on the Moon
phase illumination and distance from the target (they have to be
<90% and >45◦ , respectively), and on the altitude of the star
above the horizon (airmass<1.7). Using these criteria we got 112
and 100 additional new epochs for HARPS-N and HARPS, re-
spectively. We randomly removed 10% of these epochs at each
simulation run to account for bad weather, thus simulating an
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Fig. 13. Distributions of the 50th percentiles for all the posterior dis-
tributions of the semi-amplitude Kd obtained from 156 mock datasets,
normalized to the injected value Kd,inj. This result refers to the case of
real observing epochs.

optimistic scenario for a feasible follow-up14. The uncertainties
σRV(t) of the mock RV data were randomly drawn from normal
distributions with mean and σ equal to the average and RMS
values of the HARPS-N and HARPS post-upgrade internal er-
rors derived with TERRA. The final mock dataset is obtained by
randomly shifting each data point of the exact solution within the
error bars by a quantity ∆RV(t) drawn from a normal distribution
with mean zero and σ equal to

√
σ2

RV(t) + σ2
jit. An example mock

dataset is show in Fig. 14.
Our final sample is composed of N=97 mock datasets. Also

in this case, we analysed each simulated dataset within the same
GP quasi-periodic framework applied to the real dataset, except
for the σjit terms that were not included as free parameters, and
we analysed the outcomes as described in Sect. 5.1.

Results for K2-3 c. The median and 68.3% confidence
interval of the distribution for the Kc,i semi-amplitudes are
Kc=0.96+0.27

−0.26 m s−1. For the upper and lower uncertainties we
get <( σ+

c,i-σ
−
c,i)> = 0.006 m s−1over all the posterior distribu-

tions, indicating that they are generally normal-shaped. In addi-
tion, <σ+

c,i> = < σ−c,i> = 0.26 m s−1. This result not only con-
firms that the estimate obtained from real data is robust, but also
represents an improvement in the significance of the detection
that is now increased to 3.7σ.

Results for K2-3 d. The median of the Kd,i best-fit values
is now Kd=0.58+0.18

−0.15 m s−1, while <σ+
d,i>=0.40 m s−1and <

σ−d,i>=-0.34 m s−1. This result is not very different from that
presented in Sect. 5.1, and shows that, despite the 190 additional
data to the real dataset, the Doppler signal of K2-3 d is still un-
derestimated and not significantly detected.

6. Discussion and conclusions

This work was focussed on deriving the masses and bulk densi-
ties of the three planets transiting the nearby M dwarf K2-3, us-
ing 329 RV measurements collected with HARPS and HARPS-
N over a period of 2.5 years. We found that stellar activity makes

14 It must be considered that 10% refers to the epochs when K2-3 could
actually be observed, not to all the nights of the third season.
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Fig. 14. Example of a simulated RV dataset used to explore the effects
on the characterization of the K2-3 planets of additional measurements
taken over the 2017 season. The upper plot shows the complete mock
dataset, while only the third season is shown in the second plot, to better
appreciate the intensive simulated sampling.

a significant contribution to the RV variations over the entire
time period. We have also shown that, for the case of K2-3, this
can be effectively mitigated using a GP regression with a quasi-
periodic kernel. The results of our global model describe the
stellar activity component in a plausible way, and this allowed
us to derive a precise and accurate mass estimate for K2-3 b. We
also derive a mass for K2-3 c with a significance of less than 3σ.
However, using simulations, we demonstrate that our estimate is
accurate. Conversely, we do not detect, in our data, the Doppler
signal induced by the temperate planet K2-3 d.

Figure 15 shows a planetary mass-radius diagram that in-
cludes planets for which the mass and radius were both mea-
sured with a relative error better than 30%. Theoretical mass-
radius curves for various chemical compositions (Zeng & Sas-
selov 2013; Zeng et al. 2016) are shown with solid lines. The
precision of the radii of the K2-3 planets is mainly limited by
that of the stellar radius (all the relative uncertainties are ∼ 10%;
see Table 1). One firm outcome of our analysis is that, for K2-
3 b, an Earth-like composition (∼ 33% of iron and ∼ 67% of sili-
cates) is rejected with high confidence; we note that in Fig. 15 the
masses are represented on a logarithmic scale. Concerning K2-
3 c, our mass determination excludes an Earth-like composition
with a confidence level of ∼ 4σ (assuming Rp=1.77 R⊕). The
non-detection of K2-3 d was explored in detail through simula-
tions showing that the real Doppler semi-amplitude Kd is likely
less than 1 m s−1and its corresponding mass is Md = 2.7+1.2

−0.8
M⊕ (Sect. 5). Looking at its position on the mass-radius diagram
as derived from our simulations, the interior composition of K2-
3 d would differ from that of the Earth with a confidence level
greater than 2σ in mass and ∼ 2σ in radius. We note that planets
K2-3 c and K2-3 d occupy a region of the mass-radius diagram
in which planet occurrence is rare, when only planets with mass
and radius measured with a precision better than 30% are con-
sidered.

The corresponding bulk densities of all planets (ρp ∼3 g
cm−3) show that they may have a very similar composition. If
further measurements were to confirm our density estimates, ex-
cluding rocky compositions for K2-3 c and K2-3 d with higher
significance, there are two scenarios that may explain the bulk

properties of the K2-3 planets: water-poor planets with H/He en-
velopes or water worlds.

Several recent studies have investigated the water-poor hy-
pothesis (Lopez 2017; Owen & Wu 2017; Jin & Mordasini 2018;
Van Eylen et al. 2017). Fulton et al. (2017) analysed a sample
of short-period planetary candidates detected by Kepler (P<100
days) and demonstrated that the distribution of planetary radii is
bi-modal: the planet candidates have radii that are predominantly
either ∼ 1.3 R⊕ or ∼ 2.4 R⊕, and a gap is observed between 1.5
and 2 R⊕. The evolutionary model of Owen & Wu (2017) re-
produced the observed bi-modal radius distribution in terms of
two populations of planets: those consisting of a bare core result-
ing from photoevaporation, and those with twice the core radius,
where the size is doubled by a H/He envelopes. The ‘gap’ de-
tected by Fulton et al. (2017) is actually observed for planets
orbiting FGK stars, while the M-dwarf regime was not explored.
However, K2-3 is more similar to the FGK sample than to a late-
M dwarf, and the results from Kepler could still be applicable.
15 Therefore, K2-3 b could have a significant volatile envelope,
large enough to measurably change its radius with respect to that
of a rocky core. The same may be the case for the other two plan-
ets in the K2-3 system, but neither of their radius estimates allow
us to unambiguously associate them with one of the groups.

If all planets share the same composition, their densities can
be explained by modest primordial hydrogen and helium en-
velopes atop Earth-like iron and silicate cores. Using the stellar
and planet properties derived in this work and assuming a rocky
Earth-like core and a solar composition H/He envelope, we find
that K2-3 b, c, d are best fit with H/He envelopes comprising
0.7%, 0.3%, and 0.4% of their masses, respectively (Lopez &
Fortney 2014). Moreover, using the planetary evolution mod-
els of Lopez (2017) we find that none of the planets in this
system are vulnerable to losing significant mass through photo-
evaporative atmospheric escape.

Even though the water-poor scenario has received a great
deal of attention, alternatives should also be considered. Water
worlds are planets having massive water envelopes comprising
≥ 50% of the planet total mass. Recently, bi-modal radius dis-
tributions have been derived for the complete Kepler sample of
Q1-Q17 small exoplanet candidates with radii Rp<4 R⊕ (Zeng
et al. 2017a; Zeng et al. 2017b). These distributions show that the
limits and extent of the radius gap depends on the spectral type
of the host star. One proposed explanation for the observed bi-
modal distributions is the existence of two populations of plan-
ets: rocky worlds, with the lowest radii, and water worlds. The
two populations likely share the same underlying rocky com-
ponent by mass, but differ in the presence of a H2O-dominated
mantle, which is similar to, or slightly more massive than, the
rocky component. According to Zeng et al. (2017b), the radius
gap for an M0 dwarf such as K2-3 is located at 1.6-1.7 R⊕.
Therefore K2-3 b has an observed mass and radius consistent
with that expected for a water world. This could also be the
case for K2-3 c and K2-3 d. However, the accuracy of their radii
places these planets close to the transition limit that defines the
gap, making their water-world membership not highly signifi-
cant.

We therefore conclude that all three planets in the K2-3 sys-
tem are likely sub-Neptunes, defined as small, non-rocky planets

15 An interesting counterexample is represented by planets orbiting
the HZ of the late-M-dwarf TRAPPIST-1, which are thought to har-
bour significant amounts of water (Bourrier et al. 2017), in particular
TRAPPIST-1 f (Quarles et al. 2017), showing the diversity of the possi-
ble scenarios within the M-dwarf class.
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that have enough volatiles to change their bulk composition mea-
surably. Both the H/He gas envelope and water-world scenarios
are possible, particularly for K2-3 b. Based on our data, how-
ever, we cannot rule out that K2-3 c and K2-3 d have bare cores
of purely rocky, Earth-like composition.

Within the H/He envelope scenario, planets likely formed
within the first ∼10 Myr before the dispersion of the gaseous
proto-planetary disk. These water-poor planets could have
formed in situ, and their similar masses would suggest similar
formation histories (Lee & Chiang 2015, 2016). On the other
hand, following Ginzburg et al. (2016) one may expect that the
planets, during the cooling phase that follows their formation be-
yond the snow line (e.g. Selsis et al. 2007), were characterized
by an intrinsic luminosity that could blow off, over a billion year
timescale, any H/He envelope less than about ∼ 5% by mass.
Since a H2O-layer has a much higher heat capacity than a H/He
envelope, this evolutionary pathway could result in water worlds.

If K2-3 d is surrounded by a gaseous envelope, with the prop-
erties estimated here, this would likely result in surface pressure
and temperatures that are too high to support a habitable planet
scenario. A better characterization of K2-3 c and K2-3 d is left
to the next generation of high-precision, high-stability spectro-
graphs and to new photometric transit observations. We have
shown that an intensive observing sampling over one season with
two of the best spectrographs now available would still not have
detected a signal with K=1 m s−1and a period P=44.5 days. As-
suming that our GP result is a good representation of the stellar
activity contribution, this means that the true mass of K2-3 d is
expected to remain unmeasurable even with a dataset of more
than 500 RVs, which is currently not possible for a single target
and without a collaboration among various teams. Thus, detect-
ing the real signal induced by K2-3 d is currently very challeng-
ing. K2-3 is, however, an ideal target for characterization stud-
ies with the VLT/ESPRESSO spectrograph (Pepe et al. 2014),
or with near-infrared (NIR) spectrographs such as CARMENES
(Quirrenbach et al. 2016), SPIRou (Artigau et al. 2014), and HPF
(Mahadevan et al. 2014), provided that they reach their design
RV precision and assuming, as expected, that RVs extracted from
NIR spectra are less affected by stellar activity.
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Fig. 15. Mass-radius diagram for exoplanets
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Table 4. Radial velocities of K2-3 measured with the HARPS-N spectrograph and extracted with the pipeline TERRA. Our calculated offset has
not been applied to the data.

TERRA, HARPS-N
Time [BJD-2 400 000] RV [ m s−1] σRV[ m s−1]

57044.649991 3.50 1.65
57044.671509 -0.32 1.78
57045.642280 -4.79 2.13
57045.664076 -0.51 1.56
57046.645911 -5.49 2.06
57046.667163 -3.06 1.49
57047.741620 -5.07 2.46
57047.763983 -4.13 2.19
57048.632799 0.36 2.48
57048.654884 0.33 3.10
57050.618779 0.18 1.88
57051.685904 4.06 1.55
57051.703209 -1.73 1.97
57053.656112 12.67 2.81
57053.673972 5.58 2.28
57054.694562 5.48 1.12
57054.715721 2.49 1.31
57068.667580 -0.55 4.66
57068.688588 -5.12 3.39
57069.655080 1.74 2.22
57070.588201 -5.29 3.39
57070.609406 6.47 2.26
57070.629684 -0.58 2.21
57074.710061 -1.45 2.61
57074.730652 -2.38 3.37
57095.480023 5.33 1.36
57095.500891 3.40 1.92
57097.496171 12.07 3.76
57097.517456 8.31 2.95
57099.504881 8.00 2.53
57099.527694 2.01 2.51
57106.481766 -2.29 2.02
57106.603223 -1.76 2.25
57107.451923 -3.48 1.85
57107.636040 -3.17 2.08
57108.465608 -3.37 2.34
57108.485029 -4.72 1.88
57109.561292 0.71 2.54
57109.583294 8.28 2.93
57112.563350 -1.19 3.60
57117.493514 -3.88 1.39
57117.514983 -2.45 1.46
57118.522563 -2.68 1.63
57118.543651 -5.20 1.45
57121.535226 2.41 1.25
57121.555897 3.29 1.26
57122.535023 6.99 1.26
57122.556203 6.96 1.42
57123.561611 5.99 2.18
57123.581795 3.19 2.17
57124.366865 3.60 1.63
57125.599262 -1.54 1.31
57125.620129 -14.55 2.74
57137.563302 0.97 1.53
57137.583775 3.90 2.29
57139.435079 1.12 1.38
57139.455414 1.57 1.36
57140.535967 4.62 2.72
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Table 4. Continued.

TERRA, HARPS-N
Time [BJD-2 400 000] RV [ m s−1] σRV[ m s−1]
57140.555618 -1.23 2.50
57145.458471 -2.74 2.58
57145.481339 -0.92 4.25
57146.546169 -2.24 2.26
57146.566862 0.26 2.49
57147.422481 -5.44 1.55
57147.443926 -1.06 1.96
57148.481174 -5.51 1.78
57148.503036 -4.71 1.67
57153.461502 2.11 1.79
57153.482611 0.37 2.09
57156.459658 -0.13 5.13
57156.481219 -6.43 4.64
57159.446940 2.79 1.45
57159.468095 0.06 1.47
57160.464121 3.47 1.36
57160.484732 -1.84 1.46
57161.441165 -1.76 1.62
57161.462922 0.41 1.78
57172.427469 4.81 1.52
57173.404599 6.94 1.89
57173.426576 -0.83 2.45
57175.396517 4.43 1.33
57175.417175 5.77 1.19
57176.402567 3.12 1.46
57176.422426 3.06 1.65
57177.416347 -1.13 1.27
57177.437202 0.04 1.13
57178.398927 -6.25 2.11
57178.419376 -0.67 2.04
57180.392334 1.82 1.70
57180.413756 -0.96 2.50
57181.405952 -1.97 1.35
57181.427211 -4.27 1.30
57182.396400 -2.67 1.68
57182.418863 -5.98 1.52
57185.395483 -2.08 1.32
57185.417055 -4.79 1.36
57186.392620 -7.18 2.48
57188.396440 -3.22 1.39
57189.397060 0.38 2.23
57189.417649 -1.38 2.25
57190.393271 -4.93 2.43
57190.412540 -0.62 2.44
57191.393949 2.25 1.22
57191.415278 0.72 1.31
57192.394777 1.66 1.43
57192.415609 -2.28 1.14
57193.397724 2.34 1.23
57193.418497 2.91 1.27
57203.389379 2.96 2.08
57204.392329 -2.72 3.03
57379.717955 -5.41 1.33
57379.739218 -5.96 1.08
57380.733114 -6.62 1.63
57380.754620 -3.45 1.75
57381.760484 -0.38 2.50
57381.781389 0.66 2.78
57384.724029 3.06 1.66
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Table 4. Continued.

TERRA, HARPS-N
Time [BJD-2 400 000] RV [ m s−1] σRV[ m s−1]
57384.744124 2.79 1.79
57385.723526 -1.99 1.66
57385.742683 -2.34 1.85
57390.708429 -0.95 1.99
57390.730295 -0.51 1.25
57391.692007 3.28 1.63
57391.762164 6.45 1.90
57407.658602 -7.06 1.63
57408.611562 -7.25 1.48
57408.632304 -6.63 1.88
57421.691886 2.35 2.43
57421.712674 -3.17 2.14
57422.716906 1.87 1.90
57422.736409 2.88 1.35
57432.606553 2.94 1.66
57432.627422 1.56 1.73
57433.699627 2.25 1.62
57433.720126 0.95 2.16
57445.575522 -3.92 1.78
57445.596310 -0.51 2.26
57458.553460 -2.16 1.98
57458.573923 2.44 1.81
57459.574762 5.26 3.07
57459.595757 -1.87 3.36
57460.660842 2.31 2.02
57460.681502 1.78 1.89
57461.618923 1.13 1.24
57461.640659 3.79 1.44
57462.653727 2.27 1.48
57462.674953 2.71 1.88
57463.698621 5.68 2.11
57472.549285 -0.94 2.64
57472.571021 1.86 2.28
57475.531830 4.54 2.04
57475.550174 3.35 1.76
57501.504378 6.50 1.40
57501.526217 5.02 1.54
57513.455593 1.23 1.57
57513.476899 2.65 2.02
57521.431926 2.25 1.63
57521.453082 3.58 1.58
57522.445383 4.31 1.98
57522.466782 8.61 1.72
57526.427484 -1.93 1.83
57526.448107 3.37 1.80
57527.442684 -6.71 3.46
57527.464905 -1.87 2.36
57528.460488 -0.57 1.83
57528.482558 -3.91 2.05
57529.442704 -2.57 1.44
57529.464947 -6.80 1.54
57531.405675 -6.06 2.15
57531.474246 -8.36 3.25
57549.415279 5.01 1.53
57549.436388 0.45 1.92
57550.403122 5.31 1.90
57550.423884 0.03 2.43
57558.393432 -0.93 1.94
57559.393555 -3.19 3.05
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Table 4. Continued.

TERRA, HARPS-N
Time [BJD-2 400 000] RV [ m s−1] σRV[ m s−1]
57560.393423 -2.18 1.68
57565.393288 5.82 1.48
57834.643053 2.74 2.21
57856.455870 -0.25 1.63
57857.537578 1.58 1.85
57860.467950 2.29 2.09
57861.492501 0.36 2.17
57862.485479 -3.05 1.41
57863.482240 4.05 1.66
57865.481464 10.12 1.50
57890.425100 -1.74 3.12
57893.482379 -5.72 1.71
57894.438278 -1.45 1.20
57895.431592 2.07 1.99
57896.406295 -0.38 1.52
57915.389452 3.44 1.91
57916.390489 3.16 1.40
57929.405255 -3.86 4.61
57930.391445 0.05 4.52
57937.389395 0.74 2.15
57942.389273 0.00 2.05



A&A–32459_Damasso_final, Online Material p 20

Table 5. Radial velocities of K2-3 measured with the HARPS spectrograph and extracted with the pipeline TERRA. Our calculated offset has
not been applied to the data. Radial velocities starting from epoch BJD 2 457 199 were collected after the upgrade of the instrument (see text for
details). Pre- and post- upgrade datasets are divided by a dashed line.

TERRA, HARPS
Time [BJD-2 400 000] RV [ m s−1] σRV[ m s−1]

57045.795776 -3.98 1.60
57045.816981 -1.39 1.72
57046.785448 -2.48 1.54
57046.865234 0.62 1.64
57047.761529 -0.87 2.41
57047.881539 -0.23 1.66
57048.787741 5.83 2.28
57048.884890 -0.96 1.74
57049.786450 -0.25 2.19
57049.881769 -1.06 1.76
57050.806327 5.19 1.79
57051.741719 1.11 2.55
57051.862734 0.37 3.27
57052.740065 5.99 2.21
57052.870155 4.73 2.36
57053.720306 8.19 3.13
57053.841750 7.80 2.25
57054.727180 1.03 2.86
57054.854087 -1.50 2.03
57055.709838 -0.19 2.54
57055.846433 -3.04 2.13
57062.713162 3.12 1.99
57062.733973 2.34 1.73
57063.753092 -2.07 1.84
57064.748274 -3.71 2.04
57064.796239 -2.33 2.20
57065.762656 -5.94 2.23
57065.807820 -8.33 2.23
57066.751931 -8.28 3.38
57066.853522 -9.72 2.17
57075.700364 -0.28 2.93
57075.864582 0.19 2.13
57076.694658 -1.25 2.48
57076.841851 2.76 1.56
57077.687319 -6.06 2.57
57077.852660 -2.65 2.32
57078.702537 5.14 2.22
57078.865482 0.26 2.07
57079.661385 -0.20 2.74
57079.839990 10.22 2.42
57080.867369 0.23 3.07
57082.773669 3.20 2.33
57085.773295 -3.83 1.57
57085.810298 -0.80 1.41
57100.614169 6.94 3.04
57100.822420 1.72 2.22
57101.660042 11.10 2.89
57101.805087 6.68 2.85
57104.607546 -0.74 2.65
57117.543836 3.01 2.32
57135.517340 0.00 1.93
57135.673963 5.67 1.62
57136.486899 2.14 2.15
57137.518119 7.84 2.26
57137.679348 2.56 2.20
57138.523321 4.37 2.25
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Table 5. Continued.

TERRA, HARPS
Time [BJD-2 400 000] RV [ m s−1] σRV[ m s−1]

57138.676714 5.47 2.91
57139.518338 -5.92 2.32
57139.679473 0.91 2.37
57146.549907 -2.54 1.48
57146.668220 -2.71 2.79
57148.541552 -5.86 2.44
57148.662503 -5.01 2.20

57199.534850 -4.39 2.28
57200.532648 5.15 1.53
57203.533463 -3.95 2.58
57204.524839 2.91 1.74
57212.518050 -1.09 5.88
57417.763737 1.04 2.01
57418.760520 -4.30 1.74
57420.769568 0.96 1.22
57421.771081 5.34 1.17
57422.757499 5.88 1.63
57423.765919 7.28 1.39
57424.744555 6.40 1.10
57425.771411 1.64 1.52
57446.681653 -0.29 1.70
57447.655220 -4.55 2.08
57448.642385 -7.11 1.90
57449.652442 -10.95 2.21
57450.629604 -4.46 2.36
57451.623616 -1.04 1.71
57452.672906 2.45 1.46
57453.679993 4.07 1.01
57456.668734 5.45 1.91
57457.659345 1.55 1.87
57458.637685 2.95 2.07
57470.749511 -3.63 2.49
57473.648513 8.24 2.03
57474.681420 5.78 1.77
57475.676063 5.65 2.48
57476.640485 0.89 1.98
57477.638226 -4.21 1.55
57478.605920 -6.59 7.03
57479.704361 -6.29 1.99
57486.637766 -0.87 2.01
57487.595944 -0.59 1.76
57488.647624 -1.36 1.95
57536.605313 -2.03 2.27
57567.540607 1.60 1.84
57568.523500 -5.32 1.95
57577.482278 -9.92 2.84
57585.484531 -4.76 2.89
57787.801934 5.72 1.88
57789.825105 2.07 1.58
57790.861464 2.09 1.46
57791.826521 -1.88 2.72
57792.796970 2.73 2.05
57802.723273 -2.28 1.51
57803.679273 2.72 1.97
57810.745201 -3.31 1.76
57815.821981 -7.51 1.70
57817.812353 -1.78 2.00
57830.635356 1.52 1.81
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Table 5. Continued.

TERRA, HARPS
Time [BJD-2 400 000] RV [ m s−1] σRV[ m s−1]

57831.646183 -1.77 1.75
57832.602784 6.20 2.44
57834.612891 0.93 1.77
57835.574152 5.89 2.28
57836.603500 9.13 2.06
57838.670340 2.04 1.80
57840.650195 -5.57 2.01
57844.649295 0.69 1.74
57846.733074 -2.00 2.56
57847.716965 0.08 1.86
57848.730622 -2.70 1.83
57849.580105 0.57 1.78
57855.715071 -4.61 2.56
57872.574584 -6.13 1.99
57876.510774 0.89 1.65
57922.500160 -4.92 1.88
57923.501914 -1.62 2.08
57937.513504 0.00 2.20
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Table 6. Radial velocities of K2-3 measured with the HARPS-N spectrograph and extracted with the the alternative pipeline described in Astudillo-
Defru et al. 2015, 2017. Our calculated offset has not been applied to the data.

Alternative pipeline, HARPS-N
Time [BJD-2 400 000] RV [ km s−1] σRV[ km s−1]

57044.649991 30153.13 2.19
57044.671509 30148.41 1.96
57045.642280 30145.01 2.47
57045.664076 30149.45 2.41
57046.645911 30145.82 2.48
57046.667163 30145.75 1.90
57047.741620 30144.45 3.06
57047.763983 30143.92 2.82
57048.632799 30150.61 3.46
57048.654884 30146.12 3.54
57050.618779 30148.95 2.68
57051.685904 30154.00 2.13
57051.703209 30147.35 2.67
57053.656112 30159.16 3.41
57053.673972 30153.85 2.97
57054.694562 30154.72 1.78
57054.715721 30152.00 1.65
57068.667580 30147.19 4.57
57068.688588 30141.72 4.65
57069.655080 30151.04 2.80
57070.588201 30143.68 3.84
57070.609406 30154.57 2.82
57070.629684 30148.25 2.59
57074.710061 30146.55 3.39
57074.730652 30146.86 3.95
57095.480023 30155.70 1.85
57095.500891 30153.64 1.91
57097.496171 30163.26 3.97
57097.517456 30158.81 3.20
57099.504881 30155.47 2.30
57099.527694 30151.69 2.39
57106.481766 30146.13 2.75
57106.603223 30145.56 2.88
57107.451923 30145.85 1.97
57107.636040 30144.54 2.39
57108.465608 30148.40 2.91
57108.485029 30145.09 2.09
57109.561292 30150.05 3.24
57109.583294 30152.19 3.21
57112.563350 30150.48 4.00
57117.493514 30145.24 1.55
57117.514983 30147.08 1.46
57118.522563 30148.71 1.84
57118.543651 30143.92 1.80
57121.535226 30152.61 1.47
57121.555897 30152.51 1.45
57122.535023 30154.96 1.47
57122.556203 30155.17 1.54
57123.561611 30154.28 2.13
57123.581795 30151.60 2.57
57124.366865 30151.06 2.18
57125.599262 30146.57 1.61
57125.620129 30134.79 3.31
57137.563302 30150.84 1.81
57137.583775 30152.87 2.18
57139.435079 30152.46 1.80
57139.455414 30150.00 1.65
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Table 6. Continued.

Alternative pipeline, HARPS-N
Time [BJD-2 400 000] RV [ m s−1] σRV[ m s−1]
57140.535967 30154.97 2.84
57140.555618 30150.99 2.62
57145.458471 30147.14 2.65
57145.481339 30154.71 3.99
57146.546169 30146.03 2.72
57146.566862 30146.43 2.55
57147.422481 30144.36 1.68
57147.443926 30147.69 2.08
57148.481174 30142.84 2.14
57148.503036 30144.22 2.06
57153.461502 30150.05 1.98
57153.482611 30152.03 2.23
57156.459658 30146.76 4.18
57156.481219 30144.85 4.63
57159.446940 30151.69 1.79
57159.468095 30149.48 1.79
57160.464121 30151.44 1.63
57160.484732 30147.83 1.57
57161.441165 30147.88 1.74
57161.462922 30152.65 2.35
57172.427469 30154.69 1.80
57173.404599 30154.64 2.50
57173.426576 30147.93 2.99
57175.396517 30154.46 1.57
57175.417175 30155.70 1.52
57176.402567 30153.72 1.78
57176.422426 30152.73 1.89
57177.416347 30148.06 1.66
57177.437202 30149.22 1.57
57178.398927 30143.56 2.52
57178.419376 30147.79 2.47
57180.392334 30149.71 2.61
57180.413756 30148.32 2.85
57181.405952 30147.08 1.50
57181.427211 30146.35 1.47
57182.396400 30146.46 1.96
57182.418863 30144.73 2.16
57185.395483 30148.07 1.59
57185.417055 30146.63 1.66
57186.392620 30140.59 2.20
57188.396440 30145.66 1.45
57189.397060 30146.45 2.51
57189.417649 30148.01 3.02
57190.393271 30144.85 2.81
57190.412540 30148.09 3.03
57191.393949 30151.75 1.42
57191.415278 30150.67 1.39
57192.394777 30150.17 1.60
57192.415609 30148.42 1.53
57193.397724 30153.39 1.45
57193.418497 30150.99 1.49
57203.389379 30152.52 2.42
57204.392329 30147.93 2.93
57379.717955 30144.07 1.56
57379.739218 30144.29 1.65
57380.733114 30142.15 1.79
57380.754620 30146.89 1.84
57381.760484 30150.39 2.86
57381.781389 30147.87 3.26
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Table 6. Continued.

Alternative pipeline, HARPS-N
Time [BJD-2 400 000] RV [ m s−1] σRV[ m s−1]
57384.724029 30151.63 1.97
57384.744124 30151.76 2.09
57385.723526 30148.11 2.08
57385.742683 30146.57 1.96
57390.708429 30146.82 2.19
57390.730295 30146.38 1.95
57391.692007 30151.45 2.36
57391.762164 30154.89 2.00
57407.658602 30141.08 1.86
57408.611562 30140.58 2.09
57408.632304 30139.23 2.43
57421.691886 30148.77 2.94
57421.712674 30147.61 2.51
57422.716906 30150.90 1.82
57422.736409 30151.84 1.60
57432.606553 30150.80 1.97
57432.627422 30150.26 2.11
57433.699627 30151.35 2.10
57433.720126 30148.67 2.50
57445.575522 30146.25 2.47
57445.596310 30149.14 2.70
57458.553460 30148.11 1.92
57458.573923 30153.12 1.90
57459.574762 30159.93 3.96
57459.595757 30145.14 4.14
57460.660842 30151.52 2.04
57460.681502 30152.10 2.20
57461.618923 30150.42 1.57
57461.640659 30153.24 1.52
57462.653727 30151.50 1.81
57462.674953 30150.82 2.14
57463.698621 30155.01 2.56
57472.549285 30147.89 2.67
57472.571021 30153.43 2.89
57475.531830 30153.04 2.41
57475.550174 30154.33 2.43
57501.504378 30157.67 1.91
57501.526217 30155.73 1.87
57513.455593 30150.33 1.93
57513.476899 30150.14 2.04
57521.431926 30150.87 1.97
57521.453082 30151.16 1.87
57522.445383 30153.73 2.29
57522.466782 30157.90 2.35
57526.427484 30148.02 2.49
57526.448107 30150.58 2.47
57527.442684 30145.20 3.10
57527.464905 30148.43 2.82
57528.460488 30148.49 2.18
57528.482558 30146.37 2.21
57529.442704 30145.08 1.77
57529.464947 30141.82 1.84
57531.405675 30143.22 2.39
57531.474246 30142.47 3.40
57549.415279 30152.34 2.01
57549.436388 30148.11 2.18
57550.403122 30152.55 2.25
57550.423884 30150.40 2.46
57558.393432 30147.16 2.35
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Table 6. Continued.

Alternative pipeline, HARPS-N
Time [BJD-2 400 000] RV [ m s−1] σRV[ m s−1]
57559.393555 30146.06 2.86
57560.393423 30148.43 2.21
57565.393288 30154.78 2.13
57834.643053 30151.59 2.46
57856.455870 30147.37 1.98
57857.537578 30151.23 1.92
57860.467950 30149.50 2.55
57861.492501 30148.42 2.13
57862.485479 30148.13 1.73
57863.482240 30154.08 1.63
57865.481464 30161.22 1.68
57890.425100 30148.65 3.57
57893.482379 30144.49 1.70
57894.438278 30148.00 1.47
57895.431592 30150.82 2.23
57896.406295 30149.49 1.76
57915.389452 30154.10 2.06
57916.390489 30154.23 1.69
57929.405255 30148.58 3.65
57930.391445 30150.26 3.55
57937.389395 30152.16 2.21
57942.389273 30151.89 2.17
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Table 7. Radial velocities of K2-3 measured with the HARPS spectrograph and extracted with the alternative pipeline described in Astudillo-Defru
et al. 2015, 2017. Our calculated offset has not been applied to the data. Radial velocities starting from epoch BJD 2 457 199 were collected after
the upgrade of the instrument (see text for details). Pre- and post- upgrade datasets are divided by a dashed line.

Alternative pipeline, HARPS
Time [BJD-2 400 000] RV [ m s−1] σRV[ m s−1]

57045.795776 30476.62 2.03
57045.816981 30476.61 1.91
57046.785448 30479.58 1.93
57046.865234 30481.97 1.94
57047.761529 30481.03 2.42
57047.881539 30479.23 1.94
57048.787741 30484.96 2.68
57048.884890 30477.64 2.18
57049.786450 30481.85 2.75
57049.881769 30479.51 2.02
57050.806327 30487.23 2.18
57051.741719 30481.14 2.83
57051.862734 30482.23 3.14
57052.740065 30487.55 2.27
57052.870155 30489.66 2.33
57053.720306 30490.89 3.11
57053.841750 30486.36 2.44
57054.727180 30481.40 3.02
57054.854087 30477.67 2.40
57055.709838 30477.63 2.74
57055.846433 30479.04 2.16
57062.713162 30483.63 1.88
57062.733973 30479.12 1.80
57063.753092 30476.31 2.36
57064.748274 30474.97 2.34
57064.796239 30474.88 2.29
57065.762656 30469.35 2.37
57065.807820 30470.71 2.49
57066.751931 30466.78 3.02
57066.853522 30469.49 2.52
57075.700364 30476.17 2.81
57075.864582 30481.05 2.41
57076.694658 30474.36 2.49
57076.841851 30483.13 1.82
57077.687319 30473.40 2.57
57077.852660 30475.17 2.85
57078.702537 30485.73 2.36
57078.865482 30478.55 2.13
57079.661385 30483.69 3.19
57079.839990 30482.74 2.52
57080.867369 30480.00 3.29
57082.773669 30480.44 2.52
57085.773295 30474.73 2.08
57085.810298 30478.81 2.00
57100.614169 30485.34 2.74
57100.822420 30481.67 2.51
57101.660042 30489.30 2.81
57101.805087 30484.78 2.83
57104.607546 30474.23 2.93
57117.543836 30483.07 2.70
57135.517340 30481.67 2.02
57135.673963 30487.86 1.74
57136.486899 30485.94 2.02
57137.518119 30489.59 2.66
57137.679348 30484.16 2.25
57138.523321 30484.96 2.46
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Table 7. Continued.

Alternative pipeline, HARPS
Time [BJD-2 400 000] RV [ m s−1] σRV[ m s−1]

57138.676714 30487.90 2.54
57139.518338 30477.68 2.40
57139.679473 30481.38 2.36
57146.549907 30477.23 1.61
57146.668220 30473.64 2.83
57148.541552 30472.12 2.50
57148.662503 30473.40 2.76

57199.534850 30474.88 2.58
57200.532648 30483.41 2.00
57203.533463 30474.52 2.55
57204.524839 30481.38 1.92
57212.518050 30483.31 5.36
57417.763737 30482.42 2.13
57418.760520 30475.81 2.08
57420.769568 30480.75 1.55
57421.771081 30484.40 1.39
57422.757499 30484.07 1.73
57423.765919 30486.24 1.65
57424.744555 30484.02 1.66
57425.771411 30481.98 1.77
57446.681653 30479.02 1.65
57447.655220 30475.70 2.25
57448.642385 30472.10 2.25
57449.652442 30469.34 2.55
57450.629604 30476.22 2.29
57451.623616 30476.07 2.01
57452.672906 30483.14 1.67
57453.679993 30484.76 1.36
57456.668734 30483.99 1.99
57457.659345 30481.70 2.39
57458.637685 30480.66 2.07
57470.749511 30478.50 2.56
57473.648513 30487.00 2.36
57474.681420 30481.65 1.81
57475.676063 30483.72 2.67
57476.640485 30475.97 2.09
57477.638226 30476.51 1.81
57478.605920 30478.92 5.42
57479.704361 30474.54 2.10
57486.637766 30479.32 2.21
57487.595944 30476.71 1.86
57488.647624 30478.34 1.89
57536.605313 30477.74 2.54
57567.540607 30478.04 2.48
57568.523500 30475.48 3.06
57577.482278 30470.96 2.56
57585.484531 30474.15 2.80
57787.801934 30484.49 2.51
57789.825105 30481.02 2.13
57790.861464 30479.09 1.88
57791.826521 30478.05 2.69
57792.796970 30480.12 2.88
57802.723273 30478.14 1.83
57803.679273 30482.28 2.20
57810.745201 30475.74 2.01
57815.821981 30473.43 1.79
57817.812353 30479.95 2.43
57830.635356 30479.79 1.95
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Table 7. Continued.

Alternative pipeline, HARPS
Time [BJD-2 400 000] RV [ m s−1] σRV[ m s−1]

57831.646183 30477.76 2.16
57832.602784 30485.51 2.65
57834.612891 30479.53 2.36
57835.574152 30485.29 2.78
57836.603500 30488.29 2.60
57838.670340 30479.53 1.99
57840.650195 30474.78 2.19
57844.649295 30481.22 2.20
57846.733074 30478.47 2.61
57847.716965 30478.38 2.17
57848.730622 30475.29 2.02
57849.580105 30479.28 2.40
57855.715071 30475.03 3.25
57872.574584 30471.06 2.53
57876.510774 30479.25 2.34
57922.500160 30475.29 2.99
57923.501914 30477.98 2.61
57937.513504 30478.42 3.40
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Table 8. Time series of activity indicator based on the Hα spectral line as derived from HARPS and HARPS-N spectra of the star K2-3.

Time [BJD-2 400 000] Hα index Hα index error

57044.649991 0.05636 0.00019
57044.671509 0.05638 0.00017
57045.642280 0.05666 0.00022
57045.664076 0.05662 0.00022
57045.795776 0.05665 0.00016
57045.816981 0.05630 0.00015
57046.645911 0.05675 0.00021
57046.667163 0.05646 0.00017
57046.785448 0.05651 0.00015
57046.865234 0.05659 0.00015
57047.741620 0.05704 0.00027
57047.761529 0.05693 0.00019
57047.763983 0.05757 0.00025
57047.881539 0.05571 0.00016
57048.632799 0.05661 0.00030
57048.654884 0.05613 0.00030
57048.787741 0.05627 0.00021
57048.884890 0.05575 0.00017
57049.786450 0.05693 0.00022
57049.881769 0.05664 0.00016
57050.618779 0.05654 0.00023
57050.806327 0.05629 0.00017
57051.685904 0.05624 0.00020
57051.703209 0.05632 0.00024
57051.741719 0.05613 0.00022
57051.862734 0.05667 0.00025
57052.740065 0.05573 0.00018
57052.870155 0.05624 0.00019
57053.656112 0.05619 0.00030
57053.673972 0.05627 0.00027
57053.720306 0.05621 0.00024
57053.841750 0.05631 0.00020
57054.694562 0.05657 0.00017
57054.715721 0.05610 0.00016
57054.727180 0.05625 0.00023
57054.854087 0.05675 0.00020
57055.709838 0.05548 0.00021
57055.846433 0.05616 0.00017
57062.713162 0.05604 0.00015
57062.733973 0.05595 0.00014
57063.753092 0.05656 0.00018
57064.748274 0.05638 0.00018
57064.796239 0.05628 0.00018
57065.762656 0.05724 0.00019
57065.807820 0.05632 0.00020
57066.751931 0.05656 0.00023
57066.853522 0.05709 0.00020
57068.667580 0.05639 0.00039
57068.688588 0.05667 0.00040
57069.655080 0.05629 0.00025
57070.588201 0.05645 0.00033
57070.609406 0.05624 0.00025
57070.629684 0.05683 0.00024
57074.710061 0.05643 0.00030
57074.730652 0.05600 0.00034
57075.700364 0.05863 0.00022
57075.864582 0.05593 0.00018
57076.694658 0.05634 0.00019
57076.841851 0.05637 0.00015
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Table 8. Continued.

Time [BJD-2 400 000] Hα index Hα index error

57077.687319 0.05591 0.00020
57077.852660 0.05564 0.00022
57078.702537 0.05741 0.00019
57078.865482 0.05579 0.00016
57079.661385 0.05639 0.00025
57079.839990 0.05569 0.00019
57080.867369 0.05610 0.00025
57082.773669 0.05641 0.00020
57085.773295 0.05587 0.00016
57085.810298 0.05575 0.00016
57095.480023 0.05627 0.00017
57095.500891 0.05622 0.00017
57097.496171 0.05558 0.00036
57097.517456 0.05639 0.00031
57099.504881 0.05554 0.00021
57099.527694 0.05574 0.00021
57100.614169 0.05485 0.00021
57100.822420 0.05472 0.00019
57101.660042 0.05513 0.00021
57101.805087 0.05478 0.00021
57104.607546 0.05545 0.00022
57106.481766 0.05565 0.00022
57106.603223 0.05526 0.00023
57107.451923 0.05500 0.00017
57107.636040 0.05513 0.00020
57108.465608 0.05575 0.00025
57108.485029 0.05571 0.00019
57109.561292 0.05559 0.00026
57109.583294 0.05574 0.00026
57112.563350 0.05534 0.00039
57117.493514 0.05551 0.00015
57117.514983 0.05547 0.00013
57117.543836 0.05538 0.00021
57118.522563 0.05570 0.00017
57118.543651 0.05609 0.00016
57121.535226 0.05539 0.00015
57121.555897 0.05520 0.00015
57122.535023 0.05534 0.00016
57122.556203 0.05501 0.00017
57123.561611 0.05488 0.00020
57123.581795 0.05504 0.00023
57124.366865 0.05574 0.00020
57125.599262 0.05499 0.00014
57125.620129 0.05458 0.00028
57135.517340 0.05578 0.00016
57135.673963 0.05602 0.00014
57136.486899 0.05583 0.00015
57137.518119 0.05618 0.00021
57137.563302 0.05627 0.00014
57137.583775 0.05578 0.00015
57137.679348 0.05608 0.00017
57138.523321 0.05557 0.00019
57138.676714 0.05558 0.00020
57139.435079 0.05795 0.00016
57139.455414 0.05756 0.00016
57139.518338 0.05657 0.00018
57139.679473 0.05572 0.00018
57140.535967 0.05591 0.00022
57140.555618 0.05724 0.00020
57145.458471 0.05524 0.00028
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Table 8. Continued.

Time [BJD-2 400 000] Hα index Hα index error

57145.481339 0.05536 0.00045
57146.546169 0.05538 0.00023
57146.549907 0.05496 0.00013
57146.566862 0.05493 0.00020
57146.668220 0.05508 0.00021
57147.422481 0.05504 0.00015
57147.443926 0.05536 0.00018
57148.481174 0.05525 0.00019
57148.503036 0.05481 0.00016
57148.541552 0.05527 0.00019
57148.662503 0.05541 0.00021
57153.461502 0.05509 0.00017
57153.482611 0.05493 0.00019
57156.459658 0.05443 0.00029
57156.481219 0.05413 0.00031
57159.446940 0.05582 0.00019
57159.468095 0.05510 0.00017
57160.464121 0.05515 0.00014
57160.484732 0.05532 0.00013
57161.441165 0.05589 0.00015
57161.462922 0.05507 0.00020
57172.427469 0.05615 0.00016
57173.404599 0.05585 0.00022
57173.426576 0.05601 0.00025
57175.396517 0.05587 0.00017
57175.417175 0.05597 0.00016
57176.402567 0.05569 0.00017
57176.422426 0.05560 0.00017
57177.416347 0.05629 0.00018
57177.437202 0.05597 0.00016
57178.398927 0.05603 0.00024
57178.419376 0.05543 0.00023
57180.392334 0.05546 0.00024
57180.413756 0.05504 0.00026
57181.405952 0.05558 0.00017
57181.427211 0.05575 0.00016
57182.396400 0.05572 0.00019
57182.418863 0.05537 0.00020
57185.395483 0.05609 0.00014
57185.417055 0.05584 0.00014
57186.392620 0.05534 0.00021
57188.396440 0.05527 0.00014
57189.397060 0.05597 0.00020
57189.417649 0.05523 0.00025
57190.393271 0.05488 0.00026
57190.412540 0.05516 0.00027
57191.393949 0.05540 0.00014
57191.415278 0.05539 0.00015
57192.394777 0.05593 0.00017
57192.415609 0.05642 0.00016
57193.397724 0.05552 0.00013
57193.418497 0.05540 0.00013
57199.534850 0.05582 0.00019
57200.532648 0.05563 0.00014
57203.389379 0.05622 0.00023
57203.533463 0.05552 0.00019
57204.392329 0.05580 0.00025
57204.524839 0.05586 0.00014
57212.518050 0.05581 0.00036
57379.717955 0.05623 0.00015
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Table 8. Continued.

Time [BJD-2 400 000] Hα index Hα index error

57379.739218 0.05643 0.00016
57380.733114 0.05643 0.00015
57380.754620 0.05669 0.00016
57381.760484 0.05706 0.00026
57381.781389 0.05839 0.00029
57384.724029 0.05622 0.00020
57384.744124 0.05631 0.00022
57385.723526 0.05578 0.00016
57385.742683 0.05566 0.00016
57390.708429 0.05653 0.00018
57390.730295 0.05624 0.00017
57391.692007 0.05548 0.00020
57391.762164 0.05621 0.00015
57407.658602 0.05698 0.00020
57408.611562 0.05644 0.00021
57408.632304 0.05672 0.00024
57417.763737 0.05623 0.00018
57418.760520 0.05698 0.00017
57420.769568 0.05661 0.00013
57421.691886 0.05658 0.00023
57421.712674 0.05668 0.00020
57421.771081 0.05658 0.00012
57422.716906 0.05664 0.00017
57422.736409 0.05702 0.00015
57422.757499 0.05676 0.00014
57423.765919 0.05641 0.00014
57424.744555 0.05676 0.00014
57425.771411 0.05659 0.00015
57432.606553 0.05690 0.00015
57432.627422 0.05732 0.00017
57433.699627 0.05769 0.00017
57433.720126 0.05742 0.00020
57445.575522 0.05625 0.00022
57445.596310 0.05657 0.00024
57446.681653 0.05638 0.00014
57447.655220 0.05604 0.00018
57448.642385 0.05617 0.00019
57449.652442 0.05627 0.00021
57450.629604 0.05665 0.00019
57451.623616 0.05604 0.00016
57452.672906 0.05681 0.00014
57453.679993 0.05636 0.00011
57456.668734 0.05627 0.00016
57457.659345 0.05611 0.00020
57458.553460 0.05629 0.00021
57458.573923 0.05633 0.00020
57458.637685 0.05552 0.00017
57459.574762 0.05704 0.00040
57459.595757 0.05658 0.00041
57460.660842 0.05671 0.00023
57460.681502 0.05659 0.00025
57461.618923 0.05682 0.00014
57461.640659 0.05718 0.00016
57462.653727 0.05752 0.00017
57462.674953 0.05668 0.00022
57463.698621 0.05606 0.00021
57470.749511 0.05550 0.00021
57472.549285 0.05820 0.00027
57472.571021 0.05768 0.00027
57473.648513 0.05599 0.00019
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Table 8. Continued.

Time [BJD-2 400 000] Hα index Hα index error

57474.681420 0.05533 0.00015
57475.531830 0.05622 0.00024
57475.550174 0.05631 0.00025
57475.676063 0.05493 0.00022
57476.640485 0.05639 0.00016
57477.638226 0.05633 0.00015
57478.605920 0.05526 0.00043
57479.704361 0.05544 0.00017
57486.637766 0.05625 0.00018
57487.595944 0.05587 0.00015
57488.647624 0.05551 0.00015
57501.504378 0.05586 0.00017
57501.526217 0.05553 0.00018
57513.455593 0.05582 0.00018
57513.476899 0.05557 0.00019
57521.431926 0.05536 0.00017
57521.453082 0.05557 0.00016
57522.445383 0.05479 0.00022
57522.466782 0.05548 0.00022
57526.427484 0.05609 0.00022
57526.448107 0.05635 0.00021
57527.442684 0.05616 0.00027
57527.464905 0.05543 0.00024
57528.460488 0.05615 0.00021
57528.482558 0.05606 0.00021
57529.442704 0.05620 0.00019
57529.464947 0.05661 0.00019
57531.405675 0.05647 0.00021
57531.474246 0.05632 0.00029
57536.605313 0.05629 0.00020
57549.415279 0.05484 0.00014
57549.436388 0.05492 0.00015
57550.403122 0.05481 0.00016
57550.423884 0.05472 0.00017
57558.393432 0.05600 0.00021
57559.393555 0.05597 0.00025
57560.393423 0.05583 0.00018
57565.393288 0.05506 0.00018
57567.540607 0.05555 0.00019
57568.523500 0.05568 0.00023
57577.482278 0.05568 0.00020
57585.484531 0.05566 0.00022
57787.801934 0.05584 0.00020
57789.825105 0.05553 0.00017
57790.861464 0.05552 0.00015
57791.826521 0.05546 0.00021
57792.796970 0.05539 0.00022
57802.723273 0.05708 0.00015
57803.679273 0.05527 0.00018
57810.745201 0.05648 0.00016
57815.821981 0.05634 0.00014
57817.812353 0.05617 0.00019
57830.635356 0.05523 0.00016
57831.646183 0.05563 0.00017
57832.602784 0.05454 0.00021
57834.612891 0.05471 0.00019
57834.643053 0.05516 0.00023
57835.574152 0.05498 0.00022
57836.603500 0.05503 0.00021
57838.670340 0.05515 0.00015
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Table 8. Continued.

Time [BJD-2 400 000] Hα index Hα index error

57840.650195 0.05477 0.00017
57844.649295 0.05475 0.00017
57846.733074 0.05559 0.00020
57847.716965 0.05589 0.00017
57848.730622 0.05643 0.00015
57849.580105 0.05624 0.00019
57855.715071 0.05707 0.00025
57856.455870 0.05697 0.00021
57857.537578 0.05663 0.00016
57860.467950 0.05663 0.00023
57861.492501 0.05663 0.00018
57862.485479 0.05665 0.00014
57863.482240 0.05649 0.00013
57865.481464 0.05626 0.00013
57872.574584 0.05627 0.00020
57876.510774 0.05583 0.00019
57890.425100 0.05629 0.00029
57893.482379 0.05693 0.00015
57894.438278 0.05710 0.00014
57895.431592 0.05695 0.00021
57896.406295 0.05700 0.00017
57915.389452 0.05593 0.00020
57916.390489 0.05585 0.00016
57922.500160 0.05603 0.00024
57923.501914 0.05635 0.00020
57929.405255 0.05528 0.00024
57930.391445 0.05563 0.00023
57937.389395 0.05596 0.00019
57937.513504 0.05643 0.00026
57942.389273 0.05609 0.00021


