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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
(Table 3). The blue line indicates the best-fit curve, while the shaded
grey area represents the ±1σ confidence interval.

significance 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 deter-
mine a bulk density of K2-3 c accurately enough to put reli-
able constraints on its possible composition, and we can only
place an upper limit on the bulk density of K2-3 d. This impacts
our understanding of the formation and evolutionary scenarios,

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

which led to the observed system architecture, and makes infer-
ences about the habitability of K2-3 d especially challenging.

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? To provide answers to these questions we performed
simulations to investigate the impact of the observing sampling,
stellar activity, 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 stel-
lar activity RV signal. We then injected planetary signals (circu-
lar orbits) 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 simu-
lated 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 cor-
responding approximately 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 (Sect. 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 cor-
respondingly huge amount of computational time, are beyond
the scope of this paper. Thus, our simulations do not explore
the possibility that the non-detection is due to the proxim-
ity 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 amplitude h of the stellar activity
term is precisely known (∼10σ, Table 3), so we expect that
drawing values from the posterior distribution of this hyper-
parameter would not significantly change the results of our
simulations.

Analysis framework. For each ith simulated dataset we
derive 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 uncertainties σ+

p,i and σ−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

recovered 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
measure the discrepancy between the best-fit estimate and the
injected 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

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

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)

where Kd,meas and σ+
d,meas come from our best-fit solution

(Table 3).
As an alternative approach, for each marginal distribution

Kd,i we calculate the percentile corresponding to the position of
Kd,inj. We use th e 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 recov-
ered, and indicate that our estimate of Kc from the real dataset is
reliable, 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−1 and 〈σ−d,i〉= 0.35 m s−1 for 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
absence 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, obtain-
ing a distribution of N samples for Kd,real from Eq. (2). By
taking the median of this distribution and the 68.3% confi-
dence 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 84th per-
centile 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−1 with
1σ confidence. This in turn suggests that the planets in the
K2-3 system 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
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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
regression 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.

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
representation of the RV stellar signal cannot be considered
predictive in the far future.

We created the mock datasets as described in Sect. 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,
respectively. 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 val-
ues of the HARPS-N and HARPS post-upgrade internal errors
derived with TERRA. The final mock dataset is obtained by ran-
domly shifting each data point of the exact solution within the
error bars by a quantity ∆RV(t) drawn from a normal distribu-
tion 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−1 over 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 confirms

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 val-
ues is now Kd = 0.58+0.18

−0.15 m s−1, while 〈σ+
d,i〉= 0.40 m s−1 and

〈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 addi-
tional data to the real dataset, the Doppler signal of K2-3 d is
still underestimated and not significantly detected.

6. Discussion and conclusions

This work was focussed on deriving the masses and bulk
densities of the three planets transiting the nearby M dwarf
K2-3, using 329 RV measurements collected with HARPS and
HARPS-N over a period of 2.5 years. We found that stellar activ-
ity makes a significant contribution to the RV variations over
the entire time period. We have also shown that, for the case

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.

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
includes planets for which the mass and radius were both
measured with a relative error better than 30%. Theoretical
mass-radius curves for various chemical compositions (Zeng &
Sasselov 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 silicates) 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 simulations
showing that the real Doppler semi-amplitude Kd is likely less
than 1 m s−1 and 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 considered.

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, excluding 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 envelopes or water worlds.

Several recent studies have investigated the water-poor
hypothesis (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 plan-
etary 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) reproduced the observed bi-modal radius distribution in
terms of two populations of planets: those consisting of a bare
core resulting from photoevaporation, and those with twice the
core radius, where the size is doubled by a H/He envelopes.
The “gap” detected 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 sam-
ple than to a late-M dwarf, and the results from Kepler could
still be applicable15. 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 planets 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
envelopes atop Earth-like iron and silicate cores. Using the stel-
lar 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 compris-
ing 0.7%, 0.3%, and 0.4% of their masses, respectively (Lopez &
Fortney 2014). Moreover, using the planetary evolution models
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 com-
prising ≥50% of the planet total mass. Recently, bi-modal
radius distributions have been derived for the complete Kepler
sample of Q1–Q17 small exoplanet candidates with radii Rp <
4 R⊕ (Zeng et al. 2017a,b). These distributions show that the
limits and extent of the radius gap depends on the spec-
tral type of the host star. One proposed explanation for the
observed bi-modal distributions is the existence of two pop-
ulations of planets: rocky worlds, with the lowest radii, and
water worlds. The two populations likely share the same under-
lying rocky component 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 significant.

We therefore conclude that all three planets in the K2-3 sys-
tem are likely sub-Neptunes, defined as small, non-rocky planets
that have enough volatiles to change their bulk composition
measurably. Both the H/He gas envelope and water-world sce-
narios are possible, particularly for K2-3 b. Based on our data,

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
possible scenarios within the M-dwarf class.
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Fig. 15. Mass-radius diagram for exoplanets for which the mass and
radius have been both measured with a relative error better than 30%.
The location of the K2-3 planets is emphasized. For K2-3 d we also plot
the mass derived from the GP analysis (shaded point in violet), and the
value corrected using the result of the simulations described in Sect. 5.1.
The curve for bulk density ρ = 3 g cm−3 is shown in grey passing
through the three positions occupied by the K2-3 planets. The plane-
tary data are taken from the NASA exoplanet archive and updated to
August 30, 2017.

however, 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
beyond the snow line (e.g. Selsis et al. 2007), were character-
ized 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−1 and a period P = 44.5 days.
Assuming that our GP result is a good representation of the stel-
lar 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 studies
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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