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ABSTRACT

We present the discovery and characterization of a new transiting planet from Campaign 17 of the Kepler extended mission K2. The
planet K2-292 b is a warm sub-Neptune on a 17 day orbit around a bright (V = 9.9 mag) solar-like G3 V star with a mass and radius of
M, =1.00 £ 0.03 My and R, = 1.09 + 0.03 R, respectively. We modeled simultaneously the K2 photometry and CARMENES spec-
troscopic data and derived a radius of R, = 2.631’8;{5 R and mass of M, = 24.51’3:3 My, yielding a mean density of p, = 7.4f}:g gcm™3,
which makes it one of the densest sub-Neptunian planets known to date. We also detected a linear trend in the radial velocities of
K2-292 (ygrv = —0.40’:8:8; ms~! d7!) that suggests a long-period companion with a minimum mass on the order of 33 Mg, If confirmed,
it would support a formation scenario of K2-292 b by migration caused by Kozai-Lidov oscillations.

Key words. planetary systems — techniques: photometric — techniques: radial velocities — techniques: high angular resolution —

stars: individual: HD 119130 — stars: individual: K2-292

1. Introduction

The synergy between the first ground-based transit surveys and
high-precision velocimeters aimed at detecting bona fide plan-
ets has been a first step toward comprehensive characterizations
of exoplanets. The extended Kepler mission K2 (Howell et al.
2014) was the first to provide the opportunity to search for tran-
siting planets with radii smaller than Neptune and larger than
Earth around a significant number of bright, solar-type stars
amenable to high-precision radial velocity (RV) measurements.
This opened the door to the precise determination of masses and,
therefore, bulk densities of this new class of planets that have no
counterparts in the solar system.

Results from the original Kepler mission (Borucki et al.
2010) showed that planets with radii smaller than Neptune are
the most frequently occurring type within 1 au of solar-type stars
(e.g., Petigura et al. 2018). Besides, a quarter of all Sun-like
stars — up to 50% in the recent study of Petigura et al. (2018) —
host planets smaller than 4 Rg with orbital periods shorter
than 100 days (Batalha et al. 2013; Marcy et al. 2014; Silburt
et al. 2015). Their radius distribution shows a bi-modal struc-
ture with a gap around 1.7 Rg that separates presumably rocky
super-Earths, with radii centered at 1.2 Rg, from gas-dominated

* The light curve is only available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or viahttp://cdsarc.
u-strasbg.fr/viz-bin/qcat?]/A+A/623/A114

Article published by EDP Sciences

sub-Neptunes, with radii centered at 2.4 Rg, (Fulton et al. 2017;
Fulton & Petigura 2018). The gap has also a potential slope as a
function of orbital period and a possible decrease in the value of
the critical radius with increasing period (Van Eylen et al. 2018).

While the shape of the bi-modal radius distribution can be
understood with photoevaporation models (Owen & Wu 2013,
2017; Lépez & Fortney 2013), it is still not clear how close-
in planets are formed. Different mechanisms have been studied,
and they can be roughly divided into two categories: in-situ for-
mation and migration. Hansen & Murray (2012), among others,
suggested that low-mass super-Earths or sub-Neptunes formed
close to their current orbital locations. On the other hand, disk-
driven migration could also explain the formation of close-in
planets (e.g., Mordasini et al. 2009a,b; Dawson & Chiang 2014).
However, little is known for the rare population of ultra-dense
sub-Neptunes without significant envelopes.

In this paper, we present the detection a thorough char-
acterization in terms of radius, mass, and mean density of
one such planet, along with a characterization of its host star,
K2-292. Analysis of the K2 photometry presented in Sect. 2
reveals that K2-292 b has a radius typical of sub-Neptunian plan-
ets. In Sect. 3 we present high-resolution images that allow
us to exclude a false-positive scenario due to the background,
foreground or physically bound eclipsing binaries. In addition,
we present CARMENES high-resolution spectroscopy, used in
Sect. 4 for precise determination of the host star’s parameters
that reveal its solar-like nature. A joint analysis of CARMENES’

Al14, page 1 of 9


https://www.aanda.org
https://doi.org/10.1051/0004-6361/201834952
http://cdsarc.u-strasbg.fr
ftp://130.79.128.5
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/623/A114
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/623/A114
http://www.edpsciences.org

A&A 623, Al14 (2019)

y (Pixels)
log (Counts)

0 2 4 6 8 10 12
x (Pixels)

Fig. 1. Photometric aperture (red contour) used to construct the K2 light
curve. The center of the flux distribution is depicted with a blue dot,
while the position of the target in the EPIC catalog is marked in green.

high-precision RVs and K2 photometry performed to deter-
mine the planetary parameters is presented in Sect. 5. Finally,
in Sect. 6 we discuss the implications of the high density of
K2-292 b for planet composition models and formation
scenarios.

2. Candidate detection from K2 photometry

The K2 Field 17 was observed from March 1 until May 8
2018, in the direction of the constellation of Virgo. Among
the 34398 long-cadence (29.4-min integration time) targets
was K2-292 (EPIC 212628254, HD 119130), proposed by sev-
eral Guest Observer (GO) programs: GO-17003 (Cochran),
GO-17032 (Buzasi), GO-17049 (Howard), and GO-17065
(Dressing). The star K2-292 is poorly investigated with few
determined parameters (spectral type by Houk & Swift 1999;
RAVE kinematics and metallicities by Boeche et al. 2011;
Coskunoglu et al. 2012; basic stellar parameters by Munari et al.
2014). We downloaded the target pixel files from the Mikulski
Archive for Space Telescopes (MAST) and extracted the light
curve using two methods.

Our first method (for details see Dai et al. 2017) attempts
to reduce the brightness fluctuations associated with the rolling
motion of the spacecraft using the observed motion of the cen-
ter of light on the detector, similar to the one described by
Vanderburg & Johnson (2014). For each image, we set a circu-
lar aperture around the brightest pixel and fit a two-dimensional
Gaussian function to the flux distribution. In the case of K2-292,
the aperture with the lowest levels of noise has a radius of ~4 pix,
as seen in Fig. 1. Then, a piecewise linear function between the
observed flux variation and the centroid coordinates of the Gaus-
sian was fitted, which is used to detrend the observed intensity
fluctuations. Secondly, to check the consistency in our results,
we also built the light curve using an independent method based
on the implementation of the pixel level decorrelation model
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Fig. 2. Detrended K2 light curves of K2-292 using the two meth-
ods described in Sect. 2. Top panel: Dai et al. (2017) method a la
Vanderburg & Johnson (2014). Bottom panel: Pallé et al. (2019) method
based on the Everest pipeline (Luger et al. 2018). The vertical red lines
mark the position of each detected transit.

(Deming et al. 2015) using a customized version of the Everest
pipeline (Luger et al. 2018). The details of this procedure are
described in Pallé et al. (2019).

We searched for transits in both light curves using the Box-
fitting Least Squares algorithm (BLS; Kovacs et al. 2002),
improved to account for the expected scaling of transit duration
with orbital period as pointed by Ofir (2014). Once a planetary
signal is detected in the power spectrum, we remove such a tran-
sit feature and reapply the BLS algorithm iteratively until no
further signals are detected. The detrended light curve and tran-
sit detections by each method are shown in Fig. 2. Four transits
with a depth of ~550 ppm are clearly detected, whose linear best-
fit ephemeris analysis returns a planet candidate with a period of
P ~17d. The flux decrement seen at BJD -2 450000 ~ 8222 is
related to K2 systematics and not to a single transit event.

In order to check for the possibility of a binary scenario
that is mimicking the observed transit signal, we searched the
light curves for odd-even transit depth variations and secondary
eclipse features. The depth of the odd-even transits agrees within
1o and there is no hint of a secondary eclipse. As a result,
we triggered a follow-up campaign to characterize precisely the
K2-292 system.

3. Ground-based follow-up observations
3.1. High-resolution imaging

We conducted speckle imaging observations of the host star
using the NASA Exoplanet Star and Speckle Imager (NESSI;
Scott et al. 2016, 2018), mounted on the WIYN 3.5-m telescope
at Kitt Peak Observatory. The observations were conducted
simultaneously in two narrow bands centered at 562 and 832 nm.
Following Howell et al. (2011), we collected and reduced the
data, resulting in 4”6 x 4”6 reconstructed images of the host star.
We did not detect any secondary sources in the reconstructed
images, and we produced 50 background sensitivity limits from
the reconstructed images using a series of concentric annuli
(Fig. 3, top panel).

In addition, we observed K2-292 using the Infrared Camera
and Spectrograph (IRCS; Kobayashi et al. 2000) and adaptive-
optics system (AO188, Hayano et al. 2010) on the Subaru 8.2-m
telescope. For K2-292, two sequences were implemented with a
five-point dithering using the K’-band filter. The first sequence
was for unsaturated frames for the absolute flux calibration, and
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Fig. 3. Top panel: reconstructed images in the 562 and 832nm
narrow bands (inset panel) and their resulting 5o contrast curves
from WIYN/NESSI speckle interferometry. Bottom panel: Subaru/
IRCS+AO188 combined saturated image and 5o contrast light curve
of K2-292.

we inserted a neutral-density filter with a transmittance of ~1%
to avoid saturation. We also obtained saturated frames to look
for faint nearby companions as the second sequence without the
neutral-density filter. The total integration times for unsaturated
and saturated frames were 120 and 12 s, respectively.

We reduced all the IRCS frames in the standard manner as
described in Hirano et al. (2016), and obtained median-combined
images for the saturated and unsaturated frames, respectively.
The combined unsaturated image suggested a full width at half
maximum (FWHM) of 07078, which is close to the diffraction
limit. No nearby companion is seen in the saturated image. In
order to estimate the detection limit of such companions, we
computed the flux contrast based on the scatter of flux counts
within the annulus centered at the target star. The bottom panel
of Fig. 3 shows a 50" contrast curve as a function of angular sepa-
ration from the central star, and its inset displays the target image
with a field of view of 4" x 4.

3.2. High-resolution spectroscopy

We obtained a total of 24 measurements for K2-292 from
June 10 to July 18 2018 with the CARMENES (Calar Alto
high-Resolution search for M dwarfs with Exoearths with
Near-infrared and optical échelle Spectrographs) instrument
(Quirrenbach et al. 2014, 2018), installed at the 3.5-m telescope
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Fig. 4. Top panel: GLS periodogram of the CARMENES RVs. Bottom
panel: GLS periodogram of the residuals from the best-fit model. The
vertical red line marks the period of the planet derived from K2 pho-
tometry. The dashed line corresponds to FAP = 10% level. The shaded
blue area indicates the period space longer than the time span of the
observations.

at the Calar Alto Observatory in Spain. The instrument con-
sists of two channels: the visual channel (VIS) obtains spectra
at a resolving power of R = 94600 in the wavelength range
from 0.52 to 0.96 um, while the near-infrared (NIR) channel
yields spectra of R = 80400 from 0.96 to 1.71 um. CARMENES
performance, data reduction, and wavelength calibration are
described in Reiners et al. (2018) and Kaminski et al. (2018).

The dual-channel configuration of the CARMENES spec-
trograph is motivated by the desire to detect Earth-like planets
around M dwarfs, whose redder spectral energy distribution
requires red-optical and near-infrared coverage to derive precise
RVs. However, due to the solar-like spectral type of K2-292,
we only use the VIS observations to measure RVs. We
used SERVAL (Zechmeister et al. 2018), a publicly available
code based on least-squares fitting. SERVAL employs cross-
correlation with a high signal-to-noise ratio (S/N) template that
is constructed by coadding all available spectra of the star to
derive RV values and several spectral indicators. In addition, we
computed the cross-correlation function (CCF) using a weighted
mask constructed from coadded CARMENES VIS spectra of
K2-292. We determined the RV, full width at half maximum,
contrast, and bisector velocity span by fitting a Gaussian func-
tion to the final CCF, following the method described in Reiners
et al. (2018). The final RVs are corrected for barycentric motion,
secular acceleration, and nightly zero-points (see Luque et al.
2018, for details).

Due to the low declination of the star, K2-292 was observed
from Calar Alto at relatively high airmasses (ranging from 1.5 to
1.9), which has a high impact on the telluric contamination of the
spectra. Therefore, we do not consider for the RV computation
those spectra whose (S/N) per spectral sampling element, aver-
aged over each order, is smaller than 40. Furthermore, to achieve
the highest RV precision, we correct the spectra from telluric
absorption using Molecfit (Smette et al. 2015; Kausch et al.
2015) following the method presented in Nortmann et al. (2018)
and Salz et al. (2018).

The CARMENES RV measurements are listed in Table B.1.
In total, 18 RVs were acquired using high (S/N) telluric-free
spectra, covering a time span of 34 d and with a median internal
RV precision of ogy = 3.1ms~!. By computing the general-
ized Lomb-Scargle periodogram (GLS; Zechmeister & Kiirster
2009) of the RVs (Fig. 4a), we find a single peak at the expected
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frequency of the planet at f = 0.06d! (P = 16.6 d). The peak is
broad due to the short temporal baseline of our measurements,
but consistent within the frequency resolution with the planet
candidate at P ~ 17 d. Although the peak has a false alarm prob-
ability (FAP) higher than 10%, not enough to be claimed as
a solid planet candidate from RVs alone, its consistency with
the periodic signal detected in the K2 photometry confirms the
planetary nature of the RV variation. We also checked for peri-
odic signals at the expected planet frequency in the spectral
indicators obtained with SERVAL and from the CCF, but find
no evidence that the RV’s periodicity is due to stellar effects.
A peak is seen in He and the CCF FWHM at P ~ 3.5d that
may be related to activity. The GLS periodogram of the spectral
indicators is shown in the appendix (Fig. A.l1) for complete-
ness. We searched also for possible correlations between the
RVs and the other spectral indicators but find no evidence of
Doppler shifts induced by line distortions. Hence, we conclude
that the 17 d-period transiting planet candidate from K2 photom-
etry is a bona fide planet also present in our CARMENES RV
measurements.

4. Stellar properties
4.1. Photospheric parameters

We used the coadded high-resolution CARMENES VIS spec-
trum in order to determine the physical parameters of the host
star using the spectral analysis package SME v5.22 (Valenti &
Piskunov 1996; Valenti & Fischer 2005). SME is used to calcu-
late, for a starting set of stellar parameters, a synthetic spectrum
that is then fitted to the observed spectrum using a y*> minimiza-
tion procedure. SME makes use of a grid of recalculated stellar
models, in our case the ATLAS12 model atmospheres (Kurucz
2013), which is a set of one-dimensional models applicable to
solar-like stars.

In order to determine the effective temperature, Teg, the pro-
file of either of the strong Balmer line wings is fitted to the
appropriate stellar spectrum models (Fuhrmann et al. 1993, 1994,
1997a,b; Axer et al. 1994). This fitting procedure has to be car-
ried out carefully since the determination of the level of the
adjacent continuum can be difficult for modern high-resolution
Echelle spectra where each order only contains a limited wave-
length band (Fuhrmann et al. 1997b). The core of each Balmer
line is excluded from the fitting process, since this part of the line
profile originates above the photosphere and thus contributes at
a different effective temperature.

We selected parts of the observed spectrum that contain
spectral features that are sensitive to the required parameters.
We used the empirical calibration equations for Sun-like stars
from Bruntt et al. (2010) and Doyle et al. (2014) in order to deter-
mine the micro-turbulent (vpic = 1.0 = 0.1kms™!) and macro-
turbulent (Ua. = 3.1 £ 0.3kms™") velocities, respectively. The
projected stellar rotational velocity, vsini,, and the metallicity,
[Fe/H], were measured by fitting the profile of about 100 clean
and unblended metal lines.

We find T = 5725 £ 65K, logg = 4.30 = 0.15, [Fe/H] =
0.07 £ 0.05, and vsini, = 4.6 £ 1.0kms~!. The effective tem-
peratures derived from this work, as well as from Gaia Data
Release 2 (DR2; Gaia Collaboration 2018), and the RAdial
Velocity Experiment (RAVE; Kunder et al. 2017) are within 1o
We chose to use the value from our work since it is derived from
high-resolution spectroscopy and for homogeneity, while the
other values are derived from either low-resolution spectroscopy
(RAVE) or photometry based on few wide bands (Gaia). Only
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Table 1. Stellar parameters of K2-292.

Parameter Value Reference”
Coordinates and spectral type
1% 13:41:30.30 Gaia DR2
0 —-09:56:45.9 Gaia DR2
SpT G3V Houk & Swift (1999)
V (mag) 9.917 £ 0.013 Munari et al. (2014)
J (mag) 8.730 £ 0.023 2MASS
Parallax and kinematics
7 (mas) 8.72 +0.12 Gaia DR2
d (pc) 114.29f8:§% Bailer-Jones et al. (2018)
Uq €OS O (mas yr‘l) -88.20+0.11 Gaia DR2
Us (mas yr‘l) 1.67 £ 0.12 Gaia DR2
V, (kms™") -28.18 £0.16 Gaia DR2
Photospheric parameters

Terr (K) 5725 + 65 This work
5639f§g Gaia DR2

5645 + 57 RAVE

logg 4.30+0.15 This work
4.33 + 0.04 This work”

3.90 + 0.08 RAVE

[Fe/H] 0.07 £ 0.05 This work
0.00 + 0.09 RAVE

vsini, (kms™) 46+1.0 This work

Physical parameters

M (M) 1.00 + 0.03 This work
1.08 £ 0.12 RAVE

R (Ry) 1.09 + 0.03 This work
1.17:’8:83 Gaia DR2

7 (Gyr) 6.8+23 This work

Notes. @2MASS: Skrutskie et al. (2006); Gaia DR2:

Gaia Collaboration (2018); RAVE: Kunder et al. (2017). ®’Obtained
from the mass and radius values derived with PARAM 1.3.

the surface gravity does not agree within 1o~ with the results
from Kunder et al. (2017). All derived values and previous ones
reported in the literature can be found in Table 1.

4.2. Mass, radius, and age of the host star

To derive the physical parameters of K2-292, we used
PARAM 1.3', a web interface for Bayesian estimation of stel-
lar parameters using the PARSEC isochrones from Bressan et al.
(2012). The required input is the effective temperature and metal-
licity of the star, together with its apparent visual magnitude
and parallax. Following the method described in Gandolfi et al.
(2008), we found that the interstellar reddening is zero and did
not correct the apparent visual magnitude for extinction. We used
the spectroscopically derived photospheric parameters obtained
in the previous section and the values reported in Table 1. For
the Gaia parallax, we added quadratically 0.1 mas to the nomi-
nal uncertainty to account for systematic uncertainties following
Luri et al. (2018).

We derive a mass of M = 1.00 + 0.03 M, and a radius
of R = 1.09 + 0.03 Ry, yielding a surface gravity of logg =
4.33 + 0.04, in fairly good agreement with our spectroscopic
value of 4.30 + 0.15. The stellar models constrain the age of the
star to be 6.8 + 2.3 Gyr. We stress that the uncertainties on the
derived parameters are internal to the stellar models used and do

! http://stev.oapd.inaf.it/cgi-bin/param_1.3
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not include systematic uncertainties related to input physics. All
derived values and previous ones reported in the literature can
be found in Table 1.

5. Joint analysis

To derive precisely the parameters of the K2-292 system, we
modeled simultaneously the photometric and spectroscopic data
using the code pyaneti (Barragin et al. 2019). This software
computes posterior distributions using Markov chain Monte
Carlo methods based on Bayesian analysis. It uses the limb-
darkened quadratic transit model by Mandel & Agol (2002) to fit
the K2 light curves, and Keplerian orbits to model the RV data.
We used for the joint fit the detrended K2 light curve obtained
with the method of Pallé et al. (2019) described in Sect. 2. In
order to account for the 30-min integration time of the photo-
metric data, we re-sampled the model using ten iterations (see
Kipping 2010). The fitted parameters are the systemic veloc-
ity yrv, the RV semi-amplitude K, the transit epoch T, the
period P, scaled semi-major axis a/R,, planet-to-star radius ratio
R, /R, impact parameter b, eccentricity e, longitude of perias-
tron w, and the Kipping (2013) limb-darkening parametrization
coefficients ¢ and ¢,. We used wide-range non-informative uni-
form priors and the same likelihood as Barragdn et al. (2016),
except for the scaled semi-major axis, where we used Kepler’s
third law to set a Gaussian prior based on the stellar mass and
radius derived in Sect. 4.2. To explore the parameter space, we
created 500 independent chains for each parameter and checked
their convergence using the Gelman—Rubin statistic. Adequate
convergence was considered when the Gelman—Rubin potential
scale reduction factor dropped to within 1.03. Once all chains
converged, we ran 25000 more iterations with a thin factor of
50, leading to a posterior distribution of 250000 independent
samples for each fitted parameter.

A simple joint fit to the data reveals that the residuals of
the RVs exhibit a long-term component, as seen also in the
GLS periodogram of Fig. 4, where there is power at periods
larger than the baseline of the observations. We considered two
different scenarios regarding the nature of such long-term com-
ponents: that it is physical and may be caused by a further
companion and/or the rotation of the star, or that it is related
to instrumental systematics.

Considering the first scenario, the photometry does not show
evidence of a second transiting companion during the observed
window, or variability attributable to the rotational period of the
star that may induce a long-term component in the RVs. How-
ever, it is possible that the hypothetical long-period companion
does not transit or that the transit occurred before or after the K2
observations. Alternatively, the long-term trend may be caused
by systematic effects in the RVs, such as remaining effects from
incomplete telluric decontamination. In either case, our data are
not sufficient to infer the true nature of this long-term RV trend.

In order to properly fit the current dataset, we tried dif-
ferent approaches to account for the RV long-term component
described above. Thus, we performed the joint fit in two ways:
(i) disregarding any long-term trend (MO) and (ii) including a
linear trend term in the RV fit of the data (M1). Table 2 shows
the goodness of the fit for each model. The preferred model is
MI1: a Keplerian orbit with a linear trend term, with the low-
est X% and Akaike information criterion (AIC; Akaike 1974). We
used the AIC in spite of the widespread Bayesian information
criterion because it performs better in selecting the “true model”
when the number of parameters is small (Burnham & Anderson
2004), as is the case for our RV measurements.

Table 2. Model comparison.

Model Description K (ms™) Npar X% AIC
MO Keplerian orbit  5.47+19% 11  1.56 —-2025.44
Ml MO + lin. trend 6.11”_’}:82 12 119 -2068.76
Table 3. Orbital parameters of the preferred model M1.
Parameter  Unit Value
Model parameters

P d 16.9841f8:888§

Ty BJD-2450000 8180.2842f8:88}g

Rp/Ry 0'0220t8i8882

a/R, .. 25.93;3

b e 0.68f8:8§

e . 0.04f8:8g

w deg 104+32

K ms~! 6. ltH

YRV ms™! 48*%

VRV ms'd™! —0.40*07

q1 ... 0.36f8f2

Q2 ... 0.26f8:g(5)

Derived parameters

M, Mg 24.5704

R, Re 2,630

Pp gcm™ 74418

Iy cms™? 3460.0*6800

DOx gcm™ 1.14702¢

a au 0.1 ngzg%

iy deg 88.4%0

Ti4 h 3.66f8:8§

Ty K 7953;

F Fe 67.0%5%"

uy 0.31f83;

Uy ... 0.27f833

Notes. Assuming Bond albedo equal zero.

The orbital parameters and their uncertainties from the pho-
tometric and spectroscopic joint fit of such a model are listed
in Table 3. The large uncertainties in the limb-darkening coef-
ficients arise from the shallow transit depth (550 ppm) and the
small number of data points and transits, especially during
ingress and egress. Their posterior distributions are not symmet-
ric and lean towards low values, but by fixing them interpolating
the table of Claret & Bloemen (2011) we retrieve the same val-
ues within 1o uncertainties as those derived by pyaneti using
uniform priors. Therefore, following Csizmadia et al. (2013), we
chose to fit them in our joint analysis to achieve the best precision
in the planet radius, impact parameter, and scaled semi-major
axis. Figure 5 shows the RV time series along with the best fitting
transit and RV phase-folded models.
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preferred best-fit model M1.
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Fig. 6. Mass-radius diagram for all known planets with masses between
0.5 and 30 M, and radius 1-4 R determined with a precision better than
30%, comprising from Earth-like to sub-Neptunian regimes. K2-292 b
is shown in black, while K2-66 b (Sinukoff et al. 2017) is shown in
gray. Data are taken from the TEPCat database of well-characterized
planets (Southworth 2011). Theoretical models for the planet’s internal
composition are taken from Zeng et al. (2016).

6. Discussion and summary

We determine that K2-292 b has a mass of M, = 24.573% Mg
and a radius of R, = 2.63*0-11 Re, which corresponds to a bulk

-0.10
density of p, = 7.4’:%:2 gcm™3. Figure 6 shows the masses and
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radii of all confirmed planets whose precision in both parameter
determinations is better than 30%. With such physical parame-
ters, K2-292 b becomes one of the densest sub-Neptunian planets
known to date, joining a rare population with only K2-66 b
(Sinukoff et al. 2017) as a comparable case. For these plan-
ets, mass-radius relations such as the one presented by Weiss &
Marcy (2014) do not apply. Instead, we see the remarkable dif-
ferences in composition of planets with masses ranging from 10
to 30 M.

Planet K2-292 b is consistent with a pure silicate composi-
tion using Zeng et al. (2016) models. More complex three-layer
models provide very similar results (Zeng & Sasselov 2013).
Also, following Lopez & Fortney (2014), we determine that if
the planet has an H/He envelope atop the rocky-composition
core, the former would represent less than 1% of the planet’s
mass, which is in agreement with the statistical study of
Wolfgang & Lépez (2015) using sub-Neptunian planet candi-
dates from Kepler. In the same study, the authors also stress the
lack of a deterministic mass-radius relationship and the neces-
sity of reliable mass measurements for the sub-Neptunian planet
population.

The only other known ultra-dense sub-Neptune K2-66 b
orbits very close to its host star and receives a high level of
irradiation, placing it in the photoevaporation desert defined by
Lundkvist et al. (2016). As a consequence, together with the
fact that K2-66 is evolving up the subgiant branch, Sinukoff
et al. (2017) concluded that photoevaporation stripped off the
low-density volatiles in the planet envelope leading to the high
density measured today. We investigated if the high density of


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201834952&pdf_id=0
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201834952&pdf_id=0

R. Luque et al.: Ultra-dense sub-Neptunian planet orbiting the Sun-like star K2-292

K2-292 b could also be due to the absence of a substantial
atmosphere caused by evaporation, as would be expected consid-
ering its location above the radius gap (Fulton & Petigura 2018;
Van Eylen et al. 2018). Following the formulation in Lecavelier
Des Etangs (2007), we derive a mass loss rate from extreme
ultraviolet radiation of the star of only 0.005 Mg over the age
of the star, which is insufficient to reduce significantly the radius
of the planet. In addition, due to its period of 17 d and an incident
flux of 67 Fs, K2-292 b is far from the photoevaporation desert.

Consequently, K2-292 b likely formed with high density,
similar to K2-110 b (p, = 5.2 + 1.2 gcm™, Osborn et al. 2017).
The remaining question is then how such a dense planet located
at 0.13 au from its host star may have formed. Formation in situ
can be ruled out, as a disk mass enhancement by a factor of ~40
above the minimum-mass solar nebula would be needed to form
K2-292 b (Schlichting 2014). However, no significant enhance-
ment is needed if the planet formed at larger distances (>2 au),
making inward migration a plausible explanation.

Kennedy et al. (2006) showed that the location of the snow
line moves inward as a function of time. In the case of a solar-
type star like K2-292, the current location of the snow line is
at approximately 1 au, but it was as far as 5 au in the first Myr.
Therefore, it is possible that the absence of volatiles can be
explained by the fact that even though K2-292 b formed at large
distances and migrated inward, it always did it inside the snow
line (Kennedy & Kenyon 2008).

There are two main mechanisms to trigger inward migration:
via interactions with the gaseous disk or dynamical interactions
with another body. The latter type arises from the gravitational
force exerted by a sufficiently massive body, which can also be
expressed in terms of a torque. This torque alters the angular
momentum of the planet’s orbit, resulting in a variation of the
orbital elements, particularly, a decrease over time of the semi-
major axis. Particularly, the migration could indeed be caused by
Kozai-Lidov oscillations (Dawson & Chiang 2014; Mustill et al.
2017); these could be excited by the possible long-period com-
panion suggested by a linear trend in the RV data. The derived
slope, in case it is of a planetary nature, suggests a long-period
companion with a minimum mass on the order of 33 Mg (see
Eq. (1) in Feng et al. 2015).

Multiplanetary systems sculpted by Kozai-Lidov mecha-
nisms are expected to exhibit significant mutual inclinations
and this could be the reason why the further companion is not
detected in the K2 light curve. The eccentricity of the transit-
ing planet cannot be well constrained by the current RV data,
but it is reasonable to assume that the eccentricity is small but
non-zero, given that there is only one single transiting planet.
Van Eylen et al. (2019) found that there is an eccentricity spread
for this kind of system, and that they are well described by the
positive half of a Gaussian, peaking at zero and with a width
of 0.32 + 0.06. However, to prove the proposed scenario, more
measurements would be needed to constrain the eccentricity of
the planet and reveal the nature of the slope in the RV time
series.
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Appendix A: Frequency analysis of spectral
indicators
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Fig. A.1. GLS periodograms of CARMENES RVs (panel a) and
their residuals (panel b) after removing the planet signal at f =
0.06d™! derived from K2 photometry, marked in red. Panels c—e: peri-
odograms of the chromatic index, differential line width, and He index.
Panels f~h: periodograms for the cross-correlation function full-width
half-maximum, contrast, and bisector velocity span. The horizontal
dashed line shows the theoretical FAP level of 10%. The shaded
blue area indicates the period range longer than the time span of the
observations.

Appendix B: Radial velocity measurements

Table B.1. Radial velocities and formal uncertainties of K2-292.

BID RV O RV
(ms™) (ms™h)

2458284.416 0.86 2.14
2458289.442 -3.55 2.67
2458290.385 5.44 2.87
2458291.379 8.66 2.89
2458294.392 16.63 3.14
2458295.398 5.32 2.89
2458296.403 7.31 3.61
2458297.422 3.76 3.32
2458299.393 -2.09 343
2458300.413 -5.64 3.00
2458301.389 -3.09 4.31
2458302.407 -3.75 2.23
2458 303.391 3.05 4.54
2458308.372 -0.28 2.20
2458310.379 517 3.78
2458 313.374 =722 3.50
2458 316.370 -6.29 2.15
2458 318.377 —-15.45 3.33
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