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ABSTRACT

We present the discovery of three small planets transiting LP 358-348, a late K dwarf in the Hyades. The planets
have orbital periods of 7.9757 +0.0011, 17.3068115-0503% and 25.571570:9038 days, and radii of 1.05+0.16, 3.14 + 0.36,
and 1.551‘8:%‘11 Rg, respectively. With an age of 600-800 Myr, these planets are some of the smallest and youngest
transiting planets known. Due to the relatively bright (J=9.1) and moderately inactive host star, the planets are
compelling targets for future characterization via radial velocity mass measurements and transmission spectroscopy.
As the first known star with multiple transiting planets in a cluster, the system should be helpful for testing theories

of planet formation and migration.

Keywords: planets and satellites: detection — planetary systems — stars: fundamental parameters
— open clusters and associations: individual
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1. INTRODUCTION

The NASA K2 mission (Howell et al. 2014) is con-
tinuing the legacy of Kepler by conducting high preci-
sion time-series photometry of stars in the ecliptic plane,
leading to the discovery of many new transiting planets
(see, e.g. Crossfield et al. 2015; Montet et al. 2015; Pe-
tigura et al. 2015; Sanchis-Ojeda et al. 2015; Schlieder
et al. 2016; Vanderburg et al. 2015, 2016a,b; Van Eylen
et al. 2016; Hirano et al. 2016; Guenther et al. 2017;
Fridlund et al. 2017; Smith et al. 2017; Hirano et al.
2017). Besides revealing planets around brighter and
lower-mass stars (Crossfield et al. 2016), K2 is enabling
a wider survey across different stellar environments, in-
cluding several nearby open clusters. The ages of cluster
stars are usually known with much better accuracy than
field stars. By detecting and characterizing planets in
clusters, we may thereby observe how planets and their
orbits evolve in time.

To date, radial-velocity and transit surveys have un-
covered only a relatively small number of planets in
clusters: in Taurus-Auriga (Donati et al. 2016), NGC
6811 (Meibom et al. 2013), NGC 2423 (Lovis & Mayor
2007), M67 (Brucalassi et al. 2014, 2016), Upper Scor-
pius (David et al. 2016a; Mann et al. 2016b), Pleiades
(Gaidos et al. 2017), Praesepe (Quinn et al. 2012; Mala-
volta et al. 2016; Obermeier et al. 2016; Mann et al.
2017a; Pepper et al. 2017), and Hyades (Sato et al.
2007; Quinn et al. 2014; David et al. 2016b; Mann et al.
2016a). Of these, the most favorable targets for fu-
ture study are those transiting stars bright enough for
Doppler mass measurement and atmospheric transmis-
sion spectroscopy to be feasible.

Here we report on the first known transiting multi-
planet system in a cluster. Although hundreds of tran-
siting multi-planet systems have been discovered so far
(see, e.g., Rowe et al. 2014), this system is of particu-
lar interest because of its relatively well-known age and
proximity to the Sun, which enhance the prospects for
further characterization. Because the star hosts multi-
ple transiting planets, the architecture of a young planet
system can be explored by measuring the densities, com-
positions, and orbital parameters of the planets. Fur-
thermore, because the Sun is believed to have formed in
a cluster (e.g. Adams 2010), studying planets in clusters
can potentially shed light on how our own Solar system
formed.

The transit detections and follow-up observations that
led to this discovery were the result of an international
collaboration called KESPRINT. While this manuscript
was in preparation we learned that this same system had
been independently discovered by Ciardi et al. (2017)
and Mann et al. (2017b). It is not surprising that mul-
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Figure 1. The photometric aperture (red silhouette) used
to create the K2 light curve. The green circle indicates the
position of the target in the EPIC catalog. The blue circle
is the center of the flux distribution.

tiple groups chose this unique system for a large invest-
ment in telescope resources.

This paper is organized as follows. We describe the
data in Section 2, transit analysis in Section 3, and stel-
lar parameters in Section 4. We validate the system in
Section 5, discuss the potential for future study (and
other interesting aspects) of the system in Section 6. In
the final section we summarize our results and compare
them to the two other studies reporting the discovery of
this remarkable system.

2. OBSERVATIONS
2.1. K2 photometry

The high-proper-motion star LP 358-348 (EPIC
247589423) was proposed as a K2 Campaign 13 (C13)
target by numerous programs: GO13008 (PI Mann),
GO13049 (Quintana), GO13064 (Agueros), GO13018
(Crossfield), GO13023 (Rebull), GO13077 (Endl), and
GO13090 (Glaser). The star was monitored in long-
cadence mode with detector module 19 of the Kepler
photometer from March 8, 2017 UT to May 27, 2017
UT. Table 1 gives the star’s basic parameters.

Because of the loss of two of its four reaction wheels,
the Kepler spacecraft is susceptible to uncontrolled ro-
tation around the axis of its boresight. This causes stars
to appear to vary in intensity, due to their motion across
the detector coupled with gain variations within and be-
tween pixels. Some of these spurioius variations can be
removed through straightforward decorrelation, as first
reported by Vanderburg & Johnson (2014). We down-
loaded the target pixel files from the Mikulski Archive
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Figure 2. Light curves of EPIC-247589423 produced by our pipeline. The upper panel shows the systematics-corrected light
curve, in which transits of all 3 planets can be identified by eye. The lower panel shows the same light curve after removing the
stellar variability signal, with the best-fitting transit model for each planet in the system plotted in a different color: planet b

— red; planet ¢ — green; planet d — blue.
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Figure 3. Phase-folded transits of each planet in the system, in order of increasing orbital period (left to right). The best-fitting
transit model for each planet is plotted using the same colors as in Figure 2.

for Space Telescopes'. For each star we defined an aper-
ture around the brightest pixel, and fitted the intensity
distribution with a 2-d Gaussian function. We then fit-
ted a piecewise linear function between the time series
of aperture flux and the central coordinates of the light
distribution. We used the best-fitting function to decor-
relate the light curve from the positional variations. We

! https://archive.stsci.edu/k2/

experimented with different apertures to minimize the
6-hour Combined Differential Photometric Precision of
the resulting light curve. Figure 1 illustrates the op-
timal aperture, and Figure 2 shows the corresponding
light curve.

2.2. NOT/FIES high resolution spectroscopy

As part of the CAT observing program P55-206, on
September 14, 2017 UT we acquired a high-resolution
spectrum of EPIC 245589423 with the Fibre-fed Echelle
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Spectrograph (FIES; Frandsen & Lindberg 1999; Telting
et al. 2014) attached to the 2.56m Nordic Optical Tele-
scope (NOT) of Roque de los Muchachos Observatory
(La Palma, Spain). The observation was carried out us-
ing the instrument’s high-res mode, which provides a re-
solving power of R = 67,000 in the spectral range 3700—
8300 A. The exposure time was set to 1800sec, leading
to a signal-to-noise ratio (S/N) of about 35 per pixel at
5500 A. Following the same observing strategy our team
has adopted for other FIES observations of K2stars (see,
e.g., Gandolfi et al. 2017), we traced the RV drift of
the instrument with long-exposed (100sec) ThAr spec-
tra bracketing the science exposure. The data reduction
was performed using standard IRAF and IDL routines.
The RV measurement was extracted by cross-correlating
the observed échelle spectrum with a template of the
K5V RV standard star HD 190007 (Udry et al. 1999).
We found that EPIC 245589423 has an absolute radial
velocity of 39.2 +0.1kms~! (Table 1), which is consis-
tent with membership in the Hyades cluster. We note
that the quoted uncertainty takes into account the un-
certainty of the absolute radial velocity of the standard
star. We also found no evidence of additional peaks in
the cross-correlation function that might be produced
by additional stars in the system.

2.3. Seeing-limited imaging

We obtained seeing-limited images of the target field
in the z; band on September 24, 2017 UT, using the Mul-
ticolor Simultaneous Camera for studying Atmospheres
of Transiting exoplanets (MuSCAT; Narita et al. 2015)
mounted on the 188 cm telescope at Okayama Astro-
physical Observatory (OAO). The field of view of MuS-
CAT is 6.1'x 6.1’. The sky was photometric with an
average seeing of 1.0”. A set of 20 images was obtained
with individual exposure times of 3 seconds. The images
were median-combined after performing corrections for
dark current, flat-fielding, and field distortion. The left
panel of Figure 4 shows the combined image. The co-
ordinates of the reduced image were then calibrated to
the equatorial coordinate system (J2000) via the Gaia
DR1 catalog (Gaia Collaboration et al. 2016) with an
accuracy of 0.04” in rms, from which we measured the
target coordinate at epoch=2017.73 to be («, §)J2000 =
(04:29:38.990, +22:52:57.80).

2.4. Lucky imaging

We performed Lucky Imaging (LI) of EPIC 247589423
using FastCam (Oscoz et al. 2008) at the Nordic Opti-
cal Telescope (NOT) in the Observatorio Roque de los
Muchachos, La Palma. This instrument is an optical
imager with a low-noise EMCCD camera capable of ob-
taining speckle-featuring non-saturated images at a fast

frame rate (see Labadie et al. 2011). On October 5th,
2017 UT, we obtained 20,000 images in the I band with
an exposure time of 30 msec per image.

In order to construct a high-resolution, diffraction-
limited, long-exposure image, the individual frames were
bias subtracted, aligned and co-added using our own LI
algorithm (see Velasco et al. 2016). The LI selection
is based on the brightest speckle in each frame, which
has the highest concentration of energy and represents
a diffraction-limited image of the source. Those frames
with the largest count number at the brightest speckle
are the best ones. The percentage of the best frames
chosen depends on the natural seeing conditions and the
telescope diameter. It is based on a trade between a
sufficiently high integration time, given by a higher per-
centage, and a good angular resolution, obtained by co-
adding a lower amount of frames. Figure 5 presents the
high-resolution image constructed by co-addition of the
best 10% of all frames, i.e., with a total exposure time
of 60 seconds. The image was processed with 5 x 5 pixel
Gaussian kernel filtering followed by 3 x 3 pixel Gaussian
smoothing to reduce pixel noise (Labadie et al. 2011).
The figure also shows the contrast curve that was com-
puted based on the scatter within the annulus as a func-
tion of angular separation from the target centroid. No
bright companion was detectable in the images within
17,

3. TRANSIT ANALYSIS

Before searching the light curve for transits, we re-
duced the amplitude of any long-term systematic or in-
strumental flux variations by fitting a cubic spline to the
light curve. To look for periodic transit signals, we em-
ployed the Box-Least-Squares algorithm (BLS, Kovécs
et al. 2002). We improved the efficiency of the original
BLS algorithm by using a nonlinear frequency grid that
takes into account the scaling of transit duration with
orbital period (Ofir 2014). We also adopted the signal
detection efficiency (SDE, Ofir 2014) which quantifies
the significance of a detection. The SDE is defined by
the amplitude of peak in the BLS spectrum normalized
by the local standard deviation. We set a threshold of
SDE>6.5 as a good balance between completeness and
false-alarm rate. In order to identify all the transit-
ing planets in the same system, we progressively re-ran
BLS after removing the transit signal detected in the
previous iteration. The lower panel of Figure 2 shows
the resulting light curve and transits identified by this
analysis, and Figure 3 shows the phase-folded transit for
each planet.

We used the orbital period, mid-transit time, tran-
sit depth and transit duration identified by BLS as the
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Figure 4. The seeing-limited z-band image of EPIC 247589423 obtained by MuSCAT in 2017 (left) and the POSS1 Red image
of the same field obtained in 1950 (right). North is up and East is to the left. The gray lines indicate the location of the target

measured on the MuSCAT image.
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Figure 5. The I band image (inset, 3.1”x3.1”) from
NOT/FastCam and resulting 5-0 contrast curve. North is
up and East is to the left.

starting points for more detailed transit modeling. To
reduce the data volume, we only analyzed the data ob-
tained within 2x7T74 window of mid-transits, where T4
is the transit duration. First we tested if any of the
planets exhibited transit-timing variations (TTVs). We
fitted the phase-folded transit light curve to a model gen-
erated by the Python package Batman (Kreidberg 2015).
Then we used the best-fitting model as a template for
the determination of individual transit times. Holding
all parameters fixed except the mid-transit time, we fit-
ted the template to the data surrounding each transit.
We did not detect any TTVs over the ~80 days of K2
observations. For subsequent analysis we assumed that
all 3 transit sequences were strictly periodic.

The parameters in our light-curve model include three
parameters that pertain to all the transits: the mean
density of the host star, p,; and the quadratic limb-
darkening coefficients, u; and us. Each planet is param-
eterized by its orbital period, P,,p; the time of a partic-
ular transit, t.; the planet-to-star radius ratio, R,/R,;
the impact parameter, b = acosi/R,; and the eccen-
tricity parameters /e cosw and /e cosw. We imposed
Gaussian priors on the limb-darkening coefficients based
on the values from EXOFAST? (Eastman et al. 2013),
with Gaussian widths of 0.2. We imposed Jeffreys priors
on the scale parameters Py, Rp/ Ry, and p.. We im-
posed uniform priors on ¢, cos i, /e cosw and /e cosw.
We computed the model light curve at 1 min intervals
and then averaged into 30 min intervals before compar-
ing with the data (Kipping 2010).

We adopted the usual 2 likelihood function. We
found the maximum likelihood solution using the
Levenberg-Marquardt algorithm implemented in the
Python package 1lmfit. We sampled the posterior dis-
tribution of transit parameters by performing a Markov
Chain Monte Carlo analysis with emcee (Foreman-
Mackey et al. 2013). We launched 128 walkers in the
vicinity of the maximum likelihood solution. We ran
the walkers for 5000 links and discarded the first 1000
as the burn-in phase. We checked for convergence by
calculating the Gelman-Rubin potential scale reduction
factor. Adequate convergence was achieved since the
Gelman-Rubin factor dropped to within 1.03 and the

2 http://astroutils.astronomy.ohio-state.edu/exofast/

limbdark.shtml.
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Table 1. Stellar parameters.

1.0002
Parameter Unit Value Source
1.0000
« { Main identifiers
=
& 0.9998 { \ { EPIC — 247589423 Hub16
% { 2MASS — 04293897+2252579 Hub16
9]
X 0.9996 . . .
FEquatorial coordinates and proper motion
0.9994 \ RA hh:mm:ss 04:29:38.990 Hubl6
Dec dd:mm:ss +22:52:57.80 Hub16
3024.3 3024.4 3032\?55.2452;)5;.6 3024.7 3024.8 fis mas yr—1 Q5.8 4+ 1.2 UCACSH
s mas yr—1 —34.0+1.1 UCAC5

Figure 6. Overlapping transits of planets b and d, which

Optical and -1 d itud
occurred just before the halfway point of the full time series ptical and near-infrared magnitudes

plotted in Figure 2. B mag 12.820 £+ 0.021 Wei83
\% mag 11.520 +0.015 Wei83
resultant posterior distributions for various parameters I mag 10.072 +0.118 TASS
were smooth and unimodal. Table 2 reports the tran- J mag 9.096 & 0.022 IMASS
sit parameters using the 16, 50, and 84 % levels of the H mag 8.496 + 0.020 OMASS
posterior distribution. Ks mag 8.368 4+ 0.019 IMASS
Near BJD—2454833 = 3024:5, the transits of pla%net_b Wi mag 8.973 4 0.023 WISE
and d partially overlapped with each other, resulting in
a double transit (see Figure 6). Given the precision and W2 mag 8850 0.021 WISE
30-minute averaging of the K2 light curve, we cannot tell w3 mag 8.302 +0.030 WISE
W4 mag 8.112 WISE

if the planets exhibited a mutual eclipse, which would
have revealed the mutual inclination between their or-
bits (Hirano et al. 2012). According to our constant-

Stellar fundamental parameters

period ephemeris, the next double transit will occur at M Mo 0.686 + 0.028 This work
BJD-2454833 = 3893.9836 (UT 2019 Aug 31 11:36). Ry Ro 0.723 £ 0.072 This work
Px PO 1.92 +0.54 This work
4. STELLAR PARAMETERS Tog K 4359 + 70 This work
We analyzed the combined FIES spectrum to derive [Fe/H] dex 0.17 +0.12 This work
the spectroscopic parameters of EPIC 245589423. We logg cgs 4.537 +0.086 This work
extracted the spectral region between 5000-6000 A and L, Lo 0.171 £ 0.036 This work
fed it to the SpecMatch-emp code developed by Yee et al. Prot days 13.612:2 This work
(2017). SpecMatch-emp refers to the library of high- vsini. km s—1 2.6+ 0.7 This work
resolution spectra for hundreds of FGKM stars, and. tries RV m s—1 39.9 4 0.1 This work
to find a subset of spectra that best match the input )
Ay mag 0.1 +0.1 This work
spectrum. The final set of parameters (Teg, Ry, and p 35470 Th .
[Fe/H]) are estimated by interpolation between the stel- pe HET = e
lar parameters of the best-matched spectra. The derived NoTE—Hub2016 and Wei83 refer to Huber et al. (2016) and
quantities are listed in Table 1. Weis (1983), respectively. Values marked with UCAC2,
Wi ted th " ically derived T R TASS, 2MASS, and WISE are from Zacharias et al. (2004),
e conver. e e spectroscopically G.EI"IVG eff, Llx, Droege et al. (2006), Cutri et al. (2003), Cutri et al. (2013),
and [Fe/H] into mass M,, surface gravity logg, mean respectively. The WISE W4 magnitude is an upper limit.

density py, and luminosity L, using the empirical re-
lations derived by Torres et al. (2010). Assuming that
Ter, Ry, and [Fe/H] have uncertainties well described by
Gaussian functions, with means and standard deviations
as determined by SpecMatch-emp, we performed Monte
Carlo simulations to derive M, log g, px, and L,. We
also measured the projected rotational velocity of the
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Figure 7. Dereddened spectral energy distribution of

EPIC 245589423. The NEXTGEN model spectrum with the
same parameters as the star is plotted with a light blue line.
The B,V,ILJ,HKs,W1,W2 W3, and W4 fluxes are derived
from the magnitudes reported in Table 1. The WISE W4
magnitude is an upper limit.

star (vsini,) by fitting the profiles of unblended and
isolated metal lines using the ATLAS12 model spectrum
(Kuruez 2013) with the same spectroscopic parameters
as the star. Table 1 summarizes the results.

We determined the interstellar extinction and spec-
troscopic distance to EPIC 245589423 following the pro-
cedure described by Gandolfi et al. (2008). Briefly, we
created synthetic intrinsic colors from the NEXTGEN
model spectrum (Hauschildt et al. 1999) with the same
spectroscopic parameters as the star. We then simulta-
neously fitted the synthetic colors to the observed colors
(Table 1) encompassed by the spectral energy distribu-
tion of the star (Figure 7). Assuming the conventional
extinction law, R, = A,/E(B — V)=3.1, we found a
reddening of A, = 0.1 £ 0.1 mag. Based on this value
of reddening, the observed fluxes, and the approxima-
tion of a blackbody spectrum, we derived a spectro-
scopic/photometric distance of d = 63.5 + 7.0 pc.

The K2 light curve shows quasi-periodic variability
that is likely caused by rotation (see the upper panel
of Figure 2). To determine the rotation period we
used a variety of methods: the autocorrelation function
(ACF; e.g. McQuillan et al. 2014), the Lomb-Scargle
periodogram (Lomb 1976; Scargle 1982), and Gaussian
Process (GP) regression (Rasmussen & Williams 2005).
For the GP regression, we used the celerite package
(Foreman-Mackey et al. 2017) with a quasi-periodic co-
variance function (e.g. Haywood et al. 2014; Grunblatt
et al. 2015; Angus et al. 2017). The GP, Lomb-Scargle,
and ACF methods yield a stellar rotation period of
13.5707 151713, and 13.6722 days, respectively. All
three of these methods produce results that are consis-
tent at the 1-o level, with the best agreement between
the results from GP regression and the autocorrelation

function. See Figure 8 and Figure 9 for visualizations of
these methods. We adopt the ACF value for the stellar
rotation value in Table 1, as it is in good agreement but
the error bars are more conservative. The FIES spec-
trum reveals emission components in the cores of the
Catt H& K lines (see Figure 10), as expected given the
photometric variability observed in the K2 light curve
(see Figure 8). Unfortunately, the S/N is too low to
provide a meaningful measurement of the Ca activity
indicator. Using the rotation period of the star and
the empirical equation given by Sudrez Mascareno et al.
(2015) we estimated that log;,(Riyk) is expected to be
between -4.7 and -4.5.

We estimated the level of spurious RV variations that
should be produced by stellar activity using the code
S0AP2 (Dumusque et al. 2014). Adopting a plausible
range of values for the spot temperature (Strassmeier
2009), and using the stellar radius, rotation period,
effective temperature, and limb darkening coefficients
given in Table 1 and Table 2, we found that the observed
peak-to-peak photometric variability of ~0.5-0.9% (Fig-
ure 2) implies a RV jitter with a semi-amplitude of ~5-
10 m/s. This will interfere with efforts to measure the
planet masses by RV monitoring.

5. VALIDATION

Before prioritizing newly-detected planet candidates
for detailed follow-up characterization, it is useful to
consider the false positive probability (FPP), i.e. the
probability that the observed signal is actually caused
by an eclipsing binary (EB). High-resolution imaging is
important to search for faint nearby objects which could
be the source of the signal or could be reducing its ap-
parent amplitude. Our imaging data revealed no such
faint companions (see the left panel of Figure 4, and Fig-
ure 5). In addition, the proper motion of the host star
combined with the POSS I image from 1950 shows no
obvious background source which would be aligned with
the host star today (see right panel of Figure 4). These
results place stringent limits on the separation between
the host star and any putative bound stellar compan-
ions, and effectively rule out a present-day alignment
with a background EB.

Stars with multiple transiting planet candidates are
known to have a very low false positive rate (Lissauer
et al. 2011, 2012, 2014). Furthermore, the orbital peri-
ods of this system are nearly in the ratio 3:2:1, which
is a priori difficult to reproduce with a combination of
multiple non-planetary eclipsing systems. We therefore
expect the FPP for this system to be exceedingly low.
We tried to quantify the FPP using the statistical val-
idation framework as implemented in the vespa code
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(Morton 2015). This code uses the TRILEGAL Galaxy
model (Girardi et al. 2005) to compute the likelihoods
of both planetary and non-planetary scenarios given the
observed transit signals, and considers EBs, background
EBs (BEBs), and hierarchical triple systems (HEBs).
After applying the empirical “multiplicity boost” from
Lissauer et al. (2012), the FPPs from vespa are well be-
low the fiducial validation criterion of ~1% for all plan-
ets in this system. We conclude that EPIC 245589423 is
a bona fide three-planet system.

6. DISCUSSION

Using the results of our spectroscopic and transit light
curve analysis, we determine the radii of planets b, c,
and d to be 1.05 + 0.16, 3.14 4 0.36, and 1.5570 21 Rg,
respectively. Using the empirical mass-radius relation of
Wolfgang et al. (2016), the masses are expected to be
15717, 11.6755, and 4.6153 M, respectively.

Combining our transit and spectroscopic analyses
yields a semi-major axis of 0.1624 AU and an insola-
tion flux of about 6.55g for planet d, which is well
inside the inner edge of the “recent Venus” habitable
zone for this star (Kopparapu et al. 2013). Its size of
1.55 Rg and equilibrium temperature of 430K (assum-
ing a Bond albedo of 0.3) make this an interesting target
for studying the atmospheres and compositions of small
temperate planets near the rocky-gaseous transition.

There are only a small number of known planetary
systems with a similar architecture close to a 3:2:1 mean-
motion resonance. K2-32 (Sinukoff et al. 2016; Dai et al.
2016; Petigura et al. 2017) hosts three planets which
have period ratios near 3:2:1 but not as close as the pe-
riod ratios of EPIC 245589423. In addition the planets
in the K2-32 system are substantially larger than the
planets oriting EP1C-247589423. The Kepler-19 system
is also close to this resonance, but only one of the planets
transits the host star — the other two were detected via
TTV and RV measurements (Ballard et al. 2011; Mala-
volta et al. 2017). Kepler-51 is a system of three Saturn-
size planets with masses measured from TTVs (Steffen
et al. 2013; Masuda 2014). Rowe et al. (2014) announced
the validation of several systems which are within ~10%
of this resonance: Kepler-184, Kepler-254, Kepler-326,
and Kepler-363. EPIC-247589423 stands out from all of
these other systems due to its brighter host star, cluster
membership, and the small size of its planets — in par-
ticular planet b, which is smaller than all of the planets
in these systems. In addition, EPIC-247589423 is the
only system among these in which the middle planet is
substantially larger than both of its neighbors.

6.1. Potential for future study

The planets in this system are attractive targets for
follow-up radial velocity and transmission spectroscopy
studies, due to the relative brightness of the host star
(J=9.1). The star exhibits relatively low amplitude pho-
tometric spot modulation (~0.3% on average), a moder-
ate vsini, of 2.6+0.7kms ™!, and relatively low levels of
activity for its age, which enhance the prospects for pre-
cise mass measurement via radial velocity monitoring.
Nevertheless it will still not be easy. Given the masses
from mass-radius relations, the predicted radial velocity
(RV) semi-amplitudes of planets b, ¢, and d are ~0.5,
~4, and ~1ms~!. Such small signals are detectable in
principle with current and planned spectrographs. We
note, however that the level of spurious Doppler shifts
produced by stellar activity is expected to be 5-10 m/s
(see Section 4) and the rotation period of the star lies
between the orbital periods of planets b and c. It will
require great care to disentangle the planetary signals
from those induced by stellar activity.

It is worth noting that our estimate of the pro-
jected rotational velocity (vsini, = 2.6 + 0.7kms™!)
agrees with the equatorial rotation velocity (veq =
2.697039 kms™!) estimated from the stellar radius and
rotation period. This is consistent with sini = 1 which
is a necessary (but not sufficient) condition for spin-orbit
alignment. The stellar inclination, an indicator of stel-
lar obliquity for transiting systems, has been discussed
in the literature (see, e.g., Hirano et al. 2014; Morton
& Winn 2014) as a probe to investigate the dynamical
history of planetary systems, but essentially nothing is
known about the obliquity for planetary systems in stel-
lar clusters.

The 30-minute averaging of K2 data limits our ability
to detect TTV signals smaller in amplitude than about
30 minutes. Nevertheless there is a tantalizing hint of
possible dynamical interactions between planets ¢ and d
(see Figure 11). The apparent anti-correlation between
the TTVs of each planet is similar to what one would ex-
pect given the proximity to a period commensurability
(Py/P. =~ 1.48). Using the analytic formulae of Lithwick
et al. (2012) the expected super-period for this pair is
~570 days. Neither the timing precision nor the time
baseline of the existing data is sufficient to constrain
any possible TTVs. There do not appear to be signif-
icant dynamical interactions between planets b and c,
which is not surprising because their orbital periods are
further from commensurability (P./P, ~ 2.17). Future
photometric monitoring of this system, perhaps with the
upcoming CHEOPS space telescope (Broeg et al. 2013),
may reveal dynamical interactions in this system. This
would make precision RV monitoring of this system even
more interesting, since the RV measurements could help
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Table 2. Fitted and derived transit parameters.

Parameter
px (g cm™3) 3.25f8"%
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Figure 11. The individual transit times of the three plan-
ets. Transits that were severely affected by systematics were
removed.

break the usual degeneracy between mass and eccentric-
ity in TTV analysis.

6.2. Cluster membership

We computed the cluster membership probability
of EPIC 247589423 based on the combined probabil-
ity from proper motion and RV. We used the UCAC5
(Zacharias et al. 2017) proper motion and the abso-
lute RV we measured with FIES (see Table 1). The
proper motion probability was measured following the
method described in Vasilevskis et al. (1958) and as-
suming that the average proper motion of the Hyades
is po = 104.92 +0.12 and ps = —28.0 £ 0.09 mas yr—*
(Gaia Collaboration et al. 2017). The computation of
the multivariate probability density functions was per-
formed with the scipy.stats Python package. The
RV-based membership probability was determined by
comparing the RV of the star to the average RV of the
cluster members, assuming that the velocity distribu-
tion of the Hyades cluster can be approximated by a
single Gaussian with an absolute velocity of RVy,=
39.29 km s~! and oy = 0.25 km s™! (Dias et al. 2002).
The final combined membership probability is P.=Pux
Pry = 0.94, which is in very good agreement with the
value of 0.92 found by Douglas et al. (2014).

We determined the gyrochronological age of the star
using rotation—activity—age relations. From (B —V) =
1.300 £ 0.015 mag (Weis 1983) we obtained tgyo =
284 + 248 Myr using the relation of Barnes (2007),
teyro = 558 £ 329 Myr using Mamajek & Hillenbrand
(2008), and tgyro = 667 £ 504 Myr using Angus et al.
(2015). This range of gyrochronological ages is consis-
tent with a moderately young star, lending further sup-
port to the host star’s cluster membership.

Roser et al. (2011) determined EPIC 245589423 to be
a Hyades member and computed a distance from the
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cluster center of 13.03 pc, which is consistent with our
distance estimate of 63.5 + 7.0 pc, given previous esti-
mates of the distance to the cluster center of about 46 pc
(Perryman et al. 1998; van Leeuwen 2009). The proper
motion of the star is consistent with that of well-known,
bright cluster members such as 71 Tau, ups Tau, ¢ Tau,
and Prima Hyadum. Our measurement of the star’s
absolute radial velocity (RV=39.240.1kms™1!) is also
consistent with that of the average Hyades member star
(39.1 £ 0.2kms™!, Detweiler et al. 1984).

We conclude that EPIC 245589423 is a bona fide
Hyades member. Thus its age is likely in the range
600-800 Myr (Perryman et al. 1998; Brandt & Huang
2015), making its planets among the smallest known
with well-determined ages.

6.3. System architecture

Due to its small size, planet b is likely to be rocky in
composition, whereas the larger planet c is likely to have
a substantial gaseous envelope. These planets could
therefore be sitting on either side of the theorized “pho-
toevaporation valley” (e.g. Owen & Wu 2013; Lopez &
Fortney 2014) for which strong observational evidence
has recently emerged (Fulton et al. 2017). Because of
the well-known age of Hyades members, the planets in
this system could therefore provide a laboratory to test
theories of atmospheric loss from incident stellar irradi-
ation, as they share a common host star activity history.

7. SUMMARY

We have presented our analysis of the K2 light curve
of the star EPIC 247589423, along with the results of our
ground-based imaging and spectroscopy follow-up ob-
servations. The star hosts three small transiting planets
with orbital periods in close proximity to a 3:2:1 reso-
nant chain, including one planet approximately the size
of Earth, one super-Earth, and one sub-Neptune. The
host star’s membership in the Hyades make this the first
transiting multi-planetary system currently known in a
cluster and yields a precise age for the system, mak-
ing the innermost planet the smallest and youngest dis-
covered around any star to date. The system presents
excellent prospects for future characterization via ra-
dial velocity and transmission spectroscopy observa-
tions, which will enable tests of planet formation and
migration theories.

While this manuscript was in preparation Ciardi et al.
(2017) and Mann et al. (2017b) reported independent
analyses of this system, each utilizing their own K2 pho-
tometric pipelines. Because each pipeline has poten-
tially significant differences in the way K2 systematics
are modeled, it is worthwhile to check for consistency
among the reported values (e.g. Dressing et al. 2017).
For example, the transit depth could be artifically re-
duced by an overly aggressive systematics model, or
a single photometric measurement contaminated by an
undetected cosmic ray could result in a biased ephemeris
(e.g. K2-18b; Benneke et al. 2017). We compared our re-
sults for R,/R,. and P,,1, to those reported by the other
two teams and found them to be consistent to within
1-0, indicating a relatively high level of reliability. In
particular, robust ephemerides are essential to efficiently
schedule follow-up transit observations (i.e. with Spitzer
or JWST), and decrease the chance of a complete loss
of the planet for future studies.
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