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ABSTRACT

The role of stellar age in the measured properties and occurrence rates of exoplanets is not well un-
derstood. This is in part due to a paucity of known young planets and the uncertainties in age-dating
for most exoplanet host stars. Exoplanets with well-constrained ages, particularly those which are
young, are useful as benchmarks for studies aiming to constrain the evolutionary timescales relevant
for planets. Such timescales may concern orbital migration, gravitational contraction, or atmospheric
photo-evaporation, among other mechanisms. Here we report the discovery of an adolescent tran-
siting sub-Neptune from K2 photometry of the low-mass star K2-284. From multiple age indicators
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we estimate the age of the star to be 120 Myr, with a 68% confidence interval of 100–760 Myr. The
size of K2-284 b (RP = 2.8 ± 0.1 R⊕) combined with its youth make it an intriguing case study for
photo-evaporation models, which predict enhanced atmospheric mass loss during early evolutionary
stages.

Keywords: planets and satellites: physical evolution — planets and satellites: gaseous
planets — stars: low-mass — stars: planetary systems — Galaxy: open
clusters and associations: individual (Cas-Tau)
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1. INTRODUCTION

Exoplanet properties are intrinsically linked
to the properties of their host stars. The pri-
mary parameters governing stellar structure are
mass, metallicity, and age. Planet occurrence is
known to correlate with stellar mass (Cumming
et al. 2008; Howard et al. 2012) and metallicity
(Fischer & Valenti 2005). The degree to which
planet demographics are time-dependent, how-
ever, remains under-explored. This is due to
both the scarcity of known young planets as
well as the large uncertainties in the ages of
typical exoplanet hosts. Compiling a sample of
planetary systems with well-constrained ages is
a critical step on the path towards statistical
comparisons of the frequencies and properties
of planets across time.

There is a long history of planet searches
within clusters and other coeval stellar popu-
lations. Early wide-field transit searches for
hot Jupiters targeted globular clusters for the
large sample sizes afforded by these popula-
tions (Gilliland et al. 2000; Weldrake et al. 2005,
2008). These searches resulted in no detec-
tions, leading to a claim of lower occurrence
rates within older populations. However, Ma-
suda & Winn (2017) revisited that claim and
concluded the globular cluster null results were
consistent with Kepler hot Jupiter statistics af-
ter accounting for frequency trends with stellar
mass.

Within open clusters of intermediate (∼1–
7 Gyr) and young ages (<1 Gyr), numerous
surveys have searched for planets across a wide
range of mass and separation, using the transit,
radial velocity (RV) and direct imaging methods
(see Bowler 2016, for a review of young exoplan-
ets detected through imaging). In the∼3.5 Gyr-
old M67 cluster, there is a claimed excess of
hot Jupiters around solar-mass stars, while the
rate of giant planets at wider separations seems
to be in agreement with field statistics (Bru-
calassi et al. 2014, 2016, 2017). At intermediate

ages, RV surveys searching for hot Jupiters in
the nearby Hyades (∼750 Myr) and Praesepe
(∼790 Myr) clusters have resulted in varying
degrees of success (Cochran et al. 2002; Quinn
et al. 2012, 2014). More recently, RV monitor-
ing has revealed a number of hot Jupiters or-
biting T Tauri and post-T Tauri stars (Donati
et al. 2016; Johns-Krull et al. 2016; Yu et al.
2017).

As far as transit searches in clusters go, the
majority of prior surveys were sensitive only to
hot Jupiters yet still lacked the combination of
sensitivity and sample size needed to distinguish
differences in planet populations in clusters and
the field (see Janes & Kim 2009, for a review of
early cluster surveys). A meta-analysis of early
transit searches within open clusters showed
that the null results from those surveys were
consistent with expectations from field statis-
tics (van Saders & Gaudi 2011). To date, only a
single survey has compared the cluster and field
occurrence rates of planets smaller than Nep-
tune. That work used Kepler observations of
the ∼1 Gyr-old cluster NGC 6811 to find agree-
ment between field and cluster rates, from two
transiting planets around G-type stars (Meibom
et al. 2013).

Compared with the Kepler mission, K2 (How-
ell et al. 2014) has targeted a much more di-
verse set of astrophysical sources, enabling a
wide range of Solar System, planetary, stellar,
galactic, and extragalactic investigations. Since
early 2014, K2 has steadily assembled a legacy
archive of precision photometry for more than
300,000 stars, including thousands of members
of young clusters and associations. From these
data, the first secure transiting planets in young
(< 1 Gyr) clusters have been established. For
each of the clusters surveyed, the K2 data are
unprecedented in precision, cadence, baseline,
and number of members surveyed. Recently,
Rizzuto et al. (2017) presented a uniform search
for transits in the K2 cluster data. Our group is
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Figure 1. K2 light curve of K2-284. In the top panel, the stellar variability pattern due to rotational
modulation of starspots is apparent, as are the transits of K2-284 b. In the middle panel, the stellar
variability has been removed. Missing transits are due to sections of the light curve that were removed in
the detrending procedure. In the bottom panel, phase-folded model fits to the transits of K2-284 b. The
red curves show 200 randomly selected models from the MCMC chain.
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also involved in a parallel effort to measure the
completeness of those data, laying the founda-
tion for comparative planet occurrence at young
ages.

A handful of the young transiting planets
found with K2 seem anomalously large com-
pared to close-in planets around field-age stars
of a similar mass, a possible hint for ongoing
radius evolution (Mann et al. 2017a). How-
ever, most of the cluster planets transit low-
mass (mid-K and later type) stars where our
knowledge of planet populations is more incom-
plete relative to the solar-type (FGK) stars tar-
geted by Kepler. Thus, the question which must
be answered is whether these planets are large
because they are young, or whether we are only
finding them because they are easier to detect.
An important step in answering this question is
to compare the densities between young and old
planets, but to date none of the known young
exoplanets have both radius and mass measure-
ments.

Close-in sub-Neptunes with ages .100 Myr
are particularly interesting, given theoretical
predictions that their cores may continue to
be cooling (Vazan et al. 2017) and the at-
mospheres of such planets should experience
enhanced photo-evaporative mass-loss at early
times (Owen & Wu 2013; Lopez & Fortney 2013;
Chen & Rogers 2016). The bimodal radius
distribution of close-in sub-Neptunes has been
interpreted as evidence of photo-evaporative
sculpting of this planet population (Fulton et al.
2017). Here we report the discovery and charac-
terization of a sub-Neptune-sized planet tran-
siting a young star (τ = 120+640

−20 Myr). The
star’s kinematics prior to Gaia DR2 were sug-
gestive of membership with the poorly-studied
Cas-Tau association. However, the Gaia DR2
data weaken the case for membership and a de-
tailed study of the existence, membership, and
substructure of the association is left to a fu-
ture work. Nevertheless, K2-284 b is one of the

younger known transiting exoplanets and thus
a useful benchmark for studying the evolution
of close-in sub-Neptunes.

2. OBSERVATIONS

2.1. K2 Photometry

The Kepler space telescope observed EPIC
247267267 (KP=12.811 mag) between UT 2017
March 8 and 2017 May 27 during Campaign
13 of the K2 mission. Due to roll angle vari-
ations and non-uniform intra-pixel sensitivity,
photometry from the K2 mission contains sys-
tematic artifacts, which are often much larger
in amplitude than planet transit signals or even
the intrinsic stellar variability. We corrected for
these systematic effects using the k2sc pack-
age (Aigrain et al. 2016), which simultaneously
models time- and position-dependent flux vari-
ations using Gaussian process regression. From
these data we discovered a periodic signal in a
systematic search for transiting planets among
the K2 C13 targets. We also extracted photom-
etry from a small square aperture (Figure 2)
and circular apertures of different radii to mit-
igate the impact of nearby stars. The transits
of K2-284 b are recovered at a consistent depth
within apertures between 4′′ and 16′′ in radius.
This argues against the transit signal being due
to a diluted eclipsing binary at a projected sep-
aration larger than 4′′. We also constructed
a separate light curve, initially correcting for
systematics using the k2sff routine (Vander-
burg & Johnson 2014), and then using that pre-
liminary correction as a starting point to pro-
duce a light curve by performing a simultaneous
least-squares minimization (prior to the transit
model-fitting stage) to the transits, stellar activ-
ity, and systematics after removing flares (fol-
lowing Vanderburg et al. 2016). We flattened
the light curve by dividing away the best-fit stel-
lar variability pattern from the light curve. This
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Figure 2. Pan-STARRS r-band image centered
on K2-284 showing the adopted K2 aperture in red
and a smaller aperture in orange, from which the
transits were also recovered at a consistent depth.
We also inspected photometry from 4′′ wide square
apertures centered on the neighboring stars to the
south and to the east to confirm that neither are
eclipsing binaries.

light curve proved to be of higher precision and
we adopted it for the remaining analysis. From
Box-fitting Least Squares periodogram analyses
(Kovács et al. 2002) of light curves both includ-
ing and excluding the transits of K2-284 b we
find no evidence for other periodic signals cor-
responding to additional transiting planets.

2.2. Literature data

To aid our stellar characterization process,
we gathered astrometric and photometric data
from the literature. These data included a par-
allax, proper motions, and broadband photom-
etry from Gaia DR2 (Gaia Collaboration et al.
2018a), as well as photometry from the GALEX
DR5 (Martin et al. 2005), APASS DR9 (Henden
et al. 2016), 2MASS (Cutri et al. 2003), and All-
WISE (Cutri & et al. 2013) catalogs. The pho-
tometric and astrometric properties of K2-284
are summarized in Table 1.

Table 1. Astrometry and Photometry of K2-
284

Parameter Value Source

Astrometry

α R.A. (hh:mm:ss) 05:16:33.76 EPIC

δ Dec. (dd:mm:ss) 20:15:18.39 EPIC

µα (mas yr−1) 25.000 ± 0.082 Gaia DR2

µδ (mas yr−1) -45.938 ± 0.059 Gaia DR2

$ (mas) 9.2935 ± 0.0431 Gaia DR2

Photometry

NUV (mag) 21.688 ± 0.364 GALEX DR5

B (mag) 14.713 ± 0.006 APASS DR9

V (mag) 13.322 ± 0.015 APASS DR9

G (mag) 12.8598 ± 0.0011 Gaia DR2

g′ (mag) 14.089 ± 0.034 APASS DR9

r′ (mag) 12.758 ± 0.038 APASS DR9

i′ (mag) 12.230 ± 0.011 APASS DR9

J (mag) 10.868 ± 0.024 2MASS

H (mag) 10.206 ± 0.025 2MASS

Ks (mag) 10.058 ± 0.018 2MASS

W1 (mag) 9.975 ± 0.023 AllWISE

W2 (mag) 10.007 ± 0.020 AllWISE

W3 (mag) 9.902 ± 0.060 AllWISE

W4 (mag) >8.961 AllWISE

2.3. Adaptive optics imaging

Adaptive optics imaging of K2-284 at Ks fil-
ter (λ◦ = 2.159; ∆λ = 0.011 µm) was ac-
quired with the ShARCS infrared camera be-
hind the ShaneAO adaptive optics system on
the Lick 3-m telescope on 31 August 2017 UT.
The ShARCS camera has an unvignetted field of
view approximately 20′′ and has a pixel scale of
0.033′′ pixel−1. The AO data were obtained in
a 9-point dither pattern with dither point sep-
arated by 5′′ and a 60 s integration time per
frame for a total of 540 s. We used the dithered
images to remove sky background and dark cur-
rent, and then align, flat-field, and stack the
individual images. The resolution of the Lick
imaging was 0.25′′ (FWHM) with a detection
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contrast of 2.8 magnitudes at one FWHM sep-
aration from the target.

To obtain a higher resolution and deeper im-
age, we also observed K2-284 with infrared
high-resolution adaptive optics (AO) imaging,
both at Keck Observatory and Lick Observa-
tory. The Keck Observatory observations were
made with the NIRC2 instrument on Keck-II
behind the natural guide star AO system. The
observations were made on 2017 Oct 31 in the
narrow-band Br − γ filter (λo = 2.1686µm,
∆λ = 0.0326µm) in the standard 3-point dither
pattern that is used with NIRC2 to avoid the
left lower quadrant of the detector which is typ-
ically noisier than the other three quadrants.
The dither pattern step size was 3′′ and was re-
peated three times, with each dither offset from
the previous dither by 0.5′′. The observations
utilized an integration time of 10 seconds with
one coadd per frame for a total of 90 seconds.
The camera was in the narrow-angle mode with
a full field of view of 10′′ and a pixel scale of
approximately 0.1′′ per pixel. The resolution
of the Keck imaging was 0.06′′ (FWHM) with
a detection contrast of 3.5 magnitudes at one
FWHM separation from the target.

The sensitivity of the final combined AO im-
ages were determined by injecting simulated
sources separated from the primary target in
integer multiples of the central source FWHM.
The brightness of each injected source was
scaled until standard aperture photometry de-
tected the injected source with 5σ significance.
The resulting brightness of the injected sources
relative to the primary target set the 5σ con-
trast limits (see Figure 3). We find no evidence
for nearby stars brighter than ∆Ks ≈ 4 mag
outside of 0.5′′, which corresponds to a Kp limit
of ≈ 6 mag, using the Kp−Ks empirical relation
for dwarf stars (Howell et al. 2012), and is used
to set the limits on the dilution of the observed
transit (Ciardi et al. 2015) for the false-positive
assessment (§ 3.2).

Figure 3. Contrast sensitivity and inset image of
K2-284 in Ks as observed with the Lick Observa-
tory 3m Shane adaptive optics system (above) and
in Br-γ from the NIRC2 camera on the Keck-II tele-
scope (below). In each case the 5σ contrast limit in
∆-magnitude is plotted against angular separation
in arcseconds.

2.4. Keck-I/HIRES

High-dispersion spectra of K2-284 were ac-
quired on UT 2017 Aug 29 and Nov 8 using
the HIRES spectrograph (Vogt et al. 1994) on
the Keck-I telescope. The spectra were ob-
tained with the C2 decker, providing a spec-
tral resolution of R ≈ 50000 in the range of
∼3640–7990Å. The achieved SNR was 32/pixel
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at the peak of the blaze function near 5500Å.
The star’s radial velocity (RV) was measured
from the HIRES spectra using the telluric A and
B absorption bands as a wavelength reference
(Chubak et al. 2012). These RVs are accurate
at the ∼200 m s−1 level, which we adopt as the
uncertainty on each telluric RV measurement.
From the HIRES spectra we also derived stellar
parameters which we adopted for the remain-
ing analysis. Our stellar characterization pro-
cedures are described in § 3.4 and summarized
in Table 4. The RV measurements from HIRES
and TRES (described below) are reported in Ta-
ble 2.

2.5. TRES

Using the Tillinghast Reflector Echelle Spec-
trograph (TRES) on the 1.5m telescope at Fred
L. Whipple Observatory, we observed K2-284
on UT 2017 Sep 29. The resolution of this
spectrum is R ≈ 44000 between 3850–9096 Å.
From a 2600s integration, the achieved SNR is
18.9 per pixel at 5110 Å. We measured spec-
troscopic parameters and the absolute RV for
K2-284 from the TRES spectrum using the Stel-
lar Parameter Classification (SPC) tool (Buch-
have et al. 2012, 2014). SPC measures RV from
cross-correlating Kurucz (1992) synthetic tem-
plate spectra with the target spectrum, allowing
for rotational line broadening. We adopt an er-
ror of 0.2 km s−1 in the TRES RV, which is
mainly due to the uncertainty in transforming
the RV onto the IAU absolute velocity scale.
The spectroscopic parameters found with SPC
are broadly consistent with those found from
the HIRES spectrum (see § 3.4).

3. ANALYSIS

3.1. Transit model fitting

We used the pytransit package (Parviainen
2015), based on the Mandel & Agol (2002) for-
malism, to generate transit models and fit these

Table 2. Radial velocities of K2-284

UT Date BJD RV (km s−1) Instrument

2017 Aug 29 2457995.120599 16.85 ± 0.20 HIRES

2017 Sep 29 2458025.897972 17.23 ± 0.20 TRES

2017 Nov 08 2458066.060714 16.80 ± 0.20 HIRES

to the K2 photometry. Parameter uncertainties
were estimated through Markov chain Monte
Carlo (MCMC) analysis using the emcee pack-
age (Foreman-Mackey et al. 2013). The free pa-
rameters in the transit fits are the orbital pe-
riod (Porb), the time of mid-transit (T0), the
fractional stellar radius (R∗/a), the planet-star
radius ratio (Rp/R∗), cosine of the inclination
(cos i), eccentricity (e) and the longitude of pe-
riastron (ω). We first performed a fit assuming a
circular orbit, then relaxed this assumption and
allowed eccentricity and the longitude of perias-
tron to be free parameters. Transit models were
numerically integrated to match the Kepler long
cadence (1766 s) prior to fitting. For both fits
we initialized 50 walkers with 50000 steps each.
The autocorrelation length of each free param-
eter was estimated every 1000 steps and once
the chain length exceeded N times the auto-
correlation length for each parameter and the
fractional change in the autocorrelation length
estimates was less than n% the chain was con-
sidered to be converged and the MCMC sampler
was halted. In the circular fit we used N = 100
and n = 1%, while for the eccentric fit we used
N = 50 and n = 2%. From the final chains, we
determined the burn-in as 10 times the maxi-
mum autocorrelation length (1390 steps for the
circular fit and 101945 steps for the eccentric
fit) and discarded these values. The median
parameters of the transit fits determined from
the truncated MCMC chains and the uncertain-
ties, determined from the 16% and 84% quan-
tiles, are reported in Table 3. For the eccentric
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fit, we assumed a Gaussian prior on the mean
stellar density centered at 3.97 g cm−3 with
width 0.47 g cm−3. The mean stellar density
prior originates from the stellar mass and ra-
dius we ultimately adopt, as described in § 3.4.
In both fits we assumed quadratic limb dark-
ening parameters with Gaussian priors centered
on aLD=0.7129 and bLD=0.0229 with widths of
0.11 and 0.036 respectively. The choice of limb-
darkening values was based on our atmospheric
parameters and interpolating between the ta-
bles of Claret et al. (2012). We found our model
fitting, and hence overall conclusions, to be rel-
atively insensitive to the precise choice of limb-
darkening parameters. From the directly fit-
ted parameters in the MCMC analysis, we de-
rived the transit duration and mean stellar den-
sity using equations (3) and (19) from Seager &
Mallén-Ornelas (2003), respectively. The mean
stellar density in the eccentric case was calcu-
lated from equation (39) in Kipping (2010). The
mean stellar density clearly indicates the planet
is orbiting a dwarf star and not a giant, but
we can not rule out that the star is at the end
of the pre-main-sequence phase of contraction.
We note the equation for mean stellar density
assumes a circular orbit, but the general con-
clusion remains unchanged given the vast dif-
ference in stellar densities for dwarfs and giant
stars. Transit model fits to the K2 light curve
are shown in Figure 1.

3.2. False positive assessment

Two nearby stars within 15′′ of K2-284 are
contained within our photometric aperture.
The Pan-STARRS survey (Chambers et al.
2016; Flewelling et al. 2016) measured these
sources, PSO J051634.085+201504.266 and
PSO J051634.329+201522.312, to be approx-
imately 4.42 mag and 5.52 mag fainter than
K2-284 at r band, respectively. From equation
(7) of Ciardi et al. (2015) we calculated that the
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Figure 4. Contrast versus projected angular sepa-
ration. The grey shaded regions show the excluded
areas of parameter space in which a putative false
positive could reside. The black points show nearby
sources detected by Pan-STARRS. Note the sec-
ondary line search is blind to companions with ve-
locity separations <15 km s−1 from the primary.

flux dilution from these nearby stars affects the
inferred planet radius at a level of ≈1.2%, such
that the true planet radius is negligibly larger
than quoted. Here we are not concerned with
this dilution, but with the possibility that this
source or any other background source might
be a contaminating eclipsing binary (EB) that
is being diluted by K2-284. The transit signa-
ture can be recovered with a consistent depth
from photometry extracted using a 4′′ radius
aperture, though at lower signal-to-noise due to
the difficulties of detrending in the face of in-
creased aperture losses. This effectively argues
against the possibility of the nearby star being a
background EB, since its light should not con-
taminate the photometry extracted from the
smaller aperture. Other nearby stars within
16′′ either reside outside our aperture or are
too faint to explain the observed transit depth
(Figure 4).

In principle, an EB can dim by a maximum of
100% (although such systems are rare). The
observed transit depth thus sets a limit on
the faintness of a diluted EB of approximately
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Table 3. Results of K2-284 b transit fits

Parameter Prior (Fit 1) Value (Fit 1) Prior (Fit 2) Value (Fit 2)

Directly sampled parameters

Orbital period, Porb (days) U(4.785, 4.805) 4.79507+0.00012
−0.00012 U(4.785, 4.805) 4.795069+0.000086

−0.000086

Time of mid-transit, T0 (BJD-2450000) U(7859.01726, 7859.20906) 7859.11316+0.00057
−0.00058 U(7859.01726, 7859.20906) 7859.11316+0.00043

−0.00042

Radius ratio, RP /R∗ U(-1, 1) 0.0418+0.0011
−0.0010 U(-1, 1) 0.0420+0.0013

−0.0011

Scaled semi-major axis, a/R∗ U(0, ∞) 17.03+0.52
−0.66 U(0, ∞) 16.84+0.62

−0.70

Cosine of inclination, cos i U(cos 90◦, cos 50◦) 0.0166+0.0083
−0.0098 U(cos 90◦, cos 50◦) 0.017+0.011

−0.011

Eccentricity, e 0.0 (fixed) U(0, 1) 0.078+0.108
−0.055

Longitude of periastron, ω (degrees) 0.0 (fixed) U(0, 360) 180.2+126.4
−129.6

Limb darkening coefficient, aLD G(0.7129, 0.11) 0.697+0.093
−0.092 G(0.7129, 0.11) 0.684+0.094

−0.092

Limb darkening coefficient, bLD G(0.0229, 0.036) 0.034+0.030
−0.023 G(0.0229, 0.036) 0.034+0.031

−0.023

Derived parameters

Planet radius, RP (R⊕)a 2.77+0.12
−0.12 2.78+0.14

−0.12

Semi-major axis, a (AU) 0.04771+0.00025
−0.00025 0.04771+0.00025

−0.00025

Insolation flux, S (S⊕) 42.6+1.8
−1.8 42.6+1.8

−1.8

Equilibrium temperature, Teq (K)b 649+15
−13 653+16

−14

Impact parameter, b 0.28+0.13
−0.16 0.28+0.19

−0.19

Inclination, i (degrees) 89.05+0.56
−0.48 89.00+0.65

−0.62

Total duration, T14 (hours) 2.152+0.045
−0.043 2.147+0.050

−0.045

Full duration, T23 (hours) 1.963+0.050
−0.052 1.950+0.051

−0.053

Mean stellar density, ρ∗ (g cm−3) G(3.97, 0.47) 4.06+0.39
−0.46 3.91+1.07

−0.88

U : Uniform distribution (left bound, right bound).
G: Gaussian distribution (center, width).
(a) The planet radius does not account for dilution from nearby stars within the photometric aperture, and may be negligibly larger by
≈1.2%.
(b) The equilibrium temperature is calculated assuming an albedo of 0.3.

∆Kp . 6.9 mag. In the simplified case of a tar-
get star with constant flux and a contaminating
EB contained in the same photometric aperture,
the observed depth of a diluted eclipse neglect-
ing sky background is δobs = δecl∆F/(1 + ∆F ),
where ∆F is the flux ratio between the tar-
get and the contaminating EB in the observed
bandpass, and δecl is the intrinsic eclipse depth
of the EB. In this case, if the nearby star is in
fact an EB, only eclipses with depths greater
than ≈ 28% depth are capable of producing the
observed transit depth. We extracted photome-
try from small apertures centered on the neigh-
boring stars to the south and to the east, find-
ing no evidence for dimmings of a depth greater

than the observed transit depth and at the pe-
riod of K2-284 b. We have thus ruled out the
possibility that either of the neighboring stars
are EBs with periods comparable to the period
of K2-284 b.

Using the TRILEGAL galactic model (Gi-
rardi et al. 2005), we simulated a 1-deg2 field
in the direction of K2-284. From the simu-
lated field, we calculated the expected colors
and surface density of background stars bright
enough to produce the observed transit depth
(i.e. V . 20.2 mag). We then scaled the re-
sulting surface density by the size of the K2
aperture to estimate the total number of ex-
pected contaminants. We found that < 0.4 pu-
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tative contaminants are expected within a 12′′

aperture or < 0.2 within an 8′′ aperture. The
number of expected contaminants that would be
EBs is approximately two orders of magnitude
smaller based on the statistical frequency of EBs
in the Kepler field (Kirk et al. 2016). The
mean near-IR colors of putative contaminants
in the simulated field are (J − H)=0.49 mag
and (H −K)=0.08 mag, suggestive of a K-type
dwarf or giant. As noted earlier, the mean stel-
lar density from the transit fit effectively rules
out the possibility of a planet transiting a giant
star.

We searched for secondary spectral lines in
the HIRES spectrum from 2017 Aug 29 using
the procedure described in Kolbl et al. (2015).
We found no evidence for a nearby star down
to 3% the brightness of the primary and within
0.8′′. Notably, this method is blind to compan-
ions with velocity separations <15 km s−1. We
show the excluded regions of parameter space
for hypothetical false positive scenarios in Fig-
ure 4.

We also quantified the false positive proba-
bility (FPP) using the vespa software package
(Morton 2015). From the input K2 photom-
etry, the star’s spectroscopic parameters and
photometry, and high resolution imaging con-
straints (the ShaneAO K-band contrast curve,
in this case), vespa evaluated the relative likeli-
hoods of transiting planet scenarios versus vari-
ous diluted eclipsing binary scenarios. The soft-
ware accounts for binary population statistics
and the ambient surface density of stars using
the TRILEGAL galactic model. We found an
overall false positive probability of 1/153, with
the primary contributor to the FPP being an
EB at twice the inferred period. In this case,
one might expect differences in the depths of
“odd” and “even” transits, so long as the hypo-
thetical background EB has different primary
and secondary eclipse depths.
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Figure 5. Radial velocities phased to the orbital
ephemeris of K2-284 b. We find no evidence for
orbital motion and from these measurements place
an upper limit to the planet’s mass of <3 MJup

at 95% confidence. The expected RV curves for
planet masses corresponding to Neptune, Jupiter,
and three times the mass of Jupiter are shown by
the colored curves.

As with any transiting planet candidate lack-
ing a mass measurement, it is difficult to rule
out all hypothetical false positive scenarios.
Nevertheless, from the qualitative arguments
presented above and the quantitative vespa
light curve analysis, we conclude that a tran-
siting planet around K2-284 is the most secure
interpretation for the K2 signal.

3.3. Upper limit to the planet mass

From three RV measurements we find no
evidence for orbital motion corresponding to
Doppler semi-amplitudes greater than∼200 m s−1

at the period of the planet (Figure 5). All
three measurements are also consistent with
being equal at the ≈1σ level. From these three
measurements we performed a one parameter
MCMC fit to determine an upper limit to the
Doppler semi-amplitude and thus the planet’s
mass. We performed these fits using the radvel
package (Fulton et al. 2018)1, fixing the planet’s
ephemeris to that determined from the transit

1 https://github.com/

California-Planet-Search/radvel

https://github.com/California-Planet-Search/radvel
https://github.com/California-Planet-Search/radvel
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fits and assuming a circular orbit. We did not
allow for RV jitter nor did we allow for any sys-
tematic offset between the HIRES and TRES
RVs, as no such offset should exist. We fixed
the systemic velocity to the value reported in
Table 4. From this fit we determined an upper
limit to the mass of K2-284 b of <3 MJup at
95% confidence, which rules out the possibil-
ity that a stellar or brown dwarf companion is
responsible for the transits.

3.4. Stellar characterization

Below we discuss the various procedures used
to characterize the host star. Unless other-
wise noted, our quoted uncertainties in the non-
spectroscopic parameters were derived through
Monte Carlo simulations assuming normally
distributed errors in the input parameters. Our
spectroscopic analysis points to a dwarf-like
gravity suggesting that the star is on or very
nearly on the ZAMS. The theoretical pre-main-
sequence lifetime of a 0.65 M� star (correspond-
ing to our adopted mass) is ∼110 Myr (see Fig-
ure 6). If K2-284 is in fact at the very end of its
pre-main-sequence contraction the true radius
would still be encompassed by our radius un-
certainties. Thus, our stellar characterization
procedures are valid in employing spectral tem-
plates of field-aged stars as well as empirical
relations based on field star properties. The
stellar parameters resulting from our character-
ization are reported in Table 4.
Spectroscopic characterization. From the

HIRES spectrum, we determined the stellar Teff

(4108 ± 70 K), radius (0.64 ± 0.10 R�), and
[Fe/H] (-0.06 ± 0.09 dex) using the SpecMatch-
Emp pipeline (Yee et al. 2017). SpecMatch-
Emp uses a library of HIRES spectra for bench-
mark stars with securely measured parame-
ters (via interferometry, asteroseismology, LTE
spectral synthesis, and spectrophotometry) to
find the optimal linear combination of these
templates that matches a target spectrum. The
parameters of the target star are determined via
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Figure 6. Theoretical predictions from the MIST
models (Choi et al. 2016) of the evolution in ra-
dius (upper panel) and mean stellar density (lower
panel) for low-mass stars. The grey lines and
shaded regions show the adopted stellar radius and
the mean stellar density measured from the transit
fit.

interpolation between the parameters for the
templates in the optimal linear combination.
The spectroscopic temperature and particu-
larly the metallicity from the TRES spectrum
and the SPC analysis (Teff,SPC = 4288 ± 50 K,

SPC = -0.382 ± 0.08 dex) are in tension with
the values found from SpecMatch-Emp. We
do not have a satisfactory explanation for the
metallicity discrepancy, but it may be related
to the fact that the SpecMatch-Emp library
of empirical template stars in this temperature
range do not sample an evenly-spaced range of
metallicities. Notably, the effective temperature
inferred from the star’s photometric colors and
empirical relations (Pecaut & Mamajek 2013;
Mann et al. 2015) is closer to the value from the
SpecMatch-Emp analysis.
Spectral type and extinction. The best-

matching template star from the SpecMatch-
Emp analysis is GJ 3494, which has been as-
signed spectral types of M0 and K5 (Skiff 2014).
From the spectroscopically determined Teff and
the empirical spectral-type-Teff relations pre-
sented in Pecaut & Mamajek (2013), hereafter
PM13, we find the Teff to be consistent with a
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Table 4. Parameters of EPIC 247267267

Parameter Value Source

Kinematics and position

Barycentric RV (km s−1) 16.96 ± 0.19 HIRES, TRES

U (km s−1) -14.5 ± 0.2 Gaia DR2 + RV

V (km s−1) -27.6 ± 0.1 Gaia DR2 + RV

W (km s−1) -5.56 ± 0.05 Gaia DR2 + RV

Distance (pc) 107.6 ± 0.5 Gaia DR2

Adopted parameters

M∗ (M�) 0.63 ± 0.01 isoclassify

R∗ (R�) 0.607 ± 0.022 isoclassify

L∗ (L�) 0.097 ± 0.004 isoclassify

Teff (K) 4140 ± 50 isoclassify

log g (dex) 4.67 ± 0.01 isoclassify

[Fe/H] (dex) 0.00 ± 0.08 isoclassify

AV (mag) 0.27 ± 0.05 Teff , B − V , PM13

Rotation period (days) 8.88 ± 0.40 K2

v sin i∗ (km s−1) 3.54 ± 0.50 TRES+SPC

logR′HK (dex) -3.9 ± 0.5 HIRES

S-index 5 ± 1 HIRES

Estimated age

τisoc,1 (Myr) 113+703
−25 Teff , L∗

τisoc,2 (Myr) 133+573
−69 Teff , ρ∗

τgyro,1 (Myr) 124+13
−15 Prot, (B − V )0, B07

τgyro,2 (Myr) 262+35
−41 Prot, (B − V )0, MH08

τR′
HK

(Myr) 139+1353
−119 logR′HK , MH08

τNUV (Myr) 111+160
−65 (NUV − J)0, (J −K)0, F11

τ∗ (Myr) 120+640
−20

PM13: Pecaut & Mamajek (2013); B12: Boyajian et al. (2012); M15: Mann et al. (2015); B07: Barnes (2007); MH08: Mamajek &
Hillenbrand (2008); F11: Findeisen et al. (2011).

spectral type of K6.5. Given the stellar effective
temperature, we interpolated between the em-
pirical Teff-(B − V )0 relation of PM13 to deter-
mine an expected intrinsic color of (B − V )0 =
1.305 mag, corresponding to a color excess of
E(B − V ) = 0.086 ± 0.016 mag. We then as-
sumed the Cardelli et al. (1989) extinction curve
to derive AV . We used the (B−V ) color excess
above and the extinction coefficients derived by
Yuan et al. (2013) for the GALEX and 2MASS

passbands to derive near-UV and near-IR col-
ors, which we later use to estimate the stellar
age, as described in § 3.5.
Mass, radius, and luminosity. We derived

the luminosity using the spectroscopically de-
termined Teff , radius and the Stefan-Boltzmann
Law. We derived a separate luminosity estimate
from an empirical Teff-luminosity relation based
on interferometry of low-mass stars (Boyajian
et al. 2012). This second estimate is not en-
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tirely independent of the first estimate, since the
spectroscopic parameter pipeline is calibrated
to the same interferometric standards, among
other benchmark stars. We derived a model-
dependent mass from a theoretical H-R diagram
using the solar-metallicity (Z=0.0152) PAR-
SECv1.2S models (Bressan et al. 2012; Chen
et al. 2014), our spectroscopically determined
Teff , and the Stefan-Boltzmann determined lu-
minosity. We also derived a distance-dependent
mass from the kinematic distance, the apparent
Ks magnitude, and a semi-empirical mass-MKs

relation (Mann et al. 2015). Notably, this mass
is 2σ lower than the model-dependent mass we
adopt. We assume the discrepancy is due to the
uncertainty in the distance. If the mass esti-
mate from this empirical relation is correct, the
mean stellar density from the transit fit would
seem to reinforce the notion that the star is
still on the pre-main-sequence. However, as a
sanity check we compared our stellar parame-
ters with those of the nearly equal-mass bench-
mark eclipsing binary GU Boo (López-Morales
& Ribas 2005), which agree reasonably well with
our adopted mass, radius, and temperature.

We used the isoclassify2 package (Huber
et al. 2017) in Python for our final determina-
tion of the stellar mass, radius, and luminos-
ity. The package has two operational modes,
both of which take input observables (in our
case spectroscopic constraints, photometry, and
parallax) in order to derive stellar parameters.
In the “grid” mode, isoclassify takes the in-
put observables and interpolates between the
MIST isochrones (Choi et al. 2016; Dotter 2016)
to derive posterior probability densities for Teff ,
log g, [Fe/H], R∗, M∗, ρ∗, L∗, age, distance and
AV . In the “direct” mode, the software can take
the same input parameters and use bolomet-
ric corrections (taken from the MIST models)
and extinction maps to determine Teff , R∗, L∗,

2 https://github.com/danxhuber/isoclassify

distance, and AV directly from physical rela-
tions. We classified K2-284 in both modes using
the HIRES spectroscopic Teff and [Fe/H] con-
straints, the log g constraint from TRES, the
Gaia DR2 parallax, and JHK+gri photome-
try. Both modes predicted stellar radii that
were consistent within 1σ, and we ultimately
adopted the mass, radius, and luminosity from
the grid method, though with the more conser-
vative radius uncertainties derived from the di-
rect method. We also checked that the parame-
ters did not change substantially when only in-
cluding the JHK photometry or only the K
magnitude.
Rotation period and projected rota-

tional velocity. A period of 8.88 ± 0.40 d,
which we attribute to surface rotation of the
star, was measured from a Lomb-Scargle pe-
riodogram analysis (Lomb 1976; Scargle 1982)
of the K2 light curve (Figure 7). The uncer-
tainty in the rotation period was estimated from
the standard deviation of a Gaussian fit to the
oversampled periodogram peak. This uncer-
tainty is likely overestimated, but encompasses
the more difficult to quantify uncertainty in the
rotation period due to e.g. differential rotation.
The formal uncertainty, estimated by the peri-
odogram peak width divided by the peak signal-
to-noise, is 0.0085 d. A second peak in the pe-
riodogram at 4.41 ± 0.11 d is a harmonic of the
true rotation period. The projected rotational
velocity, v∗ sin i∗ = 3.54 ± 0.50 km s−1, was
measured from the TRES spectrum by broad-
ening synthetic template spectra to match the
observations. An independent and consistent
v∗ sin i∗ estimate of 3–4 km s−1 was found from
the HIRES spectrum and SpecMatch-Emp by
broadening empirical template spectra, assum-
ing the template stars were not rotating. Using
the TRES value and the K2 rotation period we
estimated the minimum stellar radius, R∗ sin i∗
= 0.621 ± 0.092 R�. This value is within the
uncertainty of our adopted radius, suggesting

https://github.com/danxhuber/isoclassify
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Figure 7. Lomb-Scargle periodogram from K2
photometry of K2-284 (top) and the light curve
phased to the rotation period of 8.88 d (bottom).

the stellar spin-axis is nearly edge-on. Put an-
other way, for our adopted radius, the measured
photometric rotation period, and assuming a
uniform distribution in cos i∗, the median and
68% confidence interval predicted for v∗ sin i∗ is
3.6 ± 0.6 km s−1, in good agreement with our
measurements.
Kinematics, Membership & Distance.

The EPIC catalog contains a preliminary pho-
tometric distance estimate of 84+18

−11 pc, assum-
ing the star is on the main sequence (Huber
et al. 2016). Are there any nearby young stel-
lar populations that K2-284 might be a kine-
matic member of which could help in constrain-
ing its age? K2-284 occupies a busy region of
sky with regard to nearby young stellar popu-
lations. Within 200 pc and within 30◦ of K2-
284’s position are three open clusters (Hyades,
32 Ori & Pleiades), the Tau-Aur association,
the Cas-Tau association, and the recently iden-
tified 118 Tau group. The Gaia DR2 proper
motions for K2-284 are µα, µδ = 25.000, -45.938
(±0.082, ±0.059) mas yr−1. The proper motions

were compared to the proper motions and radial
velocities of members of these groups from the
literature. K2-284’s proper motion is clearly in-
consistent with the nearby 118 Tau group (µα,
µδ = 4, -39 mas yr−1). Although K2-284’s ra-
dial velocity (16.96 ± 0.19 km s−1) is similar to
that of the Tau-Aur association (+16 km s−1,
Luhman et al. 2009), its proper motion is very
different compared to the mean proper motion
for the group (µα, µδ = 6, -21 mas yr−1, or any
of the subgroups (Luhman et al. 2009).

The only group which provides a near match
of proper motion and radial velocity is the Cas-
Tau association. Prior to the determination
of a parallax from Gaia DR2, we used the
methodology of Mamajek (2005), the UCAC5
(Zacharias et al. 2017) proper motion for K2-
284 and the “spaghetti” velocity solution from
de Zeeuw et al. (1999), to find the bulk of
K2-284’s proper motion appeared to be mov-
ing towards the Cas-Tau convergent point (µυ
= 51.3± 1.2 mas yr−1) with negligible perpen-
dicular motion (µτ = 4.7± 1.2 mas yr−1). The
predicted kinematic distance from this analy-
sis was 79± 10 pc (kinematic parallax $ =
12.7± 1.6 mas), with predicted radial velocity
vr = 15.4 km s−1 (compared to our measured
value of 16.96± 0.19 km s−1), and predicted pe-
culiar motion 1.7± 0.5 km s−1. However, con-
tradicting the spaghetti velocity solution, the
true distance to the system now provided by
Gaia DR2 is d=107.6 ± 0.5 pc.

de Zeeuw et al. (1999) estimated the space
velocity of Cas-Tau using the spaghetti method
with their Hipparcos membership to be U, V,W
= -13.24, -19.69, -6.38 km s−1 (U positive to-
wards Galactic Center). As a check, and to
provide a modern estimate, we cross-referenced
de Zeeuw’s membership of Cas-Tau mem-
bers with the revised Hipparcos catalog (van
Leeuwen 2007), Gaia DR1 (preferred, when
available), and the radial velocity compilation
of Gontcharov (2006). This provided UVW
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velocity estimates for 48 candidate Cas-Tau
members. These are plotted in Fig. 8 along
with the mean velocities for the Cas-Tau group
from de Zeeuw et al. (1999) and the α Per-
sei cluster, along with the values for K2-284
given the Gaia DR2 kinematics and the RV we
determined here. The median UVW for the
48 members is U, V,W = -14.7±0.9, -21.3±0.8,
-7.1±0.4 km s−1. Using the probit method,
which is resilient to the effects of extreme val-
ues, the 1σ scatters reflecting the core of the
velocity distributions are estimated as 3.9, 3.7,
2.7 km s−1). Accounting for the mean UVW
velocity component uncertainties (2.4, 1.9, 1.4
km s−1), this suggests the intrinsic U, V,W ve-
locity dispersions among the de Zeeuw et al.
Cas-Tau membership to be approximately 3.0,
3.1, and 2.2 km s−1. This is likely reflecting
the adopted 3 km s−1 velocity dispersion used
by de Zeeuw et al. in their original kinematic
membership selection. Further work is needed
to clarify the membership of Cas-Tau with Gaia
astrometry, and to search for kinematic and age
substructure, however this is beyond the scope
of this study. In Appendix A, we discuss the
history of the Cas-Tau association, examine the
main sequence turnoff for proposed members,
and derive a new estimate of the association
age.

We also used the BANYAN Σ tool (Gagné
et al. 2018) to estimate the membership proba-
bility of K2-284 to various young moving groups
and clusters within 150 pc. We note that the
proposed Cas-Tau association is not included in
BANYAN. We calculated membership probabil-
ities both including and excluding the XYZ po-
sition of the star. The latter scenario is useful
for identifying putative moving group or cluster
members that are widely separated on the sky
from the core population. The closest kinematic
match amongst the young associations included
in BANYAN was Tau-Aur, although the most

likely hypothesis found in both cases is that K2-
284 is a field star with 99.9% probability.

3.5. Youth indicators

Rotation: The photometric rotation period
provides evidence of youth, as shown in Fig-
ure 9. For a star of its mass or color, K2-
284 has a rotation period consistent with the
slowly-rotating sequence of Pleiades members
(Rebull et al. 2016), but about 3-4 d shorter
than expected for members of Praesepe (Rebull
et al. 2017) or the Hyades (Douglas et al. 2016).
Given the star’s intrinsic (B − V ) color and its
rotation period, we calculated the age of the
star using the gyrochronology relations of both
Barnes (2007), hereafter B07, and Mamajek &
Hillenbrand (2008), hereafter MH08. Our gy-
rochronology ages take into account the uncer-
tainties in the rotation period, (B−V ) color, as
well as the published errors on the coefficients
in the age-rotation relations (see Table 4). The
B07 calibration produces an age that is roughly
a factor of two younger than the age predicted
from the MH08 relations (τgyro,B07 = 124 Myr,
compared to τgyro,MH08 = 262 Myr). For com-
pleteness, we also investigated the Angus et al.
(2015), hereafter A15, gyrochronology calibra-
tion and found that it closely reflects the MH08
predictions in the age and color range of in-
terest here. To further investigate the differ-
ences and potential systematics in existing gy-
rochronology calibrations, we compared the re-
lations to the intrinsic (B−V ) colors and rota-
tion periods for members of the Pleiades and
Praesepe clusters. The Pleiades photometry
were gathered from Stauffer & Hartmann (1987)
and Kamai et al. (2014), the Praesepe photom-
etry from Upgren et al. (1979); Weis (1981);
Stauffer (1982) and Mermilliod et al. (1990),
and the rotation periods originate from Rebull
et al. (2016, 2017). For this exercise we as-
sumed E(B − V ) = 0.04 for the Pleiades, and
no reddening for Praesepe. Figure 9 shows
that the B07 calibration most closely matches
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Figure 8. XYZ positions and UVW space motions for proposed Cas-Tau members (open circles; de Zeeuw
et al. 1999), the α Per cluster (filled triangle; based on the Gaia DR2 astrometry and radial velocity from
Gaia Collaboration et al. 2018b), and K2-284 (red star). The errorbars reflect 1σ uncertainties for de Zeeuw
et al. (1999) Cas-Tau members using Gaia DR2 parallaxes, combined with RVs from DR2 when available
or de Bruijne & Eilers (2012) otherwise. In the bottom panels, the filled circle indicates the median velocity
of the proposed Cas-Tau members, without outlier rejection. The cluster of points in the lower right of the
first two panels is due to the newly identified µ Tau group, which will be the subject of a future work.

the Pleiades slowly-rotating sequence at the
accepted age of the cluster, while the MH08
and A15 relations overpredict the age of the
Pleiades. It is worth noting that all existing gy-
rochronology calibrations predict a younger age
for Praesepe (∼500-600 Myr), that is more in
line with recent color-magnitude diagram esti-
mates (Gossage et al. 2018), but in tension with
the older estimate of ∼790 Myr from Brandt &
Huang (2015). A complete reassessment of gy-
rochronology calibrations using the voluminous
rotation data now provided by K2 is in order
but outside the scope of this paper. We ten-
tatively conclude that the younger gyrochronol-
ogy age of K2-284 predicted by the B07 relations
is likely to be more accurate given the ability of

that calibration to reproduce the Pleiades data,
but also note that gyrochronology is fundamen-
tally a statistical age-dating method, only appli-
cable to main-sequence stars, and assumes the
star is on the slowly-rotating sequence. In this
case, our stellar characterization suggests K2-
284 has indeed arrived on the main sequence
and other youth indicators discussed below are
consistent with an age similar to that of the
Pleiades.
Chromospheric activity: K2-284 shows

significant emission in the Ca II H&K lines
(Fig. 12). The precise H&K values in our spec-
tra are ambiguous due to the low SNR of ∼4
per pixel in the H&K orders. Nevertheless, we
report our measured logR′HK and the S-index
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with large uncertainties in Table 4. Our best
estimate of logR′HK is just barely outside the
high-activity range where the activity-age re-
lations of Mamajek & Hillenbrand (2008) were
calibrated. Regardless, we estimated an ac-
tivity age by modeling logR′HK as a normal
distribution with the values specified in Table 4
and imposing a cutoff upwards of -4.0. From
this analysis we estimated the activity age to
be <435 Myr at 68% confidence.
Near-UV emission: While there is no X-

ray detection of K2-284, the star was detected
at near-UV wavelengths with GALEX. Young,
low-mass stars have been shown to exhibit sig-
nificant emission above photospheric levels in
the near-UV (NUV, 1750–2750 Å) and far-UV
(FUV, 1350–1750 Å) GALEX passbands (Find-
eisen & Hillenbrand 2010; Shkolnik et al. 2011;
Rodriguez et al. 2011, 2013; Kraus et al. 2014).
Specifically, Shkolnik et al. (2011) found that
young (<300 Myr) late-K and M-dwarfs gener-
ally show fractional flux densities of FNUV/FJ >
10−4 while older stars tend to fall below this
threshold. K2-284 has a fractional flux density
of FNUV/FJ = 1.1 × 10−4. Using near-UV pho-
tometry from GALEX and near-IR photome-
try from 2MASS, we estimated the stellar age
based on the (NUV-J) and (J −K) colors and
the empirical relations presented in Findeisen
et al. (2011). Empirical isochrones from that
work are shown in Figure 10, along with com-
parisons to other known young stellar popula-
tions. While there is a large amount of scatter in
this color-color diagram, particularly for later-
type stars, there is a clear qualitative trend of
declining NUV flux for older stars. Proposed
Upper Sco and Sco-Cen members were selected
from the Young Stellar Object Corral (YSOC),
Tuc-Hor members from Kraus et al. (2014), and
Hyades members from Perryman et al. (1998).
The photometry were dereddened using the ex-
tinction coefficients of Yuan et al. (2013) and
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Figure 9. Top: Gyrochrones in the period ver-
sus (B − V ) plane. The solid, dashed, and dot-
ted lines show gyrochrones predicted from Barnes
(2007), Mamajek & Hillenbrand (2008), and An-
gus et al. (2015), respectively. Bottom: Rotation
periods versus (V − Ks) color for Praesepe (red)
and Pleiades (orange) members. In both figures the
cluster rotation periods are taken from Rebull et al.
(2016, 2017) and the white star indicates K2-284.

assuming A(V ) = 0.7 mag for Upper Sco and
A(V ) = 0.16 mag for Sco-Cen.
Spectroscopic indicators: K2-284 exhibits

a weak Hα absorption feature with emission fill-
ing in the wings of the line (Fig. 12). This is
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Figure 12. Sections of the HIRES spectra used
as age diagnostics. Chromospheric emission in the
Ca II H&K lines is clearly detected (top panels)
as well as Hε emission. The Hα profile shows ab-
sorption with emission filling in the wings of the
line (middle panel), reminiscent of slowly-rotating
late-type stars in the Pleiades and some G-type
stars in α Per. The Li I 6708 Å absorption line
is clearly not present, which is broadly consistent
with slowly-rotating mid-K dwarfs in the Pleiades
and stars of similar Teff in moving groups with ages
>20–50 Myr.

consistent with the model line profiles produced
for weakly active dwarf stars in Cram & Mullan
(1979). Hα profiles of this type have been ob-
served for some of the most slowly-rotating late-
type stars in the Pleiades, e.g. the M0 member
SK 17 (Stauffer et al. 2016), some G-type mem-
bers of α Per (Stauffer et al. 1989), as well as the
M-type Praesepe planet host K2-95 (Obermeier
et al. 2016). At the age of the Pleiades, there
is a transition at mid-K spectral types where
nearly all earlier type stars show Hα in absorp-
tion and at later types nearly all show the line
in emission (Stauffer & Hartmann 1987). In α

Per, this transition occurs approximately at a
spectral type of K6 (Prosser 1992). Thus, the
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lack of strong Hα emission in K2-284 is at least
consistent with expectations of other stars of a
similar mass and age, and in fact some mem-
bers of Sco-Cen (.20 Myr) with a similar ef-
fective temperature also show Hα in absorption
(Pecaut & Mamajek 2016). Similar to other
late-type stars in young moving groups, K2-284
exhibits weak emission in other Balmer lines,
including Hε (seen in Fig. 12), Hζ, and Hη.

We do not detect Li I 6708 Å within the
spectrum of K2-284. From the HIRES spec-
trum, we estimated an upper limit to EW(Li)
of <20 mÅ. This is not unexpected given that
some late-K dwarfs with ages &20 Myr are ob-
served to show significant lithium depletion (see
Fig. 11). Depletion of lithium below detectable
levels has been observed in mid- to late-K mem-
bers of IC 2391 and 2602 (∼50 Myr Barrado
y Navascués et al. 2004; Dobbie et al. 2010),
AB Dor (149+51

−19 Myr, Bell et al. 2015), and
Tuc-Hor (45± 4 Myr, Bell et al. 2015). In the
125 Myr-old Pleiades, Soderblom et al. (1993)
found that mid- to late-K stars exhibit a wide
range of Li I 6708 Å equivalent widths, of ap-
proximately 20–300 mÅ. Furthermore, at the
age of the Pleiades, some stars of a similar mass
or color to K2-284 have yet to spin down. Bou-
vier et al. (2017) have found that more slowly
rotating Pleiads in a given mass range also tend
to have weaker lithium absorption. Considered
together, the rotation and lithium properties
of K2-284 are consistent with Pleiades-aged or
younger mid- to late-K dwarfs. In Figure 11
we show the distribution of Li I 6708 Å equiva-
lent width measurements as a function of Teff for
members of young moving groups and clusters.
H-R diagram and stellar density: Since

the star is on or very nearly on the main se-
quence, where evolution is slow for these low-
mass stars, isochronal age estimates carry large
uncertainties. Nevertheless, as we estimated
the mass from interpolation between the PAR-
SECv1.2S models (Bressan et al. 2012; Chen

et al. 2014), we also estimated the age in the
theoretical H-R diagram using the spectroscopic
Teff and the Stefan-Boltzmann luminosity. Be-
cause K2-284 is expected to be near or on the
main sequence, the mean stellar density from
the transit fits is also not particularly useful
for constraining the stellar age, in part due
to the fact that the impact parameter is not
tightly constrained by the K2 data. Regard-
less, we also estimated the stellar age from the
directly-determined stellar density distribution
(from the eccentric orbit transit fit discussed in
§ 3.1), a normal distribution in Teff , and the
PARSECv1.2S models. Though not very pre-
cise, the isochronal age estimates (through the
H-R diagram or the mean stellar density) do
provide a consistent lower limit of 30–70 Myr.
From the lack of lithium, it is very unlikely the
star is as young as the β Pic moving group (23±
3 Myr, Mamajek & Bell 2014). With respect to
the lithium levels in other young low-mass stars,
ages corresponding to the moving groups Tuc-
Hor (Kraus et al. 2014), AB Dor (Mentuch et al.
2008) or the clusters IC 2391/2602 (Randich
et al. 2001) would seem plausible. However, a
color-absolute magnitude diagram analysis pre-
sented below suggests such young ages are un-
likely. Isochronal age estimates are notoriously
uncertain for main-sequence stars, and the age
distributions resulting from both our H-R di-
agram and stellar density analyses are highly
skewed with long tails to old ages but very clear
peaks around ∼100 Myr. To account for this,
the isochronal ages we quote in Table 4 are the
modes of the distributions resulting from the
Monte Carlo error analysis, with the lower and
upper bounds given by the 1% and 67% per-
centiles. We found this choice more adequately
describes the bulk of the probability density
around the peaks of each distribution. For com-
parison, the median, 16th, and 84th percentiles
of the age distributions are 650+280

−460 Myr and
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Figure 13. Violin plot demonstrating the kernel
density estimates for stellar age distributions re-
sulting from different age-dating methods discussed
in § 3.5.

430+1000
−260 Myr, for the H-R diagram and stellar

density analyses, respectively.
Color-absolute magnitude diagram: We

placed K2-284 in a color-absolute magnitude
diagram using the Gaia photometry and par-
allax, and compared it with the positions of
young cluster members from Gaia Collabora-
tion et al. (2018b). For comparison, we also
included “field” stars observed by the K2 mis-
sion (Fig. 14). The field star data were col-
lected from the Gaia-K2 cross-match compiled
by Megan Bedell.3 From this empirical analysis
we conclude that K2-284 is likely older than α
Per (∼70 Myr).

In Table 4, we report several determinations
of the host star age derived through the differ-
ent methods described above. We also show the
resulting age distributions from these methods
and Monte Carlo error propagation in the var-
ious input parameters in Figure 13. While the
age indicators discussed above are statistical in
nature, they present a consistent picture of a
star that is (1) on or very nearly on the ZAMS,
(2) unlikely to be as young as the youngest mov-
ing groups in the solar neighborhood, and (3)
almost certainly younger than the Hyades or
Praesepe. The H-R diagram and stellar density

3 https://gaia-kepler.fun
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Figure 14. Color-absolute magnitude diagram for
K2-284 as well as young cluster members and field
stars, for comparison. K2-284 is apparently on the
main sequence, with an age that is likely older than
α Per, IC 2602, or IC2391, but consistent with the
locations of Pleiades members and field stars.

analyses are not precise age indicators in this
case, but they at least present consistent lower
limits to the age of >30–40 Myr (at 68% con-
fidence) or >10 Myr (at 95% confidence). Due
to the large uncertainty in logR′HK , our chro-
mospheric activity age distributions also have
long tails to unrealistically old ages, but we can
still derive lower limits of >20 Myr (at 68%
confidence) or >10 Myr (at 95% confidence).
The NUV emission levels suggest an age of 45–
270 Myr at 68% confidence or 20–640 Myr at
95% confidence, though we note the Findeisen
et al. (2011) study calibrated the NUV/NIR
age relations using cluster ages that have since
been revised. Our tightest age constraints re-
sult from the gyrochronology relations, which
suggest 95% confidence intervals in age of 100–
160 Myr or 200–350 Myr depending on the pre-
ferred calibration.

Considered collectively, these independent age
estimates are consistent with a stellar age of
τ∗ = 120+640

−20 Myr (corresponding to the mode
and 68% confidence interval of the age distribu-
tion resulting from combining each of the differ-
ent methods and weighting them equally). The

https://gaia-kepler.fun
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long tail towards older ages is due to the H-R di-
agram and stellar density analyses as well as the
uncertain logR′HK value. Prior to the release
of Gaia DR2, the kinematics of K2-284 were
suggestive of membership to the Cas-Tau asso-
ciation. However, the newly available parallax
suggests this interpretation is unlikely and we
leave a detailed investigation on the existence,
membership, and substructure of the Cas-Tau
association to a future work. Nevertheless, K2-
284 is clearly young, with an age that is likely
close to that of the Pleiades.

4. DISCUSSION

At first glance, K2-284 b appears fairly typ-
ical when compared with other transiting sub-
Neptunes receiving similar incident flux. That
is, K2-284 b does not reside in a region of par-
ticularly low occurrence in the plane of planet
radius and insolation flux (see Figure 10 of Ful-
ton et al. 2017). Thus, at least some young
(<1 Gyr) sub-Neptunes superficially resemble
the statistically older population uncovered by
Kepler. This much was known for slightly
more mature planets in the '600–800 Myr-old
Hyades and Praesepe clusters, and we can now
extend this conclusion to younger ages.

However, the stars in the California-Kepler
Survey are all more massive than K2-284 (Pe-
tigura et al. 2017). When compared to other
small transiting planets around low-mass stars,
K2-284 b does appear to reside in the large-
radius tail of the size distribution for close-in
sub-Neptunes. This is apparent in both the
planet radius versus period and planet radius
versus insolation flux planes for low-mass hosts
(Figures 15 and 16). In this case, it seems clear
the K2 photometry of K2-284 are sensitive to
planets much smaller than K2-284 b, though
injection and recovery tests would be needed
to quantify how sensitive the data are. In any
event, while we can not be sure that the rela-
tively large size of K2-284 b is due to its young

age, it at least does not appear to be merely a
consequence of observational bias.

Other transiting planets around young, low-
mass stars also appear to be uncharacteristically
large (Fig. 16), which has now been pointed out
numerous times (e.g. Mann et al. 2016; David
et al. 2016a; Obermeier et al. 2016) due to
the discovery of over a dozen transiting planets
around stars in clusters and associations from
K2 photometry. However, most transiting plan-
ets found around young cluster or field stars of
earlier spectral types do not appear to be clear
outliers in the period-radius diagram (e.g. Cia-
rdi et al. 2017; Mann et al. 2017b; Livingston
et al. 2018a; David et al. 2018), with the no-
table exception of the apparently single planet
K2-100 b (Mann et al. 2017a).

Why might young planets around low-mass
stars appear as outliers in the period-radius di-
agram, while planets of the same age around
earlier-type stars seem to reflect the field planet
population? One possible explanation for this
observed behavior is provided by the theory of
photo-evaporation. In the photo-evaporation
framework, atmospheric escape is driven by X-
ray and EUV radiation from the host star. A
relevant quantity for interpreting the photo-
evaporation history of any given planet is thus
the time-integrated X-ray exposure, moreso
than the current bolometric insolation, as
pointed out in Owen & Wu (2013). A star’s
X-ray luminosity is highest when it is young
and the X-ray emission is in the so-called “sat-
urated” regime (LX/Lbol ∼ 10−3, Güdel 2004).
After about 100 Myr, corresponding to a typ-
ical pre-main-sequence lifetime, a star’s X-ray
luminosity declines steeply with age (Jackson
et al. 2012; Tu et al. 2015). Relative to solar-
type stars, low-mass stars are observed to satu-
rate at higher values of LX/Lbol (Jackson et al.
2012), and thus they are expected to be more
efficient at eroding planetary atmospheres, with
an efficiency that scales as M−3

∗ at a fixed Fbol
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Figure 15. The distribution of small transiting planets in the plane of planet radius and orbital period for
the full California-Kepler Survey sample, at left, and only “low-mass” hosts (<0.97 M�) at right. K2-284 b
is indicated by the white star. Overlaid are contours of completeness-corrected occurrence rates (Fulton
et al. 2017; Fulton & Petigura 2018).

(Lopez & Rice 2016, and references therein). As
a result, the maximum planet radius at a given
bolometric exposure varies substantially across
different spectral types, while the maximum ra-
dius at a given X-ray exposure appears to be
less sensitive to the host-star type, as shown
by Owen & Wu (2013) and discussed further in
Hirano et al. (2018).

However, it is also important to keep in mind
that important degeneracies likely influence ob-
served exoplanet populations. For example, it
has been shown for solar-type stars that the
occurrence of warm sub-Neptunes is higher for
metal-rich stars (Petigura et al. 2018). Notably,
the Hyades and Praesepe clusters, where some
of the anomalously large, young transiting plan-
ets have been found, are significantly metal-
rich (Pace et al. 2008; Cummings et al. 2017).
Thus, in order to separate age-dependent and
metallicity-dependent trends in e.g. planetary
radii, one must compare the planet populations
in these clusters to field stars of a similar metal-
licity. Additionally, Fulton & Petigura (2018)
have recently examined the stellar-mass depen-
dence of the radius gap using high-precision stel-
lar radii enabled by Gaia parallaxes. Those au-
thors find evidence that the bimodal distribu-

tion of planet sizes shifts to smaller sizes around
later-type stars, which might indicate that low-
mass stars produce smaller planet cores. Thus,
differences in the sizes of planets around low-
mass and solar-type stars may not only reflect
scalings in the photo-evaporation efficiency, but
also in the initial core-mass function. The best
way to bring clarity to these issues is through
the characterization of larger samples of exo-
planets around stars that exhibit a wide range
of diversity in mass, metallicity, and age.

It is also notable that the young planets that
appear most clearly as outliers in the period-
radius plane are all apparently single planet sys-
tems (K2-25 b, K2-33 b, K2-95 b, K2-100 b, K2-
284 b), while those that appear more similar to
the field planet population occur in multi-planet
systems (K2-136, K2-233, K2-264). However,
the statistics are simply too small to make a
meaningful conclusion about the differences be-
tween young single- and multi-planet systems at
this point.

Ultimately, a comparison between the typi-
cal densities of young and old planets may be
more elucidating than simply comparing radii.
This requires a determination of the planet’s
mass. From the planet radius distribution,
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Figure 16. The distribution of confirmed,
small transiting planets from the NASA Exoplanet
Archive (Akeson et al. 2013) in the plane of planet
radius and insolation flux. Planets transiting stars
in clusters or associations are circled in red. K2-
284 b is indicated by the red star. Each panel cor-
responds to a different range in host star spectral
type (annotated at top right). K2-284 b is on the
larger end of known, close-in sub-Neptunes around
stars of a similar spectral type. A number of other
planets orbiting cool young cluster stars also appear
to be anomalously large. The blue region in the top
panel indicates the hot planet desert described in
Lundkvist et al. (2016).

we calculated a predicted mass for K2-284 b
of 8.5+6.4

−3.8M⊕ using the forecaster4 tool in
python, which is based on the Chen & Kip-
ping (2017a) mass-radius relations for exoplan-
ets. For this range of plausible planet masses
and the stellar mass we adopt, we calculated
an expected Doppler semi-amplitude of 2.4–
7.7 m s−1. Notably, existing exoplanet mass-
radius relations are calibrated using field-aged
planets. If sub-Neptunes as young as K2-284 b
are less dense at early times, then the true
Doppler amplitude may be on the lower end of
the range quoted. While the expected Doppler
amplitude is within reach of current precision
RV instruments, the relatively high stellar ac-
tivity will likely present challenges. Given the
measured chromospheric activity level for K2-
284, it is likely the RV jitter is greater than
30 m s−1 and possibly larger than 100 m s−1

(Hillenbrand et al. 2015). The RV jitter may
also be approximated from the amplitude of
photometric variability and v sin i∗, from the
equation σRV = rmsK2 × v sin i∗, which yields
33 m s−1, considerably larger than the ex-
pected signal from the planet. Since the star
is brighter and activity should be lower at in-
frared wavelengths, it would be advantageous
to measure the planet’s mass with an IR pre-
cision spectrograph such as the PARVI instru-
ment planned for Palomar Observatory or one
of many other spectrographs in operation or de-
velopment (Plavchan et al. 2015).

Interestingly, no transiting planets have yet
been confirmed in the Pleiades, despite system-
atic searches within the K2 data of∼1000 mem-
bers (Rizzuto et al. 2017; Gaidos et al. 2017). A
single candidate was reported by Rizzuto et al.
(2017), but the planet has not yet been val-
idated and the probability of Pleiades mem-
bership was estimated to be 62%. By com-
parison, eight confirmed transiting planets and

4 https://github.com/davidkipping/forecaster

https://github.com/davidkipping/forecaster
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one candidate have been reported in Praesepe
(Mann et al. 2017a; Libralato et al. 2016; Ober-
meier et al. 2016; Pepper et al. 2017; Rizzuto
et al. 2018; Livingston et al. 2018b), a cluster
with a distance and metallicity not much differ-
ent from the Pleiades and for which a similar
number of members were observed by K2. In
the Hyades, four transiting planets around two
hosts have been found in a search of <200 mem-
bers (Mann et al. 2016, 2017b; Ciardi et al. 2017;
Livingston et al. 2018a; David et al. 2016b),
in addition to a single-transit planet candidate
(Vanderburg et al. 2018). An important dif-
ference between the clusters is that at the age
of the Pleiades most members are spinning as
rapidly as they ever will, while Praesepe and
Hyades stars have spun down considerably and
are thus more amenable to transit searches. It
is also possible that the Pleiades members show
enhanced photometric activity (in the form of
larger and more frequent flares, larger variabil-
ity amplitudes, and/or more rapidly evolving
spot patterns), making the removal of these
trends more difficult. It may be tempting to
ascribe the lack of planets in the Pleiades (to
this point) to some physical mechanism such as
ongoing orbital migration or differences in the
cluster environments. However, with an age un-
likely to be much older than the Pleiades, the
case of K2-284 b highlights the importance of
taking a holistic approach towards the compar-
ison of planet occurrence rates at young and old
ages.

5. CONCLUSIONS

We report the discovery of K2-284 b, a transit-
ing sub-Neptune orbiting a young (τ = 120+640

−20

Myr), low-mass star. The kinematics of K2-
284 prior to Gaia DR2 were suggestive of mem-
bership to the poorly-studied Cas-Tau associ-
ation, which we examined here. However, the
Gaia parallax places the star at a distance that
seems to be incompatible with that interpre-
tation. Nevertheless, through a detailed stel-

lar age analysis using multiple indicators of
youth we were able to find evidence for a self-
consistent Pleiades-like age that suggests the
planet host may be a zero-age main-sequence
star.

The collection of young transiting planets are
important benchmarks for photo-evaporation
models, which predict the mass-loss evolution
of close-in planets. The majority of photo-
evaporation driven mass-loss is expected to oc-
cur within the first ∼100 Myr of a star’s life,
when stellar XUV fluxes are highest and when
the planet’s surface gravity is expected to be
lower due to ongoing contraction (Owen & Wu
2013; Lopez & Fortney 2013). Observing photo-
evaporation in action requires a sample of young
transiting planets around relatively bright stars
and an effective probe of atmospheric escape.
As discussed in § 4, it will be necessary to use
one of the new generation NIR spectrographs to
measure the mass of K2-284 b.

Finally, young exoplanets are useful for con-
straining migration scenarios and timescales.
Presently, it is unclear when the population of
close-in planets assembled. By refining the ages
of known exoplanet host stars and surveying
young stellar populations with greater intensity,
it may be possible to observe temporal evolution
in the orbital properties (periods, eccentricities,
obliquities) of exoplanets. Any such evolution-
ary trends could be important clues about the
dynamical histories and formation scenarios of
close-in exoplanets.
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APPENDIX

A. THE CAS-TAU ASSOCIATION AND ITS TURNOFF AGE

Cas-Tau was first formally proposed as an association by Blaauw (1956), based on the common
motions of 49 B-stars covering a remarkably large patch of sky of about 100◦×140◦. The association
shares motions with and spatially surrounds the α Persei (Per OB3) cluster, which led Blaauw
to suggest a common origin for the two groups. Indeed, Rasmuson (1921) had already noted the
kinematic group was not limited to the central α Per cluster, but that several other B- and A-stars
formed a co-moving stream extending well beyond the cluster core. In the years following Blaauw’s
work, the status of Cas-Tau as a bona fide moving group was debated in the literature on the basis of
radial velocities (Petrie 1958) and large scatter in the color-Hβ relation (Crawford 1963). However,
based on Hipparcos parallaxes, de Zeeuw et al. (1999) concluded that Cas-Tau is indeed a physical
association that likely shares a common origin with α Per, though only a third of Blaauw’s original
sample were finally regarded as members.

Today, the low-mass membership of Cas-Tau remains essentially unknown. An X-ray survey in the
direction of Taurus found evidence for a population of stars that are older and more widely distributed
than the CTTS in the Taurus-Auriga star-formation complex (Walter et al. 1988). Those authors
found that this distributed older population outnumbers the CTTS population by a factor of 10:1,
and there are suggestions that this older population includes members of the Cas-Tau association
(Hartmann et al. 1991; Walter & Boyd 1991). Assuming that all of Blaauw’s original B-stars are
indeed Cas-Tau members, Hartmann et al. (1991) argued based on expectations from the initial mass
function that the projected surface density of members with masses & 0.8M� should be about 0.2 per
square degree. In hindsight, that may be an overestimate given that the Hipparcos study found many
of Blaauw’s original sample are not likely to be members. Nevertheless, within the K2 Campaign
13 field one might expect a couple dozen members in this mass range and an even larger number of
lower-mass members. Since the area of Cas-Tau is so large on the sky, additional members might
have plausibly been observed during other K2 campaigns.

The precise age of Cas-Tau is not well known, in part due to our incomplete knowledge of the
low-mass members. From the kinematics of the originally proposed members, Blaauw (1956) derived
an expansion age for Cas-Tau in the range of 50–70 Myr. Due to the common kinematics between
the associations, it is generally believed that Cas-Tau is younger than or coeval with α Per. Early
examinations of the main sequence turnoff for α Per found ages of 50 Myr using models with no
convective overshoot (Mermilliod 1981; Meynet et al. 1993). The age of α Per has since been refined
using the lithium depletion boundary (LDB) technique, with estimates of 90 ± 10 Myr (Stauffer
et al. 1999), 85 ± 10 Myr (Barrado y Navascués et al. 2004), and most recently 80 ± 11 ± 4 Myr
(Soderblom et al. 2014). The LDB ages are broadly consistent with age estimates of 80 Myr from a
color-magnitude diagram (CMD) of the lower main sequence (Prosser 1992), 80 Myr from an upper
main sequence CMD age using models with moderate convective overshoot (Ventura et al. 1998),
and 70 Myr from an H-R diagram of the upper main sequence (David & Hillenbrand 2015).

To our knowledge, the only determination of a turnoff age for Cas-Tau is the estimate of 20-30 Myr
from de Zeeuw & Brand (1985). Motivated by our suggestion that the planet host K2-284 belongs to
the association, we derive a new turnoff age here. We began with the list of 83 B- and A-type members
proposed by de Zeeuw et al. (1999). For each of the proposed members, we gathered trigonometric
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parallaxes from the Gaia TGAS catalog (Gaia Collaboration et al. 2016a,b) when available and from
the Extended Hipparcos compilation otherwise (XHIP, Anderson & Francis 2012). For each star
we then gathered UBV photometry from Mermilliod (2006) and uvbyβ photometry from Paunzen
(2015). Of the 83 proposed members, 19 stars were missing both UBV and uvbyβ photometry from
the aforementioned compilations, while 5 stars lacked only the UBV data and 11 stars lacked only
the uvbyβ data. Nearly all of the stars missing photometry have spectral types of B8 or later, and
given that we determine the main-sequence turnoff to be around spectral type B2 for Cas-Tau, these
stars contribute little information to the turnoff age anyhow. Our motivation for including both
UBV and uvbyβ photometry was for the purposes of consistency checks. We ultimately derived the
turnoff age from UBV photometry, so stars missing those data were excluded from our analysis, and
any star that lacked both UBV and uvbyβ photometry was not included in our various consistency
checks described below. To guide our analysis, we additionally gathered spectral types from Skiff
(2014), v sin i measurements and multiplicity information from Abt et al. (2002). For each star we
also performed literature searches for further information on multiplicity and to vet for eclipsing
binaries (EBs).

Many of the proposed members are reddened. We determined the amount of reddening for each star
using the UBV photometry and the revised Q-method presented in Pecaut & Mamajek (2013). For
those stars with uvbyβ photometry we used the iterative dereddening scheme of Shobbrook (1983) to
determine an independent value for the extinction. Among the stars with both sets of photometry,
we found the A(V ) values derived from the Q-method and the uvbyβ iterative method to be well-
described by a one-to-one relation with a scatter of 0.066 mag. From an empirical relation between
(b−y)0 and (B−V )0 for B-type stars (Crawford 1978), we also compared the intrinsic (B−V ) colors
from the two different dereddening methods and found these to be in good agreement with a scatter
of 0.01 mag. We ultimately used the intrinsic colors and A(V ) values from the UBV photometry,
but we adopted 0.01 mag as the uncertainty in (B − V )0 for our turnoff age analysis to account for
the different estimates provided by the uvbyβ photometry.

Using the intrinsic (B−V )0 colors and MV magnitudes calculated from the V -band photometry and
trigonometric parallaxes, we then proceeded to estimate the turnoff age from comparison with the
PARSECv1.2S evolutionary models (Bressan et al. 2012). The uncertainties in the MV magnitudes
were determined from Monte Carlo error estimation, accounting for the uncertainties in V magnitudes
and the parallaxes. For high-mass stars such as those considered here, the PARSECv1.2S models
are transformed into the observational system through the use of Castelli & Kurucz (2004) model
atmospheres, Bessell (1990) UBV RI passbands, and the zero-points presented in Máız Apellániz
(2006). We used models with a solar metallicity of Z=0.0152 (Caffau et al. 2011) for this analysis.

From the color-magnitude diagram, it is apparent that there is a significant amount of scatter
around the turnoff. It is possible that there are interlopers in the de Zeeuw et al. (1999) sample, so in
an attempt to address this issue we considered only stars with membership probabilities ≥90%, where
the probability values originate from those authors. We additionally excluded two high-probability
members since these are emission line stars. These stars are HD 9709 (HIP 7457), a B7IV/Vne shell
star, and φ Per (HIP 8068), a B1.5V:e shell star and double-lined spectroscopic binary. Furthermore,
several of the proposed members are eclipsing binaries. These stars are 1 Per (HIP 8704), τ Ari
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Figure 17. Left: Color-magnitude diagram for proposed members of Cas-Tau. Black points are the high
probability members we used to determine the turnoff age, while the grey points show members that were
excluded for the reasons described in the text. Isochrones from the PARSECv1.2S models are indicated
by the colored curves. The grey points indicate stars rejected for reasons explained in the text. Right:
Histogram of turnoff ages resulting from 104 Monte Carlo simulations.

(HIP 15627), 17 Aur (HIP 24740), and 15 Cam (HIP 24836).5 We ultimately excluded 1 Per and 17
Aur on the basis of large eclipse depths (>0.3 mag) and included the other two systems given their
more moderate eclipse depths (Avvakumova et al. 2013). In the course of our analysis, we also found
that two of the proposed members are surrounded by reflection nebulae (HD 26676 and HD 17443).
Despite the additional extinction, these stars do not appear to be obvious outliers in the CMD and
were included in the age analysis.

Using a fine grid of isochrones (∆ log τ = 0.0025 dex) with ages between 106 and 109 yr we fit an
isochrone of each age to the data and evaluated χ2. We determined the uncertainty on the turnoff
age from 104 Monte Carlo simulations in which a new χ2

min age was calculated from perturbed MV

and (B−V )0 values for each star. In this analysis the perturbed MV and (B−V )0 values were drawn
from normal distributions in accordance with that star’s individual errors. For those stars missing
V magnitude error estimates, we assumed an error of 0.01 mag. Ultimately, we found a turnoff age
of τCas−Tau = 46 ± 8 Myr, where the value and uncertainty are the median and standard deviation,
respectively, of the distribution of ages from the Monte Carlo simulations. This age is in good
agreement with the original kinematic estimate of 50–70 Myr from Blaauw (1956), and somewhat
younger than the lithium depletion boundary age (80 ± 11 ± 4 Myr, Soderblom et al. 2014) and
turnoff ages derived for the α Per cluster (80 Myr, Ventura et al. 1998).

We note that the analysis above has not made use of the more precise Gaia DR2 parallaxes. A
preliminary analysis utilizing the new parallaxes and eliminating the stars HIP 2377, HIP 8387, HIP
20171 (which appear as outliers in the parallax distribution of proposed members), suggest a slightly
older turnoff age of τ = 59+14

−8 Myr and reveal a potentially bimodal age distribution. We leave a
more detailed study of the age and substructure of this proposed association to a further study.

5 µ Eri (HIP 22109) is also listed as an EB in SIMBAD, but we did not find published evidence in support of
this interpretation in the literature. This star was excluded from the age analysis anyhow on the basis of its low
membership probability.
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H. 2015, A&A, 577, L3

Upgren, A. R., Weis, E. W., & Deluca, E. E. 1979,

AJ, 84, 1586

van Leeuwen, F. 2007, A&A, 474, 653

van Saders, J. L., & Gaudi, B. S. 2011, ApJ, 729,

63

Vanderburg, A., & Johnson, J. A. 2014, PASP,

126, 948

Vanderburg, A., Latham, D. W., Buchhave, L. A.,

et al. 2016, ApJS, 222, 14

Vanderburg, A., Mann, A. W., Rizzuto, A., et al.

2018, AJ, 156, 46

Vazan, A., Ormel, C. W., & Dominik, C. 2017,

ArXiv e-prints, arXiv:1712.06158

Ventura, P., Zeppieri, A., Mazzitelli, I., &

D’Antona, F. 1998, A&A, 334, 953

Vogt, S. S., Allen, S. L., Bigelow, B. C., et al.
1994, in Proc. SPIE, Vol. 2198, Instrumentation
in Astronomy VIII, ed. D. L. Crawford & E. R.
Craine, 362

Walter, F. M., & Boyd, W. T. 1991, ApJ, 370, 318
Walter, F. M., Brown, A., Mathieu, R. D., Myers,

P. C., & Vrba, F. J. 1988, AJ, 96, 297
Weis, E. W. 1981, PASP, 93, 437
Weldrake, D. T. F., Sackett, P. D., & Bridges,

T. J. 2008, ApJ, 674, 1117
Weldrake, D. T. F., Sackett, P. D., Bridges, T. J.,

& Freeman, K. C. 2005, ApJ, 620, 1043
Yee, S. W., Petigura, E. A., & von Braun, K.

2017, ApJ, 836, 77
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