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ABSTRACT
We report on the discovery and characterization of the transiting planet K2-39b (EPIC 206247743b). With an orbital period

of 4.6 days, it is the shortest-period planet orbiting a subgiant star known to date. Such planets are rare, with only a handful
of known cases. The reason for this is poorly understood, but may reflect differences in planet occurrence around the relatively
high-mass stars that have been surveyed, or may be the result of tidal destruction of such planets. K2-39 is an evolved star with
a spectroscopically derived stellar radius and mass of 3.88+0.48

−0.42 R� and 1.53+0.13
−0.12 M�, respectively, and a very close-in transiting

planet, with a/R? = 3.4. Radial velocity (RV) follow-up using the HARPS, FIES and PFS instruments leads to a planetary mass
of 50.3+9.7

−9.4 M⊕. In combination with a radius measurement of 8.3 ± 1.1 R⊕, this results in a mean planetary density of 0.50+0.29
−0.17

g cm−3. We furthermore discover a long-term RV trend, which may be caused by a long-period planet or stellar companion.
Because K2-39b has a short orbital period, its existence makes it seem unlikely that tidal destruction is wholly responsible for
the differences in planet populations around subgiant and main-sequence stars. Future monitoring of the transits of this system
may enable the detection of period decay and constrain the tidal dissipation rates of subgiant stars.

Subject headings: planetary systems — stars: fundamental parameters — stars: individual (K2-39,
EPIC 206247743)

1. INTRODUCTION

In comparison to main-sequence stars, subgiant and giant
stars have a higher observed occurrence of exoplanets but
have fewer close-in giant planets (Bowler et al. 2010; Johnson
et al. 2010; Reffert et al. 2015). To explain the lack of close-in
planets orbiting these stars, there are currently two main the-
ories. In one scenario, close-in planets are destroyed by tidal
evolution: they spiral into their host stars as they transfer an-
gular momentum, a process that is expected to be stronger for

Electronic address: vaneylen@strw.leidenuniv.nl
? Based on observations made with the NOT telescope under programme

ID. 50-022/51-503, 50-213(CAT), 52-201 (CAT), 52-108 (OPTICON), 51-
211 (CAT), and ESOs 3.6 m telescope at the La Silla Paranal Observatory
under programme ID 095.C-0718(A).

evolved stars than for main-sequence stars (e.g. Rasio et al.
1996; Villaver & Livio 2009; Schlaufman & Winn 2013). In
another scenario, the lower occurrence rate of short-period gas
giant planets orbiting evolved stars is a result of the systemat-
ically higher mass of the observed evolved stars compared to
the observed main-sequence stars. The shorter lifetime of the
inner protoplanetary disks around these more massive stars
causes the lower occurrence rate of gas giant planets at short
orbital periods (e.g. Burkert & Ida 2007; Kretke et al. 2009;
Currie 2009).

Detections of planets around evolved stars are challenging
because of additional noise sources in the stellar Radial Veloc-
ity (RV) signal (see e.g. Reffert et al. 2015), and because the
larger stellar radii result in shallower planetary transits. There
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are currently only four evolved stars (R ≥ 3.5 R�) known to
host short-period (≤ 100 days) transiting planets.

One example is Kepler-91b (Lillo-Box et al. 2014b), whose
validity as a genuine planet was debated (e.g. Sliski & Kip-
ping 2014) until RV confirmation ruled out false positive sce-
narios (Lillo-Box et al. 2014a; Barclay et al. 2015). Kepler-
56 is host to two short-period transiting planets (Huber et al.
2013). Kepler-391 is likely an evolved star with two short-
period planets (7 and 20 days) that were statistically vali-
dated (Rowe et al. 2014). Finally, Kepler-432b is an eccentric
Jupiter-sized planet orbiting its giant star in 52 days (Ciceri
et al. 2015; Quinn et al. 2015; Ortiz et al. 2015).

Here, we report on the discovery and characterization of
K2-39b (EPIC 206247743b), a transiting planet in a 4.6 day
orbit around a subgiant star, making it the shortest period
planet orbiting such a star known to date. Its transits were
observed by the K2 mission (Howell et al. 2014) in Cam-
paign 3. The transits in this system have also been recently
reported by Vanderburg et al. (2015a), who assigned it the
status of ‘planetary candidate’. We conducted radial veloc-
ity follow-up observations using HARPS (Mayor et al. 2003),
FIES (Telting et al. 2014), and PFS (Crane et al. 2010), which
result in a 5σ measurement of the mass, both confirming the
planetary nature of the system and constraining its bulk den-
sity. This work is part of the Equipo de Seguimiento de Plan-
etas Rocosos INterpretando sus Tránsitos (ESPRINT) project
(see Sanchis-Ojeda et al. 2015; Van Eylen et al. 2016; Hirano
et al. 2015).

In Section 2, we describe the observations used in this work.
In Section 3 we describe the way these data were modeled. In
Section 4 we present the results and in Section 5 we discuss
and conclude.

2. OBSERVATIONS

2.1. Photometry
The K2 observations (Howell et al. 2014) are extracted from

the raw pixel files, detrended, reduced, and searched for plan-
ets following the procedure outlined in Van Eylen et al. (2016)
and using the pipeline publicly available on GitHub2. We
summarize the important features here.

The aperture that was used to generate a light curve for K2-
39 is shown in Figure 1, and includes all pixels that have a flux
level that is at least six times the median flux value in the pixel
mask. The light curves are detrended using a polynomial fit
of time T and flux F to the centroid positions (Xc and Yc), to
remove instrumental effects. Specifically we fit the model M,
with fitting parameters ti, xi, yi, and z1:

M = t0 + t1T + x1Xc + x2X2
c + y1Yc + y2Y2

c + z1XcYc.

We note that this is a lower-order polynomial than was used
by Van Eylen et al. (2016), which we found to result in higher-
quality photometry in this case. The light curve was fitted in
chunks of 650 data points each. We also compared the re-
sulting light curve with one obtained following Sanchis-Ojeda
et al. (2015), and found it to be consistent. An initial orbital
period is determined using a box least-square (BLS) search al-
gorithm (e.g. Kovács et al. 2002), which is later refined during
the fitting procedure (see Section 3.3). The final, phase-folded
transit light curve is shown in Figure 2.

2.2. Imaging follow-up observations

2 https://github.com/vincentvaneylen
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Fig. 1.— Pixel mask for K2-39. The grey scale indicates the electron count,

going from black (high) to white (low). The red line encircles the aperture
used to generate the photometry, which includes all pixels with counts more
than six times the median flux value.
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Fig. 2.— Reduced and phase-folded K2 transit photometry. The best fitted
model is shown with a solid line, as well as the residuals after subtracting
the model. Error bars are omitted for clarity, but a representative error bar is
shown in the top panel.

The photometric aperture of K2-39 contains many pixels
(28 in total, see Figure 1) and each K2 pixel spans 3.98×3.98
arcsec. This implies that ground-based imaging is needed to
assess the presence of nearby, contaminant stars that may be
associated with the system or aligned by chance.

We performed lucky imaging observations with the Fast-
Cam camera (Oscoz et al. 2008) at the 1.55-meter Telescopio
Carlos Sánchez (TCS). FastCam is a very low noise and fast
readout speed EMCCD camera with 512 × 512 pixels (with
a physical pixel size of 16 microns, a scale of 42.5 mas per
pixel, and a FoV of 21.2′′ × 21.2′′) and it is cooled down
to -90◦C. On July 30th, 10,000 individual frames of K2-39

https://github.com/vincentvaneylen
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Fig. 3.— Top: shift-and-add FastCam image of K2-39, constructed by com-
bining the 50% best individual TCS/FastCam frames. The orientation is
North-up and East-right. Bottom: stars observed just before (left) and just
after (right) the target, during the same night. The image on the left shows
the same distortion, indicating the distortion is likely caused by instrument
defocus.

were collected in the I-band, with an exposure time of 50 ms
for each frame. In order to construct a high resolution, long-
exposure image, the individual frames were bias-subtracted,
aligned and co-added. In Figure 3, we present a high resolu-
tion image that was constructed by co-adding the best 50% of
images, so that it has a 5 sec total exposure time.

We find no evidence for a contaminant star within the field
of view. The target star shows a deviation from spherical sym-
metry. To assess if it may be instrumental in nature, we looked
at other targets observed during the same night. The target ob-
served just before K2-39 shows the same elongated shape (see
Figure 3), indicating that the cause of the asymmetry is likely
instrumental in nature, due to a defocus.

We further gathered an Adaptive Optics (AO) image us-
ing the Subaru telescope’s Infrared Camera and Spectrograph
(IRCS), which is shown in Figure 4 together with the achieved
5σ contrast limits. The seeing without AO was estimated at
0.4 arcsec, but a cirrus clouds may have degraded the AO per-
formance at the 0.1 arcsec level, as suggested by the PSF of
a standard star (FS151) observed during the same night (see
Figure 4).

The AO image reveals no companion objects, but shows a
distortion to the North-East of about 0.2 arcsec. The standard
star FS151 shows a distortion as well, suggesting the cause
for this effect may be instrumental. This asymmetry in the
AO observations does not follow the same orientation as the
asymmetry in the lucky imaging, and does not have the same
scale, so that they are unlikely to have the same origin.

An alternative explanation for the observed asymmetry in
the AO image is the presence of a very nearby companion
star. If this is the case, such a companion would influence
our measurement of the planetary radius, by diluting the tran-
sit light curve. Assuming the distortion is caused by a stel-
lar companion, we can estimate its flux by fitting two two-
dimensional Gaussian functions to the image. This method is
not ideal because the ‘companion star’ is not well-separated
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Fig. 4.— Adaptive optics image using the Subaru telescope. The orientation
is North-up and East-left, as in Figure 3. In the top figure, the image for
K2-39 is shown. The middle figure shows a standard star (FS151) observed
during the same night, which has a slightly non-circular shape, suggesting a
degraded AO performance. The bottom image shows the 5σ contrast ratio
the image provides.
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from the target star, but after trying different fitting methods
and Gaussian function parameters, we consistently find it to
be 4-7 times fainter than the target star. Assuming the com-
panion is associated with the target star, so that it has the same
distance, this implies that the companion star would likely be
less evolved than the target star, to explain the lower flux con-
tribution. As discussed in detail in Section 4.2, we find no
evidence of such a star (or any other star) in the spectroscopic
observations. Therefore, we proceed here under the assump-
tion that no companion star is present. We caution that, if
there is indeed a nearby star, this would influence the derived
planetary parameters.

2.3. Spectroscopic follow-up observations
We carried out high-precision RV follow-up observations

of K2-39 using the HARPS, FIES, and PFS instruments.
We started our observations using the FIES spectrograph

(Frandsen & Lindberg 1999; Telting et al. 2014) mounted
at the 2.56-m Nordic Optical Telescope (NOT) of Roque de
los Muchachos Observatory (La Palma, Spain). We used the
FIES high-res mode (R≈ 67 000) and collected 17 high-
resolution spectra from July 2015 until January 2016. We set
the exposure time to 15-20 minutes, which resulted in an av-
erage signal-to-noise ratio (SNR) of 40 per pixel at 5500 Å.
We acquired long-exposed (Texp ∼30 sec) ThAr spectra right
before and after each science exposure to trace the RV drift of
the instrument. We used the method by Gandolfi et al. (2015)
to analyze the data.

Between 21 August and 13 September 2015, we observed
the system using the HARPS spectrograph at the ESO 3.6-m
telescope at La Silla. We acquired 7 high-resolution spectra,
using an exposure time of 10 minutes per data point. At order
50, they have an average SNR of 30. The HARPS observa-
tions were analyzed using the standard data reduction pipeline
(Baranne et al. 1996; Pepe et al. 2000).

We also acquired data using the PFS at the Magellan II Tele-
scope at Las Campanas Observatory. Between and 23 August
and 4 September 2015 we obtained 6 high-resolution spec-
tra. Each exposure lasted 20 minutes and resulted in a SNR
of 80-100. PFS uses the iodine technique for calibration and
radial velocities were derived using an updated version of the
algorithm outlined in Butler et al. (1996).

All RV data points and their observation times are listed in
Table 3.

3. MODELING

3.1. Stellar parameters
We co-added the HARPS spectra and determined the atmo-

spheric parameters following Takeda et al. (2002). We find
that the effective temperature Teff = 4881 ± 20 K, surface
gravity log g = 3.44 ± 0.07 (cgs), metallicity [Fe/H] = 0.32
± 0.04, and a microturbulent velocity of ξ = 0.97 ± 0.11 km
s−1, based on the measurement of equivalent widths of iron
lines and on the excitation and ionization equilibria. Follow-
ing Hirano et al. (2012), we also derive the stellar rotation
velocity by fitting the combined HARPS spectrum to obtain
v sin i? = 2.0 ± 0.5 km s−1.

From the stellar atmospheric parameters, we then determine
the stellar physical parameters using Y2 isochrones (Yi et al.
2001), as shown in Figure 5. K2-39 is found to be a metal-rich
subgiant star (M? = 1.53+0.13

−0.12 M�, R? = 3.88+0.48
−0.42 R�) with an

age of 3.09+0.92
−0.70 Gyr.

Since the stellar parameters of evolved stars are known to

be sensitive to the adopted isochrones (evolutional tracks), we
also checked the consistency of the derived parameters in two
ways. Firstly, we also derived stellar atmospheric parameters
using the VWA software3 (Bruntt et al. 2012). Again using
the effective stellar temperature (Teff), surface gravity (log g),
and metallicity ([Fe/H]) as input, we infered the stellar mass,
radius, and age using BaSTI evolution tracks4 following the
SHOTGUN method (Stello et al. 2009). We found the results
to be consistent. Secondly, we check the results by employing
the empirical relations of Torres et al. (2010). Consequently,
we found M? = 1.39+0.11

−0.10 M⊕ and R? = 3.69+0.43
−0.38 R⊕, which

agree with the isochrone-based values within 1σ. We adopt
the values derived using the Y2 isochrones for the remainder
of this work, and list these parameters in Table 1.
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of constant radius. K2-39 is shown as the red point with its error bars.

3.2. Asteroseismology
Because the star is evolved and relatively bright, we

searched the frequency power spectrum of the corrected
light curve for indications of stellar oscillations. We per-
formed a search for indications of a seismic power excess
using frequency-power spectra prepared using corrected light
curves from the K2-Photometry-Pipeline (K2P2 Lund et al.
2015) and the KASOC filter (Handberg & Lund 2014). No
such signal was found. This agrees with the spectroscopic pa-
rameters, from which we estimate a frequency of maximum
power (νmax) of ∼338±55 µHz using the νmax ∝ g/

√
Teff scal-

ing relation (Brown et al. 1991; Kjeldsen & Bedding 1995).
This is above the Nyquist frequency of νNyq ≈ 283 µHz for K2
long-cadence observations, and conforms with the detection
limits presented in Stello et al. (2014) for K2 observations.

With an independent estimate of the effective temperature
one may use such a non-detection of seismic signal to place
a lower-limit on log g (see Campante et al. 2014). However,
without observations in short-cadence, we are limited by the
Nyquist frequency, and can only set a lower limit of log g >
3.36 dex. However, the fact that no signal is seen from back-
reflected seismic power in the “super-Nyquist” regime (i.e.,
above νNyq) could indicate that νmax is as high as 400 µHz
(Chaplin et al. 2014), hence log g ≥ 3.5 dex (consistent with
findings from spectroscopy, see Section 3.1).

3 https://sites.google.com/site/vikingpowersoftware/home
4 http://albione.oa-teramo.inaf.it/
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3.3. Orbital and planetary parameters
We derive the planetary parameters following the procedure

outlined in detail in Van Eylen et al. (2016). We highlight the
key points here.

Photometric model — We model the planetary transits assum-
ing a constant orbital period (linear ephemeris), without tran-
sit timing variations, and using the analytical model by Man-
del & Agol (2002). The model was binned to 30 minutes to
match the finite integration time of the observations (20 hours
of observations around each transit were used), and contains
the following parameters: orbital period (P), mid-transit time
(Tmid), stellar radius divided by semi-major axis (R?/a), plan-
etary radius divided by stellar radius (Rp/R?), the cosine of
the orbital inclination (cos io), and two limb darkening param-
eter (u1 and u2) which determine a quadratic law.

RV model — We model the RV observations by fixing the ec-
centricity to zero and modeling the projected stellar reflex mo-
tion (K?). In addition, we fit for a systemic velocity offset
between the different spectrographs (γspec). We furthermore
include a quadratic drift (using two parameters, φ1 and φ2) as
a function of time, relative to an arbitary zero point (t0). We
tested whether allowing non-zero orbital eccentricity would
affect the derived parameters, and found that not to be the
case (see also Section 4.1). As a result, the RV model we fit
for is

RV(t) = φ1(t − t0) + φ2(t − t0)2 + γspec + RVplanet (1)

To account for our incomplete knowledge of stellar activ-
ity, we add stellar “jitter” to the internal uncertainties of the
RV points, so that the minimum reduced χ2 for the data ob-
tained by each spectrograph is close to unity. Note that two
data points were observed in-transit, and we assume the star
is aligned with the planet in our model. Even if the star and
planet were misaligned, the effect of this would be below the
photon noise.

Prior information — We place a Gaussian prior with a width
of 0.1 and a center value derived from the tables by Claret &
Bloemen (2011) on the sum of the limb darkening parameters
(u1 + u2), while holding the difference (u1 − u2) fixed at the
tabulated value. For the K2 bandpass, we find u1 = 0.5902
and u2 = 0.1395, using Teff = 5000 K, log g = 3.5 (cgs)
and [Fe/H] = 0.3. When we try an eccentric fit, the stellar
density (see Section 3.1) is used as a Gaussian prior and helps
constrain e and ω (see, e.g., Van Eylen & Albrecht 2015).
In this case we furthermore assume an eccentricity prior of
dN
de ∝

1
(1+e)4 −

e
24 (see Shen & Turner 2008), and require that the

orbits of planet and star do not cross, and sample uniformly in√
e cosω and

√
e sinω to avoid a positive bias (see e.g. Lucy

& Sweeney 1971). All other parameters have flat (uniform)
priors.

Parameter estimation — We model the planetary transit and the
stellar RV signal simultaneously using a Markov Chain Monte
Carlo (MCMC) method (Tegmark et al. 2004), and follow-
ing the Metropolis-Hastings algorithm. We run three chains
of 106 steps each, with a step size adjusted to obtain an ac-
ceptance rate of approximately 25%. We employed a burn-in
phase of 104 points, which were removed from each chain
prior to the analysis. We checked for convergence using the
Gelman and Rubin diagnostic (Gelman & Rubin 1992).

The chains are merged and uncertainty intervals encom-
passing 68.3% of the total probability are calculated by ex-
cluding the 15.85% quantiles on both sides, while median val-
ues are used as best estimates. All parameters are reported in
Table 1.

4. RESULTS

4.1. Planet confirmation and properties
We determine a planetary radius of 8.2+1.1

−1.1 R⊕ and a planet
mass of 50.3+9.7

−9.4 M⊕. We obtain a planetary bulk density of
0.50+0.29

−0.17 g cm−3. The planet is very close to its star, with
R?/a = 0.293+0.045

−0.030. We note that if there is an unseen com-
panion star contaminating the light curve (see Section 2.2),
the planet would be larger and its density would be lower.

During the fitting procedure, we assumed a circular orbit,
because the orbital period of 4.6 days suggests that tidal ef-
fects have circularized any initial eccentricity. Out of caution,
we also try a solution in which we allow non-circular orbits.
We find that a circular orbit is favored, with an upper limit (at
95% confidence) of e = 0.24. The resulting planetary mass,
53.8+10

−9.9 M⊕ is consistent with the circular fit. We adopt the
values from the circular solution in Table 1. The best tran-
sit fit is shown in Figure 2 and the radial velocity observa-
tions are shown in Figure 6. The RMS values of the RVs from
each spectrograph after the best fitting model is subtracted are
8.6 m s−1 (HARPS), 7.3 m s−1 (FIES), and 4.4 m s−1 (PFS).

For a circular orbit, the transit duration directly constrains
the mean stellar density. Following the procedure used by
Van Eylen & Albrecht (2015) to validate Kepler-449b/c and
Kepler-450b/c/d, we find that a transit fit constrains the bulk
density of the host star to [0.026, 0.14] g cm−3 at 95% con-
fidence, assuming the planet has a circular orbit. The stellar
density derived from the transit for a circular orbit is further-
more fully consistent with the bulk density of K2-39 derived
from spectroscopy (0.036±0.011 g cm−3), giving further cred-
ibility to the fact that this star is indeed the host of the planet.
More generally, the transit duration provides independent evi-
dence that the planet is orbiting an evolved star. For example,
we find that if the planet would orbit a star with a solar mean
density (1.408 g cm−3), it would require the planet to have
an eccentricity in the interval [0.78, 0.94] at 95% confidence.
Given the short orbital period, we find such a scenario not to
be feasible.

We find evidence of a long-period companion, which we
modeled as a quadratic trend with φ1 = −0.313 ± 0.052
m s−1 d−1 and φ2 = 0.0063 ± 0.0012 m s−1 d−1, with t0 =
2457300 BJD. We check whether the data warrants the inclu-
sion of both parameters, and find this to be the case. Including
the quadratic term, we find χ2 = 552.1, while only including a
linear term χ2 = 579.6. Calculating the Bayesian Information
Criterian (BIC) with 12 and 11 degrees of freedom, respec-
tively, and 30 RV data points, we find that the quadratic term
is clearly favored (with a BIC of 593, versus 617 for the lin-
ear case). If we count all photometry data points as well, the
BIC numbers change but the quadratic term remains clearly
favored. Nevertheless, the trend is dependent on the two lat-
est observations, so that more observations are needed to fully
interpret it. Assuming the trend is caused by a companion ob-
ject, it has a period that is longer than the time span of the data.
As a result, its true orbit and amplitude are difficult to con-
strain. We attempted to do so by allowing a second body in the
MCMC fit, rather than the quadratic trend, but find that the or-
bit is consistent with all orbital periods longer than 125 days,



6 Van Eylen et al.

−20

0

20

40

60

80

ra
d
ia

l 
v
e
lo

c
it
y
 (

m
 s

−
1
)

HARPS
FIES
PFS

−30
−20
−10

0
10
20
30

O
 −

 C
 (

m
 s

−
1
)

−50 0 50 100
time of observation (BJD − 2457300)

−0.05 1.05

−40

−20

0

20

40

ra
d

ia
l 
v
e

lo
c
it
y
 (

m
 s

−
1
)

HARPS
FIES
PFS

0.0 0.2 0.4 0.6 0.8 1.0
orbital phase

−30
−20
−10

0
10
20
30

O
 −

 C
 (

m
 s

−
1
)

Fig. 6.— RV observations over time (left) and phased (right). The best fitting model is shown with a solid line as well as the residuals after subtracting the
model. The internal RV uncertainties are indicated by the black error bars; the gray error bars include an additional “stellar jitter” term as explained in the text.

and amplitudes corresponding to objects at least as massive as
Jupiter. Further observations may help determine if the trend
is caused by an additional planet or a self-luminous compan-
ion object. We note that the AO image (see Section 2.2) sug-
gests there may be a nearby companion star. If we roughly
estimate this potential companion to be at an angular distance
of about 0.2 arcsec, and use 255 pc as the distance between an
observer and the star as estimated by RAVE distance calibra-
tions (Kordopatis et al. 2013; Francis 2013), this would imply
a minimum distance of ∼50 AU between the two stars. This
would imply an orbital period of order hundred years, making
it unlikely that the quadratic trend observed in a time span of
only a few months is caused by such an orbit.

4.2. Stellar activity and light blending
We check if any observed RV signal could be caused by

stellar activity, by calculating the bisectors (BIS) as defined
by Queloz et al. (2001) for the HARPS and FIES observa-
tions. The results are shown in Figure 7. We calculate the
Pearson correlation coefficient. For HARPS, this is 0.66 with
a p-value of 0.11, with 7 data points and 5 degrees of free-
dom. For FIES, this is -0.03 with a p-value of 0.91, with 17
data points and 15 degrees of freedom. This implies that in
neither of the data sets is there any evidence for a correlation
at a significance level of 0.01.

We furthermore check if there are any correlations between
the Mount Wilson activity index and the RV observations. For
the HARPS observations, we have 7 data points and find a
Pearson correlation coefficient of 0.23 with a p-value of 0.66,
indicating no evidence for correlation. For the PFS data, we
have 6 data points and find a Pearson correlation coefficient
of 0.24 with a p-value of 0.64. As for the bisector data dis-
cussed above, the Mount Wilson measurements show no evi-
dence that the RV variation is caused by stellar activity.

We checked the K2 light curve for evidence of a rotational
modulation signal, but could not clearly determine any period
of stellar rotation. This may be due to systematic effects in
the photometry.

If an unseen stellar contaminant would have a v sin i and RV
which are very similar to that of K2-39, this may remain unde-
tected in the measured bisectors. However, such a hypothet-
ical companion would still influence the shape of the cross-

correlation function (CCF), which can be measured through
the Full-Width at Half Maximum (FWHM, see e.g. Santerne
et al. 2015). We calculate these values for the HARPS and
FIES observations and compare them with the RV measure-
ments, as shown in Figure 8. For HARPS, we find a Pearson
correlation coefficient of 0.10 with a p-value of 0.83, while
for FIES we find a Pearson coefficient of 0.12 and a p-value
of 0.64, implying there is no evidence for a correlation in ei-
ther data set. We also checked if the FWHM measurements
showed any correlation with the long-term trend seen in Fig-
ure 6, but found no evidence for that either.

We further checked the high-resolution spectroscopic ob-
servations (see Section 2.3) for the presence of a second set
of spectral lines, which would be caused by a companion star
of a different stellar type. To do so, we looked at the cross-
correlation function and found no evidence of any companion
star. We furthermore did a visual inspection of the Hα lines for
any features caused by a contaminant star, and found no evi-
dence of this. We have also visually inspected the spectrum at
6079-6084 Å, and again found no evidence of any secondary
features as deep as > 10% of the spectrum continuum.

4.3. Optical phase curve
The K2 photometry also provides some information on the

out-of-transit variation. In general, such variations can be
caused by light emitted or reflected by the planet, as well as
ellipsoidal modulation of the star caused by the planet, and
Doppler beaming (see e.g. Esteves et al. 2015). The latter two
effects are very small for this system. Given the quality of
the data we neglect them here. We model the emitted and re-
flected light by a Lambert sphere model and fix the nightside
temperature to zero. By assuming a circular orbit, we fix the
occultation to occur at φ = 0.5 and with a duration equal to
that of the primary transit. In this simple model, we fit the
light curve (out of the transit and occultation) for a single pa-
rameter, the amplitude F0:

F = F0
sin z + (π − z) cos z

π
, (2)

where z is defined as cos z = − sin i cos(2πφ), with φ de-
scribing the orbital phase calculated from mid-transit. To re-
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TABLE 1
System parameters

Parameter K2-39 (EPIC 206247743)

Basic properties

2MASS ID 22332842-0901219
Right Ascension 22 33 28.414
Declination -09 01 21.97
Magnitude (Kepler) 10.58
Magnitude (V) 10.83

Stellar parameters from spectroscopy

Effective Temperature, Teff
(K) 4881±20

Surface gravity, log g (cgs) 3.44±0.07
Metallicity, [Fe/H] 0.32±0.04
Microturbulence (km s−1) 0.97±0.11
Projected rotation speed, v sin i? (km s−1) 2.01±0.50
Assumed Macroturbulence, ζ (km s−1) 2.61±0.39
Stellar Mass, M? (M�) 1.53+0.13

−0.12
Stellar Radius, R? (R�) 3.88+0.48

−0.42
Stellar Density, ρ? (g cm−3)a 0.036±0.011
Age (Gyr) 3.09+0.92

−0.70

Fitting (prior) parameters

Limb darkening prior u1 + u2 0.73±0.1
Stellar jitter term HARPS (m s−1) 10
Stellar jitter term FIES (m s−1) 7
Stellar jitter term PFS (m s−1) 8

Adjusted Parameters from RV and transit fit

Orbital Period, P (days) 4.60543±0.00046
Time of mid-transit, Tmid (BJD−2450000) 6980.8236±0.0039

Orbital Eccentricity, e 0 (fixed)

Cosine orbital inclination, cos io 0.167+0.075
−0.069

Scaled Stellar Radius, R?/a 0.293+0.045
−0.030

Fractional Planetary Radius, Rp/R? 0.01925+0.00099
−0.00076

Linear combination limb darkening parameters (prior & transit fit), u1 + u2, 0.773±0.083

Stellar Density (prior & transit fit), ρ? (g cm−3) 0.036+0.014
−0.012

Stellar radial velocity amplitude, K? (m s−1) 14.4+2.6
−2.6

Linear RV term, φ1 (m s−1/day) −0.313±0.052
Quadratic RV term, φ2 (m s−1/day) 0.0063±0.0012
Systemic velocity HARPS, γHARPS (km s−1) 24.4688±0.0052
Systemic velocity FIES, γFIES (km s−1) 24.5458±0.0056
Systemic velocity PFS, γPFS (km s−1) −0.0196±0.0044

Indirectly Derived Parameters

Impact parameter, b 0.57+0.15
−0.20

Planetary Mass, Mp (M⊕)b 50.3+9.7
−9.4

Planetary Radius, Rp (R⊕)b 8.2+1.1
−1.1

Planetary Density, ρp (g cm−3) 0.50+0.29
−0.17

Semi-major axis, a (AU) 0.062+0.010
−0.012

Notes —
a This value is used as a prior during the fitting procedure.
b Adopting an Earth radius of 6371 km and mass of 5.9736 · 1024 kg.
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Fig. 7.— Bisectors (BIS) from HARPS (top) and FIES (bottom) CCFS are
plotted versus the stellar RVs. The color code indicates the signal-to-noise
ratio in the stellar spectra obtained around a wavelength range of 5560 Å.
There is no evidence for correlations. The BIS uncertainties are taken to be
three times the RV uncertainties. The mean BIS values for HARPS and FIES
are 49 m s−1 and -4.6 m s−1, respectively.

move long-term residual trends in the photometry, we run a
moving median filter with a width of twice the orbital period
before modeling the data. After doing so, a simple MCMC
analysis results in F0 = 26.0+5.3

−5.6 ppm and this model is shown
in Figure 9. Such an amplitude would imply a maximum ge-
ometric albedo of the planet Ag = F0(a/Rp)2 in the interval
[0.64, 0.98] within 68% confidence, or a maximum brightness
temperature of the planet of 3050±100 K. However, it is clear
from the figure that this simple model does not adequately de-
scribe the observations, in particular around φ = 0.25. We
know of no astrophysical effect that can easily explain the ob-
served dip at this phase, so that the origin is likely instrumen-
tal. To check if a different analysis method can avoid this,
we compare our data with the photometry extracted by Van-
derburg et al. (2015b) using a different method. However,
as shown in Figure 9, we find that these data show a similar
trend.

5. DISCUSSION AND CONCLUSIONS

We reported on the discovery and characterization of a giant
transiting planet orbiting a subgiant star with a short period.
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Fig. 8.— Full-width at half maximum (FWHM) from HARPS (top) and
FIES (bottom) CCFS are plotted versus the stellar RVs. The color code indi-
cates the signal-to-noise ratio in the stellar spectra obtained around a wave-
length range of 5560 Å. There is no evidence for correlations. The mean
FWHM values for HARPS and FIES are 6,813 m s−1 and 11,552 m s−1, re-
spectively.

There are only a few known cases of such systems, which are
thought to be rare. Of these systems, K2-39b, reported here,
has the shortest orbital period.

By combining the K2 transit photometry with high reso-
lution spectroscopic measurements from HARPS, FIES, and
PFS, we are able to measure the planetary mass and mean den-
sity. The system shows a long-term quadratic trend indicative
of an additional body in the system. The current data do not
span enough time to characterize the properties of this body.

We now discuss the importance of this planet in the context
of planet (re)inflation in Section 5.1, and in the context of
planet evolution in Section 5.2.

5.1. (Re)inflation?
Measuring the inflation of planets orbiting giant stars is in-

teresting, as it may help distinguish between inflation mecha-
nisms (Lopez & Fortney 2016). Lopez & Fortney (2016) sug-
gest that planets with an orbital period of 10-20 days are likely
not inflated while their host star is on the main sequence, but
may become inflated as their host star evolves.

Despite its low density, K2-39b is not inflated in the sense
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is shown with a solid red line, and photometry extracted by Vanderburg et al.
(2015b) shown in grey squares. The duration of the occultation is fixed to the
duration of the transit, which is the case for circular orbits.

that its radius is not larger than what would be expected for a
pure H/He planet (Fortney et al. 2007) with this mass. With
a mass of 50.3+9.7

−9.4 M⊕, the planet is likely too small to fall
into the regime where inflation is important. With an orbital
period of 4.6 days, the planet has received high radiation even
when the host star still resided on the main sequence, unless
its orbital period used to be longer. We note that the adaptive
optics image presented in Figure 4 cannot rule out a nearby
self-luminous companion, although we find no evidence of
such a hypothetical companion contributing significant flux
in the high-resolution spectroscopic observations. However,
if a companion star nevertheless exists, this may affect the
planet mass and radius, and its derived mean density. Extreme
adaptive optics observations would be needed to rule out such
a close companion star.

5.2. Tidal evolution
K2-39b joins a small sample of short-period transiting

planets orbiting (subgiant) stars. This is illustrated in Fig-
ure 10, where K2-39b is shown together with Kepler-91b,
Kepler-56b/c, Kepler-391b/c, and Kepler-432b. The only
non-transiting planet in the same part of the diagram is
HD 102956b (Johnson et al. 2010). Of all these planets, K2-
39b has the lowest semi-major axis and the shortest orbital pe-
riod. K2-39b is closer to its host star than Kepler-91b, which
orbits a more evolved star.

Because the scarcity of short-period planets orbiting sub-
giant stars may be a result of tidal destruction (Rasio et al.
1996; Villaver & Livio 2009; Schlaufman & Winn 2013), it is
interesting to investigate how long K2-39b can survive. Under
the assumption that the planet remains in its current orbit, the
stellar surface will reach the planet once R? ≈ 14 R�. Based
on the stellar mass of 1.53+0.13

−0.12 M�, the isochrones suggest
this will happen in 150 ± 90 Myr. This provides a conserva-
tive upper limit on the remaining lifetime of the planet.

In addition to the evolution of the stellar surface, the planet
may spiral inwards as its orbital period decays due to tides.
Following Schlaufman & Winn (2013), and Equation 11
therein, we can estimate the timescale of orbital decay:

t = 10 Gyr
Q?/k?

106

(
M?

M�

)1/2 (
Mp

MJup

)−1 (
R?

R�

)−5 ( a
0.06AU

)13/2
.

(3)
Here, Q? is the tidal quality factor of the star, and K? its

tidal Love number. These values are highly uncertain, but
assuming a canonical value of Q?/k? = 106, we find that
the decay time is ≈ 100 Myr. If, however, Q?/k? = 102, as
Schlaufman & Winn (2013) suggest may be the case for sub-
giant stars, then t ≈ 10, 000 yr. With such a short timescale,
it would be an interesting coincidence to observe the planet
in its current state. Interestingly, Kepler-91b (e.g. Lillo-
Box et al. 2014b) has a tidal decay time scale that is of the
same order of magnitude, but slightly shorter, because it or-
bits at a slightly higher semi-major axis but around a more
evolved, larger star. Consequently, the existence of K2-39b
and Kepler-91b appears to argue against the strong tidal dis-
sipation suggested by Schlaufman & Winn (2013) to explain
the under-abundance of short-period planets orbiting subgiant
stars.

K2-39b may allow a direct test of the tidal dissipation
strength in the future. Because t = a/ȧ = P/Ṗ, we find
that Ṗ = −4 ms/yr for Q?/k? = 106, and Ṗ = −40 s/yr for
Q?/k? = 102. Very recently, Ṗ = (−2.56± 0.40)× 10−2 s yr−1

was measured for WASP-12b, based on ten years of transit ob-
servations, corresponding to a tidal quality factor of 2.5× 105

for the (main-sequence) host star (Maciejewski et al. 2016).
To aid future measurements of Ṗ for K2-39b, we report the

times of the 15 individual transits observed by K2 in Table 2.
These times were measured by fitting the best transit model
to individual transit observations, while the uncertainties were
estimated through a bootstrap procedure, in which the resid-
uals after the fit were resampled. The times and uncertainties
reported in Table 2 are the mean and standard deviation of
4000 such fits to each transit.

We also fitted the current transit times to place an upper
limit on period decay. Modeling the time of each transit (Tn)
as

Tn = T0 + nP +
1
2

n2PṖ, (4)

we fit for T0, P and Ṗ using an MCMC algorithm (Foreman-
Mackey et al. 2013), with uniform priors on T0 and Ṗ and a
Gaussian prior on P based on the simultaneous transit and RV
fit reported in Table 1. Within 95% confidence, we find that
Ṗ > −0.000071, corresponding to a period decay less than
37 min/yr.

This provides a weak lower limit of Q?/k? >≈ 1.8.
A longer baseline of observations could improve this con-
straint by orders of magnitude. Given the transit depth of
≈ 400 ppm, observing future transits is difficult to do us-
ing ground-based observations. However, the TESS mission
(Ricker et al. 2014), planned to observe in ∼2018-2019, or
the CHEOPS mission (Broeg et al. 2013), planned to observe
in 2018-2020, should easily be able to observe the transits if
they target this star. By this time, tidal strengths suggested
by Schlaufman & Winn (2013) could lead to a period decay
of several minutes, which should be well within reach of de-
tectability.

Finally, we note that as K2 continues to observe, it may dis-
cover other rare systems similar to K2-39, allowing us to fur-
ther constrain stellar structure and planet formation and evo-
lution.
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TABLE 2
Times of individual transits.

Time [BJD]

2456980.8237 ± 0.0076
2456985.4232 ± 0.0081

2456990.010 ± 0.011
2456994.6438 ± 0.0086
2456999.2504 ± 0.0093

2457003.899 ± 0.011
2457008.4569 ± 0.0074
2457013.0664 ± 0.0083
2457017.6455 ± 0.0093
2457022.2631 ± 0.0081
2457026.8919 ± 0.021
2457031.475 ± 0.010
2457036.084 ± 0.017
2457040.715 ± 0.020
2457045.292 ± 0.013
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