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Petigura et al. (2018) �nds that from 1 to 24 R�, the planet
occurrence rate either increases or plateaus as a function of
period out to many hundreds of days. Therefore, despite the
estimated abundance of long-period planets (i.e., planets with
periods longer than 50 days26), our understanding of them is
still very incomplete. Relative to the short-period population,
there are very few long-period exoplanets (particularly in the
low-mass regime) with precise and accurate densities and
compositions, and even fewer with atmospheric characterization.

Thus, a larger sample of masses for long-period planets
would allow us to address a number of interesting questions.
For example, it would allow us to study the rocky to gaseous
planet transition and how it depends on stellar �ux. We could
also investigate planet compositions in or near the habitable
zone of Sun-like stars.

Another interesting feature to study would be the planet radius
occurrence gap detected by Fulton et al. (2017) and Fulton &
Petigura (2018). Owen & Wu (2017) and Van Eylen et al.
(2018) have proposed that photoevaporation strips planets near
their host stars down to the core, thus creating the gap. Lopez &
Rice (2018) have investigated the period dependence of the gap
position and Zeng et al. (2017) have analyzed the relationship
between gap position and stellar type. More long-period planets,
with or without planet masses, would provide new insights into
the nature and cause of this radius occurrence gap.

In this paper, we characterize the long-period exoplanet
Kepler-538b, the only known planet in the Kepler-538 system,
�rst validated by Morton et al. (2016). There is a possible
second transiting planet candidate with a period of 117.76 days,
but its existence is very much in question; we brie�y discuss
this candidate in Section 5.3. We determine the properties of
the host star, a G-type star slightly smaller than the Sun. We
also determine properties of the exoplanet including the orbital
period, mass, radius, and density by modeling transit photo-
metry, radial velocity (RV) data, and stellar activity indices.
We �nd that Kepler-538b is the smallest long-period planet to
date with both a measured radius and RV mass.

The format of this paper is as follows. In Section 2, we detail
our photometric and spectroscopic observations of the planet and
its host star. We then discuss stellar parameterization in Section 3
and modeling of photometry and spectroscopy in Section 4. Our
results are then presented and discussed in Section 5. Finally, we
summarize and conclude our paper in Section 6.

2. Observations

Photometric observations of the Kepler-538 system were
collected with the Kepler spacecraft (Borucki et al. 2008) across
17 quarters beginning in 2009 May and ending in 2013 May.
Kepler collected both long-cadence and short-cadence observa-
tions of this system. Short-cadence observations (in quarters 3,
7–12 and 17) were collected every 58.89 s, and long-cadence
observations (in all other quarters) were collected every 1765.5 s
(�29.4 minutes). In particular, we used pre-search data
conditioning (PDC) light curves from these quarters downloaded
from the Mikulski Archive for Space Telescopes.

Although Kepler-538 was not validated until Morton et al.
(2016), it was �agged as a Kepler Object of Interest well before

that. As a result, we have conducted a great deal of spectroscopic
follow-up on Kepler-538 since it was identi�ed as a candidate
host star by the Kepler mission.

First, we collected two spectra with the Tillinghast Re�ector
Echelle Spectrograph (TRES; F� rész 2008), an R�=�44,000
spectrograph on the 1.5 m Tillinghast re�ector at the Fred
Lawrence Whipple Observatory (located on Mt. Hopkins,
Arizona). These spectra were collected on the nights of 2010
May 28 and 2010 July 5 and had exposure times of 12 and 15
minutes, respectively.

We also downloaded RVs from 26 spectra collected with the
High Resolution Echelle Spectrometer (HIRES) instrument
(Vogt et al. 1994) at the Keck I telescope from 2010 July 25 to
2014 July 11. These spectra were originally collected as part
of the Kepler Follow-up Observing Program. The standard
California Planet Search setup was used (Howard et al. 2010)
and the C2 decker was utilized to conduct sky subtraction.
Exposure times averaged 1800 s.

Finally, we gathered 83 spectra with the High Accuracy Radial
velocity Planet Searcher in North hemisphere (HARPS-N)
instrument (Cosentino et al. 2012, 2014) on the 3.6 m Telescopio
Nazionale Galileo (TNG) on La Palma. These observations
were made from 2014 June 20 to 2015 November 7, all with
exposure times of 30 minutes. They were collected as part of
the HARPS-N Collaboration’s Guaranteed Time Observations
(GTO) program. Using the technique described in Malavolta
et al. (2017), we con�rmed that none of these spectra suffered
from Moon contamination.

3. Stellar Characterization

Stellar atmospheric parameters (effective temperature,
metallicity, and surface gravity) were determined in two
different ways. First, we combined the two TRES spectra and
used the Stellar Parameter Classi�cation tool (SPC; Buchhave
et al. 2012). SPC compares an input spectrum against a library
grid of synthetic spectra from Kurucz (1992), interpolating over
the library to �nd the best match as well as uncertainties on the
relevant stellar parameters. This method provides a measure for
the rotational velocity as well.

Second, we used ARES+MOOG on the combination of our
83 HARPS-N spectra. More details about this method, based
on equivalent widths (EWs), are found in Sousa (2014) and
references therein. In short, ARESv2 (Sousa et al. 2015)
automatically calculates the EWs of a set of neutral and ionised
iron lines (Sousa et al. 2011). These are then used as input in
MOOG27 (Sneden 1973), assuming local thermodynamic
equilibrium and using a grid of ATLAS plane-parallel model
atmospheres (Kurucz 1993). Following Sousa et al. (2011), we
added systematic errors in quadrature to our errors. The value for
surface gravity was corrected for accuracy following Mortier
et al. (2014). The results from SPC and ARES+MOOG agreed
well within uncertainties.

We then estimated stellar mass, radius, and thus density with
the isochrones package, a Python routine for inferring
model-based stellar properties from known observations (Morton
2015). We supplied the spectroscopic effective temperature,
metallicity, the Gaia DR2 parallax (Gaia Collaboration et al.
2016, 2018), and multiple photometric magnitudes (B, V, J, H,
K, W1, W2, W3, and G) as input. Note that we did not use the
surface gravity as an input parameter as this parameter is not

26 We de�ne long-period planets as exoplanets with periods greater than
50 days. This may seem short relative to planets in our own solar system or
many of the multi-year period exoplanets already found, but we think it is
appropriate, given the relative scarcity of such planets in the known, low-mass
planet population. 27 2017 version:�http://www.as.utexas.edu/~chris/moog.html.
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