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IDENTIFYING EXOPLANETS WITH DEEP LEARNING: A FIVE PLANET RESONANT CHAIN
AROUND KEPLER-80 AND AN EIGHTH PLANET AROUND KEPLER-90
Christopher J. Shallue† 1 & Andrew Vanderburg?, 2,3

ABSTRACT
NASA’s Kepler Space Telescope was designed to determine the frequency of Earth-sized planets
orbiting Sun-like stars, but these planets are on the very edge of the mission’s detection sensitivity.
Accurately determining the occurrence rate of these planets will require automatically and accurately
assessing the likelihood that individual candidates are indeed planets, even at low signal-to-noise
ratios. We present a method for classifying potential planet signals using deep learning, a class of
machine learning algorithms that have recently become state-of-the-art in a wide variety of tasks. We
train a deep convolutional neural network to predict whether a given signal is a transiting exoplanet
or a false positive caused by astrophysical or instrumental phenomena. Our model is highly effective
at ranking individual candidates by the likelihood that they are indeed planets: 98.8% of the time it
ranks plausible planet signals higher than false positive signals in our test set. We apply our model
to a new set of candidate signals that we identified in a search of known Kepler multi-planet systems.
We statistically validate two new planets that are identified with high confidence by our model. One
of these planets is part of a five-planet resonant chain around Kepler-80, with an orbital period closely
matching the prediction by three-body Laplace relations. The other planet orbits Kepler-90, a star
which was previously known to host seven transiting planets. Our discovery of an eighth planet brings
Kepler-90 into a tie with our Sun as the star known to host the most planets.
Subject headings: methods: data analysis, planets and satellites: detection, techniques: photometric
1. INTRODUCTION

Over the course of its prime mission from May 2009
to May 2013, NASA’s Kepler Space Telescope observed
about 200,000 stars photometrically with unprecedented
precision (Koch et al. 2010; Jenkins et al. 2010a; Christiansen et al. 2012), discovered thousands of transiting exoplanets (and thousands more planet candidates,
Borucki et al. 2011a,b; Batalha et al. 2013; Burke et al.
2014; Rowe et al. 2015; Mullally et al. 2015; Coughlin
et al. 2016; Thompson et al. 2017; Rowe et al. 2014; Morton et al. 2016), and significantly improved our understanding of the population of small planets in the inner
parts of planetary systems (Marcy et al. 2014; Howard
et al. 2012; Youdin 2011; Dressing et al. 2015; Wolfgang
& Lopez 2015).
Kepler was designed as a statistical mission, with the
goal of determining the occurrence rate of Earth-sized
planets in temperate orbits around Sun-like stars – that
is, planets that might (in ideal circumstances) support
life as we know it on Earth. But early in the mission,
most of the major results coming from Kepler were the
discoveries of individual particularly interesting planets
or planetary systems. Kepler discovered the smallest
transiting planets (Muirhead et al. 2012; Barclay et al.
2013), the closest transiting planets (Batalha et al. 2011;
Jackson et al. 2013; Ofir & Dreizler 2013; Sanchis-Ojeda
et al. 2013, 2014), the most-distant transiting planets
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(Kipping et al. 2016; Wang et al. 2015b; Foreman-Mackey
et al. 2016), and some of the most interesting and unusual
systems in terms of orbital architectures (Lissauer et al.
2011; Doyle et al. 2011; Cabrera et al. 2014). As such,
the first lists of planet candidates (Borucki et al. 2011a,b;
Batalha et al. 2013) produced by the Kepler team were
assembled in a heterogeneous way in an effort to include as many planet candidates as possible. Most of the
first lists of planet candidates were produced from lists
of “threshold crossing events” (TCEs; detected periodic
signals that may be consistent with transiting planets)
from the Kepler pipeline (Jenkins et al. 2010b,c), which
were manually culled by humans to remove false positives
caused by astrophysical variability and instrumental artifacts. A few candidates came from other sources as
well; Batalha et al. (2013) listed four planet candidates
identified by eye by volunteers for the Planet Hunters
project (Fischer et al. 2012).
As the Kepler mission matured and the list of planet
candidates grew, the focus of the community shifted towards population-level studies (Fressin et al. 2013; Petigura et al. 2013a,b; Foreman-Mackey et al. 2014; Dressing & Charbonneau 2013, 2015; Burke et al. 2015; Mulders et al. 2015a,b). This shift in focus also manifested
in changing attitudes towards the way planet candidate
lists were produced and vetted. While heterogeneous catalogs that rely on human judgment are an efficient way
to spur follow-up observations of Kepler’s numerous exciting planet candidates, they are not well suited for population studies, which rely on uniformity. Uniform and
automatically produced catalogs make it possible to characterize both precision (the fraction of detections that are
true planets) and recall (the fraction of true planets that
are detected), which are essential quantities for estimating population-level occurrence rates. Mid-way through

