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ABSTRACT

The Kepler mission has yielded a large number of planet candidates from among the Kepler Objects of Interest
(KOls), but spectroscopic follow-up of these relatively faint stars is a serious bottleneck in confirming and
characterizing these systems. We present motivation and survey design for an ongoing project with the Sloan Digital
Sky Survey Il multiplexed Apache Point Observatory Galactic Evolution Experiment (APOGEE) near-infrared
spectrograph to monitor hundreds of KOI host stars. We report some of our first results using representative targets
from our sample, which include current planet candidates that we find to be false positives, as well as candidates listed
as false positives that we do not find to be spectroscopic binaries. With this survey, KOI hosts are observed over 20
epochs at a radial velocity (RV) precision of 100-200 m s *. These observations can easily identify a majority of false
positives caused by physically associated stellar or substellar binaries, and in many cases, fully characterize their
orbits. We demonstrate that APOGEE is capable of achieving RV precision at the 100-200 ms™* level over long time
baselines, and that APOGEE’s multiplexing capability makes it substantially more efficient at identifying false
positives due to binaries than other single-object spectrographs working to confirm KOls as planets. These APOGEE
RVs enable ancillary science projects, such as studies of fundamental stellar astrophysics or intrinsically rare substellar
companions. The coadded APOGEE spectra can be used to derive stellar properties (Tes, log g) and chemical
abundances of over a dozen elements to probe correlations of planet properties with individual elemental abundances.

Key words: binaries: eclipsing — binaries: spectroscopic — planets and satellites: detection — surveys

1. INTRODUCTION zone of their parent stars (Borucki et al. 2010; Koch et al.
2010), with a second objective of studying a wide variety of
stellar astrophysics via asteroseismology (e.g., Chaplin
The Kepler spacecraft’s primary mission is to determine the et al. 2011). In addition, the high precision photometry
frequency of Earth-sized exoplanets orbiting in the habitable ( 80ppm over 6hr timescales for the brightest (K,  15)
dwarfs, Caldwell et al. 2010; Gilliland et al. 2011; Christiansen

26 Lubble Fellow. et al. 2012) enables studies of giant exoplanets and a wide
27 NSF Astronomy and Astrophysics Postdoctoral Fellow. variety of variable stars. Its photometric band K, covers

1.1. Kepler’s Planet Candidates
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423-897 nm and is similar to, but broader than, a combined V
and R band (Koch et al. 2010). To find exoplanets, Kepler
makes use of the transit method, which detects planet
candidates by measuring the flux loss that occurs when a
planet crosses the face of its parent star. However, there are
several sources of false positives that must be taken into
account when analyzing these candidates, most notably,
grazing eclipsing binaries (EBs), EBs (including hierarchical
triples) whose eclipse depths are diluted by another star
through flux contamination, brown dwarfs or low mass stars
that have radii comparable to giant exoplanets, and even larger
exoplanets that transit a fainter star within the photometric
aperture.

Because of these sources of false positives, the Kepler team
makes a very clear distinction between candidate exoplanets
and those that have been dynamically confirmed through
spectroscopic radial velocity (RV) measurements or through
photodynamical modeling (e.g., Holman et al. 2010; Carter
et al. 2011). Kepler Objects of Interest (KOIs) consist of
candidate exoplanets, EBs, and known false positives. Those
KOIs that are not known to be false positives or EBs are
referred to as “active planet candidates” (Borucki
et al. 2011a, 2011b; Batalha et al. 2013), but for simplicity,
we will refer to such Kepler planet candidates as “KPCs”
throughout the rest of this paper. An intermediate level of
classification consists of “validated” exoplanets, which have
very low probabilities of being blended EBs as determined
through a Monte Carlo statistical analysis of the Kepler
photometry (e.g., Torres et al. 2011).

As of October 2014, there are a total of 4229 KPCs among
3251 Kepler stars®®, but only 20% (653) of the stars host
multiple KPCs. It is estimated that as many as 15-26% of
transiting planets may have clearly detected transit timing
variations (Ford et al. 2012), which allow for mass determina-
tions photometrically. Even still, a majority of KPCs will
require RV observations to confirm their planetary nature. Such
time-series RV observations are resource intensive, so efficient
identification of false positive candidates is necessary to ensure
efficient follow-up of likely planets. In addition to aiding in the
confirmation of KPCs, robustly determining the false positive
rate among KPCs is required when conducting statistical
analyses of this population. A number of studies have
attempted to perform such analyses, including investigations
of planet frequency as functions of orbital periods and stellar
host properties (Borucki et al. 2011b; Youdin 2011; Howard
et al. 2012), and studies of the eccentricity distribution
(Moorhead et al. 2011).

Aside from the false positive rate of KPCs, knowledge of the
host star(s) intrinsic properties (e.g., mass, radius, effective
temperature, surface gravity, metallicity) is required to
determine the masses and radii of the exoplanets, as well as
to conduct studies of planetary properties as functions of these
stellar parameters. The Kepler Input Catalog (KIC, Brown
et al. 2011) provides a photometrically derived T, log g,
[Fe/H], and Eg_v) for every star within Kepler’s field of view
through a combination of calibrated fluxes using {g, r, i, z}
filters similar to the original Sloan Digital Sky Survey (SDSS)
filters (Fukugita et al. 1996) and a narrow-band D51 filter
modeled after the Dunlap Observatory DD51 filter. The catalog
was originally used to inform target selection for the mission,

28 http://exoplanetarchive.ipac.caltech.edu/cgi-bin/ExoTables/nph-exotbls?
dataset=cumulative__only

Fleming et al.

but in the absence of a comprehensive spectroscopic survey of
all 150,000 Kepler stars, the catalog’s stellar parameters have
been used in analyses of planet candidates. There are ongoing
efforts to provide improved stellar parameters of Kepler targets
by aggregating photometry, spectroscopy, asteroseismology,
and transit analyses (Huber et al. 2014).

1.2. Sources Of False Positives

The majority of false positive KPCs are expected to be
caused by astrophysical sources rather than random or
systematic errors, specifically, EBs whose eclipse depths are
similar to that expected from a transiting planet (Borucki
et al. 2011b). Figure 1 demonstrates six of the most common
sources of transiting KPC scenarios. In each panel, the larger
(yellow) star is the suspected KPC host, and all objects within
the panels are assumed to be within the aperture used to create
the Kepler light curve. Each Kepler “optimal aperture” is
variable, but is typically many arcseconds in size (Twicken
et al. 2010). The dashed circles represent a spectrograph fiber’s
field of view (FOV, not to scale). The titles in each panel also
denote, qualitatively, how often the given scenarios can be
characterized by time-series RVs at modest precision
( 100ms™* level). Note that in addition to stellar eclipses
being diluted to look like giant planets, transits of giant planets
can also be diluted to look like smaller planets.

Scenarios 1, 2, 4, and 6 all involve a physical companion
orbiting the KPC host star. In these scenarios, RV observations
can detect the presence of grazing EBs (Scenario 1), EBs that
are diluted by light from a third star within the Kepler aperture,
but resolved on-sky with the spectrograph (Scenario 2), or
consist of a very low-mass star or brown dwarf companion
(Scenario 4), a majority of the time. An important sub-category
of Scenarios 1 and 4 include EBs whose orbits produce only a
secondary eclipse and no primary eclipse (Santerne et al.
2013). These false positives may be more common for longer
period KPCs, where a companion star in an eccentric orbit is
more likely to undergo secondary eclipse near periastron, but
exhibit no primary eclipse. In addition, the most massive, bona
fide planets at short orbital periods will induce a Doppler
velocity shift detectable at the 100ms™* level (Scenario 6).
In those rare cases, their planetary nature will be confirmed
through the Apache Point Observatory Galactic Evolution
Experiment (APOGEE) RVs by phasing them to the Kepler-
derived orbital period.

Stellar systems that are either physical multiples or visual
companions with small separations on-sky, and consist of an
EB, are represented by Scenario 5. In this scenario, the diluted
EB is only detectable if the flux of at least one component of
the EB pair is sufficiently high that it appears in the cross-
correlation function, or if the combined mass of the EB pair
induces a sufficient velocity shift on the third (brightest) star in
the system. When the EB pair is composed of cooler K or M
dwarf stars in the presence of a hotter primary, they are easier
to detect in the near-infrared (NIR) than in the optical, since the
flux contrast is reduced in the H band (e.g., Kepler-16, Bender
et al. 2012). For a binary system composed of dwarf stars at a
signal-to-noise ratio (S/N) of 100, secondaries with mass ratios
down to 0O.lare detectable in the H band (Bender &
Simon 2008), while mass ratios are limited to 0.5 in the
optical. The detection limit for a given system depends on the
number of stellar components within the aperture (e.g., is it a
binary versus a triple system?), and whether any of those
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Figure 1. The most common scenarios that can produce a light curve consistent with a transiting planet. The titles qualitatively identify those scenarios that can be
detected by a RV survey at the level of 100 ms™ (“Most”, “Some”, etc). In each panel, the larger (yellow) star is the assumed KPC host star, while the dashed
circles represent a spectrograph’s FOV (not to scale). All sources in each panel lie within the Kepler photometric aperture, which is typically many arcseconds in size.
In Scenario 3, the term “unresolved” refers to the fact that the EB is unresolved in the Kepler aperture. In Scenario 6, only short-period, massive planets would be
detected with APOGEE. Note that giant planets can also be diluted to look like smaller-sized planets in these scenarios.

components are evolved (observing in the NIR is beneficial for
components of differing Te ratios, not for brightness
differences due to differing radii).

Scenario 3 represents a Kepler-unresolved EB, where the
variable star is within the Kepler aperture, but is exterior to the
spectrograph’s FOV relative to the KPC host star. This is the
only scenario where RV observations will be not be able to
detect any false positives, unless the RV survey targets every
star within a given KPC’s Kepler aperture. Fortunately,
Scenarios 2, 3, and 5 can sometimes be tested photometrically
with time-series photometry from the ground at greater spatial
resolutions (e.g., Col6n et al. 2012). In addition, these are also
the scenarios that are more likely to be solved using Kepler
data alone, e.g., by searching for flux centroid shifts.

1.3. Paper Outline

In this paper, we introduce our program to observe hundreds
of KPCs using the APOGEE (Majewski et al. 2010)
spectrograph (Wilson et al. 2010, 2012) on the Sloan 2.5m
telescope (Gunn et al. 2006), recently finished as part of the
SDSS-111 (Eisenstein et al. 2011) and continuing in SDSS-1V
(2014-2020). Our program provides an efficient means of
determining the false positive rate of KPCs due to physically
associated binary stellar systems. At the same time, these
spectra are used in a variety of projects concerning the false
positives themselves, including characterization of the orbits
and measurements of the mass ratios for many of the
spectroscopic binaries (SBs), or orbital characterization of
intrinsically rare, massive (M 10 My,p), substellar

companions such as brown dwarfs and massive gas giant
planets (Marcy & Butler 2000; Sahlmann et al. 2011). For
KPCs that remain viable, host star properties such as T, l0g g,
and chemical abundances for dozens of elements can be
derived using the APOGEE spectra.

In Section 2 we describe the APOGEE instrument and main
survey, the methods used to derive RVs from its spectra, and its
current RV precision floor. In Section 3.1 we present RVs of
five current and former KOlIs observed during SDSS-I1I. Three
of these happened to be observed as part of a separate
APOGEE EB program, and we present some conclusions on
the nature of those KOIs as a precursor to our larger KPC
campaign. We also present the first results from our APOGEE-
Kepler KOI campaign, using the (since confirmed) exoplanet
host KIC 6448890 to test our long-term RV precision, and
definitively identifying KIC 6867766 as a false positive
exoplanet.

In Section 3.2 we compare the efficiency of a survey using a
high resolution, NIR, multi-object spectrograph against other
planet-hunting spectrographs: HARPS-north, which is a clone
of HARPS-south with some improvements (Mayor et al.
2003), Keck HIRES (Vogt et al. 1994), SOPHIE (Perruchot
et al. 2008), and HET HRS (Tull 1998). We demonstrate that
by using a multiplexing instrument in the NIR to conduct a
survey at modest RV precision (100 ms™), false positives can
be identified more efficiently compared to the single-object
instruments, reserving telescope time on those other resources
for confirmation of the remaining KPCs at significantly higher
precision. In Section 4 we review other techniques for
determining the false positive rate of Kepler KPCs, and
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APOGEE—KEPLER Fields In SDSS—III
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Figure 2. Kepler module footprints with APOGEE FOV (circles, 2:98

diameters) from our SDSS-III Kepler EB and KOI programs. Five additional
Kepler modules will be observed by APOGEE in SDSS-IV.

highlight the science enabled by extracting abundances from
the coadded APOGEE spectra. We summarize our findings in
Section 5.

2. APOGEE SURVEY OVERVIEW

APOGEE is a survey of Milky Way stars using a multi-
object, fiber-fed, NIR spectrograph housed in a vacuum
cryostat, that can observe up to 300 objects simultaneously,
producing R 22,500 spectra covering a wavelength range of
1.51-1.68 um using a volume phase holographic grating
mosaic. Details of the instrument design can be found in
Wilson et al. (2010) and Wilson et al. (2012). Typically the
instrument achieves a S/N per pixel of 100 (DA 0.1-0.17 A)
on an H = 11 star in a single visit (1 hr of total integration).
Most stars are observed on a minimum of three different nights,
so that short-period binaries can be flagged. Each field on the
sky is normally observed in multiples of three, ranging from 3
to 24 epochs, with brighter targets swapped for new stars after
three observations. Aluminum plug plates hold optical fibers
that carry the star light from the telescope into the instrument.
The primary science goal of the survey is to study the Milky
Way by measuring radial velocities and chemical abundances
of 10° red giant stars, but a variety of additional science
projects are included. A summary of the project can be found in
Allende Prieto et al. (2008). A detailed description of the
survey will appear in S. R. Majewski et al. (2015, in
preparation). Details of the target selection for the survey in
SDSS-111 can be found in Zasowski et al. (2013).

The telescope’s FOV covers a circular area 1:49 in radius,
which matches well to the size of a given Kepler module.
Figure 2 shows the Kepler modules’ footprints, along with the
three SDSS FOVs for our programs observed during SDSS-III.
A total of 163 KPC host stars are observed in the SDSS-I11 KOI
field (blue). Those targets were selected from all KPCs that had
H < 14, 153 of which were dispositioned as planet “candidates”
as of 2013 August (four others were confirmed exoplanets, six
were not dispositioned yet). As can be seen, a single SDSS
footprint covers most of a Kepler module’s FOV. In addition to
the KPC hosts observed during SDSS-III, five additional
Kepler modules will be observed in SDSS-IV.

The APOGEE data processing pipeline is described in
Nidever et al. (2015). Basic steps include collapsing the
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detector exposures for each of the three NIR arrays from 3D
data cubes to 2D images, flat fielding, aperture extraction,
wavelength calibration, sky subtraction, telluric correction, and
measurement of RVs. The RVs currently calculated by the
automated pipeline make use of a grid of synthetic spectra
calculated from ATLAS9 stellar model atmospheres (Mészaros
et al. 2012; O. Zamora et al. 2015, in preparation). The mean,
internal RV precision of the pipeline-produced relative RVs is

100 ms™%, although it does depend on S/N, spectral type, and
level of residual systematics from the data processing.
Critically, these pipeline-derived RVs only work for simple
cross-correlation functions, and are expected to fail when there
is contamination from multiple stellar spectra, as in the case for
most binary stars. As such, we derive our own RVSs using
additional, interactive processing of the data. These steps
include manually correcting residual OH sky emission lines,
selecting templates from a finer grid, and interactively fitting
cross-correlation peaks, which may often be asymmetric or
have multiple components in the case of binary stars. We
calculate uncertainties for our RV measurements following the
maximum-likelihood procedure laid out by Zucker (2003).
This approach derives an analytical relationship between the
cross-correlation function and it’s first and second derivatives
to account for uncertainty contributions related to the sampling
and sharpness of the correlation peak, and the S/N of the target
and template spectra. The RVs are then fit using a custom
wrapper to the RVLIN software package (Wright & Howard
2009), which includes the ability to fit both components of a
double-line SB through an iterative approach, and forces some
orbital parameters to be identical between both components
(e.g., orbital period, eccentricity, epoch of periastron). In some
cases we make use of our IDL-based Levenberg—Marquardt
fitting code used in Bender et al. (2012).

3. RESULTS
3.1. Initial Case Studies

We have selected five KOIs with diverse histories and current
statuses to test and develop our analysis pipelines. Three of these
targets were observed as part of an SDSS-III ancillary program
studying Kepler EBs (S. Mahadevan et al. 2015, in preapation;
hereafter MAH2015). These targets were at one point Kepler
planet candidates, but were determined to be likely EBs by the
time the MAH2015 observations began. Note that since these
KOI hosts were observed through a different program, the total
number of epochs for these targets is less than the number of
epochs that the SDSS-Kepler KOI program obtains (the SDSS-
11l EB program obtained 3-6 epochs for each target, compared
to >18 epochs for the SDSS-11I KOI program). The two other
KPC hosts presented here come from our SDSS-111 Kepler KOI
program. We summarize our findings on these targets to
demonstrate the diversity of astrophysical configurations
encountered in our spectroscopic observations.

3.1.1. SDSS-11I EB Program: KIC 1571511

KIC 01571511 (KOI 362, K, = 13.42, H = 12.04),
consists of an F-type dwarf and low-mass M dwarf (Ofir et al.
2012), and was observed as part of MAH2015. The orbital
period is 14.0224519 days and the radius as estimated in the
NExScl KOI catalog®® is 14.7 6.4 Ra. The eclipses of

2 http://exoplanetarchive.ipac.caltech.edu
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Figure 3. APOGEE RVs of the Kepler EB KIC 01571511 and the best-fit
model from Ofir et al. (2012) shown as the solid line. A constant offset
between the model and the APOGEE RVs has been applied to account for a
zero-point offset. For the given Kepler period and epoch of transit, it is clear
even with just three APOGEE RVs that the object is not a planet, because the
change in RV over a short fraction of the orbit is much greater ( 10 kms™)
than expected for a planetary mass.

such a low-mass star ( 2% decrease in flux during primary
eclipse) are comparable to those expected for a gas giant
planet. Indeed, this star was originally suspected to be an
overlooked gas giant exoplanet (Coughlin et al. 2011; Ofir
et al. 2012). In the specific case of KIC 01571511, there is a
small secondary eclipse ( 0.05%) detected in the Kepler
light curve, which can be used to derive an estimate of the
relative Te¢ ratio between the primary and secondary, and can
therefore be used to help determine whether the object is a
likely stellar companion. However, there is no guarantee that
an EB system with a primary eclipse will also show a
secondary eclipse, or that the secondary eclipse is detectable
even with Kepler’s precision. In fact, Santerne et al. (2012)
found that some of their false positive KPCs were EBs in
eccentric orbits for which only the shallower, secondary
eclipses are present, but were mistaken as planetary transits
across the primary.

Fortunately, these EBs are fairly trivial to detect spectro-
scopically, as demonstrated in Figure 3. In this figure, we plot
the best-fit RV model from the analysis by Ofir et al. (2012),
noting that there is a typo in the value of w, in their Table 3
that is missing a minus sign. We also plot the three APOGEE
RVs obtained through the ancillary program (Table 1). Only
a constant offset between the model and APOGEE data is
included to account for instrumental zero-point differences.
Even with three data points, the RV variation observed in the
APOGEE RVs is inconsistent with a giant planet, given the
period and epoch of transit from the Kepler light curve,
because the change in RV over a short fraction of the orbit is
much greater ( 10 kms™') than expected for a planetary
mass. These data also demonstrate that APOGEE is capable
of producing RVs at the 100-200ms™* for H 12 stars
based on the rms residual to the well-determined orbital
solution from Ofir et al. (2012). KIC 1571511 corresponds to
Scenario 4 in Figure 1, where a low-mass star generates an
eclipse depth comparable to that expected from a giant
planet.

Fleming et al.

3.1.2. SDSS-111 EB Program: KIC 3848972

KIC 3848972 (KOI 1187, K, = 14.49, H = 12.80) is listed
in both the EB and KOI catalogs, and was observed as part of
MAH2015. As a KOI, the target was listed as a “False
Positive” in the Q1-Q8 catalog, but is currently absent in the
Q1-Q16 catalog. The KOI Q1-Q8 catalog lists a period of
P = 0.37052915 days, while the EB catalog lists a period that
is twice as long (P = 0.741057 days). The estimated radius
reported in the KOI catalog is 3.53 0.93 Ra. Where the EB
Catalog assumes two nearly equal eclipses from primary and
secondary eclipse events, the KOI catalog reports half the
orbital period and defines the secondary eclipse as undetected
or absent. Multi-color, ground-based photometry was observed
by Colon et al. (2012) using a tunable filter on the OSIRIS
instrument on the 10.4m Gran Telescopio Canarias (GTC).
They find a consistent star-planet radius ratio (20) in both their
blue and red filters, but measure a statistically significant (5.80)
difference in the eclipse depths. Interestingly, the color
differences during eclipse suggest that the secondary compo-
nent is bluer than the primary.

Only three APOGEE spectra were obtained for this target as
part of MAH2015, however, a check on binarity can still be
performed provided the orbital phase coverage is reasonable.
We conduct a one-dimensional cross-correlation using a K-type
dwarf template (T¢;r = 5000 K). We do not see evidence for
any significant rotational broadening greater than

10-20 kms™. Although the APOGEE spectra for this star
are somewhat noisy, we find a single, very stable CCF peak
with no RV variation greater than a few hundred ms™
(Table 1). There is no obvious correlation with orbital phase
after folding on both the KOI and EB Catalog periods and
ephemerides, despite spanning 80% of the KOI orbital phase
and 20% of the EB Catalog orbital phase, respectively
(Figure 4). If the signal was caused by a hotter (bluer)
secondary orbiting a brighter primary, the expected RV
amplitude should be many tens of kms™.

Another possible explanation is that the observed Kepler
signal comes from an object transiting a low-mass, cool (red)
star that is within the photometric aperture (constrained to be
ra < 2" given the Colén et al. 2012 GTC aperture), but too faint
to detect spectroscopically with APOGEE in the presence of
the bright primary star. In this case, the color-dependent transit
depths are caused because the fainter, redder component is the
one being transited, hence the overall color of the combined
light appears to shift toward the blue during the transit event.
Intrigued by this possibility, we obtained Keck adaptive optics
(AO) imaging to search for a fainter companion that might be
the source of the Kepler signal.

The AO image was acquired on UT 2014 Jul 17, using
NIRC2 (instrument PI: Keith Matthews) and the Keck Il
Natural Guide Star AO system (Wizinowich et al. 2000). We
used the narrow camera setting with a plate scale of 10 mas
pixel ™, which provides a fine spatial sampling of the
instrument point-spread function. The observing conditions
were excellent, with a seeing of 0'3. KIC 3848972 was
observed at an airmass of 1.12. We used the Ks filter to acquire
the image using a three point dither method. At each dither
position, we took a total of 10 coadds composed of 5s
exposures. The total on-source integration time is there-
fore 150s.

The raw NIRC2 data were processed using standard
techniques to replace bad pixels, flat-field, subtract thermal
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Table 1
RVs for KIC Stars—All RVs in kms™

KIC ID BJD_TDB RV lo RVg lo RVc lo Instrument
1571511 2455811.61304 -24.401 0.153 L L L L APOGEE
1571511 2455840.59327 -26.348 0.115 L L L L APOGEE
1571511 2455851.57845 -18.927 0.105 L L L L APOGEE
3848972 2455811.61297 -19.943 0.157 L L L L APOGEE
3848972 2455840.59327 -20.161 0.153 L L L L APOGEE
3848972 2455851.57848 -19.641 0.150 L L L L APOGEE
3861595 2455789.84195 -23.052 0.091 L L L L HET

3861595 2455796.82710 -23.827 0.075 L L L L HET

3861595 2455797.80608 -23.204 0.081 L L L L HET

3861595 2455801.80843 -23.194 0.098 L L L L HET

3861595 2455803.80347 -24.285 0.103 L L L L HET

3861595 2455813.70317 -22.543 0.566 L L L L APOGEE
3861595 2455823.72718 -23.628 0.469 L L L L APOGEE
3861595 2455840.66180 -22.930 0.541 L L L L APOGEE
3861595 2455849.57900 -24.600 0.434 L L L L APOGEE
3861595 2455851.64939 -21.337 0.433 L L L L APOGEE
3861595 2455866.56998 -21.608 0.461 L L L L APOGEE
6448890 2456368.99828 -55.391 0.117 L L L L APOGEE
6448890 2456411.92027 -55.513 0.105 L L L L APOGEE
6448890 2456557.73343 -55.598 0.103 L L L L APOGEE
6448890 2456559.72336 -55.644 0.106 L L L L APOGEE
6448890 2456560.72108 -55.571 0.104 L L L L APOGEE
6448890 2456584.63225 -55.582 0.104 L L L L APOGEE
6448890 2456585.63076 -55.644 0.105 L L L L APOGEE
6448890 2456757.89294 -55.622 0.107 L L L L APOGEE
6448890 2456758.90229 -55.801 0.142 L L L L APOGEE
6448890 2456760.90571 -55.586 0.112 L L L L APOGEE
6448890 2456761.87281 -55.573 0.139 L L L L APOGEE
6448890 2456762.86860 -55.621 0.111 L L L L APOGEE
6448890 2456763.88112 -55.581 0.109 L L L L APOGEE
6448890 2456783.83567 -55.712 0.112 L L L L APOGEE
6448890 2456784.82195 -55.781 0.133 L L L L APOGEE
6448890 2456785.82543 -55.702 0.108 L L L L APOGEE
6448890 2456786.79845 -55.590 0.113 L L L L APOGEE
6448890 2456787.80934 -55.640 0.107 L L L L APOGEE
6448890 2456788.84307 -55.679 0.118 L L L L APOGEE
6448890 2456812.74509 -55.620 0.111 L L L L APOGEE
6448890 2456814.75547 -55.615 0.114 L L L L APOGEE
6448890 2456815.78552 -55.607 0.107 L L L L APOGEE
6448890 2456816.76627 -55.710 0.119 L L L L APOGEE
6448890 2456817.76198 -55.632 0.109 L L L L APOGEE
6448890 2456818.76458 -55.609 0.110 L L L L APOGEE
6448890 2456819.76222 -55.567 0.109 L L L L APOGEE
6448890 2456820.75601 -55.666 0.108 L L L L APOGEE
6867766 2456557.73337 L L L L L L APOGEE
6867766 2456559.72331 38.598 0.383 -60.127 2.882 6.928 0.664 APOGEE
6867766 2456560.72103 40.497 0.365 -65.538 6.014 8.042 0.653 APOGEE
6867766 2456584.63222 28.939 0.399 -36.948 3.811 7.788 0.780 APOGEE
6867766 2456585.63072 37.993 0.446 -64.834 4.138 8.956 0.754 APOGEE
6867766 2456757.89298 L L L L L L APOGEE
6867766 2456758.90233 1.277 1.679 46.983 9.919 8.567 3.754 APOGEE
6867766 2456760.90575 -20.442 0.482 88.944 3.869 10.516 0.778 APOGEE
6867766 2456761.87284 -17.315 1.389 79.738 11.967 10.500 3.354 APOGEE
6867766 2456762.86864 -10.374 0.432 66.784 3.542 9.447 0.760 APOGEE
6867766 2456763.88116 L L 28.563 3.463 L L APOGEE
6867766 2456783.83568 15.664 0.590 -3.902 3.310 11.547 1.018 APOGEE
6867766 2456784.82197 L L 37.085 3.697 L L APOGEE
6867766 2456785.82544 -12.960 0.422 73.438 3.067 9.843 0.759 APOGEE
6867766 2456786.79846 -21.181 0.542 89.949 5.130 9.443 0.887 APOGEE
6867766 2456787.80935 -20.018 0.398 92.288 4,554 9.495 0.656 APOGEE
6867766 2456788.84309 -12.259 1.175 55.283 9.284 7.295 1.769 APOGEE
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Table 1
(Continued)
KIC ID BJD_TDB RVa lo RVg lo RVc lo Instrument
6867766 2456812.74507 -20.349 0.501 90.837 6.466 8.471 0.870 APOGEE
6867766 2456814.75546 -10.567 0.455 70.185 6.978 9.955 0.891 APOGEE
6867766 2456815.78551 L L 32.014 3.443 L L APOGEE
6867766 2456816.76626 16.157 0.886 -7.116 4.691 9.461 1.656 APOGEE
6867766 2456817.76197 27.340 0.445 -35.030 4.168 11.971 1.059 APOGEE
6867766 2456818.76456 37.006 0.398 -59.225 3.500 8.936 0.702 APOGEE
6867766 2456819.76220 40.742 0.422 -65.495 3.783 9.396 0.780 APOGEE
6867766 2456820.75599 38.303 0.356 -57.968 3.165 8.577 0.668 APOGEE
KOI Catalog, P = 0.370529, T, = 2454966.798190 EB Catalog, P = 0.741057, T, = 2455001.998566
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Figure 4. Orbital phase-folded RVs for KIC 3848972, using the period and ephemeris values from the KOI Q1-Q8 Catalog (left) and EB Catalog (right). The period
ambiguity arises from whether the system is treated as an object that only produces a primary transit (KOI solution), or an eclipsing binary that produces both a
primary and secondary eclipse with similar depths (EB solution). No significant RV variation is seen beyond a few hundred m s™*, disfavoring a physically bound
stellar companion at either of these orbital periods as the source of the Kepler signal.

background, align, and coadd frames. We calculated the 50
detection limit as follows. We first defined a series of
concentric annuli centered on the star. For the concentric
annuli, we calculated the median and standard deviation of
flux for pixels within these annuli. We define the 50 detection
limit as five times the standard deviation above the median
flux. Representative 50 detection limits are {1.6, 3.3, 5.0,
5.4} mag for projected separations of {01, 02, 0'5, 1"},
respectively.

We translate the 50 upper limits on companion brightness
into upper limits on companion mass using the SED models
compiled in Kraus & Hillenbrand (2007), assuming the
secondary is a bound companion and that differential extinction
between the two spectral types is minimal in the K¢ band. For a
given absolute Ky magnitude of the primary, the contrast curve
from the Keck AO data gives a lower limit for the secondary’s
absolute Ks magnitude, which we then interpolate into a mass
using the Kraus & Hillenbrand (2007) models. We adopt
primary spectral types of GO and K5 as conservative upper and
lower limits based on our spectroscopic cross-correlation
analysis. We are able to rule out any bound companions more
massive than 0.2 M at the 50 level exterior to 0.2arcsec
(Figure 5).

Alternatively, the transit signal could be caused by a fainter
background or foreground star that is physically unassociated
with KIC 3848972, but still within the Kepler photometric
aperture. Following Morton & Johnson (2011), we can
estimate the probability of having a blend source within a

given aperture using a model of the galactic population from
TRILEGAL® (Girardi et al. 2012). We generate a TRILEGAL
population in a one square degree area centered on KIC
3848972 with the default settings (see the Appendix). We
calculate a mean stellar density of 0.004581 stars arcsec >
within Kepler magnitudes 15.49 K, 21.26. This magni-
tude range is chosen because it represents stars faint enough to
be undetected in the Kepler aperture but still able to produce a
transit depth of & = 0.00196. With this mean density, the
probability of just finding a potential blend source within this
magnitude range is 5.8% within 2" (the GTC photometric
aperture) and just 0.36% within 0'5 (the area least probed by
the Keck AO images, Figure 5). From Morton & Johnson
(2011), the probability that this blend source is an EB with a
configuration that could mimic a transiting planet signal is on
the order of 2.5E-4, so the probability of having a background
EB as the source of this KPC is on the order of {9E-7, 1.4E-5}
within {0.5, 2.0} arcseconds, respectively. Thus, the more
likely EB false positive scenario is a bound EB causing the
transit signal.

The lack of observed RV variability indicates this KOI is not
due to a physically bound stellar companion orbiting the
brightest component of the KIC 3848972 system, while the
Keck AO images constrain any bound, diluted EB to be either
within  0'5 of the primary, or more than 5 mag fainter than the
primary in the K; band. Given the Colén et al. (2012)

%0 http://stev.oapd.inaf.it/cgi-bin/trilegal 1.6
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0.8
0.7}

Assuming Primary = GO Dwarf
Assuming Primary = K5 Dworf

0.6

0.5¢
0.4}

GTC Aperture

0.3

0.2 ¢

0.1 AU it
0.5 1.0 1.5 2.0
Projected Separation (arcsec)

Secondary Mass Upper Limit (Mg)

Figure 5. Upper limits on secondary companion mass from Keck AO imaging.
The photometric aperture used by Colon et al. (2012) is marked by the vertical
line, and serves as the outer limit of where the eclipsing object might lie.

observations, we hypothesized that this KOI corresponded to
Scenario 2 or 5 in Figure 1, but our observations rule out
Scenario 2 and tightly constrain the separation of a diluted EB
under Scenario 5.

3.1.3. SDSS-111 EB Program: KIC 3861595

KIC 3861595 (KOI 4, K, = 11.43, H = 10.27) is listed in
both the EB and KOI catalogs, and was observed as part of
MAH2015. As a KOlI, the target was initially listed as a “False
Positive” in the Q1-Q8 catalog, and is currently listed as “Not
Dispositioned” in the Q1-Q16 catalog. The orbital period is
3.8493724 days and the estimated planet radius is
11.8 1.6 Ra. Some ground-based observations have been
conducted and reported at the Kepler Community Follow-up
Program (CFOP) website.® These include several optical
spectra from the TRES spectrograph (Szentgyorgyi & Furész
2007) that indicated the star was a rapid rotator (40-50
kms 1), and potentially variable at a level of a few hundreds of
ms™’. Imaging from the 1m Nickel telescope at Lick
Observatory and Keck HIRES guider images show two nearby
stars within ten arcseconds of the target. Both nearby stars
appear to be approximately 6 mag fainter than the target.

In addition to six APOGEE spectra, MAH2015 obtained five
optical spectra for this target using the High Resolution
Spectrograph (HRS) on the Hobby—Eberly Telescope. The
HRS was used in the 30,000 resolution mode, with the
316 g/mm grating at a central wavelength of A, = 5936 A. The
HET spectra were reduced using our optimal extraction
pipeline described in MAH2015. We find a good template
match (for both HET and APOGEE) using a mid-F spectral
template rotationally broadened to 40 kms™, in agreement
with the CFOP notes from the TRES observations. The
estimated spectroscopic rotation rate of 40 kms™*, combined
with an estimated rotation rate of 5.65-5.8 days (Hirano et al.
2012; Rhodes & Budding 2014), results in an equatorial radius
of —~45R , somewhat larger than the spectroscopically
determined radius of 2.727 0.504 R (Buchhave
et al. 2012) and the Stellar Parameter Catalog’s value of
2.992*594%9 R (Huber et al. 2014), which also uses the

81 https://cfop.ipac.caltech.edu/home/
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KIC 3861595 — Comparison of APOGEE and HET RVs
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Figure 6. Phase-folded RVs for APOGEE (red) and HET (blue). Each set were
fit with the orbital period and transit ephemeris fixed to the KOI value.
Eccentricity is forced to zero. We find that while both sets of RVs appear to be
in-phase with the orbital parameters, the RV semiamplitudes are quite different.
This suggests the spectrum might be blended (Scenarios 2 or 5 in Figure 1): the
APOGEE spectra can be more sensitive to such a blend if the temperatures of
the blended components are different. Line bisector variations also suggest a
blend, but is not definitive due to the small number of observations. It is also
possible that the uncertainties are underestimated due to the rapid rotation of
the star (40 km s™).

spectroscopic stellar parameters of Buchhave et al. (2012), but
tie the stellar parameters to Dartmouth stellar evolution models
(Chaboyer et al. 2008).

We cross-correlate the HET and APOGEE spectra with mid-
F spectral templates rotationally broadened to 40 kms™. For
this target, we used subsections of the APOGEE spectrum
(1.515-1.560, 1.586-1.605, 1.615-1.635, and 1.6475-1.6775
pm) to avoid several of the broadest lines. We find a single-
peaked, broad cross-correlation function, with RV variation at
the 1kms™* level (Table 1). We note that the RV scatter is
larger than most of the A and F stars observed by Lagrange
et al. (2009). However, phase-folding and fitting both sets of
RVs at the orbital period and ephemerides found in the KOI
and EB catalogs fails to resolve a signal of orbital motion from
a bound companion at that period.

In fact, we find that if we fit each set of RVs separately, fix
the period and ephemeris to the KOI values, and force the
eccentricity to zero, the best-fit RV semiamplitudes differ by a
factor of 2.5 (Figure 6). A color-dependent semiamplitude may
signal a blended spectrum (Scenarios 2 or 5); the redder
component can affect the line shapes more significantly in the
NIR, but such scenarios are particularly challenging to identify
in rapidly rotating stars using only a handful of observations.
Nevertheless, we undertake a full line bisector analysis of both
HET and APOGEE spectra. After creating custom numerical
stellar template masks for both the HET and APOGEE
wavelength ranges, we calculate the bisectors of the cross-
correlation function, similar to the procedure described in
Wright et al. (2013). We are limited to using three of the six
APOGEE observations because they were the only ones
observed on the same plug fiber, and therefore should have
the same intrinsic profile. The bisectors appear to be varying
both in shape and position (indicating a cause other than bulk
motion of the primary) and the bisector inverse slope (BIS)
seems well-correlated with both RV and CCF FWHM
(Figure 7). However, the rapidly rotating nature of this star
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Figure 7. Bisector analysis for the three APOGEE spectra that were on a common fiber (top row) and HET spectra (bottom row). The gray data point in the HET plots
represents a low signal-to-noise observation. (Left) Bisectors of the cross-correlation function, shifted by measured radial velocities. Colors are based on bisector
inverse slope (BIS) values. Percentage depth is a proxy for flux, and does not span the full range from 0 to 1 because of continuum ambiguities. (Middle) Correlation
between BIS and measured RV. (Right) Correlation between FWHM of the CCF, and measured RV. Uncertainties are determined from the measurement variation
between echelle orders (for HET spectra) and between the three detectors (for APOGEE spectra). Note that difficulty in defining the CCF continuum probably leads to

an overestimation of the BIS errors.

causes difficulty in establishing the CCF continuum, and
complicates bisector analysis. Any attempt to calculate errors
on the BIS leads to overestimation, and therefore we are
hesitant to quantify this result beyond saying that a blend
scenario is possible.

We can not definitively show the transit signal is caused by a
spectroscopic blend with so few bisector measurements. Our
HET RVs are consistent with a planetary companion in a
circular orbit, but there are not enough RVs to make a firm
claim. The APOGEE RVs contradict this claim, but RV
uncertainties for rapid rotators have not been thoroughly vetted,
so the APOGEE RV uncertainties reported in Table 1 could be
underestimated. We also note that an analysis by Rhodes &
Budding (2014) found that an Algol-type background binary,
approximately 6.5mag fainter but within the Kepler photo-
metric aperture, could produce a light curve similar to what’s
observed. This scenario, which corresponds to Scenario 3 in
Figure 1, also remains a possibility given the companions seen
in the Lick and Keck images at this approximate flux ratio. This
KOl is a prime example as to why it is sometimes necessary to

obtain multiple spectra when searching for exoplanet false
positives; obtaining just a few spectra, even at orbital
quadratures, may not be sufficient to confidently identify a
blended stellar binary, especially for systems that are rapid
rotators. Additional spectroscopic observations will be able to
study the line bisectors and RVs in sufficient detail to
determine the nature of this intriguing KOI.

3.1.4. SDSS-111 KOI Program: KIC 6448890

KIC 6448890 (KOI 1241, K, = 12.44, H = 10.33) is a
system with two exoplanets that have been confirmed via
transit timing variations (Steffen et al. 2013). The two planets
have orbital periods of 10.5016 and 21.40239 days, radii of
0.581 and 0.874 Ryypiter, and masses of 0.07 and 0.57 Myypiter
(Huber et al. 2013). The RV semiamplitude is too small to be
detectable with APOGEE, so this target (H = 10.33) is an
opportunity to test the long-term RV precision level for our
KOI program. Figure 8 shows that the RV rms about the mean
is 78 ms~* over the entire baseline, in support of our stated goal
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KIC 6448890, H = 10.33, RMS = 78.38 m/s
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Figure 8. The long-term RV rms of the confirmed exoplanet host star KIC
68448890 demonstrates we are able to achieve relative RV precision at the
100 m s~ level.

to achieve a long-term (1-2yr), relative RV precision of
