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Abstract

Discovering and characterizing exoplanets at the outer edge of the transit method’s sensitivity has proven
challenging owing to geometric biases and the practical difficulties associated with acquiring long observational
baselines. Nonetheless, a sample of giant exoplanets on orbits longer than 100 days has been identified by transit
hunting missions. We present long-term Doppler spectroscopy for 11 such systems with observation baselines
spanning a few years to a decade. We model these radial velocity observations jointly with transit photometry to
provide initial characterizations of these objects and the systems in which they exist. Specifically, we make new
precise mass measurements for four long-period giant exoplanets (Kepler-111 c, Kepler-553 ¢, Kepler-849 b, and
PH-2 b), we place new upper limits on mass for four others (Kepler-421 b, KOI-1431.01, Kepler-1513 b, and
Kepler-952 b), and we show that several confirmed planets are in fact not planetary at all. We present these findings
to complement similar efforts focused on closer-in short-period giant planets, and with the hope of inspiring future
dedicated studies of cool giant exoplanets.

Unified Astronomy Thesaurus concepts: Extrasolar gaseous giant planets (509); Transits (1711); Radial velocity
(1332); Transit timing variation method (1710); Exoplanet astronomy (486)

Supporting material: machine-readable tables
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point of view. With larger semimajor axes, the transit
probability falls off accordingly. In a practical sense, the
transit detection probability is even more strongly biased
against long-period planets (e.g., Beatty & Gaudi 2008). Given
that the timing of conjunction across all exoplanet systems is
random, transit surveys must search for long-period planets
with similar long baselines of observation.

An observation of an exoplanet in transit provides a wealth
of scientific information. Although indirectly, transits can
reveal a planet’s size, orbital characteristics, and even its
atmospheric properties (e.g., Seager & Sasselov 2000; Seager
& Mallén-Ornelas 2003). When coupled with a dynamical
mass measurement, for which a transiting geometry is also
favorable, the information stemming from a transit effectively
completes the first-order characterization of the transiting
object. Overall, transits have played (and continue to play) a
fundamental role in the development of exoplanet science. As
such, there is strong scientific motivation to overcome the
statistical and practical challenges associated with observing
the longest-period transiting exoplanets.

Probing the outer edge of the transit method’s sensitivity has
proven challenging. Ground-based exoplanet detection efforts
are generally fruitless for exoplanets with orbits longer than a
few weeks (e.g., Pollacco et al. 2006; Pepper et al. 2007;
Brahm et al. 2016). Space-based facilities generally achieve
longer baselines and have more success at finding exoplanets
on orbits of dozens to hundreds of days. The Kepler mission
(Borucki et al. 2010) remains as the gold standard in this
regard, and its 4 yr staring strategy discovered some of the
longest-period transiting exoplanets known to exist (Kipping
et al. 2016; Dalba et al. 2021b). The limitations of the Kepler
mission (e.g., faint host stars, narrow field of view) are being
overcome by the ongoing Transiting Exoplanet Survey Satellite
(TESS) mission, although at the cost of the observational
baseline (Ricker et al. 2015). TESS systematically covers the
entire sky with ~28day “sectors.” However, as the TESS
mission continues, it has slowly but surely built up baselines
and discovered long-period planets akin to those spotted by
Kepler (e.g., Kostov et al. 2021; Dalba et al. 2022a; Heitzmann
et al. 2023; Mann et al. 2023; Mireles et al. 2023; Orell-Miquel
et al. 2023) but orbiting far brighter host stars.

The discovery of transits by a long-period exoplanet
candidate, as difficult and unlikely as it may be, is just the
beginning of the challenge. Follow-up observations, specifi-
cally Doppler spectroscopy to measure the object’s orbital
elements and mass, typically require several orbits worth of
observations. Long-term radial velocity (RV) surveys have
proven very successful (e.g., Mayor et al. 2011; Wittenmyer
et al. 2020; Rosenthal et al. 2021), but most either started
before the era of transiting exoplanets or were constructed
around other goals. A notable exception is Santerne et al.
(2016), which followed up Kepler giant planets having orbital
periods less than 400 days with the SOPHIE spectrograph on a
1.9 m telescope. The combination of long periods and low
masses, even only down to a Saturn mass, however,
necessitates a larger aperture to achieve better RV precision
and more confident mass measurements. Moreover, an RV
program for long-period transiting exoplanets requires long-
term but low cadence observations, ideally with flexibility to
account for orbital eccentricities, undetected companions, etc.
Accessing a large aperture facility in this manner can present
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practical challenges that further hinder long-period exoplanet
discovery and characterization.

Here, we present the next installment from the Giant Outer
Transiting Exoplanet Mass (GOT ‘EM) survey. The GOT ‘EM
survey aims to provide long-term RV follow-up to the longest-
period transiting giant planets discovered by Kepler or TESS
(Dalba et al. 2020, 2021a, 2021b; Mann et al. 2023). In what
follows, we publish new RV data from multiple facilities and either
precise masses or upper limits for the following systems thought to
contain transiting giant exoplanets with orbital periods greater than
100 days: Kepler-111 ¢ (KOI-139.01), Kepler-553 ¢ (KOI-443.02),
Kepler-421 b (KOI-1274.01), Kepler-807 b (KOI-1288.01), KOI-
1431.01, Kepler-849b (KOI-1439.01), Kepler-952b (KOI-
1790.01), PH-2b (KOI-3663.01), Kepler-1513 b (KOI-3678.01),
KIC 5951458 b (Kepler-456 b), and TOI-2180 b. In Section 2, we
describe the collection and treatment of the photometric and
spectroscopic data. In Section 3, we outline the general analysis
procedure applied to each system. In Section 4, we present our
findings for each system individually and mention any special
treatments applied during its analysis. In total, we publish three
new mass measurements, four new mass upper limits, and four
mass updates for these systems as well as mass and orbital
property refinements of any nontransiting outer companions. In
Section 5, we discuss the importance of several of the individual
systems and the work as a whole. Finally, in Appendix A, we
provide extensive tables of stellar and planetary properties for a
subset of the planetary systems studied here.

2. Observations
2.1. Kepler Photometry

For all systems except TOI-2180, we accessed the Kepler
spacecraft photometry from the Mikulski Archive for Space
Telescopes (MAST) using the lightkurve package (Lightkurve
Collaboration et al. 2018). We identified quarters containing
transits using each system’s data validation report. If short and
long cadence data were both present for a quarter containing a
transit, we used the short cadence data by default. In all cases,
we used the Pre-search Data Conditioning Simple Aperture
Photometry (PDCSAP; Jenkins et al. 2010; Smith et al. 2012;
Stumpe et al. 2012) and also applied our own spline detrending
using keplerspline (Vanderburg et al. 2016). This procedure
produced flattened transit light curves for all systems. Transit-
timing variations (TTVs) are handled on a case-by-case basis as
described for relevant systems in Section 4. In the case of
Kepler-553, we followed these same steps for transits of the
inner (b) planet as well.

2.2. TESS Photometry

We made use of photometric observations from TESS for
one target: TOI-2180b. Two transits of this planet had
previously been published (Dalba et al. 2022a, 2022b). We
adopted the fully processed data from those studies and then
access one additional unpublished transit that TESS observed
in Sector 57. These observations were conducted in fast (20 s)
cadence. We downloaded this transit data from MAST using
the lightkurve package (Lightkurve Collaboration et al. 2018).
We accessed the PDCSAP flux, which had been filtered for
high frequency noise. Following the same procedure as Dalba
et al. (2022b) for the first two transits, we then used
keplerspline to further flatten the transit data (Vanderburg
et al. 2016).
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Table 1
RV Measurements of Kepler Planet Hosting Stars from Keck-HIRES
KIC KOI Kepler BIDrps RV Shk Template”
(ms™hy?
8559644 139 111 2455669.098798 —17.1+5.7 0.140 + 0.001 Match
8559644 139 111 2455703.948116 —-31.8+6.2 0.110 £ 0.001 Match
8559644 139 111 2455782.996098 220£33 0.147 + 0.001 Match
8559644 139 111 2457207.989656 8.6 +3.1 0.133 £+ 0.001 Match
8559644 139 111 2459739.998472 —141+29 0.148 + 0.001 Match
8559644 139 111 2459771.936477 —59+34 0.156 £ 0.001 Match
8559644 139 111 2459822.905135 226+34 0.157 + 0.001 Match
8559644 139 111 2460107.980866 145+£29 0.138 £+ 0.001 Match
10937029 433 553 2458387.933620 —348 +£8.8 0.174 + 0.001 Match
10937029 433 553 2458392.909029 —842+74 0.265 £ 0.001 Match

Notes. This is a representative subset of the full data set.
4 These values are relative RVs. The systematic velocity offset has been removed.
b «Self” indicates that a template of the same host star was used to generate the RVs. “Match” indicates that a best match template was used, and future modeling effort

with these RVs should include a jitter term (see Section 2.3).

(This table is available in its entirety in machine-readable form.)

2.3. Keck-HIRES Spectroscopy

The High Resolution Echelle Spectrometer (HIRES; Vogt
et al. 1994) on the Keck I telescope has a rich history of making
stable RV measurements of exoplanet host stars over decades
long timescales (e.g., Rosenthal et al. 2021). We made use of
this facility’s ability and achieved RV baselines ranging from a
few years to a decade for all of our systems.

RVs were extracted via the iodine technique whereby
starlight is passed through a heated I, cell that imprints
reference lines on the stellar spectrum (e.g., Butler et al. 1996).
These spectra are then compared with a high signal-to-noise
ratio (S/N) template spectrum that was acquired without the I,
cell via a forward modeling procedure that yields the final RV
(Howard et al. 2010; Howard & Fulton 2016). Table 1 contains
all of the Keck-HIRES RVs used in this study except for those
of TOI-2180, which are provided in Table 2.

There are two important points to make regarding the Keck-
HIRES RVs published here. First, in some cases, the template
spectrum used in the RV extraction procedure is not that of the
host star from which the I, spectra have been collected. For the
faintest host stars, we swap in a “best match” template
following Dalba et al. (2020). This technique provides for
precise RV extraction, although it typically incurs some jitter,
which we allow for in our fits. The style of template used for
each observation is specified in Table 1. Second, the RV
extraction procedure is applied to all available data simulta-
neously. Consequently, after each new spectrum is collected,
all of the inferred RV values change. As more data are
collected, the change in RV typically becomes increasingly
negligible. The timestamps of the data do not change. For the
two cases in which we make use of previously published Keck-
HIRES RVs (KIC 5951458 and TOI-2180), we publish all of
the RVs to allow for consistent reproduction of this work.

Tables 1 and 2 also contain the Syk stellar activity indicator
derived from the Call H and K spectral lines measured in the I,
spectra (Wright et al. 2004; Isaacson & Fischer 2010). Figure 1
displays these activity indicators alongside their corresponding
RV values. By basic linear regression, we do not identify a
statistically significant correlation between the Syx and RV
values for any of our systems.

In addition to I, and template spectra, we also acquired a
low-S/N spectrum for each system that was used for basic
stellar characterization and vetting against false-positive
scenarios. If a template spectrum of the actual host star was
later acquired, it was then used for the stellar characterization.
The stellar characterization analysis was conducted with
SpecMatch (Petigura 2015; Petigura et al. 2017), which
returned spectroscopically derived estimates of stellar effective
temperature (7o), iron abundance ([Fe/H]), and surface
gravity (log g).

The false-positive analysis was conducted with ReaMatch
(Kolbl et al. 2015), which searches for evidence of a second set
of spectral lines as would be seen in the case of double-lined
eclipsing binary. ReaMatch calculates the cross correlation
function between spectra of the target star and a similar star
drawn from the HIRES library. It also conducts a similar
analysis on the residuals of the target star’s and best match
star’s spectra. In all cases, these cross correlation functions only
peaked at ARV =0ms ', indicating that only a single set of
spectral lines was present in each spectrum down to the ~1%
relative flux level.

2.4. NEID Spectroscopy

We collected five spectra for Kepler-1513 using the NEID
spectrograph on the 3.5m WIYN telescope at Kitt Peak
Observatory.®® The cadence of these observations was set by
the NEID queue in semester 2021B. The observations were
made in high-efficiency mode (owing to the star’s brightness)
and with exposure times between 18 and 28 minutes. The
NEID spectra were processed with the NEID Data Reduction
Pipeline (DRP).>! The RVs were extracted via the DRP cross
correlation function technique and accessed in the DRP level 2
data products. We list the NEID RVs of Kepler-1513 in
Table 3.

30 WIYN is a joint facility of the University of Wisconsin Madison, Indiana
University, the NSF’s NOIRLab, the Pennsylvania State University, Purdue
University, the University of California Irvine, and the University of Missouri.

31 https://neid.ipac.caltech.edu/docs /NEID-DRP/
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Figure 1. RV measurements vs. Sy activity indicators for all of the Kepler targets. The blue dashed line is a linear regression between these parameters that is
described by the correlation coefficient (r) and the p-value displayed in each panel. None of the systems show significant correlation between RV and stellar activity.

2.5. Automated Planet Finder—Levy Spectroscopy

We collected numerous new RV observations of TOI-2180
using the Levy spectrograph at the 2.4 m Automated Planet
Finder (APF) telescope at Lick Observatory (Radovan et al.
2010, 2014; Vogt et al. 2014). APF conducts queue observing

(Burt et al. 2015), which is useful for orbital characterization of
long-period giant planets. The extraction of the RVs and
activity indicators from APF-Levy spectra closely follows the
procedure described for Keck-HIRES (Fulton et al. 2015).
The initial RV characterization of TOI-2180 including
acquiring a template spectrum was conducted by Dalba et al.
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Table 2 Table 3
RV Measurements of TOI-2180 from Keck-HIRES and APF-Levy RV Measurements from WIYN-NEID
BJD1pp RV Suk” Tel. New?* KIC KOI Kepler BID1pp RV
(m s (m s H?
2458888.063868 —46.2+3.8 0.130£0.002  APF-Levy N 4150804 3678 1513 2459433.92958084 —1396.2 +£53
2458894.911472 —59.8+44  0.148£0.002  APF-Levy N 4150804 3678 1513 2459475.80880668 —1415.0 £4.0
2458899.027868 —69.0+3.8 0.146 £0.002  APF-Levy N 4150804 3678 1513 2459504.59402832 —1389.1 £4.2
2458906.015644 —-749+32  0.109+0.002  APF-Levy N 4150804 3678 1513 2459523.62673562 —1397.3 £39
2458914.011097 —703+33  0.151+£0.002  APF-Levy N 4150804 3678 1513 2459536.64127750 —1407.8 £4.0
2458954.765221 —935+39  0.147+£0.002  APF-Levy N
2458961.864505 —813+42 0.132+£0.002  APF-Levy N Note.
2458964.879814 —86.2+3.0 0.130£0.002  APF-Levy N # Unlike the Keck-HIRES and APF-Levy RVs, these values have not been
2458965.811833 —81.3+£4.0 0.136 +0.002 APF-Levy N corrected for the systemic velocity offset.
2458968.850718 —940+35 0.125+0.002  APF-Levy N

Notes. This is a representative subset of the full data set.

? These values are relative RVs. The systematic velocity offset has been
removed for each telescope.

® The Suk values from APF and Keck data have different zero-points.

€ We reprocessed the entire Keck-HIRES and APF-Levy data sets for this star
and therefore publish all of the RVs together. However, “N” denotes a
measurement originally published by Dalba et al. (2022a) while “Y”” denotes a
previously unpublished measurement.

(This table is available in its entirety in machine-readable form.)

(2022a). As for the Keck-HIRES observations, the APF-Levy
RVs are also processed cumulatively. As such, we reprocessed
all of the extant RVs along with the new ones. Table 2 lists all
of the TOI-2180 RVs from Keck-HIRES and APF-Levy. Each
entry includes an indicator as to whether that data point was
previously published by Dalba et al. (2022a).

3. Methods

In this section, we describe the two main modeling tools
used to extract information from the photometric and spectro-
scopic data. In general, EXOFASTv2 (Eastman et al.
2013, 2019; Eastman 2017) is employed when both transit
and RV data sets provide for a clear, high-S /N detection of the
target exoplanet. In these cases, joint modeling of stellar and
planetary parameters provides a thorough characterization of
the system. In other cases containing nondetections or other
special circumstances, we employ RadVel (Fulton et al. 2018)
to model just the RV data. Specific details and strategies for
each system are described in their respective subsections of
Section 4.

3.1. EXOFASTv2 Modeling

EXOFASTV2 enables the simultaneous modeling of
planetary and stellar parameters informed by various sets of
photometric and spectroscopic data. For the stellar spectral
energy distribution (SED) and isochrone modeling, we make
use of this package’s ability to access archival photometric data
sets from various broadband surveys. We also adopt EXO-
FASTv2’s default noise floor on stellar parameters, which
accounts for systematic variations that have been found
between different stellar models (Tayar et al. 2022). This
prevents unrealistically small uncertainties on stellar (and
therefore planetary) parameters. When modeling long-cadence
Kepler data, we use numerical integration when evaluating the
model to avoid smearing out the transit shape.

We prior each EXOFASTV2 fit with several pieces of
independent information. First, we apply normal priors via the
spectroscopically measured values of stellar effective temper-
ature (T.g) and iron abundance ([Fe/H]), which we derive from
either moderate-S /N recon spectra or high-S /N template spectra
with SpecMatch (Petigura 2015). Then, we prior the parallax
with measurements from Gaia early Data Release 3 (Gaia
Collaboration et al. 2021), corrected for bias via the Lindegren
et al. (2021) relations. Lastly, we apply extinction priors with the
Schlafly & Finkbeiner (2011) galactic dust maps. Any additional
priors are applied on a case-by-case basis.

For EXOFASTV2, convergence is assessed by the number
of independent draws of the posterior (Ford 2006) and the
Gelman—Rubin statistic (Gelman & Rubin 1992). The former
must be greater than 1000, and the latter must be less than 1.01
for each parameter.

3.2. RadVel Modeling

For systems in which we only achieve an upper limit on
mass and RV semiamplitude or that otherwise require special
treatment, we model the RVs with RadVel (Fulton et al. 2018).
RadVel models Keplerian signals and linear or quadratic
trends in RV time series data. The circumstances of each
RadVel model are described for each system.

Convergence is assessed across four metrics: the Gelman—
Rubin statistic, the number of independent draws, the minimum
autocorrelation factor, and the maximum relative change in
autocorrelation time (Fulton et al. 2018). In all cases, we run
our RadVel fits until each of these metrics is satisfied.

3.3. Bulk Metallicity Modeling

For systems in which we uniquely identify a Keplerian
signal in the RVs that matches the transit ephemeris and
precisely measure planet mass, we model the planetary bulk
metallicity (Zp = M,/Mp, where M, is the total mass of metals
within the planet). Although this value is model dependent, it
can provide key insights as to how planets form and evolve
(e.g., Thorngren et al. 2016). Our analysis closely follows that
of Thorngren & Fortney (2019). For these planets, we apply 1D
planetary structure models assuming an equal parts rock/ice
core to follow their thermal evolution. We also assume a
homogeneous convective envelope and a radiative atmosphere
interpolated from the Fortney et al. (2007) model grid. We
draw samples in posterior probability from planet mass, radius,
and stellar age and adjust the metal mass to match the measured
radius.
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Figure 2. Transits and model of Kepler-111 c, including both short and long cadence Kepler data. Each transit is shown to demonstrate the convergence of the TTV
model. In the lower right column, all data have been folded on the maximum likelihood transit ephemeris.

The posterior probability distributions from this analysis are
presented in Appendix B. The results of this analysis will be
discussed below in Section 4 for the applicable planets.

4. Results

In the following subsections, we describe the modeling and
parameter estimation for each system. This includes any
previously published analysis and any data external to this

paper.

4.1. Kepler-111 c (KOI-139.01)

Kepler-111 ¢ was statistically validated by Rowe et al.
(2014) along with an interior, super-Earth-sized planet. TTVs
were identified for Kepler-111 ¢ by Holczer et al. (2016). Here,
we make no attempt to model either the transits or the RV
effect of the inner planet.

The Kepler spacecraft observed seven transits of Kepler-
111 ¢ with a mix of short and long cadence data (Figure 2). We
collected eight RV measurements from Keck-HIRES
(Figure 3). The Lomb-Scargle periodogram of these RVs is
somewhat noisy at periods of a few hundred days owing to the
small amount of data collected over a 12yr baseline
(Figure 24). However the transit signal aligns with the peak
power of the periodogram, offering support that we have
identified the Keplerian signal of Kepler-111 c.

We conducted the EXOFASTV2 fit in two steps. First, we
included TTVs and did not apply any additional priors beyond

the default set (see Section 3.1). Each transit incurs three
additional parameters: the timing, the out-of-transit flux offset
(relative to unity), and a photometric jitter term that increases
or decreases the photometric errors. The high dimensionality of
this setup drastically slowed overall convergence. We allowed
the photometric nuisance parameters (flux offset and jitter) to
converge, and then, we stopped the fit. In the second
EXOFASTVZ fit, we froze those parameters at their converged
values. We also noticed that the chains explored unrealistically
high values of RV jitter in the first fit. Therefore, we applied a
reasonable uniform prior of 0-20ms ' on the RV jitter
(0-400 m* s~ on jitter variance) to also assist convergence.

The best-fit parameters from the final, converged EXO-
FASTV2 fit are listed in Table 7 in Appendix A. The orbital
period and conjunction time published there are the result of a
least squares fit to the individual transit times (Table 4).

We confirm the planetary nature of Kepler-111 c and identify

it precisely as a 0.6327005i R, planet with a mass of

0.707514 My on a 224.77833 4 0.00026 day orbit. We measure
a weak eccentricity but note that its orbit is consistent with
circular following the Lucy—-Sweeney bias (Lucy & Swee-
ney 1971). This planet’s equilibrium temperature is approxi-
mately 352 K. We find no evidence for a long-term trend in the
RV residuals.

We model the bulk metallicity of Kepler-111c using the
best-fit parameters from the EXOFASTV2 fit. We infer a value
of Zp = 0.60 £ 0.04, meaning that 60% of this planet’s mass is
in heavy elements. This planet stands out among other giant
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Figure 3. RVs and best-fit model for Kepler-111.
Table 4
Transit-timing Variations of Kepler-111 ¢
Epoch Transit Time (BJD1pg) o-C
(minutes)

0 2454975.0857 £ 0.0014 —-15.0+24
1 2455199.8775 £ 0.0012 44422
2 2455424.6792 4+ 0.0011 38.14+22
3 2455649.4337 £ 0.0011 37+£23
4 2455874.1763 + 0.0011 —477+£25
5 2456098.939410:9016 —69.6 +3.3
6 2456323.8209 + 0.0015 789 +3.4

planets with mass greater than that of Saturn and perhaps points
to an unusual formation or migration scenario.

4.1.1. The Significance of the Kepler-111 ¢ TTVs

The final EXOFASTV2 fit identified strong TTVs for
Kepler-111 ¢, which we display in Figure 4. Hereafter, O — C
refers to the observed transit times relative to the corresponding
times calculated with the ephemeris listed in the table of
parameters in Appendix A. The seven Kepler transit observa-
tions seem to sample one full superperiod of the TTVs.

By a first-order estimate, the inner super-Earth-sized planet
in the system is unlikely to be the cause of these sizable TTVs.
According to Agol et al. (2005, Equation (10)), Kepler-111b
would need to be more massive than ~10M; in order to
produce them, which is infeasible. Therefore, another yet
undetected object is likely present in this system. Of a variety
of possibilities is that of an additional giant planet in mean
motion resonance with Kepler-111 c. Within this scenario, the
sparsely sampled RVs could instead be picking up on an alias
of the additional giant planet, which might explain why Kepler-
111 ¢’s mass (and bulk metallicity) was found to be unusually
high. Additional RV and transit data would prove helpful in
firmly characterizing this entire system.
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80 |

60 1

40 1 1

201

O —C (min)

—20

—40

—60 4

-80 1 : , , . .
0 1 2 3 4 5 6
Transit Epoch

Figure 4. Transit-timing variations for Kepler-111 c.

4.2. Kepler-553 ¢ (KOI-433.02)

Kepler-553 ¢ was statistically validated by Morton et al.
(2016) along with an interior, Neptune size planet. We included
both planets in our EXOFASTV2 fit.

The Kepler spacecraft observed five transits of Kepler-553 ¢
with only long cadence data (Figure 5). We collected 13 RV
measurements from Keck-HIRES (Figure 6). The periodicity of
the transits aligns with the maximum power of the Lomb-
Scargle periodogram of these RVs (Figure 24). The best-fit
parameters from the final, converged EXOFASTV2 fit are
listed in Table 8 in Appendix A. This fit failed to make a
precise measurement for the RV semiamplitude or mass of the
inner planet, which is not surprising given the number of RV
observations and the anticipated low mass of the planet.
Instead, we report the 3o upper limit for these parameters, and
we exclude any values otherwise derived from the RV data.
The transit parameters for Kepler-553 b did converge, though,
and are included in the table.

We confirm the planetary nature of Kepler-553 ¢ and identify
it precisely as a 1.0337052R; planet with a mass of
6.7070:4% My on a 328.2401770:90030 day orbit. We measure a
moderate eccentricity of 0.34670034. This planet’s equilibrium
temperature is approximately 251 K, owing to its relatively
cool 5200 K host star, placing it firmly within the habitable
zone. We find no evidence for a long-term trend in the RV
residuals.

We model the bulk metallicity of Kepler-553 ¢ using the
best-fit parameters from the EXOFASTV2 fit. We infer a value
of Zp=0.08 £ 0.03, meaning that 8% of this planet’s mass is
in heavy elements. This is consistent with expectations that a
giant planet of this mass would be dominated by hydrogen and
helium.

4.3. Kepler-421 b (KOI-1274.01)

Kepler-421 b was statistically validated by Kipping et al.
(2014). Dalba & Muirhead (2016) claim the detection of a
partial transit that revealed a lack of TTVs in this system. We
did not include the ground-based photometric observations of
Dalba & Muirhead (2016) as they did not offer improvement
over the highly precise Kepler light curves.

The Kepler spacecraft observed two transits of Kepler-421 b
with only long cadence data. We collected seven RV
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Figure 6. RVs and best-fit model for Kepler-553. Kepler-553 b was included in
the fit, but no Keplerian signal was detected.

measurements from Keck-HIRES (Figure 7). These RVs were
not sufficient to make a confident detection of a Keplerian
signal at the ephemeris of the Kepler transits (see the
periodogram in Figure 24). As a result, we employed RadVel
to set an upper limit on the mass of Kepler-421 b. In this fit, we
fixed the orbital period and conjunction time at those published
by Kipping et al. (2014). We provided RadVel with a stellar
mass of 0.78 £0.03 Mg, which we found by applying
SpecMatch to a moderate-S /N recon spectrum acquired with
Keck-HIRES. We enforced the beta distribution prior of
Kipping (2013) on the eccentricity to prevent the eccentricity
for exploring arbitrarily high and realistic values. Owing to the
small number of data points, we did not include jitter in the fit.
Instead, we added 5.7 m s~ ! to our uncertainties (in quadrature)
prior to fit, as recommended by Dalba et al. (2020) for RVs
generated via the matched template technique for this type of
star. The fit also did not include a linear trend as one was not

identified by inspection. The result of the RadVel fit is shown
in Figure 7, and the resulting upper limits are listed in Table 5.

We fail to dynamically confirm the planetary nature of
Kepler-421 b at an orbital period of 704 days. Instead, we find
that its mass is less than 136 M., at 30.

4.4. Kepler-807 b (KOI-1288.01)

Kepler-807 b was initially statistically validated by Morton
et al. (2016). More recently, Cafias et al. (2023) measured the
dynamical mass of Kepler-807b with RV data from the
SOPHIE spectrograph and the APOGEE-N telescope and
found it to be a high-mass brown dwarf. Here, combine the data
from these two facilities with ours from Keck-HIRES to refine
the properties of this brown dwarf that was mistakenly
validated as an exoplanet.

The Kepler spacecraft observed eight transits of Kepler-
807b with only long-cadence data (Figure 8). We collected
nine RV measurements from Keck-HIRES (Figure 9). We also
adopted 18 RVs from APOGEE-N (Caiias et al. 2023) and 3
RVs from SOPHIE (Ehrenreich et al. 2011). The Keck-HIRES
RVs have higher precision than those from APOGEE-N and
SOPHIE by factors of ~35 and ~3, respectively, making them
a valuable addition to the extant data. The periodicity of the
transits aligns with the maximum power of the Lomb—Scargle
periodogram of these RVs (Figure 24).

We conducted the EXOFASTV2 fit in two steps. First, we did
not apply priors for the RV offset () and jitter for the SOPHIE
RVs. Since there are only three RVs from this facility, these
parameters unsurprisingly did not converge. In the second
EXOFASTV2 fit, we applied reasonable uniform priors for 7
(5509-7709ms™") and jitter (-500ms~" or 0-250,000 m?s~>
for jitter variance) for the SOPHIE RVs based upon visual
inspection of the RVs, and convergence was achieved.

The best-fit parameters from the final, converged EXO-
FASTV2 fit are listed in Table 9 in Appendix A. In agreement
with Cafias et al. (2023), we find that Kepler-807 b is actually a
brown dwarf of mass 79.873% M; and radius 1.0527093 Ry. Tt
has a 117.93116 £0.00020 day orbit that is highly eccentric
(e = 0.6859753039).
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Figure 7. RVs and best-fit model for Kepler-421. A unique signal at the
ephemeris of the transiting planet is not detected; only an upper limit on planet
mass is achieved. The maximum likelihood solution (blue line) has a
semiamplitude consistent with Om s~ '.
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Figure 8. Transits and model of the brown dwarf Kepler-807 b folded on the
maximum likelihood transit ephemeris. All of the Kepler photometry is long
cadence.

4.5. KOI-1431.01

KOI-1431.01 is a planet candidate identified by the Kepler
science pipeline. It has not been statistically validated.

The Kepler spacecraft observed four transits of KOI-1431.01
with only long cadence data. We collected 19 RV measure-
ments from Keck-HIRES (Figure 10). These RVs were not
sufficient to make a confident detection of a Keplerian signal at
the ephemeris of the Kepler transits (see the periodogram in
Figure 24). As a result, we employed RadVel to set an upper
limit on the mass of KOI-1431.01. In this fit, we fixed the
orbital period and conjunction time at those published in Data
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Figure 9. RVs and best-fit model for Kepler-807. Error bars are displayed for
the Keck-HIRES and SOPHIE points, but they are too small relative to the axis
range to be clearly seen. This Keplerian signal is caused by a brown dwarf, not
a planet. The APOGEE-N and SOPHIE data were adopted from Ehrenreich
et al. (2011), Canas et al. (2023).

Table 5
30 Upper Limits on Mass and RV Semiamplitude
KIC KOI Kepler Mp (M) K
(ms™"
8800954 1274 421 136 14.3
11075279 1431 74 8.0
4150804 3678 1513 106 16.1
6504954 1790 952 350 455

Release 25 of the KOI catalog (Thompson et al. 2018). We
provided RadVel with a stellar mass of 1.00 + 0.05 Mg, which
we found by applying SpecMatch to a high-S/N template
spectrum acquired with Keck-HIRES. We enforced the beta
distribution prior of Kipping (2013) on the eccentricity to
prevent the eccentricity for exploring arbitrarily high and
realistic values. We allowed for jitter on the HIRES RVs owing
to the large number of observations.

Through visual inspection, a single cycle of a sinusoidal
pattern seems to span the entire RV time series. We allow for
this signal to be fit by RadVel as a second Keplerian with
eccentricity fixed to zero and sampled in log-space for the
period and semiamplitude. We hereafter refer to this as the
long-period signal to distinguish it from KOI-1431.01.

The result of the RadVel fit is shown in Figure 10, and the
resulting upper limits are listed in Table 5. The long-period
signal has an RV semiamplitude and an orbital period of
approximately 15ms~' and 2400 days, respectively. If it
comes from a bound companion, we find that its minimum
mass would be 0.96 +0.20 M;. However, the long-period
signal could possibly stem from the host star’s magnetic cycle
as well. KOI-1431 is known to be rotationally variable. Also,
we measured the log Ry value from its template spectrum to
be —4.83, which indicates a possibly active star. On the other
hand, we do not find a correlation between the RVs and
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Figure 10. RVs and best-fit model for KOI 1431. A unique signal at the
ephemeris of the transiting planet is not detected; only an upper limit on planet
mass is achieved. The maximum likelihood solution (blue line) of KOI-
1431.01 has a semiamplitude consistent with 0 m s~' (panel (c)). The origin of

the long-period signal shown in panel (d) is unknown (see the text).
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chromospheric activity indicators for this system (Figure 1).
Therefore, we cannot make a confident claim as to the origin of
the long-period RV signal. In regards to the planet candidate
KOI-1431.01, the high eccentricity of the maximum likelihood
solution is likely artificial.

We fail to dynamically confirm the planetary nature of KOI-
1431.01 at an orbital period of 345 days. Instead, we find that
its mass is less than 74 M, at 30. We cannot rule out that this
KOI is some form of false positive.

4.6. Kepler-849 b (KOI-1439.01)

Kepler-849b was statistically validated by Morton et al.
(2016). TTVs have not been identified in this system.

The Kepler spacecraft observed four transits of Kepler-849 b
with only long cadence data (Figure 11). We collected 16 RV
measurements from Keck-HIRES (Figure 12). The periodicity
of the transits aligns with the maximum power of the Lomb-
Scargle periodogram of these RVs (Figure 24). The best-fit
parameters from the final, converged EXOFASTV2 fit are
listed in Table 10 in Appendix A. The stellar mass posterior in
this converged fit is multimodal. We believe that this

10
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multimodality is astrophysical, owing to its slightly evolved
evolutionary stage. Therefore, we make no attempt to refine its
posterior. We simply note that this is the reason for the slightly
larger than expected uncertainties on stellar age, planet mass,
planet semimajor axis, and other downstream derived
parameters.

We confirm the planetary nature of Kepler-849b and

identify it precisely as a 0.72170:05) Ry planet with a mass of

0.94 4 0.20 M; on a 394.62508 00005 day orbit. We find that
its orbit is fully consistent with circular. This planet’s
equilibrium temperature is approximately 363 K. We find
evidence for a long-term trend in the RV residuals at 2.60.

We model the bulk metallicity of Kepler-849b using the
best-fit parameters from the EXOFASTV2 fit. We infer a value
of Zp =0.49 £ 0.04, meaning that half of this planet’s mass is
in heavy elements. Similar to Kepler-111 ¢, this planet also
stands out among other Saturn- and Jupiter-mass exoplanets by
its small radius (and thereby high bulk metallicity). Future
work could consider formation scenarios that might be able to
produce such dense gas giant planets.

4.7. Kepler-952 b (KOI-1790.01)

Kepler-952b was statistically validated by Morton et al.
(2016) and found to have TTVs by mutliple studies (Holczer
et al. 2016; Gajdos et al. 2019).

The Kepler spacecraft observed eight transits of Kepler-
952b with only long cadence data. We collected 13 RV
measurements from Keck-HIRES (Figure 13). These RVs were
not sufficient to make a confident detection of a Keplerian
signal at the ephemeris of the Kepler transits (see the
periodogram in Figure 24). As a result, we employed RadVel
to set an upper limit on the mass of Kepler-952 b. In this fit, we
fixed the orbital period and conjunction time at those published
by Gajdos et al. (2019). We provided RadVel with a stellar
mass of 0.94+£0.04 My, which we found by applying
SpecMatch to a moderate-S /N recon spectrum acquired with
Keck-HIRES. We enforced the beta distribution prior of
Kipping (2013) on eccentricity to prevent the eccentricity for
exploring arbitrarily high and realistic values. A long-term
trend is clearly present in the RV time series, so we included
this term in the RadVel fit. We allowed for jitter to vary in the
fit for two reasons. First, there was a sufficient number of data
points relative to free parameters. Second, by visual inspection,
the true jitter appeared to be far larger than the 6.2ms ™'
recommended by Dalba et al. (2020) for RVs generated via the
matched template technique for this type of star. This is almost
certainly due to the faintness of the host star and corresponding
low S/N of the spectra.

The result of the RadVel fit is shown in Figure 13, and the
resulting upper limits are listed in Table 5. Overall, it likely that
the V = 15.3 host star is simply too faint for the extraction of
precise RVs at the ~tens of meters per second level.

We fail to dynamically confirm the planetary nature of Kepler-
952 b at an orbital period of 130 days. Instead, we find that its mass
is less than 1.1 Mj at 30. We measure a significant long-term trend
over the 2.5 yr RV baseline of 0.10170:05; ms™' day .

4.8. PH-2 b (KOI-3663.01)

PH-2 b (also known as Kepler-86 b) was initially statistically
validated by Wang et al. (2013) and later by Morton et al.
(2016). Initial RV observations from the SOPHIE
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Figure 12. RVs and best-fit model for Kepler-849.

spectrograph made by Santerne et al. (2016) placed an upper
limit on this object’s mass. More recently, though, Dubber
et al. (2019) published RVs from HARPS-N that yielded a
precise dynamical mass in the planetary regime. Here, we
combine the HARPS-N RVs with our Keck-HIRES RVs to
refine the properties of this giant exoplanet.

The Kepler spacecraft observed five transits of PH-2 b with
only long cadence data (Figure 14). We collected nine RV
measurements from Keck-HIRES (Figure 15). We also adopted
32 RVs from HARPS-N (Dubber et al. 2019). The Keck-
HIRES RVs have higher precision than those from HARPS-N
and SOPHIE by factors of 2-4, making them a valuable
addition to the extant data. The periodicity of the transits aligns
with the maximum power of the Lomb—Scargle periodogram of
these RVs (Figure 24).

We conducted an EXOFASTV2 fit that specifically allowed
for a long-term linear trend in the RV time series. Since there
was no temporal overlap between the Keck-HIRES and
HARPS-N data sets, this parameter could have been highly
unconstrained with the relative RV offsets of either data set.
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However, the shape of the Keplerlian signal (mostly set by the
eccentricity) was sufficiently defined in each data set such that
a tentative long-term trend was identified at the 20 confidence
level. Beyond the default priors described in Section 3.1, no
additional priors were applied in this fit.

The best-fit parameters from the final, converged EXO-
FASTv2 fit are listed in Table 11 in Appendix A. Our
characterization of this planet is broadly consistent with that of
Dubber et al. (2019). However, we measure a notably lower
mass for PH-2b. We find that PH-2b has a mass of
02747905 M; and a radius of 0.8337003%R;. It has a
282.52542 £ 0.00011 day orbit that is slightly eccentric and
that places it within its star’s habitable zone (T.q =295 & 5 K).

We model the bulk metallicity of PH-2 b using the best-fit
parameters from the EXOFASTV2 fit. We infer a value of
Zp=10.27 £ 0.04, meaning that 27% of this planet’s mass is in
heavy elements. This bulk composition is broadly consistent
with other giant planets in this mass range (e.g., Thorngren
et al. 2016).

4.9. Kepler-1513 b (KOI-3678.01)

Kepler-1513 b was statistically validated by Morton et al.
(2016) and found to have TTVs by multiple studies (Holczer
et al. 2016; Gajdos et al. 2019). This planet was initially
identified as a possible exomoon host target given the
frequency of its TTVs (Kipping & Yahalomi 2023), a claim
that has since been refuted with additional data (Yahalomi et al.
2024).

The Kepler spacecraft observed nine transits of Kepler-
1513b with only long cadence data. We collected 34 RV
measurements from Keck-HIRES and five RV measurements
from WIYN-NEID (Figure 13). These RVs were not sufficient
to make a confident detection of a Keplerian signal at the



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 271:16 (25pp), 2024 March

1.000 A

o
©
©
o
A

0.996 -

0.994 A

Normalized Flux

0.992 A1

0.990 ~

0.0000 [ I R Sl Eid

Residuals

—0.0005 -

-5 0 5
Time from Mid-transit (hr)

-10

Figure 14. Transits and model of PH-2 b folded on the maximum likelihood
transit ephemeris. All of the Kepler photometry is long cadence.

> a o Keck-HIRES HARPS-N Best Fit Model
2 40
g
o7 209
S n
TE O % t
3 &
2 -20 + +
o _ : } } {
S To259 b
el
= 01
0 E 551 . . . } % . ."%d’
< 2000 2500 3000 3500 4000 4500 5000
BJDtpg — 2454833

40 -
- C
=
8~ 20 {
2 +
TE O )
- +
©
o€ -201 H‘

—04 _02 0.0 02 0.4
Phase

Figure 15. RVs and best-fit model for PH-2. The HARPS-N data were adopted
from Dubber et al. (2019).

ephemeris of the Kepler transits (see the periodogram in
Figure 24). As a result, we employed RadVel to set an upper
limit on the mass of Kepler-1513b. In this fit, we fixed the
orbital period and conjunction time at those published by
Gajdos et al. (2019). We provided RadVel with a stellar mass
of 0.96 + 0.04 M, which we found by applying SpecMatch
to a high-S/N template spectrum acquired with Keck-HIRES.
We did not fit for a long-term trend because one was not
obvious in the data by visual inspection. We allowed for jitter
on the HIRES RVs owing to the large number of observations.

The result of the RadVel fit is shown in Figure 16, and the
resulting upper limits are listed in Table 5. Interestingly,
RadVel finds a weak solution with Mp=43 +20 M, and
moderate eccentricity (e =0.44 £ 0.23). However, the same
solution is not found when eccentricity is forced to zero in a
subsequent RadVel fit, casting doubt on its robustness.

We fail to dynamically confirm the planetary nature of
Kepler-1513 b at an orbital period of 161 days. Instead, we find
that its mass is less than 106 M. at 30. This outcome is
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somewhat surprising given the amount of RV data collected for
this system. A priori, chromospheric activity may stand as a
reasonable explanation for the scatter in the RVs. However, we
do not identify correlation between the activity indicators and
the RVs in the HIRES spectra (Figure 1). It is possible, then,
that the poor RV data quality stems from the relative low S/N
of the spectra and convectively driven stellar jitter (e.g., from
granulation). Future work could attempt to model and remove
such signals in the RV to potentially locate the subtle Keplerian
of the planet.

4.10. KIC 5951458 b (Kepler-456 b)

KIC 5951458 b (also known as Kepler-456 b) was initially
statistically validated by Wang et al. (2015) as a single transit
planet. Dalba et al. (2020) later followed up on this detection
with Keck-HIRES and observed a substantial long-term trend
in the RVs. This finding cast doubt on the planetary nature of
KIC 5951458 b. However, the RV baseline captured by Dalba
et al. (2020) was not sufficient to fully rule out the planetary
nature of KIC 5951458 b. They predicted that the 2023
observing season was the optimal time to acquire another RV
measurement and revisit the nature of the object creating the
single transit event detected by Kepler.

We returned to KIC5951458b on 2023 June 27 and
collected one additional RV measurement with Keck-HIRES.
As described in Section 2.3, we processed this new RV
measurement in concert with all of the previously collected
RVs. Since doubt has already been cast on the genuine
planetary nature of KIC 5951458 b, we only employed RadVel
to explore the RV solution relative to the Kepler transit. In this
RadVel fit, we fixed the conjunction time to the value
published by Wang et al. (2015). Therefore, any solution found
for the RVs must be in phase with the Kepler transit. The
RadVel fit explored the orbital period and semiamplitude in
log space. We provided RadVel with a stellar mass of
1.16 £+ 0.04 M, which we found by applying SpecMatch to a
moderate-S/N recon spectrum acquired with Keck-HIRES.
The RadVel fit readily converged on a circular orbital solution
having a mass, RV semiamplitude, and orbital period of
029975982 M, 33107380 ms™', and 3378 & 10 days, respec-
tively (Figure 17). This solution is also fully consistent with the
low precision Gaia RV measurement presented by Dalba et al.
(2020). Furthermore, the Gaia Data Release 3 renormalized
unit weight error (RUWE) is 1.4, which indicates a likely
binary source (Gaia Collaboration et al. 2023).

Given this new RV data point and the Gaia RUWE, we argue
that KIC 5951458 b is indeed a low mass stellar companion and
not a genuine exoplanet. The event observed by Kepler is likely
a grazing eclipse. As KIC 5951458 b currently occupies the
third spot in the list of longest-period transiting exoplanets,
this is an important although unfortunate finding.

4.11. TOI-2180 b

Although TOI-2180b is the only exoplanet in this study
initially observed by the TESS mission, it is akin to the rest of
the long-period Kepler giant planets. TOI-2180 b was initially
confirmed and characterized by Dalba et al. (2022a) with RV
observations from APF and Keck-HIRES. At that time, only a
single transit had been observed by TESS. A subsequent

32 According to the NASA Exoplanet Archive, accessed 2023 July 26.
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ground-based observational campaign did not make a detection
of a second transit. That milestone came later when TESS
revisited the system in its extended mission (Dalba et al.
2022b). Here, we refrain from replicating the joint transit, RV,
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and stellar SED analysis of Dalba et al. (2022a). Instead, we
first present a new analysis of the TESS transit data followed
by a new analysis of the RVs.

4.11.1. TOI-2180 b Transit Analysis

Our treatment of the TESS data is described in Section 2.2.
We inserted these three transits into a joint EXOFASTV2 fit
that included the transits and stellar SED modeling. The
modeling setup mirrored the fit described by Dalba et al.
(2022b) and as described in Section 3.1 with the exception of
the RV component. One other critical difference in the fit setup
was TTVs. Here, we allow for TTVs in the three transits of
TOI-2180b. The fit converged, and we show the resulting
transit data and best-fit model in Figure 18. We also list the
individual transit times and TTVs in Table 2. Our analysis
discovers substantial TTVs for TOI-2180 b.

We do not provide a table of stellar or planetary parameters
because the values and uncertainties are effectively unchanged
from those published by Dalba et al. (2022a). The only critical
update is the orbital ephemeris. We conduct a linear least
squares fit to the individual transit times to measure a new
orbital period and conjunction time: 260.17060 £ 0.00065 days
and 2458830.7561 4= 0.0019 BJDpg, respectively. This ephe-
meris is used to generate the O — C values displayed in
Figure 19 and listed in Table 6.

4.11.2. TOI-2180 b RV Analysis

We have continued the Doppler monitoring of TOI-2180
from the APF telescope and the Keck I telescope in the interim
time since the work of Dalba et al. (2022a). As described in
Sections 2.3 and 2.5, the full set of RVs is recalculated with
each new measurement. Here, we analyze and present the old
(previously published) and new data together.

Given how many RVs we have accumulated for TOI-2180,
we applied two quality cuts meant to remove outliers and data
of poor quality. We excluded (and do not include in Table 2) 12
RVs, all measured by APF-Levy, that occupied the fifth
percentile in counts (in the raw spectrum) or the 95th percentile
in internal RV error.

We conducted an RV-only fit to the remaining new and old
RVs using RadVel. We applied normal priors to the orbital
period and conjunction time using the new ephemeris derived
from the three TESS transits (Section 4.11.1). We allowed for
the fit to model two Keplerian signals: one from TOI-2180 b
and one from an outer companion that was previously
identified as a long-term trend by Dalba et al. (2022a). We
provided RadVel with a stellar mass of 1.17 £ 0.06 M, which
resulted from the stellar and transit joint fit described above.
The fit converged without difficulty. The RVs and best-fit
RadVel model are shown in Figure 20. The mass of TOI-
2180b derived from this fit is ~2.8 Mj, unchanged from the
value published by Dalba et al. (2022a). However, we almost
fully resolve the Keplerian signal from the outer object. We
find that this object has an orbital period of 15587¢5 days, a
conjunction time of 2458904.37¢3) BID1pg, an eccentricity of
0.30975:929, an argument of periastron of 21.57%$ deg, and an
RV semiamplitude of 65.4777ms . We also derive this
object’s minimum mass as 3.94703) M. If its mutual inclina-
tion with TOI-2180 b is within a few degrees, it is likely to be a
giant planet.
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Table 6
Transit-timing Variations of TOI-2180 b
Epoch Transit Time (BJDrpg) o-C
(minutes)
0 2458830.7642 £ 0.0020 11.7+23
3 2459611.2370 £ 0.0019 —48.8 £3.6
4 2459871.4604 £+ 0.0020 258 +4.3

Our last analysis of the RVs of TOI-2180 is a simple search
for periodicity beyond the two clearly identified Keplerian
signals shown in Figure 20. The near-nightly cadence of a
substantial portion of the RV baseline should allow for the
identification of shorter-period signals, at least to within the
scatter of the RVs. In Figure 21, we show a Lomb-Scargle
periodogram of the residuals to the two-object RadVel fit. We
find no periodicity in the residuals, suggesting that any
additional planets interior to ~100days would have to be
sufficiently low mass such that their signals readily hide within
the scatter of the RVs.

5. Discussion

The primary goal of this work is to present a basic
characterization of several interesting giant exoplanets that
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transit their host stars. While there is no shortage of known
transiting giant planets available to study, these objects all
share the unique trait of having long orbital periods relative to
the rest of the known population. The orbital period parameter
space beyond ~100 days allows for novel studies compared to,
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for instance, hot Jupiters. However, the first step toward
enabling such investigations is measuring precise values for
radius, mass, and orbital ephemerides, which is what we have
done here where possible.

In Figure 22, we display the four planets with precisely
measured mass (Kepler-111 ¢, Kepler-553 c, Kepler-849 b, and
PH-2b) and the four planets with mass upper limits (Kepler-
421b, KOI-1431.01, Kepler-1513 b, and Kepler-952 b) relative
to other known planetary systems to place these measurements
in a broader exoplanetary context. By orbital period (the left
panel of Figure 22), all of the planets explored by this work
clearly stand out among the longest-period planets with known
radii. When the actual mass value is considered (the right panel
of Figure 22), we see that most of the systems fall in line with
other cool giant planets. However, Kepler-111 ¢ and Kepler-
952 b appear to form a small group of surprisingly dense giant
planets. They are joined by Kepler-539 b, which is also has a
long, 126 days, orbital period (Mancini et al. 2016). These three
planets might be highlighting a particular formation mechanism
that results in intense heavy metal accretion. Given their
>100day orbital periods, these heavy metal Jovians might
exclusively be warm or cool. More efforts like the GOT ‘EM
survey should undertake the challenge of characterizing warm
and cool planets so that mysteries like this can be unravelled.

Orbital eccentricity is an especially valuable property to
measure for the giant planets in this sample. As the orbital
separations are generally far too wide for tidal forces to damp
down high eccentricity, this characteristic of the orbit can
possibly serve as a tracer of the planets’ migration scenarios
(e.g., Dawson & Johnson 2018). While we detect eccentricities
that are convincingly nonzero for Kepler-553 c, Kepler-807 b,
PH-2 b, and the outer companion in the TOI-2180 system, all
of the planets that are not detected in our survey (i.e., Kepler-
421b, KOI-1431.01, Kepler-952 b, and Kepler-1513 b) could
have a range of masses and eccentricities. The eccentricities of
planets are simply unknown based on the quality of the data.
Future efforts to refine these eccentricities, either through
additional RV collection or with complementary methods such
as photoeccentric modeling (e.g., Ford et al. 2008), would
likely be beneficial to our understanding of those systems.

Future modeling efforts could improve our interpretations
surrounding the bulk metallicities inferred for Kepler-111 c and
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Kepler-849 b. For planets of similar mass, these two fall well
below the typical radius, hence their high bulk metallicities.
Could this be an indication of particularly intense late stage
accretion of heavy elements? Or perhaps, does this require a
fine-tuned formation scenario involving either other objects or
well-timed disk dissipation? Now that more and more long-
period giant planets are having mass and radius measured
precisely, theory and modeling work should invest in additional
explorations of this unknown parameter space for clues
pertaining to giant planet formation.

In this work, we ignore interesting second-order effects from
nonspherical planet shapes, rings, or exomoons that may
indeed manifest in photometric or spectroscopic data sets.
Kepler-1513 b is an interesting case for considering several of
these effects. It was identified as a possible exomoon candidate
system by Kipping & Yahalomi (2023), although this claim has
since been refuted (Yahalomi et al. 2024). A precise planetary
mass measurement could be propagated through the exomoon
analysis to provide a mass prediction for such a satellite. By its
sub-Saturn size, its mass could vary widely (e.g., Chen &
Kipping 2017; Kipping & Yahalomi 2023), but it could also
appear underdense if it were to contain a system of rings (e.g.,
Piro & Vissapragada 2020). Further analysis of the Kepler
transit shape or perhaps further transit observations at
extremely high precision may reveal more about this planet
as a possible host for rings.

Atmospheric observations are of great interest for warm-to-
cool giant exoplanets such as the ones characterized here. Not
only does atmospheric characterization of sub-1000 K objects
fill a critical gap between the objects in the solar system and the
well-characterized hot Jupiter sample, but it could specifically
allow for better understanding of giant planet atmospheric
physics. Fortney et al. (2020) make testable predictions about
CH, and CO abundances in the atmospheres of cool giant
planets (<800 K) that have critical implications for transport in
giant planet envelopes. Assessing which, if any, of the giant
planets considered here may be amenable to such atmospheric
characterization is a valuable extension of this work. However,
caution is warranted in this process. While metrics such as the
transmission and emission spectroscopy metrics are quite
informative (Kempton et al. 2017), they are less useful for
comparisons across broad swaths of exoplanet parameter space.
The cool giants of the GOT ‘EM survey will almost always
appears as much more costly, difficult targets relative to inner,
hotter giant planets. However, at present, there are so few
opportunities for advanced characterization of planets on solar
system-scale orbits, of which even a costly target may be an
excellent choice (e.g., Dalba et al. 2015).

Individually, many of the systems presented here are
noteworthy. Beyond Kepler-1513 b, Kepler-111 ¢ and Kepler-
553 ¢ both have inner, smaller siblings identified via transits. It
may be interesting to consider the formation scenarios for these
inner planets given the masses, bulk compositions, and likely
formation histories of the outer giant planets (e.g., Chachan
et al. 2022). A similar interest exists for TOI-2180 b, for which
we have identified an outer companion, possibly planetary in
nature. Future work should explore whether the newly
discovered TTVs for TOI-2180b could be caused by this
outer companion or by a so-far undetected inner companion.
Otherwise (and perhaps simply owing to its 24 hr transit
duration and its host star’s brightness), TOI-2180b stands to
become one of the best targets for exomoon searches.
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masses, and with orbital periods greater than 50 days. Masses have been restricted to greater than 0.1 M;. Most of the planets characterized here fall in line with the
broad trend of increasing radius with mass until degeneracy pressure dominates in the core of the giant planet. However, Kepler-111 ¢ and Kepler-849 b appear to be
overly dense and possibly identify a new category of heavy metal Jovian planets.

PH-2b is one of a small number of well-characterized giant
exoplanets that exist within their stars’ habitable zones (e.g., Hill
et al. 2018). The updated mass measurement presented here is
lower than its previously measured value, which likely increases
its amenability to atmospheric characterization and also the
practical chance it has at receiving in depth follow-up
characterization. Kepler-553 ¢ is also within its star’s habitable
zone, with an Earth-like T, of 251 K. At 6.7 My, a massive moon
could possibly have formed in this system. Future searches for
exomoons should consider this system as a possible target.

Lastly, Kepler-807 b, which is now known to be a brown
dwarf, has a mass of ~80M;, very near to the canonical
hydrogen burning limit. Future work to explore the formation
scenario of this object—whether it formed like a giant planet or
more so like a stellar object—could provide insights into the
different pathways planets and stars take in their own
formation.

6. Summary

We collected RV observations for 11 planetary systems
thought to host transiting giant exoplanets on orbits longer than
100 days. After achieving RV baselines of several years or
longer, we were able to dynamically confirm some of these
planets and provide upper mass limits on others. We place
these measurements in the context of other known exoplanets
in Figure 22. Here is a case-by-case summary of our findings:

1. Kepler-111 ¢ (KOI-139.02). We confirm the planetary
nature of Kepler-111 ¢ and identify it precisely as a 0.6 Ry
planet with a mass of 0.7 M) on a 225 day orbit. We
measure a weak eccentricity but note that its orbit is
consistent with circular following the Lucy—Sweeney
bias. This planet’s equilibrium temperature is approxi-
mately 352 K. We find no evidence for a long-term trend
in the RV residuals. However, the TTVs of Kepler-111 ¢
point to another undetected object in the system and leave
room for wider interpretation of the RV data. We infer a
high bulk metallicity of ~60% for this planet.
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. KOI-1431.01.

. Kepler-553 ¢ (KOI-433.02). We confirm the planetary

nature of Kepler-553 ¢ and identify it precisely as a 1.0 Ry
planet with a mass of 6.7 M; on a 328 day orbit. We
measure a moderate eccentricity of 0.35. This planet’s
equilibrium temperature is approximately 251 K, owing
to its relatively cool 5200 K host star, placing it within its
star’s habitable zone. We find no evidence for a long-term
trend in the RV residuals. We infer a bulk metallicity of
~8% for this planet.

. Kepler-421b (KOI-1274.01). We fail to dynamically

confirm the planetary nature of Kepler-421 b at an orbital
period of 704 days. Instead, we find that its mass is less
than 136 M, at 30.

. Kepler-807 b (KOI-1288.01). In agreement with Cafias

et al. (2023), we find that Kepler-807b is actually a
brown dwarf of mass 80 M; and radius 1.1 R;. It has a
118 day orbit that is highly eccentric (e =~ 0.69).

We fail to dynamically confirm the
planetary nature of KOI-1431.01 at an orbital period of
345 days. Instead, we find that its mass is less than 74 M,
at 30. We also identify a ~2400 day signal in the RVs of
unknown origin. We cannot rule out that this KOI is some
form of false positive.

. Kepler-849 b (KOI-1439.01). We confirm the planetary

nature of Kepler-849 b and identify it precisely as a 0.7 R;
planet with a mass of 0.9 M; on a 395 day orbit. We find
that its orbit is fully consistent with circular. This planet’s
equilibrium temperature is approximately 363 K. We find
evidence for a long-term trend in the RV residuals at 2.60.
We infer a high bulk metallicity of ~49% for this planet.

. Kepler-952b (KOI-1790.01). We fail to dynamically

confirm the planetary nature of Kepler-952b at an orbital
period of 130 days. Instead, we find that its mass is less than
1.1 My at 30. We measure a significant long-term trend over
the 2.5 yr RV baseline of 0.10173933 ms ™' day .

. PH-2b (KOI-3663.01). Our characterization of this

planet is broadly consistent with that of Dubber et al.
(2019) who measured its mass with HARPS-N RVs.
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However, we measure a notably lower mass for PH-2 b
owing to our discovery of a long-term trend in the RV
time series. We find the PH-2 b has a mass of 0.27 M; and
a radius of 0.8 Ry. It has a 283 day orbit that is slightly
eccentric and that places it within its star’s habitable zone
(Teq =295 K). We infer a bulk metallicity of ~27% for
this planet.
9. Kepler-1513 b (KOI-3678.01). We fail to dynamically
confirm the planetary nature of Kepler-1513b at an
orbital period of 161 days. This planet has previously
been identified as a potential exomoon host candidate
(Kipping & Yahalomi 2023), although this claim has
been refuted (Yahalomi et al. 2024). Instead, we find that
its mass is less than 106 M, at 30. Overall, the difficulty
in identifying a Keplerian solution in this system is likely
tied to the chromospheric activity of the host star. Further
work could attempt to model and remove activity signals
in the RV to potentially locate the subtle Keplerian of the
planet.
KIC 5951458 b (Kepler-456 b). We follow the analysis of
Dalba et al. (2020) and obtain a single new RV
measurement of this system. Given this new data point
and the Gaia RUWE of 1.4, we argue that KIC 5951458 b
is a low mass star and not a genuine exoplanet. The event
observed by Kepler is likely a grazing eclipse. As
KIC 5951458 b is thought to be one of the longest-period
transiting exoplanets ever discovered, this is an important
albeit unfortunate finding.
TOI-2180b. We process new TESS data for TOI-2180
that reveal substantial TTVs for the known giant planet
TOI-2180b. We then analyze new and previously
published RVs that nearly resolve the ~1558 day orbit
of an outer companion that may possibly be planetary by
mass. We find no other periodicity within 100 day orbital
period, although this is limited by the scatter of the
RV data.

10.

11.

Overall, we hope that these discoveries will motivate future
studies to further understand the nature of the cool giant planets
and their influence on their planetary systems.
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Appendix A
Tables of Planetary and Stellar Parameters

Tables 7-11 give stellar and planetary parameters for the
systems for which we make new mass measurements.
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Table 7

Median Values and 68% Confidence Interval for Kepler-111
Parameter Units Values
Stellar Parameters
M, Mass (M.,) 11182006
Ry Radius (R.) 114573949
L, Luminosity (L) 1~440f8.'(1)é9
Fgol Bolometric Flux (cgs) 0.0000000001085+ 0000000000082
D Density (cgs) 1.05 £ 0.12
logg Surface Gravity (cgs) 43691093
Teir Effective Temperature (K) 591478
[Fe/H] Metallicity (dex) 0.23750038
[Fe/H], Initial Metallicity® 0.23215:9%8
Age Age (Gyr) 34431
EEP Equal Evolutionary Phase” 35774
Ay V-band Extinction (mag) 0.1339:0%
OSED SED Photometry Error Scaling 0.88193
w Parallax (mas) 1.535 £ 0.014
d Distance (pc) 651.6 £5.8
o RV Slope® (m s~ ' day ") 0.0017+59918

Planetary Parameters
P

Rp

Mp

Tc

a

i

e

Ts.14

Pr

log gp

(C]

(F)

Tp

Ts

€ Cos Wy

e sin wy
Wavelength Parameters
up

Uz
Telescope Parameters
Vrel

ay

Period (days)

Radius (R))

Mass (My)

Time of Conjunction (BJDpg)
Semimajor Axis (au)

Inclination (degrees)

Eccentricity

Argument of Periastron (degrees)
Equilibrium Temperature® (K)

Tidal Circularization Timescale (Gyr)

RV Semiamplitude (m s7h
Radius of Planet in Stellar Radii
Semimajor Axis in Stellar Radii
(Rp/Ry)?

Transit Depth in Kepler (fraction)

Ingress/Egress Transit Duration (days)

Total Transit Duration (days)
Transit Impact Parameter
Eclipse Impact Parameter

Ingress/Egress Eclipse Duration (days)

Total Eclipse Duration (days)
Density (cgs)

Surface Gravity

Safronov Number

Incident Flux (10° ergs cm™?)
Time of Periastron (BIJDtpg)
Time of Eclipse (BIDtpg)

1

Kepler

Linear Limb-darkening Coefficient
Quadratic Limb-darkening Coefficient

Keck-HIRES
Relative RV Offset® (ms™})
RV Jitter (ms™")

224.77833 + 0.00026
0.63210:9%
0.70+0:14
2454975.09611 + 0.00088
07513014
89.7561 0008
0.176+3:95
—141%%
352244
229000000 41333555°
22243
0.0568075:300%
141.0732
0.0032260:990068
0.003543 5300027
0.0417 + 0.0041
0.4638* 00033
0.650"0033
0.5247003
0.0302* 86033
04157303
3.42°0%
3.637:0054
1497034
0.00337* 66023
2454818731
2455068"13
—0.1327944
—0.103730%

0.397 £ 0.021
0.279 £ 0.021

37438
7.8737

Notes. See Table 3 in Eastman et al. (2019) for a detailed description of all parameters.

% The metallicity of the star at birth.
b Corresponds to static points in a star’s evolutionary history. See Section 2 in Dotter (2016).
¢ Reference epoch = 2457888.539832.

Assumes no albedo and perfect redistribution.
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Median Values and 68% Confidence Interval for Kepler-553

Dalba et al.

Parameter Units Values

Stellar Parameters

M, Mass (M) 0.8893948

R, Radius (R.) 0.902*9:939

L, Luminosity (Ls) 0.536 + 0.041

Fpol Bolometric Flux (cgs) 0.0000000000322: 000000000003

P Density (cgs) 1.727499%

log g Surface Gravity (cgs) 44801091

Tes Effective Temperature (K) 5191778

[Fe/H] Metallicity (dex) 0.152 4+ 0.058

[Fe/H]o Initial Metallicity® 0.16613:9%

Age Age (Gyr) 8.833

EEP Equal Evolutionary Phase” 366133

Ay V-band Extinction (mag) 0.30°4

OSED SED Photometry Error Scaling 2.94703s

w Parallax (mas) 1.369 4+ 0.022

d Distance (pc) 730 £ 12

¥ RV Slope® (ms ™' day ") —0.029 + 0.029

Planetary Parameters

P Period (days) 4.0304670 £ 0.0000018 328.240170900%0
Rp Radius (Ry) 0.4234591° 1.03310:033
Mp Mass® (M) <0.365 6.7070:44
Tc Time of Conjunction (BJDrpg) 2455004.09212 £ 0.00038 2455032.1977 £ 0.0010
a Semimajor Axis (au) 0.047663:00081 0.8989313

i Inclination (degrees) 88.9479¢7 89.8314190054
e Eccentricity 0.346:9929
Wy Argument of Periastron (degrees) —48.2%38
Teq Equilibrium Temperature® (K) 1089 + 19 251.0+43
Teire Tidal Circularization Timescale (Gyr) 328000000+35590000
K RV Semiamplitude® (m s~ ") <49 226 + 13
Rp/R. Radius of Planet in Stellar Radii 0.0482813:9903% 0.11778+3:55087
a/Ry Semimajor Axis in Stellar Radii 11.40%92} 214.843%

s (Rp/Ry)? 0.002331.0000%8 0.013870.06015
OKepler Transit Depth in Kepler (fraction) 0.003148* 3955062 0.0141213:50%012
T Ingress/Egress Transit Duration (days) 0.00557+3:95034 0.1127+3:598
T Total Transit Duration (days) 0.11567+3:5507% 0.5103 + 0.0029
b Transit Impact Parameter 02151} 0.75133919
bg Eclipse Impact Parameter - 0.442f8:8%$’
Ts Ingress/Egress Eclipse Duration (days) 0.0477f8;88§§’
Ts14 Total Eclipse Duration (days) 0.372f8_‘8{§
op Density (cgs) 7.537553
log gp Surface Gravity 4.191f8:8§2
€] Safronov Number 13.03498
(F) Incident Flux (10° erg s~' cm™2) 0.32010:9% 0.0008027 5999063
Tp Time of Periastron (BJD1pg) . 2454935.8742
Ts Time of Eclipse (BJDtpg) 24549175:%.'421
€ COS Wy 023159912

e sin wy —0.258159%8
Wavelength Parameters Kepler

u; Linear Limb-darkening Coefficient 0.540 £+ 0.033

Uy Quadratic Limb-darkening Coefficient 0.162f8_’8ﬁ

Telescope Parameters Keck-HIRES

Yeel Relative RV Offset® (ms™") 13,7189

oy RV Jitter (ms ™) 26.173%

Notes. See Table 3 in Eastman et al. (2019) for a detailed description of all parameters.

# The metallicity of the star at birth.

b Corresponds to static points in a star’s evolutionary history. See Section 2 in Dotter (2016).
¢ Reference epoch = 2458965.348500.

d Upper limits on mass and semiamplitude for Kepler-553 b are 3o0.

€ Assumes no albedo and perfect redistribution.
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Table 9
Median Values and 68% Confidence Interval for Kepler-807
Parameter Units Values
Stellar Parameters
M, Mass (M) 10684:8.’82%
R, Radius (R.) 120170848
L, Luminosity (L) 1684043
Fgol Bolometric Flux (cgs) 0.0000000000237 £ 0.000000000001 1
Ds Density (cgs) 0.8675043
log g Surface Gravity (cgs) 43061394
Tetr Effective Temperature (K) 5994 + 78
[Fe/H] Metallicity (dex) 0.044+0:03¢
[Fe/H], Initial Metallicity® 0.08579933
Age Age (Gyr) 54122
EEP Equal Evolutionary Phase” 39723
Ay V-band Extinction (mag) 0.091 + 0.057
OSED SED Photometry Error Scaling 047795
w Parallax (mas) 0.665 + 0.022
d Distance (pc) 150273
Companion Parameters
P Period (days) 117.93116 £ 0.00020
Rp Radius (R)) 1.052+0:93
Mp Mass (Mj) 79.8734
Tc Time of Conjunction (BJD1pg) 2455052.7038 17399081
a Semimajor Axis (au) 0.492 + 0.010
i Inclination (degrees) 89.120fg;8§2
e Eccentricity 0.6859-59%%)
W Argument of Periastron (degrees) 3.341’8;2%
Teq Equilibrium Temperature® (K) 451.5%83
Teire Tidal Circularization Timescale (Gyr) 910000375959
K RV Semiamplitude (ms~") 4155*1%
Rp/Rs Radius of Planet in Stellar Radii 0.09005+0:501%0
a/R, Semimajor Axis in Stellar Radii 88.173%
8 (Re/Rs)? 0.0081 1566615
OKepler Transit Depth in Kepler (fraction) 0.00860 £ 0.00011
T Ingress/Egress Transit Duration (days) 0.0373+5:9%31
T4 Total Transit Duration (days) 0.252075:993)
b Transit Impact Parameter 0.68970%3¢
by Eclipse Impact Parameter 0.746+3:034
Ts Ingress/Egress Eclipse Duration (days) 0.0443f8;88i8
Ts14 Total Eclipse Duration (days) 0.2567-39%33
op Density (cgs) 8471}
log gp Surface Gravity 52514094
S) Safronov Number 69.873%
(F) Incident Flux (10° erg s~ cm™2) 0.00618+3:95043
Tp Time of Periastron (BJDrpg) 2455047.1807593
T Time of eclipse (BJD1pg) 2455040.81791
€ Cos Wy 0.6847-59%32
e sin wy 0.039975:9936
Wavelength Parameters Kepler
uy Linear Limb-darkening Coefficient 0.356 £ 0.042
Uy Quadratic Limb-darkening Coefficient 0.285 £ 0.048
Telescope Parameters APOGEE-N Keck-HIRES SOPHIE
Yoot Relative RV Offset (m s~ ") 684113 —304 114 654313
oy RV Jitter (ms™") 0.00 3501 16.15¢3

Notes. See Table 3 in Eastman et al. (2019) for a detailed description of all parameters.

4 The metallicity of the star at birth.
b Corresponds to static points in a star’s evolutionary history. See Section 2 in Dotter (2016).
¢ Assumes no albedo and perfect redistribution.
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Table 10

Median Values and 68% Confidence Interval for Kepler-849
Parameter Units Values
Stellar Parameters
M, Mass (M..) 1.259* 043
R, Radius (R.) 1.82205%
L, Luminosity (L) 3-74f8f§i
Fyol Bolometric Flux (cgs) 0.000000000185 =+ 0.00000000001 1
Py Density (cgs) 0-292f8f8§§
log g Surface Gravity (cgs) 4.016f8;8§8
Terr Effective Temperature (K) 5950ﬂ§8
[Fe/H] Metallicity (dex) 0.145700%
[Fe/Hlo Initial Metallicity® 0.1847006)
Age Age (Gyr) 47418
EEP Equal Evolutionary Phase” 43473
Ay V-band Extinction (mag) 0-127t8f8§(1)
OSED SED Photometry Error Scaling 0381—83?
w Parallax (mas) 1~244f8f811g
d Distance (pc) 803 £ 11
5 RV Slope® (m s~ ! day ") 0.0076 £ 0.0029
Planetary Parameters
P Period (days) 394.62508 00003
Ry Radius (Ry) 0721353
Mp Mass (Mj) 0.94 4+ 0.20
Tc Time of Conjunction (BJDpg) 2455010.8377 4+ 0.0016
a Semimajor Axis (au) 11374003
i Inclination (degrees) 89-923t8f8§§
e Eccentricity 0.078:50%3
Wy Argument of Periastron (degrees) 77435,?
Teq Equilibrium Temperature” (K) 362.7149
Teire Tidal Circularization Timescale (Gyr) 2700000000f§28888888
K RV Semiamplitude (m s ") 22.4%48
Rp/Rs Radius of Planet in Stellar Radii 0.040637 500033
a/R, Semimajor Axis in Stellar Radii 134.0789
5 (Rp/Ry)? 0.00165 15500675
Okepler Transit Depth in Kepler (fraction) 0.002027+3:99993%
T Ingress/Egress Transit Duration (days) 0.040453:004
T4 Total Transit Duration (days) 1000459939
b Transit Impact Parameter 0195013
bg Eclipse Impact Parameter 0.17 £ 0.12
TS Ingress/Egress Eclipse Duration (days) 0.0368f8j882;
Ts.14 Total Eclipse Duration (days) 0~905f8f(1)[1)4
op Density (cgs) 3~09f8§%
log gp Surface Gravity 3.6515090
e) Safronov Number 2-35t8f§3
(F) Incident Flux (10° erg s ™' cm™2) 0.003893.66057
Tp Time of Periastron (BJDpg) 24548351%7
T Time of Eclipse (BJDrpg) 245481671
€ COS Wy 0.01 1458.’84%
e sin wy *0~052f8_'82%

Wavelength Parameters
Uy

Uz

Telescope Parameters

Vrel
ay

Linear Limb-darkening Coefficient
Quadratic Limb-darkening Coefficient

Relative RV Offset® (m s~ 1)
RV Jitter (m s™})

Kepler
0.385 4 0.030
0.276 £ 0.045

Keck-HIRES
—38+26
8.5519

Notes. See Table 3 in Eastman et al. (2019) for a detailed description of all parameters.

 The metallicity of the star at birth.

b Corresponds to static points in a star’s evolutionary history. See Section 2 in Dotter (2016).

¢ Reference epoch = 2458024.297183.

Assumes no albedo and perfect redistribution.
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Table 11
Median Values and 68% Confidence Interval for PH-2
Parameter Units Values
Stellar Parameters
M, Mass (M) 0.966+3932
R, Radius (R..) 0.9490553
L, Luminosity (Ls) 0.874f8;82(')
Faol Bolometric Flux (cgs) 0.0000000002403:55005050001¢
Dk Density (cgs) 1.6013:18
logg Surface Gravity (cgs) 447013932
Tos Effective Temperature (K) 573418
[Fe/H] Metallicity (dex) 0.01743:53}
[Fe/H], Initial Metallicity® 0.02273933
Age Age (Gyr) 41733
EEP Equal Evolutionary Phase” 345437
Ay V-band Extinction (mag) 0.130f8_‘8§‘71
OSED SED Photometry Error Scaling 0.76153
w Parallax (mas) 2.927 +0.017
d Distance (pc) 341-6ﬁf8
5 RV Slope® (ms ™' day ") —0.0104-3:80%
Planetary Parameters
P Period (days) 282.52542 4+ 0.00011
Rp Radius (R)) 0.83310:92¢
Mp Mass (M)) 027473988
Tc Time of Conjunction (BJDpg) 2455196.06770 + 0.00036
a Semimajor Axis (au) 0.83310914
i Inclination (degrees) 89.898f8j8f%
e Eccentricity 021510993
Wy Argument of Periastron (degrees) 241433
Teq Equilibrium Temperature? (K) 295.1732
Teire Tidal Circularization Timescale (Gyr) 46000000t§§888888
K RV Semiamplitude (ms~") 9.02}
Rp/Rs Radius of Planet in Stellar Radii 0.090300:55043
a/Ry Semimajor Axis in Stellar Radii ]88.9fg_'§
6 (Rp/Ry)? 0.008154 0556063
OKepler Transit Depth in Kepler (fraction) 0.01001 + 0.00013
T Ingress/Egress Transit Duration (days) 0.04063:5012
T4 Total Transit Duration (days) 0.4506 4+ 0.0012
b Transit Impact Parameter 0.2975:9¢8
bg Eclipse Impact Parameter 0.344:‘{828
Ts Ingress/Egress Eclipse Duration (days) 0.048475:9048
Tg14 Total Eclipse Duration (days) 0.52175:942
op Density (cgs) O.58f8_‘11§’
log gp Surface Gravity 29891098
(C] Safronov Number 0.57 £0.14
(F) Incident Flux (10° erg s~ cm™?) 0.001630:00012
Tp Time of Periastron (BJD1pg) 2455162.8714
T Time of Eclipse (BIDpg) 2455089733
€ cos wy 019131
e sinwy 0.080-3%42
Wavelength Parameters Kepler
7 Linear Limb-darkening Coefficient 0.405 £ 0.019
U Quadratic Limb-darkening Coefficient 0.259 £ 0.040
Telescope Parameters Keck-HIRES HARPS-N
frel Relative RV Offset® (ms™") 11.8733 —18746.7537
o, RV Jitter (ms™") 10.37%3 47411

Notes. See Table 3 in Eastman et al. (2019) for a detailed description of all parameters.
# The metallicity of the star at birth.
b Corresponds to static points in a star’s evolutionary history. See Section 2 in Dotter (2016).

¢ Reference epoch = 2458118.762413.
4 Assumes no albedo and perfect redistribution.
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Appendix B
Bulk Metallicity Modeling Posteriors

In Figure 23 we show the posterior probability distributions
resulting from the bulk metallicity analysis for four systems.
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Figure 23. Posterior probability distributions resulting from the bulk metallicity estimation described in Section 3.3 for Kepler-111 ¢ (top left), Kepler-553 ¢ (top
right), Kepler-849 b (bottom left), and PH-2 b (bottom right). Convergence of the model is achieved in all cases, and high precision is achieved on all of the Zp values
owing to relatively tight constraints on stellar age produced by the EXOFASTV2 fits.
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Appendix C
Periodograms of Time Series RV Observations

In Figure 24 we show the Lomb-Scargle periodograms of
the RV data collected for 10 systems.
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Figure 24. Lomb-Scargle periodograms of the RVs of all systems except for TOI-2180. The red lines identify the periodicity of the transiting giant planet in each of
these systems, excluding KIC 5951458, which we argue is spurious. The black triangles show the period with the maximum power in the periodogram. For each of the
systems for which we make new mass measurements, these periodicities align.
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