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Abstract

We validate the presence of a two-planet system orbiting the 0.15-1.4 Gyr K4 dwarf TOI 560 (HD 73583). The
system consists of an inner moderately eccentric transiting mini-Neptune (TOI 560 b, P = 6.39806617 0300007 days,
e =0204700 M= 0.94f8j§§MNep) initially discovered in the Sector 8 Transiting Exoplanet Survey Satellite
(TESS) mission observations, and a transiting mini-Neptune (TOI 560c, P = 18.88057000;1 days,

=1. 32*8 %gMNep) discovered in the Sector 34 observations, in a rare near-1:3 orbital resonance. We utilize
photometnc data from TESS Spitzer, and ground-based follow-up observations to confirm the ephemerides and
period of the transiting planets, vet false-positive scenarios, and detect the photoeccentric effect for TOI 560 b. We
obtain follow-up spectroscopy and corresponding precise radial velocities (RVs) with the iSHELL spectrograph at the
NASA Infrared Telescope Facility and the HIRES Spectrograph at Keck Observatory to validate the planetary nature
of these signals, which we combine with published Planet Finder Spectrograph RVs from the Magellan Observatory.
We detect the masses of both planets at >3¢ significance. We apply a Gaussian process (GP) model to the TESS light
curves to place priors on a chromatic RV GP model to constrain the stellar activity of the TOI 560 host star, and
confirm a strong wavelength dependence for the stellar activity demonstrating the ability of near-IR RVs to mitigate
stellar activity for young K dwarfs. TOI 560 is a nearby moderately young multiplanet system with two planets
suitable for atmospheric characterization with the James Webb Space Telescope and other upcoming missions. In
particular, it will undergo six transit pairs separated by <6 hr before 2027 June.

Unified Astronomy Thesaurus concepts: Radial velocity (1332)

Mufti et al.

1. Introduction

The Kepler mission, after its launch in 2009, discovered over
4000 transiting exoplanet candidates (Borucki et al. 2011;
Howard et al. 2012; Bryson et al. 2021). However, many of
these planets orbited relatively faint 14th—16th visual magni-
tude stars that were difficult to follow up, validate, and confirm
(Weiss & Marcy 2014; Marcy et al. 2014; Plavchan et al. 2015;
Rogers 2015; Wolfgang et al. 2016). The NASA Transiting
Exoplanet Survey Satellite (TESS) mission launched in 2018 to
detect and identify relatively nearby and brighter transiting
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exoplanets, particularly those orbiting smaller and cooler M
dwarf stars, which are the most abundant spectral type, and are
known to host compact multiplanet systems (Howard et al.
2012; Dressing & Charbonneau 2015; Ricker et al. 2015). To
date, the TESS mission has expanded the pool of nearby, bright
transiting exoplanet candidates considerably, with over 4000
candidates identified. Many are amenable to ground-based
follow-up and characterization (Ricker et al. 2015).

Kepler has shown that compact multiplanet Neptune and
terrestrial planets are more commonly found to orbit M dwarf
stars (Howard et al. 2012; Dressing & Charbonneau 2015).
Additionally, the relatively small size of M dwarfs in
comparison to transiting exoplanets leads to larger, easier-to-
detect transit depths, and M dwarfs are the most common
spectral types in the Milky Way (Chabrier 2003; Henry et al.
2006). The relatively nearby M dwarf exoplanet discoveries
from TESS are therefore some of the most suitable targets for
exoplanet atmospheric characterization with ground-based and
future space-based facilities such as James Webb Space
Telescope (JWST; Kempton et al. 2018). Before jumping to
atmospheric characterization, however, the TESS candidates
need further supporting observations to validate and confirm
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that they are not false positives. TESS pixels are 21” in size on
the sky, a relatively large value compared to typical ground-
based seeing-limited angular resolution of ~1”, a design choice
for the TESS mission to optimize its cameras’ fields of view
(Ricker et al. 2015). As a result, the light from nearby main-
sequence stars can be blended with fainter visual eclipsing
binaries, and produce false positives, especially when only a
singly transiting planet is identified in a 27 day TESS sector of
observations at lower ecliptic latitudes away from the ecliptic
poles (Ricker et al. 2015; Vanderburg et al. 2019; Bluhm et al.
2020; Brahm et al. 2020; Dreizler et al. 2020; Nowak et al.
2020; Martinez et al. 2020; Teske et al. 2021; Addison et al.
2021a; Cale et al. 2021; Gan et al. 2021; Hobson et al. 2021;
Osborn et al. 2021; Sha et al. 2021).

Ground-based panchromatic light curves, high-resolution
imaging with high contrasts, and spectroscopic follow-up can
search for close visual companions to the candidate host star to
validate that the target is not a false positive from a nearby,
background, blended, or grazing eclipsing binary, and to ensure
that the planetary radius is unbiased by additional flux sources
within the TESS aperture. Additional light-curve analyses such
as EDI-Vetter Unplugged (Zink et al. 2020) can check for
neighboring flux contamination from nearby stars in the sky,
examine the abundance of outliers from the transit model, and
consider any signal variations between even and odd transits and
the presence of any secondary eclipses. The Discovery and
Vetting of Exoplanets (DAVE; Kostov et al. 2019) tool evaluates
TESS light-curve-based diagnostics such as photocenter motion,
odd-even transit-depth consistency, searches for secondary
eclipses, and other sources of likely false-positive scenarios.

Constraining and/or measuring the masses of transiting
planets with precise radial velocities (RVs) derived from high-
resolution spectroscopy further enables validation and con-
firmation of exoplanet candidates, while also providing
constraints on the planet bulk densities (Seager et al. 2007;
Rogers & Seager 2010; Zeng et al. 2019). However, RV
analysis can be complicated from stellar photospheric activity
from young and/or active host stars that can produce RV
signals comparable in amplitude to the Keplerian signals of
interest. Stellar surface inhomogeneities (e.g., cool spots, and
hot plages) driven by the dynamic stellar magnetic field rotate
in and out of view, leading to photometric variations over time.
The presence of such active regions breaks the symmetry
between the approaching and receding limbs of the star,
introducing apparent RV variations over time as well (Desort
et al. 2007). These active regions further affect the integrated
convective blueshift over the stellar disk, and will therefore
manifest as an additional net red- or blueshift (Meunier &
Lagrange 2013; Dumusque et al. 2014). Various techniques
have been introduced to lift the degeneracy between activity-
and planetary-induced signals in RV data sets such as line-by-
line analyses (Dumusque 2018; Wise et al. 2018; Cretignier
et al. 2020) and Gaussian process (GP) modeling (e.g.,
Haywood et al. 2014; Grunblatt et al. 2015), but such
measurements remain challenging due to the sparse cadence
of typical RV data sets compared to the activity timescales.

This validation and confirmation process can be greatly aided
when multiple transiting planets orbiting the same star are
detected, as it is much more difficult to contrive a false-positive
scenario that mimics two or more transiting planets at different
orbital periods (Lissauer et al. 2012; Rowe et al. 2014). The
probability of randomly finding two background eclipsing
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binaries in the same TESS pixel is vanishingly small (<1%).
However, Kepler did find one single example—KOI-284—out
of ~190,000 target stars, consisting of two stars in a binary, one
hosting a single transiting planet and the other hosting two
transiting planets in the same Kepler postage stamp. This “false-
positive” scenario was uncovered with dynamical stability
analysis due to the very similar orbital periods for two of the
planets (Lissauer et al. 2012). Furthermore, multiplanet systems
can potentially have “double transits,” making possible the
optimal use of limited telescope resources for atmospheric
characterization such as JWST (e.g., Lissauer et al. 2011; Bean
et al. 2018), and also permitting differential exoplanet
characterization (e.g., Ciardi et al. 2013; Weiss et al. 2018;
Weiss & Petigura 2020). Multiplanet systems are also of interest
for studying dynamical interactions between planets, and
inferring population-level information on their formation and
evolution (e.g., Lissauer 2007; Zhu et al. 2012; Anglada-Escudé
et al. 2013; Mills & Mazeh 2017; Morales et al. 2019).

The discovery of a young multiplanet system can be
especially valuable for improving our understanding of
exoplanet formation and evolution, both the demographics of
the exoplanet architectures, and the atmospheric evolution as a
function of stellar age, orbital period, and host star spectral type
(Marchwinski et al. 2015; Fulton et al. 2017; Newton et al. 2019;
Hirano et al. 2020; Carolan et al. 2020; Benatti et al. 2021;
Alvarado-Gomez et al. 2022; Cohen et al. 2022; Feinstein et al.
2022a; Flagg et al. 2022; Ilin & Poppenhaeger 2022; Klein et al.
2022). We know that the orbital properties of planets change
over time as shown by the existence of hot Jupiters; we also see
evidence for orbital distance dependent mass loss via photo-
evaporation, which may be responsible for producing the planet-
radius gap and may impact our understanding of the occurrence
rate of terrestrial planets at larger orbital separations (Pascucci
et al. 2019; Mann et al. 2020; Plavchan et al. 2020; Klein et al.
2021). Therefore, we would benefit from examining the orbital
architecture and atmospheric properties of multiplanetary
systems over a wide range of evolutionary phases. Multiplanet
systems in particular enable a differential comparison within the
system between their atmospheric properties, and/or escape
from, because any differences will be isolated to differences in
the planet mass and orbital separation/irradiation at a common
age and spectral type for the host star. For example, the Kepler-
51 system (~530 Myr) of three planets contains not only the
least dense planets ever discovered but they also lie in a close
resonant chain of 1:2:3 (Nava et al. 2020). The existence of this
system as well as others around more mature, compact
multitransiting systems such as Kepler-89 (Zechmeister et al.
2020) hints at a formation mechanism that includes convergent
disk migration and resonance capture (Walkowicz & Basri 2013;
David et al. 2019b). An even younger multiplanet system,
V1298 Tau, also hints at being a 1:2:3 resonant chain based on
transit data (Dreizler et al. 2020). TTV observations of AU Mic
have led to the tentative hypothesis of a third candidate planet, d,
which may complete a resonant chain this time with a 4:6:9
configuration (Wittrock et al. 2022). Both the v1298 and AU
Mic planetary systems show unexpectedly higher densities for
some of the planets in the system at very young ages, in contrast
to the Kepler-51 system (Cale et al. 2021; Maggio et al. 2022;
Tejada Arevalo et al. 2022; Zicher et al. 2022). Already, there
are complexities in the architecture of systems over time.

In this work, we identify a two-planet transiting system
orbiting the ~0.5 Gyr host star TOI 560 (HD 73583 & GAIA



THE ASTRONOMICAL JOURNAL, 165:10 (49pp), 2023 January

Table 1
Stellar Parameters of TOI 560
Parameter Value Reference
Identifiers:
TIC 101011575 S19
TOI 560 G21
HIP 42401 S07
2MASS J08384526-1315240 S06
Gaia DR2 & EDR3 5746824674801810816 Gaia
Coordinates and Distance:
« 08:38:45.260 S19
[ —13:15:24.09 S19
Distance (pc) 31.5666 + 0.03205 S19
Parallax (mas) 31.657 £ 0.0152 Gaia
Jbe €OS O (mas yr") —63.8583 + 0.0505 Gaia
1o (mas yr’l) 38.3741 + 0.0406 Gaia
Absolute RV (km s') 21.52 this work®
Physical Properties:
Age (Gyr) 0.15-1.4 this work”
M, (M) 0.70215:9%¢ this work®
R.(M.) 0.677 £ 0.017 this work®
T (K) 458218 this work®
log g (cgs) 46237995 this work®
Spectral Type K4 S05
vsini (km s™}) <3 this work?
P, (days) 12+ 0.1 this work®
p(gem™) 3.17+0.23 S19
Luminosity (L, ) 0.1802 + 0.0058 S19
Magnitudes:
TESS (mag) 8.59 +0.01 S19
B (mag) 10.74 £+ 0.07 S19
V (mag) 9.67 +0.03 S19
Gaia G (mag) 9.270 +£ 0.005 G18
Gaia BP (mag) 9.905 + 0.001 G138
Gaia RP (mag) 8.546 + 0.002 G138
J (mag) 7.65 +0.03 S06
H (mag) 7.09 + 0.05 S06
K (mag) 6.95 + 0.02 S06
WISE 1 (mag) 6.850 + 0.037 W10
WISE 2 (mag) 6.963 + 0.021 W10
WISE 3 (mag) 6.921 +0.017 W10
WISE 4 (mag) 6.723 + 0.084 W10

Notes.

4 The average of the two observations in Table 12.

® Estimated in Section 3.1.3.

¢ From our ExoFASTV2 isochrone-based jointed transit light-curve analysis in
Table 3; consistent results are obtained in our reconnaissance spectroscopy and
broadband spectral energy distribution (SED) modeling.

4 Calculated from the rotation period and stellar radius, assuming the stellar-
rotation axis is rotating in or near the plane of the sky.

¢ Section 3.1.3 and Figure 3.

References: G18: (Gaia Collaboration et al. 2018), G21: (Guerrero et al. 2021),
S19: (Stassun et al. 2019), SO7: (van Leeuwen 2007), S06: (Skrutskie et al.
2006), SO5: (Scholz et al. 2005), W10: (Wright et al. 2010).

EDR3 5746824674801810816; Table 1), which we validate
with ground-based photometry, high-resolution imaging, and
optical and near-IR (NIR) RVs. The first planet candidate was
identified in Sector 8 observations of the TESS mission, and we
identify in this work the second candidate with the release of
the Sector 34 TESS light curve. The host star TOI 560 is active,
and we present a chromatic RV analysis to characterize the
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stellar activity jointly with >3¢ detections of the exoplanet
dynamical masses.

This paper is organized as follows: In Section 2 we present
an overview of our observations. In Section 3 we present our
analysis of the TESS light curve, one ground-based transit,
high-contrast imaging, and RVs from the iSHELL, Planet
Finder Spectrograph (PFS), and HIRES spectrometers to
validate the planetary nature of the transit signals. In
Section 4 we present the results of our analysis of the
TESS light curve and RVs. In Section 5 we consider and
simulate the dynamical stability of the TOI 560 system, discuss
the chromatic RV analysis of the stellar activity, and perform a
search for additional RV companions. In Section 6 we present
our conclusions and future work.

2. Observations

In this Section, we present an overview of all observational
data used throughout this analysis. TESS photometric light-
curve data and ground-based photometry are presented in
Section 2.1, a brief description of reconnaissance spectroscopy
is summarized in Section 2.2, high-resolution imaging
observations are presented in Section 2.3, and RV observations
are detailed in Section 2.4.

2.1. Photometric Light Curves

Herein, we present space- and ground-based light curves of
the TOI 560 system, respectively, in the following two
subsections, the latter of which are summarized in Table 2.

2.1.1. TESS Observations

TOI 560 (TIC 101011575; HD 75383; GAIA EDR3
5746824674801810816) was observed first in TESS Sector 8
from UT 2019 February 2 to UT 2019 February 28, then again
in Sector 34 during the TESS extended mission from UT 2021
January 13 to UT 2019 February 9. Stellar properties are listed
in Table 1. TOI 560 is in the Hydra constellation and is
relatively nearby (31.6 pc) and bright (V = 9.67 mag) making it
an ideal candidate for study by TESS. The data collection
pipeline was developed by the TESS Science Processing
Operations Center (SPOC; Jenkins et al. 2016) and uses a
wavelet-based matched filter (Jenkins 2002; Jenkins et al.
2010, 2020). One transit signal was detected during the Sector
8 observations, and fitted with a limb-darkened transit model
(Li et al. 2019) with various vetting and diagnostic tests
(Twicken et al. 2018) and labeled TOI 560 b (Guerrero et al.
2021), which we hereafter refer to as TOI 560 b. This prompted
us to explore the target further with RV measurements
(Section 2.4) to verify the TESS candidate and perhaps
uncover additional companions in the system. With the release
of the Sector 34 light curve, we independently identified by eye
a second transiting candidate in the TOI 560 system, which was
vetted and adopted as a TOI by the TESS mission as TOI 560 c,
which hereafter we refer to as TOI 560 c.

In this work, we specifically analyze the detrended Presearch
Data Conditioning Simple Aperture Photometry (PDC-SAP)
light curves for Sectors 8 and 34 (Smith et al. 2012; Stumpe
et al. 2012, 2014) obtained from the Mikulski Archive for
Space Telescopes (MAST).”' After gathering this data, we
normalize the detrended flux in electrons per second so that the

71 https: //mast.stsci.edu/portal /Mashup /Clients /Mast/Portal.html
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Figure 1. TESS target pixel file (TPF) data from Sector 8 (left) and Sector 34 (right) for TOI 560, created with tpfplotter (Aller et al. 2020). The pixels shown
outlined in orange were the ones used to extract the light curve, while point sources from the Gaia DR2 catalog are labeled in red, with sizes in accordance to their

relative magnitude from the target star.

Table 2
Summary of Available Information from ExoFOP-TESS for the Ground-based Light-curve Observations of TOI 560 b

UT Date Site Aperture Filter Nexp Lexp Duration Pixel Scale FWHM Aperture Transit
(YYYYMMDD) (m) (s) (min) (" /px) (@) @) Coverage
20190427 LCO-SSO 1 B 213 30 151 0.389 5.16 7.4,12.4 Egress
20190427 LCO-SSO 1 zs 84 30 79 0.389 4.19 7.4,12.4 Egress
20190503 LCO-SSO 1 zs 59 30 55 0.389 242 6.6,10.9 Ingress
20191207 NGST 4x0.2 NGTS 4840 12 260 4.97 20 40 full
20191207 LCO-CTIO 1 B 211 15 120 0.389 1.93 74,124 Ingress
20191213 LCO-SSO 1 B 342 15 256 0.389 3.56 6.24 Full
20200114 PEST 0.3 Re 482 30 357 1.23 4.93 7.4 Full
20200127 LCO-HAL 0.4 zs 363 30 319 0.57 10.7 11.4 Full
20200127 LCO-SSO 0.4 zs 288 30 247 0.57 13.3 12.5 Full
20200202 LCO-SAAO 1 zs 295 30 308 0.389 8.8 10 Full
20200331 LCO-SSO 1 B 281 30 297 0.389 5.25 6.6 Full

Note. Site Abbreviations: LCO-CTIO (Cerro Tololo, Chile), LCO-SAAO (South Africa), LCO-SSO (Siding Springs, Australia), LCO-HAL (Haleakala, Hawaii,

USA), and NGST (Paranal, Chile)

median for each sector is unity. In Figure 1, we show the
TESS target pixel files (TPF) around the target star in Sectors 8
and 34, where orange outlines show the pixels used to create
the TESS light curve. There are other point sources (notated by
circular red points) that are located within the TESS apertures,
so these needed to be subtracted from the SAP flux when
creating the PDC-SAP flux.

2.1.2. Spitzer Light Curve

TOI 560 b was observed with Spitzer on 2019 August 20,
using Director’s Discretionary Time (Crossfield et al. 2018). A
single transit was observed using the 4.5 um channel (IRAC2;
Fazio et al. 2004) in subarray mode with an integration time of
0.36 s. The transit observation spanned 6 hr 15 min totaling 823
frames with short observations taken before and after transit to
check for bad pixels. Peak-up mode was used to place the star
as close as possible to the well-characterized “sweet spot” of
the detector.

To extract photometry from the Spitzer observations, we use
the Photometry for Orbits Eclipses and Transits (POET’?)
package (Cubillos et al. 2013; May & Stevenson 2020). In
summary, POET creates a bad pixel mask and discards bad
pixels based on the Spitzer Basic Calibrated Data. Outlier
pixels are also discarded using sigma-rejection. Then, the
center of the point-spread function (PSF) is determined using a
2D Gaussian fitting technique. After the center of the PSF is
found, the light curve is extracted using aperture photometry in
combination with a BiLinearly Interpolated Subpixel Sensitiv-
ity (BLISS) map described in Stevenson et al. (2012). The
resulting data are then simultaneously fit with a model that
accounts for both the light curve itself and a temporal ramp-like
trend attributed to “charge trapping.” The posterior distribution
is sampled using a Markov Chain Monte Carlo (MCMC)
algorithm with chains initialized at the best-fit values.

Aperture photometry was performed with various aperture
sizes (ranging from 2-6 pixels in increments of 1 pixel). Visual

72 https:/ /github.com/kevin218 /POET


https://github.com/kevin218/POET

THE ASTRONOMICAL JOURNAL, 165:10 (49pp), 2023 January

inspection of the raw data indicated the temporal ramp model
was likely either linear or constant. The optimal aperture size
was found to be 3 pixels as this size returned the lowest
standard deviation of the normalized residuals (SDNRs) for
both ramp models. We then tested bin sizes of 0.1, 0.03, 0.01,
and 0.003 pixels square for the BLISS map, finding that a bin
size of 0.01 minimized the SDNR. Both the linear ramp and
constant models gave similar SDNRs for these tests, so we
chose the constant model, the simplest of the two.

2.1.3. Las Cumbres Observatory Global Network of Telescopes
(LCOGT)

In 2019 and 2020, seven partial or full transit observations of
TOI 560 b were collected with five observatory sites from the
Las Cumbres Observatory Global network of Telescopes
(LCOGT; Brown et al. 2013). These observations are
summarized in Table 2. Data were collected in either the B
or Sloan 7’ filters with exposure times of 15 or 30 s to check for
transit-depth chromaticity such as would be produced by a
false-positive eclipsing binary scenario. For one transit (UT
2019/04/27), data were collected simultaneously in both
filters. For a second transit (UT 2020/01/27), data was
collected simultaneously in the same filter from two sites. The
other five transits were observed in a single band at a single
telescope/site. Data were analyzed using AstrolmagelJ, and the
data reduction was done using the BANZAI LCOGT facility
pipeline (McCully et al. 2018).

2.1.4. The Perth Exoplanet Survey Telescope (PEST)

The Perth Exoplanet Survey Telescope (PEST) near Perth,
Australia is a 0.3 m telescope equipped with a 1530 x 1020
SBIG ST-8XME camera with an image scale of 1”2 /pixel,
resulting in a 31”7 x 21” field of view. Observations of a transit
of TOI 560 b were obtained on UT 2020 January 14 in the Rc
filter with an exposure time of 30 s. A custom pipeline based on
C-Munipack was used to calibrate the images and extract
differential photometry.

2.1.5. NGTS/Paranal

On UT 2019 December 7, the TOI 560 system was observed
by the Next Generation Transit Survey (NGTS; Wheatley et al.
2018) using four telescopes (see Bryant et al. 2020), consisting
of 0.2 m diameter robotic telescopes, located at ESO’s Paranal
Observatory, Chile. A custom NGTS filter in the wavelength
range 520-890nm was used. A transit was detected and
confirmed for planet b. The NGTS data were reduced using a
custom aperture photometry pipeline version 2, which performs
source extraction and photometry using the SEP Python library
(Bertin & Arnouts 1996; Barbary 2016) and is detailed in
Bryant et al. (2020). The pipeline uses Gaia DR2 (Barb-
ary 2016; Gaia Collaboration et al. 2018) to automatically
identify comparison stars that are similar in brightness, color,
and CCD position to TOI 560.

2.1.6. WASP Light Curves

The SuperWASP team monitored TOI 560 for four seasons
from 2009-2012 included as part of a larger all-sky survey
(Pollacco et al. 2006). Data were reduced and light curves were
generated using the standard SuperWASP analyses (Maxted
et al. 2011).
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2.2. Recon Spectroscopy

The purpose of reconnaissance spectroscopy is to provide
spectroscopic parameters that will more precisely constrain the
properties of planet host stars, to detect false positives caused
by spectroscopic binaries as manifested by large (e.g., >1
kms ') RV changes and/or line-doubling in multiepoch
spectroscopy, and to identify stars unsuitable for precise RV
measurements, such as rapid rotators.

2.2.1. NRES

Reconnaissance spectroscopy for TOI 560 was obtained with
the Las Cumbres Observatory (LCOGT) Network of Robotic
Echelle Spectrographs (NRES). NRES is a fiber-fed echelle
spectrograph at several sites mounted on the respective
LCOGT 1 m telescopes with wavelength range 380-860 nm
and spectral resolution R~ 53,000. Observations were exe-
cuted at the Sutherland Observatory, South Africa, and the
McDonald Observatory, USA, on the nights 2019 November 4,
2019 October 29, and 2019 May 12. We took dark, bias, flat,
and arc lamp calibration images at the beginning of each night.
The target was centered on one fiber, and the second fiber was
used to observe a Th-Ar calibration lamp simultaneously. On
each night, we took three consecutive exposures with 480 s on
each individual spectrum. The S/Ns for each night were 33, 30,
and 33, respectively. We obtained the wavelength-calibrated
spectra using the NRES commissioning IDL pipeline and
obtained improved and stacked spectra for each night using the
Stage2 IDL pipeline with a total integration time of 1440 s and
a resulting S/N of ~35.

2.2.2. TRES

The Tillinghast Reflector Echelle Spectrograph (TRES;
Fiirész 2008) team obtained two reconnaissance (median S/N =
33.25) spectra of TOI 560 near opposite quadratures of TOI
560 b (phases 0.25 and 0.72 on the initial Sector 8 released
ephemeris) at 2019 April 16 04:37 and 2019 April 19 03:49 UT.
TRES has a resolving power R ~ 44,000, and the wavelength
range of the spectrograph is 390-910 nm. The Stellar Parameter
Classification (SPC) tool specifically uses a ~310 A region of the
spectrum  (~5050-5360 A) to derive stellar parameters
(Section 3.1.1). Spectra are processed following methods
described in Buchhave et al. (2010).

2.3. High-resolution Imaging

High-resolution imaging is used to obtain images of faint
companions located near bright target stars. Typical targets are
stars with companions including exoplanets and circumstellar
structures and disks of gas and dust. In seeing-limited imaging,
a faint companion could be swamped and lost in the noise of
scattered light in the PSF wings of the target star. High-contrast
imaging methods—speckle imaging and adaptive optics—were
designed to mitigate the impact of target star scattered light at
the position of the companion, in order to make the companion
detectable against the residual PSF noise (e.g., Guyon 2005;
Marois et al. 2006; Lafreniere et al. 2007; Mawet et al. 2014).

High-contrast imaging of TESS candidates is crucial to
ensure that the target is not a false positive from a background
eclipsing binary, and to ensure that the planetary radius is
unbiased by additional, unidentified, flux sources within the
aperture. Spatially close stellar companions can create a
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false-positive transit signal if, for example, the fainter star is an
eclipsing binary. However, even more troublesome is “third-
light” flux contamination from a close companion (bound or
line of sight), which can lead to underestimated derived
planetary radii if not accounted for in the transit model
(e.g., Ciardi et al. 2015) and even cause total nondetection of
small planets residing within the same exoplanetary system
(Lester et al. 2021). Given that close bound companion stars
exist in nearly one-half of FGK type stars (Matson et al. 2018),
high-resolution imaging provides crucial information toward
our understanding of exoplanetary formation, dynamics, and
evolution (Howell et al. 2021). Herein we present high-contrast
imaging of TOI 560 obtained with Gemini with NIRI and Zorro
and the SOAR telescope, respectively.

2.3.1. Gemini North/NIRI

We searched for close visual companions to the target using
high-resolution imaging with both AO and speckle imaging at
Gemini. The AO and speckle images are highly complemen-
tary: the speckle images reach higher resolutions in the optical,
while the AO images reach deeper sensitivities beyond a few
hundred milliarcseconds in the NIR, and are therefore more
sensitive to more widely separated low-mass stars. We
collected high-resolution AO images of TOI 560 with
Gemini/NIRI (Hodapp et al. 2003) on 2019 May 26. Given
that the star is bright in the K band, we collected images with
individual exposure time 0.9 s with the Bry filter (2.166 pm), to
avoid saturating the detector. Our sequence consisted of nine
such images, with the telescope dithered in a grid pattern
between each frame, and we also collected daytime flats. The
science images themselves can be used to construct a sky
background frame, by median combining the dithered images.

2.3.2. Gemini South/Zorro

TOI 560 was observed twice on 2020 March 16 and 2019
May 22 UT using the Zorro speckle instrument on the Gemini
South 8 m telescope.”” Six sets of 1000 by 0.06 s exposures
were collected for TOI 560 and processed with Fourier analysis
in our standard reduction pipeline (see Howell et al. 2011).

2.3.3. SOAR telescope

We searched for stellar companions to TOI 560 with speckle
imaging on the 4.1 m Southern Astrophysical Research
(SOAR) telescope (Tokovinin 2018) on 18 May 2019 UT,
observing in the Cousins / band a similar visible bandpass as
TESS. This observation was sensitive to a 7.5 mag fainter star
at an angular separation of 1” from the target. More details of
the observation, data reduction, and analysis are available in
Ziegler et al. (2020).

2.4. Radial Velocities

Herein we present ground-based precise RV observations
collected with high-resolution echelle spectrographs PFS,
HIRES, and MINERVA-Australis at visible wavelengths, and
iSHELL in the NIR in the following subsections.

& https: //www.gemini.edu/sciops/instruments /alopeke-zorro/
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2.4.1. iSHELL RVs

We have gathered a total of 204 observations of TOI 560
over 30 nights using the iSHELL instrument at NASA InfraRed
Telescope Facility (IRTF) atop Maunkea, Hawaii, USA from
UT 2020 January 26 to UT 2021 May 29. We observe with
iSHELL in KGAS mode covering the wavelengths of
2.18-2.47 um. Our exposure times were always set at 300 s,
and were repeated anywhere from 6-14 times consecutively per
night to attempt obtaining a signal-to-noise ratio (S/N) per
spectral pixel of ~120, though our actual results varied from
46-152 due to variable seeing and atmospheric transparency
conditions. A methane isotopologue (‘*CH,) gas cell is used in
the instrument (Plavchan et al. 2013; Cale et al. 2019) to
constrain the line-spread function (LSF) and provide a common
reference for the optical path wavelength. Along with each set
of exposures within a night, we also collect a set of 5 x 15 s
flat-field images with the gas cell removed for data reduction
purposes, and particularly to mitigate flexure-dependent and
time-variable fringing present in the spectra. In Cale et al.
(2019), the RV pipeline is adapted from the CSHELL RV code
described in Gao et al. (2016), and the CSHELL code was
rewritten in a Python script pychell’” to adapt to iSHELL’s
larger spectral grasp with multiple orders.

When the light passes through a gas cell and an echelle
spectrograph, the spectrum consists of multiorder spectra of the
target with the gas spectrum superimposed, which can be used
to subtract off instrument systematic shifts in the wavelength
solution and changes in the LSF (Butler et al. 1996). We extract
our spectra following the general procedures outlined in Cale
et al. (2019). For each of the 29 orders in the regime that we
observe between 2.18 and 2.47 ym, we do optimal spectral
extraction (weighted summation) so that in each column
eventually we get a single value, which gives us a 1D spectrum
for each order.

The extracted spectra from pychell were forward-modeled
and analyzed using the methods outlined in Cale et al. (2019),
and the updated methods described in Reefe et al. (2021,
submitted) briefly described herein. We forward model the
extracted spectra independently for each order to account for
the stellar spectrum, gas cell, telluric absorption, the LSF, and
the spectral continuum to construct a complete spectral model.
We find that pychell performs better when providing a
synthetic stellar template for the stellar model to start from,
which is based on properties of the host star.

We assume a solar metallicity and gravity, and we explore
synthetic models £500 K from an initial temperature of 4700
K, based upon the EXO-FOP-TESS values, in increments of
100 K to identify the optimal synthetic stellar template that
produces the lowest rms flux residuals in forward modeling our
extracted spectra. We use the Spanish Virtual Observatory’s
BT-Settl models accessible from their web server,”” which we
further refine by Doppler broadening the spectrum to the
rotational velocity of the star (3.1 km s~ '), as found by TRES
extracted spectra (Section 3.1.1). We find that the 7. = 4900K
synthetic model minimizes the flux residuals of our observed
iSHELL spectra, even though they’re hotter than our adopted
stellar temperature, and we use this stellar template as our
initial stellar spectrum model guess. Barycenter velocities are
also generated as an input via the barycorrpy library

™ Documentation: https: //pychell.readthedocs.io/en/latest/.
» http://svo2.cab.inta-csic.es /theory /newov2 /index.php?models=bt-settl


https://www.gemini.edu/sciops/instruments/alopeke-zorro/
https://pychell.readthedocs.io/en/latest/
http://svo2.cab.inta-csic.es/theory/newov2/index.php?models=bt-settl
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(Kanodia & Wright 2018). After each order is forward-
modeled, we generate one RV measurement per order and per
exposure. We optimally coadd RVs across orders and
exposures within a night using the same procedures as in Cale
et al. (2019).

We have filtered out three individual spectra from UT 2020
March 7 and three more individual spectra from UT 8 March
2020, due to modeled RVs that were in disagreement with
other spectra from the same night by >1 km s~ '. We suspect
this is due to an initially poor seeing on the nights of
observation of 1”3 that was later improved to 170, giving us
overall S/Ns of only 54 and 46, respectively, for the nights.
Finally, we discard nights with RV uncertainties >20 ms .

2.4.2. PFS RVs

We obtained 14 RVs of TOI 560 from PFS on the 6.5m
Magellan II Telescope at Las Campanas Observatory in Chile.
These spectra were reduced, and RVs were extracted and
published in the Magellan-TESS Survey I paper (Teske et al.
2021). The PES Spectrograph has a resolution of R = 120,000
and wavelength range of 391-734 nm. The observations were
carried out between UT 2019 April 18 and May 24.

2.4.3. HIRES RVs

We include 14 Keck-HIRES (Vogt et al. 1994) observations
of TOI 560 in our analyses. Keck-HIRES is located atop
Maunkea, Hawaii, USA with spectral resolution R = 67,000.
The majority of these observations took place between UT
2019 October 20 and 2020 January 21, with the final night
contemporaneous with the start of iSHELL RVs. Exposure
times range from 204-500 s, yielding a median S/N =~ 234 at
550 nm per spectral pixel. HIRES spectra are processed and
RVs computed via methods described in Howard et al. (2010).

2.4.4. MINERVA-Australis RVs

MINERVA-Australis collected two nights of observations of
TOI 560 (Addison et al. 2019, 2021a). MINERVA-Australis
consists of an array of four independently operated 0.7 m
CDK?700 telescopes situated at the Mount Kent Observatory in
Queensland, Australia (Addison et al. 2019). Each telescope
simultaneously feeds stellar light via fiber optic cables to a
single KiwiSpec R4-100 high-resolution (R = 80,000)
spectrograph (Barnes et al. 2012) with wavelength coverage
from 480—620 nm. We obtained a total of 10 individual spectra
of TOI 560 on UT 2019 May 23 and UT 2019 May 29 using
three and two of the four MINERVA-Australis telescopes,
respectively—twice per night per telescope—and exposure
times of 30—60 minutes. Wavelength calibration is achieved
using a simultaneous Th-Ar calibration fiber. RVs were derived
by cross-correlation, where the template being matched is the
mean spectrum. Given that only two nightly RV data points
were obtained, we do not include the MINERVA-Australis RVs
in the remainder of the analysis presented herein.

3. Analysis

In this Section, we present our analysis of the TOI 560
system. In Section 3.1 we present the stellar host characteriza-
tion. In Section 3.2 we present the light-curve analysis,
including the discovery of the transits of TOI 506c,
false-positive vetting metrics, and characterization of the
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out-of-transit stellar activity in both the TESS and SuperWASP
light curves. Finally, in Section 3.3 we present the analysis of
the TOI 560 RV data aided with a stellar activity model
constrained by the light-curve analysis.

3.1. Stellar Host Characterization

Our analysis and understanding of exoplanets is directly
dependent on our understanding of their host stars (e.g., Ballard
et al. 2014). We measure planetary masses and radii in terms of
their host stars’ masses and radii, we derive elemental
abundance ratios from those in the atmosphere of their host
star, and we infer surface temperatures and conditions informed
by their host stars’ luminosities, ages, and levels of activity.
Host star properties are precisely determined through spectro-
scopic analysis; therefore, herein we analyze in turn the
reconnaissance spectra of TOI 560, fitting bulk stellar proper-
ties from the broadband spectral energy distribution (SED), and
we solidify our analysis with high-contrast imaging to exclude
faint flux-contaminating companions.

3.1.1. Reconnaissance Spectroscopy

The reconnaissance spectroscopy observations reveal a
typical late K dwarf. Stellar parameters from the NRES spectra
were obtained using SpecMatch (Vanderburg et al. 2019), and
summarized in Table 11. For the TRES spectra, there is a small
velocity difference that is consistent with the photometric
ephemeris, given that the data were collected approximately at
opposite quadratures. In Table 12, the results for the stellar
parameters for the two TRES observations are presented, as
well as values from the SPC tool (Buchhave et al. 2012, 2014).
Given the absence of any large bulk RV changes or spectro-
scopic binarity, we do not coadd the multiepoch spectroscopy
to improve the cumulative S/N (and consequently reduce the
stellar parameter uncertainties), due to current systematic
limitations in these approaches (e.g., Duck et al. 2022). We
adopt floor errors of 50 K in T, 0.10 in log(g), 0.08 in [m/H],
and 0.5 kms™' in Vior- Note that V., does not include a
correction for the contribution of macroturbulence, and the
velocities in Table 12 are on the TRES native system and do
not correct for the gravitational redshift. The TRES and NRES
analyses yield consistent stellar characterization, with the SPC
analysis favoring a slightly higher but not statistically
significant rotational velocity and metallicity.

3.1.2. Bulk Stellar Properties

We undertake two independent analyses of the broadband
SED of the star, and we describe each in turn. The first
approach is particularly useful for assessing the evidence for
any near-UV (NUV) excess from consideration of the broad-
band photometry alone. Our second approach is used for our
adopted final stellar parameters and is based upon holistic
modeling of the SED jointly with the transit light curves and
model isochrones.

First, we performed a single-parameter fit of the SED of the
star together with the Gaia EDR3 parallax (with no systematic
offset applied; see, e.g., Stassun & Torres 2021), in order to
determine an empirical measurement of the stellar radius and
following the procedures described in Stassun & Torres (2016),
Stassun et al. (2017), and Stassun et al. (2018). We use the UBV
magnitudes from the compilation of Mermilliod (2006), the JHK
magnitudes from the Two Micron Ally Sky Survey (2MASS),
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Figure 2. SED of TOI 560 from the first of our two independent SED analyses;
this analysis is particularly suited for the identification of the NUV excess. Red
symbols represent the observed photometric measurements, where the
horizontal bars represent the effective width of the passband. Blue symbols
are the model fluxes from the best-fit NextGen atmosphere model (black).

the W1-W4 magnitudes from the Wide-field Infrared Survey
Explorer (WISE; Wright et al. 2010), the GgpGrp magnitudes
from Gaia, and the NUV magnitude from GALEX. Together, the
available photometry spans the full stellar SED over the
wavelength range 0.2-22 um (see Figure 2). We used a NextGen
stellar atmosphere model, fixing the model effective temperature
(Tetr), metallicity ([Fe/H]), and surface gravity (logg) to the
values derived from the TRES SPC analysis in Section 3.1.1 and
Table 12. The remaining free parameter is the extinction Ay,
which we fixed at zero given the proximity of the TOI 560
system to Earth. The resulting fit (Figure 2) has a reduced x* of
1.7, excluding the GALEX NUV flux, which indicates a
moderate level of activity (see below). Integrating the (unred-
dened) model SED gives the bolometric flux at Earth,
Fro =6.01 £0.14 x 10~° erg s tem™2 Taking the Fyp, and
T. together with the Gaia parallax gives the stellar radius
R, =0.656 £0.016 R, (consistent with the NRES analysis). In
addition, we can estimate the stellar mass from the empirical
relations of Torres et al. (2010), giving M, =0.69 £+ 0.04 M.,
which is consistent with the less precise but empirical estimate of
M, =0.75 £ 0.08 M, obtained directly from R, together with the
spectroscopic log g.

Second, we determine characteristics of the host star, such as
effective temperature, gravity, and metallicity, by performing a
joint ameba fit followed by MCMC posterior sampling of both
stellar properties and planet properties of TOI 560 b and ¢
assuming a two-planet, single-star scenario (from the
TESS transit data) simultaneously with EXOFASTv2. EXO-
FASTv2 is an (IDL) framework for MCMC simulations of
exoplanet transits and RVs created by Eastman et al. (2013).
Details on the planet transit analysis are given in Section 3.2,
but here we present the stellar modeling analysis steps. We start
the MCMC with as few assumptions as possible—namely, we
place no priors on the spectral type. To ensure we cover an
adequate portion of parameter space to find a believable result,
we employ parallel tempering with eight parallel threads,
following Eastman et al. (2019). We place priors on V-band
extinction, parallax, and metallicity summarized in Table 5
along with the priors used in the transit analysis. We
simultaneously fit with Mesa Isochrones and Stellar Tracks

Mufti et al.

(MIST) and an SED function. We then use the posteriors of this
run as priors for a second iteration MCMC analysis to examine
the stability of the solution and adopt our final stellar
parameters.

The results of our EXOFASTv2 stellar characterization are
shown in and Table 3. The analysis yields a typical K dwarf
consistent with the reconnaissance spectroscopy and SED
analysis presented in Section 3.1. We provide two separate
estimates for R, and T corresponding to the MIST results and
the SED results, respectively. SED results are marked with the
subscript SED, while MIST results have no subscript. We
adopt the MIST values for the remainder of the analysis, but
both sets of values are consistent with one another and with the
analysis carried out with the SED and reconnaissance
spectroscopy. Finally, we note that the age estimate from
EXOFASTv2 shown in Table 3 is drawn from a very flat
posterior distribution and is not a reliable estimate; e.g., the
stellar age is unconstrained from this particular analysis.
Instead, we adopt the final rotation period of 12.2 4 0.1 days as
described in Section 3.1.3.

Finally, TOI 560 has a GAIA RUWE value of 1.030, which is
consistent with a single star (Stassun & Torres 2021). The
RUWE statistic is an indication of the goodness of fit of the
astrometric solution, and values >1.4 have been shown to be
associated with unresolved binaries. A search of EDR3 also
shows no stars with similar parallaxes within 75°, so TOI 560
likely does not possess any distant, resolved binary companions
either.

3.1.3. Age Metrics—Is TOI 560 a Young System?

Lomb-Scargle periodograms of the SuperWASP seasonal light
curves show a clear and consistent rotation period in each season
for TOI 560 of 12 days, with evolution of the light-curve features
between seasons (Figure 3). The periodogram peak is statistically
significant in all seasons (p-value <1%) and the average
periodogram peak period from all four seasons yields a rotation
period of 12.2 + 0.1 days. We next use the star’s NUV excess
(Figure 2) to estimate the star’s rotation and age via empirical
rotation—activity—age relations. The observed NUV excess
implies a chromospheric activity of log R'yx = —4.5+ 0.1 via
the empirical relations of Findeisen et al. (2011), which is fully
consistent with the measured value of —4.45 £ 0.05 from Gomes
da Silva et al. (2021) and —4.60 from our HIRES spectra. The
HIRES and TRES spectra show core Ca II HK flux in emission,
consistent with this moderate level of activity. This value of
log R’y in turn implies a stellar-rotation period of P, = 14 + 4
d via the empirical relations of Mamajek & Hillenbrand (2008).
This rotation period estimate is also consistent with that estimated
from the spectroscopic vsini and R,, which gives
Bo/sini = 11 £ 3 day. Thus, the observed photometric
modulation, NUV excess, and the observed rotational velocity
all yield consistent rotation periods. This establishes the rotation
period of the TOI 560 host star.

However, this 12 day rotation period is roughly a factor of 2
slower than that reported by Canto Martins et al. (2020), who
reported a “dubious” rotation period 7.17 days from their
independent TESS light-curve analysis. We can also estimate
rotation periods for TOI 560 by performing Lomb-Scargle
periodograms (Lomb 1976; Scargle 1982) of the TESS Sector 8
and 34 light curves of TOI 560. In Figure 4, the TESS light
curves contain significant peaks at 12.7 days for PDCSAP and
14.1 days for SAP, both for the Sector 8, respectively, that are
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Table 3

Median Values and 68% Confidence Interval for the Stellar Host, TOI 560, from Our ExoFASTv2 Analysis
Stellar Parameters Units Values
M, Mass (M) 0.70279938
R, Radius (R.) 0.677 £ 0.017
Ry sep Radius® (R..) 0.68190000
L, Luminosity (L) 0.1823%0006
Fgo Bolometric Flux ((erg sHem™) 5.85x 1072 +2 x 1071
Ds Density (g cm ™) 3197938
log g Surface gravity (cm s7?) 4.623f8_‘8§2
Teg Effective Temperature (K) 458279
Tefr,sED Effective Temperature” (K) 4568 + 45
[Fe/H] Metallicity (dex) —0.05519%4
[Fe/Ho] Initial Metallicity® —0.051+3:537
Age Age® (Gyr) 6.7441
EEP Equal Evolutionary Phase® 320113
A, V-band extinction (mag) 0.0765:34
OSED SED photometry error scaling 1681977
o Parallax (mas) 31.683 +0.032
d Distance (pc) 31.562 + 0.032

Wavelength Parameters

Units

B R 7/

uy
Uz
Ap

linear limb-darkening coeff
quadratic limb-darkening coeff
Dilution from neighboring stars

05057
027°483

—+0.037
0.6875030
+0.045
0'02—0.038

0.58754¢
0.18%004%

Telescope Parameters

Units
Relative RV Offset (m s~ ")

Vrel
oy RV Jitter (ms™")
o3 RV litter Variance

HIRES PFS
0.1533 —10.8°23 0.5+3.1
127434 8.033 109431
160721 647%] 11973

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

 This value ignores the systematic error and is for reference only.
This value ignores the systematic error and is for reference only.
¢ The metallicity of the star at birth.

4 This posterior is relatively flat and unconstrained, and does not take into account the stellar-rotation period analysis estimated in Section 3.1.3 and/or Figure 3.
€ Corresponds to static points in a star’s evolutionary history. See Section 2 in Dotter (2016).

not obvious integer fraction multiples of one another nor of
7.17 days; we do find a secondary peak at 7.29 days for the
Sector 8 light curve, consistent with Canto Martins et al.
(2020). However, the dominant period in the Sector 8 light
curve at 12.7 days is reasonably consistent with the WASP,
NUYV, and rotational velocity inferred rotation periods. A more
detailed FF’ modeling of the TESS light curves in Section 3.2.3
with a GP and uniform rotation period prior from 2-20 days
also favors a rotation period of 7.13%)31 days, also consistent
with Canto Martins et al. (2020). However, given that the time
segments of the TESS light curve in-between data downlinks
are themselves <12 days in time baseline, we find that the
TESS light curves themselves are insensitive to a 12 day
rotation period and are thus not reliable; the 7.1 and 5.6 day
power in the TESS light curves may be from a combination of
the first harmonic of the stellar-rotation period at P,,/2,
potentially the spot evolution timescale, and the presearch data
conditioning (PDC) of the TESS PDC-SAP light curves. Thus,
we adopt the rotation period of 12.24+0.1 days from the
SuperWASP light curves in the remainder of our analysis.
For this rotation period, using the age-rotation relation from
Mamajek & Hillenbrand (2008) based upon the power-law
model of Barnes (2007), we derive a stellar age estimate of
T, = 59111,%0 Myr. However, Curtis et al. (2020) recently
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showed that for K dwarfs like TOI 560, there is an age-rotation
“pile-up” at rotation periods of ~10-15 days where the spin-
down of K dwarfs stalls between ages ~0.6—1.4 Gyr, before
resuming for ages >1.4 Gyr. We also verified whether TOI 560
may be a plausible member of a nearby moving group or
association with the BANYAN X (Gagné et al. 2018) tool,
which compares the XYZ Galactic coordinates and UVW space
velocities of known stellar associations and assigns a member-
ship probability based on Bayes’ theorem with the option to
marginalize over unknown quantities such as heliocentric RVs.
We find a negligible membership probability to all 27 young
associations included in BANYAN Y. We also compared the
XYZ and UVW of TOI 560 to those of 1000 moving groups and
open clusters identified in the literature so far within 500 pc of
the Sun, and we find no plausible association to which TOI 560
may belong to. Inspecting the position of TOI560 in a
Gaia eDR3 (Gaia Collaboration et al. 2018) color—magnitude
diagram (Figure 5) reveals a picture consistent with an age of at
least 100 Myr. TOI560 has been detected in GALEX DRS5
(Bianchi et al. 2011), and its position in a GALEX-Gaia color—
color diagram (Figure 6) shows that it is located on the UV-
bright end of field stars and on the UV-faint end of the Pleiades
members with similar Gaia eDR3 G — Ggp color (which tracks
spectral types), thus indicating that TOI 560 is likely older than
the Pleiades, but plausibly on the younger end of the age
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Figure 3. Left panels: Lomb-Scargle periodograms of the light curves of TOI
560 from the SuperWASP survey in 2009-2012 from bottom to top, plotted in
green as a function of period on the horizontal axis and power on the vertical
axis. Right panels: phased seasonal light curves of the SuperWASP TOI 560
seasonal light curves in the same reverse annual order. The light curves are
binned in phase in 0.05 increments in blue with the coadded uncertainties
shown, with rotational phase on the horizontal axis and relative and normalized
apparent magnitude on the vertical axis. Spot evolution is readily apparent from
year to year, including some double-humped features from spots on the
northern and southern hemispheres of the star.

distribution of field stars, and consistent with the rotation-based
age estimate. Additionally, there is no lithium detected,
consistent with this star not being <100 Myr (Delgado Mena
et al. 2015). We thus conclude from the rotation period of TOI
560 and the K dwarf rotational evolution pile-up that the age of
TOI 560 is between 150 Myr and 1.4 Gyr.

3.1.4. High-contrast Imaging

For the Gemini/NIRI observations, we carried out the data
reduction using a custom set of IDL codes, with which we
removed bad pixels, sky-subtracted and flat-corrected the
frames, and then aligned the stellar position between frames
and coadded the images (Hodapp et al. 2003). For Gemini
South, we utilize only the observations from 2019 May, as the
March observations had poorer seeing and sky conditions,
albeit giving similar results to those obtained about a year
earlier. Zorro provides simultaneous speckle imaging in two
bands (562 and 832 nm) with output data products including a
reconstructed image in Figure 7 with robust contrast limits on
companion detection (e.g., Howell et al. 2016).
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Figure 5. Gaia DR3 color—magnitude diagram for TOI 560 (red diamond)
compared to nearby field stars (black dots) and empirical age-dated sequences
built from the members of nearby coeval associations (thick colored lines; see
Gagné et al. 2021). The position of TOI 560 is consistent with an age
~2100 Myr or older, and ages of 45 Myr and younger are clearly ruled out.

For our Gemini/NIRI observation, we did not identify visual
companions anywhere in the field of view, which extends to at
least 7” in all directions from the target star, and TOI 560
appears single to the limit of the Gemini/NIRI resolution. The
sensitivity as a function of separation is shown in Figure 7,
along with an image of the target. The images are sensitive to
companions 8 mag fainter than the host star in the background
limited regime (beyond ~1”). For our Gemini South
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Figure 6. GALEX-Gaia color—color diagram for TOI 560 (red diamond)
compared to nearby field stars detected in GALEX (black circles), members of
various nearby, young associations with ages in the range 5-100 Myr (right-
pointing purple triangles; see Gagné et al. 2018), and members of the Pleiades
(left-pointing blue triangles; 112 £ 5 Myr; Dahm 2015; Gagné et al. 2021).
TOI 560 falls on the UV-bright end of the field distribution, but on the UV-
faint end of the Pleiades distribution, compared to other stars of a similar Gaia
G — Ggp color.

observations, Figure 7 shows our final 5S¢ contrast curves and
the reconstructed speckle images. We find that TOI 560 is
single to within the contrast limits achieved by the observa-
tions. No companion is identified brighter than 5-8 mag below
that of the target star from the diffraction limit (20 mas) out to
1”. At the distance of TOI 560 (d = 31 pc), these angular limits
correspond to spatial limits of 0.6-37 au. Finally, for our
SOAR observation, Figure 7 shows the 50 detection sensitivity
and speckle autocorrelation functions from the observations.
No nearby stars were detected within 3” of TOI 560 in the
SOAR observations.

3.2. Light-curve Analysis

In this section, we vet against false-positive scenarios using
different tests in Section 3.2.1, and then we analyze the TESS
Sector 34 light curve to discover TOI 560 c in Section 3.2.2. After
that, we apply our GP analysis to the light curves in Section 3.2.3,
and using EXOASTv?2 in Section 3.2.4, we jointly analyze the
Sector 8 and 34 TESS light curves as a two-planet system.

3.2.1. Vetting against False Positive

Before investing detailed resources in the RV analysis of a
TESS candidate planetary system, it is useful to rule out false-
positive scenarios caused by eclipsing binaries and other
systematics, and there are numerous diagnostics that we
employ using the TESS light curves alone. We ran two separate
vetting analyses on the TOI 560 data gathered by TESS.

The first of our vetting tests was performed with the EDI-
Vetter Unplugged tool (Zink et al. 2020).”° EDI-Vetter
Unplugged checks for several diagnostics that could be
indicative that the target is a false positive. First, EDI-Vetter
checks for neighboring flux contamination from nearby stars in
the sky, to make sure that the signal is indeed correlated with

76 https://github.com/jonzink/EDI_Vetter_unplugged

12

Mufti et al.

the expected target; this is necessary due to the large angular
size of TESS pixels. Second, it examines the abundance of
outliers from the transit model, as well as the validity of each
individual transit—e.g., odd/even test, if transits fall into
masked data gaps. Third, it also searches for the statistically
significant presence of any secondary eclipses, which could
indicate an eclipsing binary. Other measures that are considered
are the similarities between transit signals, the phase coverage
of transit signals, and the relative length of transit duration in
comparison to period. The results of our EDI-Vetter analysis
are presented in Table 4.

Second, we also scrutinized the TESS light curves using the
DAVE software (Kostov et al. 2019) developed at the NASA
Goddard Space Flight Center. This tool evaluates similar
criteria as the EDI-Vetter tool, such as odd/even transit
differences and secondary eclipses, but also searches for any
photocenter shift, or the difference between the TIC position
and the measured photocenter of the transits during transit,
which is often also a diagnostic of a blended eclipsing binary.

In our EDI-Vetter analysis, two of the criteria were flagged
as a potential false positive: the uniqueness of the transit signal
and the planet masks (Table 4). However, the latter is due to the
system being a multiplanet system, with two different transiting
planets, and the former a transit of TOI 560 c falling into the
data download gap of Sector 8. In our DAVE analysis, we
show full transit data and phased odd/even, secondary, tertiary,
and positive transits for each sector in Figures 38 and 39. We
see little to no variation between the primary odd and even
transits, and we see no statistically significant drop in flux
during the expected ephemerides for a secondary eclipse or
tertiary transit. However, we note the appearance of an odd—
even transit-depth difference for TOI 560 b. Due to the youth of
the star, there is significant out-of-transit variability from the
star that is not filtered out by the DAVE vetting tool. This in
turn impacts its transit-depth determination, resulting in the
even—odd discrepancy. Thus, we effectively ignore this metric
present in the DAVE tool as a potential sign of a false positive,
which is supported by the multiplanet nature of the system.

We also see no statistically significant positive flux variation
that could be indicative of lensing between eclipsing binary stars.
The evaluation of the photocenter shift during transit helps
validate that the transit belongs to the target star, and not a faint
companion. Photocenter difference plots for each sector are
shown in Figure 40, and overall show no major variations
between the expected and observed locations. Thus, this vetting
analysis from DAVE and EDI-Vetter, combined with our high-
contrast imaging, rules out a blended or background eclipsing
binary companion, and confirms that the transit signals originate
from TOI 560, and not another nearby point source. Further,
when the increasingly low probability (e.g., <1%, Lissauer et al.
2012) that multiple blended or background eclipsing binaries
would be spatially coincident with TOI 560 and produce two
different eclipsing signals near a 3:1 orbital period coincidence
are combined, we can conclude that TOI 560 is the host of the
two eclipsing companions. We next turn to presenting our results
on constraining the masses of TOI 560 b and c.

3.2.2. The Discovery of TOI 560 ¢

With the release of the TESS Sector 34 light curve, we
readily identified by eye two transits of a second planet
candidate with an orbital period of ~18.9 days. Several other
teams independently identified this second transiting planet
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Figure 7. Top left: our 5o contrast curves and the reconstructed speckle images observed using the Zorro speckle instrument on the Gemini South 8 m telescope.
Sensitivity is quoted on the vertical axis in magnitudes relative to the host star, as a function of angular separation on the horizontal axis. Inset: a cutout of our image,
centered on the target star TOI 560. Top right: same as top-left, showing the 5o detection sensitivity and speckle autocorrelation functions from the SOAR
observations. Bottom: same as the top two panels, showing our sensitivity of the Gemini/NIRI observations to companion stars, as a function of separation from the
host star. No visual companions are seen anywhere in all of our high-contrast imaging data, and the star appears single.

Table 4
Sector 8 and 34 Results for False-positive Signals Analyzed by EDI-Vetter
Unplugged

Vetting Report Sector 8 Sector 34
Transit Count 6 6
Flux Contamination False False
Too Many Outliers False False
Too Many Transits Masked False True
Odd/Even Transit Variation False False
Signal Is Not Unique True True
Secondary Eclipse Found False False
Low Transit Phase Coverage False False
Transit Duration Too Long False False
Signal Is a False Positive True True

Note. The software found no evidence for false positives in this data. The
software version used was 0.1.3.

during our analysis, which was identified by the TESS mission
as TOI 560 c (P.= 18.8805 days). After masking the transits
of TOI 560 b (P,=6.3980 days), we computed BLS
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(Kovacs et al. 2002) and TLS (Hippke & Heller 2019)
periodograms and phased light curves (LCs) of the Sector 34
light curve in Figure 8. Due to unfortunate timing, TOI 560 ¢
did not transit in the Sector 8 TESS light curve (Figure 8). We
also excluded a period for TOI 560 c of one-half its value, as a
third transit of TOI 560c could have occurred during a
downlink data gap in the TESS Sector 34 light curve. However,
under that scenario, a transit of TOI 560 ¢ would have occurred
in the Sector 8 light curve, which is ruled out.

3.2.3. GP Analysis of the Light Curves

Stars are not uniform disks; they exhibit RV variations from
rotationally modulated activity, e.g., star spots and plages on
the surface of the star (Dumusque et al. 2011a, 2011b;
Plavchan et al. 2015; Fischer et al. 2016, and references
therein). Depending on the temperature contrast between
magnetically active regions and the surrounding photosphere
of the star, these active regions will induce an apparent RV
shift that is quasiperiodic as the active regions evolve on
timescales distinct from the rotation period of the star. GPs
have been widely and successfully employed in modeling the
apparent RVs due to stellar activity (Haywood 2015).



THE ASTRONOMICAL JOURNAL, 165:10 (49pp), 2023 January Mufti et al.

[ SDE = 18.3
m 1
& 101 |
0 I SDE = 7.0
— ! ' i L
m 1 ‘ ‘ | | ‘
! i \ | Nl She s Ul !
0_
5 10 15 20 25
Period [days]
% 1.005 i 7
2 i i
I ' i H . 3 . ce o
o 1 AR SRR T - s 5 s e B S
S 1.000 & M‘m i 3 =pive, W 2 HA'} M L ad Y ooy
= ..,-.4‘!7‘&"‘.* SOERETN NS L.- uraw _z‘ YN o Q N 'ﬁ"a'-??‘, 2 ‘&w}
E win® : :' el St .
o 1 . o
Z 0.995 ! H
-4 -2 0 2 4
Phase [Hours since 1533.576 BT]D]
g 1st Sector 34 Planet c transit 2nd Sector 34 Planet c transit
[ "' s . >
I-'"-‘
= ,;-& ‘N. k') Se ¢ o . oo,
3 1.000% " LW' }4 ,..c_ ok ,.mg.‘xgqﬁi 1.000 ,,.,__ ] ’:15('5.\?’ X --» o 4"”"‘9‘ c
= -ov 5 "\ .
E .
~
= 0.995 1 0.995 1
-8 -6 -4 -2 0 2 4 6 8 -8 -6 -4 -2 0 2 4 6 8
Phase [Hours since 2232.172 BT]D] Phase [Hours since 2251.053 BT]D]
b}
5 1.002 1 . 1.002
E >,
2 1.000+ 1.000
N
g 0.998 : 0.998
— .
2 0.996 1 F:lanet b === Planet c 0.996 1 .
1515 1520 1525 1530 1535 1540 1545 2225 2230 2235 2240 2245 2250 2255
Time [BT]D] Time [BTJD]

Figure 8. Top: joint BLS periodograms of the Sector 8 and 34 TESS light curves, before (black) after (gray) removing the transits of TOI 506 b, plotted as a function
of period in days with the BLS standard deviation statistical significance power on the vertical axis (SDE). The periods of b and ¢ are indicated as teal and green
shaded regions, respectively. The vertical dashed lines correspond to integer (2x, 3x, 4x, etc.) and integer fraction (1/2, 1/3x, 1/4x, etc.) multiples of these periods in
teal and green for b and c, respectively, as well. Note that the time units of BTJD are BJD-2457000.0 days. Second row: phased light curve for the two transits of TOI
560 c in the Sector 34 TESS light curve as unbinned black and binned (one hour) gray dots, plotted as a function of time in hours on the horizontal axis with respect to
the transit conjunction time, and the normalized flux on the vertical axis. A teal transit model is overlaid. The blue dashed vertical lines correspond to the time of
conjunction and transit ingress and egress. Third row: same as the second row, but the individual transits of TOI 560 c are plotted separately. Fourth row: the Sector 8
(left) and 34 (right) light curve of TOI 560, where the transit times of TOI 560 b and ¢ are marked in teal and green, respectively, plotted as a function of time and
normalized flux. This shows that TESS just missed observing TOI 560 ¢ during this initial sector. The horizontal blue line is a line corresponding to 2 ppt, the
approximate depth for TOI 560 c.

The same active regions also give rise to photometric Kernel composed of a decay and periodic term:
variations from the hemisphere visible to the observer. Thus, o
we can model the light curves of TOI 560 out of transit with a _ Decay Perlodic
GP, and use the light-curve hyperparameter posteriors to Ar? 1 o[ At
constrain the GP model hyperparameter priors for our Kop(ti, 1)) = 77 €xp o7 exp| ——— sin” [ 7— 2
subsequent analysis of the RVs, following the FF’ technique 4 l lp

(Aigrain et al. 2012). This method allows us to generate what a

simulated RV curve would look like from the stellar activity: where Ar=|f; — 1| Here, 7 typically represents the stellar-

rotation period, 7, is the mean spot lifetime, and 7, is the
ARVypous(1) = —F (t)F'(t)Ry/f- (1) relative contribution of the periodic term, which may be
interpreted as a smoothing parameter (larger is smoother). 7, is

Here, F is the photometric flux, F’ is the derivative of F with the amplitude of the autocorrelation of the activity signal. The

respect to time, f represents the relative flux drop for a spot at set of {15, 7 7p, 7L} constitutes the set of GP model
the center of the stellar disk, and R’ is the stellar radius. hyperparameters that are constrained by the data. There exist

Our GP kernel describes the functional covariance between families of stellar activity models that generate a particular
any two measurements separated in time. The kernel by covariance matrix given by a specific set of hyperparameters,
definition must be a square, symmetric covariance matrix “K” and thus GPs are a flexible framework for characterizing the
of length equal to the number of observations. We follow nondeterministic time evolution of stellar activity. The FF’
Haywood (2015) who introduced the quasiperiodic (QP) analysis does enable us to estimate the expected amplitude of
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Figure 9. Posterior distributions (along diagonal) and two-parameter
covariances (off-diagonal) for the quasiperiodic kernel GP model hyperpara-
meters of the SuperWASP light curves. The five GP hyperparameters as
described in the text are indicated and median and 68% confidence interval
ranges are displayed at the top of each posterior distribution; median values are
also indicated with horizontal and vertical blue lines for the covariance plots,
and vertical lines for the posterior distribution. For the covariance plots, 10, 20,
and 3o contours are shown in place of the individual sample values <30 from
the medians.

the RV variations at wavelengths comparable to the light-curve
observations, 7,, but we end up not using that amplitude in our
RV modeling. Instead, we do use the FF’ analysis to get
estimates of the remaining hyperparameters, particularly 7, 7,,
and 7, for use in the RV analysis.

We first apply our GP model to the SuperWASP data for the
four seasons together (Figure 3). We use wide uniform priors
on hyperparameters 7, ~ U(0, 50), n.~ U1, 100), and 1, ~
U(0.02, 1). Instead of accounting for intrinsic uncertainties in
the light curve, we also fit a jitter term 7,c. For the
hyperparameter 7p, we use a prior of U(11.5, 13) based on
periodogram analysis of the WASP light curves in
Section 3.1.3. We recover from the MCMC of the WASP data
a spot lifetime 7, of 57.96%333) days, a rotation period of
np of 12.037013 days, and a smoothing hyperparameter
n = 0.44+04) which are all consistent with our young star;
such long spot lifetimes are seen for other young systems
(Figure 9; e.g., Cale et al. 2021). We adopt these three
posteriors as priors in constraining the GP model for our RV
stellar activity analysis.

We next analyze both sectors of TESS PDC-SAP and SAP
separately in order to see if we can recover similar GP kernel
hyperparameters {7, 7., np, .} to our SuperWASP analysis.
We first median normalize the TESS SAP light curve, and
mask out the transits and the edges of the light-curve data,
particularly for Sector 8, where there exists a spacecraft
systematic producing a “ramp-up” effect at the start of the
sector and after the data downlink gap mid-sector. We then fit
the remaining light curve via a cubic-spline regression
(scipy.interpolate.LSQUnivariateSpline;
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Figure 10. The TESS SAP (top two) and PDC-SAP (two bottom) light curves
of TOI 560 from Sectors 8 and 34, plotting the normalized flux on the vertical
axes as a function of time on the horizontal axes. The light curves are shown as
blue data points, and the cubic-spline regression is shown as the pink line. The
interpolation in the data gap downlink region in the middle of each sector is
subsequently discarded in our analysis. Significant photometric modulation due
to stellar activity is apparent in both sectors.
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Virtanen et al. 2020) for each sector individually with knots
sampled in units of 1.3 days (excluding any that happen to fall
within the TESS data dump regions). The particular value of
1.3 is chosen to be small with respect to the stellar activity
timescales, but long with respect to the cadence, so transits are
“smoothed” over to produce a “noiseless” and smooth
representation of the light curves. Then, in Figure 10 we apply
the FF’ technique (Aigrain et al. 2012) to the spline
regression fits.

We used a uniform prior centered on 12.2 days for the
stellar-rotation period hyperparameter. As expected due to the
relatively short TESS time baselines of two ~13 day observing
sequences per sector, the TESS light curve does not constrain
the stellar-rotation period further than the information inferred
from the SuperWASP light-curve analysis.

For the TESS SAP Sector 8 (34; 8+434) light curve, we

recover from the MCMC a spot lifetime 7, of 12.9472%3

(10.107257 days; 15.97732-33) days (Figure 11). In other words,
the TESS light-curve analysis leads to a significantly shorter
spot lifetime analysis than inferred from the SuperWASP
analysis as well, even for the SAP fluxes, but we discard these
results as a consequence of the shorter TESS time baseline
compared to the SuperWASP light curve, even though the
former is at higher photometric precision. For the TESS SAP
Sector 8 (34; 8+34) light curve, we recover from the MCMC a
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smoothing hyperparameter 7, = 0.25 4+ 0.03 (1, =0.25 & 0.03;
1n;=0.25 £ 0.03), and these are all somewhat smaller than the
value inferred from the SuperWASP analysis, and this could
potentially be due to the higher precision of the TESS light
curves and improved photometric sampling of the rotation
period. Finally, from an MCMC of the TESS PDC-SAP
light curves, we recover an even shorter spot lifetime 7.,
indicating that the PDC can lead to introducing systematics
that lead to inaccurate characterization of the stellar activity
(Figure 12).

3.2.4. ExoFAST

In this section, we perform an EXOFASTv2 analysis of the
candidate planet’s transit light curves. After normalizing the
TESS PDC-SAP data as described in Section 2, we cut out a
region of at least 8 hr around each individual transit and create
separate data files for each transit and use these as input data for
EXOFASTvV2.

We jointly model the TESS, Spitzer, and ground-based light
curves, and all RVs with EXOFASTv2. The EXOFASTv2 RV
results are presented in Appendix H in Figure 41. However,
while ExoFAST can jointly model the light curves and RVs,
the EXOFASTv2 RV model does not account for the stellar
activity manifested in the RV measurements. Thus, we perform
an independent modeling of the RVs with a stellar activity
model in Section 3.3.

Our minimal set of priors are detailed in Table 5, including the
period P, time of conjunction, and planetary radius Rp/R, for
TOI 560 b and ¢ (the EXOFASTv2 full results are in Table 7). We
allow other model parameters, i.e., eccentricity e, inclination i,
and argument of periastron w to vary with no imposed priors,
starting with circular e and edge-on i values. The posterior values
for this initial MCMC run are then used as the initial values for a
second iteration run, though we keep the same uniform and
Gaussian priors as the initial run. We allow this second run to run



THE ASTRONOMICAL JOURNAL, 165:10 (49pp), 2023 January

Table 5
Planetary and Stellar Prior Probability Distributions for Our EXOFASTv2
MCMC Simulations

Parameter Initial Priors
[Units] Value

[Po]
Py, (days) 6.3981 UPy = 10%)
TC, (days) 2458517.69007 UPy = P/3)
P (days) 18.881 U(Py + 10%)
TC(days) 2458533.59092 UPy + P/3)
Ry,5/Rx 0.0388
R, /Ry 0.0382
M, /M., 0.000030
M, /M., 0.000030
R, 0.674
Ricsep 0.679
Tesr (K) 4599.94
Tesr.sep (K) 4591.85
feh —0.031 N(—0.210, 0.080)
initfeh —0.043 =
eep 319.8
logM . —0.145
Ay 0.097 U(, 0.143)
errscale 1.22 e
distance (pc) 31.567

Note. U(¢, r) signifies a uniform prior with left bound ¢ and right bound r. Ay is
the galactic extinction in the V band, “feh” is metallicity, “initfeh” is the initial
metallicity at the time of the zero-age main sequence, “eep” stands for
equivalent evolutionary point, logM, is the log of the stellar mass, and
“errscale” is the error scale. The eccentricity e and the argument of periastron w
are assumed to be circular, with no priors.

longer, and we confirm the second MCMC converges on the
same results within 1o to check for the robustness of the MCMC
posteriors. Note that the model is parameterized in the
EXOFASTV2 standard basis for transit only fits. This model
parameterization is {7¢, log P, Rp /Ry, cosi, </e sinw, /e cosw}
(Eastman et al. 2019).

3.3. RV Analysis

In this section, we jointly analyze our RVs (Table 15) from
three spectrographs (iISHELL, PFS, and HIRES). We analyze
the RVs as a planetary system with a chromatic GP stellar
activity model, and make model comparisons. We constrain our
GP model hyperparameters from the SuperWASP light-curve
analysis, in particular the stellar-rotation period and spot
lifetime timescale.

3.3.1. Planet System Multispectrograph RV Analysis

To jointly model the RVs from iSHELL, PFS, and HIRES, we
again use pychell, this time in combination with the co-
dependent package optimize, which is a general-purpose
Bayesian analysis tool that pychell expands upon with RV-
specific MCMC tools. In Section 5.2 we show that no statistically
significant periodic signals were identified in the raw RVs, and so
we proceed herein with the assumption of a two-planet model in
our Bayesian analysis with the ephemerides from TESS. Each
planet in our model consists of five parameters, which comprise a
complete orbit basis: the period P, time of conjunction 7C,
eccentricity e, argument of periastron w, and RV semiamplitude
K, with subscripts denoting the planet that said parameter is
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Figure 13. TESS Sector 8 (top) and 34 (bottom ) TESS light curves, after
subtracting from the PDC-SAP time-series the cubic-spline fit model for the
stellar activity in Figure 10, shown as normalized flux on the vertical axis as a
function of time in BJD on the horizontal axis. The transit midpoint times of
TOI 560 b and c are indicated.

associated with (in this case, b and ¢). We next include a GP
model for the stellar activity, which is described further in the
next subsection. We also include an absolute RV offset term ()
to account for the average overall recessional velocity of the star,
and a jitter term (o) that quantifies the variational RV amplitude
not accounted for by any modeled planets, stellar activity, or
instrumental noise that is nonfrequency dependent on our
timescales of interest (e.g., white noise). Analyses of the PDC-
SAP TESS transit data (Section 4.1.1, Figure 13 and Table 5)
shows a period and time of conjunction consistent with those
listed on the ExoFOP-TESS database in the TESS Object of
Interest (TESS Project section)77 (Akeson et al. 2013),
which are P, = 6.398069 + 0.000015 days, P.= 18.879744 +
0.000162, TC, =2458517.690108 £ 0.000747 days, and TC,. =
2458533.620329 + 0.005422, all of which have uncertainties that
are orders of magnitude finer than we can hope to resolve with
our RV cadence. We thus decide to lock both parameters at their
nominal values for all analyses in this paper. For all MCMC
results quoted, the median value is defined as the 50th percentile,
while the lower and upper uncertainty bounds are the 15.9th and
84.1th percentile posterior confidence intervals, respectively. We
sample the posterior distributions using the emcee package
(Foreman-Mackey et al. 2013) for a subset of models to
determine parameter uncertainties, always starting from the
MAP-derived parameters (i.e., affine invariant is our
actual sampler). We perform a burn-in phase of 1000 steps
followed by an MCMC analysis for approximately 50 times the
median autocorrelation time (steps) of all chains. The prior,
posterior distributions, and results of this model are given in
Section 4. Finally, we also perform a model comparison
test (Table 9) by calculating the In £, small-sample Akaike
Information Criterion (AIC; Akaike 1974; Burnham &
Anderson 2002), and Bayesian information criterion (BIC) for
each combination of planets in our model. These results are
shown in Section 4.2.

3.3.2. Stellar Activity RV Model—RVs

Rather than applying an independent GP model to each
individual RV data set for PFS, HIRES, and iSHELL, we
extend the kernel in Equation (1) to utilize a single global

7 https: / /exofop.ipac.caltech.edu/tess /target.php?id=101011575
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Table 6
Model Parameters and Prior Distributions Used in Our RV Model That Considers the Transiting b and ¢ Planets, as Well as the Recovered MAP Fit and MCMC
Posteriors for the J2 Kernel

Parameter [units] Initial Value (Py) Priors MAP Value J, MCMC Posterior J,
P, (days) 6.3980661 locked®

TC), (days) 2458517.68971 locked®

ey 0.294 U, 1); NPy, 0.13) 0.0.33 0.2979%
wp 1307/180 UPy — 7, Py + ); N(Po, 457/180) 4.11 3.9479:28
K, (ms™) 10 U©O, o) 6.57 6.981-%8
P, (days) 18.8805 locked®

TC, (days) 2458533.593 locked® v o

e. 0.093 UQO, 1); NPy, 0.13) 0.19 0.197518
We — 1907/180 UPy — 7, Py + m); NPy, 457/180) —-3.87 —3.531982,
K. (ms™") 10 U, o) 6.80 6.647138
YisueLL (M s ) MEDIAN(R Vispgr ) + 7/100° NPy, 100) 422 3.52+493
Yprs (M s~ ) MEDIAN(RVpgs) + /100 NPy, 100) —13.28 —13.3011781
Yenres (M) MEDIAN(R Vigges) 4 7/100° NPy, 100) 4.59 7.07+1348
e 12.03 NPy, 0.13) 12.02 12.0059%
e 0.44 locked® e

N, 57.96 locked® - e

Noo 1 J(0.67, 50) 23.42 27.87338
" 1.17 U-1,2) 0.61 0.667939

Notes. Initial values for orbital period, timing conjunction, eccentricity, and planet radius for both planets as well as stellar mass come from our ExoFAST analysis in
Section 3.2.4, and the stellar activity model hyperparameters and prior distributions come from our SuperWASP light-curve analysis in Section 3.2.3.

 Locked indicates the parameter is fixed. Gaussian priors are denoted by (1, &), uniform priors by 2 (lower bound, upper bound), and Jeffrey’s priors by J (lower
bound, upper bound). The +1 on the initial gamma values is in case the RVs are already median-subtracted, and to pseudo-randomize this initial parameter.

b We want the initial value to be the median of the RVs for that spectrograph; the +1 is used in case the median is already zero, as Nelder—-Mead solvers cannot start

at zero.

(joint) GP model and covariance kernel across multiple
spectrographs. We follow Cale et al. (2021) where they already
implemented our desired framework in two Python packages.
As in Cale et al. (2021), we first reparameterize the GP
amplitude through a linear kernel, hereafter referred to as the J;
kernel as in Cale et al. (2021), as follows:

Ky (tis 1)) = Ny 575,55y % €XPL-.]- 3)
Here, 7,4 and 7, are the effective stellar activity
amplitudes for each spectrograph s at times f and ¢,
respectively, where s(i) represents an indexing set between
the observations at time t,~.78 In the J; kernel, each instrument is
given its own independent amplitude hyperparameter, 7, s,
but the other three hyperparameters are shared between all
instruments. Also, the covariance kernel is still square, but now
has dimensions corresponding to the total number of observa-
tions across all spectrographs, and thus represents a “joint”
covariance matrix.

Second, to first order, we expect the amplitude from stellar
activity to be linearly proportional to frequency (or inversely
proportional to wavelength; Cale et al. 2021). This approx-
imation is a direct result of the spot-contrast scaling with the
photon frequency (or inversely with wavelength) from the ratio
of two blackbody functions with different effective tempera-
tures (Reiners et al. 2010). Thus, we also consider a variation
of this kernel that further enforces the expected inverse
relationship between the amplitude with wavelength. As in

. Truly simultaneous measurements with identical midpoint exposure times,
i.e., t; = t;, would necessitate a more sophisticated indexing set.
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Cale et al. (2021), we parameterize the kernel to become:

\ 21,
Kyt t; Aiy \j) =1 0

c,0 /Ai )\j

which hereafter we refer to as the J, kernel, as in Cale et al.
(2021). Here, 1, is the effective amplitude at A = )y, and 7, is
an additional power-law scaling parameter with wavelength to
allow for a more flexible nonlinear (with frequency) relation. A;
and ); are the effective wavelengths for observations at times #;
and 7;, respectively. Note for this kernel that we are ignoring the
chromatic effects of limb-darkening and convective blueshifts
on the RVs, which will impact the covariance matrix; however,
given the flexibility of the GPs, Cale et al. (2021) found this
chromatic kernel effectively recovers the wavelength depend-
ence of stellar activity induced RV variations. For both
Equations (3) and (4), the expression within square brackets
is identical to that in Equation (2).

We apply Kernels J; and J;, to our RV data, using the priors
in Table 6, the priors from our FF’ analysis in Section 3.2.3 for
the model hyperparameters, as well as a set of disjoint
quasiperiodic kernels as in Equation (1), one GP for each
spectrograph akin to Radvel (Fulton et al. 2018). In the
analysis presented herein, we fix 7; and 7, to the median values
from the SuperWASP light-curve analysis posteriors; letting
these model hyperparameters vary in our RV analysis—with
prior minimums of 0.2 and 20 days, respectively—yields
quantitatively identical results for the median posterior values
for K, and K, albeit with slightly larger confidence intervals.

“)

x expl...],
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Table 7

ExoFASTv2 Planetary Parameters: Median Values and 68% Confidence Interval Created for TOI 560 b and ¢, ExoFASTv2 Commit Number 101011575.2p.2
Planetary Parameter Units Planet b Planet ¢
P Period (days) 6.398066 119000053 18.88057 9004
Rp Radius (R;) 0.253+0914 0.2433+054%¢
Rp Radius (Ryep) 0.7473% 071739
Rp Radius (Rs) 2.847018 2.735012
T, Time of conjunction® (BJD7pp) 2458517.6897113:00033 2458533.593+3931
Tr Time of minimum projected separation® (BJD7pg ) 2458517.68973* 599933 2458533.593+0.941
T, Optimal conjunction Time® (BJD7pp) 2458703.233621 590044 2459251.0510* 39919
a Semimajor axis (AU) 0.05995=00007 0.1233 + 0.0015
i Inclination (degrees) 89.4510:38 89.61793%
e Eccentricity 0.294%05% 0.09300236
Wi Argument of Periastron (degrees) 130732 —190 £ 130
T, Equilibrium temperature” (K) 742,713 517.873,

Teir Tidal circularization timescale (Gyr) 44*82 95001350
K RV semiamplitude (m s~")° 29131 1559
Rp/R.. Radius of planet in stellar radii 0.0380370000% 0.0379 £ 0.0011
a/Ry Semimajor axis in stellar radii 19.037934 39.15459,

5 (Rp/Ry)? 0.001446 + 0.000048 0014335390088
b Transit depth in B (fraction) 0.00192:+5:990%9 0.00186+5:99938
Or Transit depth in R (fraction) 0.00216+3:35089 0.002083:9507¢
b Transit depth in 2/ (fraction) 0.00202 59008 0.00195+53008!
84.5,um Transit depth in 4.5 um (fraction) 0.00460.007 0.00420:90%3
bSrEss Transit depth in TESS (fraction) 0.0016350:0001 0.004259:0023

T Ingress/egress transit duration (days) 0.00323275:99939, 0.00588+:99038
Ty Total transit duration (days) 0.0866 + 0.0014 0.151053%35
Trwem FWHM transit duration (days) 0.083310.0014 0.144810:0038

b Transit impact parameter 0.1347538, 0.267918

by Eclipse impact parameter 0.19f8_‘{§ 026413

T, Ingress/egress eclipse duration (days) 0.00500793%%¢0 0.00597+3:00042
Ts14 Total eclipse duration (days) 0.127+912 0.15279912

Ty pwim FWHM eclipse duration (days) 0.122+9912 0.14750:012
Ty2.5m Blackbody eclipse depth at 2.5 ym (ppm) 1574013 0.0537+3.90¢3
T,.5.0m Blackbody eclipse depth at 5.0 ym (ppm) 26.8713 4.857032
Ts7.5um Blackbody eclipse depth at 7.5 um 61.4f%j§ 18.8f{:g

(F) Incident flux (10° erg s~' m™2) 0.0629%93034 0.01600* 99974
Tp Time of periastron (BJDzpp) 2458511.6770:43 2458517.0+42
Ts Time of eclipse (BJD7pp) 2458520.15+082 2458524.1713
T, Time of ascending node (BID7pz) 2458516271932 2458528.851070
Tp Time of descending node (BJDzpp) 2458512.207931 2458538.22 + 0.80
V./V. Equivalent circular to measured eccentric velocity ratio 0.79113:0% 0.99173:0%

€ CoS Wy Eccentricity times cosine of the periastron angle —0.18939 —0.0047511

e sin wy Eccentricity times sine of the periastron angle 0.19979%¢3 —0.003+0:9¢7
d/Ry Separation at mid-transit 14.211 38.6 £2.7
Pr A priori nongrazing transit prob 0.0676-0:005 0.024953:0018
Prg A priori transit prob 0.0730+5:30%¢ 0.0269 139029
Py A priori nongrazing eclipse prob 0.0437+0003 0.024725:99%3
Psg A priori eclipse prob 0.04723:50% 0.0267+3557

Notes. See Table 3 in Eastman et al. (2019) for a detailed description of all parameters.
4 Time of conjunction is commonly reported as the “transit time.”

Time of minimum projected separation is a more correct “transit time.”
¢ Optimal time of conjunction minimizes the covariance between TC and period.

Assumes no albedo and perfect redistribution.
€ The recovered semiamplitudes for the planets in the ExoFASTv2 analysis are significantly smaller than the those recovered in Table 6 with our RV analysis that
includes a stellar activity model, and thus would appear at first to be contradictory. However, they are not statistically significant detections in this ExoFASTv2
analysis, as the posteriors are peaked at 0 m s, and the reported confidence intervals herein are consequently misleading. The corresponding 5o upper limits are ~15
and 10 ms™' for K, and K,, respectively.

19



THE ASTRONOMICAL JOURNAL, 165:10 (49pp), 2023 January

1.002 < -
1.000 ¥

0.998 |

ormalized flux (TESS)

0.996 -

N
o
o
S
»
o

o L
L 0.0000
© -0.0065

1.002
1.000 Fi=;

0.998

ormalized flux (TESS)

0.996

N
o
o
o
»
a

T

|

Q  0.0000}
-0.0065

Time - T¢ (Hrs)

Figure 14. TOI 560 b (top) and TOI 560 ¢ (bottom) TESS phase-folded transit
light curves, plotted as normalized flux as a function of time since transit
conjunction in hours on the horizontal axis. The median MCMC transit models
are overlaid as red lines. The bottom panel show the median-model subtracted
residuals.

We also analyze the RVs using no GP, effectively assuming the
stellar activity is not present.

4. Results

In Section 4.1, we present the transit analyses of the TESS,
Spitzer, and ground-based light curves using EXOFASTv2.
Then in Section 4.2 we present the RV analysis with pychell
and the GP stellar activity model.

4.1. Transit Light Curves

In this subsection we represent the results of our Exo-
FASTv2 analysis of the light curves and vetting results.

4.1.1. TESS Light Curves

The TOI 560 TESS light curves for Sectors 8 and 34 are
shown in Figure 13, after subtracting off a cubic-spline regression
fit for the out-of-transit stellar activity from the PDC-SAP light
curves shown in Figure 10. The ExoFASTv2 analysis reveals
clear transits of TOI 560 b and ¢ with expected depths and transit
times consistent with the TESS mission TOI 560 b and 560.02
candidates. Table 7 shows the median and confidence intervals
for the model and derived planetary parameters. Figure 14 shows
the phased TESS transits. Of particular note, we confirm a
nonzero eccentricity for TOI 560 b at 4.70; the eccentricity
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Figure 15. Eccentricity posteriors for TOI 560 b and ¢ from our ExoFASTv2
results. The eccentricity values are on the horizontal axis, and the normalized
probabilities are on the vertical axis. The colored histograms show individual
MCMC walker chains, with the black histogram showing the medians of all
walkers. The posterior for TOI 560 b slightly favors a mild eccentricity,
whereas for TOI 560 c, a circular orbit is preferred.
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Figure 16. The Spitzer light curve for TOI 560, with normalized flux plotted as
a function of time since mid-transit. The Spitzer data points are binned for
clarity, and overlaid with a transit model independently fit in blue.

posterior for TOI 560 c is consistent with zero (Figure 15). The
statistical significance of the nonzero eccentricity detection for
TOI 560 b is primarily driven by the photoeccentric effect using
the Spitzer data (Dawson & Johnson 2012), as excluding this
particular data set decreases the statistical significance on e, >0
to 1.60, but still with a similar nonzero median eccentricity.
Finally, the Spitzer light curve is presented in Section 4.1.2, and
ground-based PEST, NGTS, and LCO light curves are presented
in Figures 26-28 in Appendix C.

4.1.2. Spitzer Light Curve

The Spitzer light curve (Figure 16) shows a transit that is
consistent with the expected timing, duration, and depth from
TESS for TOI 560 b. This helps rule out false-positive eclipsing
binary scenarios due to the lack of any observed chromaticity in
the depth and shape of the observed transit. Additionally, the
Spitzer light curve is at higher photometric precision and
temporal sampling with respect to TESS given the larger aperture
of Spitzer; there is less limb-darkening compared to visible
wavelengths, and less photometric variations due to stellar
activity. Therefore, these observations help further constrain the
exoplanet parameters of TOI 560 b and refine the orbital
ephemerides. In particular, the Spitzer light curve enables us to
detect the eccentricity of TOI 506 b via the photoeccentric effect
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Figure 17. Full RV time-series plot for the joint chromatic GP kernel J, model, with time in BJD on the horizontal axis and RV on the vertical axis in meters per
second. RV measurements are shown as colored circles for each RV spectrograph. The black solid line is the Keplerian best-fit MAP model for TOIs 560 b and c. The
shaded regions are the chromatic GP 1o uncertainty regions from realizations of the J, covariance kernel, with the PFS and HIRES sharing the same GP at 550 nm,
and a marginally smaller GP amplitude in the NIR for iSHELL. Residuals (data — model) are shown in the lower plot.
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Figure 18. Phased RV time-series plot for the joint chromatic GP kernel J, model, with orbital phase on the horizontal axis and RV on the vertical axis in meters per
second. The left panel is phased to TOI 560 b, and the right panel TOI 560 c. RV measurements, after subtracting the best-fit GP are shown as small colored circles for
each RV spectrograph. The maroon points are binned RVs every 0.1 in orbital phase. The best-fit MAP Keplerian model is shown as the black curve, with a fixed

circular orbit, velocity semiamplitude K, and orbital period P indicated.

as deviating from zero at 4.7¢0. This eccentricity is marginally
detected in the TESS transits, but is not statistically significant
without the Spitzer observations.

4.2. RV pychell Results

Using our RV model with pychell, we produce consistent
and stable MCMC results for all GP kernels considered that
provide detections for the masses of TOI 560 b and c,
establishing their nature as a pair of Neptune-mass exoplanets
consistent with their radii (Table 6). For our adopted final result
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using the J, kernel, the RV models with MAP values and
MCMC cornerplot are shown in Figures 17, 18, and 19. The best
MAP fit, and MCMC median and confidence intervals are
presented in Table 6. The table of exoplanet mass and density
measurements derived from our RV analysis are given in Table 8.
In Appendix B, in Figure 25, we present the mass—radius diagram
for known transiting exoplanets with measured masses (Akeson
et al. 2013), with the detections for TOI 560 b and ¢ shown to be
consistent with the older Neptune-mass regime.

We present in Appendix D the results of the RV analyses
for the J; joint GP kernel (Figures 32-34), the disjoint
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Figure 19. MCMC cornerplot for our joint chromatic GP kernel J, RV model. Posterior distributions are along the diagonal, and two-parameter covariances are shown
off the diagonal. The model parameter median and 68% confidence interval ranges are displayed at the top of each posterior distribution; median values are also
indicated with horizontal and vertical blue lines for the covariance plots, and vertical lines for the posterior distribution. For the covariance plots, 1o, 20, and 30

contours are shown in place of the individual sample values <3¢ from the medians.

“classic” quasiperiod GP kernel where there is a separate GP
for every spectrograph (Figures 35-37), and for the RV
analysis with no stellar activity assumed in Tables 13 and
14, respectively (Figures 29-31). All yield similar detections
or upper limits to the exoplanet velocity semiampli-
tudes and consistent model hyperparameters for the stellar
activity.

A model comparison in Table 9 shows that the RVs support
the detection of both planets b and ¢ combined and also planets
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b and c individually. The one- and two-planet models are
statistically indistinguishable. The no-planet scenario is ruled
out. Additionally, we do recover 3.80 (4.70) detections of TOI
560 b (c) with our J, kernel. For the other kernels presented in
Appendices D and E, we find qualitatively similar marginal and
>30 recoveries of K, and/or K,.. Our J, kernel model estimates
the masses of planets b and ¢ to be O.94f8j%§MNep

and 1.3250 3 Myep.
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Mass and Density Detections froiagtli iJ;oint Chromatic J, GP Kernel RV
Model
Planet Mass Density (g cm ™)
b 15.9433 M, 0.9493) Myep 3.814
c 225739 Mg, 1.32498 Mnep 6.1+1%
Table 9

Model Comparison Test for Planets b and ¢ Generated through the Joint J,
Kernel Model, Which Support the Detection of At Least One Planet, b or ¢
Individually, or Both Planets with Indistinguishable AICc Values

Planets Ing A AlCc A BIC N free Xia
b, ¢ -197.0 0.0 L5 12 L1
b —202.1 03 0.0 9 0.9
c —204.5 5.1 47 9 0.9
None -233.9 55.3 51.7 6 14

Note. The no-planet scenario is ruled out.

5. Discussion

In the previous sections, we validated the presence of a two-
planet system orbiting a young, ~600 Myr host star TOI 560,
detected the individual planet masses at >30, establishing the
planets as Neptune analogs. In this discussion, in Section 5.1,
we present a dynamical stability analysis of the system, which
appears stable over the 10 Myr timescale explored. Next we
consider the near 1:3 orbital resonance of TOI 560 b and ¢, and
what implications that may have for additional planets and
formation in Section 5.3. Finally, in Section 5.4 we discuss the
suitability of the TOI 560 system for future atmospheric
characterization.

5.1. Dynamical Stability: Two-planet REBOUND Simulation

We perform dynamical stability tests of the TOI 560 system
over a duration of 10Myr using REBOUND, an N-body
gravitational integrator built in C and usable in python (Rein
& Liu 2012; Rein & Spiegel 2015). To define each orbit, we
use the P, Tp, eccentricity, and inclination median values from
our EXOFASTv2 MCMC analysis in Table 7, and we use the
median planet masses M,, from our J2 kernel model values from
Table 8. We choose an integration time step shorter than 1/
20th of the shortest orbital period (df = 0.32 days). The results
of this dynamical simulation are shown in Figures 20 and 21.
The simulations show the dynamical interactions between TOI
560 b and c, with a mean-motion resonant libration precession
of the longitudes of periastron. This demonstrates that the
detected eccentricity for TOI 560 b could be a consequence of
the dynamical interaction with TOI 560 c. The orbits of both
planets are stable and possessing moderate eccentricities over
the entire 10 Myr simulation duration. We did not run the
simulation to ~1 Gyr, the estimated lifetime of the system,
because of the near 1:3 orbital resonance; a mean-motion
orbital resonance can either stabilize or destabilize the system
within a timescale of a few hundred orbits, so if the system was
unstable, the instability would have been apparent in the
simulation well within a few megayears.
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Figure 20. Overhead and edge-on diagrams showing the initial (top) and final
(bottom) orbital configurations of our two-planet model in REBOUND with
inclination estimated from EXOFASTv2. The x-, y-, and z-axes are in
astronomical unit. The planet positions are noted as black dots, and the orbits as
circles. The periastron vectors are marked with dashed lines starting from the
star (star symbol) at the origin of the orbits, and show significant evolution
from the start to the beginning of the simulation.

5.2. The Search for Additional Candidates

Fourier-like periodograms can be useful in determining
prominent frequencies in unevenly sampled RV time-
series. First, we calculate generalized Lomb-Scargle (GLS;
Scargle 1982; Zechmeister & Kurster 2009) periodograms. The
GLS periodogram power at a given trial period directly
correlates with the Keplerian velocity semiamplitude of a
circular-orbit planet signal at that trial period. Multiple periodic
signals are identified by subtracting a best-fit periodic signal
from the data, and then repeating the periodogram calculation
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Figure 21. REBOUND simulations showing the evolution of the orbital elements of TOI 560 b (blue) and ¢ (red). The semimajor axis evolution is stable (not shown),
and the planets are assumed coplanar so there is no inclination variation (not shown). The first panel shows the significant temporal evolution of the eccentricities for
TOI 560 b and c, consistent with the moderate eccentricity we detect for TOI 560 b. The second panel shows the longitudes of periastron (in degrees) on the vertical
axes as a function of time on the horizontal axes, showing significant dynamical precession. The bottom panel shows the difference in the longitudes of periastron
between the two planets, showing that the system exhibits a libration in the longitudes of periastron. Only the first 20,000 yr of orbital evolution are shown, but the

system behaves similarly for the duration of the 10 Myr simulation.

on the residuals; this process is repeated until no more
statistically significant signals are identified.

For TOI 560 in particular, we compute a GLS periodogram
utilizing a stellar activity + two-planet model for b and c. We
first remove the nominal GP and zero-points; this periodogram
is used to see if we can identify the RV signal of b or ¢, or any
additional planet(s) present in the system as a periodogram
peak. Then we further remove the best-fit RV signal for TOI
560 b, and recompute the periodogram; this periodogram is
used to see if we can identify the RV signal of TOI 560 c or any
additional planet(s) present in the system. Third, we subtract
off the best-fit model for planet c, and recompute the
periodogram of the residuals; this periodogram is used to
search for any additional planets in the system. In all cases, the
orbital period and time of conjunction and thus orbital phase of
either TOI 560 b and/or ¢ are fixed in fitting the planet signals
to the RV time-series data, and only the velocity semiampli-
tude, eccentricity, and angle of periastron are free (fitted)
parameters. We calculate false-alarm probabilities (FAPs)
using both the standard analytic formula derived from
the periodogram power (Scargle 1982; Zechmeister &
Kurster 2009), and empirically through a 1000-trial bootstrap
process of: scrambling (re-ordering) the times of observations
while holding the ordering of the RV values fixed (or
conversely, scrambling the ordering of the RV values while
holding the ordering of the times of observations fixed), then
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recomputing the periodogram, and then investigating the
empirical distribution of the top power values. While GLS
periodograms have historically been successful in identifying
genuine multiplanet signals in RV time-series data, this
approach is also fraught with the identification of false-positive
signals because of the overly simplistic assumptions (e.g.,
Robertson et al. 2014, 2015); it can be difficult to discern
whether GLS periodogram peaks are real planet signals, or
some form of systematic red noise (e.g., a cadence alias,
imperfect signal subtraction in the iterated residuals, or stellar
rotational modulation of activity; Dawson & Fabrycky 2010;
Vanderburg et al. 2016). We also compute the window function
of the RV time-series by setting all RV values equal to zero and
computing a Lomb-Scargle periodogram to identify any
periodogram peaks that are associated with temporal sampling
cadence aliases, such as integer fraction multiples of 1 day or
1 yr.

Second, Bayesian model-based In £ periodograms enable
statistically robust comparisons that jointly capture the full
model complexity of potentially multiplanet systems with
models for stellar activity embedded in the noisy, unevenly
sampled RVs (e.g., Tuomi et al. 2014; Anglada-Escude et al.
2016). First, we compute a maximum-likelihood fit to the
RVs for a model with stellar activity and a first “trial”
planet of unknown phase and velocity semiamplitude at a trial
orbital period. We follow the same implementation as in
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Figure 22. A series of GLS periodograms examining the signals in our TOI 560 RV time-series as described in the text including iSHELL, HIRES, and PES. The top
panel is a periodogram of the RVs after subtracting a stellar activity model fit. The middle panel additionally subtracts a model fit for TOI 560 b and stellar activity to
search for a second planet, and the bottom panel subtracts a model fit for both TOI 560 b and ¢ and stellar activity to search for a third planet. The periods of b and ¢
are marked with dashed black and orange vertical lines and also the rotation period, one-half of it, and one-third of it are marked with dashed red, blue, and green
vertical lines, respectively, in each panel. The bootstrap FAPs of 1% and 10% were marked with cyan horizontal dashed lines. Note, it remains challenging to find
nontransiting RV planets at orbital periods near the stellar-rotation period or one of its prominent integer fraction aliases (e.g., 1/2, 1/3), as the GP stellar activity
model could potentially “absorb” such a Keplerian signature (Vanderburg et al. 2016; Kossakowski et al. 2022).

Cale et al. (2021). We compute this one-planet model In £ over
a set of trial periods to generate the first In £ periodogram,
which is used to see if we can identify the RV signal of b or c,
or any additional planet present in the system as a periodogram
peak. Second, we add to our model a planet at the orbital period
and time of conjunction of TOI 560 b, in addition to the trial
planet. We compute maximum-likelihood fits to this two-planet
model over the same set of trial periods to compute the second
In £ periodogram, which is used to see if we can identify the
RV signal of TOI 560 c, or any additional planet present in the
system as a periodogram peak. Third, we add to our model a
third planet at the orbital period and time of conjunction of TOI
560 c to see if we can identify the RV signal for any additional
planet present in the system besides TOI 560 b or c.

The GLS periodograms are shown in Figure 22, and the In £
periodograms are shown in Figure 23. We find two InL
periodogram peaks that are persistent with a Aln L > 15 at
4.57 and 5.54 days, particularly for the periodograms where
TOI 560 b is included in the model. The 5.54 day period would
likely not be dynamically stable with the TOI 560 b at 6.40
days. However, the 4.57 periodogram peak suggests a possible
nontransiting candidate that would be near a 2:3 orbital
resonance with TOI 560 b. This period is also not near an alias
of the stellar-rotation period. Furthermore, the 5.54 day peak is
close to the frequency difference between the 4.57 day peak
and the cadence alias of 5 days and is thus potentially a cadence
alias of the 4.57 day peak. Consequently, we perform a model
comparison with a third nontransiting interior planet at this
orbital period of 4.57 days. However, the model comparison
disfavors the detection of this planet. Thus, our existing data is
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insufficient to confirm the possibility of an additional
nontransiting candidate planet in this system.

5.3. Implication of the Near 1:3 Orbital Period Resonance of
TOI 560 b and c

Given the youth of TOI 560, neither planet would have been
tidally circularized by the star if they started with an initial
high-eccentricity formation mechanism (Rasio et al. 1996;
Bodenheimer et al. 2003). Our RVs are not sufficient to
constrain the eccentricities of either planet, given that we have
only a marginal mass detection of TOI 560 b and a
nondetection of TOI 560 c, and also due to the presence of
the stellar activity. However, our ExoFASTv2 analysis of the
TESS Spitzer and ground transits of TOI 560 b confirms a
moderate eccentricity of 0.29 (Figure 15). Both planets show
that a high eccentricity is disfavored. This implies that TOI 560
b and c likely did not form in a high-eccentricity migration
scenario, and more likely formed in situ, unless the migration
took place when a significant gas disk was still present to
dampen the orbital eccentricities (Lin et al. 1996; Ward 1997;
Plavchan & Bilinski 2013). The orbital eccentricity of TOI 560
b will be an important parameter to further constrain with
future observations, such as may be possible with secondary
eclipse observations and additional high-precision RVs.

The orbital period near-commensurability of TOI 560 b and
c to a 1:3 ratio also has interesting implications for planet
formation. For one, such an orbital resonance is rare among
mature exoplanet systems identified by Kepler (Figure 4 in
Fabrycky et al. 2014). Far more common among mature
compact multiexoplanet systems are the 2:3 and 1:2 near-
commensurability orbital period resonances. This raises the
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Figure 23. Similar to the previous figure, a series of In £ periodograms examining the signals in our TOI 560 RV time-series. All three panels depict a single, circular
planet search with a floating TC. The top panel includes no extra planets, the middle panel models out TOI 560 b to search for a second planet, and the bottom panel
models out both TOI 560 b and c to search for a second planet. The periods of b and ¢ are marked with dashed black and orange vertical lines and also the rotation
period, one-half of it, and one-third of it are marked with dashed red, blue, and green vertical lines, respectively, in each panel.

interesting possibility that there could be a third middle planet
in the TOI 560 system that is nontransiting with an orbital
period of ~12.6 days that would establish the TOI 560 system
in a 1:2:3 orbital resonant chain at an age of <1.5 Gyr. Such
systems of transiting exoplanet systems orbiting mature stars
with middle nontransiting companions are more common than
perceived—e.g., Christiansen et al. (2017), Buchhave et al.
(2016), Sun et al. (2019), and Osborn et al. (2021) identified
similar exoplanet configurations for the HD 3167, Kepler-20,
Kepler-411, and TOI-431 planetary systems, respectively.
The 22 Myr au Mic system is possibly also in a resonant
4:6:9 orbital chain with a middle nontransiting planet candidate
(Cale et al. 2021; Wittrock et al. 2022), and the 20 Myr v1298
Tau system is in a 2:3:6:10 resonant chain (David et al. 2019a;
Feinstein et al. 2022b; Sudrez Mascarefio et al. 2021).
Similarly, it is an interesting coincidence that TOI 560 b and
c are near 1:2 and 2:3 orbital period resonant near-
commensurability with the stellar-rotation period of TOI 560
of 12.2 days. It has recently been shown that AU Mic b is in a
4:7 orbital period commensurability with the rotation period of
the AU Mic host star (Szab6 et al. 2021). These period
commensurabilities are perhaps coincidental. However, if
indeed resonant chains are common for young exoplanet
systems, and if there are further instances of stellar spin—planet
orbital period commensurabilities found in the future for young
exoplanet systems, this could have important implications for
planet formation mechanisms. It will be important to conduct
future Rossiter-McLaughlin observations of TOI 560 b and c to
determine if their orbits are also aligned with the stellar spin
axes, as is the case for AU Mic b and v1298 Tau b (Hirano
et al. 2020; Martioli et al. 2020; Palle et al. 2020; Addison et al.
2021b; Johnson et al. 2022; Gaidos et al. 2022). The expected
amplitude for the R-M effect for TOI 560 b and c is ~4 m 7!
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calculated with a vsini =2.8 kms~' from the known rotation
period of 12.2 days, and our R,/R, and R, from our
ExoFASTv2 analysis (Table 7), and assuming the stellar-
rotation axis is in the planet of the sky, which is consistent with
the observed constraints on vsini from TRES and NRES
(Section 3.1.1).

Finally, we do investigate the dynamical stability of one test
case of a middle, nontransiting planet for TOI 560—simulated
with masses 9.2, 4.2, and 1 My for TOI 560 b, ¢ and the
hypothetical middle d at P = 12.6 days, respectively. However,
we find that this particular test case was not dynamically stable.
Exploring the full dynamical stability of possible scenarios is
beyond the scope of this work, but the mild eccentricity of TOI
560 b may preclude the dynamical stability of any middle
planets. It would also be incredibly challenging to detect such a
middle planet with RVs alone given that the rotation period of
the star is 12.2 days; stellar activity will potentially hide any
such RV signal given our current stellar activity modeling tools
(Vanderburg et al. 2016).

5.4. The Suitability for the TOI 560 Planets for Atmospheric
Characterization

Finally, we evaluate the suitability of TOI 560 b and c for
atmospheric characterization. We compute the transmission
spectroscopy metrics (TSM) and emission spectroscopy metrics
(ESM; Kempton et al. 2018) for a set of TOIs in Figure 24,
including TOI 560 b and c of 151.9, 11.2 and 102.8, 3.4 for
TSM and ESM, respectively:

RAT.
TSM = (Scale factor) x P—e‘; % 10-m/5 )
MpR?
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Table 10
Upcoming Transit Pairs of TOI 560 b and ¢ Visible by JWST, with Midpoint Time Separations of <6 Hr
Planet T, JD- T. AT, T -1,
2460000) (UT) (hr) (hr)

b 251.5643 £ 0.0047 11/3/2023 01:33

c 251.67 £ 0.02 11/3/2023 04:15 2.71 +£0.50 —0.17 £ 0.94

c 270.56 £ 0.02 11/22/2023 01:22

b 270.7584 + 0.0047 11/22/2023 06:12 4.84 4+ 0.50 1.96 £ 0.94
629.0054 £ 0.0056 11/14/2024 13:12

c 629.20 £ 0.02 11/14/2024 18:32 5.33+0.58 245+ 1.02

c 648.15 £ 0.02 12/3/2024 15:38

b 648.2440 £ 0.0056 12/3/2024 17:51 2224058 —0.66 £+ 1.02
1025.6710 £ 0.0065 12/16/2025 05:30

c 1025.67 £+ 0.03 12/16/2025 05:55 0.41 £ 0.66 —247 £ 1.10
1403.2150 £ 0.0073 12/28/2026 17:10

c 1403.34 £ 0.03 12/28/2026 20:12 3.03+0.74 0.15+£1.18

Note. A negative egress-ingress separation between the two planets (7/-T;) indicates an overlapping double transit.
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Figure 24. Kempton et al. (2018) metrics of signal-to-noise for hypothetical
observations of exoplanet atmospheres in transmission (during primary transit) on
the vertical axis and emission (during secondary eclipse) on the horizontal axis for
a subset of TOIs detected as of the end of 2021 September (NASA Exoplanet
Archive; Akeson et al. 2013). Only planets smaller than Neptune, with
T°9 <1300 K, and that are predicted to impart a Doppler RV signal K >3
ms " are shown. The points’ sizes are scaled with radius and the color scaled to
estimated equilibrium temperature, with the color bar on the right. Increased metric
means higher S/N, and the dashed lines indicate the boundary above and to the
right of which systems are suitable for JWST observations (Kempton et al. 2018).
TOIs 560 b and c are labeled immediately to the right of their data points.

B75(Taay)
B75(Ter)

2
X (&) x 10~"m«/5 (6)

ESM = 4.29 x 10° x

R+

where Rp and Mp are in Earth masses, T is in kelvin, R, is in
solar units, By s is the Planck function at a wavelength of 7.5 um,
Tyay = 1.1T¢, the scale factor for planets with 2.75 < Rp <4 R is
1.28, and m; and my are the magnitudes of the host star in the J and
K bands, respectively. Note that to maintain consistency with
ExoFOP-TESS, we use the Chen & Kipping (2016) mass—radius
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relation for estimating the planet masses in computing the TSM and
ESM values. However, using the Wolfgang et al. (2016) exoplanet
mass—radius relation—which includes a different treatment of
sample selection in deriving their mass—radius relation—or our
median planet masses yields similar results. The TSM and ESM
uncertainties are largely due to the current planet mass constraints.

TOI 560 b in particular is among the best TOIs identified to
date for both transmission and emission spectroscopy char-
acterization, and TOI 560 c is also suitable for transmission
spectroscopy with JWST. The significance of TOI 560 b and ¢
for atmospheric characterization is in part due to its youth and
relative brightness at NIR wavelengths, which coincidentally
also makes it a priority candidate for NIR RVs. This system is
also useful for comparative planetology with other well-studied
sub-Neptunes. For example, TOI 560 c is similar size and
temperature to GJ 1214b, which is well known for its thick
clouds/hazes (Kreidberg et al. 2014). This provides an
opportunity to test whether the same is true for a planet with
a different host star type, and a different system architecture. In
addition, the inner planet is hotter, so it can be used to test the
prediction that the atmospheres of hotter planets are less
affected by clouds/haze (Crossfield & Kreidberg 2017).
Another nice feature of TOI 560 is that the star is not too
bright, so it can be observed by every JWST instrument.

Further, since TOI 560 is a multiplanet system, JWST
observations could be optimized to capture both transits of b
and c with a single telescope pointing and perform comparative
planetology; such an observation would be achievable by
timing the observations so that the egress of one planet occurs
~1 hr before the ingress of the second. Using the NASA
Exoplanet Archive (Akeson et al. 2013), for example, there are
129 transits of TOI 560 b and c visible by JWST between 2022
January 6 and 2027 May 5. Of these, there are six (nine) pairs
of transits of b and c that have their transit-midpoints within 6
(10) hr of one another visible by JWST, or about one (two) per
year. Three of these six closest transit pairs are overlapping,
and the other three have predicted time separations of 9 minutes
—2.5 hr. We summarize these transits in Table 10.

Given that both planets are nearly equal in size, the impact of
stellar insolation on atmospheric evolution will be amenable to
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investigation. The youth of the TOI 560 system also makes
these planets touchstones for constraining the temporal
evolution of Neptune-sized exoplanet atmospheres. It will be
particularly interesting to constrain atmospheric escape rates
for the TOI 560 system to understand the role atmospheric
escape may play in the radius distribution of exoplanets at short
orbital periods orbiting older main-sequence stars (Pascucci
et al. 2019), and the implications it may have for terrestrial
planet occurrence rates (Petigura et al. 2013; Mulders et al.
2015, 2018; Fernandes et al. 2019; Dulz et al. 2020).

5.5. Comparisons to Contemporaneous Works

During the preparation of this manuscript, additional papers
were written presenting an independent HARPS RV analysis of
this system in Barragdn et al. (2022) as well as transit
spectroscopy in Zhang et al. (2022). Our analyses arrived at
similar conclusions to Barragén et al. (2022) for the youth of
the TOI 560 system, primarily supported by our common
analysis of the archival SuperWASP light curve to identify the
stellar-rotation period. Our detections of the RV semiampli-
tudes are consistent to within the uncertainties of TOI 560 b
and c¢ with the work presented in Barragan et al. (2022). Our
analysis also included the PFS and HIRES RVs, but not the
HARPS and CORALIE RVs, and a joint chromatic RV
analysis combining these data sets with our iSHELL RVs may
be warranted with continued future RV monitoring of this
system to further constrain the masses and confirm the mild
eccentricities from the RV data alone.

Differentiating our two works, we had evidence for a moderate
eccentricity orbit for planet b from the Spitzer light-curve
photoeccentric effect, and therefore we proceeded our analysis
with an eccentric model, whereas in Barragan et al. (2022), they
assumed a circular-orbit model. Barragan et al. (2022) also
presented a more detailed investigation of the suitably of the
planets for atmospheric characterization and the search for
hydrogen and helium escape, the latter of which a repeated
detection of helium escape is reported in Zhang et al. (2022).

6. Conclusions and Future Work

In this work, we have presented a validation of the TOI 560
system orbiting a young ~0.15-1.4 Gyr active K4 star, based on
three seasons of noncontemporaneous RV measurements from
iSHELL, PES, and HIRES, photometric data from TESS Spitzer,
and ground-based follow-up observations from PEST, NGTS and
LCO, and high-resolution images from Gemini South, North, and
SOAR. The system consists of two nearly equal-sized transiting
Neptune-sized planets (P=6.3981, 18.8865 days, R,=0.74,
0.71Rxepy My = 0.94703 Mnep, M, = 1.3270%) in a near 1:3
orbital resonance, both of which are suitable for comparative
atmospheric characterization with JWST in a single observation
sequence (e.g., a double transit and/or double eclipse). Additionally
with the aid of the Spitzer light curve, we confirm a moderate
eccentricity for TOI 560 b via the photoeccentric effect. The youth,
orbital dynamics, and suitability of TOI 560 b and c for atmospheric
characterization make it a touchstone system for characterizing and
constraining the dynamics and atmospheric formation and evolution
of compact multi-Neptune planetary systems.

In the future, additional visible and NIR precise and high
cadence RVs are necessary to further constrain the stellar activity,
dynamical masses of the planets, to assess if the planets are
underdense relative to exoplanets orbiting older main-sequence
stars, and to search for additional candidates in the system. Future
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contemporaneous and high cadence precise RVs at visible and
NIR wavelengths will enable more stringent constraints.
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Appendix
In this Appendix, we present the results of additional
analyses not included in the main text.
Appendix A
Reconnaissance Spectroscopy

Herein we present the detailed reconnaissance spectroscopy
from NRES and TRES.

Table 11
Average Results for the Stellar Parameters and the Internal Error rms Deviation for the Three NRES Observations (e.g., the Quoted Uncertainties Are Not Propagated)
Parameter 2019-05-12 2019-10-29 2019-11-04 Average
Tetr (K) 4626 + 100 4641 + 100 4650 + 100 4639 + 12
logg 4.6 +0.1 4.7 +0.1 4.7+0.1 4.7+ 0.1
Fe/H —0.08 £ 0.06 —0.04 £ 0.06 —0.13 + 0.06 0.08 = 0.05
vsini [kms™'] <2 <2 <2
M 0.702 £ 0.031 M © 071 £ 003 M © 0.69 £ 0.03M© 0.7 £0.01
R," 0.677 £0.024 R ® 0.686 + 0.024 R ® 0.664 £ 0.023 R ® 0.676 + 0.01
Note.
 Estimated from NRES ExoFASTvV?2 analysis.

Table 12

Stellar Parameters for the Two TRES Observations

Parameter 2019-04-16 2019-04-19 SPC
cef* 0.97 0.97 0.97
S/Ne” 39.7 29.9 34.8
Terr (K) 4689 + 50 4688 + 50 4689 + 50°
logg 4.67 £ 0.1 4.69 £0.1 4.68 £0.1
V,olKm s7'] 24+05 37+05 3.1+05
[m/H] —0.25 £ 0.08 0.17 £ 0.08 —0.21 £ 0.08

Notes. The first two columns are from the TRES analysis of each individual spectra, and the SPC analysis of both nights is presented in the third column, with the
uncertainties quoted derived from the internal error rms deviation (see P; Section 3.1.1).

 Peak value of the cross-correlation function.
® Effective S /N per spectral pixel.

¢ The formal error is only 1 K, but we adopt a systematic noise floor of 50 K as commonly used for TRES spectra.
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Appendix B
Mass—Radius Relation

Figure 25 below shows the mass—radius relationship of TOI
560’s 30 masses plotted in green, compared to all other
exoplanets.
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Figure 25. The mass—radius diagram for all exoplanets with provided radii and masses from the NASA Exoplanet Archive in yellow. TOI 560’s b and ¢ masses are
plotted in green with 1o error bars.
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Appendix C
Ground-based Transit Light Curves

The transit light curves of TOI 560 b are shown in
Figures 26, 27, and 28.
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Figure 26. TOI 560 b light curves from TESS LCO SSO, LCO SAAO, Spitzer, NGTS, LCO SSO, and PEST observatories as labeled, on the UT dates and in the
filters labeled, plotted as a function of time since mid-transit on the horizontal axis and normalized flux with relative arbitrary offsets on the vertical axis. The ground-
based and Spitzer data show clear transit detections consistent with the predicted ephemerides from TESS.
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Figure 27. TOI 560 b light curves from TESS and LCO HAL, LCO SSO, LCO SAAO, and LCO SSO observatories as labeled, on the UT dates and in the filters
labeled, plotted as a function of time since mid-transit on the horizontal axis and normalized flux with relative arbitrary offsets on the vertical axis.
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Figure 28. TOI 560 c¢ light curves from TESS LCO McD observatories as
labeled, on the UT dates and in the filters labeled, plotted as a function of time
since mid-transit on the horizontal axis and normalized flux with relative
arbitrary offsets on the vertical axis.
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Appendix D
RV Models

In this section we show the results if other models that we
considered in our RV analysis.

D.1. No Gaussian Process Model for Stellar Activity

Here we present the results of an RV model with no GP
applied to account for the stellar activity.

D.2. Joint GP First Chromatic Kernel J; Model

Here we present the results of an RV model using the joint
GP chromatic Kernel J; model to parameterize the stellar
activity amplitude through a linear kernel where each
amplitude is a free parameter, as in Cale et al. (2021).



THE ASTRONOMICAL JOURNAL, 165:10 (49pp), 2023 January

40
30
20
10

[}

RV [m/s]

40

30

20

10

Residual RV [m/s]
o

8600

T

8600

8700

8700

Mulfti et al.

— Keplerian Model
@ PFS

O HIRES

@ iSHELL

8800 8900 9000 9100 9200 9300
o l
o 1 ®
o -
8 sl %¢
00 L0 ® * 17 *
(6] [}
ol 80147
[ | °
(o] o) (%)
8800 8900 9000 9100 9200 9300

BID - 2450000

Figure 29. Full RV time-series plot, with the black line representing our Keplerian model of the b and ¢ planets. Pink, yellow, and blue data points are nightly
iSHELL, HIRES, and PFS RVs, respectively. The top plot shows the RVs over the full time baseline of observations, while the bottom plot shows the residuals (data

— model).
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Figure 30. RV time-series plots phased to the period of b (left) and c (right), with the black models representing each individual planet signal, after subtracting the
other planet signal. Pink, yellow, and blue data points are nightly iSHELL, HIRES, and PFS RVs, and red points are binned nightly RVs.
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Figure 31. MCMC cornerplot of our two-planet RV model (iSHELL+HIRES+PFS), showing the posterior distributions and covariances of each model parameter
that we allowed to vary.
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Figure 33. RV time-series plot for the joint GP first chromatic Kernel J; model with the 12.2 day prior on 7)p, phased to the period of b and c, respectively, after
subtracting the best-fit stellar activity model and the other planet.
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Figure 34. MCMC cornerplot of our joint GP first chromatic Kernel J; model with the 12.2 day prior on 7)p, showing the posterior distributions and covariances of
each model parameter that we allowed to vary.
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Appendix E
Results of Our Disjoint Model

This model is using an independent (disjoint) GP to model
each RV data set, akin to RadVel (Fulton et al. 2017). Given
the lack of overlap between RV data sets, and the relatively
sparse RV cadence sampling, this RV model yields similar
over-fit results to our J; joint kernel analysis in the previous
subsection.
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Figure 35. Full, unphased RV time-series plot for the disjoint GP model with the 12.2 day prior on 7. Residuals (data — model) are shown in the lower plot as in

previous figures.
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Figure 37. MCMC cornerplot of our disjoint GP model for all spectrographs with the 12.2 day prior on 7, showing the posterior distributions and covariances of each
model parameter that we allowed to vary.
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Appendix F

Summary of the Priors Used in the J; and Disjoint Kernels

Here we present the model parameters and priors used in the
J1 and disjoint kernels.

Table 13

Mufti et al.

Circular Model Parameters and Prior Distributions Used in Our Model That Considers the Transiting b and ¢ Planets, as well as the Recovered MAP Fit and MCMC

Posteriors for the J; and Disjoint Kernel Models

Parameter [units] Initial Priors MAP MCMC MAP MCMC
Value Value Posterior Value Posterior
(Po) ) ) (Disjoint) (Disjoint)

Py, (days) 6.3980661 locked®

TC, (days) 2458517.68971 locked® . o

e 0.294 U, 1); 0.30 0.2773% 0.29 0.2819:58

N(Py, 0.13)
wp 1307/180 UPy — T, Py + ); 3.87 3757933 3.81 375403
NPy, 457/180)

K, ms™h 10 U0, o) 7.36 7437189 7.54 7.561188

P, (days) 18.8805 locked®

TC. (days) 2458533.593 locked®

e 0.093 U, 1); 0.20 0.2179% 0.19 0.20%9%,

N(Py, 0.13)
we 1907/180 UPy — 7, Py + ) —3.61 336108 -3.57 —3.36103¢
N(Py, 457 /180)

K. (ms") 10 U0, o) 6.29 6.61114% 6.21 6.58+13%

yisHELL (ms ) MEDIAN(R Visgpr)+1° N (Py, 100) 3.73 3337321 3.15 277488

Aprs (M s~ ) MEDIAN(R Vpgs) + 1° N(Py, 100) —~13.85 —12.1011532 —14.20 —13.16719%¢

Vergs (M) MEDIAN(R Vijres)+1° N&) + 1, 100) 434 52771313 1.19 099671237

e 12.03 NPy, 0.07) 111.97 11.9979% 11.97 11.9975%

e 0.44 locked®

7 57.96 locked®

NoasHELL STDDEVigigr1 J(0.67, 50) 9.54 1243453 8.43 10681441

No.pFs STDDEVopgs J(0.67, 50) 29.36 3295237 30.04 32.6418:09

o HiRES STDDE Viyres J(0.67, 50) 13.63 18.7711% 17.34 2225178

Notes.

 Locked indicates the parameter is fixed. Gaussian priors are denoted by N(, o), uniform priors by U (lower bound, upper bound), and Jeffrey’s priors by J (lower
bound, upper bound). The initial values for 7, are set to the standard deviation of the respective data sets.

® We want the initial value to be the median of the RVs for that spectrograph; the +1 is used in case the median is already zero, as Nelder—-Mead solvers cannot start
at zero.
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Appendix G

Summary of the Priors Used in the No GP RV Analysis

Table 14

Mufti et al.

Circular Model Parameters and Prior Distributions Used in Our Model That Considers the Transiting b and ¢ Planets, as well as the Recovered MAP Fit and MCMC

Posteriors for the No GP Runs

Parameter [units] Initial Value (Pp) Priors MAP Value MCMC Value
Py, (days) 6.3980661 locked®

TC, (days) 2458517.68971 locked® o e

ey 0.294 U, 1); MP, 0.13) 0.26 0.1354!
W 1307/180 UPy — . Py + ), N(Py, 457/180) 2.88 -3.2%0%
K, [ms™"] 10 U, o) 23 2971382
P, (days) 18.8805 locked®

TC. (days) 2458533.593 locked®

e. 0.093 UQO, 1); NPy, 0.13); 0.093 0.1344
We 1907/180 UPy — , Py + ), NPy, 457/180) -33 —3.2/44
K. [ms™'] 10 U0, o) 74 x107° 1157038
YisueLL (msh) MEDIAN(RV;spgr 1) + 7/100° N (Py, 100) —0.32 0.18278
Aprs (M s ) MEDIAN(RVpgs) + /100 NPy, 100) —10.9 —10.8373%3
Yeres (M) MEDIAN(R Viyrgs) + 7/100% NPy, 100) 0.15 —0.26732

Notes.

? Locked indicates the parameter is fixed. Gaussian priors are denoted by My, o).

® We want the initial value to be the median of the RVs for that spectrograph; the +1 is used in case the median is already zero, as Nelder—-Mead solvers cannot start

at zero.
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Appendix H
Dave Results

Figures 38 and 39 below show the full DAVE vetting results
(top table) for the Sector 8 and 34 light curves, respectively.
TESS transit data (top row), the binned data (second row), and
different phased diagnostic plots to look for odd—even effects
(third row) secondary, tertiary, and “negative” eclipses such as

Mufti et al.

would be produced by false positives (fourth row). Neither
analysis identifies statistically significant evidence for a false-

positive scenario for TOI 560 b.
Figure 40 shows the photocenter difference images and PSFs

for the TESS light curves. No significant photocenter motion in
transit is observed, helping exclude blended eclipsing binary
scenarios.

TIC,00101011575, P = 6.398060 Days, E = 1511.292295 Days

Pri | Sec | Ter | Pos [ FA{ | FA, [FRed| Pri-Ter | Pri-Pos |Sec-Ter|Sec-PospPdd-Evry DMM | Shape
41.819.1712.73|3.5714.96|2.46|1.19| 39.0 38.2 6.44 5.60 0.61 0.99 0.08
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Figure 38. Sector 8: full transit data (top), convolved (middle), and different phased scenarios (bottom, labeled) showing primary, odd, even, secondary, tertiary, and
positive transits. The table on top show the DV Model-Shift Uniqueness Test. The top line shows the TCE ID and associated orbital period and epoch. The table lists
the values for the significances of each event (Pri = primary, Sec = secondary, Ter = tertiary, and Pos = positive), the false-alarm detection thresholds (FA1 and
FA2), and the ratio of the noise level on the timescale of the transit duration (red noise) divided by the Gaussian noise (Fred). The difference in significance between
the primary and tertiary events (Pri-Ter), the primary and positive events (Pri-Pos), the secondary and tertiary events (SecTer), the secondary and positive events (Sec-
Pos), and odd- and even-numbered events (Odd-Evn) are listed next. Finally the values for the depth mean-to-median (DMM), Shape, and the transit asymmetry test

(TAT) tests are shown.
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TICOOO1O101 1575, P = 18.879744 Days, E =2213.291098 Days
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Figure 39. Sector 34: full transit data (top), convolved (middle), and different phased scenarios (bottom, labeled) showing primary, odd, even, secondary, tertiary, and
positive transits. The table on top show the DV Model-Shift Uniqueness Test. The top line shows the TCE ID and associated orbital period and epoch. The value of
Sec-Ter appears red because Sec-Ter < FA2. The value of Odd-Evn appears in red because Odd-Evn > FAL. The value of “Shape” appears in red if it is >0.3.
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Figure 40. Photocenter difference images and PSFs for Sector 8 (top two rows) and 34 (bottom two rows). The black star indicates the TIC position, while the red
circle is the observed photocenter. The white dashed line indicates the TESS target pixel aperture used to extract the light curve, just as the orange outlines shown in
the TPF plot (Figure 1).
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H.1. RVs of Our EXOASTv2 Analysis

With ExoFASTv2, we carry out an independent RV
analysis with no GP to account for stellar activity, as a means
of cross-checking our RV analysis with pychell. We recover
similar upper limits and posteriors with both approaches. The
phased and unphased RVs from the ExoFASTv?2 analysis are

shown in Figure 41.
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Figure 41. RVs obtained from our EXOFASTv2 analysis. Top row: phased RVs and residuals, with the best-fit model in red. Bottom row: unphased RVs.
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Appendix I
Radial Velocities
Table 15 lists the RVs used in our analysis from three
different spectrographs, iSHELL, PFS, and HIRES.
Table 15
RVs from the Different Spectrographs We Have Used in Our Analysis

Time Mnvel Errvel Tel
2458874.008515 —1.466217 5.969914 iSHELL
2458875.0489 —9.277676 6.318843 iSHELL
2458895.020254 1.423469 4.620647 iSHELL
2458897.033761 —10.358407 7.313267 iSHELL
2458899.005408 3.073978 5.014754 iSHELL
2458900.0048987 2.879875 5.961691 iSHELL
2458900.988993 —10.525324 5.177452 iSHELL
2458915.97533 —25.92508 16.986916 iSHELL
2458916.96779 —3.498715 18.169736 iSHELL
2459217.043971 —18.129482 7.833479 iSHELL
2459220.036259 7.051904 4.807669 iSHELL
2459221.028598 10.012615 4.878999 iSHELL
2459232.98009 3.793529 5.757471 iSHELL
2459245.961775 —22.181634 6.264058 iSHELL
2459252.899543 9.439542 8.503822 iSHELL
2459255.971086 29.092975 10.547535 iSHELL
2459256.967084 5.499865 10.704609 iSHELL
2459257.97079 27.775656 10.204183 iSHELL
2459271.925394 —5.116571 7.272103 iSHELL
2459272.952189 4.726328 17.173103 iSHELL
2459328.734044 13.861937 5.093228 iSHELL
2459331.828947 —2.145161 4.680086 iSHELL
2458591.59721 —13.67 0.44 PFS
2458592.55596 -9.3 0.53 PFS
2458593.61288 —3.46 0.51 PFS
2458595.61376 -20.71 0.66 PFS
2458596.60841 —11.42 0.6 PFS
2458597.591 —7.39 1.2 PFS
2458618.52548 —10.43 0.59 PFS
2458619.53717 —18.31 0.6 PFS
2458620.50553 —2.51 0.52 PFS
2458622.55362 —8.55 0.54 PFS
2458624.50368 —20.21 0.59 PFS
2458625.51752 —13.44 0.55 PFS
2458626.50784 —1.11 0.62 PFS
2458627.5164 -9.31 0.59 PFS
2458777.117606 12.8465553361664 0.874164164066315 HIRES
2458788.120576 —4.3158532184062 0.883318662643433 HIRES
2458795.078952 9.74058435517379 0.96750670671463 HIRES
2458796.044556 9.71581891692533 0.99626761674881 HIRES
2458797.109961 —7.62476348436288 0.957593381404877 HIRES
2458809.083128 —0.466031437909477 0.951945245265961 HIRES
2458827.972435 21.9254428753361 0.960972011089324 HIRES
2458832.988014 —6.58019230860952 1.08839976787567 HIRES
2458833.948473 —6.12234576086814 1.06621098518372 HIRES
2458844.911132 —6.30641359100671 1.05241250991821 HIRES
2458852.955442 —6.28103672598236 0.923207104206085 HIRES
2458855.901039 18.1420626828827 1.26564979553223 HIRES
2458857.895081 —25.3380374118174 1.04208660125732 HIRES
2458869.88686 —5.56625046683735 1.06461870670319 HIRES
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