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Abstract

We report the discovery of TOI-2180 b, a 2.8 MJ giant planet orbiting a slightly evolved G5 host star. This planet
transited only once in Cycle 2 of the primary Transiting Exoplanet Survey Satellite (TESS) mission. Citizen
scientists identified the 24 hr single-transit event shortly after the data were released, allowing a Doppler
monitoring campaign with the Automated Planet Finder telescope at Lick Observatory to begin promptly. The
radial velocity observations refined the orbital period of TOI-2180 b to be 260.8± 0.6 days, revealed an orbital
eccentricity of 0.368± 0.007, and discovered long-term acceleration from a more distant massive companion. We
conducted ground-based photometry from 14 sites spread around the globe in an attempt to detect another transit.
Although we did not make a clear transit detection, the nondetections improved the precision of the orbital period.
We predict that TESS will likely detect another transit of TOI-2180 b in Sector 48 of its extended mission. We use
giant planet structure models to retrieve the bulk heavy-element content of TOI-2180 b. When considered
alongside other giant planets with orbital periods over 100 days, we find tentative evidence that the correlation
between planet mass and metal enrichment relative to stellar is dependent on orbital properties. Single-transit
discoveries like TOI-2180 b highlight the exciting potential of the TESS mission to find planets with long orbital
periods and low irradiation fluxes despite the selection biases associated with the transit method.

Unified Astronomy Thesaurus concepts: Amateur astronomy (35); Extrasolar gaseous giant planets (509); Transit
photometry (1709); Radial velocity (1332); Planetary interior (1248)
Supporting material: machine-readable table

1. Introduction

Gas giant planets have been found to reside in many
extrasolar planetary systems. The diversity in their sizes,
masses, orbits, compositions, and formation pathways has been
the subject of numerous studies. However, selection biases
often cloud our understanding. For instance, the sensitivity of
the transit method wanes for planets on orbits beyond a few
tenths of an au owing to the inverse relation between transit
probability and semimajor axis. Consequently, the vast
majority of known exoplanets with 1 au orbits have been
discovered via Doppler spectroscopy (e.g., Mayor et al. 2011;
Fulton et al. 2021). Planet mass can be inferred from time series
radial velocity (RV) observations but, without a transit, the
planet radius and thereby bulk density remains unknown.

A critical component of the bulk composition for giant planets
is the total mass of elements heavier than H and He (e.g., Guillot
et al. 2006; Miller & Fortney 2011; Thorngren et al. 2016; Teske
et al. 2019). This property is inferred using structural evolution
models along with the measured planetary mass, radius, stellar
age, and incident flux (e.g., Thorngren & Fortney 2019).
Numerous theoretical planet formation studies have found that
the correlation between the total mass of heavy elements in giant

planets—or, similarly, the metal enrichment relative to the host
star—and planet mass is a useful tracer of planet formation
processes (e.g., Mordasini et al. 2014; Hasegawa et al. 2018;
Ginzburg & Chiang 2020; Shibata et al. 2020). Probing this giant
planet mass–metallicity correlation along a third axis in orbital
properties (i.e., period or separation) could prove informative. Yet
previous efforts have simply not had a large enough sample size
of giant planets on orbits wider than a few 0.1 au to conduct such
an investigation (Miller & Fortney 2011; Thorngren et al. 2016).
Transit surveys such as the Kepler (Borucki et al. 2010;

Thompson et al. 2018) and Transiting Exoplanet Survey
Satellite (TESS; Ricker et al. 2015) missions occasionally
detect giant planet candidates with orbital periods of 100–1000
days (e.g., Wang et al. 2015; Foreman-Mackey et al. 2016;
Osborn et al. 2016; Uehara et al. 2016; Herman et al. 2019;
Kawahara & Masuda 2019; Eisner et al. 2021). These
candidates warrant close scrutiny, at least based on the
∼50% false-positive rate for giant planets with similar orbits
found for the Kepler mission (Santerne et al. 2014; Dalba et al.
2020a). Following vetting, long-term RV monitoring is often
required to measure the planet mass, which then enables
modeling of the bulk metallicity (e.g., Beichman et al. 2016;
Dubber et al. 2019; Santerne et al. 2019; Dalba et al.
2021a, 2021b). TESS planets with orbital periods on the order
of 100 days or more will typically be detected as single-transit
events owing to the observational strategy of the TESS mission
(e.g., LaCourse & Jacobs 2018; Villanueva et al. 2019; Díaz
et al. 2020; Cooke et al. 2021). In this case, the RV monitoring
is also necessary to determine the orbital period.
Here we describe the discovery and investigation of a 24 hr

single-transit event observed for HD 238894, hereafter referred
to as TOI-2180 b. The host star, TOI-2180 (TIC 298663873), is
a bright (V= 9.2), slightly evolved G5 star. The confirmation
of TOI-2180 b is notable relative to the current sample of TESS
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55 NSF Graduate Research Fellow.
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Table 4
Summary of Ground-based Photometry of TOI-2180

Tel. ID UTC Date Start Timea Stop Timea Filter Exp. Time (s) σ (ppt)b Nobs
c Observer/Contact Figure 9d

MLO 2020 Aug 24 0.674949 0.910757 B 15 7.9 967 Lewin L
SCT 2020 Aug 24 1.334491 1.439421 TESS 20 4.5 255 Srdoc a-Orange
RCO 2020 Aug 24 1.357160 1.569239 zs 15 4.7 548 Girardin a-Blue
BARO 2020 Aug 25 1.669737 1.907806 i′ 3 16.7 373 Boyce L
LCOGT-HAL 2020 Aug 25 1.735700 1.961921 zs 60 7.4 241 Collins L
SCT 2020 Aug 25 2.316263 2.554778 TESS 20 4.0 624 Srdoc b-Green
MLO 2020 Aug 26 2.652399 2.976117 I 24 5.0 811 Lewin b-Orange
BARO 2020 Aug 26 2.715152 2.899239 i′ 3 12.2 289 Boyce L
LCOGT-HAL 2020 Aug 26 2.734919 2.896656 B 30 14.3 281 Collins L
RCO 2020 Aug 26 3.342047 3.593955 zs 15 5.7 695 Girardin L
LCOGT-McD 2020 Aug 27 3.599088 3.819390 zs 20 1.5 325 Collins b-Blue
MLO 2020 Aug 27 3.641554 3.918703 I 24 5.2 731 Lewin L
W43 2020 Aug 27 4.305405 4.619606 r′ 5 7.6 550 Steuer L
SCT 2020 Aug 27 4.326957 4.554686 TESS 20 4.0 535 Srdoc c-Brown
OPM 2020 Aug 27 4.354370 4.557354 I 25 8.9 133 Laloum L
RCO 2020 Aug 27 4.383018 4.503405 zs 15 3.6 364 Girardin c-Purple
LCOGT-TFN 2020 Aug 27 4.397824 4.568805 i′ 30 5.6 281 Schwarz, Dragomir L
DRA 2020 Aug 28 4.626313 4.917531 r′ 15 3.3 318 Mann c-Orange
DRA 2020 Aug 28 4.626314 4.917550 g′ 15 3.6 427 Mann c-Blue
BARO 2020 Aug 28 4.661461 4.894461 i′ 3 11.5 356 Boyce L
MLO 2020 Aug 28 4.713041 4.964718 I 25 6.4 604 Lewin L
eV-A 2020 Aug 28 4.716616 4.878179 Clear 3.97 5.7 121 Dalba L
eV-B 2020 Aug 28 4.717048 4.876957 Clear 3.97 5.0 101 Dalba L
HCT 2020 Aug 28 5.137385 5.328852 R 15 5.4 359 Unni, Thirupathi L
JCB 2020 Aug 28 5.203377 5.283490 R 30 3.0 63 Unni, Thirupathi c-Green
LCOGT-TFN 2020 Aug 28 5.399757 5.566928 i′ 30 6.6 279 Schwarz, Dragomir L
MLO 2020 Aug 29 5.638188 5.898637 I 25 4.5 659 Lewin c-Red
eV-B 2020 Aug 29 5.648009 5.876296 Clear 3.97 8.4 119 Dalba L
BARO 2020 Aug 29 5.656000 5.892000 i′ 3 12.9 367 Boyce L
eV-A 2020 Aug 29 5.662142 5.876826 Clear 3.97 7.3 112 Dalba L
JCB 2020 Aug 29 6.167566 6.270573 R 50 4.4 83 Unni, Thirupathi d-Orange
eV-B 2020 Aug 30 6.635574 6.872570 Clear 3.97 6.0 159 Dalba L
MLO 2020 Aug 30 6.638204 6.910475 I 25 4.9 691 Lewin d-Green
eV-A 2020 Aug 30 6.720113 6.872948 Clear 3.97 6.1 101 Dalba L
BARO 2020 Aug 30 6.779452 6.888816 i′ 3 14.1 172 Boyce L
ASP 2020 Aug 31 7.544901 7.766374 r′ 10 4.2 1174 Benni d-Blue
eV-B 2020 Aug 31 7.629679 7.863857 Clear 3.97 5.4 148 Dalba L
eV-A 2020 Aug 31 7.630012 7.845392 Clear 3.97 4.3 118 Dalba d-Red
MLO 2020 Aug 31 7.679966 7.917370 I 25 5.1 597 Lewin L
BARO 2020 Aug 31 7.692682 7.885739 i′ 3 12.8 299 Boyce L
eV-B 2020 Sep 01 8.626611 8.871359 Clear 3.97 6.6 149 Dalba L
MLO 2020 Sep 01 8.637218 8.636640 I 40 3.8 422 Lewin e-Orange
eV-A 2020 Sep 01 8.638064 8.871871 Clear 3.97 5.3 151 Dalba L
BARO 2020 Sep 01 8.698078 8.883357 i′ 3 15.2 293 Boyce L
SCT 2020 Sep 01 9.304464 9.545086 TESS 20 5.0 649 Srdoc L
OPM 2020 Sep 01 9.352277 9.569774 I 40 5.5 297 Laloum L
LCOGT-McD 2020 Sep 02 9.594154 9.681363 zs 20 2.1 123 Collins e-Blue
MLO 2020 Sep 02 9.630824 9.925402 I 40 4.1 519 Lewin e-Green
DRA 2020 Sep 02 9.631545 9.887763 r′ 15 6.0 504 Mann L
DRA 2020 Sep 02 9.631549 9.904950 g′ 15 5.9 595 Mann L
LCOGT-HAL 2020 Sep 02 9.730071 9.900129 i′ 30 7.3 276 Schwarz L
BARO 2020 Sep 02 9.752900 9.880042 i′ 3 20.7 200 Boyce L
MLO 2020 Sep 04 10.695742 10.907067 I 50 3.0 307 Lewin f-Orange
LCOGT-HAL 2020 Sep 03 10.729537 10.938998 i′ 30 4.6 355 Schwarz, Dragomir f-Blue
BARO 2020 Sep 04 11.769168 11.875975 i′ 3 12.9 170 Boyce L

Notes.
a Start and stop times are listed with respect to 2,459,085 BJDTDB.
b The σ value is the standard deviation of the flux in parts per thousand (ppt) after the airmass correction.
c The number of observations in each data set (Nobs) is calculated after sigma clipping.
d A combination of a letter and a color indicates that this data set was used in the ephemeris refinement of TOI-2180 b (Section 4) and is shown in that particular color
and panel of Figure 9. A value of “L” indicates that this data set was not used in the analysis.
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5. Bulk Heavy-element Analysis

Object TOI-2180 b is one of a small but growing collection
of valuable giant transiting exoplanets on ∼au-scale orbits with
precisely measured masses and radii (e.g., Dubber et al. 2019;
Dalba et al. 2021a, 2021b; Chachan et al. 2021). With these
two properties, we can infer bulk heavy-element mass and
metallicity relative to stellar to better understand their structure
and formation history.

Following Thorngren & Fortney (2019), we generated one-
dimensional spherically symmetric giant planet structure
models with a rock/ice core; a convective envelope consisting
of rock, ice, and H/He; and a radiative atmosphere interpolated
from the Fortney et al. (2007) grid. Along with the mass,
radius, and age for TOI-2180 b (drawn from the posteriors of
the EXOFASTv2 fit), the models recovered the total mass of
heavy elements and thereby bulk metallicity needed to explain
the planet’s size. We find that the bulk metallicity for TOI-
2180 b is Zp= 0.12± 0.03, which corresponds to 105M⊕ of
heavy elements. We can approximate the stellar metallicity
using the iron abundance following Zå= 0.142× 10[Fe/H],
which gives Zå= 0.0254± 0.0033. This sets the metal
enrichment (Zp/Zå) at 4.7± 1.3.

The metallicity enrichment of TOI-2180 b is consistent with
the core accretion theory of giant planet formation (Pollack
et al. 1996) with late-stage accretion of icy planetesimals,
which can explain enrichment by a factor of a few to a dozen
(e.g., Gautier et al. 2001; Mousis et al. 2009). An alternate
theory to late-stage accretion—the mergers of planetary cores
during the gas accretion phase (e.g., Ginzburg & Chiang 2020)
—can explain enrichment factors between 1.5 and 10 for a
2.7MJ planet, making it a viable formation pathway as well.

In Figure 6, we plot the mass and metal enrichment of TOI-
2180 b relative to the Thorngren et al. (2016) sample of giant
exoplanets. We also include two other recently published high-
mass giant exoplanets on long-period orbits: Kepler-1514 b
(P≈ 218 days; Dalba et al. 2021a) and Kepler-1704 b (P≈ 989
days; Dalba et al. 2021b). The metal enrichment of TOI-2180 b

relative to its host star is consistent with other giant planets
with similar mass and falls near the best-fit line for all of the
Thorngren et al. (2016) sample.
The Thorngren et al. (2016) exoplanets are plotted in

Figure 6 as circles. The points are given different colors based
on orbital period. The two Kepler planets are shown as
triangles, and TOI-2180 b is shown as a square. Although each
of these planets individually is fully consistent with the
Thorngren et al. (2016) mass–metallicity correlation, there is
possibly a subtle difference in the slope of the relation for the
longer-period planets. For lower-mass planets, enrichment
appears to be higher than average for the longer-period objects,
and vice versa for the higher-mass planets, including TOI-
2180 b.
We explored this possibility quantitatively by separating the

planets in Figure 6 into short-period (P< 100 days) and long-
period (P� 100 days) groups. The median orbital periods in
the two groups were 10 and 223 days. Object TOI-2180 b and
the Kepler planets are also given the corresponding P> 100
day color. Although 100 days is a somewhat arbitrary
separation value, it possibly separates planets that experienced
different formation histories. We conducted orthogonal dis-
tance regression fits, which include uncertainties on both the
explanatory and response variables, to both sets of planet
masses and metal enrichments in log space. The resulting
power-law fits are drawn as dashed lines in Figure 6. The 1σ
uncertainty regions are also shown. The fits for the short- and
long-period planets are (10.4± 1.6) M(−0.372±0.084) and
(14.6± 2.9) M(−0.81±0.14), respectively. The slopes in these
fits are inconsistent at 2.6σ.
The mass–metallicity correlation derived for planets with

orbital periods below 100 days is fully consistent with that
measured by Thorngren et al. (2016). On the other hand, the
small set of long-period planets that includes TOI-2180 b
produces a notably steeper correlation. We refrain from placing
too much emphasis on this finding owing to the small number
of data points and moderate statistical significance. The
addition of any number of additional long-period giant planets
would be elucidating. If this trend is real, though, it suggests
that the current orbital properties of giant planets trace different
heavy-element accretion mechanisms, such as pebble or
planetesimal (Hasegawa et al. 2018). A statistically robust
analysis of the mass–metallicity correlation is warranted, but
we leave such an analysis to future work.
For a solar system comparison, the Galileo Entry Probe

measured volatile gases in Jupiter’s atmosphere and identified
enrichment of 2–6 for several heavy elements and noble gases
(Wong et al. 2004). More recently, the Juno spacecraft
measured the equatorial water abundance on Jupiter to be
one to five times the protosolar value (Li et al. 2020). The
comparison between our enrichment measurement of TOI-
2180 b and these measurements at Jupiter comes with caveats.
For instance, the Jupiter enrichment is derived from its
equatorial oxygen abundance, while the exoplanet enrichment
is a model-dependent bulk value. The direct comparison of
these two qualities may be problematic. However, the main
point is that these values are all of a similar order of magnitude.

6. Analysis of RV Drift

We characterized the trend and curvature in TOI-2180ʼs RV
time series using the technique described in Lubin et al. (2021).
Because TOI-2180 is not in the Hipparcos catalog (ESA 1997),

Figure 6. Giant planet mass–metallicity correlation shown with the Thorngren
et al. (2016) sample (circles), TOI-2180 b (square), and two recently published
Kepler long-period giant planets (triangles): Kepler-1514 b (P ≈ 218 days) and
Kepler-1704 b (P ≈ 989 days). Blue and red indicate orbital periods below and
above 100 days, respectively. The dashed lines and shaded 1σ regions indicate
separate regressions to these two sets of planets. The slopes of these fits are
discrepant to 2.6σ, hinting that the mass–metallicity correlation for giant
planets may be dependent upon orbital properties.
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continued RV monitoring and stellar obliquity measurement to
test theories of how giant planets migrate within the occurrence
rate increase near 1 au but not so close as to become hot
Jupiters. Object TOI-2180 b also remains an excellent candi-
date for exomoon investigations, since the host star brightness
(V= 9.2; J= 8.0) makes it amenable to incredibly precise
space-based photometry in the future.
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AstroImageJ (Collins et al. 2017), LcTools (Schmitt et al.
2019).

Appendix
Ground-based Telescope Light Curves of TOI-2180

In the following sections, we briefly describe each telescope
that contributed to the ground-based observing campaign.
Additional information summarizing the campaign is provided
in Table 4.

A.1. Maury Lewin Astronomical Observatory

The Maury Lewin Astronomical Observatory (MLO) con-
sists of a 0.356 m Schmidt–Cassegrain telescope located near
Glendora, California, USA. The MLO has an SBIG STF8300M
detector with a 23′× 17′ field of view. Observations of TOI-
2180 were conducted in the B and I bands with various
exposure times between 15 and 50 s. The data were reduced
and analyzed with AstroImageJ (AIJ) following the
standard differential aperture photometry protocol described
by Collins et al. (2017).

A.2. Kotizarovci Observatory

Kotizarovci Observatory (SCT) consists of a 0.3 m Schmidt–
Cassegrain telescope located near Viskovo, Croatia. The SCT
has an SBIG ST7XME detector with a 15 3× 10 2 field of
view. Observations of TOI-2180 were conducted in a TESS-
like filter with 20 s exposure times. The data were reduced and
analyzed with AIJ following the standard differential aperture
photometry protocol described by Collins et al. (2017).

A.3. Grand-Pra Observatory

Grand-Pra Observatory (RCO) consists of a 0.4 m Ritchey–
Chretien telescope located near Sion, Valais, Switzerland. The
RCO has a ProLine FLI 4710 detector with a 12 9× 12 55
field of view. Observations of TOI-2180 were conducted in the
zs filter with 15 s exposure times. The data were reduced and
analyzed with AIJ following the standard differential aperture
photometry protocol described by Collins et al. (2017).

A.4. Boyce-Astro Research Observatory

The Boyce-Astro Research Observatory (BARO) consists of
a 0.43 m Corrected Dall–Kirkham telescope located near San
Diego, California, USA. BARO has a ProLine FLI 4710
detector with a 15 6 square field of view. Observations of TOI-
2180 were conducted in the i′ filter with 3 s exposure times.
The data were reduced and analyzed with AIJ following the
standard differential aperture photometry protocol described by
Collins et al. (2017).

A.5. LCOGT-Haleakalā Observatory

The Las Cumbres Observatory Global Telescope Network
(LCOGT; Brown et al. 2013) hosts a 0.4 m Ritchey–Chretien
Cassegrain telescope on Mt. Haleakalā in Maui, Hawai‘i, USA
(LCOGT-HAL). The LCOGT-HAL has an SBIG STX6303
detector with a 29 2× 19 5 field of view. Observations of TOI-
2180 were conducted with the B, zs, and i′ filters with 30, 60,
and 30 s exposure times, respectively. The data were reduced
and analyzed with AIJ following the standard differential
aperture photometry protocol described by Collins et al. (2017).
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A.6. LCOGT-McDonald Observatory

The LCOGT hosts a 1.0 m Ritchey–Chretien Cassegrain
telescope at McDonald Observatory near Fort Davis, Texas,
USA (LCOGT-McD). The LCOGT-McD has a Sinistro
detector with a 26 5 square field of view. Observations of
TOI-2180 were conducted with the zs filter with 20 s exposure
times. The data were reduced and analyzed with AIJ following
the standard differential aperture photometry protocol
described by Collins et al. (2017).

A.7. Wendelstein Observatory

Wendelstein Observatory (W43) consists of a 0.43 m
Corrected Dall–Kirkham telescope located near Bayrischzell,
Germany. The W43 has an SBIG STX-16803 detector with a
45′ square field of view. Observations of TOI-2180 were
conducted in the i′ filter with 5 s exposure times. The data were
reduced and analyzed with a custom differential aperture
photometry pipeline that maximizes light-curve precision by
using multiple reference stars and testing various aperture sizes
(Dalba & Muirhead 2016; Dalba et al. 2017).

A.8. Saint-Pierre-du-Mont Observatory

Saint-Pierre-du-Mont Observatory (OPM) consists of a 0.2 m
Ritchey–Chretien telescope located near Saint-Pierre-du-Mont,
France. The OPM has an Atik 383 L+ detector with a 38′× 29′
field of view. Observations of TOI-2180 were conducted in the I
band with 25 or 40 s exposure times. The data were reduced and
analyzed with AIJ following the standard differential aperture
photometry protocol described by Collins et al. (2017).

A.9. LCOGT-Teide Observatory

The LCOGT hosts a 0.4 m Ritchey–Chretien Cassegrain
telescope at Teide Observatory in Tenerife, Spain (LCOGT-
TFN). The LCOGT-TFN has an SBIG STX6303 detector with
a 29 2× 19 5 field of view. Observations of TOI-2180 were
conducted with the i′ filter with 30 s exposure times. The data
were reduced and analyzed with AIJ following the standard
differential aperture photometry protocol described by Collins
et al. (2017).

A.10. Dragonfly Telephoto Array

The Dragonfly Telephoto Array (DRA), housed at the New
Mexico Skies telescope hosting facility, is a remote telescope
consisting of an array of small telephoto lenses roughly
equivalent to a 1.0 m refractor (Danieli et al. 2020). The site is
located near Mayhill, New Mexico, USA. The DRA has an
SBIG STF8300M detector with a 156′× 114′ field of view.
Simultaneous observations of TOI-2180 were conducted in the
g′ and r′ bands with 15 s exposure times. The data were
reduced and analyzed with a custom differential aperture
photometry pipeline designed for multi-image processing and
analysis.

A.11. eVscope Portable Observatories (eV-A, eV-B)

Object TOI-2180 was observed with two Unistellar eVscope
telescopes positioned near Joshua Tree, California, USA. The
eVscope is a digital, Newtonian-like 0.114 m telescope that
contains a CMOS low-light IMX224 detector with a 37′× 28′

field of view (Marchis et al. 2020). Both eVscopes observed
TOI-2180 without a filter (i.e., clear) and with 3.975 s
exposures that were subsequently stacked by a factor of 30.
The stacked images were analyzed with a custom differential
aperture photometry pipeline that maximizes light-curve
precision by using multiple reference stars and testing various
aperture sizes (Dalba & Muirhead 2016; Dalba et al. 2017).

A.12. Indian Astronomical Observatory

The Indian Astronomical Observatory hosts the 2.0 m
Himalayan Chandra Telescope (HCT) near Ladakh, India.
The HCT has an E2V detector with a 30′ square field of view.
Observations of TOI-2180 were conducted in the R band with
15 s exposure times. The data were reduced and analyzed with
a custom differential aperture photometry pipeline that
maximizes light-curve precision by using multiple reference
stars and testing various aperture sizes (Dalba & Muir-
head 2016; Dalba et al. 2017).

A.13. Vainu Bappu Observatory

The Vainu Bappu Observatory hosts the 1.3 m J. C.
Bhattacharyya Telescope (JCB) near Tamil Nadu, India. The
JCB has a UKATC detector with a 20′× 10′ field of view.
Observations of TOI-2180 were conducted in the R band
with 30 or 50 s exposure times. The data were reduced and
analyzed with a custom differential aperture photometry
pipeline that maximizes light-curve precision by using multiple
reference stars and testing various aperture sizes (Dalba &
Muirhead 2016; Dalba et al. 2017).

A.14. Acton Sky Portal

The Acton Sky Portal (ASP) consists of a 0.36 m Schmidt–
Cassegrain telescope located near Acton, Massachusetts, USA.
The ASP has an SBIG ST8-XME detector with a 24 2× 16 2
field of view. Observations of TOI-2180 were conducted
in the r′ band with 10 s exposure times. The data were reduced
and analyzed with AIJ following the standard differential
aperture photometry protocol described by Collins et al.
(2017).
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