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Planet Hunters TESS I: TOI 813, a subgiant hosting a transiting
Saturn-sized planet on an 84-day orbit
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ABSTRACT

We report on the discovery and validation of TOI 813 b (TI1C 55525572 b), a transiting exoplanet
identified by citizen scientists in data from NASA’s Transiting Exoplanet Survey Satellite
(TESS) and the first planet discovered by the Planet Hunters 7ESS project. The host star is
a bright (V = 10.3 mag) subgiant (R, = 1.94 R, M, = 1.32 M). It was observed almost
continuously by TESS during its first year of operations, during which time four individual
transit events were detected. The candidate passed all the standard light curve-based vetting
checks, and ground-based follow-up spectroscopy and speckle imaging enabled us to place
an upper limit of 2 My, (99 percent confidence) on the mass of the companion, and to
statistically validate its planetary nature. Detailed modelling of the transits yields a period of
83.8911700051 d, a planet radius of 6.71 & 0.38 Rg and a semimajor axis of 0.423™0 (03 AU.
The planet’s orbital period combined with the evolved nature of the host star places this object
in a relatively underexplored region of parameter space. We estimate that TOI 813 b induces
a reflex motion in its host star with a semi-amplitude of ~6 ms~!, making this a promising
system to measure the mass of a relatively long-period transiting planet.

Key words: methods: statistical —planets and satellites: detection —stars: fundamental pa-
rameters — stars: individual (TIC-55525572 -TOI813).

hemisphere) that extend from the ecliptic pole to near the ecliptic

1 INTRODUCTION plane. Targets located at low ecliptic latitudes (around 63 per cent

The Transiting Exoplanet Survey Satellite (TESS; Ricker et al. 2015)
is the first nearly all-sky space-based transit search mission. Over
the course of its two-year nominal mission, TESS will observe
85 per cent of the sky, split up into 26 observational sectors (13 per
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of the sky) will be monitored for ~27.4 continuous days, while a
total of ~2 per cent of the sky at the ecliptic poles will be observed
continuously for ~356d. This observational strategy means that
TESS will provide us with a plethora of short period planets (<20 d)
around bright (V < 11 mag), nearby stars, which will allow for
detailed characterization (e.g. Barclay, Pepper & Quintana 2018;
Gandolfi et al. 2018; Huang et al. 2018; Esposito et al. 2019).
Longer period planets will, however, be significantly more
difficult to detect. This is partly because the transiting probability
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of a planet decreases with increasing orbital distance from the star
and partly because detection pipelines typically require two or more
transit events in order to gain the signal-to-noise ratio (SNR) needed
for detection and often three or more events to confirm a periodicity.
The requirement of multiple transit events, in particular, poses a
problem for the automated detection of long-period planets in the
TESS light curves. This is because only the targets close to the
poles will be monitored across multiple observational sectors and
will thus have light curves with longer observational baselines and
the opportunity to detect longer period planets with multiple transit
events. This is reflected in the early TESS results:' 88 per cent of
the first 1075 TESS Objects of Interest (TOI) have periods <15d
and 95 per cent have periods <30 d. Non-standard methods, such as
machine learning (e.g. Pearson, Palafox & Griffith 2018; Zucker &
Giryes 2018), probabilistic transit model comparison (e.g. Foreman-
Mackey et al. 2016), or citizen science (e.g. Fischer et al. 2012),
can in some cases outperform standard transit search pipelines for
longer period planets, and are often sensitive to single transit events
that the pipelines routinely ignore. This motivated us to initiate
systematic searches for transits in the TESS data using some of
these alternative methods.

In this paper, we announce the detection and statistical validation
of TOI813b (TIC 55525572 b), a Saturn-sized planet orbiting
around a bright subgiant star. The candidate was initially identified
as a single-transit event by citizen scientists taking part in the Planet
Hunters TESS (PHT) project.? The later detection of further transit
events allowed us to constrain the orbital period to ~84 d, making
it, to the best of our knowledge, the longest period validated planet
found by TESS to date. The stellar brightness together with the
expected Doppler semi-amplitude of ~6 m s~! make this target one
of the few long-period transiting planets for which a precise mass
measurement is feasible through radial velocity (RV) observations.

The host star is a subgiant that is in the process of moving away
from the main-sequence and on to the red giant branch. Evolved
stars are not normally prime targets for transit surveys, as their large
radii make the transits shallower, longer, and harder to detect. They
also display relatively large projected rotational velocities (owing
to their large radii), making precise radial velocity measurements
more difficult. Evolved stars are also comparatively scarce in the
Solar neighbourhood, as the subgiant and giant phases of stellar
evolution are short-lived. Consequently, relatively few planets are
known around subgiants, yet these offer a unique opportunity to
test how a mature planet responds to the increase in stellar flux
and proximity as the star expands. This new discovery thus adds to
the relatively small but important sample of known planets around
evolved stars.

The layout of the remainder of this paper is as follows. We
introduce the PHT project in Section 2, and describe the discovery
of the TOI813b in the TESS data in Section 3. In Sections 4 and
5, we report on the determination of the stellar parameters, and
the statistical validation of the planet, respectively. The final planet
parameters are derived and discussed in Section 6, and we present
our conclusions in Section 7.

2 THE CITIZEN SCIENCE APPROACH

PHT is hosted by Zooniverse, the world’s largest and most success-
ful citizen science platform (Lintott et al. 2008, 2011). The primary

Thttps:/exofop.ipac.caltech.edu/tess/
2www.planethunters.org
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Figure 1. The PHT web interface, as it appeared for Sectors 1-10, with a
randomly chosen ~7 d light curve. Volunteers use a mouse drag to register
transit-like events, as is shown by the yellow boxes.

goal of the project is to harness the power of citizen science to
find transit events in the TESS data that were missed by the main
TESS pipeline and by other teams of professional astronomers. The
project works by displaying TESS light curves to volunteers and
asking them to mark any transit-like signals by drawing a column
over them, as shown in Fig. 1.

PHT builds on the success of the original Planet Hunters project
(PH; Fischer et al. 2012), which used Kepler and K2 data. The
initial PH had a detection efficiency > 85 per cent for planets larger
than 4 Rg (Schwamb et al. 2012) and detected several noteworthy
systems, including the first planet in a quadruple star system
(Schwamb et al. 2013) and gas giants orbiting in the habitable zone
of their host star (Wang et al. 2013; Schmitt et al. 2014a,b), as well as
a large number of candidates that were not found by the main Kepler
pipeline or other teams (Lintott et al. 2013; Wang et al. 2015). PH
demonstrated that volunteers can outperform automated detection
pipelines for certain types of transits, especially single (long-period)
transits, as well as aperiodic transits (e.g. circumbinary planets;
Schwamb et al. 2013) and planets around rapidly rotating, active
stars (e.g. young systems; Fischer et al. 2012). Additionally, the
highly unusual irregular variable KIC 8462852 was discovered as
part of PH (Boyajian et al. 2016), highlighting the power of citizen
science to identify rare but noteworthy objects.

Overall, the bulk of PH’s contributions to the Kepler findings
were long-period planet candidates. In fact, PH found ~10 per cent
of the Kepler candidates with periods >100d, and ~50 per cent of
those with periods >600d (Fischer, private communication). This
is because the PH volunteers typically identify transit-like events
one by one, rather than by exploiting their periodic nature as most
automated transit-search algorithms do. They are thus equally likely
to find a planet candidate that produces only one transit event in a
given light curve as they are to find multiple transit events, as was
shown by Schwamb et al. (2012).

The importance of citizen science in the field of planet detection
was also demonstrated by the highly successful Exoplanet Explorer
(Christiansen et al. 2018) Zooniverse project, which used K2 data.
With the help of volunteers the project has so far led to the validation
of multiple interesting planetary systems (e.g. Christiansen et al.
2018; Feinstein et al. 2019) as well as many new candidates (e.g.
Zink et al. 2019).

The PHT project was launched with the first public TESS data
release in 2018 December, and volunteers have since classified
every 2- min cadence light curve from each Sector, typically within
two weeks of that sector’s release. By 2019 September 9, the PHT
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volunteers had classified almost 250 000 ~30 d light curves. Until
Sector 10, the PHT interface was extremely similar to PH: each light
curve was split into typically four 7 d segments, and pre-generated
plots of the light curve, binned to 14-min sampling, were uploaded
to the website and shown to the volunteers. As of Sector 11, the PHT
interface displays the entire ~27 d light curves binned to 10-min
sampling, and the project has the added capability to zoom in on
the data.

Volunteers are also shown simulated light curves where we have
injected transit-like signals into light curves, resulting in an SNR of
at least 7. These allow us to evaluate the sensitivity of the project
and assess the skill of each individual volunteer. Each real light
curve (or light-curve segment) is seen by 8 to 15 volunteers and
the significance of each transit-like event is evaluated based on all
the marked transits (a similar algorithm is described in Schwamb
et al. 2012). Volunteers are also given the option to discuss their
findings with each other, as well as with the science team, via the
Talk discussion forum.?

PHT engages a very large number of members of the public,
some of them over a considerable time period. There are >11 000
registered participants, and many more who are not registered.
Some spend only a few minutes on the site, others regularly
devote several hours per week to the project. While most volunteers
simply mark transit-like events, a significant proportion go much
further, downloading and analysing TESS light curves at their own
initiative.

3 DISCOVERY OF TOI 813 B IN THE TESS
DATA

3.1 TESS data

TOI813 (TIC 55525572; Stassun et al. 2019) is located at high
ecliptic latitude and was observed almost continually by TESS
during its first year of observations, from Sectors 1-13 except
in Sector 7, according to the Web TESS Viewing Tool (WTV).*
However, it was only included in the list of targets for which 2-min
cadence observations are available from Sector 4 onwards. Prior
to that, i.e. during Sectors 1-3, it was included in the Full Frame
Images (FFIs) collected every 30 min only.

Only the 2-min cadence targets are searched by PHT, which
uses the Pre-Search Data Conditioning (PDC-MAP) light curves
produced by the TESS pipeline at the Science Processing Operations
Center (SPOC; Jenkins et al. 2016). These light curves have
been corrected for both known pixel-level instrumental effects
and systematics common to many light curves. We downloaded
the light curves from the Mikulski Archive for Space Telescopes
(MAST),’ and discarded observations which were flagged by the
SPOC pipeline as affected by various instrumental anomalies.

After the initial detection of the transits (see below), we used
the FFIs for Sectors 1-3 to produce light curves for TOI 813 using
the open source package e leanor (v0.1.8; Feinstein et al. 2019),
which performs background subtraction, aperture photometry, and
detrending for any source observed in the FFIs. The extracted FFI
light curves were corrected for jitter by quadratically regressing
with centroid position.

3http://www.zooniverse.org/projects/nora-dot-eisner/planet-hunters-TES
S/talk

“https://heasarc.gsfc.nasa.gov/cgi-bin/tess/webtess/wtv.py
Shttp://archive.stsci.edu/tess/

MNRAS 494, 750-763 (2020)

At the time of writing, the TESS data were publicly available up
to, and including, Sector 13. The detailed analysis of TOI813b’s
light curve, including the vetting checks described in Section 3.3
and the transit modelling (Section 6.1) was carried out using the
2-min cadence Light Curve (LC) files and Target Pixel Files (TPFs)
produced by versions 3.3.51 to 3.3.75 of the SPOC pipeline.

In total, the light curve of TOI 813 consists of 149 265 flux mea-
surements between barycentric TESS Julian Date (BTJD, defined
as BID-2457000) 1354.13650 and 1682.35665. The 2-min cadence
light curves have a median flux of 18 338 countss~! and a typical
RMS scatter of 122 counts s~ L.

3.2 Discovery of TOI813b

Adopting ~84-d as the orbital period of the companion, an addi-
tional transit was predicted to have taken place in Sector 2. The
target was not included in PHT in Sector 2, as there was no 2-min
cadence light curve. We thus extracted the Sector 2 light curve from
the FFIs and found the transit by visual inspection at the expected
time. A fourth transit was predicted to occur in Sector 11 data of the
TESS primary Southern Hemisphere survey, and was indeed found
in the Sector 11 light curve once that data were released. The full
light curve for TOI 813 is shown in Fig. 2 and the individual transits
in Fig. 3. Once the PHT team had completed basic vetting tests, we
reported this candidate on the ExoFOP website® as a community
TESS Object of Interest (cTOI), and it was allocated TOI number
813.01.

At the time of the PHT discovery, 2019 April 27, TOI 813 was not
listed as a TOI, nor did it have any threshold crossing events (TCEs).
In other words, it was not detected by either the SPOC transit search
pipeline, or the Quick Look Pipeline (Fausnaugh et al. 2018; Huang
et al., in preparation), which is used by the TESS Science Office
(TSO). This is because the planet never exhibits more than one
transit in a given sector and the SPOC pipeline requires at least two
transits for a detection. At the time, the SPOC pipeline had not yet
been run on multisector data. The QLP light curve from Sector 8
did not advance past initial triage for vetting by the TOI team.

However, concurrently to the citizen science discovery, a
different subset of the co-authors of this paper identified TOI 813 b
independently, via a manual survey using the LCTOOLS software
(Kipping et al. 2015), following the method described by Rappaport
et al. (2019).

The TOI team released a TCE on TIC 55525572 as TIC
55525572.01 on 2019 June 21. The target appeared as a TCE in
the SPOC multisector planet search in TESS sectors 1-9.7 The
target was initially ranked as low priority for manual vetting, and
then classified as a potential planet candidate in group vetting. The
first transit of the object occurred around the time of a spacecraft
momentum dump, but the second was marked as a potential single
transit of a planet candidate. Furthermore, the SPOC pipeline
detected the transits of TOI-813 in sectors 5, 8, and 11 in the
multisector transit search of sectors 1-13 performed on 2019 August
7 with orbital parameters and planet radius consistent with this
work.8

Ohttps://exofop.ipac.caltech.edu/tess/index.php
7https://archive.stsci.edu/missions/tess/doc/tess_drn/tess_multisector_01_0
9_drn15_v03.pdf

8https://mast.stsci.edu/api/v0.1/Download/file/?uri = mast: TESS/product/t
ess2018206190142-50001-s0013-0000000055525572-00226_dvr.pdf
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Figure 2. TESS light curve for TOI 813 for Sectors 1-13, except Sector 7. The top panel shows the PDC light curve at a 2-min sampling (grey) and a 30-min
sampling (dark red). The black points show the best-fitting model used for detrending. The bottom panel shows the detrended light curve, used in the BLS
search (see Section 3.4), also at a 2-min (grey) and 30-min (teal blue) sampling. The times of transits are indicated by the short black dashed vertical lines and

the end of each sector is depicted by a solid light grey line.
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Figure 3. Individual transits of TOI 813 b in the TESS data in Sectors 2 (top
left), 5 (top right), 8 (low left), and 11 (low right). The Sector 2 light curve
was extracted from the FFIs whereas the other sectors are 2-min cadence
observations.

3.3 Light-curve-based vetting checks

We carried out a number of vetting tests on the TESS data, similar to
the ‘Data Validation’ step of the SPOC pipeline. These are intended
to rule out as many as possible of the false positive scenarios
that could have given rise to the detection, whether they are of
instrumental or astrophysical origin.

First, we checked for instrumental false alarms by comparing the
light curve around the time of each transit to the star’s centroid
position and the background flux, which are provided in the light-
curve files, and to the times of reaction wheel momentum dumps,
which occur every 2 to 2.5 d and typically last around half an hour.
While observations taken during a momentum dump are flagged
and were not used in this work, the satellite pointing remains
affected for several hours after each dump, and can result in spurious
flux variations due to aperture losses or inter-/intrapixel sensitivity
variations. Additionally, enhanced scattered light in the telescope
optics can cause dramatic increases in the background flux when
the Earth, Moon, or other Solar system planet pass below 25° from

the boresight of any of the cameras. Both of these effects can
induce spurious transit-like events. Even though one of the transits
of TOI 813 b was found to occur at the time of a momentum dump,
the other three do not coincide with times where the light curve was
potentially affected by enhanced pointing jitter or background flux,
and due to the periodicity of all of the transit-events, we believe
them all to be real.

In order to identify other sections of the light curves potentially
affected by residual systematics common to the light curves of
many different targets, we plotted a histogram of all of the volunteer
markings across all subject light curves for each sector. If volunteers
tend to mark transit-like events at the same time across many
sources, it is likely that these are caused by systematics. We found
that none of the transits of TOI813b observed in Sectors 5, 8,
or 11 coincide with a time when volunteers marked an unusually
high number of other targets. Finally, we inspected the light curves
of all TESS 2-min target stars within 0.5° of TOI813 in order
to check whether any of them showed flux dips at the times of
the transits, finding none. This allowed us to rule out large-scale
detector anomalies or contamination by a bright, nearby eclipsing
binary as the cause for the transit-like signals.

We then carried out a further set of vetting tests aiming to exclude
astrophysical false positives. In particular, TESS’s large pixel size
(21 arcsec) means that many fainter stars contribute to the flux
recorded in the aperture of each target. If any of these faint neighbour
is an eclipsing binary, its diluted eclipses can mimic a transit on the
main target star. A large fraction of these ‘blend’ scenarios can be
ruled out as follows:

0dd and even transit comparison: We compared the depths,
duration, and shape of the odd- and even-numbered transits. Slight
differences in these would indicate that the ‘transits’ are caused by
a near-equal mass eclipsing binary. The phase-folded light curves
for the odd- and even-numbered transits were modelled separately
(as described in Section 6.1) and were found to have depths and
widths consistent with one another to within 0.5¢0.
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