
https://orcid.org/0000-0002-9158-7315
https://orcid.org/0000-0002-9158-7315
https://orcid.org/0000-0002-9158-7315
https://orcid.org/0000-0002-5254-2499
https://orcid.org/0000-0002-5254-2499
https://orcid.org/0000-0002-5254-2499
https://orcid.org/0000-0001-9957-9304
https://orcid.org/0000-0001-9957-9304
https://orcid.org/0000-0001-9957-9304
https://orcid.org/0000-0002-7846-6981
https://orcid.org/0000-0002-7846-6981
https://orcid.org/0000-0002-7846-6981
https://orcid.org/0000-0001-8812-0565
https://orcid.org/0000-0001-8812-0565
https://orcid.org/0000-0001-8812-0565
https://orcid.org/0000-0001-9513-1449
https://orcid.org/0000-0001-9513-1449
https://orcid.org/0000-0001-9513-1449
https://orcid.org/0000-0002-5389-3944
https://orcid.org/0000-0002-5389-3944
https://orcid.org/0000-0002-5389-3944


46School of Astronomy and Space Science, Key Laboratory of Modern Astronomy and Astrophysics in Ministry of Education, Nanjing University, Nanjing 210046,
Jiangsu, People’s Republic of China

47Dunlap Institute for Astronomy and Astrophysics, University of Toronto, 50 St. George St., Toronto, Ontario M5S 3H4, Canada
Received 2020 August 4; revised 2020 September 10; accepted 2020 September 17; published 2020 October 29

Abstract

We present the discovery of two new 10 day period giant planets from the Transiting Exoplanet Survey Satellite
mission, whose masses were precisely determined using a wide diversity of ground-based facilities. TOI-481�b and
TOI-892�b have similar radii(0.99�± �0.01RJ and 1.07�± �0.02RJ, respectively), and orbital periods(10.3311 days
and 10.6266 days, respectively), but signi� cantly different masses(1.53�± �0.03 MJ versus 0.95�± �0.07 MJ,
respectively). Both planets orbit metal-rich stars( Fe H[ ] = � � � o0.26 0.05dex and Fe H[ ] = � � � o0.24 0.05for
TOI-481 and TOI-892, respectively) but at different evolutionary stages. TOI-481 is a�ƒM �= �1.14�± �0.02 M�: ,

�ƒR �= �1.66�± �0.02R�: G-type star(Teff = �o5735 72 K), that with an age of 6.7 Gyr, is in the turn-off point of the
main sequence. TOI-892 on the other hand, is a F-type dwarf star(Teff = �o6261 80K), which has a mass of

�ƒM �= �1.28�± �0.03 M�: and a radius of �ƒR �= �1.39�± �0.02 R�: . TOI-481�b and TOI-892�b join the scarcely
populated region of transiting gas giants with orbital periods longer than 10 days, which is important to constrain
theories of the formation and structure of hot Jupiters.

Uni� ed Astronomy Thesaurus concepts:Exoplanet detection methods(489); Transit photometry(1709); Radial
velocity (1332); Exoplanet astronomy(486)

Supporting material:machine-readable tables

1. Introduction

Among the vast diversity of extrasolar planets discovered
throughout the past three decades, those known as hot Jupiters
(e.g., Mayor & Queloz1995) are arguably the most well-studied
population. These objects are gas giant planets(RP�� �0.8 RJ)
orbiting closely around their host stars, with typical orbital
periods shorter than� 10 days.

Despite having a relatively low occurrence rate of� 1%
(Wang et al.2015; Zhou et al.2019), due to strong observational
biases favoring their detection and characterization, hot Jupiters
represent� 75% of the total sample of transiting extrasolar
planets for which both masses and radii are determined with a
precision of at least 20%.49

Follow-up observations of hot Jupiters have delivered signi� cant
scienti� c results—including the� rst studies on the atmospheres of
planets outside our own solar system(e.g., Charbonneau et al.
2002; Vidal-Madjar et al.2003; Pont et al.2008) and signi� cant
misalignments between orbital and stellar spin axes(Queloz et al.
2010; Winn et al.2010; Hébrard et al.2011).

While in principle the large amount of information available for
transiting hot Jupiters should help us in unveiling the formation
and evolution mechanisms that allow the existence of close-in gas
giants, their extreme environments produced by the proximity to
the host stars makes the interpretation of hot Jupiter properties a
challenging task(see Dawson & Johnson2018, for a compre-
hensive review). The exact formation/ migration mechanism of
hot Jupiters(e.g., Wu & Lithwick 2011; Beaugé & Nesvorný
2012; Naoz et al.2012) and the mechanism responsible for
generating highly in� ated radii(e.g., Bodenheimer et al.2001;
Batygin & Brown 2010; Leconte et al.2010; Kurokawa &
Inutsuka2015) are some of the active challenges in the� eld.

Gas giants with orbital periods longer than that of typical hot
Jupiters(often called warm Jupiters) should not be signi� cantly
in� uenced by these proximity effects, making the orbital and
physical characterization of warm Jupiters an important step to
solve some of the aforementioned challenges(e.g., Dong et al.

2014; Lopez & Fortney2016; Thorngren et al.2016). Ground-
based photometric surveys(e.g., Bakos et al.2004, 2013;
Pollacco et al.2006; Pepper et al.2007), which have discovered
the vast majority(� 80%) of bright transiting hot Jupiter systems,
have strong limitations for discovering planets with periods
longer thanP�� �8 days (Gaudi et al. 2005). Space-based
missions such as Kepler(Borucki et al. 2010), Kepler-K2
(Howell et al.2014), and CoRoT(Auvergne et al.2009) allowed
the discovery and orbital characterization of the� rst two dozen
of such systems(Bonomo et al.2010; Deeg et al.2010; Shporer
et al. 2017; Almenara et al.2018; Brahm et al.2018; Jordán
et al.2019), but due to its signi� cantly larger� eld of view, the
Transiting Exoplanet Survey Satellite(TESS) mission(Ricker
et al. 2015) is expected to signi� cantly increase that number
(Sullivan et al.2015; Barclay et al.2018). In just its � rst two
years of operation, TESS has demonstrated its ability to discover
transiting warm Jupiters suitable for characterization follow-up
(Huber et al.2019; Nielsen et al.2019; Rodriguez et al.2019;
Addison et al.2020; Gill et al.2020), and this number will grow
with the extended mission(Cooke et al.2019).

Here we present the discovery and orbital characterization of
two gas giants located in the relatively sparsely populated
parameter space of orbital periods slightly longer than 10 days.
These discoveries were realized in the context of the Warm
gIaNts with tEss(WINE) collaboration, which focuses on the
systematic characterization of TESS transiting warm giant
planets(e.g., Brahm et al.2019; Jordán et al.2020).

The paper is structured as follows. In Section2 we present
the TESS data, and follow-up photometric and spectroscopic
observations that allowed the discovery of both planets. In
Section3 we describe the routines adopted to estimate the
stellar parameters of both host stars and the� nal physical and
orbital parameters of TOI-481�b and TOI-892�b. Our � ndings
are discussed in Section4.

2. Observations

2.1. Transiting Exoplanet Survey Satellite

TOI-481 and TOI-892 were monitored by TESS during its
� rst year of operation. TOI-481 was observed in short-cadence

48 MTA Distinguished Guest Fellow, Konkoly Observatory, Hungary.
49 Based on the catalog of the physical properties of transiting planetary
systems(TEPCat; Southworth2011), updated on 2020 July 7.
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(2 minutes) mode in Sectors 6, 7, 9, 10, and 13, and in long-
cadence(30 minutes) mode in Sector 3. On the other hand,
TOI-892 was only observed in Sector 6, in long-cadence mode.
Transiting candidates were identi� ed on both stars by the TESS
Science Of� ce, and were released as TESS Objects of Interest
(TOI) to the community. TOI-481�b was identi� ed as a
candidate based on two clear transit-like features present in the
Science Processing Operations Center(SPOC) light curve
(Jenkins et al.2016) of Sector 6. TOI-481 presented a strong
detection at 68� and passed all the diagnostic tests conducted
and presented in the data validation report(Twicken et al.
2018; Li et al. 2019), including the odd/ even transit depth test,
and the difference image centroiding and ghost diagnostic tests
(which help reject false positives due to background sources).
No additional transit-like signals were identi� ed in the light
curve. On the other hand, TOI-892�b was reported as a TESS
alert on 2019 July 12 based on the analysis of the quick look
pipeline(Huang et al.2019) of Sector 6. For both candidates
the predicted planetary radii were consistent with being Jovian
planets with orbital periods close to 10 days.

For the TOI-481 analysis presented in this study, we
downloaded the pre-search data conditioning simple aperture

photometry light curves(Stumpe et al.2012) of Sectors 6, 7, 9,
10, and 13 from the Mikulski Archives for Space Telescopes
(MAST; see Figure1). Systematic trends were removed from
these light curves using the co-trending basis vectors(Smith
et al.2012; Stumpe et al.2014), generated by the TESS SPOC
at NASA Ames Research Center. We additionally obtained the
long-cadence light curve from the full-frame images of Sector 3
using thetesseract 50 pipeline. For the analysis of TOI-892,
we generated the long-cadence light curve from the full-frame
images of Sector 6 throughtesseract (see Figure2). The
long-cadence light curves for TOI-481 and TOI-892 used in
this study are listed in Table1.

2.2. Ground-based Photometry

The limited spatial resolution of the TESS mission and its
relatively large pixel scale(21� pixŠ1) makes necessary the
execution of ground-based photometric observations to con� rm
that the transit features occur on target and not on close
neighbor stars. Transits of both candidates were monitored with
three different ground-based facilities installed in Chile. These

Figure 1.TOI-481 light curves of the six TESS sectors used in our analysis. The top panel presents the TESS Sector 3 data from the full-frame images as black points
with error bars obtained withtesseract (see the text), while the rest of the panels show the 2 minute cadence pre-search data conditioning simple aperture
photometry light curves for Sectors 6, 7, 9, 10, and 13, respectively. The orange line corresponds to the model obtained in Section3, which consists of a transit model
combined with a Gaussian process that describes the remaining� ux variability.

50 https:// github.com/ astrofelipe/ tesseract
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observations were performed in the context of the TESS
follow-up observing program(TFOP) working group subgroup
1 (SG1). The four photometric time series are publicly
available on the exoplanet follow-up observing program for
TESS(ExoFOP-TESS) website.51

2.2.1. CHAT

The Chilean Hungarian Automated Telescope52 (CHAT) is a
robotic facility installed at Las Campanas Observatory in Chile.
CHAT consists in a FORNAX 200 equatorial mount, and a
0.7 m telescope coupled to a FLI ML-23042 CCD of 2048�×
2048 pixels, which delivers a pixel scale of 06 pixŠ1. CHAT
contains a set ofi�, r�, andg� passband� lters.

TOI-481 was observed with CHAT on the night of 2019
March 30 with thei� � lter adopting an exposure time of 20 s.
We obtained 516 images of TOI-481 with airmass values
between 1.2 and 2. CHAT data were processed with a

dedicated pipeline that performs differential aperture photo-
metry, where the optimal comparison sources and the radius of
the photometric aperture are automatically selected(e.g.,
Espinoza et al.2019a; Jones et al.2019; Jordán et al.2019).
The light curve obtained is presented in the left panel of
Figure3 and shows an ingress for TOI-481�b which con� rms
that the transit identi� ed in the TESS data occurs in a region of
8� centered on TOI-481.

TOI-892 was photometrically monitored with CHAT on the
night of 2019 November 27. Thei� � lter was used to obtain 189
images with an exposure time of 66 s. The right panel of
Figure 3 presents the CHAT light curve obtained for TOI-
892�b, where a� 7000 ppm egress can be identi� ed, ensuring
that the transit occurs inside 6� from TOI-892.

2.2.2. MEarth-South

The MEarth-South project(Irwin et al.2015) consists in an
array of eight identical robotic 0.4 m telescopes installed in the
Cerro Tololo International Observatory, in Chile. Seven
telescopes of the array were used to monitor a transit of TOI-
892�b the night of 2020 February 20. Each of the telescopes
obtained approximately 360 images with a cadence of 52 s
using a custom-made RG715� lter. The data were processed
with the MEarth-South pipeline producing the light curve
displayed in Figure3, which further con� rms the occurrence of
the transit on the target by registering an ingress.

2.2.3. Next Generation Transit Survey

The Next Generation Transit Survey(NGTS; Wheatley et al.
2018) is an array of 12 identical robotic telescopes installed at
the Paranal Observatory in Chile. Four NGTS telescopes were
used simultaneously on the night of 2019 December 3 to
monitor an egress of TOI-481�b. Exposures were taken using a
custom NGTS� lter (520–890 nm) with 10 s exposure times
which resulted in a� 12 s cadence. Data were reduced using the
NGTS aperture photometry pipeline detailed in Bryant et al.
(2020). The NGTS light curve is presented in Figure3.

Figure 2. The top panel corresponds to the TESS 30 minute cadence light curve of TOI-892 generated throughtesseract from the full-frame images of Sector 6.
The solid line corresponds to the model generated from the posterior parameters of the analysis presented in Section3. The bottom panel shows the residuals between
the TESS light curve and the model.

Table 1
Long-cadence(30 Minutes) TESS Light Curve Data for TOI-481 and TOI-892
Obtained from thetesseract Extraction of the Full-frame Images of Sector

3 and 6, Respectively

ID BJD Flux �TFlux Sector

TOI-481 2458382.051879883 25279.4 4.8 3
TOI-481 2458382.072692871 25272.1 4.7 3
TOI-481 2458382.093566895 25274.6 4.7 3
TOI-481 2458382.114379883 25282.0 4.7 3
TOI-481 2458382.135192871 25279.4 4.7 3
TOI-481 2458382.156066895 25277.6 4.7 3
TOI-481 2458382.176940918 25283.0 4.7 3
TOI-481 2458382.197753906 25282.9 4.7 3
TOI-481 2458382.218566895 25277.7 4.7 3
TOI-481 2458382.239440918 25299.6 4.7 3

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

51 https:// exofop.ipac.caltech.edu/ tess
52 https:// www.exoplanetscience2.org/ sites/ default/ � les/ submission-
attachments/ poster_aj.pdf
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2.3. High-resolution Imaging

The identi� cation of contaminating sources in the neighbor-
hood of transiting candidates is important for constraining
false-positive scenarios and for determining possible dilutions
of the transits. In this context, TOI-481 and TOI-892 were
imaged with the High-Resolution Camera(HRCam) installed at
the 4.1m Southern Astrophysical Research(SOAR; Tokovinin

2018) telescope in Cerro Pachón, Chile. Observations took
place on the night of 2019 November 9, in the context of the
SOAR TESS Survey(Ziegler et al.2020). No nearby sources
were detected in the vicinity of either star(see Figure4).

We also used the Gaia DR2 catalog(Gaia Collaboration
et al. 2018) to identify the presence of close companions that

Figure 3. The left panel shows the phase-folded 2 minute cadence TESS photometry of TOI-481 along with the ground-based follow-up light curves of CHAT and
NGTS. The solid line shows the corresponding transit model in each case. The right panel shows the phase-folded TESS long cadence, CHAT, and MEarth light
curves for TOI-892.

Figure 4. Contrast curve plots and autocorrelation functions from Speckle imaging in theI band using the HRcam at SOAR, for TOI-481(left panel) and TOI-892
(right panel). The black points correspond to the 5� contrast curve for each star. The solid line is the linear� t to the data for separations< 0 2 and> 0 2.
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could dilute the transit depths of TOI-481�b and TOI-892�b
obtained from the ground-based light curves presented in
Section2.2. We � nd that inside 10� from the target, TOI-481
contains just one source having a magnitude difference of
8.7 mag in theG passband� lter, which is too faint to signi� cantly
affect the transit depth of TOI-481�b. TOI-892 reports no nearby
sources closer than 10� to it.

2.4. High-resolution Spectroscopy

TOI-481 and TOI-892 were monitored with seven different
spectrographs with the goal of measuring radial velocity
variations to con� rm the planetary nature of the transiting
candidates and constrain their orbital parameters and masses.
These observations are described in the following paragraphs
and the radial velocities are presented in Table2 and displayed
in Figure5.

2.4.1. Fiber-fed Extended Range Optical Spectrograph

The Fiber-fed Extended Range Optical Spectrograph(FEROS;
Kaufer et al.1999) has a resolving power ofR�= �48,000 and is
installed on the MPG2.2 m telescope at La Silla Observatory in
Chile. For this study, all FEROS data were processed with
the CERES pipeline (Brahm et al. 2017a), which delivers
optimally extracted, wavelength calibrated, and instrumental drift

corrected spectra, along with the radial velocity and bisector span
measurements.

We obtained 16 spectra with FEROS of TOI-481 over a time
span of 30 days starting on the night of 2019 February 28. We
adopted an exposure time of 300 s which generated spectra
with a signal-to-noise ratio per resolution element of� 110.

Figure 5. Radial velocity observations for TOI-481(top panel) and TOI-892(bottom panel). The solid line corresponds to a Keplerian model using the posterior
parameters of the global modeling presented in Section3. The residuals are also presented below the radial velocity curves for each system. The radial velocity
measurements for NRES have been excluded from the plots due to their signi� cantly larger error bars.

Table 2
Radial Velocity Measurements for TOI-481 and TOI-892

ID BJD RV �TRV Instrument
Š2450000 (m sŠ1) (m sŠ1)

TOI-481 8543.59063 37723.80 5.40 FEROS
TOI-481 8544.41789 37227.70 41.69 NRES
TOI-481 8544.43251 37253.27 143.99 NRES
TOI-481 8544.44711 37203.45 123.13 NRES
TOI-481 8544.69135 37672.30 9.40 CORALIE
TOI-481 8544.69945 37690.60 9.40 FEROS
TOI-481 8545.41809 37032.61 120.31 NRES
TOI-481 8545.43966 37015.83 72.10 NRES
TOI-481 8546.69284 37714.30 6.30 FEROS
TOI-481 8548.68585 37823.70 5.50 FEROS

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