
 
 

University of Birmingham

Science extraction from TESS observations of
known exoplanet hosts
Kane, Stephen R.; Bean, Jacob L.; Campante, Tiago L.; Dalba, Paul A.; Fetherolf, Tara;
Mocnik, Teo; Ostberg, Colby; Pepper, Joshua; Simpson, Emilie R.; Turnbull, Margaret C.;
Ricker, George R.; Vanderspek, Roland; Latham, David W.; Seager, Sara; Winn, Joshua N.;
Jenkins, Jon M.; Huber, Daniel; Chaplin, William J.
DOI:
10.1088/1538-3873/abc610

License:
None: All rights reserved

Document Version
Peer reviewed version

Citation for published version (Harvard):
Kane, SR, Bean, JL, Campante, TL, Dalba, PA, Fetherolf, T, Mocnik, T, Ostberg, C, Pepper, J, Simpson, ER,
Turnbull, MC, Ricker, GR, Vanderspek, R, Latham, DW, Seager, S, Winn, JN, Jenkins, JM, Huber, D & Chaplin,
WJ 2021, 'Science extraction from TESS observations of known exoplanet hosts', Publications of the
Astronomical Society of the Pacific, vol. 133, no. 1019, 014402. https://doi.org/10.1088/1538-3873/abc610

Link to publication on Research at Birmingham portal

Publisher Rights Statement:
This is the Accepted Manuscript version of an article accepted for publication in Publications of the Astronomical Society of the Pacific. IOP
Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript or any version derived from it. The Version of
Record is available online at: https://doi.org/10.1088/1538-3873/abc610.

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•	Users may freely distribute the URL that is used to identify this publication.
•	Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•	User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•	Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 04. Jul. 2022

https://doi.org/10.1088/1538-3873/abc610
https://doi.org/10.1088/1538-3873/abc610
https://birmingham.elsevierpure.com/en/publications/ef40f421-98ca-4969-9ba2-1fe29066524c


ar
X

iv
:2

01
0.

15
16

4v
2 

 [
as

tr
o-

ph
.E

P]
  1

9 
N

ov
 2

02
0

Draft version November 20, 2020

Typeset using LATEX twocolumn style in AASTeX63

Science Extraction from TESS Observations of Known Exoplanet Hosts

Stephen R. Kane,1 Jacob L. Bean,2 Tiago L. Campante,3, 4 Paul A. Dalba,1, ∗ Tara Fetherolf,1 Teo Mocnik,5

Colby Ostberg,1 Joshua Pepper,6 Emilie R. Simpson,1 Margaret C. Turnbull,7 George R. Ricker,8

Roland Vanderspek,8 David W. Latham,9 Sara Seager,8, 10, 11 Joshua N. Winn,12 Jon M. Jenkins,13

Daniel Huber,14 and William J. Chaplin15, 16

1Department of Earth and Planetary Sciences, University of California, Riverside, CA 92521, USA
2Department of Astronomy & Astrophysics, University of Chicago, 5640 South Ellis Avenue, Chicago, IL 60637, USA
3Instituto de Astrof́ısica e Ciências do Espaço, Universidade do Porto, Rua das Estrelas, 4150-762 Porto, Portugal

4Departamento de F́ısica e Astronomia, Faculdade de Ciências da Universidade do Porto, Rua do Campo Alegre, s/n, 4169-007 Porto,
Portugal

5Gemini Observatory, Northern Operations Center, 670 N. A’ohoku Place, Hilo, HI 96720, USA
6Department of Physics, Lehigh University, 16 Memorial Drive East, Bethlehem, PA 18015, USA

7SETI Institute, Carl Sagan Center for the Study of Life in the Universe, Off-Site: 2613 Waunona Way, Madison, WI 53713, USA
8Department of Physics and Kavli Institute for Astrophysics and Space Research, Massachusetts Institute of Technology, Cambridge, MA

02139, USA
9Center for Astrophysics | Harvard & Smithsonian, 60 Garden Street, Cambridge, MA 02138, USA

10Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
11Department of Aeronautics and Astronautics, MIT, 77 Massachusetts Avenue, Cambridge, MA 02139, USA

12Department of Astrophysical Sciences, Princeton University, 4 Ivy Lane, Princeton, NJ 08544, USA
13NASA Ames Research Center, Moffett Field, CA, 94035, USA

14Institute for Astronomy, University of Hawai‘i, 2680 Woodlawn Drive, Honolulu, HI 96822, USA
15Stellar Astrophysics Centre (SAC), Department of Physics and Astronomy, Aarhus University, Ny Munkegade 120, DK-8000 Aarhus

C, Denmark
16School of Physics and Astronomy, University of Birmingham, Birmingham B15 2TT, UK

ABSTRACT

The transit method of exoplanet discovery and characterization has enabled numerous breakthroughs

in exoplanetary science. These include measurements of planetary radii, mass-radius relationships, stel-

lar obliquities, bulk density constraints on interior models, and transmission spectroscopy as a means

to study planetary atmospheres. The Transiting Exoplanet Survey Satellite (TESS) has added to the
exoplanet inventory by observing a significant fraction of the celestial sphere, including many stars

already known to host exoplanets. Here we describe the science extraction from TESS observations of

known exoplanet hosts during the primary mission. These include transit detection of known exoplan-

ets, discovery of additional exoplanets, detection of phase signatures and secondary eclipses, transit
ephemeris refinement, and asteroseismology as a means to improve stellar and planetary parameters.

We provide the statistics of TESS known host observations during Cycle 1 & 2, and present several

examples of TESS photometry for known host stars observed with a long baseline. We outline the

major discoveries from observations of known hosts during the primary mission. Finally, we describe
the case for further observations of known exoplanet hosts during the TESS extended mission and the

expected science yield.

Keywords: astrobiology – planetary systems – planets and satellites: dynamical evolution and stability

1. INTRODUCTION
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Discoveries of exoplanets have increased dramatically

over the past two decades, largely due to the implemen-
tation of the transit method (Borucki & Summers 1984;

Hubbard et al. 2001). In particular, space-based pho-

tometry combined with large-scale survey strategies are
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able to overcome both the transit probability distribu-

tion and the observational window function that can

impede ground-based approaches (Kane & von Braun

2008; von Braun et al. 2009). Significant contributors to
the space-based transit survey approaches have been the

Convection, Rotation and planetary Transits (CoRoT)

mission (Auvergne et al. 2009) and the Kepler mission

(Borucki et al. 2010). In 2018, the Transiting Exo-

planet Survey Satellite (TESS) was launched to be-
gin its transit survey of the nearest and brightest stars

(Ricker et al. 2015). The advantage of such bright stars

is their suitability for follow-up observations that mea-

sure planetary masses (Fischer et al. 2016; Burt et al.
2018) and atmospheric compositions via transmission

spectroscopy (Seager & Sasselov 2000; Kempton et al.

2018). Each of the first two years of the TESS mis-

sion were devoted to observing the southern and north-

ern ecliptic hemispheres, respectively, during which a
vast discovery space was predicted (Sullivan et al. 2015;

Barclay et al. 2018).

The survey design strategy of TESS has resulted in

the observation of stars already known to host ex-
oplanets that were discovered through a variety of

methods. The continuous time series photometry of

these stars may be used to achieve multiple science

goals that have an over-arching theme of unprece-

dented characterization of these planetary systems.
These science goals include the detection of transits

for known planets (Dalba et al. 2019), the discovery

of additional planets (Brakensiek & Ragozzine 2016),

the detection of phase variations and secondary eclipses
(Mayorga et al. 2019), refinement of transit ephemerides

(Dragomir et al. 2020), and asteroseismology of host

stars (Campante et al. 2016). Each of these science

goals have been realized to various degrees through the

course of the TESS primary mission, providing signif-
icant insight into the physical properties of the known

planets and the architectures of those systems.

In this paper, we provide a description of the science

motivation behind TESS observations of known exo-
planet host stars during the primary mission, along with

statistics of these observations and a summary of the

results. Note that “known hosts” in this work refers to

stars that are known to host planets outside of TESS dis-

coveries. In Section 2 we present the details for each of
the science cases and quantify the advantage of returning

to known exoplanet hosts. Section 3 provides the statis-

tics of the known exoplanet host TESS observations,

together with several examples of TESS photometry for
hosts observed over multiple sectors. Section 4 sum-

marizes the published science results regarding known

exoplanet hosts from the TESS primary mission, and

Figure 1. Histogram of predicted transit depths for all
known RV planets. The vertical dashed line at 60 ppm rep-
resents the engineering requirement for the noise floor of the
TESS photometric precision (actual noise floor is closer to
20 ppm).

Section 5 discusses possible further science yield from

continuing to observe known hosts during the extended
mission. Section 6 provides concluding remarks and

suggestions for additional science exploitation of known

host observations and follow-up programs.

2. THE ADVANTAGE OF OBSERVING KNOWN

HOSTS

There are numerous science motivations for observing

known exoplanet host stars. Here we discuss several of

those motivations, including transit detection of known
planets, discovery of new planets, phase signatures and

secondary eclipses, transit ephemeris refinement, and as-

teroseismology.

2.1. Transit Detection of Known Exoplanets

At the current time, it remains unknown if many

of the radial velocity (RV) detected exoplanets tran-

sit their host stars. Since these host stars are rela-

tively bright, they provide numerous opportunities for
detailed characterization of the systems, such as trans-

mission spectroscopy, orbital dynamics, and potential

targets for future imaging missions (Winn & Fabrycky

2015; Kane et al. 2018; Batalha et al. 2019). The de-

tection of transits for known planets has been dis-
cussed in detail (Kane 2007; Kane et al. 2009; Hill et al.

2020), including the transit probabilities of such plan-

ets (Kane & von Braun 2008; Stevens & Gaudi 2013).

A study of anticipated TESS observations of known ex-
oplanet hosts was carried out by Dalba et al. (2019).

Accounting for the transit probability, visibility of tar-

gets, and observing cadence, this study estimated that

11.7 ± 0.3 known RV planets would exhibit transits
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during TESS primary mission observations, 3 of which

would be new transit discoveries.

Shown in Figure 1 is a histogram of predicted tran-

sit depths for known RV planets that have not had a
transit detected. The necessary data were extracted

from the NASA Exoplanet Archive (Akeson et al. 2013)

on 2020 May 5, and we retained all cases with the

necessary planetary and stellar information. Nu-

merous exoplanet mass-radius relationships have been
derived (Kane & Gelino 2012b; Weiss & Marcy 2014;

Chen & Kipping 2017), and we adopt the methodol-

ogy of Zeng et al. (2019), which uses a Monte Carlo ap-

proach with a planet formation motivated growth model,
to estimate planetary radii from the minimum plane-

tary masses. As a result, a total of 749 planets are

included in the histogram. According to Ricker et al.

(2015), the engineering requirement for the systematic

noise floor of the photometric precision over one hour
timescales was ∼60 ppm, shown in Figure 1 as a vertical

dashed line. Of the 749 planets included, the predicted

transit depths of 709 fall above this 60 ppm threshold.

There are many other factors, such as additional noise
sources (Feinstein et al. 2019), geometric transit prob-

ability (Kane & von Braun 2008), and transit window

functions (von Braun et al. 2009), that truncate the ex-

pected number of observed transits during TESS obser-

vations (Dalba et al. 2019). Fortunately, the in-flight re-
assessment of the photometric precision noise floor found

the performance to be better than the engineering re-

quirements. In most cases, the photometric precision of

TESS is sufficient to detect transits of known RV planets
should their inferior conjunction occur during the TESS

observing windows.

2.2. Discovery of Additional Planets

One of the major reasons to continue monitoring

known host stars is the prospect of detecting additional

planets within those systems, regardless of the detection

technique that was used to discover the known plan-
ets (Dietrich & Apai 2020). Continued monitoring and

discovery of additional planets is an essential pathway

toward revealing the full diversity of planetary architec-

tures (Winn & Fabrycky 2015), including dynamical in-

teractions (Kane & Raymond 2014; Agnew et al. 2019)
and coplanrity (Fang & Margot 2012; Becker et al.

2017). For example, the WASP-47 system, ini-

tially detected as a single hot-Jupiter (Hellier et al.

2012), has been revealed as a complex multi-planet
system and the focus of numerous follow-up efforts

(Becker et al. 2015; Dai et al. 2015; Almenara et al.

2016; Sinukoff et al. 2017; Vanderburg et al. 2017;

Weiss et al. 2017; Kane et al. 2020a). Although long-

term photometric monitoring will only reveal those plan-

ets that happen to have orbital alignments favorable

for transit detection, such planets typically fall within

the demographic of short-period terrestrial planets that
were below the detection threshold of previous surveys.

2.3. Phase Variations and Secondary Eclipses

In the era of precision photometry, particularly from
space-based facilities, the detection of phase varia-

tions of exoplanets has become a powerful method to

probe atmospheric properties (Faigler & Mazeh 2011;

Shporer 2017). Phase variations caused by reflected
light can provide insight into the scattering proper-

ties of an exoplanet’s atmosphere (Burrows et al. 2010;

Kane & Gelino 2010, 2011b; Madhusudhan & Burrows

2012) and can disentangle multi-planet systems

through sustained monitoring (Kane & Gelino 2013;
Gelino & Kane 2014). These reflected light signatures

complement the thermal structure and orbital infor-

mation inferred from phase variations and secondary

eclipses detected in the infrared (Harrington et al.
2006; Knutson et al. 2007; Kane & von Braun 2009;

Kane & Gelino 2011a; Demory et al. 2016). Secondary

eclipse observations enable the measurement of atmo-

spheric temperatures that are critical in modeling ex-

oplanet atmospheres and interiors (Line & Yung 2013;
von Paris et al. 2016; Fortney et al. 2019). Further-

more, the additional phase variation components of el-

lipsoidal variations and Doppler beaming can be used to

distinguish between stellar and planetary companions
to the host star (Drake 2003; Kane & Gelino 2012a).

The TESS bandpass primarily spans optical wavelengths

(Ricker et al. 2015), so the recovered phase signatures

will be dominated by the reflected light component.

We used the stellar and exoplanet data from the
NASA Exoplanet Archive, as described in Section 2.1,

to calculate the reflected light, ellipsoidal variation, and

Doppler beaming components for all known planets with

the necessary information. A histogram of the combined
amplitude for all three effects is shown in the top panel

of Figure 2, including a total of 1384 planets. As for

Figure 1, the vertical dashed line represents the sys-

tematic noise floor of the TESS photometric precision,

of which 291 phase amplitudes lie above. For the pur-
poses of the reflected light calculations, the geometric

albedo for all planets was assumed to be 0.5 and we use

the Keplerian orbital information where available. The

bi-model shape in the distribution arises from a combi-
nation of exoplanet survey observational biases, and the

gaps observed in both the period and mass/size of ex-

oplanets (Matsakos & Königl 2016; Mazeh et al. 2016;

Fulton et al. 2017), for which the amplitudes of the vari-
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Figure 2. Top: histogram of the total phase amplitude
for all of the planets described in Section 2.3. The vertical
dashed line at 60 ppm represents the noise floor of the TESS
photometric precision. Bottom: predicted phase amplitudes
for KELT-1b, including reflected light (dashed), ellipsoidal
(dotted), Doppler beaming (dot-dashed), and total (solid).

ous phase components are very sensitive. In other words,

the distribution that peaks near 100 ppm is dominated

by hot Jupiter planets. For example, the predicted
phase amplitudes of KELT-1b, a ∼27 MJ brown dwarf

in a 1.22 day period orbit (Siverd et al. 2012), are rep-

resented in the bottom panel of Figure 2. The reflected

light, ellipsoidal, and Doppler beaming components are
shown as dashed, dotted, and dot-dashed lines respec-

tively, and the total variations are shown as a solid line.

Orbital phase zero corresponds to a planet location of

superior conjunction, or ”full” reflection phase. In this

extreme case, the combination of high mass and size,
along with small star–planet separation, results in re-

latiely high ampltudes for all three components of the

variations, placing it firmly within the right-hand part

of the distribution shown in the top panel of Figure 2.

2.4. Transit Ephemeris Refinement

Figure 3. Histograms of the 95% confidence window for
transit times of 1457 known transiting exoplanets, projected
forward to January 1, 2025. The red and the black his-
tograms are with and without TESS observations respec-
tively.

The atmospheric characterization community has the

ambition to study hundreds of planets over the next

decade in order to reveal the statistics of exoplanet at-

mospheres. This will be largely achieved with a combi-
nation of the James Webb Space Telescope (JWST) and

dedicated missions, such as the Atmospheric Remote-

sensing Infrared Exoplanet Large-survey (ARIEL) mis-

sion (Puig et al. 2016; Kempton et al. 2018). A signifi-

cant issue facing the observational planning for atmo-
spheric signatures of known transiting planets is the

reduced quality of their transit ephemerides with time

(Kane et al. 2009). The errors are dominated by un-

certainties in the periods, which could be significantly
reduced by observing just a handful of transits at the

TESS epoch (Dragomir et al. 2020; Zellem et al. 2020).

Figure 3 shows a histogram of the 95% confidence win-

dow (i.e., ±2σ) for transit times of 1457 well-studied

transiting planets listed in the Transiting Extrasolar
Planets Catalogue (Southworth 2011). The windows

were calculated for a representative date (January 1,

2025) when JWST is expected to be in full operation.

More than half of the known planets will have windows
greater than 2 hours, which means that observations

of their transits or eclipses would require significant

additional observing time to have a guaranteed obser-

vations of a full transit event. Improvement of tran-

sit ephemerides will be achieved via the use of various
follow-up facilities, including CHaracterizing ExOPlan-

ets Satellite (CHEOPS) observations of TESS targets

(Broeg et al. 2014; Cooke et al. 2020).

Some of the most exciting science from Kepler came
from systems of multiple transiting planets, particu-

larly those where planet-planet interactions revealed
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by Transit Timing Variations (TTVs) provided an im-

portant source of mass measurements and constraints

(e.g., Steffen et al. 2013; Hadden & Lithwick 2014).

Such observations of TTVs are also true for TESS
but to a more limited extent (Goldberg et al. 2019;

Hadden et al. 2019). Kane et al. (2019) investigated the

degradation of TTV signals when switching from Ke-

pler’s 4-year duration to the 6–12 month duration of

TESS. Using a basic scaling estimate, they find that
roughly tens of TESS planets will show TTVs, although

only some of these will lead to useful mass constraints.

2.5. Asteroseismology

Asteroseismology is one of the most successful meth-

ods to precisely infer radii, masses, and ages of exo-

planets through the characterization of their host stars

(for recent reviews, see Huber 2018; Lundkvist et al.
2018). We predicted the asteroseismic yield of known

host stars in Cycles 1 and 2 by employing a statis-

tical test (Chaplin et al. 2011; Campante et al. 2016;

Schofield et al. 2019) that estimates the detectability of
convection-driven, solar-like oscillations in TESS pho-

tometry of any given target. The expectation is that

solar-like oscillations are detectable in nearly 100 solar-

type (i.e., low-mass, main-sequence stars and cool sub-

giants) and red-giant known hosts, virtually all of which
are RV systems (see Figure 4). Moreover, about half of

such hosts are evolved stars, i.e., having log g < 3.85.

The corresponding planet sample is mostly comprised

of long-period gas giants, with a smaller fraction of hot
Jupiters and warm super-Earths/Neptunes. To assess if

asteroseismology can further constrain stellar and plan-

etary properties, we estimated the precision with which

fundamental stellar properties can be obtained for stars

in the asteroseismic sample. We used the Bayesian code
PARAM (da Silva et al. 2006; Rodrigues et al. 2014,

2017) to this end, a grid-based approach whereby ob-

servables are matched to well-sampled grids of stellar

evolutionary models. Two different sets of observables
were considered, one containing only spectroscopic data

and a parallax-based luminosity (this allows reproducing

the typical precision levels currently found in the liter-

ature), the other containing additional constraints from

asteroseismology (namely, the predicted large frequency
separation, ∆ν, and the predicted frequency of maxi-

mum oscillation amplitude, νmax, both with uncertain-

ties as expected for TESS). We found that by including

asteroseismic constraints one can significantly improve
(by a factor of 2–5) the precision of stellar properties

when compared to estimates stemming from a combina-

tion of spectroscopy and astrometry alone (1.9 vs 3.4%

in radius, 4.6 vs 6.7% in mass, 15 vs 30% in age, and 3.4

Figure 4. Predicted yield of known host stars in Cy-
cles 1 and 2 having detectable solar-like oscillations. Solar-
calibrated evolutionary tracks span the mass range 0.8–
2.0 M⊙. The slanting dashed line represents the red edge
of the δ Scuti instability strip. Evolved stars (i.e., with
log g < 3.85) make up about half of the yield.

vs 15% in mean density). This asteroseismic sample will
thus provide us with a benchmark ensemble of planets

with precisely inferred radii, masses, and ages.

3. KNOWN HOST COVERAGE

The nominal plan for TESS observations during the

primary mission was to result in ∼85% sky coverage with

a minimum observing baseline of ∼27 days (Ricker et al.

2015). Year 1 (Cycle 1) and year 2 (Cycle 2) of the mis-
sion were directed at the southern and northern eclip-

tic hemispheres, respectively. During Cycle 1, modifica-

tions were made to the location of the Cycle 2 sectors

that shifted them north along a line of ecliptic longitude

in order to minimize scattered light effects1.
For our analysis of the TESS coverage of known ex-

oplanet hosts during the primary mission, we include

data from the NASA Exoplanet Archive (Akeson et al.

2013) from 2020 May 5, matching the sample described
in Section 2.1 and Section 2.3. From these data, we ex-

clude those exoplanet hosts whose planets were detected

by TESS (45) and host stars without V magnitude in-

formation (202). These restrictions reduce the planet

sample from 4152 to 3912. For each host star, we deter-
mined the sectors during which they were observed by

TESS using the proposal tools provided by the TESS

Science Support Center2.

1 https://tess.mit.edu/observations/
2 https://heasarc.gsfc.nasa.gov/docs/tess/
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Figure 5. TESS coverage of the known exoplanets during the primary mission. The top-left and top-right panels show
histograms of the number of sectors during which transiting (blue) and non-transiting (red) planets were covered during Cycle
1 and Cycle 2, respectively. The bottom-left and bottom-right panels show intensity maps of the known exoplanet coverage as
a function of the host star V magnitude during Cycle 1 and Cycle 2, respectively.

Shown in Figure 5 are plots that represent the TESS

coverage of the known exoplanet hosts during the pri-
mary mission. The two left-hand panels in Figure 5 refer

to Cycle 1 and the two right-hand panels refer to Cy-

cle 2. The top two panels are histograms of the total

number of sectors during that cycle for which exoplan-
ets were covered by TESS observations, with transiting

planets being shown in blue and planets not known to

transit shown in red. The numbers above each bin indi-

cate the number of planets represented by the transiting

and non-transiting categories for that bin. Although the
number of exoplanets covered during Cycle 1 are fairly

evenly split between the transiting and non-transiting

categories, the exoplanet sample in Cycle 2 was domi-

nated by the observations of the Kepler field, most of
which are too faint for TESS data to be profitable. We

estimate the fraction of known exoplanet hosts covered

by the TESS primary mission by removing those exo-

planets with zero sector coverage (see bin 0 of the Fig-

ure 5 histograms) from the total number of exoplanets in

our sample (3912). This results in a fractional exoplanet
host coverage of ∼81.5%.

The bottom two panels of Figure 5 present the same

data as for the top two panels, but in the form of inten-

sity maps as a function of both sectors observed and the
V magnitude of the host stars. The shading and color

of the bins relate to the number of planets in that bin

and the relative fractions of transiting planets. These

bottom two plots of Figure 5 emphasize the bimodal

distribution of host star V magnitudes between RV and
transit surveys, resulting from the need of transit sur-

veys for large stellar samples to overcome the geomet-

ric transit probability, thus including many more fainter

stars than brighter stars (Kane et al. 2009). As for the
top-right panel, the Kepler sample dominates the data

shown in the bottom-right panel, causing an apparent

lack of contrast in the intensity map.
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Figure 5 indicates that a handful of known hosts

were observed almost continuously during a given cy-

cle of TESS observations. For example, consider the

HD 40307 system, which was observed for 12 of the
13 sectors of Cycle 1. The system is known to con-

tain at least 5 planets that are a mixture of super-

Earths and mini-Neptunes discovered using the RV tech-

nique (Mayor et al. 2009; Tuomi et al. 2013; Dı́az et al.

2016). Currently, none of the planets are known to tran-
sit the host star, a K2.5 dwarf (Tuomi et al. 2013). To

calculate the transit probabilities and predicted tran-

sit depths, we combined the minimum planet masses

of Tuomi et al. (2013) with the mass-radius relationship
of Chen & Kipping (2017) to estimate radii of 1.8, 2.5,

3.0, 2.1, and 2.6 R⊕ for the b, c, d, f, and g planets,

respectively. We further adopted the stellar radius esti-

mate of R⋆ = 0.7083 R⊙ provided by Valenti & Fischer

(2005). These result in transit probabilities of 11.2%,
6.5%, 4.0%, 2.1%, and 0.9% for the b, c, d, f, and g

planets, respectively. Note that these probabilities are

calculated independently of each other and do not take

into account coplanarity of the system. The calculated
predicted transit depths are 215, 415, 598, 293, and 449

ppm for the b, c, d, f, and g planets, respectively.

Shown in Figure 6 are the TESS photometry for

HD 40307, with a 1σ scatter of 203 ppm, and the re-

sults of a variability analysis of the data. The dates
shown in the left panel are expressed in Barycentric

TESS Julian Day (BTJD), where BTJD = BJD −

2457000. We used the Presearch Data Conditioning

(PDC) photometry, processed by the Science Processing
Operations Center (SPOC) pipeline (Smith et al. 2012;

Stumpe et al. 2012, 2014; Jenkins et al. 2016, 2020),

and we extracted the data using the Lightkurve tool

(Lightkurve Collaboration et al. 2018). The precision of

the data is sufficient to rule out the previously calculated
transits depths for all 5 planets. Even though the star

was not observed during Sector 9, the longest period

planet (∼197 days) is sufficiently covered during Sectors

1–8 that the predicted 449 ppm for that planet can also
be excluded from the data. An alternative explanation

is that the planets do transit but their bulk densities

are significantly higher than that predicted from typical

mass-radius relationships. Examples such as the case of

HD 40307 demonstrate the power of TESS to systemat-
ically achieve dispositive null detections of transits that

are exceptionally difficult to achieve from ground-based

observations (Wang et al. 2012).

4. SCIENCE FROM THE PRIMARY MISSION

Observations of known exoplanet hosts during the

TESS primary mission have realized many of the goals

described in Section 2. Here we outline the major dis-

coveries that have occurred in each of the Section 2 cat-

egories.

Transits of known planets (Section 2.1). A total of
three known RV planets were discovered to transit from

TESS observations during the primary mission. These

include HD 118203b, a Jovian planet in a 6.13 day orbit

(Pepper et al. 2020), and HD 136352 b and c, a super-

Earth and mini-Neptune in 11.6 day and 27.6 day or-
bits, respectively (Kane et al. 2020b). The number of

RV planets found to transit during the primary mission

is aligned with the predictions of Dalba et al. (2019),

which predicted three such discoveries.
New planets in known systems (Section 2.2). An early

science result from TESS observations was the detec-

tion of an additional inner transiting planet in the Pi

Mensae system (Huang et al. 2018). The combination

of a Jovian planet in an eccentric 5.7 year period or-
bit with a mini-Neptune in a 6.27 day period orbit

makes the system of dynamical interest (De Rosa et al.

2020; Xuan & Wyatt 2020). Similarly, the long-period

(∼1600 days) Jovian planet in the HD 86226 system was
found by Teske et al. (2020) to host a transiting mini-

Neptune planet in a 3.98 day orbit.

Phase variations (Section 2.3). Numerous known

transiting planets have been the subject of phase

variation studies to place important constraints on
their atmospheric properties. These include WASP-

18b (Shporer et al. 2019), WASP-19b (Wong et al.

2020c), WASP-121b (Daylan et al. 2019), KELT-1b

(Beatty et al. 2020), and KELT-9b (Wong et al. 2020a).
Note that KELT-9b also exhibited an asymmetric tran-

sit in TESS photometry that was caused by rapid stel-

lar rotation combined with a spin-orbit misalignment

(Ahlers et al. 2020). A systematic study of phase curves

detected for known transiting planets during Cycle 1 was
carried out by Wong et al. (2020b).

Transit ephemeris refinement (Section 2.4). As de-

scribed earlier, the refinement of transit ephemerides is

a crucial component for enabling valuable follow-up ob-
servations, particularly those that involve atmospheric

characterization (Kempton et al. 2018). A concerted ef-

fort has been undertaken by various teams to combine

TESS data with ground-based observations (Yao et al.

2019; Cortés-Zuleta et al. 2020; Edwards et al. 2020)
and K2 data (Ikwut-Ukwa et al. 2020) to improve the

orbital properties of known transiting planets. Addi-

tionally, unexpected variations in the transit times of

WASP-4b were detected by Bouma et al. (2019) and
confirmed by Southworth et al. (2019), and were later

explained by acceleration effects of the WASP-4 system

(Bouma et al. 2020).
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Figure 6. TESS observations of the known exoplanet host HD 40307. Left: light curve from 12 sectors of TESS observations
during Cycle 1. Middle: a Lomb-Scargle periodogram calculated from the TESS photometry shown in the left panel. Right:
photometry folded on the most significant period detected from the photometric variability analysis (5.223 days).

Stellar characterization through asteroseismology

(Section 2.5). Several known exoplanet hosts have ben-

efited from the TESS precision photometry during the

primary mission, particularly those that have evolved

past the main sequence. Campante et al. (2019) re-
ported the detection of solar-like oscillations in the light

curves of the red-giant exoplanet hosts HD 212771 and

HD 203949. A further detection of solar-like oscilla-

tions was reported by Jiang et al. (2020) for the giant
host star HD 222076, greatly improving the determined

mass, radius, and age of the star. Nielsen et al. (2020)

used TESS asteroseismology to firmly place the well-

studied host λ2 Fornacis at the early stage of its subgiant

evolutionary phase.

5. EXTENDED MISSION SCIENCE YIELD

TESS has now moved in to the extended mission,

from which further observations of known exoplanet host
stars will result. For transits of known RV exoplan-

ets, Dalba et al. (2019) predict that TESS will reveal

one such planet be transiting for each year of the ex-

tended mission during which it returns to one of the
hemispheres observed during the primary mission. As

described in Section 2.1, the RV host stars are gener-

ally brighter than those of transit surveys, and so are

valuable targets for follow-up observations. Likewise,

extending the observations baseline for known systems,
both transiting and non-transiting, will undoubtedly re-

veal further planets in those systems, adding to our sta-

tistical knowledge of planetary architectures. For the

phase variations science, the advantage of returning to
previously observed fields is to build signal-to-noise for

small planet phase signatures that may have had an

initial tenuous detection. The probability of detecting

solar-like oscillations for a given star depends sensitively
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Figure 7. Histograms of host star J magnitudes for exo-
planets discovered via the transit method. Shown in red are
those discovered with K2, and shown in black are those from
all other transit surveys.

on the length of the observations (Chaplin et al. 2011;

Campante et al. 2016; Schofield et al. 2019). As the
baseline increases, so will the relative statistical fluctua-

tions in the underlying background power in the Fourier

spectrum decrease in magnitude. Consequently, further

TESS observations of known hosts (even when the data
are not contiguous) will allow the confirmation of pre-

vious tentative detections of oscillations as well as pro-

viding new detections.

Cycle 3 for TESS observations are returning to the

southern ecliptic hemisphere, complementing the prior
observations of the same stars during Cycle 1. Beyond

Cycle 3, it is expected that TESS observations will turn

to the ecliptic, observing stars not previously measured
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during the mission. Furthermore, the ecliptic observa-

tions will be carried out with the spacecraft rotated by

90◦ relative to the nominal pointing configuration. Such

an observing strategy will cause a partial overlap of the
camera fields with previously observed sectors in the

northern and southern ecliptic, and significant overlap

of with other ecliptic fields. This overlap of the ecliptic

fields will result in a longer time baseline of observations

relative to the ∼27 day duration for most of the camera
pointings during the primary mission, allowing a much

greater sensitivity to longer period planets and a higher

science yield for many of the known host science cases

described in this work. Another factor in favor of eclip-
tic observations are the relative brightness of the K2

mission host stars (whose transit discovery fields were

largely centered along the ecliptic) and the subsequent

potential for science return. Figure 7 shows histograms

of the host star J magnitude for planets that were dis-
covered using the transit method. The histograms are

for those cases discovered by K2 and those discovered via

all other transit surveys (once again, excluding TESS).

There is a clear bi-modality in the overall host star
brightness distribution in which the K2 host stars are

preferentially brighter. One effect of this brightness dis-

tribution is that K2 discoveries are more likely to re-

sult in successful atmospheric characterization studies

(Kosiarek et al. 2019). To demonstrate this proposition,
we used the Transmission Spectroscopy Metric (TSM)

devised by Kempton et al. (2018), and recently applied

to TESS exoplanet candidates (Ostberg & Kane 2019).

We calculated the TSM for all exoplanets with avail-
able data for the K2 and non-K2 groups represented in

Figure 7. Note that faint host stars are less likely to

have mass measurements for their planets (a required

component of the TSM calculation), so in those cases

we estimated the planet mass using the methodology
of Chen & Kipping (2017). These TSM calculations re-

vealed a mean value of 25.2 for the K2 population and

8.7 for the non-K2 population. Thus, TESS observa-

tions of the K2 host stars along the ecliptic would pro-
vide enormous benefits for the transit ephmeris refine-

ment described in Section 2.4 in preparation for poten-

tial follow-up observations.

6. CONCLUSIONS

The TESS mission has completed a highly successful

survey of the sky during the first two years. Although

the discovery of previously unknown planetary systems
is the primary science goal of the mission, TESS has

provided serendipitous insights into previously known

systems, aiding toward the characterization of some of

the brightest and well-known host stars. As we have

demonstrated here, ∼81.5% of known exoplanet hosts

were observed during the primary mission, of which most

of those outside the Kepler field were observed for a sin-

gle sector. Regardless, the science yield for these targets
was extensive, covering a broad range of topics.

The significant discoveries include transit detection

of known RV planets orbiting nearby and bright host

stars, such as the naked-eye star HD 136352, and ad-

ditional transiting planets in known exosystems. The
combination of precise photometry with the relatively

bright exoplanet hosts of known transiting planets has

enabled substantial progress to be made in the detection

of phase variations, providing further constraints on the
atmospheric properties for these planets. Observations

of these known transiting systems has also greatly im-

proved the precision of their measured orbital param-

eters, which is a critical factor in scheduled follow-up

observations with large competitive facilities. Finally,
the observation of evolved hosts by TESS has made it

possible to greatly improve the properties of these stars,

including mass, radius, and age, and thus better under-

stand the planets that orbit them.
Beyond the primary mission, it is expected that fur-

ther TESS observations of known exoplanet hosts will

continue to yield exciting new results as the baseline

of observations is increased and new fields along the

ecliptic are covered. In particular, the extended baseline
will likely reveal further transits of known and unknown

planets for stars already known to harbor planets. As

we have shown, these systems have preferentially bright

host stars and will form a major contribution to the
target selection for atmospheric characterization obser-

vations. Thus, an important component of the TESS

legacy will be to establish the cornerstone systems whose

history and future of observations place them amongst

our best understood examples of planetary systems out-
side of the solar system.
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