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Discuss with your neighbors:  

Why should we look for 
planets around other stars?



Learning Goals
Let’s try to leave here today…

• convinced that there is a need 
for another NASA exoplanet 
mission after Kepler 

• knowing how TESS will find 
the closest transiting 
exoplanets 

• with a sense of the process by 
which TESS was proposed, 
selected, built, and launched 

• having (tried) to answer your 
questions about TESS!



What are a few things we 
know about exoplanets?



Let’s meet the planets.

Images: PHYSICS by Physical Science Study Committee; NASA
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Planetary scientists have beautiful data on eight Solar System planets.

exoplanet properties from NASA Exoplanet Archive, with some curation; mass-radius models from Seager et al. (2007); HZ from Kopparapu et al. (2013)
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exoplanet properties from NASA Exoplanet Archive, with some curation; mass-radius models from Seager et al. (2007); HZ from Kopparapu et al. (2013)

We know thousands of transiting exoplanets, spanning diverse environments.



(For close-in orbits), big planets are rare and small planets are common!
The Astrophysical Journal, 766:81 (20pp), 2013 April 1 Fressin et al.
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Figure 7. Average number of planets per size bin for main-sequence FGKM
stars, determined here from the Q1–Q6 Kepler data and corrected for false
positives and incompleteness.
(A color version of this figure is available in the online journal.)

6.4. Super-Earths (1.25–2 R⊕)

According to our simulations the overall average number of
super-Earths per star out to periods of 145 days is close to 30%.
The distribution of host star masses for the super-Earths is shown
in Figure 8. While there is a hint that planets of this size may
be less common around M dwarfs than around hotter stars, a
K-S test indicates that the simulated and real distributions are
not significantly different (false alarm probability of 4.9%).

6.5. Earths (0.8–1.25 R⊕)

As indicated in Table 3, the overall rate of occurrence (average
number of planets per star) we find for Earth-size planets is
18.4%, for orbital periods up to 85 days. Similarly to the case
for larger planets, our simulated population of false positives
and Earth-size planets is a good match to the KOIs in this class,
without the need to invoke any dependence on the mass of the
host star (see Figure 9).

Among the Earth-size planets that we have randomly assigned
to KIC target stars in our simulations, we find that approximately
23% have S/Ns above 7.1, but only about 10% would be actually
detected according to our ramp model for the Kepler recovery
rate. These are perhaps the most interesting objects from a
scientific point of view. Our results also indicate that 12.3% of
the Earth-size KOIs are false positives (Table 1). This fraction
is small enough to allow statistical analyses based on the KOI
sample, but is too large to claim that any individual Earth-size
KOI is a bona fide planet without further examination. Ruling
out the possibility of a false positive is of critical importance for
the goal of confidently detecting the first Earth-size planets in
the habitable zone of their parent star.

On the basis of our simulations we may predict the kinds of
false positives that can most easily mimic an Earth-size transit,
so that observational follow-up efforts may be better focused
toward the validation of the planetary nature of such a signal.
Figure 10 shows a histogram of the different kinds of false
positives that result in photometric signals similar to Earth-size
transiting planets, as a function of their magnitude difference
compared to the Kepler target.

Superearths (1.25 - 2 REarth)

666 KOIs, FPR = 8.8 %

KOIs (Batalha et al. 2012)
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Figure 8. Similar to Figure 4, for super-Earths.
(A color version of this figure is available in the online journal.)

There are two dominant sources of false positives for this class
of signals. One is background eclipsing binaries, most of which
are expected to be between 8 and 10 mag fainter than the Kepler
target in the Kp passband, and some will be even fainter. The
most effective way of ruling out background eclipsing binaries is
by placing tight limits on the presence of such contaminants as a
function of angular separation from the target. In previous planet
validations with BLENDER (e.g., Fressin et al. 2011, 2012b;
Cochran et al. 2011; Borucki et al. 2012) the constraints from
ground-based high spatial resolution adaptive optics imaging
have played a crucial role in excluding many background stars
beyond a fraction of an arcsecond from the target. However,
these observations typically only reach magnitude differences
up to 8–9 mag (e.g., Batalha et al. 2011), and such dim
sources can only be detected at considerably larger angular
separations of several arcsecond. Any closer companions of
this brightness would be missed. Since background eclipsing
binaries mimicking an Earth-size transit can be fainter still,
other more powerful space-based resources may be needed in
some cases such as choronography or imaging with the Hubble
Space Telescope.

Another major contributor to false positives, according to
Figure 10, is larger planets transiting a physically bound com-
panion star. In this case, the angular separations from the tar-
get are significantly smaller than for background binaries, and
imaging is of relatively little help. Nevertheless, considerable
power to rule out such blends can be gained from high-S/N

15

Fressin et al. (2013)



Most planets we know of were 
discovered by the 0.95m  

NASA Kepler Space Telescope.



National Aeronautics and Space Administration

The Kepler Mission Star Field
www.nasa.gov 
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NASA/Carter Roberts

Kepler spent four years staring at a tiny (0.3%) patch of the sky.



Why was NASA Kepler 
not enough?



cartoon adapted from original by Tim Brown, circa 2000

Transiting exoplanets 
are useful laboratories.

For a transiting exoplanet, we can directly observe 
planet size + orbit + mass + atmosphere.



cartoon adapted from original by Tim Brown, circa 2000

Exoplanet characterization requires precise 
measurements. Therefore, telescopes need to collect 

lots of photons from these exoplanet systems.

For a transiting exoplanet, we can directly observe 
planet size + orbit + mass + atmosphere.
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NASA

Exoplanet observations are limited by the 
number of photons we can detect from a system.

If we need a 6.5m telescope to 
observe the atmosphere of an 
exoplanet at 30pc….



image: 
NASA

Exoplanet observations are limited by the 
number of photons we can detect from a system.

If we need a 6.5m telescope to 
observe the atmosphere of an 
exoplanet at 30pc….

…then we would need a 65m 
telescope to observe a similar 
exoplanet at 300pc.
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What is TESS?



Image: NASA



Explorer  
Mission

TESS
launched at 

6:51pm ET, 18 April 2018 
to find hundreds of  

nearby small exoplanets 
amenable to detailed 

characterization

Ricker et al., JATIS, (2014)







Explorer  
Mission

TESS
launched at 

6:51pm ET, April 16 
to find hundreds of  

nearby small exoplanets 
amenable to detailed 

characterization

Ricker et al., JATIS, (2014)



Ricker et al. (2014), Sullivan et al. (2015)

TESSKepler

M dwarf

G dwarf



Detector 
Assembly

Lens AssemblyLens Hood

10.5 cm diameter,  
24°x24° field of view

Ricker et al. (2014), Sullivan et al. (2015)



Our light curves come from time-series telescope images.



a single TESS transit of GJ1132b 
1.1R⊕, 0.21R⊙, 12.1pc, IC=10.7



a single TESS transit of GJ1132b 
1.1R⊕, 0.21R⊙, 12.1pc, IC=10.7



FOV from one TESS camera:

24
°



FOV from one TESS camera:
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illustration from Barclay, Pepper, and Quintana (2018)
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Figure 1. An illustration showing the first three sectors of
the TESS observing plan.

year 1 of the mission, the spacecraft will survey 13 sec-
tors in the southern ecliptic hemisphere, before spending
year 2 in the northern ecliptic hemisphere. About 60%
of the sky will be covered by a single sector of TESS
observations, and a further 15% will be observed over
two sectors, located in the overlap areas between two
adjacent sectors. Most stars within 12 degrees of the
ecliptic poles will be within the TESS continuous view-
ing zone (CVZ) and observable for more than 300 days
(this accounts for approximately 1% of the sky per pole).
The TESS mission will focus on detecting small tran-

siting planets that orbit bright stars. Although the dwell
time over most of the sky will be too short to permit the
detection of planets in temperate orbits, that goal can
be advanced by discovering planets orbiting cooler stars,
especially in the TESS CVZ around the ecliptic poles.
Two observing modes will be initially implemented:

the 96�⇥24� full-frame image (FFI) will be recorded ev-
ery 30-minutes, while approximately 200,000 stars will
be preselected to have data recorded at 2-minute ca-
dence. In either case, the system is integrating and
reading out every 2 seconds, they di↵er in the number
of coadds.
It is essential that a reasonable prediction for the sci-

entific yield of TESS is available because (a) planning
follow-up resources requires knowing the properties of
the planets we might find (Louie et al. 2018; Crouzet
et al. 2017; Collins et al. 2018), (b) we can perform trade

studies on target prioritization schemes for the 2-minute
cadence targets (Bouma et al. 2017; Stassun et al. 2017,
Pepper et al. in preparation), and when designing data
analysis algorithms (Kipping & Lam 2017; Lund et al.
2017; Vińıcius et al. 2017), and (c) we can manage the
expectations of the scientific community and the public.
A TESS yield simulation created by Sullivan et al.

(2015) has been the standard used by both the mis-
sion team and the community. Since then, two papers
have built on the work of Sullivan et al. to refine the
total mission yield and explore extended mission sce-
narios (Bouma et al. 2017), and to improve estimates of
the planet yield from M-dwarfs (Ballard 2018). How-
ever, Sullivan et al. (2015) simulations were based on a
simulated stellar population rather than real stars, and
used an earlier hardware configuration that provided for
greater storage and downlink limits than the flight hard-
ware being used. Therefore, now is the time to revise
the TESS yield estimate using new information. Here
we report on a new estimate of the exoplanet yield using
the TESS Input Catalog (TIC) Candidate Target List
(CTL), the same list that is used by the mission to select
stars and perform photometry.

2. SIMULATING STARS, PLANETS, AND
DETECTIONS

The process we use to derive a population of planets
detectable by TESS uses a Monte Carlo method to (1)
simulate the population of stars that TESS will observe,
(2) place planets in orbit around these stars, and (3)
predict how many of these planets TESS will detect.

2.1. Star selection

The first step is made relatively straightforward by the
availability of the CTL - a prioritized list of target stars
that the TESS Target Selection Working Group have de-
termined represent the stars most suitable for detection
of small planets by TESS. The properties of about 500
million stars are assembled in the TIC (Stassun et al.
2017), and the CTL includes several million of those
stars that are most suitable for small transit detection.
We use CTL version 6.11, which includes 3.8 million
stars with properties such as stellar radii, masses, dis-
tances, apparent brightness in various bandpasses. The
CTL stars are then ranked using a simple metric based
on stellar brightness and radius, along with the degree
of blending and flux contamination (especially impor-
tant given the large TESS pixels). The CTL does not
include all stars. Save for stars on specially curated tar-

1
The TIC and CTL are available from the MAST archive at

http://archive.stsci.edu/tess/.

2 years to cover  
the whole sky 

(except ecliptic)

27 days/sector
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Non-Kepler 
Kepler 
TESS

TESS simulated yield from Sullivan et al. (2015),  
see also Ballard (2018), Bouma et al. (2017↓),  

Barclay et al. (2018↓)

proportional to 
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symbol area:

TESS will find closest, brightest, easiest-to-observe transiting exoplanets!



Where do we point JWST?



TESS  
is our  
finder 
scope!

Where do we point JWST?



How was TESS built? 
(looking back at the Concept Study Report)



2006 = MIT + Smithsonian Astrophysical Observatory propose 
TESS as a Mission of Opportunity to NASA. It failed. 

2007 = TESS reformulated as a standalone small mission, with 
seed funding from private donors, Kavli Foundation, Google, MIT, 
SAO, NASA Ames. Not enough funds raised. 

2008 = TESS proposed as NASA Small Explorer Mission 
(<$100M). Funded for Phase A, but not selected for Phase B. 

2011 = TESS submitted as NASA Explorer (<$200M), with better 
High Earth Orbit. Selected for a Phase A study. 

2013 = TESS Explorer Mission proceeds to phase B and beyond.

Short History of TESS



TESS was built by people (like you!)
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Early TESS data are beautiful!



Kepler has passed the exoplanet torch to TESS.


