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What Does Habitable Mean To You?
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• Right temperature

• Air

• Liquid water

• Light

• Radiation shield

• Asteroid protection

What Does Habitable Mean To You?
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The Goldilocks Zone

Venus: Way too hot!

Mars: Way too cold, and small!

Earth: Just right!
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How many stars like the Sun have 
Earth-like planets orbiting them?

Kepler searches for transiting 
planets

The Kepler Mission
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Let’s move this star away . . . 

Stars are far away …
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Stars are very far away.
We cannot see the planet cross in front of the star. 
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Jupiter (~1%)

Earth (~0.01%)

How Hard is it to Find Good Planets?
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Launched 
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First Light Image
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First Light Image
Full Moon!
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Kepler discovers two Earth-size planets, which scientists believe are rocky, 
Kepler-20e and Kepler-20f. These two planets are in the Milky Way galaxy, but 

not in our solar system. Their solar system also contains larger gas giant 
planets (like Jupiter) in larger orbits.  

Small Rocky Planets
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Circumbinary Planets:

What would it be like to have two suns in the sky?

Kepler 35
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A Disintegrating Sub-Mercury-Size Planet
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An RR Lyra Star
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Heartbeat Stars: KOI-54
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Kepler taught us that planets are everywhere!

What Next?



TESS Elation!









TESS Sky Coverage

Southern Hemisphere



First Circumbinary Planet: TOI-1338b
The First Circumbinary Planet Discovered by TESS 13

Figure 8. The transits of the CBP across the primary in Sector 3 (left), Sector 6 (middle), and Sector 10 (right) and the
best-fitting model. The Sector 6 and 10 events were fit using short-cadence data, but for clarity we show the data binned to the
long-cadence.

stability, and is well below the eccentricity-dependent stability limit (dashed line; Quarles et al. (2018)). This is an
expected result and a consequence of the fact that CBPs form at large distances away from the binary and migrate to
their current orbits (e.g. Pierens & Nelson 2013; Kley & Haghighipour 2015). Those that maintain stable orbits are
trapped between two N : 1 MMR with the binary. This has indeed been observed in all Kepler CBPs as it is critical
for long-term orbital stability. Figure 11 also shows that, although the orbit of the CBP is stable, small changes in its
semimajor axis or eccentricity may result in a more chaotic orbit by situating the planet near a region of instability
corresponding to N : 1 MMRs with the binary.
As an independent test to examine the stability of the planet, we used the results of our numerical integrations in

the context of the scheme developed by Quarles et al. (2018), and identified a region around the binary where the orbit
of the CBP will certainly be unstable. Our analysis shows that the outer boundary of this unstable region corresponds
to Pcrit = 64.3 days (acrit = 0.36 AU). The observed planetary period is ⇡ 50% longer than this critical value9, once
again confirming that the orbit of the CBP is stable. Additionally, we also used a frequency analysis (Laskar 1993) to
obtain a quasi-periodic decomposition of the orbital perturbations of the CBP. We found these to be a combination
of the five fundamental frequencies—i.e. the mean motions of the orbit of the binary, the CBP, the apsidal precession
of the binary and CBP orbits, and the nodal precession—and fully consistent with the numerical simulations.
Our numerical simulations also show indications of both apsidal and nodal precessions in the orbit of the CBP.

Figures 10c and 10d show the x-components of the planet’s eccentricity (apsidal) and inclination (nodal) vectors. As
seen here, many secular precession cycles of the planet occur within the span of 40,000 yr. The figures show a mode
with a ⇠14,286 year period, and variations that occur on a much shorter timescale of decades. We use the Fast Fourier

9 The planetary semi-major axis is ⇡ 30% larger than the critical semi-major axis.



TESS’s First Earth-Sized Habitable Zone Planet: TOI-700d

10 Gilbert et al.

ters” listed in Table 2 are computed during the sampling
as Deterministic parameters in PyMC3.
The best-fitting transit model for the three planets

is shown in Figure 6, along with the 1-� bounds of the
transit model shown in the space of the data and binned
TESS observations. The radii of the three planets are
1.01 ± 0.09, 2.63 ± 0.4, and 1.19 ± 0.11 R� from inner
to outer planet. TOI-700 b and d are in the Earth-sized
regime while TOI-700 c is likely a sub-Neptune-type
planet (Rogers 2015). TOI-700 d receives an incident
flux of 0.86±0.2 that of Earth’s insolation, which places
it within the circumstellar habitable zone (Kopparapu
et al. 2013).
To verify the results of our first TESS light curve

model, we repeated this analysis but rather than start-
ing with TESS pipeline generated light curves, we began
by using the 2-minute cadence target pixel file (TPF)
data products (Jenkins et al. 2016). For each of the 11
TPFs, we manually excluded data with significant stray
light. Next, we generated custom apertures for each sec-
tor by iteratively adding pixels to the aperture ordered
by brightness and then selecting the aperture which min-
imizes the scatter in the light curve. We then use these
apertures to generate light curves for each sector. The
light curves were extracted using the lightkurve pack-
age. We then masked out transits using the ephemeris
generated by the TESS pipeline alerts and subsequently
detrended the light curves using pixel-level decorrela-
tion, adapted from the methods of everest (Luger et al.
2016). Once detrended, we combined all 11 sectors into a
single light curve. We then used the exoplanet package
in a similar manner to that described above, except that
we used the entire time series as a single dataset rather
than breaking it into 11 separate datasets. The result-
ing exoplanet parameters were consistent at the <0.2�
level with the values calculated in our first analysis (see
Table 2).

5. SYSTEM VALIDATION OF TOI-700

In Section 4, we modeled the data assuming the sig-
nals are caused by planets transiting TOI-700. There
are, however, multiple astrophysical false-positive sce-
narios that can mimic exoplanets that must be ruled
out. Several tests are performed in the TESS pipeline in
the Data Validation module (DV, Twicken et al. 2018;
Li et al. 2019) to search for evidence of false positives in
the TESS data. All three planets passed all of DV’s di-
agnostic tests in the multi-sector search of Sectors 1–13,
including the odd/even depth test, the statistical boot-
strap test (this tests estimates the probability of a false
alarm from random noise fluctuations in the light curve
and accounts for the non-white nature of the observa-

Figure 6. Phase-folded, light curve from 11 sectors of TESS
data for planets TOI-700 b (upper panel), TOI-700 c (middle
panel), and TOI-700 d (lower panel), along with the respec-
tive transit model (pink) showing the 1-sigma range in mod-
els consistent with the observed data. The corresponding
transit parameters are listed in Table 2.
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Kaltenegger, L. and Traub, W. (2009) Transits of Earth-Like Planets, ApJ

Transiting planets provide opportunities to 
determine the bulk planetary density and to 
characterize their atmospheres

Detecting Biomarkers through Transit Spectroscopy





What can you do to help study exoplanets?

Do  you like Science?
Do you like Math?
Do you like Art?

We need:
• Scientists
• Astronomers
• Engineers
• Data Scientists
• Mathematicians
• Software Engineers
• Artists



Do you have questions?


