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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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Transit Photometry 
not Recommended!
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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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Radii estimated for non-transiting exoplanets
Discovery date dithered slightly

Persistence Pays Off:
Exoplanet Discoveries Over Time*

1st Proposal

*According to https://exoplanetarchive.ipac.caltech.edu as of 10/4/21

Kepler/K2
End of Operations

5th Proposal
Selected for Launch Launch
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*According to https://exoplanetarchive.ipac.caltech.edu as of 11/17/22

Kepler+K2: 3234
TESS: 269
Other Transit: 438
RV:    1017
Imaging:  58
µlensing:   141
Pulsar: 7
TOTAL:  5164
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There is a gap between 1.5 and 2 Rearth indicating two populations

Mini-Neptunes

Earths and 
Super Earths



A Search for Earth-size 
Planets

Jupiter (~1%)

Earth (~0.01%)

How Hard is it to Find Good Planets?

Easy to find from the ground!

Hard to find from anywhere!



A Search for Earth-size 
Planets

Launched 
March 7 2009

First Light Image
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Launched 
March 7 2009

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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Fig. 3.— Kepler SAP photometry covering 3 days around each of the three larger comet transits. The data have been cleaned via a
Gaussian processes algorithm so as to remove most of the 20-day and 1-day spot modulations, as well as other red noise (see text). The
red curves are model fits which will be discussed in Section 5.

Fig. 4.— Kepler SAP photometry covering 3 days around each of the three smaller comet transits. Other specifications are the same as
for Fig. 3. Note that the vertical (flux) scale has been expanded by a factor of 2 compared to that of Fig. 3.

TABLE 2

Parameter Dip 140 Dip 742 Dip 793 Dip 992 Dip 1176 Dip 1268

1. Depth (ppm) 491± 38 524± 58 679± 125 1200± 100 1500± 130 1900± 150

2a. v
(a)
t (R⇤/day) 7.76± 0.31 6.55± 0.73 7.42± 0.42 3.04± 0.16 4.34± 0.39 3.70± 0.20

2b. vt (km s�1) 89.8± 3.6 75.8± 8.5 85.9± 4.9 35.2± 1.8 50.2± 4.5 42.8± 2.3
3. �

(b) (R⇤) 0.44± 0.04 0.53± 0.09 0.85± 0.16 0.59± 0.10 0.76± 0.11 0.72± 0.08
4. b

(c) (R⇤) 0.66± 0.05 0.47± 0.18 0.63± 0.14 0.27± 0.13 0.44± 0.17 0.27± 0.14

5. t
(d)
0 139.98± 0.02 742.45± 0.02 792.78± 0.02 991.95± 0.02 1175.62± 0.02 1268.10± 0.02

Note. — a. Transverse comet speed during the transit; b. Exponential tail length from Eqn. (1); c. Impact
parameter; d. Time when the comet passes the center of the stellar disk.

the di↵erence images, analyzing potential video crosstalk
(van Cleve & Caldwell 2016), and inspecting the data
quality flags associated with these events.
To determine the location of the source of the tran-

sit signatures, we inspected the pixels downlinked with
KIC 3542116 for the quarters containing the three deep
events, namely quarters 10, 12, and 13. Since this star
is saturated and ‘bleeding’ due to its bright Kepler band
magnitude Kp = 9.9815, the standard di↵erence image
centroiding approach as per Bryson et al. (2013) is prob-
lematic: small changes in flux can a↵ect the nature of the
bleed of the saturated charge and induce light centroid
shifts, especially along columns. Indeed, a shift in the
flux weighted centroids in the column direction does oc-
cur during the Q12 transit, but the direction of the shift
is away from KIC 3542116 and toward KIC 3542117, the
dim Kp ' 15 M-dwarf discussed in Section 3 located
⇠9.800 away from KIC 3542116. This shift is incompati-

15 Stars observed by Kepler saturate at a magnitude of ⇠11.5.

ble with the source being KIC 3542117 as the direction
is consistent with KIC 3542116 being the source. Fig-
ure 5 shows the direct images of KIC 3542116 and the
mean di↵erence image between out-of-transit data and
in-transit data, along with the locations of KIC 3542116
and KIC 3542117. Inspection of the pixel time series over
the data segments containing the transits reveals that the
transit signatures are occurring in the pixels in the core
of KIC 3542116 and at the ends of the columns where
saturation and ‘bleed’ are happening. While the loca-
tion of the source of the dips cannot be determined with
great accuracy due to the saturation and bleeding, the
fact that the transit signatures are not apparent in the
saturated pixels but are visible in the pixels just above
and below the saturated pixels is strong evidence that
the source of the transits is in fact co-located on the sky
with KIC 3542116.
As a further check on the astrophysical nature of these

events, we also checked against video crosstalk. The Ke-
pler CCD readout electronics do “talk” to one another

Transiting Exocomets 5
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Gaussian processes algorithm so as to remove most of the 20-day and 1-day spot modulations, as well as other red noise (see text). The
red curves are model fits which will be discussed in Section 5.
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Rappaport et al. 2017, arxiv1708.06069
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An RR Lyra Star
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Heartbeat Stars: KOI-54
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TPS/DV Products
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Kepler taught us that planets are everywhere!

What Next?
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TESS Primary Mission Sky Coverage
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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.
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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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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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ters” listed in Table 2 are computed during the sampling
as Deterministic parameters in PyMC3.
The best-fitting transit model for the three planets
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Using observations from NASA’s Transiting 
Exoplanet Survey Satellite (TESS), astronomers have 
identified an unprecedented collection of pulsating 
red giant stars all across the sky. These stars, whose 
rhythms arise from internal sound waves, provide 
the opening chords of a symphonic exploration of 
our galactic neighborhood.

The paper is Hon et al.(2021) and has been accepted by 
the Astrophysical Journal, and is available on astro-ph
here: https://arxiv.org/abs/2108.01241.

https://www.nasa.gov/tess-transiting-exoplanet-survey-satellite
https://arxiv.org/abs/2108.01241
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A Symphony of Red Giants across the Sky
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A Symphony of Red Giants across the Sky

Credit: NASA/MIT/TESS and Ethan Kruse (USRA), M. Hon et al., 2021
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A Temperate Neptune-Sized Planet 
Orbiting Nearby Dwarf NLTT 24399 only 27.5 pc Away

10 Burt et al. 2021

Gaidos et al. 2014) and metallicity ([Fe/H] =
0.05 ± 0.08 based on the results from StarHorse

(Queiroz et al. 2018) and our own photometric
estimate that we calculate assuming ±0.1 dex
uncertainty). We disabled EXOFASTv2’s MIST
isochrone fitting option, which is less reliable for
low mass stars (Eastman et al. 2019). Finally, we
placed a prior on the planet’s time of conjunc-
tion derived from the ExTrA photometry (3.2.3).
We did not place any constraints on the planet’s
period or orbital eccentricity.
EXOFASTv2’s SED fitting methodology dif-

fers the approach used in the SED-only fit that
helped verify TOI-1231’s suitability for PRV fol-
low up in Section 2.3. In place of the NextGen
atmospheric models, EXOFASTv2 instead uses
pre-computed bolometric corrections in a grid of
log g, Te↵ , [Fe/H], and V-band extinction. This
grid is based on the ATLAS/SYNTHE stellar
atmospheres (Kurucz 2005) and the detailed
shapes of the broadband photometric filters in a
way that is consistent with their stellar models.
We note that neither the raw TESS time se-

ries photometry nor the PFS RV measurements
exhibit the type of sinusoidal variations that we
would expect to see if the star was subject to
rotation-based activity due to active regions such
as star spots or plages crossing the visible hemi-
sphere (Saar & Donahue 1997; Robertson et al.
2020). This lack of rotational modulation sug-
gests an inactive star, a claim further supported
by the lack of emission or any detectable tempo-
ral changes in the core of the H-↵ line (see, e.g.,
Reiners et al. 2012; Robertson et al. 2013). We
therefore do not include any additional activity-
based terms or detrending e↵orts when fitting
either the photometric or radial velocity data.
The median EXOFASTv2 parameters for the TOI-

1231 system are shown in Table 3 and the best fits to
the TESS, LCO, and ASTEP photometry and the PFS
radial velocity data are shown in Figure 5. The scatter
in a star’s radial velocity measurements includes
instrumental systematics and unresolved stellar
variability signals and so the RV fit includes a
’jitter’ term which encompasses the star’s own
variability along with any PFS-based systemat-
ics. This value is added in quadrature to the
internal uncertainties reported in the PFS data
set to produce the RV error bars seen in Fig-
ure 5. The best fit orbital eccentricity (ecc =
0.087+0.012

�0.061) should not be regarded as statisti-
cally significant as it does not meet the criteria

Figure 5. Results of the EXOFASTv2 joint fit to the TESS
photometry, ground-based LCO and ASTEP, and the PFS
radial velocities. The top three panels show the phase folded
photometry data from TESS (two full transits), LCO (two
partial transits), and ASTEP (two full transits). All three
photometry panels depict the unbinned data as light points,
the five minute binned data as dark circles, and the best fit
model as a solid red line. The bottom panel shows the phase
folded RV measurements from PFS in cyan and the best fit
model in red. The RV residuals after the best fit model has
been subtracted from the data are displayed underneath the
fit. Error bars in both RV panels are the quadrature
sum of the PFS internal uncertainties and the RV
jitter estimate from the EXOFASTv2 fit.

of being at least 2.3� from 0 that is necessary to
avoid falling subject to the Lucy-Sweeney bias
(Lucy & Sweeney 1971). Even though the best

Rp = 3.65 Re, Tp = 24.246 days, Mp = 15.5 Me, Teq = 330 K
TOI-1231 b

Image credit: NASA/JPL-Caltech

An exciting target for JWST!

We may be able to detect 
atmospheric escape 
via Doppler velocity 
observations
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JWST Detects CO in the Atmosphere of WASP-39b!

Credits: Illustration: NASA, ESA, CSA, and L. Hustak (STScI); 
Science: The JWST Transiting Exoplanet Community Early Release Science Team
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JWST Detects CO in the Atmosphere of WASP-39b!

Credits: Illustration: NASA, ESA, CSA, and L. Hustak (STScI); Science: The JWST 
Transiting Exoplanet Community Early Release Science Team
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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
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