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A More Recent Picture of Planets (2012)

https://xkcd.com/1071/
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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!



A Search for Earth-size 
Planets

Habitable Zones
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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 7/17/23

Kepler+K2: 3306
TESS: 359
Other Transit: 440
RV:    1046
Imaging:  64
µlensing:   200
Pulsar: 7
Other: 48
TOTAL:  5470

75% of exoplanets were discovered using the transit method!
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There is a gap between 1.5 and 2 Rearth indicating two populations

Mini-Neptunes

Earths and 
Super Earths
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Jupiter (~1%)

Earth (~0.01%)

How Hard is it to Find Good Planets?

Easy to find from the ground!

Hard to find from anywhere!
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Launched 
March 7 2009

First Light Image
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Launched 
March 7 2009

First Light Image
Full Moon!
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Gautier et al. 2011

Kepler-20
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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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Transiting Exocomets 5

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

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.
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for Fig. 3. Note that the vertical (flux) scale has been expanded by a factor of 2 compared to that of Fig. 3.
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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

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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HECC Overview
NASA Ames’ High-End Computing Capability (FY21 Budget: $47M)
• NASA's only cloud-scale private HPC cloud infrastructure
• Similar economics of scale to CSPs who run multiple hyperscale data center
• Robust power infrastructure from aero/windtunnel heritage (each >100MW)
• Current Pad/Power infrastructure can scale out to ~1 Billion SBUs (7.5x)

• straight forward to double again
• > 620,000 CPU cores > 614,000 GPU cores
• > 17,000 compute nodes - (delivered 110 million SBUs FY21)
• > 100 PB of on-line data storage
• > 350 PB of off-line tape data
• Supplementary analysis systems
• Scientific Consulting for Optimization and Help (significant code speed up)
• Data Analysis and Visualization – as a service

Traditional focus on modeling and simulation (Data Producer)
• Evolving Support for Hybrid Computing (On-prem/Cloud)
• Improvements around Latency (reservations and dedicated systems)

Growth in the size and nature of SMD data sets and SPD-41 motivating changes in HECC
- ECCO (Ocean Only Model Outputs) – 4 PB data set accessible through the NAS Data Portal
- GEOS Coupled – 3 PB of scratch space (https://gmao.gsfc.nasa.gov/GEOS_systems/)
- ECCO with GEOS5 – increased simulation output ~10 – 20 PB

- Ocean Biology (e.g., predict whale migration/feeding patterns based on food sources estimated from global models)
• NASA’s Earth Exchange (NEX) - 5.9 PB of on-line storage, used for data cache based on projects requirements for a given funding cycle.
• SBG is expected to collect 2.4 TB day-1 and produce 40 TB day-1 of data products

24
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Science Processing Overview 
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Data from ESA’s SOHO Mission
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Is stellar variability stationary?

No!

We must work in a joint time-
frequency domain

Wavelets are a natural choice

High Solar Activity

Low Solar Activity

Detectable Energy
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TPS/DV Products
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  (1) 251848941, 10.351

DV Fit Results:
Period = 6.55805 [0.00129] d
Epoch = 1360.2423 [0.0024] BTJD
Rp/R* = 0.0362 [0.0126]
a/R* = 19.49 [28.32]
b = 0.57 [1.77]
Seff = 35.85 [25.96]
Teq = 624 [113] K
Rp = 2.77 [1.13] Re
a = 0.0592 [0.0222] AU
Rho = 2.313 [10.081]
Ag = 107.46 [110.53]  [0.96 sigma]
Tp = 3107 [596] K  [4.09 sigma]

DV Diagnostic Results:
ShortPeriod-sig: N/A
LongPeriod-sig: 100.0% [24.21 sigma]
ModelChiSquare2-sig: 75.6%
ModelChiSquareGof-sig: 100.0%
Bootstrap-pfa: 8.55e-18
GhostDiagnostic-chr: 7.747
OotOffset-rm: 4.624 arcsec [1.59 sigma]
TicOffset-rm: 4.626 arcsec [1.59 sigma]
OotOffset-tot: 1
TicOffset-tot: 1
DiffImageQuality-fgm: 1.00 [1/1]
DiffImageOverlap-fno: 1.00 [1/1]

TIC: 251848941     Candidate: 1 of 3     Period: 6.558 d

Software Revision: spoc-3.3.37-20181001    --    Date Generated: 04-Oct-2018 16:01:30 Z
This Data Validation Report Summary was produced in the TESS Science Processing Operations Center Pipeline at NASA Ames Research Center
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Summary Reports Sectors 4 - 4 Target 453828065 / Planet Candidate 1
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 S4  (1) 453828065, 16.189

DV Fit Results:
Period = 18.27924 [0.00498] d
Epoch = 1413.7045 [0.0035] BTJD
Rp/R* = 0.7009 [0.6100]
a/R* = 22.59 [4.70]
b = 0.71 [0.92]
Seff = 54.17 [0.02]
Teq = 692 [0] K
Rp = 76.52 [66.59] Re
a = 0.1359 [0.0000] AU
Rho = 0.464 [0.289]

Ag = 38.47 [69.81]  [0.54 sigma]
Tp = 2664 [1209] K  [1.63 sigma]

DV Diagnostic Results:
ShortPeriod-sig: N/A
LongPeriod-sig: N/A
ModelChiSquare2-sig: 47.2%
ModelChiSquareGof-sig: 100.0%
Bootstrap-pfa: 1.07e-296
GhostDiagnostic-chr: -0.3532
OotOffset-rm: 0.037 arcsec [0.01 sigma]
TicOffset-rm: 107.044 arcsec [42.82 sigma]
OotOffset-tot: 1
TicOffset-tot: 1
DiffImageQuality-fgm: 1.00 [1/1]
DiffImageOverlap-fno: 1.00 [1/1]

TIC: 453828065     Candidate: 1 of 1     Period: 18.279 d

Software Revision: spoc-3.3.51-20181221    --    Date Generated: 17-Jan-2019 05:48:09 Z
This Data Validation Report Summary was produced in the TESS Science Processing Operations Center Pipeline at NASA Ames Research Center
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Di↵erence Images Sectors 4 - 4 Target 453828065 / Planet Candidate 01 / Sector 04

2

Di↵erence Image Centroid O↵sets Sectors 4 - 4 Target 453828065 / Planet Candidate 01

3

Flux Time Series Sectors 4 - 4 Target 453828065 / Flux Time Series / Sector 4

4

Flux Time Series Sectors 4 - 4 Target 453828065 / Phased Flux Time Series / Planet 1

5

Stellar Distances from Target Sectors 4 - 4 Target 453828065 / Phased Flux Time Series / Planet 1

Stellar Distance Table
TIC TESS Distance

Index ID Mag (arcsec)

1 0000000453828065 16.19 0.00

2 0000000301423267 18.32 53.78

3 0000000453825823 15.39 70.41

4 0000000301423262 17.74 92.17

5 0000000453828067 14.02 98.39

6 0000000453828068 16.26 100.37

7 0000000453828066 8.50 107.01

8 0000000453828070 16.60 112.20

9 0000000453825819 16.92 116.40

10 0000000453828069 15.62 133.53

11 0000000453825820 18.04 133.69

12 0000000301423260 18.43 152.70

Distances are corrected for proper motion. This table may not contain all of the objects shown.
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• Discriminating against Instrumental false alarms and astrophysical false positives is 
challenging, especially for the smallest candidates in or near the habitable zone

• Manual inspection of data/diagnostics is 
• Time consuming and expensive
• Inconsistent as this is a tedious task so there is often significant turnover as science 

personnel burn out
• Inconsistencies in human vetting make it difficult if not impractical to quantify 

completeness and reliability in the process, and to support occurrence rate studies
• Machine Learning can be brought to bear on this classification problem to identify high 

priority exoplanet candidates for follow up and characterization and to statistically 
validate candidate exoplanets



A Search for Earth-size 
PlanetsApplying ML to Vetting Exoplanet Candidates

A number of ML approaches have been applied to the problem of classifying candidate 
transiting planet signals:
• The Kepler Autovetter: A Random Forest Approach (Jenkins et al. 2014, McCauliff et al. 

2014; 2015) 
• The Kepler Robovetter: a decision tree approach with manual tuning/optimization 

(Coughlin et al. 2016)
• Deep Learning:

• AstroNet (Shallue & Vanderburg 2018, Datillo et al. 2019, Yu et al, 2019), 
• ExoNet (Ansdell et al. 2018, Osborn 2020)

• Non-DNN models: Armstrong et al. (2020)
• ExoMiner: a DNN with an explainability framework (Valizadegan et al. 2020)
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background eclipsing binaries; Twicken et al. 2018; Li et al.
2019). For the Kepler and TESS science pipelines, the results
of the transit search, model fitting, and diagnostic tests are
presented in data validation (DV) reports (Twicken et al. 2018;
Li et al. 2019) that include one-page summary reports
(Figure 1) along with more comprehensive reports. (2) The
TCEs are filtered by either predefined if-then vetting rules
(Thompson et al. 2018; Coughlin 2017) or machine learning
(ML) classifiers (AstroNet; Shallue & Vanderburg 2018;
Yu et al. 2019) to identify those most likely to be exoplanets.
(3) The DV reports for top-tier TCEs that survive the filtering
process in step 2 are then typically reviewed by vetting teams
and released as Kepler or TESS Objects of Interest (KOI/TOI)
for follow-up observations (Thompson et al. 2016a; Guerrero
et al. 2021).

ML methods are ideally suited for probing these massive
data sets, relieving experts from the time-consuming task of
sifting through the data and interpreting each DV report, or
comparable diagnostic material, manually. When utilized
properly, ML methods also allow us to train models that
potentially reduce the inevitable biases of experts. Among
many different ML techniques, deep neural networks (DNNs)
have achieved state-of-the-art performance (LeCun et al. 2015)

in areas such as computer vision, speech recognition, and text
analysis and, in some cases, have even exceeded human
performance. DNNs are especially powerful and effective in
these domains because of their ability to automatically extract
features that may be previously unknown or highly unlikely for
human experts in the field to grasp (Bengio et al. 2012). This
flexibility allows for the development of ML models that can
accept raw data and thereby increase the productiveness of the
transit search and vetting process.
The availability of many Kepler and TESS pipeline products

has provided researchers with a wide spectrum of input choices
for machine-based transit signal classification, from the
unprocessed raw pixels to the middle-level pipeline products
(e.g., processed flux data and centroid data) and final tabular
data sets of diagnostic test values. Several transit signal
classifiers have been previously developed and have each been
designed to target inputs at different stages along this data
processing pipeline.
Robovetter (Coughlin et al. 2016) and Autovetter

(Jenkins et al. 2014; McCauliff et al. 2015) both utilize the
final values generated via diagnostic statistics as inputs but
differ from each other in their respective model designs:
Robovetter relies heavily on domain knowledge to create

Figure 1. Example DV one-page summary report. It includes multiple diagnostic plots and variables: (0) stellar parameters, (1) full time series flux, (2) full-orbit
phase-folded flux, (3) transit-view phase-folded secondary eclipsing flux, (4) phase-folded transit view of the flux, (5) phase-folded transit view of the whitened flux,
(6) phase-folded transit view of the odd & even flux, (7) difference image (out-of-transit) centroid offsets, and (8) DV analysis table of variables.

2

The Astrophysical Journal, 926:120 (38pp), 2022 February 20 Valizadegan et al.

ExoMiner inputs are inspired by 
the 1-page DV Summary 
Reports

The inputs include:
• Stellar parameters
• Full flux time series
• Full-orbit phase-folded flux
• Folded secondary flux
• Zoomed folded flux
• Folded whitened flux
• Odd/even transit views
• Difference image centroiding
• Diagnostic metrics
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scores for all test sets (10 nonoverlapping folds). We also
report the mean and 99% confidence interval using Student’s t-
test over 10 folds in parentheses. Given that for Robovetter,
RFC, and GPC the data splits for training, test, and validation
sets are different from the ones we used here, the means and
confidence intervals reported for these methods are approxima-
tions. However, because these two estimates (for the complete
data set and for the average of the 10 folds) do not differ
significantly for other classifiers, we can assume that the
approximation is reasonable.

Overall, the performance of ExoMiner is better than all
baselines, in terms of classification and ranking metrics,
particularly when looking at existing deep learning models,
i.e., AstroNet and ExoNet.

There are a few points to note here.
First, one should keep in mind that there is some level of

label noise in the data set. Thus, any performance comparison
needs to be done with caution. We would like to note that the
label noise in the NTP and AFP classes is minimal. The major
portion of the label noise is in the exoplanet (PC) category.
Because the label noise in the positive class does not affect the
performance of a model negatively in terms of metrics such as
precision and P@k, it is hard to attribute the superior
performance of ExoMinerto the label noise.

Second, note that there is little difference between the
performance of ExoMiner and ExoMiner-TCE. As we see
in the reliability analysis (Section 6), the size of the training set
is large enough to cover different data scenarios even when we
split by target stars. Thus, splitting by TCE or target star does
not change the results significantly. Nonetheless, splitting by
target star is the correct approach because of potential data
leakage between training and test sets, as mentioned before.

Third, note how different classifiers compare in terms of
P@k. In order to understand how many PCs exist in the top
TCEs ranked by each model in the full data set, simply
multiply P@k by k. For example, ExoMiner returns 999 PCs
in the top 1000 ranked TCEs. These numbers are 991 and 966
for RFC and Robovetter, respectively. A model that can
rank transit signals by putting PCs in the top of the list is highly
desirable for occurrence rate calculations and follow-up studies
to confirm new exoplanets.

Finally, note that ExoMiner has lower variability (smaller
confidence intervals) compared to the baselines. This implies
that ExoMiner is more stable with regard to changes in the
training and test sets.

To get a better sense of the performance of different methods,
we plotted their precision-recall curves in Figure 11(a). It is clear
that ExoMiner outperforms the baselines significantly in all
points. When validating new exoplanets, high values of precision
are desirable, and ExoMiner has high recall values at high
precision values. As a matter of fact, at a fixed precision value of
0.99, ExoMiner is able to retrieve 93.6% of all exoplanets in the
test set. This number is 76.3% for the second-best model, GPC.
We provide the recall values of different methods for different
precision values in Table 5.

We compare how different models perform in terms
of ranking the top k TCEs in Figure 11(b). Note that
ExoMiner is a better ranker compared to existing classifiers.
To provide a clear comparison, there is no FP in the top
975 and 984 TCEs when ranked by ExoMiner and

Figure 11. Precision-Recall (PR), Precision@k, Score@k, and Score Distribution
of different models.
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features that take into account the number of observed transits
and their variability for the odd and even views.

Another issue with TOIs that only have a small number of
observed transits is that averaging the phase-folded time series
is not enough to filter the stochastic noise in the time series; this
becomes even more critical when S/N is low. We expect to see

more of these cases in TESS data considering that for
significant areas of the sky the total observation time for many
TCEs is much shorter than for Kepler, which had a fixed field
of view that was observed for 4 yr. For example, TOI 1774.01
was observed in Sector 21 and only has two observed transits,
as shown in Figure 28, which creates flux views with
significant levels of noise.
A further issue arises when incorrect epoch values are

reported in the TOI catalog because it causes the transit to be
off-centered in the view. Since ExoMiner expects the transit
to be located in the center of the view, the model classifies such
TOIs as FPs. For example, the transit for TOI 185.01 is shifted
to the right in our view, as shown in Figure 29. A possible
approach that can be used to make the model less sensitive to
the location of the transit source in the views is to provide the
model examples in which the transit is slightly shifted from the
center of the view during training. Using such a data
augmentation technique may make the model more robust to
inaccuracies in the orbital period and epoch estimates.

11. Discussion

We introduced ExoMiner, a new deep learning classifier
that outperforms existing machine classifiers in terms of
various classification and ranking metrics. ExoMiner is a
robust and explainable deep learning model that allows us to
reliably and accurately build new catalogs of PCs. The key to
ExoMiner’s performance is its architecture that mimics the
process by which domain experts vet transit signals by
examining multiple types of diagnostic tests in forms of scalar
values and time series data. This architecture also enabled us to
design a preliminary branch-occlusion explainability frame-
work that provides interpretability in terms of which diagnostic
tests ExoMiner utilizes in order to vet a signal. Moreover,
since the general concept behind vetting transit signals is the
same for both Kepler and TESS data, and ExoMiner utilizes
the same diagnostic metrics as expert vetters do, we expect an
adapted version of this model to perform well on TESS data.
Our preliminary results on TESS data verify this hypothesis.
Using ExoMiner, we also demonstrate that there are hundreds
of new exoplanets hidden in the 1922 KOIs that require further
follow-up analysis. Out of these, 301 new exoplanets are
validated with confidence using ExoMiner.

11.1. Caveats

There are caveats related to the ML approach taken in this
work, which include the following:

1. As we reported in Section 6.2, ExoMiner sometimes
fails to adequately utilize diagnostic tests, e.g., centroid
test, or does not have the data required for some FP

Figure 27. Odd and even transit views generated for TOI 822.01. The blue
circles show the average bin value, and the black circles show the cadences in
the phase-folded time series.

Figure 25. Planet radius vs. orbital period for confirmed transiting planets and
ExoMiner-validated planets with a score greater than 0.99. The CPs are
indicated by the discovery source, with Kepler indicated by plus signs, K2 by
diamonds, and TESS by asterisks. ExoMiner-validated planets are indicated
by a magenta square. For reference, Earth is indicated by a black circle.

Figure 26. Planet radius vs. energy received by a planet for confirmed transiting
planets and ExoMiner-validated planets with a score greater than 0.99.
Symbols are the same as in Figure 25.

Table 16
Confusion Matrix of TESS Classification Using a Basic Version of ExoMiner

Class PC Non-PC Total

KPs 185 21 206
CPs 32 57 89
FPs 27 67 94
FAs 2 16 18
Total 246 161 407

35

The Astrophysical Journal, 926:120 (38pp), 2022 February 20 Valizadegan et al.



Kepler taught us that planets are everywhere!
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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.



A Search for Earth-size 
Planets

TESS’s First Two Earth-Sized Habitable Zone Planets:
TOI-700d and TOI-700e

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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Image by Carter Roberts (1946-2008)

Stars are large resonant cavities that ring like bells

We’ve measured acoustic modes for >500 solar-
like stars

Asteroseismology gives unprecedented precision in 
size, mass of stars

Why Do Stars Sing?

Chaplin et al 2011, Science.
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Credit: Kristin Riebe, Leibniz Institute for Astrophysics Potsdam

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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JWST Detects CO2 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!
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Transiting planets provide opportunities to 
determine the bulk planetary density and to 
characterize their atmospheres

Detecting Biomarkers through Transit Spectroscopy





Do you have any questions?


